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Abstract

Water resources development in Thailand is a very considerable aspect due to high
variation of hydrological regime. Responsible agencies have to sufficiently supply in terms
of quantity and quality raw water for various needs including water supply, agriculture, as
well as industrial and other uses. Development of a water reservoir is one of the efficient
measures as for water source, in spite of some limitations. Unfortunately, the appropriate
locations of potential reservoirs are mostly located in the natural resources conservation area
occupied with the abundantly good ecological system, which might lead to the conflict of interest
between the line agencies of water resources development and natural resources conservation.
Despite the national laws and policies specify to promote sustainable water resource development,
specific guidelines and standards for quantity-based consideration of sustainability together with the
balance between resources development and conservation of a potential project have not yet been
defined in details.

Consequently, the quantitative criteria to establish the sustainable water resource
development indicators, applying the principles of self-sufficiency economy and transitioning
from the extreme development of high into moderate impact levels with self-sustaining
development, will ensure that the future water resources project development can be
carried out successfully and effectively towards sustainability. The study is qualitative
research using the Del Phi method. The Del Phi’s panel comprised selective 20 experts of
various related ields, governmental agencies and independent academia. The research
conducted firstly by defining draft relevant dimensions, factors, and indicators drawn from
the previous related researches, and from in-depth interviewing 7 experts of the key related fields.
Then the additional indicators and their scoring ranges were intensively determined and
classified from the data and information of the 30 reservoirs’ environmental impact assessment
(EIA) reports as well as those referenced from the relevant researches, governmental agencies’
regulations and announcements. The draft final indicators and scoring ranges were summarized
and proposed to the Del Phi’s panel not less than two rounds to obtain their majority conclusion
on indicators, weighting factors, scoring ranges and recommendations of sustainability level
for the future projects.
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The study results indicated that the relative importance weighting of four dimensions
to be considered were : engineering (20%), natural resources and environment (35%), social (25%),
and economics (20%). This research identified 14 main factors of which 7 factors having high
significance, including (1) wildlife, (2) forests, (3) ecology system, (4) number of affected people,
(5) quality of life, (6) economic feasibility, and (7) social opposition. These 14 factors comprise a
total of 29 key indicators, with 12 highly significant indicators including (1) uniqueness, (2) humber
of opponents, (3) water quality, (4) annual cultivated area per reservoir capacity, (5) design flood
rate per reservoir capacity, (6) environmental economic feasibility, (7) economic feasibility,
(8) proportion of beneficiaries on sufferers, (9) conservation area type, (10) Number of evacuated
households per unit of reservoir capacity, (11) endangered wildlife, and (12) biodiversity of

wildlife.

Keywords : Sustainable indicators of water resource development; Conservation area;
Water scarcity indicators; Water resources development necessity indicators

Introduction

Thailand is an agricultural country with
a total agricultural area of approximately
56% (178 million rai) and a forested area
of approximately 32% (104 million rai)
(Department of Land Development (DLD),
2020). However, this vast agricultural area
often experiences water scarcity issues,
with a need for water in various sectors,
including agriculture, domestic consumption
for 60 million population, industrial, and other
uses. To address these challenges, state
agencies responsible for water resource
development must secure quality water sources
in sufficient quantities to meet the needs of
all sectors. Water reservoir development has
been an efficient approach. Unfortunately the
appropriate location of the reservoir is mostly
located in natural resources conservation area
where natural resources and the ecosystem
is in good condition. Additionally, some
potential reservoir sites inundate encroached
habