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PREFACE
It is our great pleasure to welcome you to 2017 5th International Conference on
Environment Pollution and Prevention (ICEPP 2017) which will be held in Singapore,
14-16 December, 2017. ICEPP 2017 is dedicated to issues related to Green Energy
Technology.
The major goal and feature of the conference is to bring academic scientists, engineers,
and industry researchers together to exchange and share their experiences and
research results, and discuss the practical challenges encountered and the solutions
adopted. Professors from Korea, Singapore and USA are invited to deliver keynote
speeches regarding latest information in their respective expertise areas. It will be a
golden opportunity for students, researchers and engineers to interact with the experts
and specialists to get their advice or consultation on technical matters, sales and
marketing strategies.
This proceeding present a selection from papers submitted to the conference from
universities, research institutes and industries. All papers were subjected to
peer-review by conference committee members and international reviewers. The
papers selected depended on their quality and their relevancy to the conference. The
volume tends to present to the readers the recent advances in the field of Environment
Pollution and Prevention and various related areas, such as Energy Management,
Environmental Risk Assessments, Environmental Sustainability and Development,
Pollution and Health Issues , Water Pollution and Treatment, Wastewater Management
and Treatment , Environmental Safety Regulations , Air pollution and treatment ,
Environmental Protection, etc.
We would like to thank all the authors who have contributed to this volume, and also
the organizing committee, reviewers, speakers, chairpersons, sponsors and all the
conference participants for their support to ICEPP 2017.
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Industrial Development and Challenges of Water Pollution in
Coastal Areas: The Case of Surat, India
Neeru Bansal
Associate Professor, Faculty of Planning, CEPT University,
Ahmedabad-380009, India
Email: bansal.neeru@cept.ac.in
Abstract. Industrialisation plays an important role in the economic development of a country,
however, pollution is the inevitable price paid for this development. Surat, a major industrial hub in
western India, is located on the bank of the river Tapi and extends up to the Arabian Sea. The city
is characterised by the presence of a number of creeks (known as ‘khadis’ in local language). This
paper focusses on the industrial development in Surat and the challenges faced by the city due to
water pollution. A constant deterioration in the quality of surface water resources has been
observed due to discharge of treated or partially treated effluents from the industries. The problem
of water pollution becomes critical due to increase in frequency of flooding, risks faced by the city
due to climate change and the ineffective environmental governance. The paper provides insights
into the challenges faced by the city and the learnings can lead to adoption of policy initiatives and
other measures which can effectively address these challenges.

1. Introduction
Indian economy has grown at a high rate after liberalisation in 1991. Liberalisation has reduced the control
exercised by the central government and has left a larger scope for state-level initiatives to attract
industries. Gujarat state, in India (where Surat is located) has taken major initiatives to promote industries
and is now one of the most industrialised state in the country. Within Gujarat, Surat is the second major
urban area and has experienced high rate of industrial growth. It is located on the bank of the river Tapi
and extends up to the Arabian Sea through gulf of Khambhat. Being a coastal city, it is characterised by
the presence of a number of creeks (known as ‘khadis’ in local language). The city has an average
elevation of 13 meters. The city is vulnerable to floods and has experienced two major river floods and a
creek flood in recent times. The areas lying in flood plain zone of river Tapi in Surat have experienced
high rates of growth in population and density [1]. During the rainy season, high tides often inundate
settlements located along several creeks. Surat is a hub of textile industry and diamond industry. It has the
maximum share of investments (22.9 percent) in large scale manufacturing units in the state and is at
number two, with a share of 23.04 percent, when investments in micro, small and medium scale
manufacturing units (MSMEs) are considered [2].
Industrial development though important for the economic development, often leads to environmental
degradation due to problems of pollution and resource depletion. In the course of industrial growth,
natural resources get exploited and are at the receiving end as they often get abused for private gains.
Pollution too seems to be the inevitable price paid for this development [3]. The pollution problems
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manifest as problems of air quality, disposal of solid wastes and discharge of industrial effluents.
Industrial effluents are the source of some of the most toxic pollutants and the most seriously polluted
environments. They contribute significantly to the overall water pollution in an area and are considered to
be more hazardous than sewage [4].
This paper focusses on the industrial development in Surat and the challenges faced by the city due to
water pollution. The data for polluting industries, pollution control facilities and quality of water bodies
has been collected from Gujarat Pollution Control Board (GPCB), which is the nodal agency at the state
level for enforcing environmental legislation for the protection of the environment. It gives permission to
all polluting industries and the pollution control facilities and directs them to comply with the applicable
standards. It also regularly monitors quality of the water bodies as well as of the treated effluents from the
pollution control facilities. To comment on the performance of the pollution control facilities, the data has
been compared with the standards prescribed to these by the regulatory authority under environmental
legislation. The data for quality of water bodies has been compared with the standards set by the Central
Pollution Control Board (CPCB) based on their ‘designated best use’ [5]. According to this concept, out of
the several uses a water body is put to, the use that demands the highest quality of water is termed as the
‘designated best use.’ The discussions have been carried out with the key personnel representing
concerned government departments, operators of the common pollution control facilities, professionals
and NGOs working in the environment field to get better insights into the Case.
The paper has been organised as follows: Section 1 introduces the problem and the key inquiry and also
details out the methodology followed. Section 2 focusses on the details of industrial development in Surat
and Section 3 discusses the performance of pollution control facilities set up to treat industrial effluents.
The quality of water bodies receiving industrial discharges has been discussed in Section 4. The next
section details out the challenges faced by the city due to water pollution. Section 6 covers the concluding
remarks and the policy inferences following from the discussion in the paper. It also mentions some of the
measures which can be adopted to address the challenges faced by the city.
2. Industrialisation in Surat
In Surat, a large number of MSMEs are located in the industrial estates, developed by Gujarat Industrial
Development Corporation (GIDC), a government undertaking, which provides developed land and
infrastructure to set up industrial units. There are also a few industrial estates developed by private
companies which accommodates some of the industrial units. Many of the small industrial units are
scattered all across the city. Hazira area, which is right on the coast and is also a port, is home to a number
of large scale modern industries; prominent among these are Reliance, Essar Steel, Essar Power, Larsen &
Toubro, Adani, National Thermal Power Corporation, KRIBHCO, Oil and Natural Gas Corporation etc.
The details of the polluting industries in Surat, as registered with GPCB, upto July 2014, is presented in
table 1.
Table 1. Registered polluting industries in Surat.
Category
Red
Orange
Green
Total

Small
1202
169
253
1624

Medium
157
16
16
189

Large
268
20
18
306

Total
1627
205
287
2119

Source: GPCB
Note: Industrial units are classified into large, medium and small category based on the investment as per the
definition given under Micro Small Medium Enterprises (MSME) Act, 2006. CPCB classifies the industries into Red,
Orange and green categories based on their pollution potential. Red means the most polluting, orange means the
medium polluting and green means the less polluting industries. The same classification is followed by GPCB.
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Important point to note from the above table is that the most polluting industries (red category) and
belonging to small-scale, forms more than 50 percent of the registered polluting units. The small and
medium scale industries account for 40 percent of industrial production, employ limited pollution control
technologies and are responsible for an estimated 70 percent of the total industrial pollution load
nationwide [6]. The location of industrial areas, common facilities for effluent treatment and the
monitoring points for water quality are shown in figure 1. It can be seen that most of these are located
along one creek or the other. These creeks finally flow to the gulf of Khambhat and then meet the Arabian
Sea.

Figure 1. Location of the Creeks, Industrial Areas, CETPs and Monitoring Points.
Source: Author, details mapped using Google image

3. Environmental infrastructure & its performance
The large-scale industries in Hazira have their own effluent treatment plants and discharge treated effluent
directly into the sea. The small-scale industries, which forms a major share of the polluting industries, do
not have the financial, managerial and technical capacity to treat the industrial waste water [7]. In addition,
there are space constraints faced by these units to set up the individual effluent treatment plants. Till early
2000, most of the industries in Surat used to discharge untreated effluents into the water bodies. After that,
common facilities for treatment—common effluent treatment plants (CETPs) were set up, mainly as an
intervention enforced by the Courts and pressure from the civil society [2]. The industries which are
scattered in Surat city, discharge their treated/untreated effluents into either the sewerage network or the
storm water drainage which finally meet any of the creeks. However, it is not possible to segregate the
share of the industrial effluents from these discharges. The analysis in this paper, is therefore, limited to
the performance of the CETPs in reducing the pollution load. There are five operational CETPs in Surat
with a combined capacity of 310.5 MLD to treat industrial waste water [8]. These CETPs have been set up
for the industries located in GIDC Pandesara, GIDC Sachin, Gujarat Eco Textile Park Ltd. (GETPL–
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private industrial park), GIDC Kadodara and the industrial clusters in Vareli, Jolva, Chaltan, Tantithaiya
villages. The details of functional CETPs are listed below in table 2. The industrial effluents after being
treated in the CETPs are discharged into any of the creeks.
Table 2. Details of functional CETPs in Surat.
S
No

Name of CETP

Location

Nature of
member
units

Discharge
point

Installed capacity
Mode of
reception of (MLD)
effluent

1

Pandesara
Infrastructure Ltd

GIDC
Pandesara

Textile
units &
chemical
units

Bhedwad
creek

Network of
pipeline

100

2

Sachin Infra
Environment
Ltd(SIEL)

GIDC
Sachin

Textile
units

Unn creek

Network of
pipeline

50

3

Globe Enviro Care
Ltd (GECL)

GIDC
Sachin

Chemical
units

Unn creek

Tankers

0.5

4

Palsana Enviro
Protection Ltd
(PEPL)

Umbhel,
Surat

Textile
units

Kadodara
creek

Network of
pipeline

100

5

Gujarat Eco Textile
Park Ltd (GETPL)

Palsana,
Surat

Textile
units

Baleshwar
creek

Network of
pipeline

60

Source: The table has been compiled from the data collected from different sources.

All the CETPs mentioned in the above table have physico-chemical treatment as primary treatment and
biological treatment as secondary treatment to reduce the pollution load. There are five parameters (pH1,
NH3-N2, BOD3, TCOL4 and DO5) on which quality of water bodies is classified based on their ‘designated
best use’ by the CPCB. Out of these five, only three parameters—pH, NH3-N and BOD—are being
measured for the CETPs by the regulatory authority. NH3-N is not being measured for some of the CETPs
which are treating homogenous industrial effluents from the textile units. The effectiveness of the CETPs
in treating pollution, as discussed in the following paragraphs is based on these parameters. Since the
treatment is with the help of bacteria, the BOD becomes the most important parameter to comment on the
effectiveness of the CETPs. As some of the CETPs are treating heterogeneous effluents, COD6, another
important parameter, has also been included in the analysis to study the effectiveness.
The CETPs have been prescribed ‘inlet standards’ for the effluents to be treated by the CETP and ‘outlet
standards’ for the treated effluents from the CETP. CETP Pandesara, PEPL and GETPL have been given
an inlet standard of 400 mg/l of BOD whereas CETP GECL, which is established for treating chemical
1

A figure expressing the acidity or alkalinity of a solution on a logarithmic scale on which 7 is neutral, lower values are more acid,
and higher values more alkaline.
2
NH3-N (Ammonical Nitrogen) is highly toxic to fish and other aquatic life and its value in the water bodies should be ≤ 1.2 mg/l.
3
BOD (Bio-chemical Oxygen Demand) is the amount of dissolved oxygen needed by aerobic biological organisms to break down
organic material present in a given water sample at certain temperature over a specific time period.
4
TCOL is a measure of the total coliform bacteria present in the water body.
5
DO is a measure of the amount of oxygen dissolved in the water body.
6
COD (Chemical Oxygen Demand) indicates the amount of oxygen which is needed for the oxidation of all organic substances in
the water.
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effluents in GIDC Sachin, has been given an inlet standard of 1500 mg/l of BOD. CETP SIEL has not
been prescribed any inlet standard. All the CETPs have been given the same outlet standard for the treated
effluent— pH-6.5 to 8.5, NH3-N-50 mg/l, BOD-30 mg/l and COD-250 mg/l; irrespective of the fact that
the inlet standards for the effluents are different for the CETPs. The details of the treatment for all the
CETPs has been summarised and presented in table 3.
Table 3. Summary of performance of the CETPs.
CETPs

pH in
treated
effluent

6.5–8.5
Prescribed
standard for
treated effluent

NH3-N in
treated
effluent

Inlet
Actual BOD in %
Inlet
Actual COD in
standard inlet treated Reduction standard inlet treated
for BOD BOD effluent in BOD for COD COD effluent

50

30

250

CETPPandesara

7.5

9

400

340

107

67

1000

1239

419

CETP-SIEL

7.3

Not
monitored

-

319

107

64

Not
Given

1152

403

CETP-GECL

7.4

48

1500

566

89

78

4000

2097

379

CETP-PEPL

7.8

Not
monitored

400

251

97

60

1000

891

358

CETP-GETPL 7.8

Not
monitored

400

221

70

67

1000

837

284

Source: The table has been compiled from the analysis done.
Note: All the standards are in (mg/l) except for pH.

It is observed that the pH and NH3-N for the treated effluent from all the CETPs meets the prescribed
standards, irrespective of whether the nature of inlet effluents is homogenous (effluents are from the same
industrial sector) or heterogeneous (effluents are from varied industrial sectors like textiles, chemicals
etc.). For the most critical parameters—BOD, none of the CETP is able to meet the prescribed standards
of 30 mg/l for the treated effluents. The biological treatment (secondary treatment) employed by the
CETPs should result in approx. 85 percent reduction in the organic load. There is not even one CETP
which is able to consistently reduce organic pollution load by the expected 85 percent. In terms of
exceedance factor of the treated effluent above the permissible standard, it is maximum for the CETP
Pandesara and CETP SIEL at 3.6. The minimum exceedance factor is 2.3 for the CETP GETPL. The COD
being another important parameter, the analysis has highlighted that the results for the COD reduction by
the CETPs are comparable to the BOD reduction. There is not even one CETP which is able to meet the
prescribed standard of 250 mg/l for COD in the treated effluent.
In Surat, as for the performance of the pollution control facilities is concerned, these are not able to treat
the effluent and meet the permissible norms. The ‘one-size-fits-all’ approach has been adopted for treating
the pollution. Though the effluents are different and the inlet norms given to the various CETPs are
different, the same process has been adopted for treating the pollution and the standards given for the
treated effluent are also the same. This is quite baffling as the reduction in pollution load is directly
proportionate to the inlet values and the abatement technology used. Given the fact that the all the CETPs
have employed similar abatement methods and have been prescribed similar standards for treated effluent,
the pollution levels will be directly proportionated to the inlet values. This leads to conclude that the
standards are prescribed randomly by the regulator without considering the abatement efficiencies of the
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systems. Though the CETPs are regularly monitored by the regulator, still no action has been taken
against them for non-compliance with the prescribed standards.
The treated effluents from all the CETPs are discharged into one creek or the other. The ineffective
treatment of the effluents by the CETPs and the presence of pollution way above permissible levels has
direct association with poor quality of the water bodies receiving industrial discharges. The quality of the
receiving water bodies has been discussed in the following section.
4. Quality of waterbodies receiving industrial discharges
The quality of water bodies in Surat has been analysed in this section. It is realised that the state has not
done any classification of water bodies (including all rivers) based on ‘designated best use.’ In general, it
is an accepted norm that if the interventions for pollution control are effective, then the minimum water
quality standards which a water body should meet (bathing standards) is (pH between 6.5–8.5; DO-5 mg/l
or more; BOD-5 days 200 C 3 mg/l or less; NH3-N-1.2 mg/l or less and TC-500 MPN/100 ml or less).
These are indicators of pollution, of whether the water can sustain aquatic life. The presence of harmful,
faecal related bacteria, viruses and protozoa in the water bodies are responsible for causing illnesses. The
analysis of water quality is presented in table 4.
The water quality in the river Tapi is regularly monitored as is done for other major rivers in India. The
quality in the river is observed to be good except for coliforms. However, in case of Surat, the industrial
effluents are being discharged into numerous creeks and not the main river Tapi. It, therefore, becomes
necessary to analyse the water quality of these creeks, but the irony of the situation is that the monitoring
of creeks is not regular and has been discontinued lately, therefore, no recent data base is available to
know their quality. Important parameter like dissolve oxygen which is a direct indicator of the health of a
water body has not being measured at all for creeks by the regulatory authority. The value of BOD has
been observed to be high for creeks, indicating high levels of pollution in these creeks. From creeks, the
waste water flows to Arabian sea through gulf of Khambhat and nobody notices the pollution. The water
pollution goes unnoticed as it gets camouflaged in various creeks along the banks of which industrial areas
and CETPs are located. This is serious as Surat city is prone to floods and the presence of pollutants in
water bodies above the acceptable levels can have serious implications on human health, livestock,
agriculture, property etc.
5. Challenges faced due to pollution
A number of pollution related challenges are stemming from rapid industrial development and presence of
high pollution levels in the water bodies receiving industrial discharges which are spread across the city.
Following the conventional way, all the studies by the government agencies—Central Pollution Control
Board [9], Central Water Commission [10] and Comptroller and Auditor General [11], have analysed the
quality of water in the Tapi. The river has the same importance in Surat as the Sabarmati has in
Ahmedabad or the Ganga in Varanasi and the Yamuna in Delhi. However, the analysis in this paper points
out that in case of Surat, the industrial effluents are being discharged not into the Tapi but into the
numerous creeks, which are a typical character of Surat’s geography and the quality of water in these
creeks is not meeting with the desirable values. From the creeks, the effluent flows to the Arabian Sea and
nobody notices the pollution. This is really serious as Surat city is prone to floods and has experienced two
major river floods and one creek flood in the last decade. The results of a study [1] show that 71,000
households in Surat are vulnerable to creek floods and when river floods occur, as many as 4,50,000
households are at threat. Ebenstein (2012) has estimated that the deterioration of water quality by a single
grade point (on a six-grade scale) increases the digestive cancer death rate by 9.7 per cent [12]. The
presence of slums near creeks make these people more vulnerable as they do not have alternative means of
shelter, livelihood or finances to cope with the disasters. “Those with the least resources have the least
capacity to adapt and are the most vulnerable.”
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In case of Hazira, where a number of very large-scale companies are located, the whole industrial area has
developed by reclaiming section of the flood plain and consequently narrowing down the mouth of the
Tapi, where it meets the sea. Blocking the network of natural drains by filling up, for the purpose of
developing land for industries, may have a direct impact on the city and its people. Major part of Hazira
falls under low elevation coastal area (less than 10 m elevation) exposing industries to considerable risk to
water related hazards. Most of the current development activities have been planned without taking into
consideration a potential threat from the sea level rise. The area faces a high vulnerability to inundation
due to sea level rise. The risk becomes manifold as huge investments have been made in the area in
infrastructure and industrial development.
Table 4. Quality of the water bodies.
Waterbody

Period

No of
readings

Standards
as per
designated
best use

pH

DO

BOD

NH3-N

TCOL

6.5–8.5

5

3

1.2

500

Remarks

Unn creek

July 08May 10

124

7.8

-

9

5.6

14

Receive discharge
from CETP SIEL
& GECL

Gabheni
creek

July 08May 10

124

6.7

-

298

13.3

107

Located south to
GIDC Sachin

Koyli creek

July 08Sep 13

9

7.9

-

113

8.4

58

Bhedwad
creekand
Kadodara
creekmeet this
creek

Baleshwar
creek

No 11-Oct
13

45

8.1

-

14

2.0

18

Receive discharge
from CETP
GETPL

Bhedwad
creek

July 09July 10

10

7.1

-

230

6.3

93

Receive discharge
from CETP
Pandesara

Kadodara
creek

Jun 08May 13

8

8.0

-

96

58

Receive discharge
from CETP PEPL

17

7.93

6.56 1

0.51

71623

Main river flowing
through Surat

21

8.07

5.95 2

0.48

6264

Main river flowing
through Surat

May 08Tapi river
Jun 14
(Swami
Vivekanand
bridge)
Tapi river
(ONGC
bridgeHazira)

Jun 08-Jun
14
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Source: GPCB

The shoreline in gulf of Khambhat has been experiencing changes. A study by Gupta (2014) for the period
1996-2004 has observed that a large area of the gulf shows a serious threat due to changing shoreline [13].
The entire coast has undergone accretion including coastal region around the Tapi and the Hazira port.
The main reasons behind this accretion are attributed to the strong tidal currents and a large load of
sediments brought through the major rivers. The sediments as well as pollutants under the influence of
strong tidal currents undergo dispersion and settle within the Gulf of Khambhat resulting in siltation at a
rapid rate. The anthropogenic shoreline change, including ports and harbour development, have added a
major new factor into the complexity of natural processes determining coastal landform changes. There
have been no studies so far for this area which have estimated the levels of pollutants present in the
sediments deposited in the gulf and its impact on the eco-systems.
6. Conclusions & policy inference
Surat may have to prepare to live with the challenges it faces due to its location. The preparedness to deal
with the challenges faced by the city has to be multi-dimensional in nature. This would mean
understanding all future risks and responding to the changing risks. There are no land use rules in place in
Surat to prevent urban development in current and future high-risk zones [14]. The coastal area may, in
fact, become some of the most sought-after real estate. The urban planning process comes in actual
operation much after the areas have already experienced growth of buildings, roads and commercial
activities. This defeats the fundamental purpose of land use planning and ultimately results in legitimising
the unplanned growth. Land use planning and the enforcement of development rules based on risk
categorization is needed and the local body and development authorities must plan and implement keeping
these risks in mind. The current approach of development happening first and then legalisation of
development should be replaced with planning first, followed by development. Resettlement of all slums
located on creeks is needed immediately and care needs to be taken to prevent further settlements coming
up near the risky zones. Surat having a high share of industrial investments, the detailed data on risk zones
will help the investors in taking informed decisions while locating their business.
Surat is unique in its character in terms of scale and composition of industries and in terms of the water
bodies which receive the industrial effluents. In most of the cities, the waste water is discharged into a
single water body e.g. in Ahmedabad, all the domestic sewage and industrial effluents are discharged into
the Sabarmati, whereas in Surat, it is discharged into a number of creeks. The water pollution goes
undetected as it gets distributed in the various creeks near the industrial areas. However, the approach by
the regulator is the same throughout the state i.e. regulator monitors the main river and do not consider the
location specific details. There is no comprehensive mechanism to address local-level environmental
issues. There is a need to move away from the conventional way of monitoring of the water bodies by
supplementing it with site-specific requirements. The case in specific for Surat highlights the fact that the
conventional way of monitoring the main river in a city may not always represent the complete picture.
The approach which needs to be adopted for Surat has to be different from that adopted for Ahmedabad,
i.e., a differentiated approach, even within the same state to address local environmental concerns.
The feeble treatment by the common effluent treatment facilities and the ineffective enforcement by the
regulator have resulted in the degradation of the quality of water bodies. The analysis in Section 3 has
highlighted that even after many years of establishment, the CETPs have not been able to meet the
prescribed standards. At the same time, for the MSMEs—due to the constraints faced by them—there are
no other options but to rely on the CETPs [2]. Therefore, it is important to enforce improvement in their
working so as to comply with the prescribed norms. Punitive measures should be taken against the
defaulters to deal with non-compliance. The existing approaches to ensure environmental compliance
needs to be supplemented by other approaches like heavy fines for values above the prescribed standards
[15]; public disclosure of information about the pollution and the polluters [16]; supplementing
environmental standards with taxes above permissible values [17] etc. The fines under the Water Act have
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not been revised since 1974 and are merely capped at Rs. 10,000. This could be amended so that it acts as
a deterrent. Stringent enforcement would be required to ensure environmental compliance and improve
quality of water bodies.
The challenges faced by the city due to industrial development and the resultant water pollution can be
addressed to some extent if the inferences from the discussion in the paper can be incorporated into the
policies adopted for the city.
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Abstract. The landfill operation can cause environmental problems due to solid waste
decomposition in the form of leachate. The evaluation of environmental impacts related with
solid waste landfilling is needed to ensure that leachate discharge to water bodies does not
exceed the standard limit to prevent contamination of the environment. This study aims to
analyze the impact of leachate discharge from Cipayung Landfill on water quality of
Pesanggrahan River. The data were analyzed based on leachate samples taken from influent
and effluent treatment unit, and river water samples taken from upstream, stream at leachate
discharge, and downstream. All samples were taken three times under rainy season condition
from April to May 2017. The results show the average leachate quality temperature is 34,81 oC,
TSS 72.33 mg/L, pH 7.83, BOD 3,959.63 mg/L, COD 6,860 mg/L, TN 373.33 mg/L, Hg
0.0016 mg/L. The BOD5/COD ratio 0.58 indicated that leachate characteristics was
biodegradable and resemble intermediate landfill due to the mixing of young leachate and old
leachate. The effluent of leachate treatment plant exceeds the leachate standard limit for BOD,
COD, and TN parameters. Statistical results from independent T-test showed significant
differences (p<0,05) between upstream and downstream influenced with leachate discharge for
DO parameter.

1. Introduction
The population growth in urban areas leads to the high volume of solid waste generated. Inevitably,
this development has a significant impact on the increasing amount of solid waste disposed at
Cipayung Landfill, Depok City. Depok City had the population over 2 million persons [1]. It generates
solid waste 1,200 tonnes/day mainly derived from households, and solid waste disposed to Cipayung
Landfill reached 750 tonnes/day [2]. Cipayung Landfill has been operated since 1984 using a
controlled landfill system [2]. The increasing amount of waste generation can cause problems in its
operation. Moreover, an improper waste management is potentially harmful to human health and can
lead to environmental degradation. One potential environmental issue driven by the decomposition of
waste in landfills is leachate production. Leachate can be derived from rain water seepage, runoff of
waste decomposition, and moisture content of the waste itself [3]. The characteristics of leachate
produced depend on several factors, including the degree of stabilization of the dumped waste, solid
waste collection system, the type and composition of the discarded waste [4], the solubility of solid
waste content [5], site and hydrological factors, solid waste compaction, as well as landfill design and
operations [6]. Leachate is a liquid manifestation of solid waste and has been considered a serious
polluter that affects natural resources such as water bodies and groundwater, as well as human health.
Leachate is a contaminated liquid derived from the bottom of solid waste disposal facilities such as
landfills containing dissolved organic compounds and inorganic compounds and suspended solids. The
leachate composition depends on the nature of solid waste, chemical, and biochemical processes for
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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the decomposition of waste materials, as well as the total moisture content of solid waste [7].
Cipayung Landfill has a leachate treatment plant for treating leachate from landfill using a stabilizing
pond treatment system. Stabilization ponds are large basins in which wastewater is treated by natural
processes involving microorganisms, and are considered as the most appropriate method for
wastewater treatment in developing countries where the climate is favorable for its operation [8].
Stabilization pond system can be classified based on the types of biological activity, i.e. anaerobic,
facultative, and maturation ponds [9]. Treated leachate is then discharged to the Pesanggrahan River.
In Indonesia, the quality standards for liquid waste disposal are stated in Indonesia’s Ministry of
Environment and Forestry Law No. 59 of 2016 to ensure that the disposal of waste to recipient water
bodies will not cause damage to the aquatic ecosystem and its potential economic resources, as well as
public health affairs. Of the several contaminants carried in leachate, organic matter, nitrogen, and
heavy metals are the primary substances of concern. In general, the concentration of the substances
contained in the leachate depends on the biochemical decomposition of solid waste in landfills [10].
The main objectives of this study are to analyze leachate characterization, evaluate the performance of
leachate treatment plant, and analyze impact of leachate discharge from Cipayung Landfill site on
water quality of Pesanggrahan River, Indonesia. The results of leachate characterization of Cipayung
Landfill treatment plant is expected to be useful for landfill management, especially to improve the
existing leachate treatment system and prevent contamination of discharged leachate to recipient water
bodies.
2. Method
2.1. Description of study area
This study was conducted in Cipayung Landfill, located in Depok, Indonesia. The climate in Depok
City is influenced by monsoon season and is relatively similar, characterized by fairly small rain
differences. The conditions of rainfall in all Depok areas are practically the same, with the average
rainfall of 3,332 mm/year or 278 mm/month and the mean temperature of 26°C [11]. The leachate
treatment system applied in Cipayung Landfill is a stabilization pond system. Figure 1 shows that the
Cipayung Landfill stabilization pond consists of an anaerobic pond (AP), facultative pond (FP), and
maturation pond (MP). The leachate treatment plant has a pretreatment unit equalization tank that is
followed by the stabilization pond system.The treated leachate of the treatment plant is discharged to
Pesanggrahan River as recipient water body. Pesanggrahan River is classified as Class III water body
[12], based on Government Regulation No. 82 of 2001 is a group of water bodies with designated for
fisheries and livestock activity.
Raw
Leachate

Equalization
Tank (ET)

Anaerobic
Pond (AP)

Facultative
Pond (FP)

Maturation
Pond (MP)

Effluent

Figure 1. Schematic flow diagram of leachate treatment plant Cipayung Landfill.
2.2. Data collection and analysis
In this study, leachate samples were taken every two weeks under rainy season condition from April to
Mei 2017. Table 1 describes the sampling locations and shows that samples were taken from leachate
treatment plant and from Pesanggrahan River. Leachate samples were collected from inlet and outlet
each treatment units to analyzed their characteristics and evaluated the performance of leachate
treatment plant. River water samples were collected from upstream before leachate discharge, stream
at leachate discharge, and downstream after leachate discharge to analyze the impact of leachate
discharge from Cipayung Landfill on water quality of Pesanggrahan River. The sampling procedure
follows SNI (Indonesian National Standard) number 6989.59:2008 which explains the wastewater
sampling method, and SNI number 03.7016:2004 explains the river water sampling method. Impact of
leachate discharge on river water quality were analyzed based on temperature (T), Total Suspended
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Solids (TSS), (pH) value, Biological Oxygen Demand (BOD), Chemical Oxygen Demand (COD),
Dissolved Oxygen (DO), Total Nitrogen (TN), and Mercury (Hg) parameters. Sampling analysis
including in-situ and ex-situ measurement. The temperature is measured using a digital thermometer
(SNI 6989.23:2005), TSS using gravimetric analysis (SNI 6989.3:2004), pH value using a digital pH
meter (SNI 06-6989.11-2004), BOD5 using Winkler with 5 days incubation time (SNI 6989.72.2009),
COD using the close reflux titrimetric method (SNI 06-6989.2-2009), TN using spectrophotometer
with Nessler (HACH 399), and Mercury using Atomic Absorption Spectrophotometry method (SNI
6989.78:2011). The methodology developed to study the impact of leachate discharge from Cipayung
Landfill on water quality of Pesanggrahan River is divided into several steps, that is identification and
characterization of leachate influent, performance evaluation based on removal efficiency, and
identification of river water quality influenced with leachate discharge.
Table 1. Leachate and river water sampling locations.
Sampling
point
S1
S2
S3
S4
S5
S6
S7

Sampling location

Latitude; Longitude

Anaerobic pond influent
Anaerobic pond effluent; Facultative pond influent
Facultative pond effluent; Maturation pond influent
Maturation pond effluent
Upstream of leachate confluence with
Pesanggrahan River
Leachate confluence with Pesanggrahan River
Downstream of leachate confluence with
Pesanggrahan River

6°25'11.60"S; 106°47'14.42"E
6°25'11.78"S; 106°47'13.70"E
6°25'12.09"S; 106°47'14.15"E
6°25'11.94"S; 106°47'13.55"E
6°25'32.20"S 106°47'20.00"E
6°25'11.77"S 6°25'11.77"E
6°25'1.30"S 106°47'10.69"E

2.3. Statistical analysis
Data were analyzed using IBM SPSS Statistics 23.0 software package. Data were presented in the
form of mean and standard deviation. Impact of leachate discharge on river water quality was analyzed
using Independent t-test at p-value ≤0,05 to compared the statistical differences between the means of
upstream and downstream river water samples.
3. Result and Discussion
3.1. Leachate characterization
Cipayung Landfill has been operating since 1984 and is classified as a mature landfill. However, the
measured average of raw leachate temperature of around 34.81°C, TSS of 72.33 mg/L, pH of 7.83,
BOD of 3,959.63 mg/L, COD of 6,860 mg/L, TN of 373.33 mg/L, Hg of 0.0016 mg/L, and BOD/COD
ratio of 0.58 indicate that the leachate characteristics resemble an intermediate landfill. This deviation
is due to the mixing of young leachate and old leachate since the solid waste dumping system in
Cipayung Landfill does not use cell system to produce leachate with the character between young and
old leachate (intermediate). The comparison between the leachate characteristics in Cipayung Landfill
and the typical leachate is shown in Table 2. Characteristics of Cipayung Landfill leachate tends to be
alkali which is typical of leachate in Indonesia [13]. However, the pH value is still within the range of
values 6–9 appropriate for biological life. While leachate temperature is in the range of 33,8oC–36,4oC,
and still in accordance with the optimum temperature of microorganisms, which is equal to 25oC–35oC
[14]. Mature leachates with BOD5 concentrations 100-200 mg/L are less polluted than young leachates
2.000–30.000 mg/L [14]. The young landfill has BOD5/COD ratio 0,4-0,6 indicated that biological
activity in the acid phase of anaerobic degradation, while mature landfill with BOD5/COD ratio 0,020,5 produced stabilized leachate indicated with low COD concentration and low biodegradability [14].
The BOD5/COD ratio of Cipayung Landfill leachate is 0,58 so that leachate can be treated by
biological processing [15].
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Table 2. Comparison of Cipayung Landfill leachate characteristics and typical leachate.
Parameter
Temperature (oC)
TSS (mg/L)
pH
BOD (mg/L)
COD (mg/L)
TN (mg/L)
Hg (mg/L)
BOD5/COD

Cipayung
Landfill (33
years)
34.81 ±1.393
72.33 ±2.517
7.83 ±0.058
3,959.63 ±
993.711
6,860 ±2,182.212
373.33 ±93350
0.0016 ±0.00135
0.58

Young landfill (<2
years)

Mature landfill
(>10 years)

200–2,000 [14]
4.5–7.5 [14]
2,000–30,000 [14]

100-400 [14]
6.6–7.5 [14]
100–200 [14]

3,000–60,000 [14]
500–1,500 [16]
0.4-0.6 [14]

100–500 [14]
50–200 [16]
0.02-0.5 [14]

Table 3. Average ±standard deviation and removal percentage of the parameters in the leachate
treatment plant.
Pond
type
AP

FP

MP

Influent

TSS
(mg/L)
72.33 ±
2.517

BOD
(mg/L)
3959.63 ±
993.711

COD
(mg/L)
6860 ±
2182.212

TN
(mg/L)
373.33 ±
93.350

Hg
(mg/L)
0.0016 ±
0.00135

3894.77 ±
1064.242

9956.8 ±
530.288

793.33 ±
84.120

0.00076 ±
0.00033

2%

-45%

-113%

53%

8.0 ±
0.17
3
7.97
±
0.05
8
0%

3894.77 ±
1064.242

9956.8 ±
530.288

793.33 ±
84.120

0.00076 ±
0.00033

3714.63 ±
258.802

6155.1 ±
1605.116

186.70 ±
70.00

0.0031 ±
0.00286

5%

38%

76%

-307%

3714.63 ±
258.802

6155.1 ±
160.116

186.70 ±
70.00

0.0031 ±
0.00286

3399.13 ±
1418.785

9525.6 ±
2040.284

334.43 ±
94.318

0.00072 ±
0.00028

-87%

7.97
±
0.05
8
8.07
±
0.28
9
-1%

8%

-55%

-79%

77%

17%

-3%

14%

-39%

10%

55%

100

6-9

150

300

60

0,005

Effluent

151 ±6.00

%
Removal
Influent

-110%
151 ±6.00

Effluent

32.33 ±
2.517

%
Removal
Influent

79%

Effluent

%
Removal
Total
%
Removal
Leachate standard [17]

32.33 ±
2.517

60.33 ±
2.517

pH
7.83
±
0.05
8
8.0 ±
0.17
3
-2%
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3.2. Performance evaluation of leachate treatment plant
The results obtained for each treatment unit and the overall leachate treatment plant are presented in
Table 3. The quality of Cipayung Landfill leachate in each treatment unit shows that the removal
efficiency does not comply with the design criteria, implying that the effluent quality of Cipayung
Landfill leachate does not meet the quality standard based on [17] for BOD, COD, and TN parameters.
The examination results of the anaerobic pond leachate samples state that the TSS concentration of
72.33 mg/L at the influent has been increased to 151 mg/L at the effluent since the mud at the base of
the pond was too high. The TSS concentration of the facultative pond effluent was 32.33 mg/L,
indicating that the removal of suspended solids at facultative pond processing unit reached 79%.
Although the TSS concentration rose back to 60.33 mg/L at the maturation pond effluent, the overall
removal efficiency of TSS concentration could reach 17%, and the quality of leachate discharged has
fulfilled the requirement. The pH values of leachate in all treatment units are still within the standard
quality range. The pH value of the influent leachate is 7.8–7.9 which tends to be alkali. Therefore, the
leachate treatment does not require a neutralization process as a pre-treatment because pH 6 is the
lowest limit for anaerobic processing [18]. The pH value of the anaerobic pond effluent has increased,
indicating that the anaerobic processing has entered the final stage, raising the alkalinity that allows
the methane microorganism to live. Volatile acids will be converted to methane and carbon dioxide
(CO2), while organic matter will decrease since its solubility will drop due to the boosted pH value.
Supposedly, the pH value will dwindle back in the maturation pond because of the organic matter
hydrolysis in the aerobic process, which resulted in the decrease of pH value and mineral dissolution.
The rise of pH value to 8.07 in the effluent can be brought by the lack of oxygen concentration in the
aerobic treatment within the maturation pond. The BOD concentration decreased toward the end of
treatment with a removal efficiency of 14%. However, the leachate effluent has not met the leachate
effluent standard. The high BOD concentration is caused by the organic residues contained in the
anaerobic treatment that cannot be degraded in abundant quantity [19]. COD effluent concentration of
9,525.6 mg/L has not met the quality standard. The concentration of COD effluent is increased due to
the absence of aeration and the presence of organic material residues. The concentration of TN
decreased by 6% removal until the end of treatment. However, the effluent concentration of TN of
334.4 mg/L has not met the leachate standard. The concentration of ammonia nitrogen within the
range of 25–30 mg/L can be toxic to anaerobic microorganisms because it inhibits their growth,
affecting the removal of BOD and COD [20]. The high concentration of TN in the Cipayung Landfill
leachate lessen the efficiency of BOD and COD removal.The concentration of Hg effluent was 0.0007
mg/L, and the removal efficiency was 56%. High concentration of heavy metals can be toxic to
Chlorella species that are the main species in the stabilization ponds system. The pH value of ˃8 can
cause the metal ions to precipitate, and the treatment process of stabilization ponds can run as usual
[21].
3.3. River water quality
The water quality of Pesanggrahan River is shown in Table 4. Temperature is a parameter of aquatic
physics that affects the chemical reaction and reaction rate, aquatic life, and the suitability of water use
for a specific designation [22]. Increased temperatures can lead to increased viscosity, chemical
reactions, evaporation, and volatilization, as well as decreased water solubility of gases, and increased
metabolic rate of aquatic organisms [23]. It is known that the Pesanggrahan River water temperature is
26.92 oC at S5, 26.32 oC at S6, and 27.94 oC at S7. In general, the value of leachate temperature that
enters the water body does not significantly affect the water temperature based on the t-test (p=0.56)
and fulfill the standard of Class III water body. The condition of the Pesanggrahan River water
temperature has been in accordance with the optimum temperature conditions for the growth of
phytoplankton in the waters, i.e. between 20 oC to 30 oC [23]. The TSS consists of mud, fine sand, and
microorganisms caused by soil erosion and is carried into the body of water [23]. While the
concentration of TSS in leachate is dominated by dead bacteria. The entry of TSS into the waters can
cause turbidity in the water, and the effect on the rate of photosynthesis phytoplankton decrease, and
water productivity decreases. Such conditions may reduce the supply of dissolved oxygen in water
bodies [23], but TSS concentrations in waters are naturally not toxic. The concentration of TSS in
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Pesanggrahan River due to the leachate discharge has not significance influence on the fishery interest,
where it is known that the TSS concentration of the Pesanggrahan River water is 78 mg/L at S5,
increased at leachate discharge (S6) of 95.67 mg/L, and 69.67 mg/L at S7. In general, the
concentration of TSS leach into the water body did not significantly affect the water temperature of
Pesanggrahan River based on the t-test (p=0.77) and met the Class III water body standard of 400
mg/L. Waters will have a negative impact on fisheries if TSS concentrations are greater than 400 mg/L
[24]. The pH value of Pesanggrahan River water is 7.1 at S5, 6.6 at S6, and 6.67 at S7. Pesanggrahan
River pH values fluctuated from upstream, stream on the leachate discharge, and downstream after
being influenced by leachate discharges, but still within the range of the Class III water body standard.
The pH values fluctuated in water bodies may be affected by the amount of organic matter and
inorganic materials in water bodies. High organic matter in water bodies can increase the pH value due
to the decomposition process of organic matter releasing CO2 and inorganic materials which generally
contain high amounts of mineral acid [25]. Meanwhile, the pH value of leachate that enters the water
body of 7.83 still meets the quality standard of leachate effluent pH, which is between 6 – 9. It shows
that the leachate discharge does not significantly affect the pH water quality based on the t-test
(p=0.452).
Table 4. Average ±standard deviation of Pesanggrahan River water quality and p-value showed
differences between upstream (S5) and downstream (S7) using Independent t-test.
Parameters
Temperature
(oC)
TSS (mg/L)
pH
BOD (mg/L)
COD (mg/L)
DO (mg/L)
TN (mg/L)
Hg (mg/L)
*
**

S5

Sampling Locations
S6

S7

Acceptabl
e Limits
[26]

pvalue

26.92 ±0.934

26.32 ±0.926

27.94 ±1.270

dev 3

0.56

78 ±34.771
7.10 ±0.872
78.10 ±21.913*
111.6 ±38.311*
7.1 ±0.498

95.67 ±25.968
6.60 ±0.100
90.25 ±72.761*
129.5 ±116.673*
5.93 ±0.459

69.67 ±31.501
6.67 ±0.231
87.17 ±59.351*
133.5 ±91.905*
5.04 ±0.821

400
6-9
6
50
3

1.43 ±0.252
0.00098 ±
0.00018

1.97 ±0.058
0.00108 ±
0.00024

1.90 ±0.529
0.00070 ±
0.00039

3
0.002

0.77
0.452
0.816
0.723
0.02*
*
0.24
0.378

Exceed the standard limits for Class III water bodies quality
Significant at p ≤ 0,05

Organic matter is composed of carbon, oxygen, hydrogen, and some compounds containing nitrogen
compounds [22]. According to Pratiwi [27], if the need for oxygen levels is not proportional to the
addition of oxygen from the air as well as photosynthetic results of phytoplankton, it can lead to a
decrease in dissolved oxygen concentration, and increase the concentration of BOD. BOD
concentration in Pesanggrahan River flow exceeds Class III water quality standard 6 mg/L. Leachate
discharge affects BOD concentration, that is by increasing the concentration of BOD at point S6, that
is equal to 90.25 mg/L. This indicates that in the locations occur the process of decomposition of
organic materials and oxidation of inorganic materials that require dissolved oxygen (deoxygenation).
However, based on the t-test (p=0.816) showed that leachate discharge did not significantly affect
BOD concentration in Pesanggrahan River. The COD concentration in the Pesanggrahan River flow
increased after leachate discharge, i.e. 111.6 mg/L at S5, 129.5 mg/L at S6, and 133.5 mg/L at S7. The
concentration of COD exceeds the standard of Class III water body of 50 mg/L. However, based on
the t-test (p=0.723) showed that leachate discharge did not significantly influence COD concentration.
COD concentrations are greater than BOD concentrations because the amounts of chemical
compounds that can be chemically oxidized are greater than that of biological oxidation. DO serves as
an indicator of water quality, which plays a role in the oxidation process and reduction of organic and
inorganic materials [28]. The DO concentration depends on the mixing process, the movement of the

17

ICEPP 2017
IOP Conf. Series: Earth and Environmental Science1234567890
120 (2018) 012002

IOP Publishing
doi:10.1088/1755-1315/120/1/012002

water mass, the process of photosynthesis, and the effluent of waste entering the body of water [23].
The higher temperature and water level also affect the low concentration of DO due to low
atmospheric pressure. DO concentrations decreased from upstream to downstream after being affected
by leachate discharge from Cipayung Landfill. The DO concentration at point S5 of 7.1 mg/L, 5.93
mg/L at S6, and 5.04 mg/L at S7. Reduced DO concentration in downstream is influenced by
increasing concentrations of organic and inorganic materials in river water. In the downstream after
leachate discharge occurs the decomposition process of pollutants through the decomposition of
organic materials, and oxidation of inorganic materials that require DO or called deoxygenation
process. If the reaeration rate progress is lower than the rate of deoxygenation or self-validating ability,
it can cause the DO concentration to decrease faster until it reaches anaerobic condition [23]. Leachate
discharge affects DO concentrations based on the t-test (p=0.02). Pesanggrahan River TN
concentration increased by leachate discharge, which was 1.43 mg/L at S5, 1.97 mg/L at S6, and 1.90
mg/L at S7. But still complied with the Class III water body standard based on [29], that is 3 mg/L.
The increasing of TN concentration due to leachate discharge was not significant based on the t-test
(p=0.24). The concentration of Hg at leachate discharge was under the standard of Class III water
body and did not give a significant influenced the Pesanggrahan River water quality based on the t-test
(p=0.378). The heavy metals contained in river water are lower than the heavy metals contained in
sedimentary sediments where heavy metal deposits, and reach 99% of the total amount of heavy
metals in the waters [30]. Overall, leachate discharge from Cipayung Landfill caused an increase in
the concentration of pollutants in Pesanggrahan River, especially the concentration of COD and BOD.
It is known that BOD and COD parameters exceed the standard of Class III water body, while the
temperature, TSS, pH, DO, TN, and Hg meet below the Class III water body standard.
4. Conclusions
This study concern on environmental problems related with solid waste landfilling, that is the impact
of Cipayung Landfill leachate on the Pesanggrahan River water quality. Based on this study, Cipayung
Landfill classified as mature landfill, but the measured BOD/COD ratio 0.58 showed that this landfill
had a high biodegradability through the anaerobic phase. The effluent of Cipayung Landfill leachate
treatment plant exceeds the leachate standard limit based on [17] for BOD, COD, and TN parameters.
Leachate characteristics had high concentration of organic chemicals and influenced the water quality
of Pesanggrahan River indicated by the increasing of BOD and COD concentrations which resulted in
significant decreasing of DO concentrations. To improve the quality of leachate effluent, it is
necessary to make physical improvements by redesigning the treatment unit according to the design
criteria to ensure that leachate discharge to water bodies does not exceed the standard limit to prevent
contamination of the environment. Establishing a constructed wetland is recommended as well since
the climatic condition of the study area implies that this method is suitable and has a high potential to
improve the leachate effluent quality by reducingthe nutrients, suspended solids, algae, and BOD
concentrations.
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Abstract. The problems arising from landfill activity is leaked leachate that is not absorbed
well into leachate stabilization pond which furthermore contaminates shallow groundwater
around landfill, include Cipayung landfill. The aims of this study is to determine the
characteristics of leachate and their effect on shallow groundwater quality around landfill
based on temperature, pH, Total Suspended Solids (TSS), Biological Oxygen Demand (BOD),
Chemical Oxygen Demand (COD), Total Nitrogen (TN), Mercury (Hg), and fecal coliform.
Data were analyzed based on leachate samples at influent point, effluent point, and 7 sampling
points of residents’s well with distance variation every 100 meters within 300 meters radius
having leachate stabilization pond as benchmark. According to the standard of Indonesia’s
Ministry of Environment and Forestry law No. 59 of 2016, the results showed that leachate
quality was still above the standard of BOD, COD, and Total Nitrogen parameters; 4178.0
mg/L, 70556.0 mg/L and 373.3 mg/L for influent point, and 3142.0 mg/L, 9055.2 mg/L, and
350 mg/L for the effluent point. Pollution Index of shallow groundwater is between lightly and
moderately contaminated. This study showed that the further the distance between sampling
point and leachate stabilization pond is, the lower the Polution Index is.

1. Introduction
One of the problems that arise from landfill activity is a possibility of leaked leachate that is not
absorbed well into leachate stabilization pond, especially in areas with high rainfall. Leachate is a
liquid that permeates through solid waste that contains dissolved and suspended elements or liquid that
pass through the landfill which are mixed and suspended with substances or materials in the landfill.
The characteristics of leachate is related to the level of environmental pollution that can be caused and
influenced by various factors, such as the composition of waste, landfill age, seasons, hydrological
conditions and activities in the landfill [1].
In practice, leachate in Cipayung landfill in Depok was not fully accommodated in the pipes and
gathered in leachate stabilization pond, but leak into the soil and contaminate shallow groundwater in
residential areas. Shallow groundwater is a groundwater located above the first waterproof layer,
which in Depok City, the average depth of shallow groundwater is ranged from 10 meters to 30 meters
[2]. Leaked leachate cause shallow groundwater used by residents to change color and is not safe for
consumption, however this water is commonly used for daily needs such as drinking water
consumptions, washing, bathing, toilet and other similar activities.
This study aims to determine the characteristics of Cipayung landfill leachate and their effect on
shallow groundwater quality of residential around landfill based on quantitative measurement such as
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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temperature, pH, Total Suspended Solids (TSS), Biological Oxygen Demand (BOD), Chemical
Oxygen Demand (COD), Total Nitrogen, Mercury and Fecal coliform.
In this study, 7 water samples of shallow groundwater from residents’ well and leachate samples at
influent point and effluent point were taken once which procedure is according to SNI 6989.59: 2008
about Water and Wastewater. Determination of sampling location is using purposive sampling by
taking 3 straight lines having leachate stabilization pond as benchmark, where line A is Kampung
Bulak Barat area, line B is Kampung Benda Barat area, and line C is Pasir Putih area with distance
variation of 100 meters, 200 meters and 300 meters within 300 meters radius.
The results of this study were descriptively comparatively analyzed; (1) Influent point and effluent
point leachate data is compared to the standard of Indonesia’s Ministry of Environment and Forestry
law No. 59 of 2016 on quality standard for business and / or landfill activities to know the leachate
characteristics, (2) Result data of shallow groundwater’s samples are compared to Government
Regulation No. 82 of 2001 on Water Quality Management and Water Pollution Control to determine
the shallow groundwater quality of residential’ well around the landfill, and (3) Shallow groundwater
quality data will be calculated by Pollution Index (IP) according of Ministry of Environment Decree
No. 115 of 2003.
2. Materials and methods
2.1. Description of study area
The location of this study is at influent point and effluent point of leachate stabilization pond in
Cipayung landfill, and 7 sampling points at the groundwater of local residential area within 300 meters
radius. The sampling points that were used in this study are considered to represent the condition of
Cipayung landfill leachate, whereas the location that is selected in this study is based on groundwater
flow obtained from interpolation of the groundwater surface point. Figure 1 shows the area of
sampling location and Table 1 shows the sampling coordinates that were used in this study.

Figure 1. Area of Sampling Location
2.2. Data collection and analysis
Leachate sampling was conducted at the influent point and effluent point of stabilization pond and
carried out on the same day as shallow groundwater sampling. The method used in groundwater
sampling method is according to SNI 7989.58: 2008 about Water and Wastewater – Part 58:
Groundwater Sampling Method. After that, pH and temperature were directly tested at the site,
whereas for other parameters (TSS, BOD, COD, TN, Mercury and Fecal coliform), samples were
preserved and stored for laboratory testing.
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The method which used for each test is using pH meter for measuring pH value (SNI 6989.11 : 2004),
thermometer for temperature measurement (SNI 6989.23 : 2005), TSS measurement according to SNI
6989.3: 2004, BOD measurement according to SNI 6989.72:2009, COD measurement according to
SNI 6989.2:2009, TN measurement according to HACH 399, Mercury measurement according to SNI
6989.78:2011, and fecal coliform measurement according to Most Probable Number Method.
Table 1. Sampling Coordinates of Leachate and Shallow Groundwater
Sampling
point
S1
S2
A200
A300
B100
B200
B300
C200
C300

Sampling location

Latitude; Longitude

Leachate stabilization pond influent
Leachate stabilization pond effluent
Line A area within 101-200 meters
Line A area within 201-300 meters
Line B area within 0-100 meters
Line B area within 101-200 meters
Line B area within 201-300 meters
Line C area within 101-200 meters
Line C area within 201-300 meters

6°25'11.60"S; 106°47'14.42"E
6°25'11.94"S; 106°47'13.55"E
6°25'14.99"S; 106°47'19.59"E
6°25'17.35"S; 106°47'22.02"E
6°25'08.97"S; 106°47'15.85"E
6°25'06.20"S; 106°47'17.45"E
6°25'05.40"S; 106°47'19.037"E
6°25'12.004"S; 106°47'9.564"E
6°25'11.480"S; 106°47'4.270"E

3. Results and disscussion
3.1. Characteristics of leachate
Leachate quality measurement from leachate stabilization is used as a basic consideration for pollutant
sources of leachate into shallow groundwater. The influent point (S1) and effluent point (S2) are used
as sampling points to determine leachate’ quality changes before and after processing in stabilization
pond, before being discharged into water body. Table 2 shows the result of parameter testing for
leachate at influent and effluent point in stabilization pond.
Table 2. Result of Leachate Samples Testing
Parameter

Standard[3]

Temperature (oC)
TSS (mg/L)
pH
BOD (mg/L)
COD (mg/L)
TN (mg/L)
Hg (mg/L)
Fecal coliform

Deviation 30
100
6-9
150
300
60
0.005
-

Influent Point
(S1)
34,8
70
7,8
4178,0
70556,0
373,3
0,00161
9500

Effluent Point
(S2)
33,8
63
8,4
3142,0
9055,2
350
0,00072
18000

As the table shows, the values of BOD, COD and TN at S1 and S2 exceed the quality standard that is
permitted. Cipayung landfill is a mature landfill because its age has been more than 10 years. This is
evidenced by its low BOD5/COD value ratio which is only 0,06, which normally exhibit BOD5/COD
value ratio from 0,05 to 0,2 [1]. It can happen because the composition of mature landfill generally
contains humic and fulvic acid that can’t be deciphered. The stabilization pond can reduce the levels
of BOD, COD and fecal coliform present in leachate. As the table shows, the level of those parameters
in effluent point is lower than influent point, but it still exceeds the standard quality limit, but for fecal
coliform value, leachate stabilization pond does not decrease but increase it. Increasing the value of
fecal coliform indicated that leachate water treatment has failed. Fecal coliform is included in the type
of anaerobic bacteria that can breed without the presence of oxygen. Increasing number of fecal
coliform at the effluent point is possible due to aerator in the leachate stabilization pond in Cipayung
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landfill that is not used optimally. Supposedly, the aerator can create the stabilization pond rich in
oxygen to prevent anaerobic bacteria growing, but it does not. So, the pond conditions become anoxic
and let anaerobic bacteria, including fecal coliform to grow and breed. The BOD and COD value that
still exceed the quality standard indicate that the amount of organic matter in leachate is significantly
high, so it requires a lot of oxygen to be biodegrade by aerobic microorganisms and to oxidize organic
material chemically (non-biodegradable) [4]. The decomposition of organic matter is a natural event,
where if a water body is contaminated by organic matter then the bacteria will be able to dissolve the
dissolved oxygen in the water during the biodegradable process, so that the natural water biota will die
and the state of the water body becomes anaerobic, reyealing bad odor.
High TN value may be caused by irregular processing time on leachate stabilization pond, where the
aerator in leachate stabilization pond is not operated on a daily basis. Lack of aeration causes aerobic
bacteria die and the wastewater treatment process that is not optimal, also causes leachate water
become odor and the color gets black [5].
3.2. Shallow groundwater quality
Testing of shallow groundwater use parameters of leachate quality standard, i.e. temperature, pH, TSS,
BOD, COD, TN, Mercury, and added with fecal coliform. The equation of leachate and shallow
groundwater samples parameters test was done so the results can be compared based on the same
parameters. Table 3 shows the result of shallow groundwater quality testing.
Table 3. Result of Shallow Groundwater Samples Testing
Parameters

pH

TSS

BOD

COD

TN

Mercury

Temperature
Fecal
(0C)
Coliform
Deviation 30 100 MPN

Stardard

6-9

50

2

10

-

0,001

A-200
A-300

7,2
7

8
1

52,8
90,5

78,0
14,0

5,6
2,8

0,000125
0,00022

30,6
37,8

2300
6,8

B-100
B-200
B-300

7,4
6,9
7,2

5
7
1

63,2
44,9
41,6

84,7
56,5
51,7

6,2
5,7
2,5

0,000031
undefined
undefined

28,8
28,3
31,7

4,5
6,1
0

C-200
C-300

6,6
7,4

6
1

42,3
22,7

62,0
30,0

5,2
3,3

0,000283
undefined

32,1
30,3

4,5
1,8

Figure 2 and Figure 3 shows the graphic of each other parameter. All standard that used for shallow
groundwater quality comparison is standard of Government Regulation No. 82 of 2001 design of
water class I. As the figure 1 shows, the normal temperature range is 240C – 300 C with 30C deviation,
but as the graph shows, temperature exceeds the limit at some points. This high temperature can be
caused by the natural influences of the depth of the water and seasons occurring at the time when the
sampling is taken, as well as the human influence of waterproof surface construction and the release of
warm water [6]. Overall, the pH value decreases with the distance from the benchmark to the furthest
point at 300 m radius. Changes in pH values are still within the limit quality range, which is 6 -9.
These different pH values correlate with the solubility of metal in the water, where the solubility of
metal will be higher at low pH values or in acid conditions, Figure 2 shows the pH values variations.

23

ICEPP 2017
IOP Conf. Series: Earth and Environmental Science1234567890
120 (2018) 012003

IOP Publishing
doi:10.1088/1755-1315/120/1/012003

Temperature (0C)

40
Line A (Kp.
Bulak
Barat)

35
30
25

Line B (Kp.
Benda
Barat)

20
15
10
0

100

200

300

400

0

100

200

300

400

0

100

200

300

400

0

100

200
Distance (m)

300

400

Line C
(Pasir
Putih)

7.6
pH values

7.4
7.2
7
6.8
6.6
6.4
10

TSS (mg/L)

8
6
4
2
0

70

BOD (mg/L)

60
50
40
30
20
10
0

Figure 2. Correlation between Temperature, pH value, TSS and BOD parameters with distance

24

ICEPP 2017
IOP Conf. Series: Earth and Environmental Science1234567890
120 (2018) 012003
100
COD (mg/L)

80
60
40
20
0

IOP Publishing
doi:10.1088/1755-1315/120/1/012003

Line A
(Kp.
Bulak
Barat)
Line B
(Kp.
Benda
Barat)
Line C
(Kel.
Pasir
Putih)

0

100

200

300

400

0

100

200

300

400

0

100

200

300

400

0

100

200
Distance(m)

300

400

Total Nitrogen (mg/L)

7
6
5
4
3
2
1
0
0.0003
Mercury (mg/L)

0.00025
0.0002

0.00015
0.0001

0.00005
0

2500

Fecal Coliform
(amount/100 ml)

2000
1500
1000
500
0

Figure 3. Correlation between COD, TN, Mercury, Fecal Coliform parameters with distance

Like the Figure 2 shows, TSS value fluctuates but is still below the permitted TSS standard of 50
mg/L, which means that the tested shallow groundwater quality is still good and not polluted by leaked
leachate of Cipayung landfill. BOD values indicates the amount of oxygen needed by bacteria when
stabilizing decomposable organic material under aerobic conditions, where the organic material serves
as food for bacteria and energy obtained from oxidation process [7]. As the graph at Figure 3 shows,
BOD values of all tests exceed the permitted quality standard of 2 mg/L, but it can be seen that even
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all BOD values exceed the quality standard, the values are decreases as the distance gets further. COD
values are always higher than BOD values, because COD values are derived from organic and
inorganic materials of microbial degradation that accumulate in groundwater [8]. At the graph at
Figure 3, COD value is decreasing along with the distance, just like BOD value. Although the values
decrease, but COD concentration at all sampling points are exceed the permitted water quality
standard. For the TN value, graphic at Figure 3 shows that all sampling point results are above the
standard, but the value decreases as the distance gets further.
The content of mercury in shallow groundwater may be derived from leachate landfill whose garbage
is mixed with hazardous and toxic garbage [9]. The graph at Figure 3 shows that mercury values of all
sampling points are below permissible quality standards, indicating that shallow groundwater is not
polluted by mercury. Apart from leaked leachate factor, mercury in shallow groundwater can also be
caused by pH values in the water itself. At the acidic pH values, mercury can dissolve easily, and at
the alkaline pH values, mercury may precipitate or slightly dissolve [10]. At some sampling point,
such as B-200, B-300 and C-300, mercury values are undefined, this is probably due to alkaline pH
values (above 7.0), so that the mercury precipitates and is undetectable. Fecal coliform is a bacterial
indicator of pathogen contamination in water. This is because the number of colonies must be related
with the presence of pathogenic bacteria. The standard quality of fecal coliform is 100 MPN/100 mL,
which means that in 100 mL of sample water, there is maximum of 100 colony forming unit. The
graph at Figure 3 shows that the fecal coliform index number exceeds the quality standard at point A200, that is 2300 MPN/100 mL. It is probably because point A-200 is the source of water at waste
management unit of Cipayung landfill, although there is no septic tank on this site, but the distance is
closest to the leachate stabilization pond, also from landfill.
3.3. Pollution Index (PI)
The Pollution Index (PI) is used to determine the level of pollution relative to the permitted water
quality parameters of Ministry of Environment Decree No. 115 of 2003. Water quality status is
calculated by using the formula in accordance with the calculation of PI methods. PI calculation
results of shallow groundwater quality status can be seen in Table 4 below. Overall, there are 2 points
where the water quality status is lightly contaminated (range 1.0 < PI < 5.0) and 5 points of moderately
contaminated (range 5.0 < PI < 10).
Table 4. Result of Shallow Groundwater Samples Testing
Point

PI

Status

A-200

6.140777

Moderately contaminaed

A-300

3.283034

Lightly contaminated

B-100

6.210206

Moderately contaminaed

B-200

5.67031

Moderately contaminaed

B-300

5.537416

Moderately contaminaed

C-200

5.625227

Moderately contaminaed

C-300

4.582264

Lighty contaminaed

4. Conclusions
The conclusions of this research are that the influent point and effluent point of leachate stabilization
pond Cipayung landfill exceeded the quality standard on BOD, COD, and TN parameters, i.e. 4178.0
mg / L, 70556.0 mg / L and 373.3 mg / L for influent point and 3142.0 mg / L, 9055.2 mg / L, and 350
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mg / L for the effluent point. While other parameters such as temperature, TSS, pH, and mercury are
still below the quality standard. Fecal coliform increased from 9500 MPN / 100 ml at the point of
influent to 18000 MPN / 100 ml at the effluent point. The further the distance between the sampling
point and the leachate stabilization pond of Cipayung landfill is, the lower the Polution Index is, which
are in between lightly and moderately contaminated with 2 points of lightly contaminated (range 1.0 <
PI < 5.0, and 5 points of moderately contaminated (range 5.0 < PI < 10). Further processing of
leachate Cipayung landfill is needed considering some sampling parameters still exceed the permitted
quality standard. There is also a need for repairing on leachate pipe in Cipayung landfill to minimize
the contamination caused by leaked leachate.
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Abstract. In this study, the prevalence of various waterborne pathogens in water samples
collected in the Kathmandu Valley, Nepal, and the applicability of Escherichia coli as an
indicator of pathogen contamination in groundwater were assessed. Fifty-three water samples,
including shallow groundwater and river water, were analyzed to examine the presence of
protozoan (oo)cysts via fluorescence microscopy and that of viral and bacterial genomes via
quantitative PCR. At least one of the seven types of pathogens tested (i.e., Cryptosporidium,
Giardia, human adenoviruses, noroviruses of genogroups I and II, group A rotaviruses, and
Vibrio cholerae) was detected in 68% (15/22) of the shallow dug well water samples;
groundwater in the shallow dug wells was more contaminated compared with that in shallow
tube wells (8/15, 53%). River water and sewage samples were contaminated with extremely
high concentrations of multiple pathogens, whereas a tap water sample supplied by a water
tanker tested positive for human adenoviruses and V. cholerae. The detection of host-specific
Bacteroidales genetic markers revealed the effects of human and animal feces on groundwater
contamination. The tested pathogens were sometimes detected even in E. coli-negative
groundwater samples, indicative of the limitations of using E. coli as an indicator for
waterborne pathogens in groundwater.

1. Introduction
High concentrations of waterborne pathogens, such as protozoa, viruses, and bacteria, are present in
the feces of infected individuals; these pathogens are primarily transmitted via the fecal–oral route,
including the consumption of contaminated food or water. An increasing number of studies have been
reported on the prevalence of these pathogens in various water samples, mainly because of the rapid
development of molecular biological methods; however, a limited number of studies have been
conducted in developing countries.
Meanwhile, the Kathmandu Valley in Nepal has been plagued with waterborne diseases, which are
considered as a serious public health concern; this issue is probably associated with the low coverage
of drinking water and wastewater treatment systems. Because groundwater is the most important water
source for drinking and domestic purposes in the valley [1], some recent studies have attempted to
demonstrate the prevalence of waterborne pathogens, such as protozoa [2], [3], viruses [2], [4], and
bacteria [5]–[7], in groundwater and other water samples. While these studies have contributed to
reveal the prevalence of waterborne pathogens, most of them have examined one of the three major
types of pathogens, limiting the assessment of the utility of conventional fecal indicator bacteria such
as Escherichia coli for the management of microbiological safety of water. In addition, water sampling
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is sometimes conducted only once, which may not be sufficient to support the generalization of the
obtained conclusions. In reality, the author of this study reportedly examined two protozoa and three
viruses; however, the number of analyzed samples was small (n = 10) [2].
On the basis of this background, this study aimed to determine the prevalence of various waterborne
pathogens in water samples collected in the Kathmandu Valley during different seasons. Recently, the
electronegative membrane-vortex (EMV) method [8] was utilized for the simultaneous concentration
of protozoa and viruses from single water samples. In particular, it was employed to detect seven
pathogens (two protozoa, four viruses, and one bacterium). E. coli and total coliforms were examined
to evaluate their applicability as the indicators of pathogen contamination of groundwater. In addition,
sources of fecal contamination of water were estimated on the basis of the detection of host-specific
Bacteroidales genetic markers.
2. Materials and methods
2.1. Collection of water samples
Figure 1 shows the locations of the sampling sites in the Kathmandu Valley. As described previously
[4], water sampling was conducted in August 2010 (wet season) and May 2011 (dry season) with a
total of 43 samples comprising 16 groundwater samples from nine shallow dug wells (SG06, 17, 18,
26, 31, and 34–37); 12 groundwater samples from six shallow tube wells (SG07, 10, 12, 23, 25, and
33); 13 river water samples from eight sites along the Bagmati River and its tributaries (RW01–08);
one sample of tap water supplied by a water tanker (TW01); and one sewage sample collected from a
sewage pipe (SW01, not shown in Figure 1).

Bishunumati River

Dhobi Khola
River

SG12

RW06

RW07

SG25

SG10
SG35
SG34
SG26
SG18
RW02 SG23
SG36 TW01
RW03
SG33 SG17
RW05
SG37
Bagmati River RW01
1 km

Groundwater (shallow dug well)
Groundwater (shallow tube well)
River water
Tap water

RW08
Bagmati River

RW04
SG07

Figure 1. Locations of sampling sites in
the Kathmandu Valley.

SG31
SG06

2.2. Detection of E. coli and total coliforms
The Colilert method (IDEXX Laboratories, Westbrook, ME, USA) was employed to quantify the
concentrations of E. coli and total coliforms in the water samples according to the manufacturer’s
protocol, as described previously [2], [9]. Samples of groundwater from shallow dug wells have been
tested in a previous study [9].
2.3. Detection of waterborne protozoa, viruses, and bacteria
2.3.1. Concentration. For all water samples excluding the sewage sample, the EMV method using a
mixed cellulose ester membrane filter (pore size of 0.45 μm and diameter of 47 mm; Merck Millipore,
Billerica, MA, USA) [8] was employed to simultaneously concentrate three types of waterborne
pathogens (i.e., protozoa, viruses, and bacteria) in single water samples (50–3000 ml, depending on
the sample type), as described previously [2], [4]. After the centrifugation of a 12-ml eluate at 2,000 
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g for 10 min, a supernatant was obtained as a virus concentrate, whereas a pellet suspension was used
to detect protozoa and bacteria. The sewage sample was directly subjected to centrifugation without
any concentration step [4].
2.3.2. Detection of viruses. Viral DNA was extracted from virus concentrates using a QIAamp DNA
Mini Kit (Qiagen, Hilden, Germany), whereas viral RNA was extracted using a QIAamp Viral RNA
Mini Kit (Qiagen), followed by reverse transcription using a High Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA), as described previously [2, 4]. A
Thermal Cycler Dice Real Time System TP800 (Takara Bio, Otsu, Japan) was used to perform
quantitative PCR (qPCR) for human adenoviruses (HuAdVs) [10], noroviruses of genogroups I
(NoVs-GI) and II (NoVs-GII) [11], and group A rotaviruses (RVAs) [12]. HuAdVs, NoVs-GI, and
NoVs-GII were completely quantified using standard curves generated from 10-fold serial dilutions of
standard samples, whereas semi-quantitative detection was conducted for RVAs based on threshold
cycle values. All water samples, standard samples, and negative control were tested in duplicate.
2.3.3. Detection of protozoa. Eleven milliliters of the 12-ml pellet suspension was subjected to
immunomagnetic separation (IMS) using a Dynabeads GC-Combo (Thermo Fisher Scientific). One
half of the resulting IMS-purified sample (110 μl) was passed through a hydrophilic
polytetrafluoroethylene membrane (pore size of 1.0 μm and diameter of 25 mm; Advantec, Tokyo,
Japan), followed by direct fluorescent antibody staining using an EasyStain (BTF, North Ryde,
Australia) according to the manufacturer’s protocol. Fluorescence microscopy (BX60; Olympus,
Tokyo, Japan) was employed for counting the number of Cryptosporidium oocysts and Giardia cysts.
2.3.4. Detection of bacteria. Bacterial DNA was extracted from the remaining portion of the pellet
suspension using the QIAamp DNA Mini Kit, followed by qPCR for the ctxA toxic gene of Vibrio
cholerae [13]. In addition, three host-specific Bacteroidales qPCR assays were performed to identify
the sources of fecal contamination of the tested water samples: gyrB for human-specific assay [14],
Pig2Bac for pig-specific assay [15], and BacR for ruminant-specific assay [16]. All qPCR runs were
performed using a Thermal Cycler Dice Real Time System TP800.
3. Results and discussion
3.1. Detection of E. coli and total coliforms
Table 1 summarizes the results obtained from the detection of E. coli and total coliforms in the
collected water samples. They were detected in almost all samples, except for a few shallow tube well
water samples. The concentrations of E. coli and total coliforms in the groundwater samples from
shallow dug wells were significantly greater than those from shallow tube wells (t-test, P < 0.05). This
result is probably related to the more vulnerable structure of shallow dug wells than tube wells.
According to the guidelines stipulated by the World Health Organization, E. coli should be absent in
drinking water [17]; however, the results clearly indicated that shallow groundwater and water
supplied by water tankers are not suitable for drinking purposes.
3.2. Detection of waterborne protozoa, viruses, and bacteria
Table 2 summarizes the results obtained from the detection of seven waterborne pathogens. In addition
to the collected water samples, ten samples (six shallow dug well, three shallow tube well, and one
river water samples) collected from the same locations in August–September 2009 were included in
this table; the data for Cryptosporidium and Giardia have been reported previously [2], whereas those
for viruses and V. cholerae has been analyzed herein.
At least one of the seven types of the tested pathogens was detected in 68% (15/22) of the shallow dug
well water samples. Compared with the shallow dug wells, the shallow tube wells were less
contaminated with pathogens (8/15, 53%); this result is in agreement with those obtained from the
detection of fecal indicator bacteria (Table 1).
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Table 1. Detection of E. coli and total coliforms in water samples.
E. coli
No. of positive Concentrationa
Water sample
samples
(log MPNb/100
(% positive)
ml)
c
Shallow dug well water
16
16 (100)
0.61–4.05
Shallow tube well water
12
7 (58)
0.00–1.43
River water
13
13 (100)
5.20–9.38
Sewage
1
1 (100)
9.30
Tap water
1
1 (100)
2.04
Total
43
38 (88)
a
Range of concentrations among positive samples.
b
MPN, most probable number.
c
Reported previously [9].
No. of
tested
samples

Total coliforms
No. of positive Concentrationa
samples
(log MPNb/100
(% positive)
ml)
16 (100)
2.86–5.42
11 (92)
0.93–3.96
13 (100)
5.82–>9.38
1 (100)
9.30
1 (100)
3.31
42 (98)

Figure 2 shows the concentrations of the selected protozoa and viruses in the tested samples, clearly
demonstrating that the river water samples contain a considerably higher number of pathogens
compared with groundwater samples. The concentrations of pathogens at upstream sites (RW05–08)
were sometimes lesser than those at densely polluted downstream sites (RW01–04) or even below the
limit of detection.
Some shallow dug wells such as SG06 and SG37 were found to be highly contaminated with multiple
pathogens, indicative of a serious risk of pathogen infections via contaminated groundwater. HuAdVs
and V. cholerae were the only two pathogens found in the tap water supplied by a water tanker, which
was also tested positive for E. coli and total coliforms. Tanker water is one of the major water sources
in the Kathmandu Valley [1]; however, high levels of microbial contamination in water tanker samples
were observed (unpublished data), indicative of the unsuitability of tanker water for drinking purposes.
Table 2. Detection of waterborne protozoa, viruses, and bacteria in water samples.
No. of positive samples (% positive)
Shallow dug
Shallow tube
Pathogen
River water
Sewage
Tap water
well water
well water
(n = 14)
(n = 1)
(n = 1)
(n = 22)
(n = 15)
Cryptosporidium
7 (32)a
0 (0)a
14 (100)a
1 (100)
0 (0)
a
a
a
Giardia
8 (36)
1 (7)
14 (100)
1 (100)
0 (0)
HuAdVs
7 (32)
5 (33)
13 (93)
1 (100)
1 (100)
NoVs-GI
5 (23)
1 (7)
13 (93)
1 (100)
0 (0)
NoVs-GII
7 (32)
1 (7)
13 (93)
1 (100)
0 (0)
RVAs
1 (5)
0 (0)
10 (71)
1 (100)
0 (0)
V. cholerae
2 (9)
3 (20)
2 (14)
0 (0)
1 (100)
Total
15 (68)
8 (53)
14 (100)
1 (100)
1 (100)
a
Including the data reported previously [2].
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Figure 2. Concentrations of Cryptosporidium, Giardia, HuAdVs, and NoVs-GII in water samples.

3.3. Detection of host-specific Bacteroidales genetic markers
At least one of the three Bacteroidales genetic markers tested were detected in 18 (34%) of 53 samples,
including the samples collected in August–September 2009; 14 (26%), 8 (15%), and 10 (19%) samples
tested positive by human-, pig-, and ruminant-specific qPCR assays, respectively (Table 3). River
water is clearly contaminated heavily with feces from humans and animals considering the low
coverage of wastewater treatment plants and poor management of livestock wastewater.
Two shallow dug wells tested positive for the markers: the human-specific marker was detected in
SG37 in August 2010, whereas both pig- and ruminant-specific markers were detected in SG35 in
August–September 2009 and August 2010, respectively, indicative of the continuous animal fecal
contamination of this well. The shallow tube well sample at SG10 in May 2011 tested positive for the
ruminant-specific marker. These results emphasize the elimination of fecal waste from not only
humans but also animals to improve the microbial quality of groundwater in the Kathmandu Valley. In
addition, the EMV method is found to be effective for concentrating bacteria.
Table 3. Detection of host-specific Bacteroidales genetic markers in water samples.
Water sample
Shallow dug well water
Shallow tube well water
River water
Sewage
Tap water
Total

No. of
tested
samples
22
15
14
1
1
53

gyrB
(human)
1 (6)
0 (0)
12 (86)
1 (100)
0 (0)
14 (26)

No. of positive samples (% positive)
Pig2Bac
BacR
(pig)
(ruminant)
2 (9)
2 (9)
0 (0)
1 (7)
6 (43)
6 (43)
0 (0)
0 (0)
0 (0)
1 (100)
8 (15)
10 (19)
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3.4. Relation between pathogens and E. coli
To assess the applicability of E. coli as an indicator of pathogen contamination of groundwater,
shallow dug and tube well water samples were divided into four groups based on the E. coli
concentrations. In general, the ratios of samples that tested positive for at least one of the seven types
of pathogens tested and mean numbers of the types of pathogens detected in a single sample increased
with increasing E. coli concentration, although the plots at a concentration of 1–10 most probable
number (MPN)/100 ml did not follow this trend (Figure 3). In case a water sample contained E. coli at
a concentration of >1000 MPN/100 mL, 73% of such samples tested positive for at least one type of
pathogens, and on average, 2.9 types of pathogens were detected in a sample.
However, importantly, these pathogens were sometimes detected even in E. coli-negative samples
with a positive ratio of 38%, indicating that E. coli is not suitable to confirm the absence of waterborne
pathogens in the groundwater samples tested in this study. A similar result was obtained for total
coliforms (data not shown).

> 1,000
(n = 11)

E. coli (MPN/100 ml)

Figure 3. Relation between pathogens and E. coli in groundwater.
4. Conclusions
In summary, various types of waterborne pathogens, such as Cryptosporidium, Giardia, and HuAdVs,
were successfully detected in the water samples in the Kathmandu Valley, Nepal. A higher prevalence
of waterborne pathogens in the shallow dug wells compared with the shallow tube wells indicated a
potentially higher risk of pathogen infections by drinking water from a shallow dug well. The limited
applicability of E. coli as an indicator of the pathogen contamination of groundwater strongly
emphasized the need for further studies related to the establishment of more suitable indicators.
Furthermore, as not only human but also animal fecal contamination was identified in the tested water
samples, future studies need to focus more on the prevalence and genetic analysis of zoonotic
pathogens to evaluate the risk of infections from animals to humans.
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Abstract. Cipayung Landfill takes waste generation from Depok City approximately ± 750
tons/day of solid waste. The south and west boundaries of the landfill is Pesanggarahan River
which 200m faraway. The objectives of this study are to indicate an important parameter which
greatly affects the water quality of Pesanggrahan River and purpose the dynamic model for
improving our understanding of the dynamic behavior that captures the interactions and
feedbacks important parameter in river in order to identify and assess the effects of the treated
leachate from final solid waste disposal activity as it responds to changes over time in the river.
The high concentrations of BOD and COD are not the only cause significantly affect the
quality of the pesanggrahan water, it also because the river has been contaminated in the
upstream area. It need the water quality model to support the effectiveness calculation of
activities for preventing a selected the pollutant sources the model should be developed for
simulating and predicting the trend of water quality performance in Pesanggrahan River which
can potentially be used by policy makers in strategic management to sustain river water quality
as raw drinking water.

1. Introduction
Population increase and urbanization are challenging municipal authorities to manage solid waste.
Landfill, one of several components of the waste management chain that needs more attention to
reduce its environmental impact. Eventhough landfill is less expensive than other forms of waste
treatment but it has make environmental problems. [1]. The leachate that produced by solid waste
landfilling can caused surface water pollution because of the organic concentration.
Pesanggrahan River is a strategic river which 7.7 km length for Banten Province, DKI Jakarta, and
also West Java Province in Indonesia. It is located within Kabupaten Bogor, Depok City, and
Tangerang City in west Java Province, flow to South Jakarta, West Jakarta, and to the North Jakarta in
DKI Jakarta Province, and flows to the estuary.
Depok City, West Java Province, Indonesia extends from longitude 106º43’00”-106º55’30” E and
latitude 6º19’00” 6º28’00”S has an solid waste final disposal landfill (6°25'19.08"S 106°47'16.48"E)
with an area of 11.6 Ha, which located in the sub-district of Cipayung. Cipayung Landfill takes waste
generation from Depok City approximately ± 750 tons/day of solid waste. It has been operationalized
since 1992. The south and west boundaries of the landfill is Pesanggarahan River which 200m faraway.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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Based on those condition above, it need a identification the parameter which has a negative impact on
the water quality of river pesanggrahan.
The objectives of this study are: (1) identification an important parameter which greatly affects the
water quality of Pesanggrahan River (2) purpose the dynamic model for improving our understanding
of the dynamic behavior that captures the interactions and feedbacks important parameter in river in
order to identify and assess the effects of the treated leachate from final solid waste disposal activity
as it responds to changes over time in the river.
2. Method
2.1 Study area
Pesanggrahan river in Depok City, West Java Province, Indonesia extends from longitude 106º43’00”
- 106º55’30” E and latitude 6º19’00” - 6º28’00”. To identify the water quality parameter, water
samples were taken at 1 point before the landfill location and 3 points after the landfill location which
is still within the administration area of Depok city. They are sampling location (SL) H which has 848
m before landfill area, SL B before the leachate outlet and SL_X and SL_W which located after
landfill location, and the distance around 0.53 and 5.792 km from landfill location. (see figure 1).
Selected sampling stations located in Depok City, Indonesia. The water samplings were conducted in
April and May 2017 by analyzing in situ for the parameter of DO, pH and temperature, and 23
parameters that are in accordance with raw water standards, by ex situ analysis to determine whether
the Pesanggrahan River can still be used as a raw drinking water. The parameters analyzed are all
physical and chemical parameters in raw water standard are color odor, taste turbidity and conductivity
and TDS, TSS organic permangant, alkalinity, hardness, COD, BOD, Ca, Mg, CO2, Fe, Mn, Nitrat,
Nitrit, Sulfat, BOD and COD.
N

Figure 1 Water quality sampling location in Depok City Area
2.2 Statistical data analysis for proposing mechanistic water-quality model.
The data processing and statistical analysis for the parameters which exceed the class II standard were
conducted using SPSS (ver. 23.0). Multivariate Analysis of Variance (Manova) analyzed the
significance water quality parameters differences between four (4) sampling locations. Before running
the Manova, the multivariate data must be normally distributed assumptions and independently
sampled recommendation. The Kolmogorov-Smirnov and Levene's Test was applied to check the
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normality and verify homogeneity of variance across samples which explain the suitability and validity
of the parameters being addressed through the Manova. The null hypothesis (Ho) of the Manova is the
equality of variation mean for each parameter.
The results of Manova are presented as a basic to propose mechanistic water-quality model. To
recognize the effects of leachate discharge into the river, the principle of mass balance was used
because it is basic principle of water quality models [2]. It suggests using different loads from natural
and anthropogenic pollutant that are contributed by the area between the upstream and downstream of
the landfill location to build the water quality model.
3. Results and discussion
The results of the discharge and velocity measurements in sampling locations can be seen in Table 1
and the illustration of the transfer of water carrying leachate is illustrated in the chart in figure 2.
Furthermore, the discharge measurements at the time showed a value of 3,59-3,95m3/sec (Table 1).
This is not a measurement that can show the amount of real discharge, because the discharge will be
affected by the rain fall. Moreover, it need time series data debit to further analyze in detail.

SL Number

kp Bulak
barat
Depok

Outlet
Leachate
Treatment
Landfill

Jl Alief

Jl Muchtar,
Sawangan

Venus
Cinere

SL_H

SL_B

SL_X

SL_W

SL_W_JKT

848

Distance from Landfill (m)
v (m/seconds)
Cummulative
Time

532

0.67

5,792

20,124

0.68

0.68

1.08

1.09

1,264.96

782.19

8,517.49

18,462.26

(minutes)

21.08

13.04

141.96

307.70

(hours)

0.35

0.22

2.37

5.13

T= (Seconds)

Jakarta

Figure 2. Distance and velocity sampling location pesanggrahan river from Cipayung landfill in
Depok City
Table 1. The results of the river’s discharge and velocity measurement
Sampling
Location (SL)
Kampung Bulak
barat Depok
Outlet Leachate
Treatment
Jl Alief
Jl Muchtar,
Sawangan

GPS
6°25'32.10"S
106°47'20.1"E
6°25'19.08"S
106°47'16.48"E
6°25'01.20"S
106°47'10.8"E
6°23’50.1”S;
106°46’18.4”E

River's
Width
(cm)

Distance
between SL
(m)

Velocity
(m/s)

Debit
(m3/s)

850

0.67

3.59

-

0.68

3.95

11

540

0.68

3.6

8.2

5,260

1.08

8.2

The water quality in table 2 shows almost all parameter meet the standards class II for raw drinking
water standard, unless total suspended solid (TSS), and the organic parameters; BOD, COD and
organic permanganate exceed the standards, therefore that 4 parameters can be regarded as an
important parameter. The excessive BOD and COD loads indicate the level of water pollution which
could damage the quality of river water. It causes low DO (dissolved oxygen) concentration and
unsuitable life conditions in the river. Water quality assessments generally use the Biochemical
Oxygen Demand (BOD) which is one of the most widely used criteria because it delivers information
about the fraction of the organic load which is ready biodegraded in water. Especially, it indicates as
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the biodegradable fraction of an effluent as the ratio between BOD5 and COD (chemical oxygen
demand) in the water treatment plant [3].
Table 2. The results of the river’s water quality

No

PARAMETE
R

Unit

STANDARD

Mean

Mean

Mean

Mean

Raw water

SL_H

SL_B

SL_X

SL_W

Kp.Bula
k

Landfil
l Loc.

Jl.Alief

Jl.Sawanga
n

Class II
Phisics Parameter
1
Color
2
Odor
3
Taste
4
Turbidity
5
Conductivity
Chemistry Parameter
6
pH
7
TDS
Organic
8
Permanganat
9
CO2
10

Alkalinity

11

Hardness

12
13
14
15
16
17
18
19
20
21
22

Ca
Mg
Cl
Fe
Mn
Nitrat
Nitrit
Sulfat
TSS
BOD
COD

Insitu Parameter
23
pH
24
DO
25
Temperatur

Pt-Co
NTU
µS/cm

50
25
-

5.0

5.0

4.7

5.0

15.5
107.0

20.0
195.4

15.4
168.4

14.6
137.2

mg/L
mg/L
KMnO4
CO2
mg/L
CaCO3
mg/L
CaCO3
mg/L Ca2+
mg/L Mg2+
mg/L Clmg/L Fe
mg/L Mn
mg/L NO3
mg/L NO2
mg/L SO42mg/L
mg/L
mg/L

6,5 - 9,0
1000

8.2
51.5

7.7
97.7

7.7
83.7

7.7
66.3

10

91.7

58.4

86.5

103.2

-

0.0

0.0

0.0

0.0

-

85.3

137.6

103.5

129.1

500

136.0

117.3

174.7

130.7

600
1.00
0.50
10.0
1.00
400
50
3
25

38.4
9.5
10.5
0.6
0.0
0.1
0.1
29.1
78.0
78.1
111.6

32.0
9.1
36.0
0.4
0.1
0.1
0.1
31.8
72.3
65.3
93.7

36.3
20.4
54.1
0.4
0.0
0.1
0.1
28.8
69.7
87.2
133.5

29.9
13.6
14.0
0.5
3.0
0.2
0.2
30.6
90.3
54.9
170.0

mg/L
0
C

6,5 - 9,0
4
-

7.6
6.9
27.0

6.7
6.2
25.3

6.7
4.8
27.4

6.7
5.4
26.6

It needs to detect a main or interaction effect significantly for each concentration of parameters among
sampling locations. The probabilities from the kolmogorov-smirnov test (table 3) below are greater
than 0.05 (the typical alpha level) except the DO (see table 3). They indicate that the data are
multivariate normally distributed. The results of Levene's Test also show homogeneity of variance
across samples (table 4). Because of their cause, the Manova is suitable to check differences mean
significantly for each parameter among sampling locations.
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Table 3. The Kolmogorov-Sminorv Test for normality

N
Normal
Parametersa,b
Most Extreme
Differences

Organic
permanganat
(mg/L)
12
84.955
43.077
.138
.130
-.138
.138
.200c,d

Mean
Std. Deviation
Absolute
Positive
Negative

Test Statistic
Asymp. Sig. (2-tailed)

TSS
(mg/L)
12
77.583
37.366
.132
.132
-.097
.132
.200c,d

BOD
(mg/L)
12
85.074
43.784
.155
.105
-.155
.155
.200c,d

COD
(mg/L)
12
127.201
68.462
.164
.140
-.164
.164
.200c,d

DO
(mg/L)
12
6.915
.438
.353
.353
-.170
.353
.000c

Table 4. Lavene’s Test of homogeneity of variance across samples
F
3.358
4.538
.741
2.520
3.223

BOD (mg/L)
COD (mg/L)
Organic permanganat (mg/L)
TSS (mg/L)
DO (mg/L)

df1
3
3
3
3
3

df2
8
8
8
8
8

Sig.
.076
.039
.557
.132
.082

Table 5. The output of Manova Tes
Effect
Intercept

Pillai's Trace
Wilks' Lambda
Hotelling's Trace
Roy's Largest Root

SL

Pillai's Trace
Wilks' Lambda
Hotelling's Trace
Roy's Largest Root

Value

F

Hypothesis
df
5.0

Error
df

Sig.

4.0

0.00

Partial
Eta
Squared
1.000

14408.13

Observed
Powerd
1.000

1.000

14408.13

1.000

0.00

1.000

14408.13

1.000

4.0

0.00

1.000

14408.13

1.000

18.0

0.28

.524

19.83

.528

11.4

0.11

.699

26.55

.554

15.0

8.0

0.06

.848

44.52

.690

5.0

6.0

0.00

.940

94.19

.999

1.00

2881.63b

.00

2881.63

b

5.0

4.0

0.00

2881.63

b

5.0

4.0

2881.63

b

5.0

1.57

1.32

15.0

.03

2.05

15.0

16.69

2.97

15.70

c

3602.03
3602.03

18.84

Noncent.
Parameter

a. Design: Intercept + SL
b. Exact statistic
c. The statistic is an upper bound on F that yields a lower bound on the significance level.
d. Computed using alpha = .05

Table 5 indicate that p > 0.0005, therefore, It accepts Hnull, that the means are equal for each response
variable. It means there are not interaction effect of TSS and organic pollutant concentration (Organis
Permanganate, BOD and COD) and sampling locations or differences of the concentration of
parameters significantly among sampling location. This results describe that high concentrations of
BOD and COD from leachate treatment plant from landfill are not the only cause significantly affect
the quality of the pesanggrahan water. The BOD and COD concentration in LS before the landfill
location showed a high value of 78.1 mg/L BOD and 111.6 mg/L COD. BOD mixture between BOD
leachate and BOD river based on the mas balance principle is 78,5 mg/litre. Since the leachate
discharge (0,35 litre/seconds) is not significant compared to the large river flow (3,7m/seconds).
Pollution occurs not only because of the leachate, but the river has been contaminated with garbage in
the upstream area. Besides when water sampling was conducted, there were many garbage on the river
that also play a role in pollution water of Pesanggrahan River.
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Reaeration is the major source of oxygen supply for BOD assimilation in streams, and assuming a
balance of other sources (of oxygen supply) and decline (for oxygen demand) [4] [5]. This manova
result, which there are not significant differences between the upstream and downstream points, leads
to conjecture an indication that there is no self-purification process or the incidence of pollutant loads
along the Pesanggrahan River, and another contaminant besides treated leachate landfill.
To know the effect of BOD leachate load on Pesanggrahan River is need model for developing
understanding of the dynamic behaviour BOD dan DO parameter in River. The Biological Oxygen
Demand (BOD) parameter is generally used to indicate the level of waste water pollution. BOD is
quantified using dissolved oxygen (DO) (in mg/L) as the common, but it is not a constituent. Instead, it
is a surrogate considered to quantify the potential of oxygen consumption by bacteria to break down
organic carbon in the water. [6]. Therefore the Biochemical Oxygen Demand (BOD) typifies more
precisely water and the biodegradable organic quality of the hydro system. Determination of BOD
concentration is significant to trace the pollution flow from the upper to lower reach in the river [7]
Effluent dischargers from leachate landfill is an important issue in river water quality management. It
is considering the role played in the decision-making process and in the implementation of any
proposed waste load allocation program in Depok and DKI Jakarta region therefore Environmental
management need model to predict the fluctuations river water quality.
The population growth and their activities makes the threat solid waste and leachate that related with
polluted water more and more serious. A proper water resources management is important because
water is a transportation medium for many pathogens that can make health risk seriously.
Consequently, it needs a tool to simulate the temporal and spatial progress of pollutant concentrations
in the surface water. The water quality model supports to calculate the effectiveness of activities to
prevent a selected the pollutant sources, not only in defining the necessities for meeting the water
quality standards [8]
There are various water quality models which use reaeration as the major source of oxygen supply for
BOD assimilation in streams, and assuming a balance of oxygen supply and decline (for oxygen
demand) enthusiastically, which the rate of DO deﬁcit expressed as dD/dt. Water quality data can be
projected by modeling which were simulated to understanding of the dynamic behavior the BOD and
DO concentration as an impact of solid waste landfill to pesanggrahan River as the equation (1) and (2)
following :

dBOD
 A  k1 .BOD (t ) ….(1)
dt
BOD out(t)
k1

[4]

= the rate of BOD decrease (mg/litre /days)
= deoxygenation coefficient (/days)
BOD (t)
= BOD concentration at time t (mg/litre)

dDO
 k r DOsat  DO(t )  k1 .BOD (t ) ….(2)
dt

[4]

ka
= reoxygenation rate (/days)
DO sat = DO saturated (mg/L)
Every model has its boundaries and advantages for detailed conditions. The data availability for the
accurate model application as well as research goal are basic to choose the appropriate modelling
approach [9]. It will proposed conceptual river water quality system dynamics model System dynamics
modelling (SDM) is a computer-based method which is well balanced and sensible in the modern
theory of non-linear dynamics and feedback control concept. [10]. This model starts with the
development of a dynamic hypothesis which will build qualitative and quantitative model, generally
mentioned as a Causal Loop Diagram (CLDs) (see figure 3), nonlinear systems and analyst the
internal relation of systems [11]. The discrete concept of time is based upon the discrepancy between
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time-points and fixed time intervals, while the continuous concept deals with changes over time, based
on infinitesimal mathematics [12].

Water
Consumption

Water Supply
Service
coverage

solid waste
management
service coverage

Population

Solid waste
generation

Effluent Domestik
Wastewater

Effluent Leachate
Landfill

DO

BOD

Deoxygenation

Reoxigenation

Figure 3. Causal Loop Diagram BOD and DO model.
The assumption of a river is made up by sequence of several reaches, according to scheme originally
proposed by Thommann (1963), which the differential equations can be transformed into finite
expressions [5]. To simplify the problem, it could be approached by developing a one-dimensional
BOD-DO model with cross-sectional averaged and time-dependent assumption. The dynamic and
quality terms are assumed to be constant over the entire cross section. It is only the longitudinal side is
importance [5]. It is assumed sufficient because the river’s lateral and vertical scale is much smaller
than longitudinal ones [8]. The BOD and COD modeling can be disregarding some other aspects that
can be pertinent to the problem of the approximating the river behavior. This assumption may be
inconsistent with the natural behavior of the river and does not consider that pollutant concentration
can vary within the length of each reach. Nevertheless, the approach of modelling can adopt for a firstglance estimation through considering the time effortlessly as a sequence of several steady state
situation. It can simulate to describe any possibility how the pollutant behaves after being discharged
in the stream
4. Conclusions
The high concentrations of TSS and Organic parameters occur not only because of the leachate, it also
because the river has been contaminated by garbage in the upstream area. It needs the water quality
model to support the effectiveness calculation of activities for preventing a selected the pollutant
sources. The future study will build the BOD-DO system dynamics model. It should be developed for
simulating and predicting the trend of water quality performance in Pesanggrahan River which can
potentially be used by policy makers in strategic management to sustain river water quality as raw
drinking water.
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Abstract. In this paper, a mathematical model has been applied to a river in North-East Italy to
describe vulnerability scenarios due to environmental pollution phenomena. Such model, based
on the influence diagrams theory, allowed identifying the extremely critical factors, such as
wastewater discharges, drainage of diffuse pollution from agriculture and climate changes,
which might affect the water quality of the river. The obtained results underlined how the water
quality conditions have improved thanks to the continuous controls on the territory, following
the application of Water Framework Directive 2000/60/EC. Nevertheless, some fluvial
stretches did not reach the “good ecological status” by 2015, because of the increasing
population in urban areas recorded in the last years and the high presence of tourists during the
summer months, not balanced by a treatment plants upgrade.

1. Introduction
In recent years, increasing emergency situations have occurred regarding the availability of water
resources in many countries, due to various reasons: high water demand by human uses and by the
production sector, such as industry and agriculture; irreversible deterioration in surface water quality;
saline intrusion of coastal aquifers; contamination of groundwater by nitrates; and presence of extreme
meteorological events caused by climate change. Until several decades ago, water was considered to
be an unlimited resource but nowadays it appears that the amount of water available is scarce and that
the quality status of rivers, lakes and wet areas is definitely at risk and, in some cases, even
irreversible.
These alarming conditions, which are mainly due to the use of surface water bodies as receptors of
urban and industrial wastewaters, have forced the European Union to take action concerning water
management by applying specific measures to help reduce growing pressure on waters from the
population, industry and agriculture, such as: Directive 91/271/EEC concerning urban wastewater
treatment, Directive 91/676/EEC on water protection against pollution caused by nitrates of
agricultural source, Directive 98/83/EEC focused on safeguarding human health from adverse effects
of any contamination of water, and Directives 76/464/EEC, 80/68/EEC, 82/176/EEC, 84/156/EEC,
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85/513/EEC, 86/280/EEC, 91/414/EEC and 98/8/EC about the pollution caused by certain dangerous
substances discharged into the aquatic environment.
However, increasing problems related to water quantity and quality led to the development of an
integrated approach for water management systems, including all water-related impacts. These efforts
resulted in the amendment of Water Framework Directive (WFD) 2000/60/EC, which is among the
most progressive water-related regulations worldwide. In fact, it proposes an innovative attitude to
water protection and management able to combine the identification of quality objectives, the
monitoring of water bodies, the definition of intervention measures and the control of pressure sources
from the surrounding territory. With regard to the last aspect, the WFD indirectly suggests using, at
river level, a framework that works as a decision support model, able to design and plan interventions
aimed at mitigating the pressure sources, with a view to reaching environmental quality objectives.
Therefore, in the present paper a Decision Support System named “Integrity model” was applied to a
sample river, the Bacchiglione in North-East Italy, in order to reduce its vulnerability to the
phenomenon of pollution. Such approach, besides representing an important support tool for local
decision-makers when choosing effective mitigation actions, can also become useful to communicate
the quality status of the river to the population in a fast and simple way [1], [2].
The model, previously developed in the same river in the period 2001-2003 [3], has now been
recalibrated on a period of nearly 10 years (2007-2015). The obtained results, compared with the
classification of water quality status carried out according to the criteria of both Italian Decree n.
152/1999 and Decree n. 152/2006 (adopting the WFD), demonstrated the reliability and accuracy of
the model over a long period of time. It was also possible to verify its sensitivity to the changes
occurred in the river during the last years, thanks to the application of the WFD. In particular, the
continuous controls of the territory, which have reduced the presence of illegal discharge points, and a
series of upgrades to the treatment plants have modified the vulnerability scenarios of the river and
improved its status.
2. Integrity model
The Integrity Model is based on the theory of influence diagrams [4]-[6], which is a simple graphical
representation of a group of arrows and nodes.
For each node, i, on the graph it is necessary to establish the level of functional integrity, which
depends on the level of physical integrity, yi, as well as on the level of functionality, ⃗⃗⃗ :
( ))
⃗⃗⃗
⃗⃗⃗ ( ⃗⃗⃗
(1)
yi can be defined as a variable describing the physical condition of the node integrity, which has values
between 0 and 1, where 1 indicates complete physical integrity and 0 its absence. The level of physical
integrity is related to the stress vector, ⃗⃗⃗⃗ through the vulnerability function, ( ), which is defined
for each natural hazard k and for each node i of the territory considered, and it is expressed as
(⃗⃗⃗⃗ ). The main role of this function is to provide a quantitative evaluation of the vulnerability
level, which can be affected by a given stress caused by a natural hazard, k. In the present paper, the
stress can be characterised, for example, by the flow of wastewater from treatment plants or by
agricultural fertilizers reaching the water body after being washed off land.
In the simplest case, where the stress ⃗⃗⃗⃗ may be a scalar quantity and described with a specific index,
I, the level of physical integrity is simply a non–increasing monotonic function, included in the co–
domain [0, 1]:
(

(

)
(

)

)

(2)

where the parameters a and  define the shape of the vulnerability function. Besides, the level of
physical integrity, yi, depends directly on its intrinsic functionality vector, ⃗⃗⃗⃗ , which describes the
condition of the related node functional integrity: ⃗⃗⃗⃗
⃗⃗⃗ ( )
. yi does not consider the possible
functional interconnection with other nodes. As for yi, the intrinsic functional integrity can assume
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values between 0 and 1, where 1 indicates complete functional integrity and 0 the case in which the
entity is non-functional.
The variable, ⃗⃗⃗ , includes information related to the functionality of the other nodes that precede the
node, i, and belong to P(i). It is clear that also ⃗⃗⃗ can assume values between 0 and 1, where 1
indicates complete functional integrity and 0 that the entity has broken down.
The function, ⃗⃗⃗ , which links the above-described variables, is generally quite difficult to define, as it
requires detailed knowledge of the relationship between the different nodes. Generally speaking, it
represents a problem in terms of optimisation [4], [5]. When analysing territorial problems affecting
the loss of functionality (e.g., pollution risk), it is reasonable to consider the optimisation of equation
(1). This can be done by looking into the conditions of minimum system functionality, and what
represents the maximum risk for the territory.
Therefore, maximum vulnerability of the territorial system is obtained when each identified entity
reaches a condition of minimum functionality. Assuming that the level of intrinsic functionality and of
physical integrity of the node, i, and the level of functionality of each node belonging to P(i) can be
expressed by scalar quantities, equation (1) can be presented as follows:
( ))
(
(3)
( )
where the function
( ) takes into account the dependence level between the functionality of node i
and node j. The identification of the mathematical structure able to represent the various dependences
between the nodes is actually the most crucial step in the proposed model. In this paper, it can be
assumed as a monotonic non–decreasing function, with domain and co–domain belonging to the range
0-1, according to [7]:
(

)

(

))

(
(

(

))

(4)

where ij is a parameter characterising the link (i, j) and it has been calculated in relation to the
existent correlations between the entities i and j.
In this paper, in equation (2) the coefficients a and  were computed hypothesising three integrity
classes, low (0-0.4), mean (0.4-0.8) and high (0.8-1), for each index [3]. In equation (4), instead, the
parameter ij was evaluated assigning values of 2, 4, or 8 to it, according to the correlation between
the index values of the nodes (weak, medium-strong and strong, respectively).
3. Discussion of results
The River Bacchiglione is located in North-East Italy (figure 1) and its waters flow into the Adriatic
Sea. It borders to the southwest with the tributary reservoir of the Agno-Gua, to the West with that of
the Adige and to the north-east with that of the Brenta.
The river has a length of 118 km and crosses two major cities, Padova and Vicenza, deeply marking
their economy since ancient times. It is characterised by seasonal variation of the flows: generally high
levels in winter and low levels in summer.
In order to apply the model, the river was represented into nodes and arrows. The nodes correspond to
single quality gauge stations along the river Bacchiglione, managed by the Regional Environmental
Prevention and Protection Agency of Veneto (ARPAV). The arrows are homogeneous stretches of the
river, which link the nodes. The quality status of the single node (gauge station) was assumed as
representative of the status of the whole arrow (stretch) associated to it.
3.1. Evaluation of stresses
The indices used here had previously been discussed in [3] and are the Non-Treated Loads index and
the Total Pollutant Reduction index.
The Non-Treated Loads index measures those loads not provided by treatment plants and that reach
the water body without any reduction. It is defined as:
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Figure 1. Brenta-Bacchiglione basin with gauge stations and treatment plants.
n

I NTL,COD  1 

Q
i 1

c

tr , p ,i COD,i

QR , j  cCOD, j

(5)
where Qtr,p,i represents the flow rate discharged by the treatment plant, cCOD,j is the COD concentration
of each single discharge point, and QRj and cCOD,j are, respectively, the flow rate and the COD
concentration measured at the downstream node of the fluvial reach to be analysed.
The Total Pollutant Reduction index allows evaluating the overall river response to the pollutant load
and it is defined as:

I RED,COD 

QR ,i  cCOD,i
P  LSP ,COD

(6)
where QRj and cCOD,j represent, respectively, the flow-rate and the COD concentration measured at the
node located downstream of the considered river reach, while L SP,COD is the COD load provided by
each single equivalent-inhabitant, and P is the population of the sub-basin flowing into the node.
IRED,COD estimates the extent to which the hydrological environment is able to protect itself from
anthropic pollution loads insisting on the specific sub-basin.
Only the plants with a potentiality of more than 2000 Equivalent Inhabitants (EI) have been here
considered, releasing more pollution loads and water flow. The project wastewater flow data were
used and assumed constant for the whole period of study 2007-2015.
For the calculation of the IRED,COD, the specific COD load produced by single equivalent inhabitant
(inh.) was assumed equal to 100 g/inh a day and the population of the sub-basin flowing into the node
was estimated according to the census by the National Institute for Statistics (ISTAT) from 2007 to
2015. The flow discharge in each gauge station was calculated using expeditive mathematical models
based on the entropy theory [8,]-[12].
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3.2. Evaluation of the functionality integrity level
The application of the integrity model to the River Bacchiglione allowed the identification of different
vulnerability scenarios. Figure 2 shows the vulnerability scenario in 2009 before the WFD 2000/60/EC
application.

Figure 2. (a) Water quality classification according to Italian Decree n. 152/2006 (adopting the WFD);
(b) level of functional integrity for the Non-Treated Loads index; (c) level of functional integrity for
the Total Pollutant Reduction index (year 2009)
As represented by the figure, the upper part of the river is characterised by a “High” or “Moderate”
quality status, also confirmed by the high values of the functional integrity level for both indices.
Therefore, the good water quality recorded by ARPAV monitoring activities underlines the good autodepuration capacity of the river and the absence of pressure sources from the surrounding territory. In
the remaining part of the river and, in particular, in the fluvial stretch that goes from the gates of
Vicenza to its mouth in the Adriatic Sea, the water environmental status changes and becomes “Bad”
or “Poor”. The low functional integrity value of the INTL,COD underlines the absent or inadequate
treatment plants and the presence of unidentified discharge points along the river, while the high
functional integrity linked to the second index, IRED,COD, demonstrates the presence of civil pollution
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loads only. This vulnerability scenario is explained by the numerous small-scale wastewater treatment
plants in the area, as well as by a strong diffuse urbanisation and industrialisation. Therefore, being the
investigated stretches in a very critical environmental situation, the implementation of appropriate
structural interventions is needed, such as wastewater collection, well-projected depuration systems
and efficient disinfection equipment.
Figure 3 shows the vulnerability scenario in 2013, where the upper part of the river looks unchanged,
while in the stretch near Vicenza the water quality has improved from a “Moderate” to “Good” status.

Figure 3. (a) Water quality classification according to Italian Decree n. 152/2006 (adopting the WFD);
(b) level of functional integrity for the Non-Treated Loads index; (c) level of functional integrity for
the Total Pollutant Reduction index (year 2013).
This is confirmed by high functional integrity for both indices. The WFD application to the river
around 2010-2011, which led to a wide monitoring actions regarding the detection of non-controlled
discharge points and to a series of upgrades of the treatment plants, has reduced the pollution
phenomenon.
In the stretch that goes from the gates of Padova to its mouth, the situation is still very critical, as
shown by the low functional integrity value of INTL,COD. In particular, despite continuous controls
aimed at detecting and reducing the discharge points and different interventions on the treatment
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plants, the river in its final stretch cannot mitigate pollution. This is also due to the increasing
population in the last years and the high presence of tourists in the summer months.
Finally, figure 4 reports the vulnerability scenario of 2015, when all the rivers should have reached the
“Good” quality status in compliance with the WFD.

Figure 4. (a) Water quality classification according to Italian Decree n. 152/2006 (adopting the WFD);
(b) level of functional integrity for the Non-Treated Loads index; (c) level of functional integrity for
the Total Pollutant Reduction index (year 2015).
Actually, the status of the river has generally improved in nearly all the stretches and the values of
both indices are high. Therefore, almost all the treatment plants have been correctly set, and the
detailed monitoring activity has removed most of the illegal discharges and pollution loads from other
sources. However, this must not distract from maintaining a policy of preventing and reducing the
causes of pollution, in order to avoid the worsening of the water quality. The presence of stretches in a
“Bad” or “Poor” status, such as the entrance to the city of Padova, should instead lead to a deeper
control of the territory, aimed at reaching the “Good” water quality status.
4. Conclusions
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The proposed model for the study of the River Bacchiglione vulnerability to the pollution phenomenon
allows detecting the criticalities and the possible interventions needed to improve its water quality.
Water body classification, performed according to the criteria of Italian Decree n. 152/2006, showed
how not all the river stretches reached the “Good” status by 2015, according to the WFD.
The functional integrity evaluation of the Non-Treated Loads index underlined an improvement of the
river water quality over the years, thanks also to the wide monitoring actions aimed at detecting illegal
and incorrectly controlled discharge points, together with adjusting the treatment plants to the
increasing population recorded in the last years. Only in some stretches, and in particular near Padova,
the river still has a “Bad” status, which should lead to more actions and interventions addressing the
pressure sources reduction.
The low values of the Total Pollutant Reduction index over the whole investigated period have instead
demonstrated that the major causes of river deterioration are due to civil and industrial discharge
points.
Therefore, the conclusions reached in this paper show how the integrity model, together with the
existing classification systems for surface waters, can represent a useful and fast tool to support local
technician and decision-makers when planning interventions and actions in order to mitigate the
environmental pollution risk.
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Abstract. This study aims to determine fine particulate matter (PM2.5) and polycyclic aromatic
hydrocarbons (PAHs) emitted from incense burning to assess human health risk. PM2.5 samples
were collected for 8 hrs and 24 hrs during special occasions and normal period from two
shrines in the city of Chiang Mai, Thailand. PM2.5-bound PAHs were extracted and analyzed by
GC-MS. The highest average PM2.5 concentrations were found during Chinese New Year
(625±147 µg/m3 (8 hrs) and 406±159 µg/m3 (24 hrs)). The highest total PAHs concentrations
were also found during the same period (168±60 ng/m3 for 8 hrs and 102±26 and for 24 hrs).
Concentrations of PM2.5 and carcinogenic-PAHs were highly correlated (r = 0.451-0.802) and
were high during special occasions particularly during Chinese New Year due to high number
of visitors and amount of incense being burned. The toxicity equivalent (TEQ) values were
also relatively high during Chinese New Year (31-32 ng/m3 (8 hrs) and 10-20 ng/m3 (24 hrs)).
It can be revealed that incense burning emits air pollutants and can increase degree of indoor
air pollution and human health risk.

1. Introduction
The polycyclic aromatic hydrocarbons (PAHs) are comprised of a group of semi-volatile organic
pollutants containing at least two fused aromatic rings. PAHs are toxic chemical group, which some of
them are mutagenic or carcinogenic. The percentage of carcinogenic PAHs bound to PM 10, PM2.5 and
PM1.0 emitted from vehicles and natural gas combustion in descending order were PM1.0 (49-56%) >
PM2.5 (37-43%) > PM10 (35-41%). Therefore, PAH’s concentrations associated with particulate
matters are highly dependent on fine particles [1]-[3]. Furthermore, Hassanvand et al. [3] revealed the
predominant PM-bound PAHs concentrations found in PM2.5 were 83-88 %, which can penetrate deep
into the alveolar regions of the lungs.
An epidemiological study found the relationship of traffic-related PM2.5-bound PAHs and odd preterm
birth was increased by 30 % per inter-quartile increase, which positively correlated and clustered
together with the analysis [4]. Moreover, several studies assessed human exposure to airborne PMs
and PAHs from heavy incense burning. The long-term exposure to incense burning in homes was
associated with an increased risk of cardiovascular mortality [5], while Wang et al. [6] reported
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incense burning at home was associated with an increased risk of asthma and wheezing. However,
incense burning is a popular practice inside temples more than residential homes and the workplace.
Chiang et al. [7] investigated the assessment of probabilistic human health risk exposed to
carcinogenic PAHs in particles emitted from incense burning for temple goers/workers in a Taiwanese
temple. A 95% probability total ILCR (9.87×10-4 to 1.13×10-3) of workers extremely exposed to
carcinogenic PAHs in the temple were indicated to be of a high potential health risk.
Incense burning is a serious issue concerning human health effect. The purpose of this study has been
to provide reliable data and information concerning incense burning and its pollutant emissions.
Consequently, the main objective of the research is to determine PM2.5-bound PAHs emitted from
incense burning to assess health risks.
2. Materials and methods
2.1 PM2.5 sampling
The sampling shrines are located in Waroros market, which is one of the most crowded areas in the
city of Chiang Mai (Figure 1). The first shrine is the oldest shrine. The size of the building is
approximately 8x18 m2 and 4 m height. The ventilation system is not well-equipped and the building
was designed as almost a closed system with only one door open for visitors. The second shrine has an
area of approximately 960 m3. The ventilation system in the second shrine is better than the first one.
It has 4 turbine ventilators on the roof of the worship room and its ceiling is open. It has quite a good
ventilation system. At the first shrine, each visitor would purchase 8 large incense sticks (~ 9 mm
diameter, ~ 48 cm long and ~ 34 cm coated combustible part). After each individual ceremony, the
burned incense sticks are not allowed to be kept inside the worship area, but are kept outside. The
second shrine would purchase a package of 28 smaller incense stick. Twenty – six of them were
burned in the worship room and the rest were burned outdoors.
Indoor PM2.5 samples were collected on Teflon fiber filters (2 µm PTFE, 46.2 mm diameter,
Whatman’s filter paper) using Minivol Air Samplers (Air metric, USA) at a flow rate of 5 L/min for 8
hrs (8 am – 4 pm) and 24 hrs (8 am – 8 am). The filters were pre-weighed by a microbalance in a
controlled room (25.4±2.8 °C, 41.3±5.4% RH). After the sampling, the filters were kept in aluminium
foil plates inside a desiccator for 48 h before being re-weighed and stored in a freezer (-4.0 ºC) until
analysis.
The sampling was carried out during special occasions and over normal periods (the background
value). The special occasions were those associated with the Chinese lunar calendar, such as Chinese
New Year, the Chinese Ghost festival, a vegetarian festival, the moon festival.
2.2 Extraction and analysis of PAHs
The samples were extracted in 25 ml dichloromethane (DCM) and n-hexane mixture (1:1, v/v) for 45
min by a ultrasonicator. The extracted solutions were than purified using a nylon syringe filter and
were dried using a rotary evaporator. The solution was added with a mixture of internal standards
(acenaphthene-d12 and pyrylene-d10) and was adjusted to 2 ml volumetric flask with solvent mixture.
PAHs were analyzed by gas chromatography - mass spectrometer (GC-MS, Agilent, USA) equipped
with a 30 m HP-5MS capillary column. The heating program was set for column oven from 60˚C to
290˚C at 6 ˚C/min, then hold for 20 min [8]. The MS was operated in selective ion monitoring mode
(SIM). The 16-PAHs was identified and quantified including naphthalene (NAP), acenaphthylene
(ACY), acenaphthene (ACE), fluorene (FLU), phenanthrene (PHE), anthracene (ANT), fluoranthene
(FLA), pyrene(PYR), benz[a]anthracene (BaA), chrysene(CHR), benzo[b]fluoranthene (BbF),
benzo[k]fluoranthene(BkF),
benzo[a]pyrene
(BaP),
indeno[1,2,3-cd]pyrene
(IND),
dibenz[a,h]anthracene(DBA), benzo[g,h,i]perylene (BPER). The quality control of PAHs was studied
using standard reference material (SRM 1649b; urban dust, NIST, USA) Recovery efficiency of PAHs
(n=3) ranged 61 (CHR) to 126 (ANT) % and averaged 84 %. The detection limit in this study were
0.08 – 0.66 ng/m3.
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Figure 1 Map of sampling shrines in Chiang Mai City

3. Results and discussions
3.1 Concentrations of PM2.5 and PM2.5 – bound PAHs
Concentrations of indoor PM2.5 measured on special occasions (with exclusion of Chinese New Year),
Chinese New Year and the normal period at both shrines are shown in Table 1. The normal period of 8
hrs of indoor PM2.5 ranged from 82±25 µg/m3 (shrine 1) to 100±35 µg/m3 (shrine 2), while those of the
24 hrs periods were 50±20 µg/m3 (shrine 2) to 52±24 µg/m3 (shrine 1). Concentrations of PM2.5 at
shrine 1 were slightly lower than those at shrine 2, but no significant difference (p>0.05). Based on the
results, the different architecture of the two shrines might not play a significant role for PM
concentrations. Otherwise, if the number of visitors is almost equal, the PM2.5 concentrations in the
shrine 1 should be higher than the shrine 2 due to its poorer ventilation system. In general at both
shrines, the mean PM2.5 concentrations of 8 and 24 hrs in normal period were significantly less than
those of the Chinese New Year and other special occasions(p>0.05). The highest value of indoor
PM2.5 concentrations was obtained in Chinese New Year for both of 8 and 24 hrs periods (524 ± 110 625 ± 147 µg/m3 and 317 ± 109 - 406 ± 159 µg/m3, respectively) at the two shrines. The PM2.5
concentrations associated with number of visitor are highly dependent on the amount of incense being
burned [9]. During the Chinese New Year and on other special occasions, the 24 hrs average values of
PM2.5 (35 µg/m3) collected from both shrines were 1-11 times higher than standard value of the
National Ambient Air Quality Standard (NAAQS), USA [10]. Moreover, it was found that the 24 hrs
of incense burning in this study was 2-11 times higher than urban traffic site (28±6.3 - 38±13 µg/m3)
in Greece [1]. The main reason for high level of pollutants found indoors was clearly from number of
visitors, which was related with the amount of incense being burned.
Table 2 shows the mean of total PAHs (t-PAHs) bounded with PM2.5 concentrations. Mean t-PAHs of
8-hrs sampling time at shrine 1 were 168±60 ng/m3 (Chinese New Year), 107±45 ng/m3 (other special
occasions) and 62±30 ng/m3 (normal period), while those of 24-hrs in Chinese New Year, other
special occasions and normal periods were 102±26 ng/m3, 47±7 ng/m3 and 32±19 ng/m3, respectively.
At shrine 2, the 8-hrs mean concentrations of total PM2.5-bound PAHs were 90±41 ng/m3 (Chinese
New Year), 71±30 ng/m3 (Other special occasions) and 25±15 ng/m3 (Normal period). The 24-hrs
mean PAHs concentrations in all periods at both shrines were lower than those of 8-hrs (46±29 ng/m3,
30±12 ng/m3 and 14±9 ng/m3, respectively). However, the trend of PAHs concentrations found in each
occasion was the same. The 8- and 24-hrs of total PAHs concentrations in Chinese New Year were
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higher than those in the other special occasions and normal period. The values were significantly
different between the other special occasions and normal period, while the values of the other special
occasions were not significantly different from Chinese New Year. The dominant PAHs found in both
shrines were BbF, BaP, IND and BPER, while the dominant particulate-bound PAHs collected at Thai
temple in Samutprakarn, Chachengsao and Ayutthaya province were BaA, BbF, BaP and DbA [11].
Moreover, 8-hrs indoor BaP concentrations measured during Chinese New Year and other special
occasions (1.61 – 10.0 ng/m3) were higher than the values measured by personal samplers from
workers in Thai temple (2.53±0.83 ng/m3) [11]. This is probably due to the amount of incense being
burnt during the sampling period.
Table 1 Mean of indoor PM2.5 concentrations (µg/m3) in both shrines in various occasions
Shrine 1
8 hrs
524 ±110a
(n=2)

Other special occasions
Normal period

Sampling periods
Chinese New Year

a, b, c

24 hrs
317 ±109a
(n=6)

Shrine 2
8 hrs
625 ±147a
(n=3)

24 hrs
406 ±159a
(n=6)

228 ±81a
(n=5)

178 ±81a
(n=8)

184 ±85b
(n=9)

133 ±71b
(n=8)

82 ±25b
(n=7)

52 ±24b
(n=8)

100 ±35b
(n=9)

50 ±20c
(n=13)

= Significant differences (p < 0.05) among groups of sampling periods (vertical direction)

Table 2 Concentrations (ng/m3) of t-PAHs, c-PAHs and nc-PAHs in both shrines in various occasions
Sampling
sites

Concentrations (Mean±SD)

Sampling
periods

8 hrs
c-PAHs

nc-PAHs

t-PAHs

24 hrs
c-PAHs

nc-PAHs

168±60a
(n=2)

83±35a

85±25 a

102±26a
(n=6)

49±16a

52±18a

107±45ab
(n=5)

55±31ab

52±16ab

47±7b
(n=8)

26±3b

20±6b

62±30b
(n=7)

24±15b

38±12a

32±19b
(n=8)

18±16b

15±5b

90±41a
(n=3)

64±34a

26±9a

45±29a
(n=6)

27±14a

18±16a

71±30a
(n=9)

48±24a

22±8a

30±12a
(n=8)

20±10ab

10±4ab

t-PAHs
Chinese New
Year
Shrine 1

Other special
occasions
Normal periods
Chinese New
Year

Shrine 2

Other special
occasions

25±15b
15±12b
10±7b
14±9b
10±8b
(n=10)
(n=13)
a, b, c
= Significant differences (p < 0.05) among groups of sampling periods (vertical direction)
Normal periods

5±3b

The average concentrations of carcinogenic PAHs (c-PAHs) and non-carcinogenic PAHs (nc-PAHs)
are shown in Table 2. The c-PAHs were BaA, CHR, BkF, BbF, BaP, IND, and DBA while nc-PAHs
were NAP, ACY, ACE, FLA, PHE, ANT, FLU, PYR and BPER [10]. The concentrations of c-PAHs
and nc-PAHs were found to have the same trend as PM2.5 concentrations. The 8- and 24-hrs average cPAHs concentrations at both shrines in descending order were Chinese New Year > other special
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occasions > normal period. However, they were not significantly different (p>0.05) between Chinese
New Year and other special occasions but significantly higher than normal period. Moreover, the cPAHs concentrations of both 8- and 24-hrs samplings were about 1-2 times higher than those of ncPAHs in every occasion including normal period. The c-PAHs were found in high concentrations
because high molecular weight PAHs (>200) could be more easily adsorbed to particulate phase [12].
3.2 Correlations between PM2.5 and PAHs
The Spearman’s rank-correlation of PM2.5, t-PAHs, c-PAHs and nc-PAHs concentrations are shown in
Table 3. PM2.5 concentrations were significantly correlated (p<0.01) with concentrations of t-PAHs (r
= 0.674-0.822), c-PAHs (r = 0.618-0.802) and nc-PAHs (r =0.612-0.914). Moreover, the strong
positive correlations between PM2.5 and all type of PAHs were found in 24 hrs sampling (r = 0.6740.822 (t-PAHs), 0.618-0.700 (c-PAHs) and 0.738-0.914 (nc-PAHs)). The correlation between t-PAHs
and c-PAHs (r = 0.934-0.982) was higher than that between t-PAHs and nc-PAHs (r = 0.795-0.956).
The result obtained indicated that PAHs concentrations associated with fine particles are highly
dependent on the number of incense being burned.
Table 3 Correlations of PM2.5 and PAHs concentrations for 8-hrs and 24-hrs sampling at both shrines
8 hrs (n = 14)
PM2.5
Shrine 1
PM2.5
t-PAHs
c-PAHs
nc-PAHs

t-PAHs

24 hrs (n = 22)
c-PAHs

ncPAHs

1.000
0.688 1.000
0.802 0.934 1.000
0.612 0.956 0.851 1.000
8 hrs (n = 21)

Shrine 2
PM2.5
1.000
t-PAHs
0.475 1.000
c-PAHs
0.451 0.982 1.000
nc-PAHs
0.448 0.795 0.700 1.000

Correlation is significant at the 0.01 level (2- tailed)

Correlation is significant at the 0.05 level (2- tailed)

PM2.5

t-PAHs

c-PAHs

ncPAHs

1.000
0.822 1.000
0.700 0.942 1.000
0.921
0.914 
0.791 1.000
24 hrs (n = 27)
1.000
0.674 1.000
0.618 0.980 1.000
0.738 0.850 0.757 1.000

3.3 Assessment of possible health effects based on PAHs concentrations
3.3.1 Toxicity equivalent (TEQ)
The toxicity equivalent concentration (TEQ) is widely used to assess risk of carcinogenic potency of
each individual PAH. This parameter is calculated from total of individual concentration of each PAH
multiply by their toxic equivalent factor (TEF) relative to the carcinogenic potency of BaP (Eq.1),
which was used as a reference carcinogenic compound [13].
TEQ = ∑i (PAHi × TEFi)

(Eq 1)

Where PAHi is concentration of an individual PAHs and TEFi is the toxic equivalent factor.
Table 4 shows the values of TEQ of each sampling period. TEQ values obtained from both shrines in
descending order were Chinese New Year > other special occasions > normal periods. The highest
TEQ values were found during Chinese New Year. The mean TEQ values obtained in during Chinese
New Year were 2-3 times higher than the normal periods, and 1-2 times higher than other special
occasions. In comparison with the study in Taiwan [14], where PM10 samples were collected for 8
hours in a shrine, the TEQ value (36.6 ng/m3) was almost the same with the value obtained during the
Chinese New Year in this study (3.2±1.8 to 31.8±27.4 ng/m3), while the 8-hrs TEQ values (0.29±0.12
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to 4.60±1.35 ng/m3) from Thai temple were lower than in this study [10]. The TEQ values found in
this study were much higher than the European guideline (1 ng/m3).
Table 4 Average concentration (ng/m3) of toxicity equivalent (TEQ) and the inhalation cancer risk of
PM2.5-bound PAHs at shrines in various occasions
Index

TEQ

ICR

Risk
(ICR×106)

Sites
Shrine 1

sampling hours
8

Chinese New Year
32±12

Other special occasions
20±14

Normal periods
14±12

24

20±7

12±3

7±5

8

32±27

15±8

3±2

24

10±4

7±4

3±2

Shrine 1

8
24

27×10-4
18×10-4

18×10-4
10×10-4

12×10-4
60×10-5

Shrine 2

8
24

28×10-4
85×10-5

13×10-4
60×10-5

28×10-5
23×10-5

Shrine 1

8
24

2,700
1,800

1,800
1,000

1,200
600

Shrine 2

8
24

2,800
850

1,300
600

280
230

Shrine 2

The TEQ values of 8-hrs sampling were higher than those of 24-hrs sampling. Both values presented
similar trends. Moreover, the TEQ values (8- and 24-hrs) at shrine 2 were lower than shrine 1.
However, the obtained TEQ values emitted from motor vehicles and fuel burning for heating found in
studied by [15], [16], were lower than those values Chinese New Year of this study. The main factors
should be the ventilation system and the amount of incense being burned.
3.3.2 The inhalation cancer risk (ICR) assessment
The inhalation cancer risk (ICR) was used to estimate the value of cancer risk from PAHs exposure
during different periods and can be calculated using Equations 2 [8], [15], [17], [18].
ICR= TEQ  IURBaP
Where, IURBaP is the inhalation unit risk

(Eq 2)

IURBaP values for lifetime (70 years) PAHs exposure were used in this study to estimate the inhalation
cancer risk. The recommended IURBaP of the World Health Organization (WHO) is 8.7 × 10-5 m3/µg
[19]. The mean TEQ value was obtained from the calculation of each period (Eq. 1). The inhalation
cancer risk was calculated and compared among different periods as shown in Table 4.
The 8- and 24-hrs of lifetime inhalation cancer risks (ICR) calculated based on WHO guideline
obtained from both shrines in descending order were Chinese New Year > other special occasions >
normal periods. Hence, if a million people were exposed to PAHs at the level of 10 ng/m3 for 70 years,
850 persons may have a risk of cancer development. The ICR values between 10-6 to10-4 are potential
risk and ICR of 10-6 represents a lower-bound zero risk, while the upper 10-4 of ICR indicates high
potential health risk [17], [20]. The calculated ICR values were found to have a high potential health
risk based on WHO, while those based on CalEPA were in a lower-bound zero risk. The societal
inhalation cancer risk was obtained by multiplication of ICR values with a million people [15]. The
societal inhalation cancer risk was obtained by multiplying the ICR by one million people. The
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societal ICR (cases/million people) based on WHO for 8-hrs value calculation at shrines 1 and 2in
descending order were Chinese New Year (2,700 and 2,800), other special occasions (1,800 and 1,300)
and the normal periods (1,200 and 280). While those of the societal ICR for 24-hrs calculation in
descending order were Chinese New Year (1,800 and 850), other special occasions (1,000 and 600)
and the normal periods (600 and 230). The 24-hrs average value for the normal periods in this study
was 600 or 8.6 cases/year (shrine 1) and 230 or 3.3 cases/year (shrine 2). In general, the values of
societal ICR in all cases were found to be higher at shrine 1 than shrine 2. The main reason might be
the poor ventilation system in the shrine 1. The societal ICR values of 8-hrs sampling calculated were
higher than the 24-hr sampling due to the service period of the shrine. Generally, the shrines are
ordinarily opened in the daytime (8 am – 5 pm) except only during Chinese New Year, when the
shrines are opened all the time. However, it should be noted that the values are only a rough estimation
of cancer risk from the PM2.5-bound PAHs inhalation.
4. Conclusions
The highest indoor PM2.5 and PAHs concentrations were found during Chinese New Year due to
number of visitors and amount of incense being burned. PM2.5 concentrations were highly correlated
with c-PAHs indicated that carcinogenic compounds were dominant in particulate PAHs and
generated from incense burning. It can be concluded that amount of incense being burned plays a
significant role in amount of emitted pollutants and degrees of air pollution and human health risk. To
improve indoor air quality, where a lot of incenses are used, the ventilation systems should be
equipped to improve air circulation. In public places such as temples and shrines, the number of
incenses to be burned by individual visitor should be strictly controlled, while the outdoor air
circulation and indoor ventilation system should be ensured to be adequate for such practice.
.
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Abstract. This study aims to characterize airborne polycyclic aromatic hydrocarbons (PAHs) as
of particulate and vapor phases variation. The samples were collected from the childcare centers
where divided into urban and rural areas in Nakhon Ratchasima Province of Thailand. The
airborne samples were collected from five childcare centers during the dry season in the year
2017. The PAHs species were determined by the gas chromatography and mass spectroscopy
(GS/MS) method. Results show that the total concentrations of PAHs were higher than vapor
phase that both similar in urban area and rural area. The dominant PAHs compounds of both
urban and rural areas were benzo(a)pyrene, benzo(a,h)anthracene and indeno(1,2,3-cd)pyrene,
respectively. Furthermore, the concentrations of PAHs in municipality (urban) childcare centers
were higher than rural childcare centers area of Nakhon Ratchasima province. The risks
associated with exposure to PAHs were evaluated using the TEF approach. The estimated
value of lifetime lung cancer risks children in urban were significantly (p < 0.05) 2 times of
children in rural, thus demonstrating that exposure to PAHs at levels found at urban site may
be cause potential health risks.

1. Introduction
The problem of air pollution that affects human health from exposure to various pollutants in the air.
Particles of solid particulates are produced by the milling of both organic and inorganic materials
which, when released into the atmosphere, can float in the air for a certain period of time and disperse
[1]. At the same time, it also acts as a conduit for other substances that adversely affect the health of
the particle, such as heavy metals, organic matter volatile Or Polycyclic Aromatic Hydrocarbon
(PAHs). The United States Environmental Protection Agency (US EPA) has designated 16 PAHs as
important carcinogens are Naphthalene, Acenaphthylene, Acenaphthene, Fluorene, Phenanthrene,
Anthracene, Fluoranthene, Pyrene, Benzo (a) anthracene, Chrysene, Benzo (b) fluoranthene, Benzo (k)
fluoranthene, Benzo (a) pyrene, Benzo (a,h) anthracene, Benzo (g,h,i) perylene and Indeno (1,2,3-cd)
pyrene PAHs are caused by inadequate combustion of vehicle fuels [2]. People living in urban areas
are therefore more likely to experience high levels of PAHs. The condition is stable in both gaseous
and particulate state, depending on molecular size and atmospheric conditions. Normally, PAHs with
low molecular mass are found in the gas phase due to the change in vapor pressure and high molecular
weight PAHs are found in the particle phase [3]. PAHs enter the body through eating. Breathing and
skin contact, which PAHs in the air. Dust particles are absorbed into the lungs. Tissue, fat, and fat
accumulate in the liver, kidneys and fats. So long accumulated in the body., such as Benzo (a) Pyrene,

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd

61

ICEPP 2017
IOP Conf. Series: Earth and Environmental Science1234567890
120 (2018) 012008

IOP Publishing
doi:10.1088/1755-1315/120/1/012008

Benzo (b) fluoranthene, Benzo (g, h, i) perylene and Indeno (1, 2, 3-cd) Carcinogenicity in Groups 2B
refers to a group that is most likely to cause cancer in humans. It can cause lung cancer and respiratory
system [4]. When humans are exposed to PAHs. Indoor and outdoor environments can affect both
acute and chronic [5]. Based on previous data, the health risk assessment of exposure to PAHs in the
Bangkok metropolitan area by Toxic Equivalency Factor (TEF) was 1.35 ng / m3, which is higher than
the risk factor for carcinogenicity defined as 1.0 of Benzo (a) Pyrene. Norramit et al. [6] found that
PAHs concentrations were equal to 1.86 and 1.54 ng / m3 in urban and non-urban areas. 3.46 and 2.70
ng / m3 in urban and non-urban areas respectively. Slezakova et al. [7] show that urban residents are
more likely to experience PAHs than those who live in urban areas. Out of town According to data
from the study of the concentration of PAHs inside and outside the school in Rome, Italy, the indoor
PAHs amounted to 1.15 ng / m3 and the outdoor area was worth At 0.74 ng / m3 [8], it was shown that
those living in the building were more likely to experience PAHs than those living outside the building.
In Thailand, there are no studies on the health risk assessment of PAHs in young children classified as
"Vulnerable groups" [9]. Have high health risks. This study investigated the levels of both PAHs and
gaseous carcinogens. Both indoor and outdoor use, as well as the risk of exposure to PAHs in the child
development center between the municipality and the area outside Nakhon Ratchasima municipality.
This study evaluated the risk of exposure to PAHs. The data will be used as a basis to reduce the risk
of exposure to PAHs.
2. Methods
2.1 Sampling location
The sampling was during the dry season of May 2017 on working days. Daily samples was collected
for 6 h (from8 a.m. to 2 p.m.) that representing the spending time of children in childcare center. The
particulate (PM) and vapor phase samples were both collected. The sampling included locations at ten
childcare centers were divided into two groups (5 childcare centers in urban area and 5 childcare
centers in rural area) in the Nakhon Ratchasima province of Thailand. The sampling locations were
presented in Figure 1. All childcare centers environment had natural ventilation systems, the
classrooms were often ventilated by opening windows. The study locations were generally located at a
distance of 500 meters away from main roads. The study area of site1- site5 was found with high
traffic volume and the ventilation through natural window and doors assumed to ventilation rate of
more than 20 percent of the area. The average of ambient temperature was 31 degrees celsius (oC) and
relative humidity was 58%. For the location of site 6 – site 10, the traffic condition showed with low
traffic volume. The average of ambient temperature was 32 oC and relative humidity was 65%. The
predominant wind during the study was presented from south and southeast wind.
2.2. Extraction and analysis of PAHs
The analysis of PAHs, air samples were extracted for 6 h with 50 ml n-hexane in soxhlet by TO13A
method [4]. The concentration of PAHs were analyzed by gas chromatograph mass
spectrophotography (GC/MS) Agilent 6980. The used GC column was a 30 m DP-5 capillary column
(0.25 mm id., 0.25 μm film thickness). The column temperature at 80°C hold for 5 min and increased
to 290°C at 10 °C/min hold for 35 min . PAHs compounds were identified based on retention times.
2.3. Quality control
Target PAHs standard stock solution of 16 PAHs was used as a recovery standard for the measurement
of recovery coefficients from 80% to 120% that recommend by TO13A method. Known volume of
standard solutions was spike into the filters of the analysis procedure. This study spiked recoveries
ranged from 85% to 107% that indicated acceptable for all 16 PAHs.
2.4 Statistical analysis
For all data sample t-test was applied to determine the statistical significance (p<0.05) of the difference
between the mean in both group ( childcare center in urban and rural in Nakhon Ratchasima Province).
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Figure 1. Sampling Location 10 sites of airborne PAHs in Nakhon Ratchasima province.
3. Result and discussion
3.1. Gas/particle distribution of PAHs
The gas-particle phase of 16 PAHs in this study is presented in Figure 2. The phase distribution show
in the percentage of the concentration in both phases were naphthalene, acenaphthylene, acenaphthene,
fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo (a) anthracene, chrysene, benzo (b)
fluoranthene, benzo (k) fluoranthene, benzo (a) pyrene, benzo (a, h) anthracene, benzo (g, h, i)
perylene and indeno (1, 2, 3-cd) pyrene. PAHs found in particles phases larger than vapor phase.
Amount of benzo (a) pyrene in particulate phase are 57% of total mass. For the Naphthalene,
acenaphthylene, acenaphthene, benzo (a) anthracene and chrysene compound have distribution at all
sites are same between vapor and particle phases. High molecule mass of PAHs were found in particle
phase than vapor phase. The PAHs phase distributions in both sampling sites of urban and rural areas
were similar [3]. This may be explained by the evaporation of PAHs in the room temperature
distribution from the outdoor environment to the indoor air. The study of Wang et al. [5] the PAHs in
air are divided between vapor and particulate phases depend on the ambient air temperature and
humidity.
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Figure 2. PAHs distribution in Particulate and vapor phase; concentrations of PAHs in urban area
(Left), concentrations of PAHs in rural area (Right).
3.2. Concentration of PAHs in municipality (urban) and outside the municipality (rural) childcare
centers of Nakhon Ratchasima province.
The concentration of 16 PAHs are showed in Figure 3. PAHs levels of urban childcare center ranged
from 1.00 (minimum) to 2.02 ngm-3 (maximum), while rural areas ranged from 0.71 to 1.55 ngm3. The
results demonstrated that levels of 16 PAHs were significantly high in urban childcare centers area.
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The total concentration of 16 PAHs for urban sites higher 1.3 times than rural sites. These findings
concerned to children health impact from PAHs indicated to carcinogenic effects to body in benzo [a]
pyrene, benzo [b] fluoranthene, benzo [k] fluoranthene and dibenz [a, h] anthracene compounds [10].
The highest concentration of PAHs is Indeno (1, 2, 3-cd) pyrene at mean of 2.02 ngm-3 for 8.6 % of
ΣPAHs. The dibenz [a, h] anthracene were second most abundant group of urban childcare centers
(8.5 % of ΣPAHs). 16 PAHs such as Benzo (a) pylene, benzo [ghi] perylene are possible human
carcinogens. The least compounds of PAHs such as (naphthalene), at the urban childcare centers site
less than 4.2 % of ΣPAHs.

[PAHs] ngm-3

2.00

1.50

1.00
Urban
0.50

Rural

0.00

Figure 3. Concentration of PAHs in childcare centers municipality (urban) and outer municipality
(rural) of Nakhon Ratchasima province.
3.3. Health risk assessment of PAHs in childcare center of municipality (urban) and outside the
municipality (rural) of Nakhon Ratchasima province.
The 16 PAHs are carcinogenic, and their health risks in human can be calculate by BaP-equivalent
([BaP] eq) were calculate from PAHs concentration with toxicity equivalency factors (TEFs) of
concentrations shown in equation (1) were multiply by UR [BaP] (unit risk) there are cancer risk
shown in equation (2), while unit risk of life time cancer is 1.1 × 10-6 of 70 years [4].
Σ[BaP]eq = Σ(Ci×TEFi)
Inhalation cancer risk = Σ[BaP]eq × UR[BaP]

(1)
(2)

The results of inhalation cancer risks for 16 PAHs, this study are urban and rural site and health risks
of children in childcare center were found PAHs are presented table 1. The estimated of lifetime lung
cancer risks based on Benzo[a]pyrene at the urban area were 9.5×10−6 for PAHs in urban area, and 1.8
times higher rural area is 5.2×10−6. At the urban area, the values of lifetime lung inhalation cancer
risks for childcare center in urban area were higher. The result demonstrates that urban area, higher
expose PAHs, and traffic emissions might be the potentially major pollution source of PAHs to
childcare center. The childcare center of municipality (urban) of Nakhon Ratchasima province close to
major roads this study 500 meter from major road and where emissions from vehicular traffic might be
significant effect to human [11]. This study indicated the influence of low temperature during
sampling effect to high concentration of PAHs the risks associated with the
urban area have
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significantly higher than rural area. Therefore a long distance from major road and traffic emissions to
protect human health to reduce exposure PAHs in childcare center.
Table 1. Estimated inhalation cancer risk to measured concentrations of PAHs in childcare center.
PAHs
TEF
Cancer Risk
Urban
Rural
Naphthalene
0.001
6.38E-10 ±0.03
2.64E-10 ±0.10
Acenaphthylene
0.001
6.49E-10 ±0.05
3.08E-10 ±0.04
Acenaphthene
0.001
6.71E-10 ±0.04
3.30E-10 ±0.08
Fluorene
0.001
6.93E-10 ±0.02
2.42E-10 ±0.05
Phenanthrene
0.001
7.15E-10 ±0.03
2.53E-10 ±0.03
Anthracene
0.010
7.04E-09 ±0.01
3.41E-09 ±0.07
Fluoranthene
0.001
7.37E-10 ±0.03
3.19E-10 ±0.01
Pyrene
0.001
7.70E-10 ±0.07
3.30E-10 ±0.03
Benz[a]anthracene
0.100
9.57E-08 ±0.01
4.40E-08 ±0.12
Chrysene
0.010
8.80E-09 ±0.06
4.73E-09 ±0.06
Benzo[b]fluoranthene
0.050
5.39E-08 ±0.03
2.81E-08 ±0.02
Benzo[k]fluoranthene
0.050
5.50E-08 ±0.02
3.08E-08 ±0.04
Benzo[a]pyrene
1.000
9.50E-06 ±0.06
5.20E-06 ±0.01
Indeno[1,2,3-cd]pyrene
0.100
1.27E-07 ±0.05
7.48E-08 ±0.02
Dibenz[a,h]anthracene
0.100
1.18E-07 ±0.02
0.66E-07 ±0.01
Benzo[ghi]perylene
0.010
1.06E-08 ±0.01
7.04E-09 ±0.05
4. Conclusions
The concentrations of polycyclic aromatic hydrocarbons (PAHs) in childcare centers during dry
seasons in Nakhon Ratchasima province of Thailand; the concentration of 16 PAHs in all sampling
sites were followed from Benzo (a, h) anthracene, Benzo (g, h, i) perylene, Indeno (1, 2, 3-cd) pyrene,
benzo [a] pyrene, Benzo (k) fluoranthene, Benzo (b) fluoranthene, Benzo (a) anthracene, Chrysene,
Pyrene, Naphthalene, Acenaphthylene, respectively. The distribution of PAHs between particulate and
vapor phases was similar to other studies, with particle phase higher than vapor phase. The major
sources of PAHs are the traffic emissions and distance of childcare center from major road. Health risk
assessment based on the carcinogenic that the concentrated in urban area were several times higher
than rural area indicating a causing PAHs is adverse health effects for children live in childcare center
in municipality (urban) Nakhon Ratchasima province.
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Abstract. The contribution of firework-related air pollutants into the rural atmosphere was
monitored by measuring ambient air concentrations of PM 2.5, CO, and metals over Mitrol–
Aurangabad, Haryana, India, before, during, and after the 2015 Diwali celebration. PM2.5
concentrations were observed to be approximately 5 times and 12 times higher than Indian and
WHO 24-h standards, respectively. CO concentrations on the day of Diwali were found to be
nearly 7.5 times and nearly 1.5 times higher than Indian standards and WHO 8-h standards,
respectively. Increased concentrations of SO4, K, N3, Al, and Na were observed. SO4, K, N3,
Al, and Na were found between approximately 2 and 5 times higher on festival days than on a
normal, non-festival day in November. Use of firecrackers during Diwali and surrounding
celebrations thus contribute to decreased air quality and elevated levels of air pollutants
associated with adverse health impacts. Optimization or controlled use of firecrackers during
Diwali is suggested in rural areas.

1. Introduction
In recent years, there has been concern that degradation of air quality and subsequent effects on human
health has increased due to use of fireworks during festivals and celebrations [1]. Fireworks are
closely linked to elevated levels of pollutants, including particulate matter, SO2, NOx, K, and ozone,
amongst others [2]. In India, a number of festivals are celebrated throughout the year; Diwali, the
Festival of Light, is one of the most important. Diwali is celebrated between the pre-winter season
(October) and the post-monsoon season (November). As the festival of light, firecrackers are often
used on the days before and during the festival, resulting in deteriorated air quality. Pathak et al. [3]
and Wang et al. [4] reported that fireworks used during Diwali create high mass concentrations of
particulate matter (PM) with a chemical composition that varies from normal atmospheric conditions
and can be harmful to human health.
Pathak et al. [3] quantified the amount of PM exposure by air mass back trajectory analysis using the
NOAA–HYSPLIT model in order to examine the existence of the transported aerosols which people in
urban areas are exposed to over the short-term. PM emitted from firecrackers and its contribution to
pollution in the urban atmosphere has also been measured [3], [5]. Further recent studies [3], [6]
measured elevated local PM concentrations due to firecrackers during Diwali. Moreover, Hindustan
Times [7] reported that the Delhi pollution Control Committee (DPCC)’s reported Air Quality Index
(AQI), a combined measure of air pollution, peaks between 6 pm – 1am on Diwali. The AQI starts a
downward trend after 2 am. Data from real-time monitoring stations operated by DPCC, Indian
Institute of Tropical Meteorology (IITM), and Indian Meteorological Department (IMD) indicate that
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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concentrations of PM10 and PM2.5 exceed the national standards during festival periods, sometimes by
greater than 10 times.
While these early studies evaluate concentrations in urban area of India, there is no information about
the air quality of rural areas during Diwali. According to the recent report of The World Bank [8], 68%
of the Indian population is rural. Despite growing evidence of adverse air quality and health effects
attributable to the use of fireworks, no literature could be found measuring PM, its constituents, or CO
in rural areas of India during Diwali. In the present study, the particle concentrations, including metals
and ion analysis, and CO levels were recorded to describe the short-term impact of firecrackers on
concentration due to Diwali in the rural area of Palwal District, Haryana state, India.
2. Material and methods
2.1. Study area
INCLEN has established SOMAARTH: a Demographic Development and Environment Surveillance
Site (DDESS) in Palwal district, Hayana covering 51 villages (Figure 1). The demographic
surveillance site includes 51 villages (approximately 200,000 population) from three Blocks of Palwal
(Hathin, Hodal and Palwal) and is circumscribed by three major roads – Mathura National Highway
(NH2) that forms eastern boundary of surveillance site; Palwal–Hathin State Highway, forming the
western boundary; and intersecting roads that form the southern boundary (Figure 1).

Figure 1. Study site: Mitrol– Aurangabad Villages.

2.2. Sampling protocol
In the year 2015, Diwali was celebrated on 11th November. Data were collected for 8 days, beginning
9th November 2015 and ending 16th November 2015. Firecracker activities were observed to begin in
the evening (around 18:00) and continued until approximately 1:00. Sampling began nightly at 17:00.
CO was measured for 24 hr, while PM was monitored in three 8 hr periods.
To measure PM2.5, we utilized an URG-2000-30ED cyclone (URG Corporation, Chapel Hill, NC,
USA) connected to an SKC PCXR8 pump (SKC Inc, Eighty-Four, PA, USA) running at a flow rate of
3 litters per minute. To ensure a stable power supply to the PCXR8, batteries were changed every 8
hours (daily at 6:00, 14:00, and 22:00). Flows were checked pre- and post- battery exchange using a
Mesa DryCal Defender 530 (Mesa Labs, Butler, NJ, USA). PM2.5 was collected on pre-weighed 47mm
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PTFE filters. Filters were pre- and post-weighed at Kirk R. Smith’s laboratory at University of
California, Berkeley after being conditioned for 48 hours at 23-25ºC and a relative humidity of
between 35 and 40%. Filters were weighed in triplicate on a Mettler-Toledo XP2U microbalance with
a readability of 1 µgm-3. To measure CO, we used a Lascar EL-CO-USB electrochemical monitor with
a detectable range of 0 – 500 ppm. Batteries in the CO monitor were replaced every 48 hours.
2.3. Elemental, cation, and anion analysis
The sampled PTFE filters were analyzed for elements, anions, and cations by Desert Research Institute
(Reno, NV, USA). Elemental analysis was performed by X-ray Fluorescence (XRF) using the PAN
analytical Epsilon 5 XRF analyzer, which uses a side-window, dual-anode x-ray tube with Scandium
and Tungsten anodes. Seven different condition sets are used during a single analysis run to enable
detection of specific groups of elements. Anions and cations analysis was performed using the Dionex
ICS 5000, a liquid chromatographic technique based on an ion exchange mechanism and suppressed
conductivity detection for the separation and determination of cations and anions.

3. Results

Concentration (mg m-3)

3.1. CO concentration
Figure 2 depicts the CO concentration profile during the experiment. Mean CO concentrations
(averaged over 8 hour periods) were higher during Diwali as compared to non-Diwali. The average
concentration of CO varied from 0.62 – 15.4mg m-3 (Figure 2). The 8-hour CO standard for residential
areas in India is 2 mg m-3. In the present study, CO concentration varied between 0.62 – 15.1 mg m-3.
20
18
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12
10
8
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4
2
0

Day of Measurement

Figure 2. Average CO concentration profile with Indian standards and 8 hour WHO guideline at
Mitrol – Aurangabad Village [9, 10].
3.2. PM concentration (PM2.5)
The 24-hour average concentration of PM2.5 during Diwali is depicted in Figure 3. The concentrations
vary between 141 to 345 µg m-3. The results indicate variability of fine particle concentration between
the pre-Diwali (9th November) period, Diwali (11th November) itself, and the post-Diwali (12th
November) period. Higher concentrations of PM2.5 were recorded on 10th and 12th November, 2015.
The 24-hour average concentration of PM2.5 during pre-Diwali, Diwali, post-Diwali periods and a
normal day are depicted in Figure 4.
The concentration of fine particle decrease as one moves further forward in time from Diwali. The
festival day concentrations were 2.10 times, 1.31 times, and 1.34 times higher than a normal day, and
the pre-Diwali and post-Diwali concentrations, respectively. The incremental difference in
concentration from a normal day was 155 µg m-3.
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Figure 3. Daily average PM2.5 concentration profile with Indian standards and WHO guidelines at
Mitrol – Aurangabad Village [9], [11].
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Figure 4. Variation of PM2.5 concentrations on Pre- Diwali, Diwali, post-Diwali and Normal day at
Mitrol – Aurangabad Village.
3.3. Variation of PM2.5 and CO concentration at Mitrol – Aurangabad Village
The 24 hr and 8 hr average concentration of PM2.5 and CO respectively in the study village during
Diwali festival are depicted in Figure 5. For both PM2.5 and CO, the average concentrations were
observed higher during Diwali as compare to normal day of measurement. Figure 5 shows the higher
concentration of CO during the night of Diwali, which could be due to the increased use of solid fuel
to make sweets for the festival. On a normal day, the higher concentration of CO could be attributed to
the maximum open pit fire observed near the sampling location. The higher concentration of PM2.5 on
the day following Diwali could be due to effect of “Goverdhan Puja,” a separate celebration. The
average concentration of PM2.5 and CO during pre and post Diwali were observed to be almost same
as on a normal day (Figure 5). Mg, Zn, Fe, Mn, Cu, Sr, and Cd have low concentrations pre-Diwali,
post-Diwali, and on a normal day, but were elevated during Diwali. Similarly, SO4, K, N3, Al, Na,
NH4, and Ba have been shown to have higher concentrations during Diwali than on a normal day.
These increases potentially indicate the impact of firecrackers on ambient air quality on the night of
Diwali, as evidenced by increased concentrations of PM2.5 and CO.
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Figure 5. Variation of PM2.5 and CO concentrations during Diwali festival at Mitrol – Aurangabad
Village.

4. Discussion
The daily mean CO concentrations measured were as high as 7.5 times and 1.5 times the Indian
National Ambient Air Quality Standards (NAQQS, 2 mg m-3 for 8 hr, [9]) and WHO standards (7 mg
m-3 for 8 hr, [11]), respectively. The observed results are, however, comparable with CO
concentrations of 0.21 – 26.1 mg m-3 [12] reported previously for rural area of developing country in a
non-festival period.
The maximum average PM2.5 concentration measured was 296 µg m-3 on Diwali, which were 5 times
higher than the Indian standard and 12 times higher than the WHO 24-h standards [11]. The recorded
concentrations during the festival were 1.32 times, 1.34 times and 2.1 times higher than the
concentration of pre-Diwali, post-Diwali and normal day respectively. SO4, K, N3, Al, Na, NH4, and
Ba were 1.52 times, 1.13 times, 1.51 times, 4.59 times, 2.74 times, 52.4 times, and 1.34 times higher
than pre-Diwali concentration, 1.91 times, 1.33 times, 0.95 times, 2.47 times, 2.51 times, 35.9 times,
1.41 times higher than post-Diwali concentration, and 4.30 times, 3.03 times, 1.53 times, 3.11 times,
3.19 times, 86.6 times, and 1.93 times higher than normal day concentration. In our study setting,
people generally celebrated “Choti Diwali” (“Small Diwali”) on the 10th November and “Goverdhan
Puja” on the 12th November with firecrackers, potentially explaining elevated PM concentrations on
those days relative to non-festival days and Diwali itself.
Our findings are comparable with PM2.5 concentrations 2-3 times higher than normal concentrations
[13], 5.74 times higher than normal concentrations [3], and 34.3 µg m-3 greater than normal
concentrations [14] reported across different urban areas of India during the Diwali. Beyond Diwali,
our study indicates elevated levels of PM2.5 in rural areas even during non-festival days, warranting
further investigation.
SO4 and K show substantial elevations, presumably due to firework use on Diwali. PM 2.5 metals
species concentration were recorded to follow a same trend at Mitrol – Aurangabad village during
study period and which was, Diwali > post-Diwali > pre-Diwali > normal day. Our research indicates
that an impact of Diwali firework uses on the next day (post-Diwali) concentrations.
5. Conclusion
We report on the first measurements of the impact of Diwali on air quality in rural India. 68% of the
Indian population lives in rural areas; this percentage has been consistent for the past 4 years [8]. In
India, all of the air quality monitoring stations is operated in urban areas; no such stations are being
operated in rural areas. Our findings suggest non-trivial increases in PM2.5 and CO concentrations, as
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well as changes in the elemental composition of PM2.5, during this festival. The potential for exposure
to the reported pollutants at elevated concentrations during Diwali can increase the potential for acute
health effects, suggesting need for guidance in rural areas on ways to ensure that the most vulnerable
populations are able to avoid additional exposure or rapidly seek treatment if needed. Stagnant air
typical of winter months in North India prevents dispersion of pollutants. We suggest new strategies to
reduce the emission from firework-related activities. Possible measures to reduce the emissions of or
increase the dispersion of pollutants from fireworks include the following:
 Use of some plastic cracker (without chemical material and fire) with sound.
 Try to use firecrackers on flat open ground away from house or society to enhance proper
pollutant
dispersion.
 Ensuring that emergency medical treatment is available for vulnerable populations on festival
and pre-festival days, which also see firecracker use.
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Abstract. A three consecutive cropping experiment was conducted to evaluate the nutrient
supplying potential of different preparations of the spent mushroom substrate as an amendment
of growing media for potted plants using pechay as test plant. There are 12 treatment
combinations consisted 4 types of growing media containing soil alone and mixtures of soil
with fresh SMS (FSMS), weathered SMS (WSMS) and carbonized SMS (CSMS) in
combination with 0%, 50% or 100% recommended rate (RR) of nitrogen fertilizer. Succeeding
two trials were conducted on the same pots and treatment assignments. The high yield of
pechay during the first and second crop was observed on WSMS and CSMS treatments FSMS
media produced high yields only during the 3rd crop. Yield was increased by N fertilizer in
WSMS and CSMS treatments but not in FSMS. The growth differences is attributed to
differences in available nutrients and C/N ratio between treatments. WSMS and CSMS
increased the available N while FSMS immobilized N and other nutrients indicting that
weathered SMS and carbonized SMS are more suitable as a component of potting media or as
soil amendments without detrimental effect on immobilization and availability of nutrients.

1. Introduction
Nurseries and the emerging popularity of urban agriculture/containerized crop production resulted in
high demands of growing medium for potted plants. Currently, peat is utilized as the main component
of the growing media [1] and depleted the peatlands [2]. In agriculture, alternative sources of nutrients
and soil amendments is needed to combat land degradation due to excessive chemical fertilizer
application that utilization organic wastes into soil amendments or as a substrate component for
nursery potting media instead of peat will provide solutions for waste disposal and conserve peat areas
[3].
The boom of the mushroom industry is a global phenomenon with the market value of $35 billion in
2015 [4]. The production is 6,535,542 tons in 2009 and still increasing annually at 9.2% between 2002
to 2016. However, mushroom production system is accompanied with the generation of millions of
tons of residue referred to as spent mushroom substrate (SMS) [5], [6]. The SMS by-product in
mushroom cultivation amounts to 5 kg of SMS generated from the production of 1 kg of mushrooms
[7]. It has high levels of residual nutrients which may result in environmental pollution if it is dumped
as waste [6], [8]. Thus, if properly utilized, SMS could serve as an important agricultural resources
that would increase farmer's productivity and at the same time protect the environment.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
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Current practices in the different production area are carried out on substrates formulated with
lignocelluloses materials from different sources (such as wheat, rye or rice straw, sawdust and
corncobs), either alone or mixed with supplements to overcome nutritional limitations and to provide
suitable substrate structure and pH [7]. The SMS by-product from these process have a stabilized
organic matter that make them a potential candidate as soil amendments or as a substitute for peat for
horticultural growing media. Previous studies have shown some benefits of using SMS in several
agricultural application such as soil amendment which increased the organic matter, improved soil
structure and provided plant-available nutrients [9]; while as surface mulch controlled the weeds [10].
Therefore, this study evaluated the potential of different preparations of SMS as soil amendments or
component of a growing medium in horticulture by evaluating the growth of pechay grown in the
different combination of SMS preparation, nutrient availability and nutrient supplying/retention
capacity in the presence of different N levels of fertilization.
2. Materials and methods
2.1. Treatment description and experimental design
Using pechay as test plant, a two-factorial experiment consisted of four kinds of growing media and
three levels of N fertilization was laid out following complete randomized design with three
replications. The 12 treatment combinations include: T1 - Garden soil (GS) only, T2 - GS + FSMS
(1:2), T3 - GS + WSMS(1:2), T4 - GS + CSMS (1:2), T5 - GS only + 50% RR of N, T6 - GS +
FSMS(1:2) + 50% RR of N, T7 - GS + WSMS(1:2) + 50% RR of N, T8 - GS + CSMS(1:2)+ 50%
RR of N, T9 - GS only + 100% RR of N, T10 - GS + FSMS (1:2) + 100% RR of N, T11 - GS +
WSMS(1:2) + 100%RR of N and T12 - GS + CSMS (1:2) + 100%RR of N. Pots designated 100% RR
of N (160 - 0- 0) were fertilized with 7g of urea (46-0-0) while and 3.5 g for 50% RR of N.
2.2. SMS and growing media preparation
The garden soil in the experiment was collected from a surface soil of the UEP experimental station.
The soil samples were sieved and heat sterilized prior to mixing. One (1) part of the soil was amended
with two (2) parts of SMS (fresh, weathered or carbonized) by weight basis. The SMS was obtained
from Volvariella volvacea grown in the Mushroom Production Project of UEP, Catarman, Northern
Samar, Philippines. One hundred twenty (120) kilos each of weathered and FSMS was mixed
separately with sixty (60) kilos of sterile garden soil. Another 120 kg of fresh SMS was subjected to
carbonization based on the method of Orge & McHenry [11] and after cooling was mixed with sixty
kilos sterile garden soil. The different growing medium preparations were potted at 4kg per pot using a
6 x 11 inches polyethylene bag. The CSMS amended medium which was potted at 3 kg per pot.
2.3. Seedling Preparation and plant establishment
Seedlings were germinated on a sterile mixture of garden soil, compost and carbonized rice hull (1:1:2)
for 14 days before transplanting at the rate of one (1) seedling per pot, The plants were irrigated twice
each day and maintained under screen house condition.
2.4. Plant yield measurements
Twenty-three days after transplanting, plants were harvested and the fresh weight (shoots and roots)
was recorded after washing and subsequent blot drying.
2.5. Chemical analysis
Before and after the experiment during each cropping, soil and growing media samples were collected
for chemical analysis. Samples were immediately frozen after sampling and maintained frozen while
on transient for laboratory analysis. The samples were freeze-dried prior to analysis at the Laboratory
of Environmental Science, Catholic University of Daegu, South Korea. The pH and electrical
conductivity (EC) of the soil/growing media samples were measured on a 1:2.5 and 1:5 soil: water
(w/v) ratio, respectively [12] while the oxidizable organic C (oxidizable OC) by the Walkley and
Black modified method [13]. The total nitrogen by the Kjeldahl method while the available N (NH4-N
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and NO3-N) was determined by 1N KCl extraction (1:5 w/v, 2 hours shaking) followed by closesystem steam distillation. Available P was determined colorimetrically [14]. Exchangeable Na, K, Ca
and Mg in soil were determined in the ammonium acetate extract [15] by flame photometry (Na, K)
and atomic absorption spectrometry (Ca, Mg). Available Fe, Cu, Mn and Zn in soil were measured in
the DTPA extract [16] by atomic absorption spectrometry.
2.6. Statistical analysis
Fresh yield and chemical properties data were subjected to 2-way analysis of variance followed by
treatment mean comparison using Tukey’s Honesty Significant Difference (HSD) Test at 5% level of
significance.
3. Results
3.1. Growth performance of pechay on different growing media preparations as affected by N
fertilization
Table 1. Fresh weight, number of leaves and root length of pechay grown for 27 days after
transplanting as affected by different growing media and N fertilization at different cropping period.1
Fresh Weight (g/plant)
Treatments
2nd
3rd
1st Crop
Crop
Crop
T1 –soil
14.96 d
20.12 e
47.83 c
110.00
T2 –soil + F SMS
2.00 d
2.84 f
b
T3 –soil + WSMS
83.80 c
63.84 c 93.6 0 b
T4 –soil + CSMS
20.20 d
35.27 e 91.63 b
T5 –soil + ½ N
26.70 d
25.26 e 81.19 b
T6 –soil +FSMS + ½N
15.40 d
49.8 d 128.13 a
116.27
117.70
T7 –soil + WSMS + ½N
182.30 a
b
b
T8 –soil + CSMS + ½N
167.30 a 147.34 a 143.20 a
T9–soil + 100% N
60.50 c
17.85 e
36.50 c
T10 –soil + FSMS +
20.80 d
44.4 d 144.97 a
100%N
T11 –soil + WSMS +
214.60 a
71.67 c
53.30 c
100%N
T12 –soil + CSMS +
140.00 b
57.16 c
51.40 c
100%N
1

Means followed by the same letter(s) are not significantly different from each other based on Tukey's HSD test at 5% level
of significance.

The fresh weight of pechay was significantly affected by different growing media and N fertilization
at different cropping (Table 1). During the first crop, the average fresh weight of pechay from T11 was
highest at 214.6 g while the lowest value of 2.0 g was from T2. Treatments with WSMS as soil
amendments with 100% and 50% of urea added had higher yield compared to other treatments. Plants
grown in CSMS + 100% RR of urea performed better than those with FSMS and pure soil but inferior
to those with WSMS. N fertilization significantly enhanced growth in terms of average fresh weight
since T3 (with WSMS) and T4 (with CSMS)which have 0% RR of urea added gave a significantly
lower gross weight of 83.3 g and 20.2 g, respectively. Lowest yield was obtained in T2 which is
composed of GS + FSMS only. During the second crop, significantly higher fresh yield was obtained
in treatments with WSMS and CSMS at 1/2 RR of N fertilizer. Plants from treatments with FSMS are
consistently inferior compared to other media regardless of the N fertilization. The full rate of N
fertilization did not result in high yield as compared to 1/2 RR of N fertilizer. Lowest yields were
observed from growing media in soil + FMS, soil alone at all levels of N fertilizer and soil + CSMS
without N fertilizer. On the 3rd crop, plants grown in treatments with FSMS had higher or comparable
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yield to other treatments across different levels of N fertilizer application. A significantly lower yield
was obtained from treatments with WSMS and CSMS with a full rate of N fertilizer and those from
the control (soil alone) and soil + full RR of N fertilizer.
3.2. Chemical properties and nutrient availability of the growing media
The chemical properties of the different growing media were presented in Tables 2a, 2b, and 3a, 3b.
Significance differences were observed on pH, EC, Total C, Total N, C/N ratio, available N and
available P before and after cultivation of pechay for three cropping (Table 2). Before plant cultivation
Table 2a. The pH, electrical conductivity (EC), total C, total N, C/N ratio, available N and available P
of growing media used in the experiments before planting and after the first cropping.1
Total Total
Avail.
Avail.
EC
C/N
Treatments
pH
C
N
N
P
uS/m
ratio
(g/kg) (g/kg)
(mg/kg) (mg/kg)
Before planting
28.82
Soil
5.92 c 126 e
1.44 c
42 c
c
12.00 e 62.00 a
1021
37.78
Soil + FSMS
7.02 b
1.8 b
68 a
b
5.20 f
54.00 b
b
22.96
Soil + WSMS
8.39 a 2640 a
2.7 a
62 b
c
14.85 d 65.00 a
70.91
Soil + CSMS
8.02 a 803 c
1.1 d
78 a
a
6.80 f
32.00 c
After First Crop
26.25
T1 –soil
6.54 c 145 e
42 c
1.6 c
4.20 f
59.00 b
c
37.00
T2 –soil + F SMS
8.17 a 466 d
74 a
2.0 b
3.20 f
52.92 b
b
26.15
T3 –soil + WSMS
8.68 a 837 c
67 a
2.6 a
12.80 e 63.70 a
c
83.70
T4 –soil + CSMS
8.16 a 417 d
77 a
0.92
5.40 f
31.36 c
a
18.26
T5 –soil + ½ N
5.83 c 428 d
42 c
2.3 b
18.20 d 58.00 a
c
36.67
T6 –soil +FSMS + ½N
7.85 b 432 d
66 a
1.8 b
6.24 f
53.13 b
b
20.69
T7 –soil + WSMS + ½N
8.44 a 986 c
60 b
2.9 a
28.00 c 63.95 a
c
50.67
T8 –soil + CSMS + ½N
8.05 a 709 c
76 a
1.5 c
26.80 c 31.49 c
b
19.52
T9–soil + 100% N
6.00 c 426 d
2.1 b
41 c
c
42.00 a 42.00 c
7.81
31.82
T10 –soil + FSMS + 100%N
473 d
2.2 b
ab
70 a
c
8.42 ef 51.54 b
1037
22.76
T11 –soil + WSMS + 100%N
8.29 a
2.9 a
b
66 a
c
32.28 b 62.04 a
7.88
40.00
T12 –soil + CSMS + 100%N
744 c
1.9 b
ab
76 a
b
27.54 c 30.54 c
1

Means followed by the same letter(s) are not significantly different from each other based on Tukey's HSD test at 5% level of significance.

mixing of different SMS preparation increased the pH, EC and total C of growing media compared to
soil alone (Table 2a). The magnitude of pH increase was higher due to WSMS and CSMS addition
than the FSMS. The EC was increased significantly by SMS addition to growing media with the
highest increase due to WSMS. The total C also increased due to the mixing of SMS especially the
CSMS. FSMS and WSMS increased slightly the total N content but CSMS decreased the total N of the
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growing media. Consequently, highest C/N ratio was observed due to the addition of CSMS. The
available N and P were significantly enhanced by WSMS addition but reduced due to FSMS and
CSMS based on the control soil.
After the first (Table 2a) and second crop cultivation (data not shown), the pH, EC, and total C
followed the same trend to that observed before crop cultivation regardless of the N fertilization. On
the other hand, the total N, C/N ratio, available N, and P showed considerable differences and patterns.
The total N was increased due to N application that consequently decreased the C/N ratio. However,
the available N levels showed greater variability and behave differently compared to total N (Figure 1).
Addition of N fertilizer increased the available N concentration in growing media with WSMS and
CSMS but not in growing media with FSMS. The available P followed the same trend with available
N but of lower magnitude. In table 2b, noticeable increase EC, available N and P and the decrease in
total C and C/N in FSMS amended treatments as compared to other treatments and to its previous
values obtained after the first and second crop. On the other hand, the available N and P of treatments
with WSMS and CSMS supplied with 100% RR of N fertilizer declined and the values were even
lower compared to WSMS and CSMS treatments with 1/2 N fertilizer.
Table 3a, showed a significant increased on the exchangeable K, Ca, Mg and Na and available Cu, Mn,
and Zn due to mixing of different preparations of SMS before planting and after the first crop.
Although the three preparations did not differ significantly, a higher concentration of exchangeable
basis and available micronutrient was observed due to carbonized SMS. Only the available Fe were
not altered significantly by mixing different SMS preparations with soil in the growing media. After
the second crop (data not shown) and after the 3rd crop (Table 3b), a general decrease of the
exchangeable K, Ca, Mg and Na and available Cu, Mn, and Zn were observed. However, after the 3rd
Table 2b. The pH, electrical conductivity (EC), total C, total N, C/N ratio, available N and available P
of growing media used in the experiments.1
Total Total
Availabl Availabl
EC
C
N
C/N
eN
eP
Treatment
pH
uS/m (g/kg) (g/kg)
ratio
(mg/kg)
(mg/kg)
After 3rd Crop
T1 –soil
6.12 c 146 d
42 c
1.5 b
28.00 c
4.38 e
32.28 b
T2 –soil + F SMS
7.94 a 824 a
52 b
1.7 b
30.23 b
38.28 b
64.22 a
T3 –soil + WSMS
8.04 a 423 b
61 a
1.6 b
38.13 b
16.28 d
36.12 b
T4 –soil + CSMS
7.72 a 386 c
76 a
0.8 c
90.48 a
12.18 d
21.48 c
T5 –soil + ½ N
5.82 c 468 b
41 c
1.8 b
22.78 c
19.22 c
32.18 b
7.41
T6 –soil +FSMS + ½N
ab 892 a
46 b
2.3 a
20.00 c
48.24 a
52.12 a
T7 –soil + WSMS + ½N
7.88 a 827 a
48 b
2.5 a
19.20 c
43.24 b
42.13 b
7.62
T8 –soil + CSMS + ½N
ab 726 a
74 a
2.4 a
30.83 b
39.48 b
24.18 c
T9–soil + 100% N
5.68 c 548 b
42 c
1.8 b
23.33 c
24.12 c
24.17 c
7.54
T10 –soil + FSMS + 100%N
ab 926 a
48 b
2.3 a
20.87 c
58.34 a
48.26 a
T11 –soil + WSMS + 100%N 8.00 a 724 a
49 b
2.7 a
18.15 c
19.24 c
24.00 c
7.58
T12 –soil + CSMS + 100%N
ab 634 b
72 a
2.1 a
34.29 b
18.26 c
16.21 d
1

Means followed by the same letter(s) are not significantly different from each other based on Tukey's HSD test at 5% level of significance
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Figure 1. Amount of available N in the growing media before and after each crop of pechay for 3
consecutive cropping. Solid black line indicate the initial level of available N in soil.
crop, the amounts of exchangeable K and Ca in WSMS and CSMS in 1/2 RR and 100% RR N
fertilized were significantly lower compared to other treatments. The exchangeable K and Ca in
WSMS and CSMS in 1/2 RR and 100% RR N fertilized decreased in higher magnitude compared to
others while those with FSMS had increased considerably.
4. Discussion
The variable growth based on the fresh yield of pechay grown in different growing media with
different levels of N fertilization and at different successive cropping is an indication of the potential
of different preparation of SMS as a component growing medium of potted plants. Our results showed
how these different preparations would affect nutrient availability especially on N and P. The variable
growth of pechay could be attributed to differences in the chemical properties of the different soil:
SMS mixtures with different preparation as affected by time. Based on the initial chemical analysis
Table 3a. Exchangeable K, Ca, Mg and Na and the available Fe, Cu, Mn, and Zn of growing media
used in the experiments after the first crop.1
Exchangeable Bases
Available Micronutrients
Treatments and Soil
K
Ca
Mg
Na
Fe
Cu
Mn
Zn
Preparations
(g/kg)
(g/kg) (g/kg) (g/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
Before planting
0.38 c
3.67 b
0.58
0.35
1.85 a
1.38 b
6.40 b
2.12 b
Soil
b
b
Soil + FSMS
0.43 b
4.11 a 0.65 a 0.39 a 2.07 a
1.55 a
7.47 a
2.37 a
Soil + WSMS
0.45 a
4.32 a 0.68 a 0.41 a 2.18 a
1.62 a
7.53 a
2.49 a
Soil + CSMS
0.46 a
4.80 a 0.70 a 0.42 a 2.22 a
1.66 a
7.68 a
2.54 a
After First Crop
0.39 c
3.62 b
0.58
0.34
1.70 a
1.43 b
6.24 b
2.18 b
T1 –soil
b
b
T2 –soil + F SMS
0.42 c
4.03 a 0.64 a 0.38 a 2.03 a
1.51 a
7.02 a
2.33 a
T3 –soil + WSMS
0.44 a
4.23 a 0.67 a 0.40 a 2.13 a
1.59 a
7.38 a
2.44 a
T4 –soil + CSMS
0.45 a
4.70 a 0.68 a 0.41 a 2.17 a
1.62 a
7.52 a
2.49 a
0.32 d 3.58 b
0.59
0.36
1.78 a
1.39 b
6.45 b
2.01 b
T5 –soil + ½ N
b
b
T6 –soil +FSMS + ½N
0.42 b
4.04 a 0.64 a 0.39 a 2.04 a
1.52 a
7.05 a
2.34 a
T7 –soil + WSMS + ½N
0.44 a
4.25 a 0.67 a 0.40 a 2.14 a
1.60 a
7.41 a
2.45 a
T8 –soil + CSMS + ½N
0.45 a
4.72 a 0.68 a 0.41 a 2.18 a
1.63 a
7.55 a
2.50 a
0.28 d 3.64 b
0.52 0.42 a 1.68 a
1.32 b
6.14 b 2.21 ab
T9–soil + 100% N
b
T10 –soil + FSMS +
0.41 c
3.92
0.62 a 0.39
1.98 a
1.48 a
6.84 a 2.27 ab
100%N
ab
b
T11 –soil + WSMS +
0.43b
4.12 a 0.65 a 0.39 a 2.08 a
1.55 a
7.18 a
2.38 a
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100%N

0.44 a

4.58 a

0.66 a 0.40 a
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2.12 a

1.58 a

7.33 a

2.43 a

1

Means followed by the same letter(s) are not significantly different from each other based on Tukey's HSD test at 5% level
of significance.

conducted before cropping, SMS mixture would increase the pH of soil which could be attributed to
the liming contents of SMS during its preparation. Calcium sulfate is added on the mushroom
substrate during preparation to neutralize the pH of the composting mixture of residues and to supply
the suitable level of Ca for mushroom [17]. The pH observed in the growing media is quite high than
the normal pH for crops which is about 6.5 [18]. Increase in pH will affect nutrient dynamics
especially the availability of P and other micronutrients (Table 2a and Table 3a). Similarly, the EC
values in SMS amended growing media was increased due to SMS preparations indicating the
capacity of SMS preparation to increase the soluble nutrients in the growing media. This is supported
by a higher concentration of exchangeable basis and available micronutrients determined after crop
cultivation. However, it should be noted that before crop cultivation, the EC of the growing media
with different SMS exceed the suggested reference level (605 uS m-1) [17].
Based on the data presented, the different preparations of SMS had greatly affected the N availability
in the growing media. It appeared that FSMS will result to high N immobilization throughout the
duration of the first and 2nd cropping period resulted in an inferior growth of pechay even in the
presence of full rate of N fertilizer. This could be attributed to high C/N ratio and the nature of organic
C present in the growing media containing FSMS (Figure 1). It should be noted that the Nimmobilization in FSMS containing growing media was occurring at a very high rate because the
added N fertilizer did not improve the growth of pechay (low fresh weight) and that the available N
levels after crop cultivation remained low (Table 1, 2a, 2b). In contrast, WSMS and CSMS showed
higher N availability (Table 2a and 2b) which implied that net N mineralization takes place.
Weathering of SMS prior to mixing in the growing media resulted to low C/N ratio that favored
mineralization [19], [20]. In fact, the addition of WSMS slightly increased the available N in the
growing media indicating that WSMS released some available N ready for plant uptake. Consequently,
additional N fertilizer increased the available N for plant use resulted in enhanced growth of pechay
during the first and second crop. On the other hand, carbonization process of SMS transformed the
SMS-C into a non-bioavailable form that is not reactive to microbial attack [21], [22]. Even if the C/N
ratio of the growing media containing CSMS is high, this did not result to biological N immobilization.
Probably, CSMS had increase available N absorption into the C matrix that resulted to N-fixation
(physical N-immobilization) as can be observed by low growth of pechay receiving half rate of
fertilizer N [20]. During the 3rd crop, a considerable increased in the fresh yield of pechay in growing
media containing FSMS while those plants grown in media containing WSMS and CSMS had low
fresh yield regardless of the N fertilizer level (Table 1). The increase in yield in FSMS containing
growing media could be attributed to an increase in available N and P, and other nutrients as indicated
in the residual nutrients after the 3rd crop. This would imply that at this stage, FSMS was able to reach
a condition that promotes nutrient mineralization rather immobilization as observed during the 1st and
2nd cropping, hence an increase of nutrients occurred (Table 2c and 3c). In contrast, the decline in
fresh yield of pechay from WSMS and CSMS containing growing media despite the supply of N
fertilizer would indicate that some other nutrient became limiting for optimal growth as indicated in
lower K and Ca contents in these treatments. It appeared that at 3rd-crop, nutrient imbalance occurred
in WSMS and CSMS containing media causing slow growth of test plant. This nutrient imbalance
could be due to previous nutrient uptake depleting some nutrients.
Table 3b. Exchangeable K, Ca, Mg and Na and the available Fe, Cu, Mn, and Zn of growing media
used in the experiments after the third crop.1
Exchangeable Bases
Available Micronutrients
Treatments
K
Ca
Mg
Na
Fe
Cu
Mn
Zn
(g/kg)
(mg/kg)
After Third Crop
T1 –soil
0.35 c 3.56 b 0.50 c 0.32
1.68
1.42
6.02 2.10 b
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T2 –soil + F SMS

0.48 a

4.28 a

0.62 b

T3 –soil + WSMS

0.42 b

4.12a

0.63 b

T4 –soil + CSMS

0.40 b

4.24 a

0.62 b

T5 –soil + ½ N

0.32 d

3.46 b

0.58 b

T6 –soil +FSMS + ½N

0.46 a

4.38 a

0.68 a

T7 –soil + WSMS + ½N

0.36 c

3.08 b

0.60 b

T8 –soil + CSMS + ½N

0.38 c

3.34 b

0.55 c

T9–soil + 100% N

0.31 d

3.64 b

0.51 c

0.48 a

4.53 a

0.69 a

0.32 d

3.20 b

0.57 c

0.31 d

3.14 b

0.62 b

T10 –soil + FSMS +
100%N
T11 –soil + WSMS +
100%N
T12 –soil + CSMS +
100%N

b
0.43
a
0.38
a
0.39
a
0.34
b
0.46
a
0.41
a
0.42
a
0.40
a
0.44
a
0.37
a
0.40
a
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a
2.16
a
2.06
a
2.01
a
1.84
a
2.13
a
2.02
a
2.00
a
1.79
a
2.56
a
2.19
a
2.15
a

b
1.56
a
1.32
b
1.46
b
1.36
b
1.65
a
1.56
a
1.52
a
1.34
b
1.64
a
1.48
b
1.54
a

b
6.52
b
7.06
a
7.04
a
6.33
b
6.76
a
7.16
a
7.24
a
6.14
b
6.96
a
6.88
a
7.02
a

2.46 a
2.42a
2.48 a
2.15 b
2.53 a
2.38 a
2.42 a
2.22 a
2.48 a
2.30 a
2.26 a

1

Means followed by the same letter(s) are not significantly different from each other based on Tukey's HSD test at 5% level
of significance.

5. Conclusions
Overall, our study has shown that the different preparation of SMS as a component in growing media
of potted plants resulted to varying biochemical properties affecting nutrient dynamics and availability.
Based on our results, WSMS is the best preparation for the component in growing media as it
increases the N and P availability, favorable C/N ratio and increased micronutrient contents. CSMS
could be favorably used as a component of growing media as it also improves nutrient availability
especially increasing the exchangeable basis and available micronutrient essential for plant growth.
This would also follow that WSMS and CSMS will be appropriate as soil amendments in the field
compared to the addition of FSMS which could be detrimental to N availability immediately after
application. Application of FSMS may cause nitrogen immobilization for a prolonged period which
may result in nitrogen deficiency of existing crops or newly planted crops when applied directly to the
soil. Therefore, WSMS and CSMS could be used in the preparation of growing media or as soil
amendments that will contribute to their disposal in an environment-friendly way and reduces the need
for peat simultaneously.
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Abstract: Our civilization is facing a series of environmental problems, including global
warming and climate change, which are caused by the accumulation of green house gases in
the atmosphere. This article will briefly analyze the current global warming problem and
propose a method that we apply algae cultivation to absorb carbon and use shellfish to
sequestrate it. Despite the importance of decreasing CO2 emissions or developing carbon-free
energy sources, carbon sequestration should be a key issue, since the amount of carbon dioxide
that already exists in the atmosphere is great enough to cause global warming. Algae
cultivation would be a good choice because they have high metabolism rates and provides
shellfish with abundant food that contains carbon. Shellfish’s shells, which are difficult to be
decomposed, are reliable storage of carbon, compared to dead organisms like trees and algae.
The amount of carbon that can be sequestrated by shellfish is considerable. However, the
sequestrating rate of algae and shellfish is not high enough to affect the global climate.
Research on algae and shellfish cultivation, including gene technology that aims to create
“super plants” and “super shellfish”, is decisive to the solution. Perhaps the baton of history
will shift to gene technology, from nuclear physics that has lost appropriate international
environment after the end of the Cold War. Gene technology is vital to human survival.

1. Introduction
Our civilization is facing a series of environmental problems, including global warming and climate
change, which are caused by the accumulation of green house gases in the atmosphere. Various
possible methods have been proposed including industrial recycling, compressing it into the ocean
floor, replacing fossil fuels with solar panels and land-based plant cultivation. However, the key way
is carbon sequestration, which may not be accomplished by simply planting trees because carbon will
be released again as the remnants of tree decay. Currently, the only way to permanently store carbon
on a large scale is carbonates formation, which can be achieved by using shellfish to transform the
carbon in the atmosphere into calcium carbonates.
2. Current environmental problems
2.1 Global warming and sea-level rise
2.1.1 Data from NASA
Currently, we are facing a severe global-warming problem. Based on research data from various
research institutions, it can be concluded that global warming is indeed occurring, and that the
increasing accumulation of greenhouse gases such as carbon dioxide in the atmosphere is causing the
green-house effect to be more and more notable.
The global temperature data provided by NASA[1] (as shown in Figure 1) over the past few decades
shows a growth of temperature of about 0.94 degrees Celsius, compared with that in 1880. Its global
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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temperature map also shows the global average temperature with a significant increase, especially the
annual average temperature in the Northern Hemisphere.
The diagrams below show that global warming is indeed occurring; it is not a hoax. This dramatic
warming process has been happening over the past one hundred years, indicating the seriousness of the
global warming problem that the earth is facing.
The sea-level rise, which is at least partially caused by global warming, can be proved by the diagram
provided by NASA [2] (as shown in Figure 2):

Figure 1, Temperature Anomaly.

Figure 2, Sea Level Change.
2.1.2 Data collection in Zhoushan
However, the data provided by NASA and IPCC is too far away from where I live--the melting
icecaps are in Antarctica, thousands of miles away. In order to search more local sea-level data and
make further proof of sea-level rises, I went to the Zhoushan monitoring center of National Maritime
Bureau and asked for assistance (Figure 4). By looking up local sea -level measurements, which
accumulated for decades, and comprehensive analysis of data sampling of observation points, a chart
was drawn (Figure 3):

Figure 3, Sea Level Change
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From 1980 to 2016, the average rising speed of the sea-level near Zhoushan was 4.5mm/year, which
was close to the data provided by the fourth assessment of the IPCC. An increasing rate of 4.5mm per
year seems very little, but with the accelerating melting speed of the glaciers in Antarctica and
Greenland, the actual sea-level rise by 2050 will be considerable.
According to the data, the sea level rise is consistent with global warming. Although the theory that
the sea level rising should be completely attributed to global-warming is not proofed, there is no doubt
that global warming caused the melting and disintegration of glaciers and icecaps, and forced the
sea-level to rise.

Figure 4, Zhoushan Data Collection

Figure 2. Most Recent CO2 Emission Data by Countries and Sectors
(Note that the following regional designations: FSU=republics of the former Soviet Union, D1=15 other developed nations, including
Australia, Canada, S. Korea and Taiwan, D2=102 actively developing countries, from Albania to Zimbabwe and D3= 52 least
developed countries, from Afghanistan to Zambia.)

Figure 5, CO2 Emissions

2.2 Carbon emissions
2.2.1 Industrial carbon-dioxide emissions
Except for a tiny decline in carbon-dioxide emissions in the early 1980s, which was partially caused
by the energy crisis, the world’s carbon-dioxide emission has increased by 46 percent in total.
[3] (as shown in Figure 5)
The amount of carbon-dioxide in the atmosphere is increasing because the carbon cycle was broken by
the emission of greenhouse gases, creating more carbon-dioxide than plants and the formation of
calcium carbonate can absorb.
2.2.2 CO2 emissions from forest loss
G. R. van der Werf mentioned in his research report that “Within the science and policy communities,
carbon emissions from deforestation and forest degradation have been estimated to account for about
20% of global anthropogenic CO2 emissions.”[4]
Forest loss greatly decreased the amount of carbon-dioxide that is absorbed and contributed 20% to
the total carbon-dioxide increase. Though 20% is a relatively small percentage, compared with that
caused by industrial emissions, this carbon emission illustrates the fact that plants are vital in
controlling the green-house effect because they are one of the most important parts of the earth that
transfers carbon-dioxide into organisms. Forest loss creates a greater gap between the production and
the absorption of carbon-dioxide. Thus, based on current technology levels, the use of plants is a vital
way to sequestrate carbon-dioxide in the atmosphere and fix the carbon cycle.
2.3 Brief analysis of global warming problem
In brief, the global-warming problem is caused by the inefficiency of modern day carbon-free energy
sources like solar energy, wind energy, hydro-power and nuclear energy.
Solar energy is a prospective source, but the producing process of solar panels is not only costly, but
also pollutes the environment with chemicals, including lead and cadmium.
The suitable areas for wind farms and hydropower stations are also limited.
Bio-fuels and methane are regarded as “clean energy”, but they emit greenhouse gases, like CO2 and
CH4. In some situations, using bio-fuels may be an irrational measure because a lot of grains would be
consumed, which are needed by people who suffer from famine in South-Sahara regions.
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Although nuclear energy comparatively produces little green-house gases and nuclear power stations
can be built in many places, it causes political problems, in which no country can guarantee that those
nuclear fuels are not used for military purposes. It is a difficult task to landfill nuclear waste without
polluting local environments. Moreover, there are many legitimate objections from the public because
of concerns that the consequence of a nuclear leak would be devastating.
Thus, whether the global-warming problem would be successfully and completely solved depends on
the technology developments of clean energy.
However, based on technology, there are lots we can do in order to slow down the warming trend. In
addition to expecting technological breakthroughs in nuclear fusion, we can sequestrate the carbon by
using plants. Simply planting trees may not be an effective method because the carbon absorbed by
trees will be released again after the trees die. There is not much land to grow extra plants on the
continent, while there are huge amounts of water areas that remain uncultivated (Figure 6). So, it is
possible to grow algae in some areas in which the growing algae is relatively easy to control (to
prevent it from growing all around the world). In order to solve the problem of decay, we can let
shellfish to sequestrate the carbon that is in the form of organic compounds into calcium carbonates.

Figure 6, Uncultivated Water Areas [5]
3. Algae Cultivation
3.1 Brief introduction
Algae cultivation aims to reduce the green-house effect in the atmosphere by using algae to absorb
carbon-dioxide and letting algae sink into deep oceans. Carbon, together with the remnants of algae,
would be stored in deep oceans, on the seafloor, for several centuries.
Since algae is a fast-growing species, the effort we would need to spend to cultivate them is very little.
It is widely known that the ability to grow fast is not a trouble, since some algae reproduce quickly and
pollute water areas, causing “red tides”, but fast-growing is also a quality that can be used to absorb
carbon-dioxide in a large scale.
In addition to the fast-growing quality, algae that live on the ocean surface (such as plankton) can be
controlled by adding and reducing the amount of nutrients in the ocean.
3.2 Effectiveness of algae
Since each solution listed above has its insufficiencies, algae is outstanding, compared with the
drawbacks of the other solutions. Carbon Recycling Process can only absorb a little amount of
carbon-dioxide, while algae have a large potential to reduce carbon-dioxide from all around the
atmosphere. Compressing carbon-dioxide into the seafloor is risky if we put exceeding amounts of
green-house gases into it. Algae, however, can sink onto the seafloor as remnants of organisms, being
prevented from being transformed into carbon-dioxide. Also, the costs of Tung trees’ cultivation on
coastal deserts are also high, preventing this solution from coming true. In contrast, cultivating algae is
cheap.
Land-based plants contribute 52% of the total carbon-dioxide absorbed by the earth’s biosphere, while
ocean-based algae contributed 45% to 50% of that, which means that despite their small size, algae
can absorb carbon-dioxide efficiently because of their comparatively short life cycles. Algae can even
reduce the amount of carbon-dioxide in the atmosphere more if we can support them with the
appropriate environment, including temperature, nutrients (iron is one of the most important and
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effective ones), sunlight and the number of animals that eat them. Thus, algae cultivation is a
promising solution to reduce greenhouse effects.
The effectiveness of algae can be well illustrated by an experiment. A group of scientists from Alfred
Wigner Polar Oceanographic Institute, claim that if we put extra iron into some water areas, algae is
able to grow much more rapidly and absorb more carbon-dioxide. In February 13th, 2004, they sprayed
7 tons of FeSO4 into acidic sea water, covering approximately 167 square kilometers of water area,
and monitored the change of algae growth in the following five weeks. As they predicted, six species
in diatoms grew rapidly. After that, researchers stopped adding iron and saw that the majority of
diatoms died and sunk onto the seafloor, which proved that the growth of algae can be partially
controlled. Its low cost is attractive because this method could be used extensively, in oceans all
around the world, to absorb considerable amounts of greenhouse gases.
It is true that this method may show many drawbacks after being applied, but at least, the potential of
algae is fully displayed.
John Martin, a marine scientist of the Marine Observation Station in California, said, “If you give me
half a tanker of iron, I can return you an ice age.”
3.3 Cultivation in restricted areas and marine ranches
3.3.1 Brief introduction
Despite the low price, problems, including the difficulty to control and the potential emission that will
happen centuries later, will be caused if we apply iron fertilizers to open oceans. One way to avoid
them is to cultivate algae in restricted areas, which means letting algae grow on ropes that extend into
the ocean. Constructing pipes under the ropes that transport carbon-dioxide and releasing it for algae
to use could also be a method. Algae can grow 1-2 centimeters per day, while they can grow much
faster if they absorb extra carbon-dioxide. When the algae is bigger and longer, storing more carbon
from the atmosphere and the gas we apply, we should harvest them. While in open sea areas, algae is
difficult to collect and store, we just need to pull up the ropes and harvest them if algae is cultivated on
ropes, which means it is restricted. After harvesting, we can either use it to generate electricity or
sequestrate it.

Figure 7, Red Tides
Figure 8, Chlorella
While fertilizer could improve the productivity of farmlands, it can also increase the amount of
harmful algae and form “red tides”. If we cultivate kelp in these areas, nutrients in the sea water would
be largely absorbed and would not promote the growth of “red tides”(as shown in Figure 7 [6]) and
harm fisheries . Thus, the bio-diversity in coastal would also be protected.
For a marine ranch that aims to sequestrate carbon, there are two possible choices of algae.
If we need to harvest algae for subsequent treatments, large algae, like kelp would be a better idea.
Though small algae, such as chlorella (Figure 8 [7]), can grow rapidly, they are difficult to harvest and
process because they distribute all around the surface of the water, forming a very thin layer of
organisms and sinking quickly. In contrast, large algae can be controlled to grow on ropes.
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However, if there is no need to harvest algae, single-cell algae would be a better choice because of its
fast metabolism rate. They can also be easily absorbed by shellfish.
Through previous experiments, Martin J.H. and Fitzwater S.E. [8] proposed that in ocean areas with
high nutrition content and low chlorophyll content, the limiting factor for algal growth is Fe, which
means if enough amount of Fe is provided, algae growth can be greatly improved. Other fertilizers are
needed to cultivate either single-celled algae or multicellular algae, which will not be introduced in
this article.
3.3.2 Subsequent treatment
Subsequent Treatment is the key process to algae cultivation because the way we process the remnants
of algae directly determines whether the whole process will make sense for carbon sequestration.
The target is that we should not let the carbon kelp have an absorbed flow into the atmosphere, in
other words, to store the carbon. Three sequestrating methods will be introduced in this passage.
3.3.2.1 Generating electricity
The most fundamental way to generate electricity is to burn combustibles, mainly fossil fuels, to
generate steam, to rotate the steam turbine and to generate electric power (as shown in Figure 9[9]).
However, the fundamental problem is that burning fossil fuels releases the carbon that was previously
stored in the crust, and thus increases the amount of carbon-dioxide in the atmosphere. If what we
burn is not fossil fuels and we burn plants instead, the carbon-cycle will be reestablished. The amount
of carbon we emit by generating electricity will be the exact number those carbon plants absorbed.
Then the question is what kind of plant should we burn? It is obvious that we cannot burn the trees,
which was rejected by the United Kingdom in the 19th century because of the consumption of forest
resources.

Figure 9, Generating Electricity
Compared with the disadvantages of burning trees, kelp seems a feasible idea. After being harvested
and dehydrated, kelp can be used as fuel. The calorific value of standard coal is 29.27MJ/kg, while the
average calorific value of dehydrated algae is 12.16MJ/kg, which means the potential heat that can be
generated by kelp will be considerable.
However, if we want to completely fix the carbon cycle by simply using the remnants of kelp to
generate electricity, the use of fossil fuels must be totally abandoned, which is currently impractical .
The cycle itself, cultivating kelp and burning them, does not absorb any extra carbon in the
atmosphere but consumes energy that needs to be used to manufacture fertilizers. It is clear that how
much carbon it can sequestrate directly will depend on the amount of fossil fuels we are going to save.
Unfortunately, the amount of fossil fuel that is going to be saved is limited because the cost of burning
algae is apparently higher than excavating and using fossil fuels. Currently, using dehydrated kelp is
not a practical idea.
3.3.2.2 Sequestration by shellfish
The only way that the earth itself permanently decreases carbon-dioxide in the atmosphere is to
sequestrate it into calcium carbonates. The carbon absorbed by other methods, including
photosynthesis and seawater dissolution will eventually be emitted into the atmosphere again. To
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permanently store carbon, we not only need to use photosynthesis to change it into organic tissue, but
must find a reliable way to store the organisms-- and storing it in shellfish’s shell, which mainly
consists of calcium carbonates, is a good idea. Shellfish can transform the carbon from organisms
into calcium carbonates by using this process:
Ca2++2HCO3-═CaCO3↓+CO2+H2O
Since chlorella cannot be controlled by binding it on a rope, it needs to be restricted in an area by
physical measures. Otherwise, the chlorella might float everywhere around the ocean with the tides
and ocean currents. Dams are a possible choice for restriction, for the mature technology and good
effect, which is greater than any of the chemical or biological restrictions. For the whole locked water
area, the water inlet and the water outlet need to be designed in the middle of the dam, which looks
like a tidal power station (as shown in Figure 10 [10]). However, the inlet and outlet water speed,
especially outlet water speed needs to be small enough to not discharge too many organisms, or we
cannot achieve the best results and will pollute nearby sea areas.

Figure 10, Tidal Power Station
The most significant drawback of dams which damages local bio-diversity, needs not to be of concern
because the chlorella cultivation has already destroyed local ecosystems. Actually, if we want to keep
local environments constant everywhere on the earth, not changing them in some way, it is impossible
to achieve the sequestration of carbon-dioxide. Usually when we need to improve the environment in
areas, we have to sacrifice others, though at a different intensity. Global Warming is more severe than
local ecosystems. Thus, building dams is an acceptable method.
After the small algae that live on the surface of the water die, they sink into the water and can be
absorbed by shellfish as nutrition. Carbon would be sequestrated in its shell as the shellfish grows.
Other than the permanent storage of carbon, the most significant advantage is that shellfish has a high
filtration efficiency, which enables them to use nearly all the organisms that distribute in seawater
nearby and transform them into a part of their shells quickly. It has been proved that breeding shellfish
on large scales has significant effects on regulating organisms in local water areas.
To absorb the remnants of algae that lives on the surface of the water and store them permanently,
large amounts of shellfish need to be bred on the seafloor near coastlines. If it succeeds, unlike
burying the remnants of kelp into ground, we do not need to do anything because calcium carbonates
are extremely difficult to dissolve in seawater, creating a nearly permanent storage on the time scale of
human civilization.
Some people may not desire to use biological methods because these methods do not appear as
efficient as drilling a hole and compressing carbon-dioxide into seafloor. However, if the amount of
shellfish is great enough, it would be the most efficient solution because of its low cost and high
productivity. Zhang Jihong, a researcher in aquiculture ecology, announced that 1hm2 of chlamys
farreri (1125000 per hm2) sequestrates 3.36 tons of carbon [11]. Though the chlamys farreri was not
provided by intensive organisms as nutrition, it can still sequestrate 336tons of carbon per square
kilometer. Thus, the carbon that can be sequestrated by shellfish is considerable.
It is believed that the white remnants on the Dover Cliff contribute to the climate significantly by
storing carbon in the atmosphere. Those white cliffs display natural carbon sequestration process that
happens near coastlines all around the world. As a species that is trying to make up for the
environmental loss created by us, we can learn from nature and apply the process on a more
concentrated scale to store the carbon.
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4. More ambitious plans
4.1 Enlargement of cultivating scales
Since our civilization extremely relies on fossil fuels, it is impractical to suddenly quit using it or to
greatly decrease the use. Otherwise, the global economy will collapse. In order to sequestrate the
carbon on a much larger scale and cancel out the emission of green-house gases, we have to plant
algae and shellfish on broad water areas, such as the Hudson Bay.
To cultivate algae on the surface of bay areas, the length of dams needed would be relatively short,
compared to the broadness of water areas. It is true that the ecosystem in the bay would be destroyed
by algae that cover the whole water surface, but the beneficial aspects would be more important than
the drawbacks, which is the remission of the global warming problem.
4.2 Visions of “super plants” and “super shellfish”
Despite many of the advantages that algae cultivation may have, algae, including kelp, are still not the
perfect species of plants that reduce the amount of carbon-dioxide in the atmosphere. There might be
potential diffusion problems, and the cost will be high, too. All plants on earth have evolved in the
way we see today because they need to compete with other organisms, rather than absorbing
carbon-dioxide. In order to effectively mitigate the greenhouse effect, we must genetically modify the
plant's genes and make "super plants" for our use.
An ideal “super plant” would meet these following conditions.
First, a “super plant” must have a high rate of photosynthesis to capture the energy in sunlight
efficiently and grow quickly. This is the main reason why we expect to have a “super plant”-the
photosynthesis efficiency of current plants, even including algae, is far below the demand, which is
using them to change the amount of carbon-dioxide significantly.
Second, its Light Saturation Point(LSP) should be high enough to make full use of abundant tropical
sunlight. Typically, a plant species with high photosynthesis efficiency would have relatively low LSP,
being appropriate to high-latitude environments but unsuitable for tropical regions.
Third, although we could provide extra nutrients via fertilizers, the “super plant’s” demand of nutrients
should not be too high. Otherwise, producing these fertilizers may cost a lot of energy (the total
consumption of manufacturing 1 ton of CO(NH2)2 is 1555.49kg standard coal, including the raw
material and fuel [12]). Plus, too much nutrients will allow plants and bacteria in this region to grow
rapidly and pollute the local environment.
Since the subsequent treatment is the key issue of carbon sequestration in plant cultivation, there
would be a huge demand for “super shellfish”. An eligible “super shellfish” may meet the following
requirements.
The first is that “super shellfish” need to have high metabolism rates and good filtration ability to
absorb organisms in the water quickly, which is the major goal of “super shellfish”. The shellfish we
have needs tremendous amounts of seafloor to produce a notable decrease of carbon-dioxide in the
atmosphere. The whole process will make little sense if the shellfish’s metabolism rate is low, even
after “super algae” is developed because there would be much more organisms being produced than
being absorbed.
Second, the “super shellfish” must be relatively easy to breed, in order to save costs. To cover vast
marine areas, we need a tremendous amount of “super shellfish”, which leads to the demand that
“super shellfish” need to be easy to breed and can reproduce quickly.
The third is that the shell much be thick and big, to increase the portion of weight that will not decay
and can permanently store carbon.
It used to be supposed in the 1950s and 1960s, that the 21st century would be an age of atomic energy
and space colonization, so the environmental problems and energy crisis would not exist on Earth.
Such estimations were reasonable, since the development of atomic technology and space technology
were the fastest at that time. However, the energy problem has not been solved, and the development
of atomic energy and space exploration is much slower than we once estimated. Until now, one of the
major problems, which is the difficulty of using nuclear fusion to generate electricity, it is still several
decades away from being solved. It is a shame that time estimations have remained constant for fifty
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years. Instead of having breakthroughs in energy technology and spaceships, computer science and
bio-technology are developing at an amazing speed now (Figure 11 [13]). Perhaps, the mission that
remained incomplete in the 20th century, causing an energy crisis, global warming and sea-level rise,
will be accomplished through “super plants”, which can be developed by computer technology and
gene technology. Now, the baton of history has shifted to computer science and bio-technology, from
nuclear physics and space technology that lost appropriate international environments after the Cold
War. The consequence of “Transition Studies” depends on their performances.

Figure 11, Gene Technology
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Abstract. Villages in Indonesia usually does not have proper waste management and it is
affecting the environmental and social condition in those places. Local governments have been
trying to implement many kinds of solid waste management systems and yet many of them
does not bear fruit. We argue that the failure of the waste management implementation in
Indonesian villages is due to several aspects: the geographic condition of the villages, the
social conditions, and the availability of facilities and infrastructures in those villages. Waste
management should be modeled in accordance to those three aspects.

1. Introduction
Solid waste is a recurring environmental problems which affects community livelihood.
Penyangkringan, which is located in sub-district Weleri, Central Java, is also one of many local
communities that have been affected by the absence of suitable solid waste management program for
many years. About 39% of drainage networks in Penyangkringan is in bad condition because of the
solid wasted was disposed carelessly in to the drainage (RPLP Desa Penyangkringan 2017). Not only
it will affect people’s health who live there but it will also affect the environment by indirectly causing
flood and it is because the clogged drainage cannot keep the rain water. The local government has
been trying to solve the solid waste problems by implementing various solid waste management plan
on the Penyangkringan, such as implementing solid waste recycling program and giving free garbage
transports. But, the programs cannot be able to solve, even reduce, the solid waste management
problem in Penyangkringan.
Penyangkringan is characteristically a typical Indonesian village. First, Penyangkringan covers
agricultural area (rice fields), commercial area, and residence area. On the downtown area,
Penyangkringan has not only one but two traditional markets that act as the center of economy
activities in sub-district Weleri. They sell not only daily necessities but also other things like livestock
products and electronics. Second, Penyangkringan has different type of road networks. The road that
connects houses and the main road have big difference in size and characteristics. Even the narrower
roads that connect houses have different size in each neighborhood. Because of these characteristics,
local government is trying to implement different kind of solid waste transportations, in accordance
with the type of the road.
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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We identify factors hampering local waste management in Penyangkringan based on three
analytical dimensions: road network, gender roles in local social institution, and the availability of
facilities and infrastructures.
2. Literature Review
Waste management in developing countries such as Indonesia has many difficulties compared to more
developed countries. Furthermore, the solid waste generation rate in developing countries is higher
compared to the developed countries and it is because of the rapid development of urban population
and industries (Boadi, 2005). According to Ogawa (2005), there are several constraints that affecting
waste management in developing countries: technical constraint which is about the lack of human
resources, especially technical expertise, in national and local level and also the lack of research and
development activities regarding waste management. Developing countries usually do not have stable
economic and industrial development so there is no sufficient fund for development of sustainable
solid waste management system. Social aspect also takes part in constraining waste management.
Collaborative projects from the government to encourage community to take part in developing waste
management often fail because usually there are not enough people to take part in the project and the
incentive is too small.
Informal sector in solid waste management prevails because of those constraints. The lack of service
provided by the governments is seen by people who have no skill nor proper education as chances to
get money for a living. The informal recycling sector can also bring economic benefits to developing
countries as they minimize capital expenditures and maximize man power (Haan et al. in Wilson,
2006). However, the informal sector in solid management can affect health of the people working in
that sector such as exposed to toxic, infectious components, and gaseous emissions. (Cointreau in
Wilson, 2006). To decrease the negative effect, there’s a need to integrate informal sector to formal
solid waste management sector by helping organize the informal sector workers and adding value to
the recycled materials before selling them (Wilson, 2006).
Aside from integrating informal sector to formal sector, another strategy for successful
implementation of solid waste management is to increase degree of youth participation and including
their ideas, skill, and experience (Srivastava, 2005). Women participation in solid waste management
is also important due to the nature of solid waste management as house chores and it should be taken
care of by women (Abadi, 2013). Woman’s activities that related to solid waste management are:
managing traditional environment, rehabilitators of the domestic environment, innovators in the use of
new more appropriate technology, and protectors and caretakers of domestic environment (Mahapatra
in Davies, 2016)
Solid waste management studies need to look at the integration between several aspects. Social
structure and behavior can affect the availability of solid waste management infrastructure and how a
transportation path for waste transport is determined. It is also can affect the type of waste generated in
household or commercial area. Lack of research about solid waste management in Indonesia villages
can lead to inappropriate technology and model of solid waste management applied in those area. The
technology and models of solid waste management that are taken from developed countries might not
work if applied to local areas, that is the reason why local studies is needed to make wise decision
making in solid waste management.
3. Methodology
3.1. Literature review
Review of relevant literatures related to waste management in developing countries and informal
waste management.
3.2. Field survey
Field survey consists of two kind of data collecting:

Observation
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Observation was done to confirm solid waste treatment in Desa Penyangkringan. Observing several
locations in Penyangkringan and taking photos of solid waste dumped on the side-road, on the market,
and on the drainage. Observation took 2 days.

Interview
To gain information about social conditions in Penyangkringan, there is interview with several
important figures in Penyangkringan. Those important figures include KOTAKU facilitators, BKM
Barokah’s chief, Penyangkringan’s village-chief, and Weleri sub-district’s head-chief.
3.3. Data analysis
Analyzing data from field survey and compare the data with the literature review.
4. Result and discussion
4.1. Geographic conditions
Penyangkringan has an administrative area of 1.78km2. It has a large agricultural land, almost 55.49%
of land in Penyangkringan Village is land for rice fields (RPLP Desa Penyangkringan 2017). The soil
in the percolation village is partly a sedimentary soil, also called alluvial soil, which is the soil formed
from the finer material resulting from the deposition of river flows in the lowlands. Penyangkringan
Village is located in the lowlands. The average temperature in the village is 20 0C. (Central Bureau of
Statistics Kendal 2011).
Penyangkringan and other neighbor villages are separated by highways. Penyangkringan also has
small river that stretches from South part of Penyangkringan to the East part. On the West side,
Penyangkringan adjacents to rice fields.
4.2. Social conditions
According to 2017 survey data at Penyangkringan, this area has decent population of people in
productive age group (ranging from 15-64 years old, according to Organization for Economic Cooperation and Development). Around 70% population of Penyangkringan is in productive age group
(KOTAKU, 2017). The ratio between male and female population in Desa Penyangkringan is almost
balance. According to KOTAKU’s data, 29% of the female population in Desa Penyangkringan works
as housewife, which means they are the one who usually responsible for taking care of household
matter, including solid waste management. Empowering housewives to become part in the decision
making in solid waste management can help the system to grow in accordance with the social
condition in Desa Penyangkringan.
Male and Female population in Desa Penyangkringan
500
450
400
350
300
250
200
150
100
50
0

Male

Female

Table 1 Male and Female Population Ratio in Desa Penyangkringan
data source: KOTAKU Facilitator (2017)
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* KOTAKU is national government program to develop suburban areas
Penyangkringan has self-help community organization called BKM Barokah. BKM is the abbreviation
of Badan Keswadayaan Masyarakat. BKM Barokah helps people in Penyangkringan by channeling
their aspirations to local government through discussions and proposals. However, BKM Barokah do
not gather together very often to have internal discussion and coordination with regard to village
planning. Other than BKM Barokah, Penyangkringan people can still gathered together through other
social activities like local social gathering (arisan) and Moslems routine activities in learning Quran
together. The community and its social programs can boost people awareness about solid waste
management and how to do it.
4.3. Environment conditions
Most of the Penyangkringan neighborhoods have not yet undertaken waste management as
environmental threat. Most of the waste is dumped into the rivers and vacant lots, and some of them
are partially burned in the backyard of their homes. Penyangkringan Village has an informal
temporary garbage dump located in Pasar Kidul area (also called Weleri II Market). This area has
been used as a temporary disposal for more than 10 years, but at the same time, it is still used for
buying and selling activities on certain Javanese days, such as on Kliwon and Legi days—part of
Javanese calender days’s name that consists of five days, Kliwon, Legi, Pahing, Pon, and Wage.
Penyangkringan has a waste recycling building located in Pasar Kidul area. This building has a waste
recycling facility for composting and has been operating for 1.5 years since 2014 and it also has one
garbage transport to pick up and deliver garbage from several Penyangkringan neighborhoods.
However, the waste recycling facilities was deserted by the employee because the income from selling
the fertilizer and the salary were deemed very low and not enough for a living. Pasar Kidul also has
temporary waste collection bin which is usually transported to waste landfills located on the other
village by local government’s garbage trucks every 2-3 days.
4.4. Road networks
There are different kind of roads in Penyangkringan, some roads can be accessible to trucks and bus,
others can only be accessible to motorcycle. Because of that, Penyangkringan needs different kind of
garbage transportations to be able to pick up and deliver garbage from houses or from temporary
dumpsters from each neighborhood.
There are two kind of garbage transportations used to take solid waste from houses, garbage carts and
garbage motorcycle. Both has their own advantages and disadvantages.
4.5. Social conditions
Penyangkringan people understood the effect of poor solid waste management to their environment
and health but they keep littering the road and river. Sometimes they burn the garbage at their
backyard. It happens because for them, it is easier to just throw away the garbages and burn the rest
rather than actually managing them. There is also no community garbage cleaning activity that is
usually held weekly or monthly by villages. Looking at the total population of productive age group,
it is possible to organize weekly community garbage cleaning activity in each neighborhood in
Penyangkringan.
4.6. Facilities and infrastructures
There are some problems faced by Penyangkringan associated with waste management, the first is the
lack of trash bin in the roadside area. The area along the main road does not have enough trash bins, so
it indirectly encourages people to litter. As a result, not only solid waste is accumulating at certain
areas, but also clogging the drainage channels. In addition to blockage of drainage channels, the solid
waste is also piling up on Pasar Kidul, where the place is not supposed to be used as a waste disposal
site while Penyangkringan. The solid waste has piled up high enough that it makes the cost of moving
the waste to the landfill area becomes expensive.
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Figure 1 Few examples of littering and clogged drainage in Penyangkringan and waste
recycling facility in Pasar Kidul
source: KOTAKU RPLP map 2017, with changes
The waste recycling facility provided by the government to reduce solid waste and to empower local
community is stopped because the amount of salary and the income from selling the fertilizer were
deemed not enough for a living. There were supposed to be five employee working at the waste
recycling facility but all of them resigned after working for around 1.5 years, from 2014 to 2015. The
salary for the employee was Rp 800.000, which was below the standard salary in Kendal. The standard
salary for employee in Kendal in 2015 was Rp 1.383.000. One of the ex-employee is now working as
scavenger as he sees it to be more profitable compared to his old job. It is assumed that the waste
recycling facility is not supported by other local industries. Producing fertilizer from solid waste will
be profitable if the location of the seller or other local industries are near the waste recycling facility so
that the transportation cost can be reduced.
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Garbage Cart
Garbage Motorcycle
Garbage cart is the cheapest garbage Garbage motorcycle can serve more houses in
transportation since it only uses man-power. one day because it uses engine power which is
The smallest garbage cart’s capacity is 1m3. faster than garbage cart. But It should be noted
However, since it is operated only by man that garbage motorcycle needs gasoline per 100
power, it is not time-effective. It is slow and the km, the average use of gasoline for motorcycles
operator might need to take a break for a few is 3L / 100km. The cost will be more expensive
times especially if they have to cover wide area. because the need to put gasoline price into the
It is more effective to use garbage cart to serve budget and the impact on the environment is
in smaller neighborhood, taking the trashes and greater compared garbage cart because the
the put it in the designated temporary dumpster, gasoline will emit gas emission out into the air.
from there the trashes can be picked by bigger Also, the garbage motorcycle operator should
vehicles such as truck.
be someone with skill to operate special type of
motorcycle. Local government in Sub-District
Weleri has provided one garbage motorcycle to
each villages to help them taking trashes from
each houses. But since Penyangkringan area is
big, it needs more than one garbage motorcycle
to take trashes from each house.
On the main road, garbage truck is used to take
trashes from temporary dumpster and then
transport them to the landfill area, which is
located on Pagergunung village.

5. Conclusion and suggestion
In conclusion, the connection between road networks, social conditions/gender roles, and facilities and
infrastructures affected solid waste management in Penyangkringan. It is important to see solid waste
management as a whole system that includes many aspects, starting from the generation, treatment and
disposal. To implement solid waste management system to Penyangkringan, it is not only by providing
facilities and infrastructures but it is more urgent to manage the local communities in Penyangkringan,
encouraging them to understand the importance of managing solid waste in their neighborhood (the
capacity building). With the help of self-help community organization, BKM Barokah, the
neighborhoods in Penyangkringan can organize weekly community garbage cleaning activity in each
neighborhood. Monthly social gatherings such as arisan and pengajian can also be used as media to
educate people how to manage their household waste.
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Abstract. Tianshui City is one of the mountainous cities that are threatened by severe geohazards in Gansu Province, China. Statistical probability models have been widely used in
analyzing and evaluating geo-hazards such as landslide. In this research, three approaches
(Certainty Factor Method, Weight of Evidence Method and Information Quantity Method)
were adopted to quantitively analyze the relationship between the causative factors and the
landslides, respectively. The source data used in this study are including the SRTM DEM and
local geological maps in the scale of 1:200,000. 12 causative factors (i.e., altitude, slope, aspect,
curvature, plan curvature, profile curvature, roughness, relief amplitude, and distance to rivers,
distance to faults, distance to roads, and the stratum lithology) were selected to do correlation
analysis after thorough investigation of geological conditions and historical landslides. The
results indicate that the outcomes of the three models are fairly consistent.

1. Introduction
Tianshui, a city in the southeastern part of Gansu Province, located in the south of the Longzhong
Loess Plateau and north of the Qinling Mountains. The Weihe River and its tributaries cross through
the Tianshui City from west to east. Thus, Tianshui City has a typical valley basin landform. Special
geological conditions in the region lead to frequent geological disasters. Historically, geological
disasters have caused serious casualties and economic losses. For example, on July 12, 1978, the
rainstorm in Bo Yang caused a number of loess landslides, debris flow. Not only killed 7 people, but
also buried Baiyang railway station and interrupted Baotian railway traffic 360h [1]. In the autumn of
1984, rainfall triggered 88 landslides in the Tianshui City and its surrounding areas, railways and
highways were seriously threatened [2]. On August 11, 1990, rainstorm in Tianshui City induced
dozens of landslides, 22 people were killed, and 7 of whom were killed by one landslide. Besides, in
Qinzhou District, Jiaoshuwan landslide, Taishanmiao landslide deformed intensively threated lives
and property of 7,780 citizens [3]. From June 19 to July 26, 2013, a total of four heavy rainstorms in
Tianshui area led to extensive geological disasters which resulted in 24 deaths [4]. The landslides in
Dagou on July 21 [5], Yushu Village on July 29 [4], and Caowang village on July 29 [6] are all typical
loess landslide caused by this round of heavy rainstorms.
Due to the lack of detailed landslide cataloging and high accuracy of the data, studies regarding spatial
correlation of the loess landslide and the disaster factors of Tianshui City are rare. With the
development of 3S (GIS, GPS and RS) technology, spatial correlation of landslide and causative
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factors based on statistics and probability analysis is becoming well developed. Various approaches
and models have been proposed and popularized, such as certainty factor (CF) [7], weights-ofevidence (WOE) method [8], information quantity (I) method [9], conditional probability method [10]
and so forth. Therefore, investigation of loess landslide in Tianshui City area (Qinzhou District and
Maiji District) using statistical models (i.e., certainty factor (CF) method, weights-of-evidence (WOE)
method, and information quantity method (I)) is of great theoretical and practical significance to
further understand the formation mechanism of landslides and carry out effective risk assessment in
this area. It will complement and improve the current relevant studies in the Tianshui City area, as
well as providing scientific basis and technical support on landslide hazard prevention and
management decision-making.
2. Method
From the spatial scale, research on landslide hazard could be divided into regional studies and
monomer studies. Regional studies mainly focus on the analysis of causative factors, susceptibility,
risk, and risk assessment of the landslide hazard in specific areas. All these analysis were actually
based on the correlation of landslide in the study area and causative factors. Therefore, analysis of
potential causative factors is the key to evaluate the success or failure of landslide susceptibility and
hazard risk.
2.1. Certainty factor method
Certainty Factor method [7] used as a probability function for landslide hazard analysis. The basic
assumption is that the landslide will occur in the future if the geological conditions of a certain area
are the same or similar to those of the landslide in the past, which could be shown as:
 PPa  PPs
if PPa  PPs 


PPs 
CF   PPPPa 1PP
 ……………………(1)
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Where, in the formula (1), PPa is the conditional probability of occurrence of event (landslide) in data

class a, which can be expressed as the ratio of landslide area to unit area in the unit representing data
class a when the landslide is applied. PPs is the prior probability of occurrence of the event throughout
the study area A and can be expressed as the ratio of landslide area to study area in the whole study
area.
CF value change in the interval of [-1, 1]. If CF value is positive, representing the event of
deterministic growth, that is, the landslide occurrence of certainty. In other words, this unit is prone to
be a landslide area. While negative CF value represents the certainty of reduction, that is, the certainty
of landslide occurrence is low (not prone to landslides). If CF value is close to 0, which means the
prior probability and the conditional probability are very close (the certainty of event occurrence
cannot be determined). In short, the unit cannot determine whether or not it is a landslide prone area.
Using the spatial analysis module of ArcGIS 10, the number of landslide units and the number of
factor units in all the factors were calculated, and the CF values of the factor layers were calculated,
subsequently.
According to Eq. (2), the influence and susceptibility of each factor to landslide are calculated.
SCF  CF(i,max)  CF(i,min) ……………………(2)
Where, S CF is overall susceptibility of the landslide index for each factor. CF(i,max) is the maximum
value of the certainty factor of landslide for each factor i ; CF(i,min) is the minimum value of the
certainty factor of landslide for each factor i . The higher the S CF , the higher probability of the
response and susceptibility of the factor to the landslide.
2.2. Weights-of-evidence method
Based on the Bayesian statistical model, Weights-of-evidence method is originally applied in the
evaluation of mineral resources reserves in earth science [11]. In recent years, this method has been
widely used in landslide susceptibility evaluation [12]. In Landslide hazard susceptibility and risk
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mapping, weight of evidence method is be used to calculate the weight for each landslide causative
factors based on the two cases of landslides (i.e., existence and absence). The basic assumptions of this
approach are: 1) the conditions of future landslides are similar to those that favor landslide occurrence
in the past; and 2) the causative factors for landslide mapping do not change with time.
According to the Bayesian rule, the probability of occurrence of landslide and the conditional
probability function expressed by equation (3) under the condition of evidence factor F:
P L F  

Namely，

P L  F  N L  F 
……………………(3)

P F 
N F 
P L  F  N L  F 
……………………(4)
P F L 

P L
N L

Formula (5), (6) and (7) are used to calculate the evidence of landslide occurrence.
represents the adequacy of landslide occurrence;
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    represents the necessary rate of landslide
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occurrence. W  indicates the probability of a landslide at the current causative factor level, and the size
indicates the positive correlation between the causative factor level and the landslide. W  represents
the probability of a landslide occurring outside of the causative factor level, which represents the
negative correlation coefficient of the landslide within the causative factor level. The difference ( Wc )
represents the weight of the landslide within the causative factor level.
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The following formulas (8) and (9) are given by the formulas (5) and (6):
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Where N1 represents the number of grids in which the landslide occurred within the stage of the
factors; N 2 represents the number of grids that landslide occurred outside the stage of the factors; N 3
represents the number of grids that landslide did not occurred within the stage of the factors; and N 4
represents the number of grids that landslide did not occurred outside the stage of the factors.
The weight ( Wc ) reflects the importance of the factor to the landslide. Positive total weight indicates
that the level is favorable for the occurrence of the landslide, while negative total weight indicates that
it is not conducive to the occurrence of the landslide. The correlation of landslides is very small if total
weight is close to 0.
Using the spatial analysis module of ArcGIS 10, the number of landslide units and the number of
factor units of all grades in each factor as well as W  , W  and Wc were calculated.
According to Eq. (10), the influence and susceptibility of each factor to landslide are calculated.
(10)
SW  W(i,max)  W(i,min)
Where, SW is the overall susceptibility index of the landslide for each factor; W(i,max) is the maximum
value of weights-of-evidence for each category of factor i ; W(i,min) is the minimum value of weights-ofevidence for each factor i . The higher the SW , the higher probability of the response and susceptibility
of the factor to the landslide.
2.3. Information quantity method
The information quantity method [9] assumed that the occurrence of landslide hazards correlated with
the amount of information obtained during forecast. Equation of the amount of information I H, x i 
provided by each factor x i to the landslide occurrence event H  can be seen below:

102

ICEPP 2017
IOP Conf. Series: Earth and Environmental Science1234567890
120 (2018) 012013
I H, xi   ln

P H xi 
P H 

 ln

N /N
N i /Si
 ln i
N/S
Si /S

IOP Publishing
doi:10.1088/1755-1315/120/1/012013

(11)

Where I H, x i  is the information value of the unit, P H xi  is the probability of occurrence of
landslides in the condition x i , P H  is the probability of landslides in the study area, S is the total
number of landslides in the study area, N is the total number of landslide units, S i is the evaluation
area Factor x i , N i is the number of landslide units distributed within the factor x i .
Using the spatial analysis module of ArcGIS 10, the number of landslide units, the number of factor
units of all grades in each factor, and the I value of each factor were calculated.
The influence and susceptibility of each factor to landslide were calculated using equation (12) below:
(12)
S I  I (i,max)  I (i,min)
Where S I is the overall susceptibility index of the landslide for each factor; I (i,max) is the maximum
value of the landslide information value for each category of factor i ; I (i,min) is the minimum value of
landslide information for each factor i . The higher the S I , the higher probability of the response and
susceptibility of the factor to the landslide.
3. Study area
The study area, Tianshui City, is located in southeastern Gansu Province. The geographical location of
Tianshui City is: longitude 105°13'15 "~ 106°42'58" E, latitude 34 °5'5 "~ 34 °49'40" N with a total
population of 1.3 million and a total area of about 5,833 km2. The area of the two major districts of
Tianshui City (i.e., Qinzhou and Maiji District) is about 2349 km2 and 3484 km2, respectively (Figure
1). The population density is around 223 person / km2. Tianshui is a typical populous city with fragile
geological environment. Tianshui City is a high incidence area of landslide disaster, which seriously
threatens people's life and property safety.

Figure 1. The location of the research area and the distribution of landslides in study area.
4. Data preparation
The data used in this study including detailed landslide inventory and high-accuracy causative factors
data. Landslide inventory were obtained from existing documents, remote sensing images and field
surveys. High-accuracy causative factors data were derived from SRTM DEM data at 30m resolution,
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1: 200,000 regional geological map and google earth. The characteristics and causes of loess landslide
disasters in the study area were identified after systematic summary and investigation. Causative
factors of landslide development were selected based on identified characteristics and origin. The
above typical middle - scale landslides with area greater than 10,000m2 and landslide length greater
than 100 m in the study area is emphasized.
4.1. Landslide inventory
A detailed and reliable database of landslide spatial distribution in the study area was established by
means of analysis and discrimination of existing landslide hazard research data, interpretation of
remote sensing images and verification of field investigation. The data of 475 landslide hazard points
were acquired, including 257 in Qinzhou District and 218 in Maiji District (Figure 2). In the study area,
the area of 470 landslides are larger than 10,000 m2, accounting for 99% of all landslides. In general,
the selected landslide hazards meet the requirements of sampling. The total landslide hazard area is 89
km2, and the landslide vector map is converted to raster at a grid size of 30m × 30m. A total of
6,481,583 grid cells were obtained after rasterization with 98,968 landslide grid cells which took
around 1.5% of the total area. The density of the landslide is 0.1/ km2.

Figure 2. Pictures of the typical landslides in study area.
4.2. Data of environmental factors
A total of 12 causative factors were categorized into three classes (i.e., geomorphological factors,
geological factors, and human activity factors) selected in this study. Geomorphological factors are
altitude, slope, aspect, curvature, plan curvature, profile curvature, roughness, relief amplitude and
distance to rivers (Figure 3a-3h). The geological factors include distance to faults, and the stratum
lithology; and human activity factor is the distance to roads (Figure 4a-4d). The geomorphological
factors were obtained from DEM data of 30m resolution in the study area by using ArcGIS software.
The geological factors are based on 1: 200,000 regional geological map, using GIS tools to transform
the raster data. Human activity factors were subsequently obtained through the google earth map, and
then use ArcGIS 10 software to do more processing and statistical analysis (Table 1).
5. Results and discussion
5.1. Susceptibility analysis of landslide and classification factors
According to the data of the landslide and the cause of disaster in the study area, the CF, Wc, and I of
the grading factor layers in the 12 factors were calculated, respectively. From the results in Table 2,
among the 12 landslide causative factors in the region, 1200m ~ 1400m above sea level, 10 °~ 15 °
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slope, southwest slope, -0.5 ~ 0.5 curvature, -0.5 ~ 0.5 plan curvature, -0.5 ~ 0.5 profile curvature, 1 ~
1.05 roughness, 60 ~ 120 m relief amplitude, Quaternary Upper Pleistocene (Q3) Malan loess and
Neogene (N) mudstones in the stratum lithology, 4000m ~ 5000m away from the fault, 1200m ~
1600m away from the river and 500m ~ 1500m away from the road are the advantage factor interval
of the loess landslide hazard.
Table 1. Loess landslides 12 causative factors of Tianshui City
Data source

Factors

Classification of factors

SRTM DEM in the
resolution of 30m

Altitude

<1000 m、1000～1200 m、1200～1400 m、
1400～1600 m、1600～1800 m、1800～2000
m、2000～2200 m、2200～2400 m、>2400 m
0～5°、5～10°、10～15°、15～20°、20～25°、
25～30°、30～35°、35～40、>40°
Flat, north、Northeast, Southeast, South, South
West, West, North West
<-4、-4～-2、-2～-0.5、-0.5～0、0～0.5、
0.5～2、2～4、>4
<-2、-2～-1、-1～-0.5、-0.5～0、0～0.5、
0.5～1、1～2、>2
<-2、-2～-1、-1～-0.5、-0.5～0、0～0.5、
0.5～1、1～2、>2
1～1.05、1.05～1.1、1.1～1.15、1.15～1.2、
1.2～1.25、1.25～1.3、1.3～1.35、1.35～
1.4、>1.4
<30 m、30～60 m、60～90 m、90～120 m、
120～150 m、150～180 m、180～210 m、
210～240 m、>240 m
<400 m、400～800 m、800～1200 m、1200～
1600 m、1600～2000 m
Quaternary Holocene (Q4), Quaternary Upper
Pleistocene (Q3), Neogene (N), Paleogene (E),
Jurassic (J), Carboniferous (C), Devonian (D),
Paleozoic (PZ1), Sinian (Z), anterior Sinian (AnZ),
granite, diorite (γ)
<1000 m、1000～2000 m、2000～3000 m、
3000～4000 m、4000～5000 m、5000～6000
m、6000～7000 m、7000～8000 m、>8000 m
<500 m、500～1000 m、1000～1500 m、
1500～2000 m、2000～2500 m、2500～3000
m、>3000 m

Slope
Aspect
Curvature
Plan curvature
Profile
curvature
Roughness
Relief
amplitude

1: 200,000 regional
geological map

Distance to
rivers
Stratum
lithology

Distance to
faults
Google earth
images

Distance to
roads
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Figure 3. The grading map of various geomorphological factors in the study area.

Figure 4. The grading map of various geological factors in the study area.
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Table 2. Statistics of 12 causative factors of loess landslide in Tianshui City
Factors and its
CF Wc I
grades
Altitude
-0.97 -3.59 -3.57
1：<1000
0.40 0.56 0.50
2：1000-1200
0.69 1.56 1.13
3：1200-1400
0.16 0.22 0.17
4：1400-1600
-0.40 -0.69 -0.50
5：1600-1800
-0.94 -2.97 -2.78
6：1800-2000
-1
7：2000-2200
-1
8：2200-2400
-1
9：>2400
Aspect
-0.70 -1.21 -1.20
1：Flat
0.10 0.12 0.10
2：North
-0.16 -0.20 -0.18
3：Northeast
-0.31 -0.41 -0.36
4：East
-0.29 -0.38 -0.34
5：Southeast
0.15 0.18 0.16
6：South
0.20 0.25 0.21
7：Southwest
0.09 0.10 0.09
8：West
0.16 0.20 0.17
9：Northwest
Curvature
-0.89 -2.17 -2.15
1：<-4
-0.82 -1.73 -1.69
2：-4--2
-0.15 -0.21 -0.16
3：-2--0.5
0.29 0.49 0.34
4：-0.5-0
0.26 0.39 0.30
5：0-0.5
-0.28 -0.41 -0.32
6：0.5-2
-0.82 -1.73 -1.69
7：2-4
-0.91 -2.37 -2.35
8：>4
Profile curvature
-0.86 -2.00 -1.99
1：<-2
-0.75 -1.41 -1.36
2：-2--1
-0.45 -0.65 -0.59
3：-1--0.5
0.20 0.35 0.22
4：-0.5-0
0.23 0.43 0.26
5：0-0.5
-0.36 -0.50 -0.45
6：0.5-1
-0.75 -1.42 -1.37
7：1-2
-0.86 -1.97 -1.95
8：>2
Relief amplitude
-0.55 -0.82 -0.79
1：<30
0.44 0.63 0.58
2：30-60
0.50 0.94 0.68
3：60-90
0.45 0.82 0.58
4：90-120
-0.31 -0.44 -0.37
5：120-150

Factors and its
CF
grades
Slope
-0.26
1：0-5
0.48
2：5-10
0.51
3：10-15
0.31
4：15-20
-0.34
5：20-25
-0.71
6：25-30
-0.82
7：30-35
-0.86
8：35-40
-0.90
9：>40
Roughness
0.42
1：1-1.05
-0.14
2：1.05-1.1
-0.70
3：1.1-1.15
-0.80
4：1.15-1.2
-0.84
5：1.2-1.25
-0.87
6：1.25-1.3
-0.90
7：1.3-1.35
-0.90
8：1.35-1.4
-0.92
9：>1.4
Plan curvature
-0.91
1：<-2
-0.78
2：-2--1
-0.34
3：-1--0.5
0.24
4：-0.5-0
0.20
5：0-0.5
-0.45
6：0.5-1
-0.78
7：1-2
-0.92
8：>2
Distance to roads
0.40
1：<500
0.62
2：500-1000
0.60
3：1000-1500
0.49
4：1500-2000
-0.06
5：2000-2500
-0.11
6：2500-3000
-0.79
7：>3000
Distance to faults
1：<1000
2：1000-2000
3：2000-3000
4：3000-4000
5：4000-5000
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-0.07
-0.10
0.12
0.16
0.34

Wc

I

-0.32
0.76
0.96
0.46
-0.47
-1.35
-1.79
-2.00
-2.38

-0.30
0.64
0.71
0.36
-0.41
-1.23
-1.68
-1.93
-2.34

1.31
-0.19
-1.30
-1.71
-1.89
-2.08
-2.27
-2.27
-2.58

0.53
-0.14
-1.18
-1.62
-1.83
-2.04
-2.25
-2.25
-2.56

-2.43
-1.57
-0.46
0.44
0.34
-0.67
-1.57
-2.56

-2.41
-1.52
-0.41
0.26
0.21
-0.60
-1.52
-2.54

0.59
1.15
1.07
0.75
-0.06
-0.12
-2.17

0.50
0.94
0.90
0.66
-0.06
-0.11
-1.54

-0.09
-0.12
0.16
0.19
0.46

-0.07
-0.10
0.13
0.17
0.40
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6：150-180
7：180-210
8：210-240
9：>240
Stratum lithology
1：Q3
2：E
3：N
4：D
5：Pz1
6：Y
7：AnZ
8：J
9：Q4
10：C
11：Z

-0.73 -1.42 -1.29
-0.86 -2.06 -1.94
-0.92 -2.68 -2.60
-0.98 -3.79 -3.73
0.59 1.31 0.87
-0.08 -0.09 -0.08
0.67 1.47 1.08
-0.95 -3.42 -3.08
-0.28 -0.34 -0.33
-1.00 -6.11 -5.80
0.58 0.88 0.85
-1
-0.10 -0.11 -0.10
-1
-0.65 -1.04 -1.03
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6：5000-6000
7：6000-7000
8：7000-8000
9：>8000
Distance to rivers
1：<400
2：400-800
3：800-1200
4：1200-1600
5：1600-2000

0.01
-0.17
-0.74
-0.16

0.02
-0.20
-1.40
-0.18

0.01
-0.18
-1.35
-0.17

-0.08
-0.00
0.11
0.71
-0.92

-0.16
-0.00
0.13
1.26
-2.47

-0.08
-0.00
0.11
1.19
-2.45

In the altitude layer, the value which the interval between 1200m and 1400m is the highest, that is
obviously higher than other grades, which implies that the factor level between 1200m and 1400m is
the advantage interval of landslide development. The bedrock areas for hard rock distributed that the
elevation is higher, where are not prone to landslides. The results are in accordance with the results of
[12].
In the slope gradient factor layer, the value of the interval between 5°and 20°are all greater than 0,
which indicates that this slope range is sensitive to the landslide, which is in accordance with the
research of (Wu et al. 2006; 2014) [1], [6]. Besides, the value of 10°~ 15°in the factor layer is the
highest, which is significantly higher than other grades. It shows that the slope of 10° ~ 15° is
extremely sensitive to the development of medium-scale landslides.
In the aspect layer, the value of southwest direction is the highest, while the northwest direction is the
second highest. The two factor layers are the prone layer of the landslide. The slope aspect determines
the hours of receiving sunshine and the intensity of solar radiation, which influences the soil moisture
content, the degree of weathering and fragmentation of rock, soil, and the vegetation coverage, thus
affecting the formation of landslide.
Regarding all the curvature, plan curvature and profile curvature of the three curvature factors, -0.5 ~
0.5 factor intervals are prone to factor layer. Further analysis showed that the -0.5 ~ 0 interval of the
curvature -0.5 ~ 0 of the plan curvature and the 0 ~ 0.5 interval of the profile curvature are the most
sensitive intervals. The curvature of the three groups unanimously reveals the upward concave. The
susceptibility of the element to the landslide, i.e., the concave type slope, greatly dominated the
development of the landslide above medium scale.
In the roughness layer, the range of 1 to 1.05 is the only positive value interval, which revealed it’s the
control effect on the landslide in study area. But 1 ~ 1.05 is the lowest in the roughness layer, which
indicates that the variation of surface fluctuation is relatively low.
In the relief amplitude factor layer, the value of the 60 ~ 120 m interval is the highest, which becomes
the landslide prone area. Analyzing the most susceptible grading layer of the five kinds of factors,
such as curvature, plan curvature, profile curvature, roughness and relief amplitude, the landslide
prone areas are the lower relief amplitude and lower slope erosion which is closely related to the lowangle loess-mudstone interface landslide developed extensively in the study area.
In the stratum lithology factor layer, the values of the Quaternary Upper Pleistocene (Q3) Malan loess
and the Neogene (N) mudstone are both greater than 1. This factor layer is most sensitive to the
development of the landslide in the area, and is well consistent with the common development of the
sliding-prone stratum such as the Quaternary Upper Pleistocene Malan loess and the Neogene
mudstone of the in the past research.
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Apparently, the fault structure controls the development of landslides, especially the deep and active
faults. Fracture structure leads to the concentration of ground stress, rock fragmentation, weathering
enhanced, mechanical strength decreased, and active groundwater. From the buffer of fault layer, the
total weight value of the buffer zone between 4000m and 5000m is the highest, which is the most
sensitive interval of landslide development. Mohammady et al. (2012) [13] revealed that the closer to
the fault, the more favorable is the occurrence of the landslide. But in this research, the total weight
value of distance to faults between 4000m and 5000m is the most sensitive interval of landslide
development. This result is similar to the results of recent researches [8], [12].
The influence of water system on the landslide is mainly caused by the strong erosion including the
erosion at the slope feet, at the bank slope, changing the stress state of the slope body, softening the
rock mass and so on. In the buffer of river layer, the buffer interval value between 1200m ~ 1600m is
the largest, which is the dominant interval range of the landslide. In the past, Kayastha et al. (2012)
[14] showed that the closer to the water system, the more favorable the landslide occurred. However,
in this research, the results show that the distance from 1200m to 1600m in the buffer zone is the most
sensitive to the landslide response, and not the closer to the river, the more sensitive to the landslide.
This result is consistent with some other researches [8], [12].
The influence of road on landslide is mainly caused by cutting slope in highway construction,
irrational drainage and frequent vibration of passing vehicles. The value of the distance between 500m
and 1500m in the distance layer of the road is the largest, which is the easy-to-hit interval of the
landslide. Previous studies [13], [15] suggest that the closer to the road, the more favorable is the
occurrence of landslide. The results of the study show that the distance from 500m to 1500m is the
most sensitive to the landslide response, and Pourghasemi et al. (2013) [8] and Regmi et al. (2010) [12]
have got similar results.
5.2. Susceptibility analysis of landslide and integral environmental factors
It could be found from the analysis of above section that the causative factors and susceptibilities of
the grading factor layers of 12 factors are different, and their respective interval of advantages can be
calculated. For a certain type of factor, the influence on landslide is also different. In this paper, we try
to use the S value of landslide susceptibility index to represent the extent of influence of 12 factors on
landslide development. According to Eq. (2), Eq. (10) and Eq. (12), the susceptibility index S of the
whole 12 factors are calculated, and the results are normalized (Table 3 and Figure 5).

Index of susceptibility

2.50
2.00
1.50
1.00
0.50
0.00

Normalized SCF

Normalized SW

Normalized SI

Figure 5. The normalized S value of each factor in the study area.
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Table 3. The 12 susceptibility indexes of the loess landslide in the study area
Factors
Altitude

Normalized
Normalized
Normalized
SW
SI
SCF
SW
SI
1.688155641
1.43
5.150495705
1.26
4.697856841
1.44
SCF

Slope

1.41891446

0.92

3.336565972

1.06

3.042007717

0.93

Aspect

0.898600963

0.41

1.465036763

0.67

1.416765423

0.43

Curvature

1.196644714

0.79

2.855810308

0.89

2.685647148

0.82

0.83

3.0020889

0.87

2.805750813

0.86

0.67

2.435052377

0.82

2.247890036

0.69

1.08

3.895171347

1.00

3.088135409

0.95

1.31

4.722414083

1.11

4.413450141

1.35

2.10

7.580035321

1.25

6.8816904

2.11

0.52

1.860457967

0.81

1.755280914

0.54

0.92

3.313498213

1.05

2.479135575

0.76

1.03

3.721115156

1.21

3.644729969

1.12

Plan
1.158014129
curvature
Profile
1.09886579
curvature
Roughness 1.340586274
Relief
1.478893993
amplitude
Stratum
1.670676325
lithology
Distance
1.081167547
to faults
Distance
1.40670078
to roads
Distance
1.622626683
to rivers

Among the 12 factors, lithology, altitude, and relief amplitude are the key control factors of landslide
development. The distance to rivers, roughness, slope, and distance to roads are moderate sensitive to
landslide. The slope aspect, curvature and distance to faults have relatively weak control effect on
landslide.
6. Conclusion
(1) According to the Certainty Factor (CF) method, the Weights-of-evidence method (WOE) method
and the amount of information (I) analysis of the loess landslide in Tianshui City area, the most
favorable factors for the occurrence of landslide in the 12 factors are as follows: altitude between:
1200m to 1400 m, slope between 10°to 15°, aspect of southwest, curvature between -0.5 to 0.5, plan
curvature between -0.5 to 0.5, profile curvature between -0.5 to 0.5, roughness between 1 to 1.05,
relief amplitude between 60 m to 120 m, stratum lithology of the Quaternary Upper Pleistocene (Q 3)
Malan loess and the Neogene (N) mudstone distribution areas, distance to faults between 4000m to
5000m, distance to rivers between 1200m to 1600m, distance to roads between 500m to 1500m. The
above 12 factors are the susceptible factors of loess landslide hazard. Their responses and
susceptibility to landslide is the highest, which makes them the key factors of landslide development.
(2) Among the 12 causative factors, the three factors of lithology, altitude and relief amplitude are the
key factors controlling the landslide development according to the susceptibility index analysis. The
susceptibility of buffer zone of rivers/roads, roughness, and slope to the development of landslide is
moderate. Aspect, curvature, and fault buffer have relatively weak control effects on landslide.
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O C Dewi1, I Chairunnisa2, T Hidayat2, M Anggraini3, A Napitupulu4
1 Lecturer, Architecture Dept. Faculty Engineering, Universitas Indonesia, Indonesia
2 Master Student, Architecture Dept. Faculty Eng., Universitas Indonesia, Indonesia
3 Field Coordinator, Indonesian Red Cross, Indonesia
4 Program Manager, American Red Cross, Indonesia
E-mail: ova.candra@gmail.com
Abstract. Universitas Indonesia in cooperation with American Red Cross and Indonesian Red
Cross have been assisting green open space revitalisation program in 7 locations in Bogor
Regency (2016-2017). The program was held under The Urban Disaster Risk Reduction
Greater Jakarta Project; an initiative program from American Red Cross Indonesia. This
project was not only improving the existing green open space quality, but also creating one
adapted from public land. The revitalization project figures what happened on daily basis on
the existing land, proposing new programming facilities, community-based construction,
monitoring and handing over. This paper discovers the meaning of a green space for the
community, whether the community aware of its benefit on human health or environmental
sustainability. The research question is does the community aware of green open space benefit
for human health or environmental sustainability? Or both? The original data from the
community was gathered and grouped based on its relevance with environmental quality and
public health.

1. Introduction
The open green spaces are becoming more difficult to find in urban area. Many green open spaces
were transferred in to a concrete and brick blocks. Such tendency can also be seen in big cities in
Indonesia, nevertheless in Bogor city, which is marked by the decreasing of green open space and the
dominance of physical buildings.
Studies have found that when people have access to green open space such as park, they exercise more
[1]. Moreover evidence also suggest that people who live close to park and recreation facilities have
lower rates of obesity and engage in more physical activity than those who do not [2].
Green open space is a space that is planned to meet the need of community interaction and joint
activities. It gives space that serves as a means of container of human life, both individually and
groups as well as other living creatures that live and grow sustainably [3]. The space also serves as an
active playground for children and adults, a passive lounge for adults and as a green conservation area.
Republic Indonesian Act No.26 Year 2007 about green open space stated that the proportion of forest
should be minimum 30% from water shade to maintain environmental sustainability.
Universitas Indonesia, American Red Cross and Indonesian Red Cross implemented the Urban
Disaster Risk Reduction (DRR) Greater Jakarta Project, specifically on Green Open Space
Revitalization Program. The project involves Department of Architecture Faculty of Engineering,
Department of Anthropology Faculty of Social and Political Science and Faculty of Psychology.
Green open space in this paper refers to human built environment such as urban park, garden or any
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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green space that is located in the middle of housing settlement. It exists to serve the community needs
of community interaction and joint activities.
This paper emphasizes the pre-design phase of the green open space revitalization program in Bogor
Regency [4]. It determines the community recognition about the green open space elements. The
recognition was done by analyzing input from the community and observing the actual activities. The
three stages involved in this phase are (1) to discover what is the meaning of green open space for the
community, (2) to observe the existing daily basis activities on the current green open space, and (3) to
find out what kind of green open space elements do the community needs or wants to have on the
revitalized green open space. The community opinion about green open space elements will determine
whether the community aware of its benefit on health human or environmental sustainability.
2. Theoretical review of green open space for health and sustainability
Penataanruang.com describes some of the backgrounds behind the green open space preservations
and those are aiming to create the microclimate and to reduce the air pollution potential from the
surrounding activities, to conserve the natural resources and to serve as evacuation areas during
disasters [5]. The green open space is dominated by natural environment outside and within the urban
area and can be along with recreation area and green line.
2.1. Human health
Based on medical dictionary, human health or health is a relative state in which one is able to function
well physically, mentally, socially and spiritually in order to express the full range of one’s unique
potentialities within the environment in which one is living.
2.2. Environmental sustainability
Based on medical dictionary, environmental sustainability is long-term maintenance of ecosystem
components and functions for future generations.
2.3. Benefit of urban green space
Haq (2011) underlined the 3 types of benefit from urban green space: (1) environmental benefit which
consist of ecological benefits, pollution control, biodiversity and nature conservation (2) economic and
aesthetic benefits such as energy savings and property values and (3) social and physical benefits
which include recreation and wellbeing and human health [6]. Referring to the benefit of green open
space, there is an opportunity to differentiate two direct benefits for the community; those are for
environmental sustainability (benefit no.1) and human health (benefit no.3). The benefit of economic
sustainability (benefit no.2) is out of discussion in this paper as these benefits were observed during
the pre-design phase and based on the actual input from the community.
3. Methodology
3.1. Locations
This paper analyzes the result based on community participation and in depth interview method during
the pre-design phase. The seven local communities from seven locations in Bogor Regency, West Java,
were involved during the revitalization program between 2016-2017. The number of household from
each location is around 300 Households. Community participation is one of key features of Healthy
City based on World Health Organization (WHO). The involvement of the local community in this
revitalization program is a must in order to identify the activity program on the green open space. It is
a bottom-up approach and therefore these needs have to come from the community’s side. It is
expected that the involvement will increase community belonging sense and willingness to spend
more time there, which will directly affect the sustainability of the green open space.
The 7 locations of green open space revitalization and the year of the projects conducted are:
 Location 1: Local Community in Green Open Space Karadenan, 2016
 Location 2: Local Community in Green Open Space Pondok Rajeg, 2016
 Location 3: Local Community in Green Open Space Sukahati, 2016
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Location 4: Local Community in Green Open Space Waringin Jaya, 2016
Location 5: Local Community in Green Open Space Kedung Waringin, 2017
Location 6: Local Community in Green Open Space Sukahati, 2017
Location 7: Local Community in Green Open Space Waringin Jaya, 2017
Table 1. Green Open Space Element Definition
Elements

Playground
Gathering Place
Sport Area

Green Environment
Trees plantation

Definition*
An outdoor area featuring equipment designed for recreation and
play, such as seesaws and swings
Place for assembly of person; a meeting place
Area for activity involving physical exertion and skill that is
governed by set of rules or customs and often undertaken
competitively
Grassy environment area located usually at the centre of a city or
town and set aside for common use
An area under cultivated trees or plants

Open space for safety area
Water Catchment Area
Educating Area
(depending on kind of activities)
Therapy Area
3R Facility
Climbing Wall

Drainage
Toilet

An area which is free obstacles
A reservoir, esp. for catching and retaining surface drainage over
a large area, in which sediment may settle
Area to educate
Area for treatment
Facility for Reduce-Reuse-Recycle
Mountaineering a specially constructed wall with recessed and
projecting holds to give practice in rock climbing, a feature of
many sport centres
Systemic withdrawal of fluids and discharge from a wound, sore
of cavity
An apparatus into which defecation and urination can be done

*) Relevant definition taken from the website [7] [8]
3.2. Data collection method
The data was collected during the Charrette process and held directly on the green open space, within
different time and locations (Figure 1). The Charrette is an intensive and multi-disciplinary workshop
design [9]. This method is commonly used to facilitate discussion between stakeholders on a project or
program. A charrette, a group of experts met with the community groups and related stakeholders. The
stakeholders for this program is the community, The Indonesian Red Cross Volunteer (SIBAT), The
American Red Cross and the Universitas Indonesia team.
Four questions were raised during the charrette process and the local community was expected to
answer. The questions were: (1) what is the definition of the green open space for me (the local
people)? (2) What are the activities in this green open space during weekends, weekdays, days and
night (3) What do they wish to see or have in a green open space, and (4) what are the priorities
between the wish list from answer of question number 3?
To make sure the originalities of the data, only question number 3 is taken in to account as relevant
question to this study. All together the wish list from the local community consists of playground,
sport are, therapy area, educating area, green environment, trees plantation, 3R facility, catchment area,
open space (safety area), toilet, climbing wall, gathering place, and drainage. In this study, we named
this wish list as “program activity” list.

114

ICEPP 2017
IOP Conf. Series: Earth and Environmental Science1234567890
120 (2018) 012014

IOP Publishing
doi:10.1088/1755-1315/120/1/012014

Figure 1. Community Participation (right) and the written opinion (left) during the charrette
3.3. Type of benefit from urban green space for the community
This study only involves 2 out of 3 types of benefit from an urban green space for the community and
those are human health benefit and environmental sustainability benefit. However from the discussion
the study found some whishes of the program activities from questions number 3 could also be part of
both human health and environmental sustainability benefits. In this way the group of program
community will be (1) program activities which include as part of human health only, (2)
environmental sustainability only and (3) the last group, which are considered to be part of both
human health and environmental sustainability.
4. Result and discussion
This paper summarizes the pre-design phase results of the green open space revitalization. This study
emphasises the awareness of green open space for the community, whether it is benefiting for health,
for sustainability or for both. The community has the right to express their opinion in mentioning what
program activities that they want in the revitalized green open space. These community opinions were
collected and analyzed during the charrette process.
4.1. Green open space community program activities
The local community program activities are shown by the community wish list, either the element is
considered to be dominant in human health, environmental sustainability benefit or both. In fact such
differentiation were never been asked to the community explicitly. Through the pre-design phase
communications, this study underlines the urban green space awareness for the community (Figure 2).
This study found that the wish list shows the dominance more on the human health benefit sides. From
13 types of program activities, 11 were considered benefiting human health, 6 were considered
benefiting environmental sustainability, 5 were considered benefiting both, and 1 is not relevant to
both (Table 1).
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4.2. Community priorities on human health program activities
On the human health context (Table 2), it is found that sport area, play ground, gathering place and
green environment are the 3 highest priorities for the community. All the 7 locations mentioned Sport
Area in their wish list, whereas 6 locations mentioned playground and 5 locations mentioned gathering
place and green environment. The least mentioned is toilet, climbing wall, 3R facility and drainage.
The climbing wall, toilet and drainage were only come out once, and all in location 4, in Waringin
Jaya 2016, whereas the 3R facility was mentioned by location 2.
4.3. Community priorities on environmental sustainability program activities
On the environmental sustainability context (Table 3), the 3 highest priorities are green environment,
water catchment, educating area, and tree plantation. Five locations mentioned green environment, 4
locations mentioned tree plantation, and 3 locations mentioned water catchment and educating area.
The least mentioned was also 3R facility and Drainage.
5. Conclusion and suggestion
5.1. Conclusion
One of the main ideas of green open space revitalization is to create the microclimate and to reduce the
air pollution potential from surrounding activities, to conserve the natural resources and to serve as
evacuation areas during disasters. The Indonesian Law no.26/2007 is also emphasizing the aim of
green open space planning to empower the local communities, preserve the quality of environmental
sustainability, conserve heritage and maintain the balance of cities-regencies development. In this way,
Indonesian Government is also supporting community to contribute to sustainability.
This study found that the word “green open space” gives more awareness on human health for the
community and it is proven by the dominance of human health related program activities. However
environmental awareness also showed up, but not explicitly as shown in Figure 3.
In terms of program activities related to human health, program activities like sport area, playground,
gathering place and green environment are among the top priorities according to the community. In
terms of program activities related to environmental sustainability, the green environment, tree
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plantation, water catchment area and the education area are among the top priorities. On both, the 3R
facilities and drainage showed up as the least priorities according to the community’s wish list.

Figure 3. The green open space with banks and water catchment (right) and sport (left) area

Table 2. Community priorities for human health
Elements

Location

Sum

1

2

3

4

5

6

Playground

√

√

√

√

√

√

Gathering
Place

√

√

√

Sport Area

√

√

√

√

√

√

Therapy Area

√

7
6

√

√

5

√

√

7

√

3

Climbing
Wall

√

1

Toilet

√

1

Educating
Area
Green
Environment
Tree
Plantation
3R Facility
Drainage

√
√

√

√

√

√

√

√
√

√
√
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Table 3. Community choices for environmental sustainability
Elements

Location
1

Water
Catchment
Area

2

√

4

√

5

Green
Environment

√

√

Tree
Plantation

√

√

6

7

√

√

Educating
Area

3R Facility

3

Sum

3

√

√

√
√

√

√

√

3

√

5
4
1

√

Drainage

1

5.2. Suggestion
For the community, explicitly the green open space is a mean of awareness for health whereas
includes awareness of environmental sustainability behind it (implicitly). This study found that in the
context of urban green open space that is located in the urban area, the community is still having their
mind set on a green open space area as playground, sports and gathering points under the green
environment. It means currently the green open space represents more on the human physical activities.
When an initiative program about green open space is about to launch, it is therefore necessary to
inform the limitation for human activities and give portion of land for tree plantation (minimum 30%).
For effective result, attention must be given to educational aspect, such as public hearing, community
based action plan and trainings [10]. Indeed, the green open space exists to serve the community needs
of interaction and gathering activities, but the proposal behind is also to reduce the air pollution
potential from surrounding activities and to protect the environment towards sustainability.
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Abstract. This research paper talks about the economic costs of climate change, as well as the
costs involved in responding to climate change with alternative fuels. This paper seeks to show
that climate change, although seemingly costly in the short run, will both save future
generations trillions of dollars and serve as a good economic opportunity. Scientists have long
argued that the fate of humanity depends on a shift towards renewable energy. However, this
paper will make clear that there is also an economic struggle. By embracing alternative fuels,
we will not only lessen the danger and the frequency of these natural disasters but also
strengthen the world’s financial state. Although a common argument against responding to
climate change is that it is too expensive to make the switch, this research shows that in the
future, it will save millions of lives and trillions of dollars. The only question left for
policymakers is whether they will grasp this energy source shift.

1. Introduction
Today, corporations thrive on the fossil-fuel industry. While doing so may help these corporate CEOs
reap great profits, this reliance may also hurt the planet. Corporations gain by harming the Earth to
produce the energy we rely on, and because we rely on this generated non-renewable energy so
heavily, corporations in turn earn substantial revenue from this reliance. Today, we know that there are
other energy alternatives that could save Earth, like solar and wind power. However, few businesses
have embraced the idea of clean energy; this reluctance to switch suggests that switching from a coal
driven industry to a clean one is perhaps not as simple as one might think. It is true that switching to
clean energy would be a crucial and substantial step towards saving our earth from trajectories that
would soon kill us. But at the same time, many political and private actors feel that jobs could be lost,
and thus unemployment could rise. So how can we convince our leaders to step up and respond to
climate change if they feel so entitled to defend their economy in accordance with these fears?
In order to do so, we need to demonstrate that great possible economic opportunities lie in store only if
we respond to climate change.
2. Consequences of inactivity:
Firstly, we should recognize why climate change so urgently needs a response.
If our leaders decide not to respond to climate change, the climate will literally continue to drastically
change. This changes will likely be palpably felt through “many heat waves, create more intense
rainstorms and the disintegration of coral reefs” (Friedman, 2017) [1] in addition to the melting of
huge ice sheets. As the ice sheets melt, the sea level will rise, which would thus increase the severity
and occurrence of natural water-related disasters. According to NASA [2], the global average sea level
has already risen by 86.4 millimeters [Figure 1] since 1993.
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Figure 1: Global Sea Height Variation [2]
What does this mean for the economy? For starters, the infrastructure in coastal cities will be deeply
damaged due to the increasing hurricanes – in both strength and size – caused by climate change.
Governments in civilizations around the world will need to spend billions in order to simply repair the
groundwork so many citizens rely on. What’s worse, the many countries whose coastal cities are in
peril due to rising sea levels will also be unable to trade with other countries because they will have
more pressing economic and survival priorities. Even then, the consequences to climate change do not
stop there. From a human standpoint, climate change and natural disasters often lead to many
unfortunate and unnecessary deaths around the world.
If we do not respond to climate change by cutting our carbon emissions, there are no other simple and
cheap alternatives. If we do not reduce our carbon footprint, the next generation will have to pay up to
$535 trillion to clean the atmosphere, according to a new study by Anthropocene [3]. These costs
would include the removal of carbon dioxide emissions from the air using negative emission
technologies to avoid only the worst consequences of climate change.
Simply by not responding to climate change, mankind will negatively impact important aspects of
society such as the economy; mankind will also experience negative ramifications through severe
losses of human life. From an economic standpoint, we would deeply damage the economy by not
responding to climate change. In other words, it would be economically beneficial if we responded to
climate change, especially given the consequences of inaction.
However, even if 97 percent of scientists agree that climate change is real and requires an urgent
response, such facts and near-universal agreement within the scientific community have clearly not
been enough to convince politicians to feel the same way. These “climate deniers” disregard climate
change simply because they believe – or fear – that responding to climate change is harmful to the
economy. Such fear is primarily founded on the structure of our two-party election system, which
forces elected officials to take both their party’s platform and public opinion into account when
seeking re-election. By providing evidence that responding to climate change will in fact strengthen
the economy instead of draining it, politicians may find that there should be no reason to not respond.
In fact, they should reframe their messaging to show that the economic boost from responding to
climate change constitutes another incentive in addition to the environmental benefits.
3. Infinitesimal supply and high demand for renewable energy
The end goal of successfully responding to climate change is to reduce carbon dioxide emissions. And
what better way is there to accomplish that reduction than by using renewable energy? By definition,
renewable energy should be “infinite.” On the other hand, non-renewable energy is limited in supply
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and thus does not replenish in a short amount of time. For the most part, non-renewable fuel is the
main factor in causing climate change, as it emits carbon dioxide when this fuel is burned. On the
other hand, most renewable energy sources do not emit carbon dioxide, so as a result, alternative
energy, or renewable energy that does not emit carbon dioxide, can act as a desirable substitute to
fossil fuels.
There are two reasons why the switch to renewable energy is absolutely necessary. Firstly, the switch
has an immediate benefit simply because by using alternative fuels, carbon dioxide emissions will fall
and the effects of climate change may slow to a halt. Another reason involves the magnitude of the
growth of the human population. For perspective and context, the world population has grown seven
times since the 1800s [Figure 2], according to the United Nations Population Division. [4]

Figure 2: World Population Growth Through History [4]
With so many people, each household today requires massive expenditures of energy to conduct daily
operations. Currently, Earth’s population relies mostly on non-renewable energy, which is limited and
not quickly replenished. Given high demand and the limitations of non-renewable energy, renewable
energy sources need to be increased and contribute more to total energy generation, especially in the
United States. Currently, renewables account for 10% [Figure 3] of the total energy generation for the
United States. [5] If we do not make the switch to cleaner energy, the high demand for energy will
mean continued emissions of large amounts of carbon dioxide, which will then contribute to climate
change.
On the other hand, renewable energy is an infinite energy source that cannot be depleted. If we were to
implement appropriate technology and infrastructure to capture and generate this renewable energy on
a large scale, the economic and environmental benefits could be substantial. We have only scratched at
the surface of the potential of renewable energy. Clearly, it is a new lucrative business simply because
the source (renewable fuels) and the product (energy) are both infinite. Given that the high demand in
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mind for such energy sources, it would make sense for us to capture the infinite supply that exists to
feed that large population demand. As it stands, we currently have a high demand with an increasingly
diminishing supply, while at the same time the effects of climate change increase.

Figure 3: U.S. energy consumption by energy source [5]
4. Steady job growth for renewable energy
An economy cannot run without its respective employees. These jobs fuel businesses, which in turn
drive the economy. Jobs have also been the main assumed pretext for not responding to climate
change; many have pointed out that coal jobs will be lost and thus the unemployment rate will soar.
Because of renewable energy’s demonstrated potential, politicians are quite worried that renewable
energy will become a replacement for non-renewable energy. Coal mining companies are especially
worried that their own jobs will be replaced by solar and wind power. This dilemma could not have
been more clearly demonstrated than in our current U.S. president Donald Trump’s campaign for
office.
Donald Trump’s administration has promoted active falsehoods about the state of climate change.
Specifically, his EPA administrator Scott Pruitt has lied about the jobs of the coal industry. According
to Politifact [6], Pruitt claimed that 50,000 more coal mining jobs have been added since last year.
Politifact rates this claim as “mostly false” [7]. In fact, the actual increase in coal jobs was 1,300 jobs
[8]. However, the lies stem from political motivation; specifically, Donald Trump wants to revive the
coal industry with coal jobs for people.
However, this is a near impossible feat. U.S.’s Coal Mining Employment, [9] has been at a steady
decrease from 900,000 jobs in 1923 to 100,000 in 2016 [Figure 4].
There are numerous reasons for this, the drop in natural gas prices being the most paramount. The rise
of renewable energy, as well as the advent of automated machines in place of human miners has
contributed to the decrease. Given these and other reasons, there does not seem to be a need for coal
miners anymore.
At the same time, renewable energy is on the rise. This kind of energy has become much cheaper in
the last eight years. Solar energy’s costs have fallen 85 percent between 2008 and 2016 [Figure 5] and
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wind costs have fell 36 percent [Figure 6] (Columbia, Houser) [10]. As a result, renewable energy has
clearly emerged as a new potential market ready for international trade.

Figure 4: US Coal Mining Employment [9]

Figure 5: Solar PV Module Costs and Generation [9]
With such a profitable market, there must be jobs to support these developing businesses. There are
currently 260,000 solar energy jobs across the country, twice as many jobs as the total coal jobs in the
U.S. (Plumer, Vox article) [11]. As coal plants have closed in recent years, renewable energy could be
a good energy replacement, especially because renewable sources are well-suited to responding to
climate change by lowering carbon emissions. However, renewable energy jobs are not in the “right”
locations. According to the Solar Foundation [12], West Virginia and Kentucky, states that still
contain coal jobs, are ranked at the bottom ten states in solar jobs per capita. These coal jobs have not
been replaced by renewable energy, simply because renewable energy jobs are not where coal once
was.
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However, renewable energy still possesses massive potential. With the costs decreasing and the jobs
increasing, people should embrace renewable energy as a solution to climate change and a solution to
replacing lost closed coal plant jobs.

Figure 6: Wind Energy Costs and Generation [9]
5. Conclusion
As a result, there is no other alternative than to respond to climate change. Disregarding the proven
facts will only exacerbate global warming, and as described above, likely will lead to a chain of
natural disasters. Lowering carbon emissions is the only way to truly stop climate change and its
impending disasters. Other solutions like negative emission technologies are very expensive and at the
same time inefficient because they only prevent a small number of the many consequences climate
change could entail.
On the bright side, responding to climate change leads to substantial benefits. By using renewable
energy to power the world, it is possible to reduce carbon dioxide emissions and thus gradually stop
climate change. It will not be a quick process to switch. But substantial efforts to transfer from one
energy source to another are needed. Climate change requires an immediate call to action. Without a
response, the human population will suffer under preventable yet terrible disasters. An energy-craven
population relying on renewable energy is the best solution to lower carbon dioxide emissions and
thus stop climate change. Given its economic benefits and effectiveness in combating climate change,
it is important for the world to wholeheartedly embrace these renewable solutions. If the world can
agree and cooperate with each other, the switch to renewable energy will be easier. Otherwise, without
a switch, the world is set up for failure.
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Abstract. Industrialization has brought economic prosperity; additionally it has resulted in
more population, urbanization, obvious stress on the basic life supporting systems while
pushing the environmental impacts closer to the threshold limits of tolerance. With booming
industrial growth and relatively low land mass, environmental sustainability is now becoming a
significant deciding factor in industrial development process. Accumulating evidences
constantly indicate that the transition of the existing industries into eco-industrial network
through successful implementation of green approaches provides a viable solution to preserve
the natural resources of the region while concurrently enhances the regional economy on a
sustainable basis. It calls for an appropriate planning and integrated framework in harmony
with the environment, after careful assessment of past and prevailing conditions. The empirical
knowledge on affected area helps understanding the local context and developing further
course of action based on ground realities. With this aim, a study was conducted on the current
industrial pollution and environmental setting of Puducherry. A causal chain analysis indicated
severe impacts of industrialization on local environment while highlighting its immediate and
root causes. The findings form a base for suggesting sustainable solutions to curb rampant
pollution in Puducherry region and similar scenarios found across the world.

1. Introduction
Since ages, industrial growth has started to affect environment with severe downside problems. It
causes tremendous stress on the entire bionetwork and natural system components like water, air, soil,
bio-diversity including surrounding eco-system. Realizing the severity of the problem, impacts of
industrialization on the environment need to be analyzed with more intensity and feeling [1]. Industrial
effluents contain numerous essential nutrients or possess properties which can easily be utilized for
many value-added purposes with commendable benefits to society and environment. Application of
green approaches based on 6Rs technologies (reduce, reuse, recycle, recovery, redesign, rethink) and
closed-loop systems within the integrated framework of industrial ecology (IE) provides an excellent
opportunity to preserve the natural resources of the region while concurrently enhances the regional
economy on a sustainable basis. It calls for an appropriate strategic planning encompassing technical,
ecological, socio-cultural and economic driving factors that can affect the industrialization process.
Prior to evolving a practical approach towards strategic development, it will always be indispensable
to derive lessons from other similar situations. With a systematic way of looking at events occurred
with identical consequences, critically analyzing the situations, policies, activities and overall
scenarios related to the problem, it may help to gain a sharpened understanding of the ways the
instance has happened [2]. In this backdrop, industrial profile and impacts of industrialization on
environment were examined in Puducherry, which has emerged as an industrial nerve centre of South
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India over past few years. Based on the lessons learned, this study indicates how a strategic green
approach may be generated and applied in Puducherry region and matching context in other parts of
the world.
1.1. Industrial profile and local context of Puducherry
Puducherry is a peaceful place located in a scenic location in South India with a cosmopolitan culture.
The Union Territory (UT) of Puducherry covers an area of 492 km2 and comprises four interspersed
geographical entities, namely Puducherry, Karaikal, Mahe and Yanam. The Puducherry region is the
largest of the four, which covers 293 km2 (60.66% of the UT).
During the last couple of years, Puducherry has attracted a large number of industries due to the easy
availability of land, water, labour, power and various incentives and concessions given by the
government in the form of tax concessions, power subsidies, tax holidays and soft loans that were not
available in most of the neighbouring states. With annual industrial growth varied from 1.86‒12.28%,
by mid-2016 the UT of Puducherry had an impressive establishment of 8562 industries representing a
cross-section of diverse industries. Almost 80% of the total industries are located in the Puducherry
region followed by 13% in Karaikal, 4% in Yanam and 3% in Mahe. Currently, seven well-established
industrial estates are propelling the industrial growth of the UT of Puducherry. Out of these, six
industrial estates, namely Thatanchavadi, Mettupalayam, Sedarapet, Kirumambakkam,Kattukupam
and Thiruvuvanai are located inside the Puducherry region. Due to the industrial friendly climate, new
industrial estates are also being planned while many large industrial companies of national repute and
several renowned multinational corporations are showing keen interest to establish their factories in
Puducherry in the near future [3], [4].
This rampant industrialization, alongside economic prosperity, has resulted in sudden increase of
population, urbanization, obvious stress on the basic life supporting systems, pushing the
environmental impacts closer to the threshold limits of tolerance. Based on the nature and severity of
the pollution, industries in Puducherry have been categorized as Red, Orange and Green, referring to
high, medium and low pollution potential, respectively. At present, 19% of the total industries are
grouped in the red category, 21% orange and 60% green [5].By mid-2016, the estimated generation of
hazardous waste in the UT of Puducherry was approximately 36,768 tonnes per annum (TPA), of
which Puducherry alone generated 33,305.63 TPA[4]. Except only one hazardous waste recycling unit
and no secured landﬁll site to take adequate care of industrial waste, some industries are selling their
waste to other regions, while in most of the units waste disposal is being done in an improper manner,
exerting a signiﬁcant level of environmental burden. Uncontrolled, inadequate and unsystematic
handling of this waste poses a great risk towards the environmental health of this region [4-8].
During the years 1890 -1900, the Puducherry region received only 98.4 tons of total pollution load,
while during the period 1960-1970, the total pollution load reached 1794.2 tons, an eighteen fold
increase which continuously escalated in subsequent years. According to a preliminary study by
Ramesh (2005), this may be directly attributed to the rapid pace of industrialization during the same
period [9].
2. Methodology
The nature of the study needs the collection and analysis of primary and secondary data on
environmental, technological, economic, and policy aspects of industrial pollution. Hence, to obtain
first hand information, it requires direct interactions with the Government as well as local nongovernmental organisations, closely working and actively involved in the field of environmental
pollution.
Causal chain analysis is an ideal apparatus to study the impacts of industrialization on a region and its
causes. It is a step-by-step process that identifies the most important causal links between the
environmental and socio-economic impacts resulting from the issues and concerns related to the field,
their immediate causes, the factors responsible and finally the root causes that determine the behaviour
of the concerned sector [10].In a nutshell, it looks at the overall scenario related to the concerned
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problem with a view to identifying underlying roots and driving factors that can stimulate sustainable
growth in line with green approaches.
Application of this analytical approach (adapted from GIWA methodology, 2002) in Puducherry
region not only provided a holistic overview of impacts of industrialization on environment, but also it
helped immensely to identify the underlying causes of industrial pollution prevalent in this area.
In the first phase work, after obtaining the necessary permission from Puducherry Pollution Control
Committee and Department of Science, Technology & Environment, the study initiated a situational
analysis with the collection of required data from primary as well as secondary sources, such as
libraries, journals, feature articles, magazines and publications from relevant government departments,
NGOs, academic & research institutes and business associations. Impacts of industrialization on
Puducherry ecosystem, water, air, biodiversity and its causes were analyzed comprehensively and the
results were documented through a causal-chain diagram (figure 1). Information on the driving forces,
such as actors and institutions, physical environment, policy support, management options, market
forces, trade and legal requirements, challenges and infrastructure facility available for the formation
of an eco-industrial network were also collected for a better understanding to formulate a strategic
planning and to develop sustainable solutions for the pollution problems.
3. Results and discussions
Causal chain analysis in Puducherry portrayed a detailed picture of environmental and allied socioeconomic impacts arising out of rapid and unplanned industrialization and tried to find out its major
immediate causes as well as route causes. Attempts have been made to find out key drivers which have
an effect on the industrialization process starting from industrial evolution era to present period.
3.1. Impacts of industrialization on Puducherry environment
3.1.1. Impacts on water - A detailed analysis of the environmental impacts of industrialization
revealed that industries set up before the 1990s included mostly textiles, sugars and distilleries that
were water intensive and had a higher pollution potential, exerting enormous pressure on the
environment. The indiscriminate discharge of industrial efﬂuent alongwith municipal solid waste
disposal is the principal source for surface water contamination [11], [12]. The heavy metals, salts and
fluoride efﬂuents from the industries of chemicals production, metal processing and paper
manufacturing from the Mettupalayam Industrial Estate, established during 1979 on the fringe of
Puducherry, were found to have contaminated the surrounding groundwater[4]. This polluted
groundwater is moving at an average velocity of approximately 30m a year, migrating to the
Mettupalayam well ﬁeld which houses the main wells for Puducherry’s drinking water supply. By
comparing the groundwater quality over the past 20 years, i.e. from 1981 to 2001, Ramesh (2005)
noted that there was an alarming drop in the water level from 6 m to 26 m. The study by Sivasankaran
(1997) on the status of pollutants in groundwater of the Puducherry region highlighted the presence of
pesticides and heavy metals. The study on heavy metal concentrations in the industrial area of
Puducherry by Aruna Devy (2002) indicated that cadmium and lead were present at higher levels
beyond the prescribed standards in various industrial areas. Several studies have found that the
accumulation of these metals in the food chain had become an enormous environmental hazard [1315].
Various studies carried out to assess the physico-chemical characteristics of water indicated that the
values of conductivity, total dissolved solids, calcium, magnesium, hardness and sulphate in
groundwater have increased twenty fold since past few years, the values of chloride and sodium have
increased ﬁfty fold and potassium by six fold [16].Based on the Linear Regression Forecasting by
Ramesh(2005), it is estimated that by the year 2020 the discharge of the total suspended solid (TSS)
load will reach 592.18 TPA, the Biological Oxygen Demand (BOD) load will be 1958.93 TPA, and
the Chemical Oxygen Demand (COD) load will be 4667.27 TPA. Discharge of oil and grease load will
reach 66.65 TPA during this period. The projected annual groundwater utilisation by the industrial
sector will reach 5727715.75 KL (5.727 mcm). However, the annual replenishment would remain at
155 million cubic metres (mcm). Thus the deﬁciency will increase to 3.6 mcm by 2020. It will lead to
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further depletion of the groundwater table in the north western part and salt-water intrusion in the
south eastern part of Puducherry [9]. In view of this situation, stringent action has to be taken by the
government for the sustainable use of water resources for future industrialization.
3.1.2. Impacts on air - The air quality is equally affected by industrialization. By the end of the
eighteenth century, Puducherry received 499 tons of suspended particulate matter (SPM), 2.88 tons of
sulphur dioxide (SO2) and 1.99 tons of nitrogen dioxides (NOx) per year. At the end of the nineteenth
century, several air pollution potential facilities such as M.S. ingots, ferro alloys, and calcium carbide
were established and the pollutant level increased nearly ten fold for SPM and NOx and ﬁfteen fold for
SO2. The total emissions from these industries are still vast, even after applying the advanced air
pollution control devices such as bag ﬁlter, double way scrubber and multiple cyclone. By 2005, 65
industries were identiﬁed as ‘point source’ (Stack emission) of air pollutant releasing units in
Puducherry. By 2012, pollutants such as SPM, CO, SO2 and NO2 were found to have either exceeded
or nearly reached the limits[17], necessitating the immediate installation of a continuous monitoring
and control mechanism. According to the predictions by Ramesh (2005), the emissions of SPM
released by the industries in the Puducherry region will be approximately 7834 tons in 2020, while the
SO2 released will reach 54.7 tons and the NOx released will be 32.4 tons. Thus, air quality may
deteriorate further in due course.

Figure 1. Causal chain diagram illustrating the causal links for Industrial Pollution in the Puducherry
region (based on Giangiobbe et al., 2002)
3.1.3. Impacts on ecosystem - This uncontrolled industrialization brought changes in community and
habitat structure [18]. Forest cover of Puducherry has become very less, posing a threat to current
ecosystem [8]. With this sudden boom in industries, the pattern of resource utilization in the form of
energy, water usage etc increased drastically leading to the inevitable resource disturbance and
imbalance. Today, the land bears no resemblance to its past, except in a few pockets of the region. It
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already affected the sedimentation patterns, the distribution of major and trace elements and rate of
soil formation, which in turn brought significant changes in ecosystem stability [9].
Regular inflow of industrial effluents into the ponds disturbed their ecological equilibrium.
Consequently, the water which previously could be used for domestic and agricultural purposes
became exceedingly unusable. This in turn affected the cropping pattern. Though not conspicuously
alarming, the slow and steady pollution by heavy metals in the environment is quite hazardous. They
reach the aquatic environment and being non-degradable, remains suspended or partially dissolved in
water and subsequently accumulated in organisms [13].
3.1.4. Impacts on flora and fauna - Due to the changing climate of industrialization and in the absence
of forest cover in most of the areas of Puducherry, several endangered and threatened plant species
such as Derris ovalifolia, Mallotus philippensis, Atlantia monophylla, Pamburus missicnsis Glyccsmis
pentaphylla, Lepisanthus tetraphylla, Diosypyros ebnum,Gloriosa superba Gymnema
sylvestre,Combretum ovalifolium,Derris scanden and varieties of mangroves found in this region are
under great threat [18]. The peri-urban estuaries where mangroves are located, receive a large quantity
of untreated sewage and solid wastes that degrade the habitat and threaten the ﬂora and fauna [19-20].
It also poses great risk to the very survival of rare and endangered species of wild animal population.
Among the five species of sea turtles reported in Indian coast, leatherback (Dermochelys coriacea),
loggerhead (Caretta caretta), olive ridley (Lepidochelys olivacea), hawksbill (Eretmochelys imbricata),
and green olive ridley turtles (Chelonia mydas) are the common species nestling along Puducherry
coastal belt. Possible adverse effects of noise on these turtles can range from behavioural modification
including mild disturbances, disruption, displacement from key habitat, disorientation, capillary
damage, loss of motor control, even death at some time [18].
3.2. Immediate causes
The current study identified inadequate/uncontrolled disposal of industrial wastes, discharge of
untreated industrial effluent, lack of/complete absence of proper facilities for the waste treatment
system, absence of secured hazardous waste landfill site, increased use of heavy metals and hazardous
toxic substances, leaching of hazardous and toxic wastes as immediate causes of industrial pollution in
Puducherry region (figure 1). With rapid industrialization, there has been a substantial increase in
generation of various hazardous wastes, discharge of industrial effluents and emission contaminating
groundwater resources [7].
The crisis of aquatic pollution and its impact on the health of organisms were an important current
problem mainly because of the indiscriminate discharge of industrial effluents containing heavy metals
like Iron, Chromium, Zinc and Lead etc. [11]. As the region’s industrial structure shifts into highly
polluting sectors, industrial effluents contain more and more heavy metals and non-biodegradable
toxic and hazardous waste, leaching of which increasingly contaminate ground water resources both
chemically and microbially [12].
Currently industries such as electroplating, pharmaceuticals, chemicals, steel, textiles, electronics,
distilleries are major polluting industries, mainly responsible for generating hazardous waste of
diverse nature. ETP sludge, waste oil, zinc oil, dichromate waste, spent pickling acid are major wastes
or pollutants of concern. Uncontrolled, inadequate and unsystematic handlings of these wastes pose a
greater risk and significant environmental burden in this region.
3.3. Root causes
Various issues related to governance, law, knowledge, technology and socio-cultural aspects have
been identified as major root causes of industrial pollution in this region. Such causes include lack of
long-range commitment from businesses to the environmental-friendly approaches, insufficient
management systems, ineffective institutional mechanism for strategic planning, development,
implementation and monitoring of pollution management, lack of access to appropriate technology
and know-how, a failure to understand the specific potential of green approaches, lack of time and
resources, corporate conservatism and a reluctance to drastically change business practices regardless
of the economic and environmental benefits. Further challenges include the corporate belief that
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pollution reduction is always a cost and never a saving and a business orientation toward sales
maximization rather than cost minimization.
Hence, in this alarming situation if we fail to ‘green’ the industrial activities, then industrial pollution
will be much more serious in this ecologically sensitive coastal region. Puducherry now needs to
refurbish its infrastructure base to meet increasing sociological, economic and environmental demands
simultaneously, without any further delay.
4. Recommendations for sustainable solutions
Strategic planning is necessary to address the environmental impacts of economic development to an
acceptable level. In this scenario of degrading environment and pressure for constant industrialization,
ecoindustrial network development provides viable solutions to move towards sustainable
industrialization. However, it will require a supportive infrastructure base to make it happen. Industry
will need a perfect combination of incentives, regulations, management mechanisms, information and
other infrastructure facilities to provide the conditions in which industrial symbiosis (IS) can thrive
[21].
A subsequent SWOT analysis by this author and her doctoral research broadly highlighted that
significant potential exists for development of industrial clusters in different sectors in Puducherry.
For businesses looking into inter-organisational interfaces for by-products and resources, potentials
appear attractive. 5 types (one-one, one-many, many-one, many-many and one-all) and 28 total

numbers of potential synergies were identified for by-product and resource exchanges during
the same research. This can be supported by policy elements that emphasise and encourage the
companies to move in directions aligned with IS principles [22], [23]. Regional development agencies
and local Govt, which have increasingly accepted responsibility for balancing economic development
with other pillars of sustainability, have a welcoming approach to the concept[24].Industrial
diversity,continuous waste production, existing motivation in work environment, willingness of the
govt., industry friendly incentives/subsidies, huge investment on industrial sector, good transport
access, close proximity of industrial participants, local academic skill/expertise provide promising
opportunities for successful implementation of IE principles[25-28]. All these create a supportive
atmosphere for creation of eco-industrial park in this region based on material and by-product
exchanges.
5. Conclusion

Rampant industrialization and urbanization have been very important causes for putting pressure on
natural resources and also causing various degrees of environmental degradation. Puducherry, the
south Indian industrial base has been experiencing similar kind of situation since many decades. There
is urgent need of initiatives that ensure that industrialization is sustainable both in terms of taking
measures to prevent damage to the environment and also promoting more environmentally friendly
industries. A transition of the industries into eco-industrial network has emerged as a dynamic
approach to preserve the natural resources of the region. Forging strong linkages between industry and
related services can accelerate this transition to a diversified, high income economy while providing a
safer environment. Situational analysis of Puducherry region pointed out existence of significant
potential for industrial clusters development and inter-organisational interfaces for by-product and
local resources. Key lessons learnt from Puducherry may act as a good basis for the development of a
strategic action for the areas with similar environmental problems. From a comprehensive analysis of
local environmental settings, strategies can be evolved to overcome the problems, by modifying or
introducing appropriate approaches and ﬁlling the missing aspects of the related policies for
strengthening sustainable industrialization.
Nevertheless, there is no one system that will work for every case. The same framework by itself will
not bring a successful eco-industrial model. In light of this, the case of the each industry needs to be
analyzed separately; however, other examples of successful strategies can be used as a basis to draw
inspiration. The achievement of eco-industrial network depends on the in-depth study of each
industrial characteristics and driving factors. It demands a strong determination and complete
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dedication of major stakeholders, especially participating companies. It is important to make the
participating companies understand that eco-industrial network will undoubtedly provide them with
opportunities to gain environmental and socio-economic benefits in a long term and will greatly
increase the sustainability of the system.
However, we need to address a number of concerns about implementation, dissemination and uptake
of new management approaches to move industries in the direction of more sustainable practices and
make them ready for the acceptance of recycled products and materials. Such solutions cannot be
imposed from outside and need a holistic approach that is widely understood, or at least
accommodated by local industrial systems. This will further allow to be readily absorbed into the local
business culture while simultaneously helping to improve overall effectiveness, and thereby possibly
assisting in a benign transformation of an existing ‘business-as-usual culture’ to a ‘sustainability-based
culture’[29]. All that is needed to achieve this is a logical way to approach the strategy, through
binding all the essentials rooted in social, economic, environmental, technical, scientiﬁc, cultural and
intellectual green components in an integrated fashion. Implementing a feasible green approach along
these lines will create the much desirable integrated structure, needed for the development of
sustainable industrial base in the regions with similar features.
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Abstract. In order to investigate international trade influence in the regional environment. This
paper constructs a vector auto-regression (VAR) model and estimates the equations with the
environment and trade data of the Pearl River Delta Region. The major mechanisms to the lag
are discussed and the fit simulation of the environmental change by the international impulse is
given. The result shows that impulse of pollution-intensive export deteriorates the environment
continuously and impulse of such import improves it. These effects on the environment are
insignificantly correlated with contemporary regional income but significantly correlative to
early-stage trade feature. To a typical trade-dependent economy, both export and import have
hysteresis influence in the regional environment. The lagged impulse will change
environmental development in the turning point, maximal pollution level and convergence.

1. Introduction
The Pearl River Delta, known as the "world factory", contributes about 30% of aggregate value
international trade in China annually in the past ten years, which is considered as world-shaking for
over 30 years for its amazing reform and opening. However, the Pearl River Delta’s international trade
is based on the high input, high consumption, high pollution and developing mode of pollution first
and treatment last. Pollution and resources shortage has become a double-edged sword to the
sustainable development of economy in the Pearl River Delta region.
Environment Kuznets curve (EKC) reflect the interrelationship between economic growth and
environment change. EKC is often shaped as inverted-U because environment deteriorates as
economic growth at early stage and improves later. Most of researchers regard that inverted-U is the
result of sequential development of three effects, i.e. scale effect, technology effect and structure effect
(Grossman G M and Krueger A B, 1993) [1]. In the very beginning of industrialization, scale effect is
overwhelming and dominates the change of environment. The other two effect is so weak that the
environment changes mainly by the economic scale. It is the deterioration stage in the inverted-U EKC.
In this stage economic growth exploit environment and resources at little residential consciousness and
very low cost. Afterwards, structure effect and technology effect comes to stronger and replace the
leading position of scale effect, which will guide the interrelationship between economic growth and
environment to virtuous circle (Lu Y and Guo L, 2008) [2]. Usually, they play effectiveness
simultaneously, because technology effect is interrelated to structure effect. The former one will help
the latter one to perform better and advance faster. As to the reasons of the replacing, much research
work has been done from different perspectives including market mechanism (Thampapillai et al.,
2003) [3], consumer preference (Lopez R and Mitra S, 2000; Lopez R et al., 2007) [4], [5],
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environmental policy (Torras M J, 1998) [6] and international impacts (Copeland B R and Taylor M S,
1995, 2004) [7], [8]. The explanation varies greatly but the replace order and consequence is quite
similar in most of empirical research.
A great deal of empirical study testified the mechanism of inverted-U EKC. They have selected
different kinds of data in cross-section, time series and panel structure from different countries and
territories in different periods. However, there are many differences among not only methods but also
results. The discrepancies include shape, slope and turning point. As to the shape of EKC, some
research work disagrees that all of EKC is shaped as inverted Egli H and Steger T M (2007) [9]
regarded that EKC is probably multi-shaped. That is environment may deteriorate continuously, or, in
some circumstance, improve after the first turning point and deteriorate at the turning point. Therefore,
EKC may also be a line with positive slope or N shape (Fu M, 2008) [10]. In the first case, there is no
turning point and in the second case, there are two turning points. Some panel data regression results
show that the second turning point does exist in some developing countries and that whether or not
turning point will appear depend on the detailed circumstances of selected countries and periods as
well as the pollution measurement (He J and Wang H, 2012) [11].
As to the position of the EKC turning point, there is no convincing result because the analysis from
different paper shows that different regime or geographic location may result in different turning point
(Zhu P H et al., 2010) [12]. Indicator variety or different econometric method also influence the
turning point estimated, which makes the comparison of the turning point among different countries
difficult. If take the stochastic factor into consideration, EKC will be more complex among countries
(Prieur F, 2009) [13]. Suppose that pollution accumulation is some kind of Brownian motion, up to
three threshold value may arise in environment changing process, which will lead to M or more
complex shaped EKC.
Regarding interrelation between trade and environment, there are three kinds of viewpoints. The first
one is that trade liberalization is beneficiary to the environment. Lucas R et al. (1992) [14] made the
regression analysis on the relationship between the intensity of pollutants in measured in emission per
unit of output and economic growth by multiple countries data from 1960 till 1988. The result shows
that pollutants agglomeration declines in some countries after reaching a certain income level after
rapid growth of pollution emissions and pollution intensive industry scale in the developing world.
The second viewpoint regards that international trade accelerate the pollution of the environment.
Chilchilniky G (1994) [15] argued that free trade to developing countries is more destructive than to
developed countries. Trade liberalization will accelerate the deterioration of environment as well as
resources exhaustion in developing countries, which threatens global environment and ecosystem if
private property rights are not clearly defined, in another word, the polluter thinks emission as public
and will surly average the cost and damage to every country. The third viewpoint is that the impact of
international trade on the environment is uncertain. Copeland B R and Taylor M S (1995) [7]
introduced a South-North model and disintegrate the influence to environment into three effects,
which are scale effect, structure effect and technology effect respectively, so as to analyse the impact
of international trade on the environment. The result suggests that free trade makes the South
environment destructed and the North, improved.
Some domestic study of the relation between trade liberalization and environment is more precise in
analytical regional-concerned result. Some scholars think that the interrelation between international
trade and environment can be explained by some kind of game theory and apply to the law of the unity
of oppositeness. Wu G M and Wu G S (2011) [16] introduced a game theory model of the prisoner's
dilemma to study the environmental game process and trade game process among the partners of the
international trade. He found that the relationship of environment and trade is a stable Nash
equilibrium rather than an irreconcilable contradiction. Expanding the mechanism of trade
liberalization influencing pollution, some domestic scholars regarded that four effects should be taken
into consideration: scale effect, structure effect, technique effect and law effect. Li B et al. (2006) [17]
constructed a general equilibrium model of international trade and environment so as to decompose
the environmental effect by trade into scale effect, structure effect, technology effect and law effect.
He found that scale effect aggravates the deterioration of environment in China, and the structure
effect and technology effect improves environment.
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The discrepancies in empirical study are partly due to ignorance of endogenous interrelationship
between economic growth and environment. Most of research work put emphasis on one-way impact
on environment by economic growth rather than reaction of environment (Andreoni J and Levinson A,
2001; Dinda S, 2005) [18], [19]. If economic growth results in scale effect, structure effect and
technology effect, which have effects on environment, will environment change has feedback and
influence economic growth? In fact, when regarded as factor of production, environment will affect
economic growth by all of these effects. In our early research, it was found that economic growth is
affected by the environment. Environment quality is also featured as a flow factor for output, which
implies that more rapidly the economy does grow, more costly the environment is. Considering that
high environment quality can provide abundant factor endowment for production, a country before
turning point obviously has different structure effect from one after turning point. Such kind of upturn
will happen to one country in different economic stage and change all of effects on environment by
economic growth.
This paper will focus on the inner mechanism and its effects on relationship between the international
trade and the regional environmental pollution by empirical analysis. Quite different from other
research work, we introduce lagged factor so to provide more powerful explanation to auto-correlation
in environment change in the Pearl River Delta. In the next section, we will introduce variables and
data. Section three introduces the VAR model, test the stability and cointegration and estimate the
coefficients. In the fourth section, we discuss the international trade hysteresis influence in
environment and impulse to environment inverted U process. The last section is our conclusions.
2. Materials and methodology
To introduce endogenesis, we suppose that environment and economic growth will impact each, so
each of them should be taken as endogenous variable decided by another endogenous variable and
exogenous variables. We set the model structure in Figure 1.
Human resource

Environment

Capital
Labor

TFP
Economic Growth

Trade
Scale effect
Structure effect

Feedback

Technology effect

Environment reproduction

Environmental Quality

Figure 1. Model Framework
The model includes two endogenous variables, one is environment and the other is economic growth.
Economic growth has four channels to influence environment, i.e. scale effect, structure effect and
technology effect and trade. Scale effect is deleterious to environment and structure effect and
technology effect is advantageous. Trade effect is variable. These effects not only influence
environment but also change environment reproduction, which may speed up or slow down
environment improvement. Economic growth relies on several factors, including capital, labour,
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human resources and especially, environment. Environment has effects on total factor productivity,
which determines the output. Environment factor input quality and quantity is dependent to
environment performance and the performance is influenced by economic growth through three effects.
It is very important that environment has feedback to economic growth and trade. And, economic
growth and trade influence the environment in turn. In our early research, we have construct a
simultaneous equation group to simulate the interrelationship among them. We have estimated the
coefficients in the equation group and transform the group to single equation. Considering the
feedback will have hysteresis effect, we include the feedback in the lag item of economic growth. The
model is set as
y  f ( y, e, L. y, L.e, tr , ot )
(1)
(2)
e  g ( y, e, L. y, L.e, tr , ot )
in which y, e, tr and ot is GDP, environment, trade and other exogenous factors respectively and L is
lag operator. The effect of feedback is included in variables L.y and L.e. Other exogenous factors
include foreign direct investment (FDI), energy and industry structure. Variables of trade include
export ex and import im. Lag term is tested up to 4th order. Both y and square y are included in the
equation group.
For the convenience of analysis and data availability, this paper selects exports and imports as
indicators of international trade. In order to highlight the influence by trade structure, we use product
of ratio and GDP. However, the ratio is not the simple proportion of aggregate import or export in
GDP. Considering that technology progress will impact international trade, we weigh the ratio by
industry and give technology intensive and less pollution intensive industry more weight. Pollution is
measured by emission of wastewater, industrial waste gas and industrial waste solid. We collect the
environment quality year report 2004 till 2014 from GIS in Guangdong Environmental Protection
Department Data Centre. According to the emission in each city where monitor station lies in, we
weigh environmental quality data to an index indicator from 0 to 1, smaller is better. The Pearl River
Delta’s pollution and trade data, covering the period from 2002 to 2014, are collected from statistical
yearbook and the economy development statistics report in the Guangdong and the Pearl River Delta.
Some data before 2005 are calibrated by other statistic material.
We will pay more attention to the interrelationship between the growth rate of international trade and
environment. Primary regression also suggests that logarithmic indicators perform better in our model
considering goodness of fit and logarithm will not change the interrelationship but can reduce
heteroscedasticity significantly and make the sequence into stationary series easily. Considering the
dependent variables of pollution may have correlation with dependent variables of trade and in order
to prevent estimation from multi-collinearity, we also calculate 1st class difference of each variable for
test comparison and use differentiated logarithmic variables in our VAR and panel model.
3. Results
3.1. Time series test
First, we inspect the time series stationarity by ADF test for samples of time series using STATA.
Table 1 shows the logarithmic results as well as the differentiated logarithmic results for comparison.
Table 1. ADF testa.
Variable
Log(ex)
Log(im)
Log(water)
Log(gas)
Log(solid)

Test
c, t, 1
c, n, 0
c, t, 0
c, t, 1
c, t, 0

Statistics
-1.406
-1.196
-3.092
-2.548
-2.61

Stationarity
No
No
No
No
No

a

Test ∆
c, t, 3
c, t, 0
c, n, 3
c, n, 0
c, n, 0

Statistics
-5.533
-3.676
-4.028
-4.203
-4.409

Stationarity
Yes
Yes
Yes
Yes
Yes

Test form c, t, k parameters denote constant term, time trend, and lag order number of unit root test. ∆
represents the first order difference，The optimal lag order number is determined by the AIC criterion, when the
absolute value of ADF is greater than 5% critical level, the sequence is judged as stationary series.
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According to the rule of AIC and SC, each group of variables are tested up to 3rd lags. Table 2 shows
the results.
Table 2. Vector cointegration testa.
VECTOR
ex, water
ex, gas
ex, solid
im, water
im, gas
im, solid

Trace
15.9578
19.1293
12.6220
15.9933
21.9442
12.0990

H0: NONE
Max Eigenvalue
12.6442
16.0673
8.8423
12.3866
18.4832
7.6466

H0: 1 AT MOST
Trace
Max Eigenvalue
3.3136
3.2274
3.0620
3.0010
3.7797
3.8525
3.6067
3.5503
3.4610
3.1217
4.4525
4.2564

COINTEGRATION
1
1
0
1
1
0

a

Null hypothesis is none cointegration and 1st order cointegration at most respectively. The 5% critical value for
trace is 15.41 and for maximum eigenvalue is 3.76. The last column is the judgement order. Ex and im is export
and import respectively. All tests are applied in 1st order differentiated logarithmic variables.

Table 2 suggests that both export and import are 1st order cointegrated with water and air pollution
while there is no significant cointegration relationship between solid pollution and any trade, either
export or import. Therefore, international trade has long run influence on the environment of the Pearl
River Delta, despite that the environmental change may has intrinsic random features and some
emission are not significantly observed tightly related to trade, e.g. solid. For comparison, we also test
the logarithmic variables without 1st order difference. The result shows that no cointegration
relationship exist among any groups of vectors.
3.2. VAR model and impulse response
According to the result of time series test, we focus on relations of international trade and pollution of
water and air, so we construct two groups of VAR model as follows:
’
(3)
VAR 1: Z1 （d log water, d log ex, d log im）
(4)
Considering that increasing lag order will lower the freedom degree of estimation and in order to
eliminate autocorrelation of residual to provider stronger explanatory capability, we set the maximum
lag order to two. All variable are 1st order differentiated and logarithmic. VAR model test result for
order is given in table 3.
Table 3. Lag order to VARa.
VAR 2: Z 2 （d log gas，d log ex，d log im）
’

VAR1

VAR2

lag
0
1
2
0
1
2

LL
28.9099
49.8923
133.566
27.1214
41.3329
117.856

LR
-22.64
56.43
28.423
35.34

FPE
1.5e-07
1.2e-07
0
4.8e-07
1.8e-07
-3.6e-36

AIC
-7.1744
-7.7544
-8.0023
-7.03036
-7.33322
-7.6743

SC
-7.1446
-7.6353
-7.6440
-6.0005
-7.2140
-8.1543

HQ
-5.89963
-8.55817
-8.83254
-6.23128
-8.13692
-7.34643

a

LL gives the likelihood function value of VAR model. LR is likelihood ratio. FPE represents the final
prediction error, AIC refers to Akaike information criterion. SC means Schwarz’s information criterion, HQ
denotes Hannan-Quinn information criterion.

Taking all criterions into consideration, we regard that 2nd lags for VAR1 and VAR2 are the optimal
result. Estimation result of the model is listed in Table 4.
Table 4. VAR estimationa.

VAR1

Water
Export
Import

Con
0.001
0.055
0.045

L.Water
0.464
0.243*
0.177

L2.Water
0.301
-0.124
-0.093*

L.Export
0.487
0.748
0.098
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L2.Export
0.355
-0.002*
-0.012

L.Import
-0.501
0.011
0.726**

L2.Import
-0.361
0.008
-0.001
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VAR2

Air
Export
Import

Con
0.013
0.036
0.043

L.Air
0.811
0.235
0.215

L2.Air
-0.028
-0.115*
-0.111*

L.Export
0.425
0.806
0.154

IOP Publishing
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L2.Export
0.218
-0.089
-0.083**

L.Import
-0.536
0.088
0.808

L2.Import
-0.009
-0.011
-0.023*

a

L is the 1st order lag operator and L2 is the 2nd order lag operator. Con is constant term. Critical level is 5%. *
and ** is significant at 10% critical level only and not significant at 10% respectively.

Figure 2 shows the scatter plot and average line of water and air pollution estimated by the VAR
model in 50 periods. We can find that the shape of line is quite similar with each other, but the
pollution level is not exactly the same and this is only a matter of measurement. It can be found that
the maximal pollution change rate of water and gas is 4.6860% and 6.4169% respectively. However, it
is not the traditional EKC tuning point because the pollution keep growing at this point at its highest
marginal rate. In these curves, pollution of water or air increase at beginning and the change rate of the
pollution deterioration speed rate keep increasing until the 6th (to water pollution) and the 5th (to air
pollution) period. After these point, environmental quality keep degrading and the degrading speed is
increasing until the 17th (to water pollution) and the 18th period (to air pollution). Then, the change rate
of environmental degrading rate of both water and air turn to negative, i.e. environment is
deteriorating but the deteriorate rate stops from increasing and begins to decrease.

Figure 2. Rate of water and air pollution change percentage
Considering the initial point in the sample of this paper is in pollution deterioration stage, accumulated
change of both water and air pollution change percentage needs to decline below zero, when
environment improves. The accumulated change of water and air pollution change percentage is
plotted in Figure 3. To water pollution, at the 39th period, the accumulated change is near zero and to
air pollution, the 53th period. About 4-7 periods after those points, environment begin to improve, i.e.
43-60 periods of deterioration need to be experienced according to our estimation results.

Figure 3. Accumulated sum rate of water and air pollution change percentage
3.3. Robust test
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We have carried on 2 groups of robust test to the model estimation. The control variable is FDI and
industry structure. The former one is for opening test, i.e. if another variable indicating opening can
replace the agent position of international trade and also influence environment, will the model
estimation result keeps robust. If FDI of similar type of products can change the fitness of the model
or weaken the significance of the trade, the original estimation result is lack of robustness, which may
imply that change of environment is not the specific result of trade.
Another control variable is industry structure. The structure effect of economic growth has already
included this effect in the endogenous mechanism. If the model is robust, an additional structure
variable will produce some collinearity and weaken the significance of trade. We also take the
combined test for two control variables. The robust test result for water and air is listed in Table 5 and
Table 6.
Table 5. Robust test for watera
variables
constant
L.water
L2.water
L.export
L2.export
L.import
L2.import
FDI
Structure
a

Trade
0.001***
0.464***
0.301***
0.487***
0.355***
-0.501***
-0.361***
---

Water pollution equations
FDI
Structure
0.002**
0.001**
0.426***
0.501**
0.315**
0.228**
0.409***
0.444***
○
0.289**
0.295
-0.435***
-0.488**
-0.187***
-0.273*
-0.173***
--0.005**

Combined
0.001*
0.550***
0.013**
0.334**
0.283*
-0.465***
-0.201○
-0.102***
○
0.004

○

***, ** and * indicates 1%, 5% and 10% of critical level respectively. is not significant at 10% critical level.
a

Table 6. Robust test for air
variables
constant
L.water
L2.water
L.export
L2.export
L.import
L2.import
FDI
Structure
a

Trade
0.013***
0.811***
-0.028***
0.425***
0.218**
-0.536**
-0.009***
---

Air pollution equations
FDI
Structure
0.008*
0.010***
0.600**
0.655**
0.012**
-0.001**
0.384**
0.419**
0.180**
0.224○
-0.334**
-0.451**
-0.240*
-0.215***
-0.094*
--0.010*

Combined
0.001*
0.477**
-0.023***
0.390**
0.190*
-0.440**
-0.207○
-0.056**
0.009○

○

***, ** and * indicates 1%, 5% and 10% of critical level respectively. is not significant at 10% critical level.

The robust test result shows that both FDI and industry structure has slight influence on the model
because overall significance lower down slightly in the test. However, the significance of lag term of
environment has little change and it suggests that the hysteresis effect in this EKC VAR model is still
robust. FDI effect on environment is quite similar to trade, which suggest opening effect may partly be
resulted from investment.
4. Discussion
In this paper, we will focus two key points. One is international trade hysteresis influence in
environment and the other is how impulse will change environment inverted U process.
4.1. International trade hysteresis influence in environment
Regression results in Table 4 show that both water and air pollution is highly related to international
trade hysteresis effects. One of the important founding is that both the 1st order and the 2nd order
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coefficients of pollution intensive export in either VAR1 or VAR2 are positive, which means the
impulse of such export is deleterious to the environment continuously. To most export intensive
developing countries or regions, resources exhaustion, extensive manufacturing and poor regulation in
pollution will all accelerated the pace to worse environment. However, lots of research done can only
find such relationship as between pollution and contemporary international trade rather than pollution
and lagged international trade. EKC empirical research by us earlier also suggests that the correlation
between international trade and water environment is so weak that contemporary economic growth
and corresponding structure, technology and scale effects are much more decisive than international
trade in environmental change and the turning point. This is true only when considering the
synchronous effects. Export and import effect on environment need more time to be seen.
One of the key explanations to this point is comparative advantage and factor endowment. When a
region finds some factor endowment can bring comparative advantage in their export department, e.g.
Foshan city in the Pearl River Delta in our sample find they can produce and export many ceramic
goods for its endowment in labour and kaolinite, it tends to build strong producing capacity and export
in large scale. In the early stage, it can be found that rapid growth in export doesn’t bring much
environment destruction because the exhaustion of resource and its environmental damage is covered
by natural recovery of eco-system. Thus we can only find insignificant influence in environment by
export industry. And, this is stimulation to absence of environmental regulation as well as faster
expansion of such export. With the development of the industry, environmental deterioration
accelerates and cannot be restored by natural renewable process any longer. Therefore, the pollution
deterioration is highly correlative to the influence of earlier stage export.
Another reason to export lag lies in the industry cluster led by export. Like the Pearl River Delta, most
export-led regions in China or Asia attract a lot of enterprises for preferential policies, mature
infrastructure, brand effect and technology spill over. When export booms, such kind of region has
more rapid growth rate and attractiveness than other regions. More and more enterprises will invest
here, whether they do international trade or not. Therefore, export growth in early stage may bring
continuous prosperity as well as increasing pollution for the region. In some cases, environmental
pollution will not decline even though export dwindles in several years because a large part of output
for exporting will be redirected to regional or domestic market, or kept as stock. So export fluctuation
is not the decisive factor to contemporary environment, but the important factor to future environment.
The pollution is correlative to production in earlier stage, and part of which would have be arranged as
the export, but now as regional or domestic sale.
Quite different from export, the influence of import in environment is advantageous rather than
deleterious. But the lag does also exists. The negative coefficients of all lag terms of import suggest
that environment will improve with the import growth although such improvement is partly offset by
pollution in consumption process. Similar with export performance in environment, there is even
inferior correlation between environment change and contemporary import growth. According to
comparative advantage theory, if developed region imports a great amount of pollution intensive
goods, which means the production process is already shifted abroad with regional industry upgrade,
and environment improves with this process. Nevertheless, the improvement does not happen
synchronously in significance due to the hysteresis effect. However, hysteresis in import is completely
different from it in export. It is generated by industry shift lag and consumption lag.
Industry transfer lag is the time between pollution intensive transfer and environment improvement.
When a region decides or is obliged to transfer its pollution intensive industry abroad, e.g. to some
lower development region, the transfer will not recover the environment very soon. There are several
reasons to this point. First, recovery of ecosystem needs a relative long period, so the water and air
quality does not improve as soon as pollution emission decline. Second, the transfer of pollution
intensive industry is always later than import increase. To some regions, loss of factor endowment as
well as competitive power are the reasons of such industry transfer. The diminishing of export and
growth of import happen along with the loss, surely ahead of transfer, and environmental improvement
happens even later to it. Third, some regions will kept their damaged environment unrecovered even
when they can restore environment after the pollution intensive industry transfer because of huge costs
in restoration. The environment improvement will slow down with the inaction of government. Fourth,
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some consideration in regional employment makes the pollution intensive industry transfer halfway,
so the increase in import is limited effective to pollution control.
Consumption lag is the lag of the environmental improvement due to consumption upgrade from more
pollution intensive domestic products to more environmental domestic products. When a region needs
to upgrade its growth mode to more technology intensive and environmental friendly type,
contemporary environment improvement is not so significant. There are many reasons to this point
and we discuss four of them.
First, the government always restricts the production with uncontrolled emission and these
manufacturing must transfer to other less developing regions. However, such now imported goods are
even less environmental than produced regionally earlier in consumption process, because the current
producers in less developing regions usually has much less environmental regulation. That's also why
many researchers thought that there are may be some Pollution Heaven in the industry transfer. In the
relative early stage, a region has less control for such pollution intensive import in order to satisfying
regional demand. So environment does not improve along with such import increase.
The second reason to that point is that the regional producers may cut their producing cost to compete
with other region producers, and the cut parts may include emission clean and pollution control. The
regional producer’s response aggravates environmental destruction until it pulls out of the regional
market. Before that, they produce more such goods with lower costs in order to recoup investment. So
the environment will not improve with the import increase.
The third reason is something like the reason discussed in export, i.e. the import increase does not
definitely decrease the regional production for the reasons of regional employment and tax. The
adjustment usually needs three to ten years or even longer. The improvement of ecosystem is
influenced by this process.
The last reason lies in the time between import and consumption, and this lag is not too long. Imported
goods production lies in other region and will not pollute native region, but the consumption and waste
recycling may pollute regional ecosystem. Therefore, the offset effect does not happen before the final
consumption. Some imported goods are intermediate goods and it will spend some time before it
changes into final products and be sold to consumers.
4.2. International trade impulse to environment inverted U process
Pollution rate dynamic fitted line in Figure 1 suggests that Environmental Kuznets Curve as well as its
stage and turning point alteration may be explained as autoregressive process rather than cubic
polynomial fitting of income. A great deal of literature regard that the economic growth makes the
pollution deteriorate in early stage and turns to improve environment when income reaches a certain
level. As stated in many surveys, the technology effect, scale effect, structure effect and regulation
effect are adjusting tools to interrelationship between income and pollution. International trade
influence in environment relies on its impact on economic growth and structural change in it.
However, the conclusion in this paper implies that environmental change in highly opening region
may be less correlative to economic growth but more to international trade. It is a process of
endogenous auto-development, and most attention-getting point is that trade has direct effects on
environment, regardless of regional income level. International trade can change the environmental
curve considerably. That also means the turning point in different countries or regions may vary
considerably with their international trade mode and structure. Many research work has questioned
that why the turning point in EKC is so different among countries that the maximal turning-pointcorresponding income is twice or more of the minimal value. We regard the reason lies in this
endogenous dynamic process. Estimation result suggests that either water or air pollution change rate
(attention, change rate rather than absolute level) will rise in the early periods. After a certain amount
of periods (depending on the initial point and actual situation, which is 17 to 18 in our research region),
pollution rate comes to the turning point and then environment deterioration rate reach maximum.
After about 25 periods, the rate altercation converges to a certain level (-0.0286 to water and -0.0182
to air in the Pearl River Delta region in our research). Therefore, the corresponding pollution growth
rate has an accelerative rise in early stages and the rise rate will reach the maximal value after 17 or 18
periods. After that point, the pollution will not abate immediately, but keep increasing with decreasing
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deterioration rate until this rate lowers to zero. That is 39 and 53 periods to both water and air in our
sample of the Pearl River Delta. Then, environment begins to improve continuously and the improving
rate will also rise until converge to the certain rate.
This inverted U shape is completely an endogenous auto regressive progress, in which trade has great
influences in environment directly. In this paper, we only discuss the change of the turning point, zero
point and convergence of environment. In our estimation and fitting, it is found that an increase of the
1st or 2nd order lag positive impulse of export (or negative impulse of import) has little change on the
turning point period of the environment change rate, but significantly increases the maximal pollution
level. Such kind of impulse change of export will delay the period to zero pollution rate. It may
decrease the final convergence environmental improvement rate, or even make environment converges
to a steady deterioration rate and never improve. Regions as the Pearl River Delta is usually featured
with scale pollution intensive export. Due to poor regulation, such export has tremendous and longlasting damages to regional environment. That is why we find impulse to environment of export in the
Pearl River Delta region is higher than data in other regions in China. Extensive scale development in
such export department leads to higher maximal level of pollution growth rate. When the impulse is
not so strong that offset influence of other factors, e.g. import and other endogenous various, it will
only delay the coming of environment improvement and dwindle the final improving rate. However, if
the impulse overwhelm other influences, (may it happened in some cities of this region in case that
pollution emission is not controlled properly). The zero environmental deterioration rate cannot be
reached and regional environment will keep deteriorating until environment cannot support the
economic growth any longer.
We also find the impulse of export will abate with lag period in both water and air pollution, which
suggests that the export influence in environment abate as time goes go. The coefficient of the 2nd
order lag export is smaller than the 1st order lag. We have tested the 4th order lag of the VAR for
comparison, using same sample and find even weaker and less significant influence by 3 Rd and 4th
order lag. Part of the influence of higher order lag export has been included in the lower lag order term,
but more important, the region is motivated to change the industrial layout, stimulate export upgrade
and impose tough sanction and regulation against illegal emission. So the marginal influence in
environment by early export growth decreases. This also happens to import.
5. Conclusions
In this paper, we investigate the international trade influence in environmental change, using the data
of the Pearl River Delta. We find that pollution is highly related to international trade hysteresis
effects. Impulse of pollution intensive export deteriorates the environment continuously and such
impulse of import improves environment. Such effects as well as their influences in environment are
insignificantly correlated with regional income, which implies that environment can be improved with
trade structure and mode advancement in highly opening or trade-dependent economy, even in relative
low-developed stage. This also suggests that rapid economic growth is not definitely helpful to an
economy to cross the EKC mountaintop because it may has much higher turning point than other
economies. International trade hysteresis effects can move auto-regressive EKC turning point, make
stages shift and change the maximal value of environment as well as convergence feature. Longlasting effect of impulse of trade can decide the way of environmental sustainable development or a
vicious circle to some extent.
One of the most interesting conclusions in this paper is that environmental effect lag are quite different
between export and import. The export lag is caused by comparative advantage, factor endowment and
industry cluster. While the import lag is cause by industry transfer lag and consumption lag. We offer
some major mechanisms. However, whether or not they have effect equivalency is still questioned.
We are not optimistic about the environment performance in the Pearl River Delta region and other
such kind of export intensive economic. According to the estimation result in the paper, this region
needs at least 30-40 years before its environment coming to virtuous circle. Currently, the government
of this regions is planning to apply stringent specification and control to pollution. To this trade
dependent economy, before structural change, these stringent rules are merely teeter-totter between
environmental protection and economic growth.
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Abstract. This paper uses EU ETS carbon future price and Germany/UK clean energy firms
stock indices to study the relationship between carbon market and clean energy market. By
structural break test, it is found that the „non-stationary‟ variables judged by classical unit root
test do own unit roots and need taking first difference. After analysis of VAR and Granger
causality test, no causal relationships are found between the two markets. However, when
Hsiao‟s version of causality test is employed, carbon market is found to have power in
explaining the movement of stock prices of clean energy firms, and stock prices of clean
energy firms also affect the carbon market.

1. Introduction
There have existed studies on the relationship between clean energy and typically traditional economic
variables such as oil price, high technology stock and interest rate [1]-[8]. However, once taking the
relationship between stock prices of clean energy firms and carbon market into account, few studies
are applicable. For this paper, only two papers may be directly referred to in such a field: those of
Kumar et al. (2012) [9] and Zhu and Kong (2016) [10]. However, their conclusions differ: Kumar
failed to find a significant relationship between the two markets, while Zhu and Kong found that
carbon price would affect the stock prices of clean energy firms.
2. Data
For studying relationship between stock prices of clean energy firms and carbon market, clean energy
firms‟ stock prices, high technology firms‟ stock prices, oil price, carbon price and interest rates would
be discussed.
2.1 Time frame and carbon price
Time ranged from 01/08/2014 to 12/14/2016, totally 154 weekly observations available. The
Wednesday data for the variables discussed below were adopted and closing prices from the most
recent trading session would make up for the missing data at that day. And for the continuity of data
and reflection of the potential equilibrium of the markets, closing prices of carbon future were utilized.
The EUA data were from WIND.
2.2 Index constructing
Index for certain purpose of research may not be available at hand but could be constructed effectively
in some way (B.T. Katangodage and Wijeratne, 2016 [11]). And to avoid coming across survivor-ship
bias discussed by Rohleder et al. (2011) [12], value-weighted approach proved to be more efficient
than equally-weighted approach practically is adopted (Ibbotson et al., 2011[13]).
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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Four companies of DAX index were selected for Germany: companies of E.ON.SE, Infineon
Technologies AG, RWE AG and Siemens Aktiengesellschaft. And UK is also checked. Seven
companies from FTSE 350 were chosen: companies of Centrica plc, Drax Group plc, National Grid
plc, Severn Trent, SSE plc, United Utilities Group plc and Vedanta Resources plc.
Four companies in the DAX were chosen for high technology firm stock index constructing:
companies of Bayer AG, Deutsche Telekom AG, Merck KgaA and SAP SE., while UK all-share
technology index was available.
2.3 Interest rates and oil price
EURIBOR three-month funds and Euro deposit rates (GBP-3 Month-rate value) were adopted to
respectively stand for interest rates of Germany and UK. Oil price was obtained by the average of the
closing price of West Texas Intermediate (WTI) and that of the BRENT crude oil futures contract.
3. Methodology and empirical results
All variables took logarithms with Germany and UK interest rates as exceptions. Interest rate for
Germany turned into negative after April 15, 2015, which is inappropriate for logarithm. To keep
consistency with Germany, UK interest rate would not be taken logarithm, either.
3.1 Statistics summary for investment choice
Table 1 shows the descriptive statistics of weekly continuously compounded returns for investments
on different assets. Annual returns for each asset is obtained by multiplying 52. For investments in
Germany and UK clean energy firms, the returns are 13.52% and 6.76%, respectively twice and four
times their corresponding market index. Further, traditional Sharpe ratio shows that oil would not be
appealing for investors in these years with negative Sharpe ratio, a difference from Kumar et al.(2012)
[9]for whom oil ranked the first.
Table 1 Descriptive statistics of weekly returns.
Variable
Carbon price
Oil price
Dax index
Germany high tech
Germany clean energy
FTSE 350 index
UK high tech
UK clean energy
Germany interest rate
UK interest rate

Obs
153
153
153
153
153
153
153
153
154
154

Mean
5.7e-05
-0.0042
0.0011
-0.0010
0.0026
0.0003
0.0027
0.0013
-0.022%
0.612%

S. Dev
0.0554
0.0506
0.0287
0.2627
0.1152
0.0209
0.0301
0.0840
0.0020
0.0007

Min
-0.2289
-0.1440
-0.0662
-0.8565
-0.3280
-0.0647
-0.0674
-0.3853
-0.316%
0.420%

Max
0.2093
0.1836
0.0711
0.6697
0.3374
0.0577
0.2159
0.3427
0.339%
0.790%

Skewness
-0.5589
0.5102
-0.1693
-0.3108
0.1702
-0.0287
2.1874
-0.0778
0.1422
-0.4600

Kurtosis
6.4588
4.5843
2.7125
3.9403
4.1886
3.6310
18.141
6.6610
1.9176
2.7854

Sharpe
0.005
-0.079
0.046
-0.003
0.024
-0.278
-0.114
-0.057
/
/

3.2 Traditional unit root test
The results of ADF tests are displayed in Table 2, showing that only half of variables are stationary,
i.e., variables of Germany high technology firms stock, Germany clean energy firms stock, FTSE 350
index, UK clean energy firms stock and UK interest rate.
Simply considering the traditional ADF test would urge the remaining five variables, i.e. carbon price,
oil price, DAX index, UK high technology firms stock and Germany interest rate, to take first
difference. However, Perron (1989) [14]emphasized that de-trended data in essence may be labeled
with “non-stationary” when structural breaks exist. Further, Bai and Perron (2003) [15] proposed a
model that finds the global structural breaking date with appropriate variables {Zt}. Therefore, it is
necessary to check whether structural break date exists in the five “non-stationary” time series before
simply taking the first difference.
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Table 2 Traditional ADF test.

Carbon price
Oil price
Dax index
Germany high tech
Germany clean energy
FTSE 350 index
UK high tech
UK clean energy
Germany interest rate
UK interest rate

Intercept and
trend
-2.3811
-0.8217
-2.5044
-9.7411***
-3.9345**
-2.8304
-2.3579
-5.6740***
-2.3378
-2.6516

Level
Intercept

None

-2.1324
-1.3762
-2.3121
-7.784***
-1.6653
-2.8781*
-0.4517
-3.3866**
-0.7388
-2.742*

-0.2603
-1.1494
0.4564
0.1996
0.3471
0.1268
1.0794
0.1116
-0.4201
-0.1494

First difference
Intercept and
Intercept
trend
-10.042***
-9.97***
-11.617***
-11.5***
-12.800***
-12.8***
-10.511***
-10.5***
-20.613***
-20.6***
-14.600***
-14.6***
-11.416***
-11.4***
-14.515***
-14.6***
-7.5904***
-7.6***
-16.570***
-16.6***

None
-10.0***
-11.52***
-12.9***
-10.6***
-20.7***
-14.7***
-11.4***
-14.6***
-6.69***
-16.6***

***1 percent of significance
**5 percent of significance
* 10 percent of significance

3.3 Structural breaks
{Zt} is important for Bai and Perron (2003) [15] to find the global structural break dates. In their paper,
{Zt} refers to the lag value of time series themselves, the time trend or just a constant term; and data
generating processes for time series normally could capture these information. However, data
generating process is hard to get. In order to get the data generating process, four models, used by
Wang (2001) [16] and Wang and Chen (2007) [17], in Table 3 are assumed.
Table 3 Four models of data generating process.
Model I

yt  yt 1  ut
carbon
oil
dax
UK high tech
Germany interest
rate

0.9194
(-2.922)
0.9818
(-3.107)
0.8535
(-4.234)
0.9691
(-4.143)
0.9978b
(-15.658)

Model II

Model III

0.9206
(-2.910)
0.9819a
(-3.085)
0.8576
(-4.236)
0.9689
(-4.111)
0.9982
(-15.811)

0.0284
(-0.396)
0.6941b
(-0.253)
0.1151
(-2.410)
0.7205b
(-1.920)
0.9723b
(-13.076)

yt  c  yt 1  ut yt  c  t  u t

Model IV

yt  c  t  yt 1  ut
0.9219
(-2.901)
0.9817c
(-3.052)
0.8575d
(-4.210)
0.9699
(-4.119)
0.9982c
(-15.792)

a: parameter of constant C is not statistically significant;
b: R2 larger than DW statistics;
c: parameter time and constant C are not statistically significant;
d: parameter of time is not statistically significant.

Adjusted R square and Schwarz criteria are showed in the upper row and in brackets, respectively.
And optimal model selection should satisfy the following conditions simultaneously: (1) highest
adjusted R square; (2) lowest Schwarz criterion; (3) R squared value less than DW statistics in order to
avoid problem of spurious regression (Granger and Newbold, 1974 [18]); and (4) significant
coefficients. Overall, Model I suits carbon price, oil price and UK high technology index, and Model
II suits Dax index and Germany interest rate. Therefore, for the former three variables, {Zt} employs
{y(-1)}, while for the latter two, {1, y(-1)} is chosen, where “y(-1)” and “1” stand for lag term and
constant term, respectively.
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BP test is provided by E-views 8.0 for detecting structural breaks. From Table 4, no structural break
dates exist in the five “non-stationary” time series. Such a finding justifies the conclusion in Table 2
that carbon price, oil price, Dax index, UK high technology firms stock and Germany interest rate do
own unit roots and need taking first difference.
Table 4 BP test for seeking global structural break dates.
Variables
Carbon price
Oil price
Dax index
UK high tech
Germany interest rate

Sup
F(0|1)
2.377
7.269
3.882
2.674
0.0786

Zt
{y(-1)}
{ y(-1)}
{1, y(-1)}
{ y(-1)}
{1, y(-1)}

3.4 VAR analysis and Granger causality test
To select an appropriate lag length for VAR model, this paper resorts to Kumar et al (2012) [9]: if
criteria of FPE, AIC, SC and HQ showed different lags, the Likelihood Ratio test would be adopted. In
Table 5, the chosen lags by FPE, AIC, SC and HQ are the same. Therefore, the VAR is estimated with
one lag for both Germany and UK.
Tabel 5 Lag for VAR.
lag
0
1
2

LR
NA
264.6
56.61

Germany
FPE
AIC
8.6e-20 -26.9
2e-20* -28.3*
2.2e-20 -28.3

SC
-26.8
-27.4*
-26.6

HQ
-26.8
-27.9*
-27.6

LR
NA
523
49

FPE
3.6e-20
1.4e-21*
1.5e-21

UK
AIC
-27.7
-31.0*
-30.9

SC
-27.6
-30.2*
-29.3

HQ
-27.7
-30.7*
-30.3

Table 6 VAR model fit and Lagrange-multiplier test.
Equation
Germany
Germany clean energy index
Germany high tech index
Oil prices
Carbon prices
Germany interest rate
DAX index
UK
UK clean energy index
UK high tech index
Oil prices
Carbon prices
UK interest rate
FTSE 350 index
lag
1
2

VAR model fit
parameters
7
7
7
7
7
7

R2

F-statistics

0.719427
0.235464
0.039411
0.055775
0.209035
0.019190

61.96670
7.442937
0.991517
1.427509
6.386747
0.472829

7
0.289163
9.830831
7
0.050887
1.295690
7
0.032905
0.822270
7
0.076428
1.999851
7
0.753389
73.82857
7
0.788946
90.33797
Lagrange-multiplier test
Germany
UK
LM statistics
Probability
LM statistics
Probability
50.05374
0.0599
50.83750
0.0516
38.59113
0.3533
35.22882
0.5021

H0: no serial correlation at lag order.
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In Table 6. As for the VAR model for Germany, only clean energy firms stock equation owns a high R
squared value as well as high F statistics. For UK, interest rate equation and FTSE 350 index equation
exhibit a high R squared values as well as F statistics followed by clean energy index equation with
lower R squared value but higher F statistics. The Lagrange-multiplier test statistics in Table 6 reveal
that VAR models are free from serial correlation at the significance of 1%. All of the eigenvalues are
found to lie inside the unit circle; therefore, VAR model satisfies the stability condition and Granger
causality test could proceed.
Even though this paper endeavors to capture the relationship between carbon price and corresponding
European clean energy firms stock, stock prices of both Germany and UK clean energy firms do not
“Granger” cause the carbon price. And carbon price does not “Granger” cause Germany or UK clean
energy firms stock prices, either (see Table 7).
Table 7 Granger causality Wald tests.
Granger causality for UK
Dependent variable: clean energy
Dependent variable: carbon price
excluded
Chi-sq
prob.
excluded
Chi-sq
prob.
Carbon
0.000115
0.9915
Oil
0.008554
0.9263
Oil
1.339988
0.2470
FTSE 350 index
0.864378
0.3525
FTSE 350 index
0.759843
0.3834
clean energy
0.785536
0.3755
interest rate
0.615504
0.4327
interest rate
0.259615
0.6104
high tech index
4.730982
0.0296
high tech
2.783351
0.0952
All
5.674341
0.3392
All
5.759074
0.3304
Granger causality for Germany
Dependent variable: clean energy
Dependent variable: carbon price
excluded
Chi-sq
prob.
Excluded
Chi-sq
prob.
Carbon
0.026357
0.8710
DAX
0.234231
0.6284
DAX
3.728012
0.0535
Oil
0.018670
0.8913
Oil
1.103068
0.2936
clean energy
0.893183
0.3446
interest rate
0.280802
0.5962
interest rate
0.008955
0.9246
high tech
1.739218
0.1872
high tech
0.355254
0.5512
All
6.130239
0.2938
All
2.461510
0.7823
3.5 Hsiao’s version of Granger causality test
It seems that there is no Granger causality between the two countries‟ clean energy firms stock and
carbon price. However, VAR model is subject to chosen lag. To overcome such a problem, Hsiao‟s
version of Granger causality test would be used. The formulas (1) and (2), (3) and (4) come from
Hsiao‟s (1981) [19] and Altinay and Karagol (2004) [20], respectively.
M

N

i 1

j 1

M

N

i 1

j 1

yt   aiyt  i   bjxt  j  ut
(1)

xt   cixt  i   dj yt  j  vt
T  m  1 Q(m,0)
FPE (m,0)  (
)(
)
T  m 1
T
T  m  n  1 Q(m, n)
FPE (m, n)  (
)(
)
T  m  n 1
T

(2)
(3)

(4)
where M and N donate the maximum lag orders, Xt and Yt donate the two stationary time series, ut and
vt stand for white noise.
Hsiao employs Akaike‟s final prediction error criterion to determine the lag order of auto-regressive
models (1) and (2). Detailed conduct of running model (1) and (2), and FPE calculations of model (3)
and (4) could be referred to Altinay and Karagol (2004). Only the judging rule is put here: when the
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minimum FPE from equation (4) is smaller than that from equation (3), then X t is said to cause Yt in
the equation (1). Same rule applies for equation (2).
Here, Xt donates stock prices of clean energy firms of each country and Yt donates the carbon price. 52
weeks are there in a year; therefore, the maximum lag order for Germany and UK is set as 52. In Table
8, for Germany, the minimum FPE of the controlled variable (carbon price) is found at lag 50. After
adding the manipulated variable (stock price of clean energy firms) into the model with the lag order
of the controlled variable as 50, the minimum FPE (0.000091) is found at lag 51, smaller than the
initial FPE (0.001917); therefore, Germany clean energy stock index does “Granger” cause carbon
price. And likewise, it is found that carbon market also affects stock prices of clean energy firms.
Same results hold for UK.
Table 8 Hsiao‟s version of Granger causality test.
Direction
Equation (1): from Xt to Yt

Germany
Controlled
Minimum FPE
variables
Carbon(50,0)
0.001917

Equation (2): from Yt to Xt

Clean energy
(50,0)

Direction

Controlled
variables
Carbon(50,0)

Equation (1): from Xt to Yt
Equation (2): from Yt to Xt

0.008006
UK
Minimum FPE
0.001917

Clean energy
(48,0)

0.003827

Manipulated
variables
Clean energy
(50,51)
Carbon(50,51)

Minimum
FPE
0.000091

Manipulated
variables
Clean energy
(50,51)
Carbon(48,52)

Minimum
FPE
0.000315

0.000003

0.000093

4. Implication
Findings of this paper have important implications for China. As carbon market would be affected by
the clean energy industry, the Chinese government should make sure the effective operating and
reasonable pricing of clean energy industry, which allows the forthcoming carbon market to operate
under an overall effective environment. Equally, carbon market should also be cultivated to be mature
for the development of clean energy industry, due to the reason that clean energy firms are affected by
the carbon price.
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Abstract. Ultrasonic technology has been widely investigated in the past as one of the advance
oxidation processes to treat wastewater, in this process acoustic cavitation causes generation of
OH radical, which play a vital role in improving the treatment efficiency. In this study, OH
radical formation rate was measured in batch and circulatory reactor by using Weissler reaction
at various ultrasound output power. It is found that the generation rate in batch reactor is higher
than that in circulatory reactor at the same output power. The generation rate tended to be
slower when output power exceeds 137W. The optimum condition for circulatory reactor was
found to be 137W output and 4L/min flow rate. Results of aluminum foil erosion test revealed
a strong dependence of cavitation zone length on the ultrasound output power. This is assumed
to be one of the reasons why the generation rate of HO radicals becomes slower at higher
output power in circulatory reactor.

1. Introduction
1.1. Advanced oxidation processes in water treatment
With the expansion of urban city and modern industry, demand of water is phenomenally growing.
Meanwhile, wastewater treatment and recycling has becoming an important issue, especially for
recalcitrant organic wastewater, which mainly contains polycyclic aromatic hydrocarbon, halogenated
hydrocarbon, heterocyclic compounds, organic pesticide and so on [1].
Advanced Oxidation Processes (AOPs), as a promising water treatment technology, has been
investigated widely in recent years. By supplying energy and adding matters, such as ozone and H2O2,
OH radicals can be produced in water, which attack the organic pollutants to promote their
degradation into CO2, H2O, and inorganic salts [2], [3].
According to the mechanism of OH radical generation, various advanced oxidation processes have
been widely investigated. Examples are Fenton process, ozone, ultrasound and plasma. Many hybrid
processes have been also developed [4]-[15]. Some of them have already been industrialized for
treating small amount of wastewater [16], [17]. Among these techniques, ultrasound water treatment
has shown great potential. The main effect of ultrasound is related to the phenomenon called cavitation.
1.2. Cavitation
Cavitation is produced as a result of rupturing a liquid during the negative pressure half cycle of
ultrasound wave [18]. Cavitation also can be defined as a process of generation, subsequent growth
and collapse of the cavities (or cavitation bubbles) releasing large amounts of energy over a very small
location providing very high-energy densities [19]. In this process, hot spots are generated in the
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vicinity of cavities, which creates conditions of high temperature and pressures, usually up to few
thousand Kelvins and few thousand atmospheres [20]. As a result, highly reactive free radicals, mainly
OH radicals, are generated. There are four types of cavitation. Acoustic cavitation, hydrodynamic
cavitation, optic cavitation, and particle cavitation. Among these, only acoustic and hydrodynamic
cavitation can generate cavitation field of high enough intensity for water treatment [19].
1.3. Acoustic cavitation
Power ultrasound is capable of producing both chemical and physical effects in liquid. A typical
frequency range for ultrasound is 20 ~100 kHz. In the case of acoustic cavitation, tiny bubbles are
generated by the ultrasound wave, which is transmitted in liquids following compression and
rarefaction cycles. When the negative pressure of rarefaction cycle exceeds attractive forces between
the molecules of liquid, a void is formed. This void, or so-called cavity, is filled with s solvent vapor
or dissolved gas. In the compression cycle, the cavity does not totally collapse but continues to grow
to form larger acoustic cavitation bubbles. When some bubbles expand to an unstable size, they
violently collapse and generate high temperature zone (hot spots) and shock waves.
Volatile and hydrophobic pollutants are degraded by thermal reaction in the hot spots of cavitation
bubbles. Compounds which are more hydrophilic are decomposed in the bulk liquid by OH radicals
generated in the cavitation bubble [21].
1.4. Acoustic streaming
Apart from generation of cavitation bubbles and hot spots, ultrasonic waves may also cause a steady
flow in fluids, which is known as acoustic streaming [22]. Acoustic streaming is a kind of macroscopic
flow caused by attenuation of ultrasound waves due to viscosity, thermal conductivity and interaction
with cavitation bubbles [23]-[26].
Acoustic streaming is very important for wastewater ultrasonic treatment. The OH radicals, which
have quite short life, are mainly generated in a small volume near the ultrasonic sonotrode tip, usually
called cavitation zone. Therefore, targeted compounds should pass through the cavitation zone to be
treated with OH radicals. Hence, to design an efficient ultrasonic wastewater treatment reactor, an
optimized flow pattern inside the reactor is needed, especially for continuous reactors, adapted to
application in industry.
Thus, in this study, generation of OH radicals in batch and circulatory reactors was investigated under
various acoustic powers using a Weissler model reaction. Besides an aluminum foil erosion test was
conducted to investigate intensity and dimension of cavitation zone under the sonotrode tip.
2. Experimental setup and instrumentation
2.1. Ultrasonic equipment and sonotrode characteristics
In this study, In this study, two kinds of ultrasonic system were applied. The first one was made by
NIPPON SEIKI, for the sake of convenience, referred as to device A, and the other was made by
TELSONIC, referred as to device B. Output frequency ranges for device A and B were 17~23kHz and
18.9~21.2kHz respectively. In these experiments, there was a need to know acoustic power transmitted
into water. For this purpose, calorimetric measurements were performed using both devices.
The main dimension of sonotrodes is showed in Table 1. Both sonotrodes were made of Ti-4V-6Al
alloy.
Table 1. Dimension of sonotrodes
Tip diameter
Device
Length / mm
/ mm
A
122
26
B
255
47
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2.2. Calorimetric measurement
The calorimetric measurements were performed in an acrylic cylinder vessel, filled with 500ml
distilled water. The vessel had a 100mm diameter, 146mm height and 10mm wall thickness.
Temperature variation was measured with a thermocouple fixed at the centreline of sonotrode at a
distance of 20, 40 and 60 mm from the vessel bottom. The vessel was wrapped with a heat insulating
material to prevent heat loss. Immersion depth of sonotrode was 30mm.
Assuming that all the ultrasound energy is converted to heat, the heat increase of water bath can be
considered equal to the acoustic energy transmitted into the liquid. The measurements were performed
at 150C. Ultrasound irradiation time for device A and B were 1200s and 160s respectively.
Calorimetric measurements results showed that the lowest and the highest acoustic power for device A
were 12W and 24W, and those for device B were 137W and 301W.
2.3. Reactor set up
In this study, a batch model reactor and circulatory model reactor were investigated respectively.
Schematic drawings of both the reactors are showed in Fig. 1. For the batch experiment, a 2L beaker
was used as the reactor filled with 1L of 0.1mol/L KI solution. To keep the solution temperature
constant at a level of 150C a water-cooled coil was immerged in the beaker. Sonotrode immersion
depth was 30mm. Ultrasound frequency was set in 20 kHz for both devices. Irradiation time was 60
minutes and 15 minutes, respectively. Solution samples were taken every 10 mins for device A and 3
mins for device B.

Fig. 1 Schematic drawings of (a) batch reactor and (b)circulatory reactor
In circulatory experiments, a 1L acrylic cylinder of 100mm in diameter and 200mm in height was used
as a reactor equipped with inlet and outlet tubes as shown in Fig.2(b). The tubes were connected to a
temperature-controllable fluid circulator filled with 6L of 0.1mol/L KI solution. The solution
temperature was kept at the level of 1520C. Ultrasound irradiation time was set to 120 min and 15
min for device A and B, respectively. Solution samples were taken every 20 min for device A and 3
min for device B. These experiments were carried out at three flow rates, 2, 4 and 6 L/min measured
by a flow meter.
2.4. Weissler reaction
In this study, Weissler reaction was applied to evaluate the formation rate of OH radicals. Weissler
reaction has been widely used as a test reaction to investigate ultrasonic and hydrodynamic cavitation.
The OH radicals, which generated in cavitation zone have a very short lifetime and react soon with
iodide ion through a series of intermediate steps, to form tri-iodide complex I3-. The key reactions are
assumed to be as follows [27]:

H 2O  H  OH 
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OH   I   OH   I

(2)

I  I   I 2

(3)

I 2  I 2  2I 

(4)

I 2  I   I3

(5)

Concentration of tri-iodide complex I3- was measured by an ultraviolet visual spectrophotometer
(Shimadzu Co., Ltd, Japan), based on the maximum absorption peak of I3- at a wavelength for 353nm.
Then, the rate of I3- ion formation was determined and used as a quantitative measurement of OH
radical generation. As can be readily seen from the above reactions, two OH radicals must react with
two I- ions to produce one I3- ion. Therefore, the rate of OH radical formation can be obtained simply
by multiplying the rate of I3- ion formation by 2.
3. Experimental results and discussion
3.1. Weissler reaction
In the batch type reactor, spectrophotometer measurements revealed that concentration of I3- ion
increases linearly with treatment time when the other parameters are kept constant. This suggests that
generation of OH radicals occurs at a constant rate at a fixed acoustic power. Based on these data, OH
radical generation rate was determined at various values of acoustic powers. The results are shown in
Fig. 2. It is clearly that OH radical generation rate increases significantly with increasing the acoustic
power. However, this increase becomes slower when acoustic power exceeds 137W.
In the circulatory type reactor, concentration of I3- ion increased also linearly with treatment time. Two
typical sets of data are plotted in Fig. 3 or the minimal (a) and maximal (b) acoustic powers examined
in this study. In both cases, the time variations of I3- ion concentration was dependent on liquid flow
rate, although this dependence appears to be different when device A and B were used.
Based on these data, the rate of OH radical generation for the circulatory reactor was calculated. The
results are presented in Fig.4 for different flow rates. It is seen that the OH generation rate increases in
the range of acoustic power from 0 to 137 W. After that, the generation rate is decreased with acoustic
power or remains almost unchanged. Under the present experimental conditions, the maximal rate of
OH radical generation was obtained at acoustic power of 137 W and flow rate of 4 L/min.
Comparison of the OH radical generations rates for batch and circular reactors reveal that the batch
reactor provides a more efficient ultrasonic treatment than circulatory one. For example, the maximal
rate in the circulatory reactor treatment is equal 14.810-9 mol/sec, while in the batch reactor this value
reached 23.610-9 mol/sec at the same acoustic power.
In order to find out the reason for this difference, additional experiments were performed. The goal of
these experiments was to measure the level of cavitation under the sonotrode tip. All these
measurements were done using device B only.
3.2. Cavitation intensity test
It is well known from the relevant literature that cavitation level (or intensity) can be measured using
aluminum foil test [28]-[30]. In this test, a piece of thin aluminum foil is fixed at a certain location in
the cavitation zone. Cavitation bubbles, when collapse near the foil, poke tiny holes in the aluminum
foil removing a part of aluminum from the foil. Obviously, the higher the cavitation intensity, the
more holes are poked in the foil and the greater is the loss of foil weight. Thus, the cavitation intensity
can be estimated from the rate of foil weight loss.
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Fig. 2 Effefcts of output power on OH radical generation rate in batch reactor experiments
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In these experiments, a piece of foil was fixed in a steel frame of 2020 mm in size. The frame was
positioned in water at a fixed distance Z from the sonotrode tip and
parallel to its surface.
Ultrasound waves were introduced in water to produce cavitation for the time interval of 20~600 sec,
depending on distance Z. Then, the loss in foil weight was measured using a precision balance.
Figure 5 presents variation in the rate of foil weight loss Ue with the distance from the sonotrode tip
for two acoustic powers, P=137W and 301W. Notice that the plot is made using a base 10 logarithmic
scale for the y-axis because of a very strong dependence of Ue on Z. It is readily seen that at the higher
acoustic power, a high-intense cavitation zone is formed under the sonotrode tip, however the intensity
is drastically decreased with distance. At Z=20 mm, the intensity is reduced by 100 times relative to
that at Z = 5 mm. On the other hand, at P = 137 W, reduction of Ue with Z is not so significant. At
distances more that 20 mm, the cavitation intensity at P=137 W is approximately one order of
magnitude higher than that at P=301 W. Local peaks, observed in both the curves, are conceivably due
to formation of standing wave between sonotrode tip and aluminum foil.
Thus, too high acoustic power results in formation of a very intense but short cavitation zone in liquid.
Alternatively, ultrasound waves of relatively low intensity produce a more uniform and longer
cavitation field. This can be one of the reasons allowing us to explain the dependence of OH radical
generation rate on acoustic power. As mentioned above, OH radicals can be produced in cavitation
zone. In the batch-type reactor, liquid is involved in circulatory flow generated in the beaker by
acoustic streaming. In this case, KI solution can pass through the cavitation zone many times.
However, in the case of circulatory reactor, the residence time of liquid in the beaker is much shorter
compared to the batch reactor case. That is why the above-mentioned decrease in the size of cavitation
zone with acoustic power can lead to a situation where progressively smaller fraction of KI solution
would be able to pass through cavitation zone.
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Fig. 5 Change of foil erosion rate with distance from sonotrode tip
Maikel M. van Iersel [31] has also claimed that shielding of the acoustic wave is more pronounced at
higher cavity fractions. Accordingly, a large amount of the supplied energy is attenuated in the
immediate vicinity of sonotrode tip and thus experimentally determined OH radical generation rate
may tend to increase relatively little, or even decrease, with increasing the acoustic power.
4. Conclusion
In this study, effects of acoustic power on generations of OH radical in batch and circulatory reactor
were investigated.

In the case of batch reactor, OH generation rate increased with output power growth; reaction
efficiency was much higher than in circulatory reactor at same output.
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In the case of circulatory reactor, the best reaction condition was obtained in 137W output and
4L/min flow rate; with the growth of output power, OH generation rate growed firstly, and
then decreased after 137W output.
Aluminum foil erosion test clarified that high acoustic power resulted in an intense but very
short cavitation zone, which may suppress the generation of OH radicals.

Further research on flow pattern in circulatory reactor is need, especially on the coupling effects of
acoustic streaming and bumped circulation flow.
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Abstract The efficiency of the lead (Pb) phytoremediation by Napier grass was studied on the
plant’s growth and plant’s tolerance on the Pb toxicity in synthetic brackish water. It was found
that the plant was high tolerance to high level of Pb concentration (10 mg/l) in synthetic
brackish water. Which revealed on the possibilities of plant’s growth under the presence of Pb
contaminated condition. According to the Pb removal efficiency, the highest one (88.63±4.9%)
was found at 10 ppm Pb concentration, 0.3 g/l NaCl concentration during the period 45 day.
However, this study investigated the optimum condition for lead (Pb) removal from synthetic
brackish water using phytoremediation treatment with Napier grass through a Box-Behnken
Design. Three operational variables, i.e. Pb concentration (1, 5.5, 10 mg/l), NaCl (0.1, 0.3, 0.5 g/l)
and period time (7, 26, 45 day), were determined. The results were provided evidence that the
highest Pb removal efficiency (93.56%) from synthetic brackish water via Napier grass was Pb
and NaCl concentration at 10 mg/l and 0.5 g/l during 45 day.

1. Introduction
High concentration of lead (Pb) is one of the most a detectable heavy metal in aquatic environment.
Their contamination in marine and coastal environment (sediment, sea water, and brackish water) has
been recognized as the major problem worldwide that affect to human health through both water and
food consumption. Source of the various heavy metal releasing to the aquatic environment are both of
anthropogenic source; leaching of municipal wastes, agricultural pesticides and effluent and
wastewater from industrial manufacturing and mining, and naturally source such as leaching during
soil erosion and flooding [1], [2].
According to the heavy metal remediate approach, phytoremediation has considered as a green
alternative solution to reduce high concentrations of heavy metal due to the public acceptance, the
restoration of contaminated environment with low costs and applicable in many ecosystems. However,
the limitation of the phytoremediation is long time required for the clean up contaminated site and
toxic plant left over after the remediation approach. Therefore, utilization and effective remediation of
contaminated land synergistic bonding by using energy crop for bioenergy production has been
considered as sustainable approach of phytoremediation [3], [4].
In recent year, cellulosic biomass including Napier grass has been identified as good candidates for
bioenergy production due to their high growth rate and high biomass production. However, few studies
have investigated their heavy metal removal efficiency [5].
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Response surface methodology (RSM), a collection of mathematical and statistical approach for
experimental design useful for analyzing and evaluating the effects of variable as well as searching
optimum conditions of variable to predict targeted responses, has been proven to be successfully
implemented in optimization of phytoremediation conditions. The effectiveness of southern cattail
(Typha domingensis) for phytoremediation of heavy metals from municipal waste leachate was
investigated using Central composite design in order to clarify the optimal conditions of the
independent variables[6]. Therefore, this study objected to investigate the Pb phytoremediation
efficiency and optimization of remediation conditions via Napier grass in synthetic brackish water
using response surface methodology.
2. Materials and methods
2.1. Experimental design
Respond surface methodology (RSM) is a statistical method that uses quantitative data from
appropriate experiments to determine regression model equations and operating conditions. RSM is a
collection statistical techniques for modeling and analysis of problems that a response result
influenced by several variables. Box-Behnken Design (BBD); the standard RSM design, was applied in
this work to investigate the variables for removal of lead by Napier grass. BBD for three variables
(initial Pb concentration, initial NaCl concentration, and time), each with two level (minimum and
maximum), was used as experimental design model. In experimental design model, initial Pb
concentration (1-10 mg/l), initial NaCl concentration (0.1-0.5 g/l), and time (7-45 day) were taken as
input variables. Percentage removal of Pb was taken as the response of the system. Three independent
variables were studied at three different levels, such as low (-1), medium (0) and high (+1) as shown in
Table 1.
Table 1. Actual values of variables of the experimental design
Levels of variables
-1.00 0.00 1.00

Factor
Initial Pb concentration (mg/l) X1
Initial NaCl concentration (g/l) X2
Period Time (day)
X3

1
0.1
7

5.5
0.3
26

10
0.5
45

2.2. Plant cultivation
Firstly, Napier grass was pre-cultivated in enrich nutrient soil for 30 days until the roots grew. Prior to
the study the removal of lead in brackish water, stem’s plant was conducted with approximately length
of 20 cm. According to plant cultivation, it was cultivated in a hydroponic system using a half-strength
Hoagland’s nutrient solution supplemented with each sodium chloride (NaCl) and Lead (Pb) as the
experimental design by BDD as expressed in Table 2.
2.3. Determination of Pb removal efficiency
According to the remaining Pb concentration, brackish water samples were collected and digested in
nitric acid (HNO3 65%) and hydrogen peroxide (H2O2 30%) solution using microwave digestion-model
speedwave four, berghof. Then Pb concentration was determined using Microwave Plasma Atomic
Emission Spectroscopy (MP-AES 4100, Algilent Technologies). Removal efficiency of Pb removal (%)
was calculated as equation (1);
Pb Removal Efficiency (%) = (Ci-Ct/Ci) x 100
(1)
Where Ci was the initial Pb concentration (mg/l) and Ct was Pb concentration at the period time
indicated (mg/l).
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2.4. Phytotoxicity of Pb
Plant’s growth such as amount of leaves, amount of root and stem length was directly measurement
subject to phytotoxicity of Pb via Napier grass in synthetic brackish water. The results were
investigated using SPSS Version 11.5 software (SPSS Inc., USA). The data were subjected to ANOVA,
and differences between means were determined using the least squares deviation (LSD) test.
3. Results and discussions
3.1. Phytotoxicity of Pb
To evaluate phytotoxicity of Pb via Napier grass in synthetic brackish water (NaCl concentration
range between 0.1-0.5 g/l), the plant growth was direct measured as indicator such as the amount of
root, shoot length and amount of leaf. In comparing between the beginning of cultivation and after
treatment, a significantly increase in amount of root significant was found in Pb and NaCl
concentration increased (p < 0.05) (Figure 1(a)). Beside the amount of leaf, the increased NaCl seem to
increase their leaf that might because of the increasing osmotic pressure. That bring more nutrients to
it’s leaf and increase the plant growth. However, there were no significant differences in amount of leaf
(p < 0.05) (Figure 1(c)). On the other hand, the shoot length was significant decreased after 45 day (p <
0.05) (Figure 1(b)). These results indicated that shoot has more sensitive to heavy metal than root [7].
Moreover, it was interesting that plant were high tolerated to high level of Pb concentration (10 mg/l)
in synthetic brackish water.

Figure 1. Pb phytotoxicity indicators; a) amount of root, b) shoot length and c) amount of leaf, via
Napier grass in synthetic brackish water (NaCl concentration range between 0.1-0.5 g/l)
3.2. Phytoremediation of Pb
The Pb removal efficiency via Napier grass in synthetic brackish water has shown in Figure 2. The
highest Pb removal efficiency (88.63±4.9%) found at 10 ppm Pb concentration, 0.3 g/l NaCl
concentration during the period of 45 day. Moreover, it revealed that most of Pb content (80%) could
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be removed using phytoremediation within 7 day. According to the lower concentration of Pb and
NaCl, plant removed Pb lower than the higher one. It is suggesting that the increased removal
efficiencies were revealing in the increased Pb concentration. That might cause by the higher osmotic
pressure can be enhance more mobilization of Pb from solution into the different part of plant in this
present study. However, the accumulation of Pb in different part of plant should investigate in further
study. Beside the heavy metal phytoremediation via Napier grass, it was the good representing plant
for the removal of Cu from contaminated soil. In comparing to the other plant, S. monticola has found
to be suited for Pb phytoremediation from contaminated watershed at low concentration (15 – 145 µg/l)
[8].

Figure 2. Removal efficiency of Pb via Napier grass in synthetic brackish water according to BoxBechn design experimental condition
3.3. Optimization of the removal of Pb via Napier grass using response surface method
The experimental design matrix derived from BBD which involved 15 runs was shown in Table 2.
Analysis of variance has been calculated to analyze the accessibility of the model. The model was
significant at the 5% confidence level because probability values were less than 0.05. The lack of fit
(LOF) F-test explains variation of the data around the modified model. LOF would be significant, if the
model did not fit the data well. Generally, large probability values for LOF (>0.05) explained that the
F-statistic was insignificant, implying a significant model relationship between variables and process
responses.
To investigate the relationships between the response and the independent variables, BBD showed
relationships as the polynomial equation as equation (2);
Y = 43.80 + 32.71X1 + 0.94X2 + 10.95X3 – 0.70 X12 – 3.47X22 – 3.09X32 + 6.77 X1X2 + 4.33X1X3 +1.35X2X3 (2)
Where Y is the percentage removal of Pb, X1 is initial Pb concentration (mg/l), X2 is initial NaCl
concentration (g/l) and X3 is period time (day). The regression coefficients of the full polynomial model
using BBD are given in Table 3.
The R2 value of model had 0.859. The optimum values of initial concentration of Pb, initial
concentration of NaCl and period time from Box-Behnken design were found to be 10 mg/l, 0.5 g/l and
45 day, respectively. The maximum predicted Pb Removal Efficiency was found to be 93.56%.
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Table 2. Experimental design and results for the Pb removal by Napier grass.

Condition
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Initial Pb
concentration
(mg/l),
X1
1.0
10.0
1.0
10.0
1.0
10.0
1.0
10.0
5.5
5.5
5.5
5.5
5.5
5.5
5.5

Initial NaCl
concentration
(g/l),
X2
0.1
0.1
0.5
0.5
0.3
0.3
0.3
0.3
0.1
0.5
0.1
0.5
0.3
0.3
0.3

Time
(day),
X3

% Pb Removal
Efficiency

26
26
26
26
7
7
45
45
7
7
45
45
26
26
26

10.29
47.63
18.04
82.44
0.00
71.32
0.00
88.63
29.76
9.53
62.20
47.38
51.09
42.18
38.06

Table 3. Regression coefficient of full polynomial model.
Coefficient
β0
β1
β2
β3
β11
β22
β33
β12
β13
β23

Parameter
estimate
43.80
32.71
0.94
10.95
-0.70
-3.47
-3.09
6.77
4.33
1.35

p-Value
0.008*
0.004*
0.888
0.146
0.943
0.726
0.755
0.486
0.651
0.886

* significant, if P < 0.05

3.3. Influence of variables interaction on the Pb removal via Napier grass
The results of interactional between three independent variables and dependent variable are shown in
three-dimention surface plots. The combined effect of initial of Pb and NaCl on removal efficiency of
Pb is depicted in Figure 3(a). The percentage removal of Pb increased with increasing both of initial of
Pb and NaCl. The effect of initial Pb and period time on Pb removal efficiency is shown in Figure 3(b).
It was observed that percentage of Pb removal increased with increase in initial Pb and period time.
The interaction between initial of NaCl and period time on Pb removal is presented in Figure 3(c). It
was observed that an increase in the Pb removal occurred when the NaCl in the solutions changed
from 0.3 to 0.5 g/l and the period time increase.
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Figure 3. 3D-Respond surface plots showing the effect of variable parameter on the removal of Pb via
Napier grass a) initial concentration of Pb and NaCl, b) initial Pb concentration and time and c) initial
NaCl concentration and time
4. Conclusions
Napier grass; energy crop, was suggesting to be a good candidate for Pb phytoremedition under the
brackish water that revealed in the high phytotoxicity (at 10 mg/l Pb concentration) and removal
efficiency (88.63±4.9%). On the other hand, Napier grass was as high tolerated to high level of Pb
concentration in synthetic brackish water. Which revealed on the possibilities of plant growth under
the presence of Pb contaminated condition (10 mg/l). According to the experimental condition, the
highest Pb removal efficiency via Napier grass in synthetic brackish water revealed at Pb and NaCl
concentration at 10 mg/l and 0.5 g/l, respectively. BBD and RSM were used in the design of
experiments, statistical analysis and optimization of the parameters. The optimum conditions for initial
of Pb, initial of NaCl and period time 10 mg/l, 0.5 g/l and 45 day, respectively. At the optimized factors,
the amount of removed pollutants Pb was 93.56%. Since this study was performed the optimum
condition for Pb phytoremediation using Napier grass under brackish water, a further work will look
on the continuous operation constructed system according to these prediction results.
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Abstract. Redundant excess sludge production and considerable non-standard wastewater
discharge from existing activated sludge processes are facing more and more challenges. The
investigations on lower sludge production and higher sewage treatment efficiency are urgently
needed. In this study, an anaerobic/anoxic/micro-aerobic/oxic-MBR combining a microaerobic starvation sludge holding tank (A2MMBR-M) system is developed. Batch tests on the
optimization of the staged dissolved oxygen (DO) in the micro-aerobic, the first oxic, and the
second oxic tanks were carried out by a 3-factor and 3-level Box-Behnken design (BBD). The
optimal actual values of X1, X2, and X3 were DO1 of 0.3-0.5 mg/L, DO2 of 3.5-4.5 mg/L, and
DO3 of 3-4 mg/L. After the optimization tests, continuous-flow experiments of
anaerobic/anoxic/oxic (AAO) and A2MMBR-M systems were further conducted. Compared to
AAO system, a 37.45% reduction in discharged excess sludge in A2MMBR-M system was
achieved. The COD, TN, and TP removal efficiencies in A2MMBR-M system were respective
4.06%, 2.68%, and 4.04% higher than AAO system. The A2MMBR-M system is proved a
promising wastewater treatment technology possessing enhanced in-situ sludge reduction and
improved effluent quality. The staged optimized DO concentrations are the key controlling
parameters for the realization of simultaneous in-situ sludge reduction and nutrient removal.

1. Introduction
Activated sludge process, recognized as the widespread sewage treatment process for domestic,
municipal and industrial wastewater treatment are the crucial method for sewage treatment [1].
However, redundant excess sludge yields from the existing activated sludge processes worldwide are
facing more and more challenges [2], [3]. In terms of the study of Guo et al. [4], sludge reduction
processes/technologies can be classified into two classifications: post sludge reduction through
chemical, physical, biological or the combined treatment methods [5], [6]; and in-situ activated sludge
reduction during sewage treatment process [7-10]. Thus, for the purpose of reducing the produced
excess sludge yield at source, investigations on in-situ activated sludge reduction sewage treatment
processes/technologies are urgently needed. On the other side, nowadays, the existing WWTPs in
China, for instance, confront with considerable non-standard wastewater discharge [11]. Apparently,
just blindly reduce the produced sludge yield is too blunt, also may deteriorate the quality of effluent
as well as the operation of a sewage treatment plant, thus the study on lower sludge production and
higher sewage treatment efficiency should be took into consideration in future researches.
During wastewater treatment processes, the operating parameter of the dissolved oxygen (DO) is
proved extremely significant both for the performances of nutrient removal efficiencies and the
production yield of the excess sludge [12-15]. In consideration of the effect of DO on chemical
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oxygen demand (COD), Janus and Ulanicki [16] predicted a slight increase in soluble microbial
products (SMP) with increased DO concentration with the CES-ASM3 model, the production of SMP
is the major components in effluent organic matters. Research from Holakoo et al. [17] found that the
mixed liquor SMP concentrations increased with increases in DO concentrations. In the proposed
staged aerated process of from the study of Yoo et al. [18], the optimal maximum DO concentration
for nitrogen removal was determined to be around 2.0-2.5 mg/L. Wang et al. [19] found that the
optimum DO concentration for nitrogen removal was 0.50 mg/L. Guo et al. [20] compared with high
DO of 3 mg/L and lower DO of 0.4-0.8 mg/L in SBR, results showed that a simultaneous nitrification
and denitrification was carried out in low DO. It was concluded that by selecting a proper DO lever is
not only of benefit to the biological nitrogen removal technology, but also favorable to sludge
population optimization. Katie et al [21] showed that simultaneous nitrification and denitrification via
nitrite succeeded between 0.4-1.6 mg/L DO concentration in a pilot-scale-modified anaerobic-anoxicoxic reactor. On the basis of the analyses above, a staged aerated and optimized DO concentrations
applied are the key control parameters investigated for the realization of simultaneous nutrient
removal and sludge reduction.
In this study, the anaerobic/anoxic/oxic (AAO) system which is the most widely used wastewater
treatment technology due to the simultaneous biological nutrients (carbon, nitrogen, and phosphorus)
removal without any chemicals, is applied. An improved AAO system, an anaerobic/anoxic/microaerobic/oxic-MBR combining a micro-aerobic starvation sludge holding tank (A2MMBR-M) system,
possessing good performances of enhanced sludge reduction and improved effluent quality, is
investigated in this study. By using a 3-factor and 3-level Response surface methodology, batch tests
on the study of the optimized DO concentrations in different reaction compartments were conducted.
The objective of this paper is to optimize the DO concentrations in different reaction compartments of
the A2MMBR-M system to achieve remarkable sludge reduction effect and improved nutrient removal
efficiency.
2. Material and methods
2.1. Sludge cultivation
Before conducting the batch tests and the continuous-flow experiments, the activated sludge, taken
from Harbin sewage treatment plant was inoculated into two identical AAO systems (Fig. 1a) for 2
months sludge cultivation. After 2-month sludge cultivation, the characteristics and biophase of the
activated sludge in the two AAO systems were maintained in stable state. One AAO system was
modified into an A2MMBR-M system (Fig. 1b), the other AAO system was performed as the control
system. The composition of the synthetic wastewater used in these two AAO systems was as shown in
the study of Yang et al. [22]. The specific operation and control parameters for the AAO systems were
showed in Table 1.
(a)
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(b)

Fig. 1. The schematic diagrams of (a) an anaerobic/anoxic/oxic (AAO) system and (b) an
anaerobic/anoxic/micro-aerobic/oxic-MBR combining a micro-aerobic starvation sludge holding tank
(A2MMBR-M) system
Table 1 Operation and control parameters for the AAO and the A2MMBR-M systems
Control parameters

Unit

Effective volume of anaerobic tank
Effective volume of anoxic tank
Effective volume of oxic tank
Effective volume of setting tank
DO value in the first oxic tank
DO value in the second oxic tank
HRT in anaerobic tank
HRT in anoxic tank
HRT in oxic tank
Synthetic wastewater flow
Nitrate recycling line
Sludge return line
Mixed liquor suspended solids (MLSS),

L
L
L
L
mg/L
mg/L
h
h
h
L/h
%
%
mg/L

8
8
24 (3 ×8 L compartment)
20
2.0-3.0
2.0-3.0
1.6
1.6
4.8
5
100
100
3500

2.2. Experiment design and operation
Before conducting the continuous-flow experiments, 17 batch tests were designed and carried out to
optimize the DO concentrations in different reaction compartments by using a 3-factor and 3-level
Response surface methodology. The schematic diagram of batch reactors was shown in Fig. 2. The
composition of the synthetic wastewater used in batch tests were same as is applied in the continuousflow experiments.
After obtaining the optimized staged DO concentrations, the lab-scale continuous-flow A2MMBR-M
system was performed (Fig. 1b), while the other AAO system was performed as the control (Fig. 1a).
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For the A2MMBR-M system, the effective volume of the micro-aerobic tank was 8 L, and the HRT in
the micro-aerobic tank was performed at 1.6 h. The effective volumes of the first oxic and the second
oxic tanks were respective 8L and 8 L, with 1.6 h HRT in each compartment. For the micro-aerobic
starvation sludge of the A2MMBR-M system, the HRT and the DO concentration were maintained at 9
h and 0.5 mg/L. During experiments period, effluent samples taken from the AAO and the A2MMBRM systems were collected to examine the production of the excess sludge yield and the efficiencies of
the nutrient removals including COD, nitrogen, and phosphorus. Before examination, the collected
samples were filtered through 0.45 µm filters for analyses. All the experiments were performed in
triplicate. All the experiments were conducted at room temperature.

Fig. 2. The schematic diagram of batch reactors for the A2MMBR-M system
2.3. Box-behnken design and statistical analysis
Response surface methodology (RSM), a mathematical and statistical technique is always used to
analyze the mutual relationships between the response and the independent variables [23], and applied
to identify the optimal operating conditions for a system. The important parameters of dissolved
oxygen (DO) concentrations in the micro-aerobic tank, the first oxic tank, and the second oxic tank
were respective the DO1 (X1, mg/L), DO2 (X2, mg/L), and DO3 (X3, mg/L). The most important
response was the observed sludge production yield (Yobs) (g·MLSS/g·COD·d, Y1), COD removal
efficiencies (%, Y2), TN removal efficiencies (%, Y3), and TP removal efficiencies (%, Y4). A 3-factor
and 3-level RSM using Box-Behnken design (BBD) were introduced to design tests to study the
interrelationships and the optimal levels for these operating parameters. The ranges levels of the three
independent variables were presented in Table 2. The relationship between the uncoded and coded
values is shown in Eq. (1):
xi 

X i  X i*
X i

(1)

Eq. (2) shows a second-order polynomial model:
Y= ß0+ß1x1+ß2x2+ß3x3+ß11x12+ß22x22+ß33x32+ß12x1x2+ß13x1x3+ß23x2x3
(2)
where Y is the response variable; Xi is the uncoded value of the independent variable; Xi* is the
uncoded value of the independent variable at the center point; and ΔXi is the step change value; xi is
the coded value of the independent variable; ß0, ß1, ß2, ß3, ß11, ß22, ß33, ß12, ß13, and ß23 represent the
regression coefficients from the test data.
2.4. Analytical methods
In this study, the chemical oxygen demand (COD), soluble chemical oxygen demand (SCOD), mixed
liquor suspended solids (MLSS), total phosphorus (TP), and total nitrogen (TN) were measured in
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accordance with standard methods [24]. ORP and dissolved oxygen (DO) values were monitored by a
portable ORP/DO meter with ORP and DO probes (Germany WTW Company ORP/Oxi 340i main
engine, Germany). The analyses of TP, TN, and NH4+-N were carried out every other day. The
measurements of COD and MLSS were tested daily. The daily produced excess sludge yields were
calculated.
Table 2 Experimental ranges and levels of the independent variables.
Range and levels
Independent variables
-1
0
1
DO1 (mg/L), x1
0.1
0.3
0.5
DO2 (mg/L), x2
2
4
6
DO3 (mg/L), x3
2
4
6
3. Results and discussion
3.1. Optimization of operating variables and their reciprocal analysis
The design matrix and results obtained based on the experimental BBD design are showed in Table 3.
Table 3 Response surface BBD and experiments.
Actual values of parameters
Response
Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

X1

X2

X3

Y1

Y2

Y3

Y4

0.1
0.3
0.5
0.1
0.3
0.3
0.5
0.3
0.5
0.3
0.1
0.3
0.3
0.5
0.3
0.3
0.1

4
6
6
6
4
2
2
4
4
4
4
2
4
4
6
4
2

6
6
4
4
4
2
4
4
2
4
2
6
4
6
2
4
4

0.22
0.24
0.21
0.2
0.16
0.12
0.15
0.16
0.15
0.16
0.13
0.18
0.16
0.23
0.19
0.16
0.14

89.12
88.38
90.87
90.45
95.21
92.94
94.56
95.21
93.58
95.21
93.67
92.78
95.21
89.47
94.29
95.21
94.52

84.33
86.76
91.29
83.46
89.76
81.52
91.16
89.76
90.82
89.76
82.94
87.52
89.76
92.67
88.77
89.76
83.65

91.76
92.58
94.24
91.35
93.81
91.44
93.36
93.81
94.66
93.81
89.78
92.14
93.81
94.82
92.15
93.81
90.02

Second-order polynomial models for coded responses of Y1 were established as described in Eq. (3):
Ycoded=+0.16+6.250E-003x1+0.031x2+0.035x3+0.000x1x2-2.500E-003x1x3-2.500E-003x2x3+7.500E003x12+7.500E-003x22+0.015x32
(3)
Table 4 shows the analysis of variance for the experimental model equations to examine the
significance and the adequacy of the second-order polynomial equation. P<0.0001 indicates a high
significance of the corresponding variable. A high squared regression coefficient, R2 of 0.9763
indicates a high degree of correlation between the predicted and actual responses, indicating that the
model could fit the response well. In Fig. 3, the contour 2D curves and the response surface 3D plot
were depicted to represent the interaction between the independent variables and to determine the
optimal levels of each independent variable for observing the optimal response levels.
Table 4 Analysis of variance (ANOVA) results for the response surface quadratic mode.
Source
Statistics
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Model
x1
x2
x3
x1 x2
x1 x3
x2 x3
x12
x22
x32
Residual
Lack of Fit
Pure Error
Cor Total

Sum of squares
0.020
3.125E-004
7.812E-003
9.800E-003
0.000
2.500E-005
2.500E-005
2.368E-004
2.368E-004
9.474E-004
4.750E-004
4.750E-004
0.000
0.020

df
9
1
1
1
1
1
1
1
1
1
7
3
4
16

Mean Square
2.171E-003
3.125E-004
7.812E-003
9.800E-003
0.000
2.500E-005
2.500E-005
2.368E-004
2.368E-004
9.474E-004
6.786E-005
1.583E-004
0.000

IOP Publishing
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F-value
31.99
4.61
115.13
144.42
0.000
0.37
0.37
3.49
3.49
13.96

P-value
< 0.0001

significant

Fig. 3. The effect of the three DO concentrations (DO1, DO2, and DO3) and the mutual interaction of
the DO values on Yobs: (a) 2D contour curves and (b) 3D response surface plots.
Second-order polynomial models for coded responses of Y2 (COD removal efficiencies, %) were
established as described in Eq. (4):
Ycoded=+95.21+0.09x1-1.35x2-1.84x3-1.44x2x3-1.62x12-0.99x22-2.13x32
(4)
Second-order polynomial models for coded responses of Y3 (TN removal efficiencies, %) were
established as described in Eq. (5):
Ycoded=+89.76+3.95x1+0.8x2+0.9x3-2.00x2x3-0.41x12-1.96x22-1.66x32
(5)
Second-order polynomial models for coded responses of Y4 (TP removal efficiencies, %) were
established as described in Eq. (6):
Ycoded=+93.81+1.77x1+0.42x2+0.41x3-0.11x1x2-0.46x1x3-0.45x12-1.12x22-0.61x32
(6)
For the other three significant responses, p values are all significant proving that a high significance of
the corresponding variable with the three responses. Furthermore, R2=0.9596 for Y2, R2=0.9703 for Y3,
and R2=0.9828 for Y4 demonstrate a high degree of correlation between the predicted and actual
responses. On the basis of the results, the obtained second-order polynomial models were adequate
and significant. Based on Eqs. (3) to (6), the optimal actual values of X1, X2, and X3 were calculated
and determined to be DO1 of 0.3-0.5 mg/L, DO2 of 3.5-4.5 mg/L, and DO3 of 3-4 mg/L for
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simultaneously obtaining lower sludge production and good performances of nutrient removal. The
three optimal DO1, DO2, DO3 in the three compartments in the A2MMBR-M system chosen as the
optimal staged DO levels.
3.2. Performances on in-situ sludge reduction and nutrient removal
In comparison with the performances of AAO system, continuous-flow studies on the impact of the
optimal staged DO concentrations (the three optimal DO1, DO2, DO3 in the three compartments) on
sludge reduction and nutrient removal in the continuous-flow A2MMBR-M system were further
discussed. As depicted in Fig. 4a, the average Yobs values for the AAO and the A2MMBR-M systems
were respective 0.26 and 0.17 g·MLSS/g·COD·d, indicating a 37.45% reduction in discharged excess
sludge in A2MMBR-M system. As for the removal efficiencies in COD, TN and TP in AAO system
(COD, TN, and TP removal efficiencies were respective 90.35%, 87.73%, and 90.29%), the COD, TN,
and TP removal efficiencies in A2MMBR-M system were 94.02%, 90.08%, and 93.94% in Figs. 4b-d.
Although the AAO system is the most widely used wastewater treatment technology due to the
simultaneous biological nutrients removal without any chemicals. Compare to AAO system, both
higher sludge reduction and better nutrient removal efficiencies could be observed in the A2MMBR-M
system, implied that the staged DO optimization applied in A2MMBR-M system benefit for the
organic substrate competition between phosphorus accumulating organisms and denitrifying bacteria
[12], [13]. In light of the previous studies [14], [15], higher nitrogen and phosphorus removal by
nitrification, denitrification, and denitrifying phosphorus removal were positively correlated to the
staged optimized DO concentrations in the A2MMBR-M system. Furthermore, a micro-aerobic
starvation sludge holding tank introduced in the sludge return line would induce the energy uncoupling
metabolism [23], and hence lower sludge production would be obtained in A2MMBR-M system. Then
the returned low micro-molecule compounds from 9 h micro-aerobic starvation treatment would
further increase the organic matters removal efficiencies [22]. Therefore, possessing good
performances of nutrient removal and lower excess sludge production, the A2MMBR-M system is
proved a promising wastewater treatment process. The staged optimized DO concentrations applied in
A2MMBR-M system are the significant controlling parameters for realizing the simultaneous in-situ
sludge reduction and enhanced nutrient removal.

Fig. 4. Changes in (a) Yobs, (b) COD removal efficiencies, (c) TN removal efficiencies, and (d) TP
removal efficiencies in AAO and A2MMBR-M systems.
4. Conclusion
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In this study, a 3-factor and 3-level BBD was introduced to design and study the optimal levels for the
staged DO1, DO2, DO3 in the three micro-aerobic, the first oxic, and the second oxic tanks of the
A2MMBR-M system on sludge reduction and nutrient removal. Based on the equations obtained in
Eqs. (3) to (6), the optimal actual values of X1, X2, and X3 were calculated and determined to be DO1 of
0.3-0.5 mg/L, DO2 of 3.5-4.5 mg/L, and DO3 of 3-4 mg/L. After obtaining the optimized staged DO
levels by BBD, comparative studies on the performances of sludge reduction and nutrient removal in
AAO and A2MMBR-M systems were further conducted. In comparison of the AAO system, a 37.45%
reduction in discharged excess sludge in A2MMBR-M system was obtained. The removal efficiencies
of COD, TN, and TP for the A2MMBR-M system were respective 94.02%, 90.08%, and 93.94%,
which increased by 4.06%, 2.68%, and 4.04% comparing with the performances of AAO system. On
the basis of the results obtained in the batch and the continuous-flow experiments, a staged aerated and
optimized DO concentrations applied are the key controlling parameters for the realization of
simultaneous nutrient removal and sludge reduction.
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Abstract. The removal and recovery of metals from wastewater has been a subject of
significant importance due the negative impact these toxic metals have on human health and
the environment as a result of water and soil pollution. Increased use of the metals and
chemicals in the process industries has resulted in generation of large quantity of effluents that
contains high level of toxic metals and other pollutants. The objective of this work was to
recover of Cu in its elemental form as metallic powder from aqueous solution using NaBH 4 as
a reducing agent. Reductive precipitation was achieved in a batch reactor at 65oC using Cu
powder as a seeding material. This study also investigated the effect of concentration of
sodium borohydride (NaBH4) as a reducing agent. The amount of NaBH4 was varied based on
mole ratios which are 1:1, 1:0.25 and 1:0.1 to recover Cu from synthetic wastewater. The
results obtained showed that sodium borohydride is an effective reducing agent to recover Cu
from wastewater. The optimum concentration of NaBH4 that gives the best results the 1:1
molar ratio with over 99% Cu removal.

1. Introduction
The removal and recovery of metals from wastewater has been a subject of significant importance due
to the adverse impact these toxic metals have on human health and the environment as a result of
water and soil pollution [1]. Increased use of the metals and chemicals in the process industries has
resulted in generation of large quantities of wastewater that contains high levels of toxic metals and
other pollutants [1]. The presence Cu in the environment poses environmental disposal problems due
to its non-biodegradability in the environment [2]. Unlike organic pollutants, the majority of which are
susceptible to biological degradation, Cu ions do not degrade into harmless end products. Cu exists in
most wastewater sources including, printed circuit board manufacturing, plating, wire drawing, copper
polishing and paint manufacturing, wood preservatives and printing operations [3]. Copper is a toxic
metal which may be accumulated in the human or ecological food chain through consumption or
uptake and may be hazardous to human health or the environment. Drinking water with high Cu levels
(≥1,300 ppb) may cause vomiting, diarrhea and stomach cramp [4]. The problem of recovering base
metals like Cu as a pollutant from waste water is an important process and is becoming more
important with the increase of industrial activities [5].
Several treatment methods such as precipitation, adsorption, ion-exchange and membrane technologies
have been developed for metal remediation. Of these methods precipitation is the mostly widely used
because it is the most economical method and easier to implement and operate on a large scale [6].
However, traditional precipitation methods using lime, sulfides or hydroxides recover metals in the
form of a sludge which is not reusable and has to be disposed in landfills creating a potential
environmental hazard and resulting in loss of valuable minerals. Due to the fast depletion of mineral
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reserves globally the current focus in effluent treatment is now on the recovery and re-use of these
heavy metals rather than removal and disposal. So far none of this methods is capable of recovering
metals in a form that is suitable for re-use hence there is a need to develop alternative technologies to
meet technology based treatment. In this study, reductive precipitation was investigated as a possible
method for remove and recover Cu in its elemental form.
2. Materials and methods
2.1. Equipment
A batch reactor with an overhead stirrer was used to ensure adequate suspension of the seeding
material in solution. A thermometer was used to measure temperature. The atomic absorption
spectroscopy (AAS;Tescan Vega 3 XMU l) was used to measure the concentrations of Cu in solution
after reduction. X-Ray fluorescence (XRF;Rigaku ZSX Primus II) was used to determine the
elemental composition of the powder product. Malvern Particle Analyser Mastersizer (2000) was used
to measure the particle size distribution (PSD) of the powder using the laser diffraction technique. The
powder morphology was captured using a Scanning Electron Microscopy (SEM; Thermo scientific
ICE 3000 series) to determine the effect of sodium borohydride.
2.2. Materials
CuSO4.5H2O salts supplied by Sigma Aldrich was used to prepare synthetic 0.5g/l Cu2+solution. Cu
powder supplied by Sigma Aldrich were used as seeding materials. Reverse osmosis water was used to
prepare all the samples. NaOH supplied by Rochelle chemicals was used to adjust the pH. HNO3 and
H2SO4 supplied by Sigma Aldrich was used to prepare the residual solution for AAS analysis.acid
respectively.
2.3. Methods
2.95 g of CuSO4.5H2O was measured and dissolved in RO water to make a 0.5 g/L solution of Cu 2+.
500 ml of the solution was mixed with 0.161 g of NaBH4 and 30 g of Cu powder making a 1:1
stoichiometric solution. The resulting solution was then heated to 65 oC and then the pH was adjusted
to 12 by adding 70 ml of 1 M NaOH. At the end of 3 min agitation and heating was stopped and the
solution was allowed to cool. After settling the clear supernatant was decanted carefully leaving the
seeding material and reduced metal in the beaker. The above procedure was repeated twice with fresh
Cu solution and the same seeding material. After the third experiment the seeding material was
discharged from the beaker. The seeding material was filtered using a Buchner vacuum filtration unit
and dried for particle size distribution, elemental and morphology analysis. The reduced solution was
then filtered and 100 ml of the sample was analysed for the residual metal concentration using Atomic
Absorption Spectroscopy. To establish the effect of concentration of reducing agent the amount of
NaBH4 was varied based on mole ratios which are 1:1, 1:0.25 and 1:0.1.
3. Results and discussions
3.1. Effect of NaBH4 concentration
Figure 1 shows the variation in % removal of Cu2+ in different molar ratios with the number of batch
reduction.
Figure 1 shows that the % removal decreases from the 1st batch to the 3rd batch for all the molar ratios.
This can be attributed to the plating of Cu which did not catalyze the reduction reaction meaning Cu
was not autocatalytic. The highest percentage removal obtained was 99.7 % at 1:1 molar ratio as
compared to the 1:0.25 and 1:0.1 molar ratios. This is due to the decrease in the NaBH4 concentration.
3.2. Reduction rate of Cu2+
Figure 2 shows the variation of Fe3+ reduction rate from solution with successive number of
densifications.
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Figure 2. Reduction rate of Cu2+
The reduction rate of copper in the Cu solution generally decreased from the 1st to the 3rd batch in Fig.
2. This is due to the fact that Cu plating decreases the effective surface activity of the seed
decelerating the rate of reduction.
3.3. Effect of reduction on Cu powder purity
The composition of the powder produced was analysed using the X –ray Flourescence.Table 1shows
the XRF analysis of Cu seed before and after reduction crystallization.
The % Cu content before reduction was 99.2% and after reduction there was rapid decrease in Cu
content the lowest being at 1:1 molar ratio followed by the 1:0.25 and then the 1:0.1 molar ratios. It
can be seen that as the concentration NaBH4 is reduced the purity of the powder increases. There was
a dramatic decrease at 1:1 as compared to 1:0.25 and 1:0.1.This is attributed by the incorporation of
decomposition products like sodium and borane being incorporated into the powder.
3.4. Effect of reductive precipitation on PSD
Figure 3 and Figure 4 shows the PSD analysis of BOFS before and after electroless plating.
Figure 3 shows that there was a shift in modal size from that of the seed indicating a generation of
smaller sized particles which is evidence of breakage or nucleation. µm. The number distribution was
uni-modal as depicted in Figure 4. Furthermore the trend was the same before and after reduction. The
only difference is that smaller particles dominated at 1:1 molar ratio followed by 1:0.25 then
1:0.1.This trend resembles that as the smaller particles dominate, the higher the reducibility in the
residual concentration hence 1:1 molar ratio was preferentially favored over 1:0.25 and 1:0.1.
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Table 1. Copper powder purity in copper solution
Before reduction

After reduction

Elements

Cu seed

1:1

1:0.25

1:0.1

Na2O

0.000

1.680

0.695

0.462

MgO

0.051

0.053

0.000

0.000

Al2O3

0.090

2.940

0.238

0.175

SiO2

0.112

0.186

0.075

0.055

P2O5

0.042

0.044

0.059

0.053

SO3

0.015

1.110

0.164

0.114

Cl

0.017

0.018

0.027

0.025

K 2O

0.000

0.005

0.000

0.000

Fe2O3

0.366

0.048

0.054

0.0368

NiO

0.106

0.000

0.053

0.0646

CuO

99.20

79.10

98.50

99.00

ZnO

0.000

0.057

0.000

0.000

Ag2O

0.000

0.035

0.043

0.035

Cr2O3

0.013

0.000

0.000

0.000

CaO

0.012

0.026

0.000

0.019

MnO

0.000

0.012

0.000

0.000

PdO

0.000

0.000

0.029

0.000
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Figure 3. Evolution of PSD by volume
distribution using Cu powder

Figure 4. Evolution of PSD by number
distribution using copper powder

3.5. Effect of electroless plating on particle morphology
Figure 5 shows the scanning electron micrographs of the Cu powder before and after reductive
precipitation.
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b

Figure 5. SEM of the Cu powder (a) before plating, (b)Cu powder
after reductive precipitation.
The particles exhibited a nearly spherical structure and wide particle size range before and after
reduction. However, it was seen that the particle size increased significantly after reduction. This is
typical of particle aggregation.
4. Conclusion
Sodium borohydride was found to be an effective reducing agent as results in an increase in the rate of
reduction. The optimum concentration of NaBH4 that gave the best results was the 1:1 molar ratio
which achieved over 99% removal of Cu. The treated effluents (wastewater) after reduction process is
environmentally friendly as it meets a general limit for effluent discharge which is stipulated in the
Johannesburg acceptance standards for effluents as 20mg/L for copper. Reductive precipitation using
sodium borohydride recovers Cu in elemental form as metallic powder which can be re-used which is
more economical than other methods such as precipitation agents which produces by-products such as
sludge which are toxic and cannot be re-used resulting in loss of valuable minerals.
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Abstract. The work demonstrates the performance of polyamide membrane in the removal of
manganese ions from single salt aqueous solution simulating real acid mine drainage. The
membrane was tested using a dead-end filtration cell with manganese sulphate was used to
prepare a feed solution. The membrane flux and metal rejection was evaluated. Effect of
operating parameters such as pH, initial feed concentration and pressure on membrane
performance was investigated. The pressure was varied between 10 and 15 bar and it was
observed that increasing the pressure increases the membrane flux. Acidic pH conditions
contributed to the removal of the contaminate as Mn2+ ions are freely at low pH. The
percentage rejection was found to be 63.5 to 77.6 % as concentration is increased from 290
ppm to 321 ppm for a feed solution. The membrane showed satisfactory results in removing
metal ions from solution.

1. Introduction
The mining industry makes use of different type of utilities to extract valuable desired products from
ore; minerals such as gold, copper, nickel etc. However, the common problem encountered by most
industries is that of acid drainage which contains high concentration of toxic substances such as
cyanides and heavy metals which have serious human health and ecological implications [1].
Generally, acid mine drainage is produced, usually but not exclusively, in iron sulphide-aggregated
rocks and can be accelerated when naturally-occurring bacteria such as acidothiobacillus assist in the
breakdown of sulphide minerals. Acid Mine Drainage (AMD) is wastewater produced when sulphidebearing material from underground mining is exposed to oxygen and water. It is characterized by low
pH and high concentration of heavy metals and other toxic elements that can severely contaminate
surface and ground water, as well as soils. Mining operations promote AMD formation during rock
exploration which exposes the sulphide bearing rocks and during communition which increases the
surface area [2]. The process begins with pyrite (Fe2S) oxidation which releases Ferrous iron (Fe 2+),
Sulphate ions (SO42-) and Hydrogen ions (H+). Fe2+ undergoes further oxidation to form Fe3+, which
will react with water to form ferric hydroxide Fe(OH)3, an insoluble orange precipitate. Although there
are numerous reasons for the toxicity of AMD to receiving water bodies the major impact is because
of the proton acidity of the AMD, which will lead to a decrease in pH of the recipient water should it
have insufficient neutralization capacity [3].
The need to address acid mine drainage inspired research to explore treatment technologies to treat the
effluent before discharging into the environment. Active and passive treatments are traditional
technologies which have been practiced for decades to deal with the problem. Active treatment
depends on addition of alkaline chemicals which neutralizes the acidity of AMD and passive treatment
relies on biological, geochemical and gravitational processes. Adding alkaline materials such as lime
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cause the pH to increase and cause the metals present to precipitates. This will result in the production
of iron rich sludge that may also contain several metals depending on the chemistry of the mine water
treated [4]. Mostly, the sludge produced is collected and disposed of through burial or injection into
abandoned mine [5]. However; little effort has been focused on the beneficial use of precipitated
metals in these systems, especially in passive systems as oxides, carbonates, or sulphides. Recovery
of these minerals will not be as profitable as the mine itself, due to slow reaction kinetics of the
process [6]. Passive treatment systems involve using sulphate-reducing bacteria or limestone or both to
neutralize acidity and precipitate dissolved metals. The systems are sometimes called wetlands or
bioreactors [7]. It relies on sulphate-reducing bacteria (SRB) that can be found in natural environments
where anoxic conditions prevail [1]. Passive treatment systems have been shown to be more
economical than hydrated lime or similar neutralizing reagent methods [6]. However, the activity of
Sulphate reducing bacteria (SRB) is controlled by the reactive mixture composition and this limit the
long-term efficiency of the process [1].
The demand for clean water and environmental consciousness has prompted researchers to explore
cost effective technologies which could treat acid mine drainage up to drinking standards. Membrane
technology has emerged as a promising technology to substitute conventional methods [8] Advantages
such as easy operation, inexpensiveness, low energy consumption, high separation efficiency and no
need for integrated steps for further treatment, makes membrane technology an effective and attractive
technology [9]. Reverse osmosis membranes are preferred during AMD treatment for the removal of
heavy metals, salts and even ions through electrostatic repulsion and filtration due to smaller pore
sizes [10]. These membranes are known as polymers which enclose repeating amide, -CO-NH-,
linkages. They are well-known for their high strength, abrasion resistance, and resilience.
2. Experimental
2.1. Materials and equipment
A non-porous polyamide membrane manufactured by GE healthcare Companies was commercially
purchased from Sigma Aldrich. A packet acquired contained 100 pieces with pore sizes of 0.45µm and
0.047m diameter. Atomic Absorption Spectrometer (Thermo scientific ICE 3000 series) was used to
analysis metal ions. pH and conductivity were measured using Metler Toledo dual meter (Sevenduo
pH /conductivity meter with a Metler Toledo inLab Pro ISM pH electrode and inLab 738 ISM
conductivity probe).
2.2. Permeation batch tests
Membrane performance (water flux and metal ion rejection) was tested in a dead-end filtration with a
capacity of 300 mL and effective filtration area of 14.6 cm2. Pure water flux (J, L/m2 h) was
determined by J 

C feed  C permeate
A
and metal ion rejection by R 
. Feed solution was prepared
Vt
C feed

by dissolving MnSO4.2H2O in water to make 321mg/L solution and the pH was altered using H2SO4 to
3.2. The solution was fed through the dead-end cell using nitrogen gas to push the solution through
and filtrated were collected and analysed using AAS for metal content.
3. Results and discussions
3.1. Membrane flux
Figure 1 shows the variation in % removal of Cu2+ in different molar ratios with the number of batch
reduction.
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Figure 1. Effect of pressure on membrane flux.
Figure 1 shows the effect of pressure on membrane flux. This was done to calculate the water
permeability of the membrane using pure water. The experiments were run for 30 min using 3
replicated samples collected after every 10 min. Pressure of 10 bar and flow rate of 0.034 L/hr resulted
in a calculated water flux of 20.17 L/m2.hr. In addition, at 15 bar pressure and flow rate of 0.048 l/hr,
the flux was found to be 24.78 L/m2.hr. This is because operational conditions, such as feed pressure,
temperature, and feed flow rate, influence the convective transport of molecules toward the membrane
surface. The hydrophilicity of polyamide membranes had great influence as the chemical structure had
affinity for water molecules and easily let them pass through the membrane.
3.2. Effect of pH and feed concentration on flux
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Figure 2. Effect of pH and initial metal concentration
The influence of solution pH and metal concentration on membrane flux was investigated by
manipulating the pH to 2, 3.7 and 5.1 using sulphuric acid. The feed concentration was varied from
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290 to 321 ppm. The trend which agrees with what was reported [11], the functional groups of
polyamide membrane becomes positive under acidic conditions and this creates an electrostatic
repulsion between the membrane and the metal contaminate. Over time, more metal ions are repelled
from the membrane surface creating back pressure which pushes solution backwards and reducing
membrane flux. Accumulation of metal ions on membrane surface due to filtration causes what is
termed concentration polarization. Over time, the membrane effective pore sizes get blocked and this
reduces membrane flux.
3.3. Effect of pH and feed concentration on metal rejection.
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Metal ion removal from solution could be due to absorption by the membrane through filtration and/or
the attachment of metal ions to functional groups on the membrane surface. Reverse osmosis
membrane constructed using polyamide material are known for high metal ion rejection owing to their
small effective pore sizes. This trend agrees with Riley et al. [12] in a study on Polyamide reverse
osmosis membrane fouling and its prevention. They deduced that when reaction reaches equilibrium at
pH level of 7, manganese occurs as MnO2 (c), an insoluble crystal. As the pH reduces to below 6, it
becomes oxidised and remains (at equilibrium) is in its most stable form as a MnSO 4 (aq). Reducing
the pH further to below 2 (~1.7) reduces MnSO4 to Mn2+, ions free to move about in solution. Hence
more high rejection was observed towards neutral pH. Polyamide membranes have very small. The
percentage rejection was found to be 63.5 to 77.6 % as concentration is increased from 290 ppm to
321 ppm for a feed solution pH of 2. At this pH, it is suggested that manganese crystals (MnO2) have
oxidised to form MnSO4 which is also is oxidizing to form (Mn 2+). These large molecules (MnSO4)
may not have found free pathways through the membrane therefore it is suggested that they are
remaining sliding on the surface of the membrane. An irregular trend is observed when the
concentration of the feed has reached 310ppm when the pH is lowest 1.5. At this level, the rejection is
reduced to 59.1 % for a concentration of 310ppm. This trend can suggest that the solution is reaching
equilibrium where all the MnSO4 molecules oxidise to Mn2+ at pH below 2 and some ions can pass
though the cross-linked membrane structure.
4. Conclusion
The study showed maximum flux of 24.78 L/m2.hr after 30 min at an operation pressure of 15 bar.
Polyamide materials which are normally used to fabricate reverse osmosis membranes, are known to
have very small effective pore sizes, hence high pressure is needed to push molecules through the
membrane. The feed solution pH alters the membrane surface charge in which under acidic conditions,
the functional groups become positively charged and this creates an electrostatic repulsion between the
membrane surface and cationic metal contaminates which reduces membrane flux but effectively
increases membrane rejection. Additionally, the solution pH influences the stability of the manganese
metal in which under acidic condition it moves freely as Mn2+ and is able to pass through the
membrane but increasing the pH towards neutral, it exist as an insoluble oxide which is large enough
to get trapped by the membrane. Further studies should investigate the anionic metal rejections by
polyamide to see the effect of membrane charge under acidic conditions. Also, checking the antifouling behaviour of the membrane could be helpful to understand the long-term sustainability of the
membrane.
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Abstract. The worldwide known treatment processes of acid mine drainage result into the
formation of hydrous ferric oxides that is amorphous, poorly crystalline and into the generation
of hazardous voluminous sludge posing threat to the environment. Applicable treatment
technologies to treat hazardous solid material and produce useful products are limited and in
most cases nonexistence. A chemical treatment process utilizing different reagents was
developed to treat hazardous acid mine drainage (AMD) sludge with the objectives to conduct
radioactivity assessment of the sludge generated from lime treatment process and determine the
reagent that provides the best results. Leaching with 0.5 M citric acid, 0.4 M oxalic acid, 0.5 M
sodium carbonate and 0.5 M sodium bicarbonate was investigated. The leaching time applied
was 24 hours at 25 oC. The characterization of the raw AMD revealed that the AMD sludge
from lime treatment process is radioactive. The sludge was laden with radioactive elements
namely, 238U, 214Pb, 226Ra, 232Th, 40K and 214Bi. 0.5 M citric acid provided the best results and
the hazardous contaminants were significantly reduced. The constituents in the sludge after
treatment revealed that there is a great potential for the sludge to be used for other applications
such as building and construction.

1. Introduction
Acidic mine effluent such as AMD is commonly treated through lime neutralization. This process
remains the most widely applied technology due to the high efficiency in removing dissolved metals
and the fact that lime costs are low as compared to other alternatives chemicals. The technology is
effective in raising the pH of the water and precipitating the metals to below regulatory limits.
However, one of the major challenges with simple lime neutralization treatment process is the
production of a voluminous, hard to settle, radioactive and hazardous sludge, laden with metals. The
two major drawbacks regarding the AMD sludge are the volume of the sludge generated from the
treatment processes, the long-term chemical stability and the negative potential impact the sludge
poses to the environment, ground water and human beings.
Various industries produces significant quantities of acid mine drainage sludge, lignite and fly ash,
however the beneficial reuse technologies for these materials are limited [1]. The growing global
urbanization of society coupled with increasingly stringent sludge reuse/disposal regulations and
increasing public pressure, is forcing both public and private sludge generators to re-evaluate their
sludge management strategies [2]. Conventionally, the waste sludge is disposed by means of
incineration, landfilling or ocean disposal as well as reused as soil conditioner in agriculture.
Legislation requires that sludge from neutralization plants be discharged into lined ponds to prevent
metal leachate from polluting ground water [2]. The volume of sludge to be disposed also influences
the cost and processes that produce sludge. An estimated amount of 20 t/d of sludge is produced from
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1 Ml/d of discard leachate when neutralized with lime or limestone [3]. The principle of lime
neutralization lies in the insolubility of heavy metals in alkaline conditions. Metals such as iron (Fe),
zinc (Zn), and copper (Cu) are precipitated when pH is adjusted to a set point of about 9.5 [4]. When
dry lime is added to the waste stream, the hydrated lime reacts or dissociates to increase pH.
Hydrolysis reactions occur causing the metals present to precipitate as hydroxides [4]. The following
two equations illustrate these reactions:
(1)
CaO  H 2 O  Ca(OH ) 2
Ca (OH ) 2  Ca 2   2OH 

(2)
A common by-product of lime neutralisation process is gypsum (calcium sulphate bi-hydrate).
Gypsum precipitation occurs as acidic drainage is often rich in sulphate and calcium added from the
lime will bring the solubility product well above saturation. Gypsum is a major sludge component and
contributes significantly to the volume of sludge generated [3].
(3)
Ca(OH ) 2  H 2 SO4  CaSO4  2H 2 O
Another common by-product of lime neutralization is calcium carbonate. The inorganic carbon for this
reaction can either come from the AMD itself or as a result of carbon dioxide from air, which is
dissolved during aeration. This carbon dioxide converts to carbon bicarbonate and then partially to
carbonate due to the high pH. The carbonate fraction will precipitate with high calcium content of the
slurry to form calcite (calcium carbonate). This calcite can play an important role in the stability of the
final sludge product as it provides neutralizing potential to the sludge, as it is stored [5].
Radioactive materials which occur naturally and where human activities increase the exposure of
people to ionizing radiation are known by the acronym 'NORM'. NORM results from activities such as
burning coal, making and using fertilizers, oil and gas production [6]. NORM levels are typically
expressed in one of two ways: Becquerel per kilogram (or gram) indicates level of radioactivity
generally or due to a particular isotope, while parts per million (ppm) indicates the concentration of a
specific radioisotope in the material [6]. The materials may be original (such as uranium and thorium)
or decay products thereof, forming part of characteristic decay chain series, or potassium-40. The two
most important chains providing nuclides of significance in NORM are the thorium series and the
uranium series [6]:
In the acid mine drainage treatment process, using lime to reduce acidity in the effluent and precipitate
some heavy metals from the water, a radioactive sludge is produced and may emit radioactive gas.
Several hundred of mine dumps and tailing dams, each containing millions of tonnes of waste are
located along a long line of Witwatersrand. They are exposed to the elements with winds blowing the
finer particles away and heavy summer rains wash larger quantities of acidic and radioactive particles
into surrounding watercourses. The material utilized for building contains small amounts of
radioactive substances. These are radionuclides in uranium (238U), thorium (232Th) decay series and
radioactive potassium isotope (40K), which mostly originate naturally from rock and soil. In addition to
the natural occurring radionuclides, some industrial by-products also contain the radioactive substance
such as cesium (137Cs). Incorporating the by-product into building and construction material, the final
produced product may contain these radionuclides [7]. To assess whether an action level is exceeded,
the activity index must be calculated from activity concentration measurements of the material. For the
activity indexes, radionuclides such as radium (226Ra), thorium (232Th), potassium (40K) and cesium
(137Cs) are considered. Other radionuclides may need to be taken into consideration in special cases
[8]. It is critical to assess the radiological hazard associated with the exposure to the radiation from 40K,
226
Ra, and 232Th, to account for the collective effect of the activity concentrations of these
radionuclides in a material.
This study was undertaken to evaluate the radioactivity of AMD sludge generated from a lime
neutralization treatment process in a gold mine and determine the best reagent to remove or reduce the
radioactivity in the material and investigate the possibility of utilizing the raw or treated product for
other applications.
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2. Experimental
This section present the experimental procedure and methodology followed.
2.1. Method
AMD sludge sample was obtained from a gold mine in Randfontein. Salts were used to prepare
different concentrations of leaching reagents, namely 0.4 M citric acid, 0.5 M oxalic acid, 0.5 M
sodium bicarbonate and 0.5M sodium carbonate. AMD sludge samples were first prepared prior
conducting the experimental work. The raw sample was dried in an oven for 24 hours at 50 oC. The
dried sample was then milled in a rod mill for 2 hours. Sieves were utilized to remove all the solid
particles that could not be milled, i.e. rocks in the AMD sludge. A representative sample was obtained
using Eriez Magnetic Rotary riffler for characterization. The specific gravity of the material was
determined using a gas pycnometer. A pH meter was used to measure pH. The prepared reagents of
citric acid, oxalic acid, sodium carbonate and sodium bicarbonate were added to AMD sludge at 15%
solid loading.
A thermostatic shaker was utilized to conduct the leaching experiments. 4 flat bottom beakers
containing the material were placed in a thermostatic shaker at 35 oC, and agitated at 170 rpm for 24
hours. After 24 hours, the thermostatic shaker was switched off, the samples were filtered, the solution
stored for further characterization and the solids were dried in an oven at 50 oC. After drying the solid
products were analyzed using XRF and XRD to check the effect of the different reagents on the
leaching of AMD sludge. Relative density was determined using a gas pycnometer by weighing 5 g of
AMD sludge into a pycnometer cup. The cup was then inserted into the measuring equipment. After
the relative density was measured, the reading displayed in g/cm3 was recorded. To determine the pH
of AMD sludge, AMD sludge/water mixture was prepared by adding 50 g of sludge into 100 ml of
deionized water under continuous stirring and measuring the pH after 30 minutes.
AMD sludge composites were prepared to determine the unconfined compressive strength (UCS) of
the raw and citric acid treated sludge. The composites were casted and cured at the temperatures of
40oC. The strength was allowed to develop over 14 days. After the curing period, the UCS was
determined. The treated AMD sludge was stabilised with fly ash and lime at the ratio of 50:30:20 to
enhance the pozzolanic reaction and cured at 40 oC for 14 days.
2.2. Analysis
X-ray Floroscence (XRF, Rigaku ZSX Primus II) was used to determine the semi quantitative
chemical composition of AMD samples. Mineral species were determined by X-ray diffraction (XRD,
Rigaku Ultima IV)). Radionuclides activity concentrations in the sample were determined using
Gamma Ray Spectroscopy (GRS). Using GRS, the samples were packed, hermetically sealed and
stored for about six weeks prior to counting so as to ensure radioactive equilibrium between 226Ra and
its short-lived progeny.
3. Results and discussions
The measured specific activities in the raw samples collected for AMD sludge are presented in table 1.
The activity of radionuclides in the samples is given in Bqkg-1 dry weight. The world average activity
concentrations of 226Ra, 232Th and 40K are 35, 30 and 400 Bqkg-1, respectively [8]. The activity in
AMD sludge ranges from 32 Bqkg-1 to 153 Bqkg-1. The highest concentration was observed in 238U,
followed by 226Ra, and the lowest concentration was that of 232Th. All the major natural occurring
radionuclides were detected in AMD sludge, 238U, 226Ra, 232Th and 40K. The largest contribution of
the radioactivity in the sample is due to 238U. 226Ra is drastically above the world’s average activity of
35 Bqkg-1. 40K is within the standards of 400 Bqkg-1 and 232Th slightly exceeding the stipulated
concentration of 30 Bqkg-1.
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Table 1. Radioactivity of AMD sludge.
Detected nuclides

Radioactivity
concentration (Bq/kg)

214

Pb
Bi
226
Ra
40
K

91
98
150
43

238

U

153

232

Th

32

214

The AMD sludge showed to have a pH of 10.24, relative density of 2.66 g/cm3, liquid limit of 49.71
and plastic limit of 14.53. The coefficient of gradation (Cc) and uniformity coefficient of the material
was found to be 4.327 and 1.716, respectively. Numerous studies conducted previously reveals that pH
values for the sludge from various lime neutralization treatment processes ranges from 8.2-10.8 [9].
Mostly the aged sludge showed a lower pH as compared to their counterparts. The measured pH for
AMD sludge is 10.24, an alkaline material due to the basic neutralization reagent used (lime), this
value agrees with results obtained by other researchers for the sludge from neutralization processes
[9].
Most of sludge have a specific gravity of 1.0, i.e. they are almost equal to the weight of the water [6].
The specific gravity of AMD sludge was found to be 2.6568. For sand, if Cu is greater than 6 and Cc
is between 1 and 3, it is considered well graded. However, for a gravel to be well-graded, Cu should
be greater than 4 and Cc must be between 1 and 3 [7]. The Cu and Cc for AMD sludge is 4.327 and
1.716, respectively. Therefore, it is not well graded, but gravel. The liquid limit for AMD sludge is
49.71 and plastic limit is 14.53, respectively.
3.1. Chemical treatment of AMD sludge with different reagents
Comparing the final product with the raw material the sulfur relative proportion in citric acid medium
was reduced by 33%, Figure 1(a). Calcium and iron relative proportion was increased by 8% and 5%,
respectively. Sulphur reduction shows that it was leached out during the treatment process. Other
elements leached are Mg, Al, Si and K, Figure 2(e). Citric acid drastically decreases the sulfur relative
proportion contained in AMD sludge and calcium and iron proportion slightly went up.
Using oxalic acid as a leaching reagent Figure 2(b), sulfur relative proportion was reduced from 5.45
wt% to 3.17 wt%%. Calcium and iron relative proportion was increased from 28.57 wt% to 31.05 wt%
and 24.83 wt% to 26.685 wt%, respectively. Oxalic acid dissolved the sulfur initially available in the
material and its relative proportion decreased by 42%, while calcium and iron relation slightly
increased by 8% and 7.5%, respectively.
The results obtained when sodium carbonate was employed as a leaching agent, Figure 2(c), indicates
that sulfur relative proportion was drastically reduced by 82.1%. Calcium relative proportion increased
by 7.73% and iron increased by 5.52%. Leaching with sodium bicarbonate, Figure 2(d), resulted in the
sulfur reduction of 82.72% in the final product, hence the increase in calcium relative proportion by
6.26% and 5.5% for iron. For both sodium carbonate and sodium bicarbonate, optimal leaching of
sulfur is evident, more than 80% reduction in sulfur relative proportion is observed.
Other elements detected in AMD sludge by XRF are sodium, magnesium, aluminum, silicon,
potassium and manganese as shown in Figure 1(e). Magnesium, aluminum, silicon and potassium
were leached out in citric acid medium and manganese relative proportion slightly increased by only
2%. Using oxalic acid, only magnesium was leached out and the relative proportion for other elements
slightly increased. The elements contained in AMD sludge behaved the same when sodium carbonate
and sodium bicarbonate were used. In mediums, sodium, magnesium, aluminum, silicon and
manganese relative proportion increased and the only reduction in relation was observes in potassium.
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There was a drastic increase in relative proportion of sodium when sodium carbonate and sodium
bicarbonate were utilized.
Sulfur was leached out from AMD sludge with all the leached agents employed, and the highest
reduction was obtained with sodium carbonate and sodium bicarbonate. Calcium and iron relative
proportion slightly increased with all the leaching reagents.
3.2. Elemental analysis of AMD sludge treated with different
The chemical components of cement include SiO2, Al2O3, Fe2O3, CaO, SO3 and MgO. Therefore, the
chemical constitution of the AMD sludge is typical of construction materials. The SO3 is very high due
to the precipitation of sulphate normally available in high concentration in the acid mine effluent and
the SiO2 very low in the AMD as expected. Depending on the application of the material produced, a
treatment process that introduces more or increase SiO2, Al2O3 and suppress SO3 contents is desirable.
Using the different reagents sodium carbonate and sodium bicarbonate managed to drastically reduce
the sulphate composition by 80% and 81%, respectively. The best reagent that increased the
aluminium composition to the highest is sodium carbonate. All the reagents used increased SiO 2
content; however, both sodium carbonate and sodium bicarbonate showed best results. Al 2O3
composition was enhanced best in sodium carbonate medium.

Figure 1. Effect of different reagents on the leaching of AMD
sludge at 35oC mixing for 4 hours (a) citric acid, (b) oxalic acid, (c)
sodium carbonate, (d) sodium bicarbonate.
3.3. Mineralogical study of AMD sludge treated with different reagents
Figure 2 indicates the XRD results for the AMD sludge treated with citric acid, oxalic acid, sodium
carbonate and sodium bicarbonate.
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Figure 2. XRD results for AMD sludge after treatment at 35 oC
mixing for 4 hours (a) citric acid, (b) oxalic acid, (c) sodium
carbonate, (d) sodium bicarbonate.
The XRD results in figure 2 (a) indicates that the predominant mineralogical phase in the final AMD
sludge treated with citric acid was Augite aluminia (Ca (MgAlFe)Si 2O6) with a content of 34.26%,
followed by 29.78% marcasite (FeS2), 14.58% silicon oxide (SiO2), 14.34% (di-calcium di-iron oxide
(Ca2Fe2O5) with a content, 3.86% gypsum (Ca(SO4) (H2O)2) and 3.16% bustamite calcian
(Ca1.18Mn0.19SiO3). All the detected phases after the leaching process contain compounds that were
initial present in the raw AMD sludge. Citric acid reacted with AMD sludge to form a predominant
compound bonded with calcium-magnesium-aluminum-iron and silicate. The final product also
contained a calcium sulphate compound with a different compound from the anhydride initially
detected in the raw material.
The predominant phase when oxalic acid was used as a leaching agent is quartz (SiO 2) as determined
by XRD, Figure 2 (b). The final product contains a total of 87.91% content of SiO2 in different forms
(51.03% quartz, 19.54% hypothetical silica and 17.31% silicon dioxide). The material initially
contained 8.29% SiO2 and 16.6% MgSi2 and oxalic acid increased the total quartz content to 87.91%.
This increase is also evident in the XRF results obtained, the Si relative proportion increased from
1.07 to 1.145 wt%. Calcium sulphate reacted with oxalic acid and produced a compound containing
Ca-Mg-Si-O7 with a content of 6.76%, the compound contains elements initially available in the raw
AMD sludge. Manganese oxide and iron oxide initially contained in the AMD sludge both reacted
with the leached sulfur to form sulfide compounds, MnS2 and Fe2SiS4 respectively.
The XRD results using for sodium carbonate, figure 2 (c) shows that the predominant phase is 78.81%
SiO2. The final product contained 71% more coesite as compared to the initial content. Sodium
carbonate as a leaching agent promoted the formation of SiO2. Iron oxide reacted with silicon and
formed iron silicate, FeSi2. Magnesium relative proportion was drastically increased from 1.67 wt% to
2.725 wt%, raw AMD sludge contained 16.6% Mg2Si and during leaching, magnesium reacted with
iron to form 3.99% MgFe. Sulphur contained in the raw AMD sludge was associated with calcium
(Anhydrite, CaSO4) with a content of 15.87%. After the leaching process, a calcium sulphate
compound with hydrate was formed with 0.14% content. In the presence of sodium carbonate, calcium
sulphate reacted with phosphorus to produce 15.46% brushite (CaHPO4 (H2O)2), the leaching agent
exposed phosphorus contained in the raw material as detected by XRF. The final product produced
when sodium carbonate was employed as a leaching medium is predominated by SiO 2 with a content
of 78.81%.
Calcite magnesium (MgCaCO3) is the predominant compound in the final product with a content of
51.198%, followed by 41.05% coesite (SiO2), in a sodium bicarbonate medium figure 2 (d). This
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shows an increase of 32.76% SiO2 in content from raw material to the final product. It is evident that
sodium bicarbonate increased the formation of coesite. Magnesium reacted to form three different
compounds containing magnesium in the final product, namely, magnesioferrite (MgFe), magnesium
oxide (MgO) and calcite magnesium (MgCaCO3). MgO was initially available in raw AMD sludge as
detected by XRF and its relative proportion increased drastically by 57%. The manganese oxide
reacted with the sulphur leached out to produce 0.45% MnS.
3.4. Radioactivity analysis of AMD sludge and unconfined compressive strength
The treated AMD sludge was measured for radioactivity and the results are presented in figure 3.
238 U, 12 232 Th, 18

Raw AMD sludge

232 Th
214 Pb, 66

Unconfined compressive
strenght (Mpa)

40 K, 32
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214 Bi
226 Ra
40 K
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Figure 3. Radioactivity of AMD sludge treated
with citric acid.

7 days
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Figure 4. Unconfined compressive strength
of AMD sludge.

The radioactivity results of the citric acid treated AMD sludge show a significant decrease in the
radionuclides. Uranium the dominant contributor to overall radioactivity was reduced by 28%. All the
other contaminants were also reduced; this resulted to a lower radioactivity as compared to the raw
AMD sludge. It is crucial and it is highly recommended to assess the radiological hazards associated
with exposure to the radiation from 40K, 226Ra, and 232Th. This is conducted to account for the
collective effect of the activity concentrations of the radionuclides in a material.
Figure 4 depicts the UCS for the raw, treated AMD sludge and fly ash lime stabilized AMD over 14
days curing. The results show that the strength for both the raw and citric acid treated AMD sludge
improved over 14 days. The effect of curing time on UCS was investigated by measuring the
compressive strength of specimens. The highest strength obtained is 2.79 MPa for the treated AMD
sludge and 1.83 MPa for the raw AMD sludge. There was a significant strength gain after 14 days
curing. The chemical composition of both the raw and treated AMD sludge showed that there was
insufficient pozzolans in the materials to trigger the pozzolanic reaction for strength development. To
further improve the UCS of the treated AMD, the sludge was stabilised with fly ash and lime and the
UCS of 4.9 MPa was obtained. The strength obtained for the treated sludge is close to the minimal
applicable strength for masonry brick, therefore there is a great potential for this material to be utilized
in building and construction and it can be applied for load bearing. A minimum of 3.5 MPa is required
on burnt masonry clay [10-12]. The results showed that the treated sludge can attain load bearing
strengths without using a binder such as cement or lime.
The composite developed from the treated AMD sludge is presented in figure 5. The identified
constituents in the treated AMD composite are Gypsum (G), CaSO4.2H2O (32.35%), calcium
aluminium sulphate, Ca6Al2(SO4)3(OH)12·26H2O (33.18), wollastonite (W), CaSiO3 (17.93%),
hedenbergite (H), CaFeSi2O6, (1.48%) and keatite (K), SiO2 (15.01%). The constituents in the
mineralogy are associated with of silicate, iron and calcium. The new hydration products formed are,
calcium aluminium sulphate, wollastonite and hedenbergite. Due to the addition of fly ash, high
content of silicate oxide is observed, a compound which has silicate as the predominant compound.
The results also reveal that lime addition activated the alumina and silica phases and the final material
contained keatite with higher proportion than the raw material.

194

ICEPP 2017
IOP Conf. Series: Earth and Environmental Science1234567890
120 (2018) 012024

Figure 5. XRD analysis of AMD composite

IOP Publishing
doi:10.1088/1755-1315/120/1/012024

Figure 6. SEM micrograph of AMD sludge:
(a) raw AMD sludge (b) treated AMD sludge

As presented in figure 6, the raw AMD sludge showed more flakes like particles that are irregular
shaped. Fairly stronger and intact particles were observed in the treated AMD sludge, this might have
led to the voids between the larger particles to be filled by the smaller grains particles in the treated
AMD sludge and contribute to higher strengths development.
4. Conclusion
The activity concentrations showed that the highest contributor to radioactivity is 238U. The measured
activity concentration levels for radium, thorium and potassium revealed that radium was above the
average world activity, thorium and potassium slightly exceeds the required standards. No
radionuclides were detected in the raw AMD sludge by XRF and XRD; however there was evidence
of the radionuclides when GRS was used to characterize the raw material. There was a drastic increase
in sodium relative proportion when sodium carbonate and sodium carbonate was utilized; this is due to
the sodium available in NaCO3 and NaHCO3 salt, as the XRD results did not reveal any Na contained
in the raw AMD sludge. Using citric acid as a leaching reagent extracted most metals from the AMD
sludge as the relative proportion of most metals was reduced as compared to oxalic acid, sodium
carbonate and sodium bicarbonate. Citric acid proved to be the best organic extracting agent for
hazardous metals contained in the AMD sludge. It is the most preferred because it is environmental
friendly as it a naturally occurring organic complex, showed consistent removal efficiency and it is
cost effective as compared to oxalic acid, sodium bicarbonate and sodium carbonate. In respect to
unconfined compressive strength, the final treated AMD sludge proved to have a potential to be used
for load bearing. Other application for the sludge may be in the treatment of acid mine
drainage/wastewater that is acidic and contaminated with high concentration of heavy metals [13].
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Abstract. The Gold mining generates large volumes of tailings, with consequent disposal and
environmental problems. Iron tends to react with sulphur to form pyrite and pyrrhotite which
then react with rain water forming acid rain. The study focuses on the removal of iron (Fe)
from Gold Mine tailings; Fe was leached using citric acid as a leaching reagent. Three
parameters which have an effect on the removal of Fe from the gold mine tailings, namely;
temperature (25 ºC and 50 ºC), reagent concentration (0.25 M, 0.5 M, 0.75 M and 1 M) and
solid loading ratio (20 %, 30 % and 40 %) were investigated. It was found that the recovery of
Fe from gold mine tailings increased with increasing temperature and reagent concentration,
but decreased with increasing solid loading ratio. The optimum conditions for the recovery of
Fe from gold mine tailings was found to be at a temperature of 50 ºC, reagent concentration of
1 M and solid loading of 20 %. Three linear kinetic models were investigated and ProutTompkins kinetic model was the best fit yielding linear graphs with the highest R 2 values.

1. Introduction
Africa is a mineral-rich country with metals such as gold, copper, and platinum group metals being
exploited to a significant extent in the country's mining history. Mining generates large volumes of
tailings, with consequent disposal and environmental problems. Research shows that the largest
quantity of gold that has been mined in South Africa (98%) has come from the Witwatersrand
goldfields. The cluster of gold mines located in the Witwatersrand Basin generates a significant
amount of mine tailings, which have adverse effects on the environment and ecological systems. In
addition, disposal costs are very high [1].
Un-reclaimed gold mining sites are a major problem in the entire world with tailings being a source of
contamination for communities living close to these mine dumps. Tailings consist of ground rock and
process effluents that are generated in a mine processing plant. Tailings storage is associated with ever
increasing challenges. Innovations allow low grade ores to be exploited resulting in high waste
volumes which require safe storage. Environmental laws are advancing, putting pressure on mining
industries in handling of tailings. Due to this, mine operations are forced to treat tailings after
recovering precious metals from ores prior to disposal. Rosner, [2] analysed heavy metal
concentrations in stream sediments and rivers affected by gold mines in the Witwatersrand region and
the Free State Province. Acid mine drainage and the leaching of toxic metals such as Co, Cu, Fe, Mn,
Ni and Zn resulted in an increase in metal concentrations [2].
An investigation on the bioleaching of heavy metals from mine tailings by Aspergillus fumigatus
showed that in the one-step bioleaching process where the fungi was cultivated in the presence of the
tailings, concentration of oxalic acid was the highest and in the two-step process where the metabolic
products of fungal growth, which have been separated from its biomass, were used, citric acid was
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dominant [3]. In the one-step process, the highest removals of As, Fe, Mn, and Zn were observed at
the lowest tailings concentration. In general, it was found that heavy metals removal efﬁciency
decreased with increased tailings concentration in both bioleaching processes.
In 2014 Vapur et.al., conducted an investigation using oxalic, citric and glycolic acids as principal
organic acids used in leaching slimes sized (-75 µm) feldspar ores in order to reduce iron amount [4].
The parameters investigated were; temperature, pulp density, leaching time and acid molarity. The
overall test results showed that the highest iron removal was obtained as 67.90 % using oxalic acid.
The toxic metals in gold mine tailings have a negative impact on human health and the environment
and this necessitates the recovery of these metals [5].
The objective of this study was to find an optimal, cost effective treatment process for gold mine
tailings (focusing on the removal of iron) and develop a kinetic model for the leaching of Fe from the
gold mine tailings.
2. Experimental
2.1. Material
The mine tailing was collected from a gold mine and dried in the oven for 24 hours at 50 oC. Different
concentrations (0.25 M, 0.5 M. 0.75 M and 1 M) of citric acid were prepared as the leaching reagents.
The thermostatic shaker was used as a leaching equipment to leach Fe from the gold tailings at
different temperatures (25 oC and 50 oC), at a constant speed of 200 rpm. Solid loading of 20 %, 30 %
and 40 % we investigated.
2.2. Method
The sample was then milled to 80 % passing 75 µm. The leaching period of 24 hours was allowed,
samples were taken in the interval of 2 hours. After 24 hours; the slurry was filtered, the solids were
air dried for 24 hours and the effluent was taken for analysis. The prepared reagents with respective
concentrations were mixed with the gold mine tailing in the solid liquid ratio of 20%, 30% and 40%,
in a thermostatic shaker for the leaching of the material. The initial conditions (pH and temperature) of
the slurry were recorded. The leaching period of 24 hours was allowed, with sampling in the interval
of 2 hours. After 24 hours; the slurry was filtered, the solids air dried for 24 hours and the effluent
taken for analysis.
2.3. Analysis
X-ray Fluorescence (XRF) was used for elemental composition of the material. X-ray diffraction
(XRD) was used to study the mineralogy and Scanning Electron Micrograph (SEM) was utilized to
study the crystal structure and morphology images of the materials. To analyze the solution samples,
an atomic absorption spectrophotometer (AAS) was used.
3. Results and discussions
Table 1 shows that the tailings consisted highly of silica (Si 71.8444 mass %). This is of no surprise as
the sample is from Gold Mine which is located in the West Rand and is known to be dominated by
ores containing silica. The tailings also consisted of Fe (7.6945 %), Al (8.7896 %), Mg (4.5297), S
(3.4468 %) and traces of other metals. Table 1 shows that the tailings consisted highly of silica (Si
71.8444 mass %). This is of no surprise as the sample is from Gold Mine which is located in the West
Rand and is known to be dominated by ores containing silica. The tailings also consisted of Fe
(7.6945 %), Al (8.7896 %), Mg (4.5297), S (3.4468 %) and traces of other metals.
Table 1. XRF results for raw gold mine tailings.
Element

Weight %

Element

Weight %

Mg

4.53

Mn

0.10
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Al
Si
P
S

8.79
71.84
0.11
3.45

Fe
Ni
Cu
Zn

7.69
0.10
0.01
0.05

Cl

0.17

Rb

0.01

K

1.59

Zr

0.03

Ca
Ti

0.76
0.41

Pb
U3O8

0.50
0.01

3.1. XRD and SEM of gold mine tailing before treatment
Figure 1 shows that the gold tailings consisted highly of quartz (SiO2), chalcocite (Cu2S) and pyrite
(FeS2) complimenting the XRF results. Since Fe and Cu are both transition metals and tend to behave
the same, it was concluded that only one of the two elements will be analysed. The study focused only
on the leaching of Fe instead of Si and since Cu tends to behave in the same manner as Fe, it was
assumed that it will give the similar results as those of Fe.

Figure 1. XRD of gold mine tailings.

Figure 2(a). EDS of gold mine tailings.

Figure 2 (b). SEM of gold mine tailings.
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Figure 2(a) shows the elements present in gold mine tailings. The spectrum shows that the tailings
were predominated by Si and Fe. The result correspond to the XRD results, the SEM, figure 2(b) ,
shows that the tailings consisted highly of silicon (greyish rock-like structure) which appeared as
quartz in the gold tailings and Fe (black spaces in between the quartz).
3.2. Effect of citric acid concentration on leaching rate
The effect of citric acid concentration on the leaching rate of Fe from the gold tailings was studied at
the reagent concentrations of 0.25 M, 0.5 M, 0.75 M and 1 M. The tests were conducted at a
temperature of 25 ºC and at a constant speed of 200 rpm. The percentage of the Fe leached is
dependent on the concentration of the citric acid used to leach the gold tailings; the higher the citric
acid concentration, the higher the recovery of heavy metals from the gold tailings. In Figure 3, the
leaching temperature was kept constant at 25 ºC, and leaching at a speed of 200 rpm and 20 % solids.
The results show that the recovery of Fe increases with increasing reagent concentration and time; the
concentration of the iron leached is highest at 1 M compared 0.25 M, 0.5 M and 0.75 M.
3.3. Effect of temperature on leaching rate
Leaching is a chemically controlled process in which temperature mostly affects the reaction rate [6].
The rate of leaching is directly proportional to temperature; it increases with increasing temperature as
molecules tend to gain more energy [6]. Although increasing the leaching temperature increases the
solubility of the gold tailings and the leaching rate, the solvent’s (citric acid) boiling point must not be
exceeded as this might result in loss of solvent by evaporation and reduced metal recovery [7]. The
effect of temperature on the recovery of gold tailings was studied at temperatures 25 ºC and 50 ºC at a
constant speed of 200 rpm and reagent concentrations of 1 M. Figure 4 shows the leaching of Fe from
gold tailings leached at 20 % solids. The figure shows that the recovery of Fe from the tailings
increases with an increase in temperature. The recovery of Fe is significantly higher (47.08%) at 50 ºC
compared to the Fe leached at 25 ºC (20.99%).
3.4. Effect of solid liquid ratio
The effect of solid-liquid ratio on the amount of Fe leached is shown in figure 5. The results show that
the amount of the Fe leached decreases with an increase in the solid-liquid ratio. For the same amount
of the reagent used at the same temperature and reagent concentration, it is expected that the
concentration of the Fe leached decreases at a higher solid loading than at lower solid loadings. A
higher volume of the reagent is needed to leach the 40 % solids compared to the 20 % solids. In the
20 % solids, molecules can move freely, resulting in high recovery.
0.25M Citric acid

0.5 M Citic acid

0.75 M Citric acid

1 M Citric acid

Fe leached (g/mol)

1500

1000
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0
0

10

20

30

Time (hours)

Figure 3. Comparison of Fe leached at different concentrations.
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Figure 4. Comparison of Fe leached at
different temperatures..

Figure 5. Comparison of Fe leached at
different solid loading.

3.5. Leaching kinetics
Different kinetic models were drawn. Of all the kinetic models studied, only three models with the
highest R2 values are discussed. Based on the effect of temperature, reagent concentration and solidliquid ratio, kinetic models were drawn. Figure 6 shows the results obtained with the Prout-Tompkins
kinetic model. The Prout-Tompkins kinetic model gives linear graphs with an R2 value of 0.9957 at a
temperature of 50 ºC and an R2 value of 0.9968 at a temperature of 25 ºC.
Figure 7 shows results obtained with the Interface kinetic model. Figure 7 shows that the Interface
kinetic model had an R2 value of 0.9856 at a temperature of 50 ºC and 0.9928 at a temperature of 25 ºC.
Figure 8 shows the results obtained with the Second Order kinetic model. The results show that the
Second Order kinetic model had an R2 value of 0.9249 at a temperature of 50 ºC and 0.882 at a
temperature of 25 ºC.
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R² = 0.9957
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Figure 6. Prout-Tompkins kinetic model.
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Figure 7. Interface kinetic model.
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Figure 8. Second order kinetic model.
Table 2 gives a summary of the three models that gave the best fit.
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Table 2. Summary of R2 values for three kinetic models
Kinetic model

R2 , T= 25 oC

R2, T=50 oC

Prout-Tompkins
Interface
Second order

0.9968
0.9928
0.8820

0.9957
0.9856
0.9246

The Prout- Tompkins gave the best line of fit with an R2 of 0.9957 at a temperature of 50 ºC and an R2
of 0.9968 at a temperature of 25 ºC. All three models show that the rate of reaction depends on the Fe
leached and the amount of citric acid used. The higher the concentration of the reagent used, the
higher the conversion.
4. Conclusion
The effect of citric acid concentration on leaching of the Fe was investigated at concentrations: 0.25 M,
0.5 M, 0.75 M and 1 M at a temperature varying from 25 ºC to 50 ºC and a solid loading of 20 %, 30 %
and 40 % at a constant stirring speed of 200 rpm. It was found that the concentration of the metals
leached from the gold tailings increased with increasing reagent concentration and temperature, but
decreased with increasing solid-liquid ratio. The highest concentration of the iron leached was found
to be at a reagent concentration of 1 M at 20 % solids and a temperature of 50 ºC. This is because
when increasing the leaching temperature, solubility of the tailings also increases, resulting in high
recovery of the metal being leached. Increasing the solid-liquid ratio had a negative effect on the
leaching rate of the metals being leached. The leaching rate decreased with an increase in solid loading
at a constant slurry volume. The kinetic model that was found to be fit for the overall investigation at
all temperatures was found to be the Prout-Tompkins model. Since citric acid is an organic that is
biodegradable and nature friendly and inexpensive, it is highly recommended for the removal of iron
from gold tailings.
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Abstract. Simplicia is natural ingredient for herbal medicine that has been subjected to drying
only. This study aims to develop an appropriate drying equipment to produce dried leaves of
sambung nyawa (Gynura procumbens (Lour.) Merr.) or also called “longevity spinach”.
Typical indirect solar drier was modified to be able to process more fresh leaves in order to
speed up the production. The modification was done using double solar collector and wind
powered ventilation. The double solar collector was applied in order to collect more solar
energy for larger dimension of drying chamber, while the wind-ventilator was installed to
provide forced convection of hot air flow inside the dryer. The drying kinetic including the
drying constants were investigated using three common thin layer drying equations to model
the drying behavior of the leaves. The moisture ratio (MR) depletion with respect to the drying
time
(t)
of
the
leaves
can
be
well
represented
by
equation
of
MR  1.1732 exp(0.0993.t )  0.1732 exp(17.3871.t ) .

1. Introduction
Solar dryer is a common technology to be used to preserve agriculture product. This dryer aims to
replace the direct sun drying method in open environment which suffers from various drawbacks such
as uneven moisture removal, loss of the crop and less hygienic [1]. In terms solar energy collection, in
general there are two type of solar dryer which are direct and indirect solar dryer. The direct solar
dryer is using transparent cover which allows solar energy to enter inside the drying chamber to dry up
the materials while indirect dryer employs a solar energy collector outside the drying chamber which
produce hot air that will flow passing the material inside the chamber. Direct dryer could have higher
temperature inside the chamber especially when using natural air flow compared with indirect drying
[2]. However, it may suffer from overheating of delicate materials like medicinal herbs. Indirect solar
dryer is more favorable to be used for drying simplicial herbs due to ease of temperature and moisture
control to avoid active ingredient such as essential oils deterioration [3].
Meanwhile in term of air flow system inside the dryer, there are two type which are natural and forced
convection. The natural convection utilize the different air density due to the temperature different
between hot air inside the drying chamber and cold air outside the dryer to create air circulation.
Forced convection is suitable for large scale production for fast drying mechanism. However this type
require electricity to run the blower or exhaust fan.
Despite the advantage of the solar dryer compared with direct sun dryer, the equipment is still gained
not much attention to the ordinary farmers due to high investment cost and time consuming operation
[4]. Thus the design of the dryer has to be continuously improved to minimize the drawbacks. A
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typical indirect solar dryer has only one solar collector to be placed North or South direction for longer
collection time of solar energy from morning until late afternoon. Typically, this solar dryer type only
has a single drying chamber. In this study, indirect conventional solar heater was modified by
additional of an extra solar collector in order to be able to enlarge the drying chamber. The solar
collector is placed in the same direction of sun movement (East to West). The modification also
provide a longer service time of the dryer throughout the day compared with a single solar collector
dryer.
The other modification is by adding wind-ventilator on top of the chamber in order to create a negative
air pressure to induce the air flow inside the dryer. Then, the modified dryer performance is evaluated
by drying fresh longevity spinach leaves.
2. Experimental method
The leaves of longevity spinach (gynura procumbens) was freshly harvested and collected from
Mangunan Region, Yogyakarta, Indonesia (7o92’51”S and 110o39’78”E). Before drying, the harvested
leaves was spread on perforated stainless steel trays to form a single thin layer covering all the tray
surface. Each tray was loaded with 0.22 kg of fresh leaves. Drying experiments were carried out using
an indirect solar dryer with double collector which is constructed from stainless steel frames and walls
as shown in Figure 1. The drying process were operated closer to the plantation site under forced
convection by wind powered induced fan (ventilation). The experimental data were manually recorded
every 2 h from 8 a.m. to 4 p.m. over three days and duplicated to obtain four data sets. The dryers
were shut down during the night, and experimentation was resumed the next day at 8 a.m.

(a)

(b)

(c)
Figure 1. Typical indirect solar dryer: (a) conventional single collector dryer, (b) and (c) double
collector dryer (in this study)
The drying calculation followed a previously reported work [2]. Moisture ratio (MR) was calculated
using the following equation:
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M

(1)

Mo

where M, and Mo (kg water/kg solid) are the moisture content at a particular time, and initial moisture
content respectively. The equilibrium moisture content can be omitted due to the continuous
fluctuation of the relative humidity of the drying air during solar drying and the relatively small value
compared to Mo and M. Three empirical models were used to fit the drying curves which are Newton,
Henderson and Pabis, and Verma et al. [5] as shown in equation (2), (3) and (4) respectively. The data
fitting was performed using MATLAB with minimum sum of square error (SSE) method.
(2)
MR  exp(kt)
(3)
MR  a exp(kt)
(4)
MR  a exp(kt)  (1  a) exp(gt )
Then, Fick’s second law was solved analytically in order to evaluate the Deff (effective diffusivity) by
plotting experimental drying data in terms of ln(MR) versus drying time (t) to give a straight line with
a slope (ko) which Deff can be calculated by equation (4) with L is the thickness of the dried material.
Deff  4

k o L2

(5)

2

.

Dryer inside temperature (oC)

3. Results and discussion
The internal temperature of drying chamber throughout a week is provided in Figure 2. The optimum
temperature is about 42 oC at 12 p.m. while a large fluctuation is observed at 2 hours before and after
the maximum temperature. Variety of cloud coverage and wind speed could be the cause of the
temperature fluctuation inside the drying chamber. The temperature range is ideal for drying medicinal
herb since a higher drying temperature can destroy active components inside the simplicia.
45
40
35
30
25
20
6:00

8:00

10:00

12:00

14:00

16:01

Time of data collection

Figure 2. Temperature range in the drying chamber during data collection
The data fitting of drying curve is shown in Figure 3. The moisture was decreased rapidly during the
beginning of the drying time due to the existence of surface water on the solids [6]. It can be visually
observed that equation (3) fit the data better that the others. This also confirmed by the smallest SSE
value by using this equation to fit the data. The obtained parameters and SSE values are listed for each
equation in Table 1.
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Figure 3. Data fitting plot with the model equations parameters obtained by Matlab
From Table 1, it is shown that the constants are quite close with the reference especially for the first
two equation. The k values are slightly lower than the dryer of whole plant mints [2] but higher than
stevia leave dryer [7]. This indicates that the rate of drying in this study is comparable to the literature
which is promising since the dryer has no electric powered equipment for air circulation. This lower
rate also could be due to the difference of the dried materials since the leaves of longevity spinach is
thicker and larger than mint. Smaller leaves will have larger surface area than larger one which will
accelerate the mass transfer of moisture during drying process. It is reflected by the value of effective
diffusivity. The calculated Deff of this study is 2.7×10-12 m2s-1 which is smaller than the literature of
2.1×10-11 m2s-1 [2]. The best fitted equation is Verma equation according to the lowest SSE value.
Table 1. The constants of the model equations of MR and SSE values
Model
Newton
Henderson and
Pabis
Verna et al.

Constants
SSE
(this study)
k = 0.0832
0.0327
a = 1.0772;
0.0214
k = 0.0902
a = 1.1732;
0.0082
k = 0.0993;
g=
17.3871

Constants
[2]
k = 0.1646
a = 0.9718;
k = 0.1575
a = 0.4357;
k = 0.0693;
g = 0.3215

[7]
k = 0.0210
a = 1.0117;
k = 0.0212
n.a.

4. Conclusion
The new design of indirect dryer with two solar collector has shown an acceptable performance to be
used for herb leaves dryer. The double collector provide enough drying air for larger drying chamber
configuration that will also double the production rate of the simplicia. Verma equation is the most
suitable model for representing the drying rate of the longevity leaves using the modified dryer.
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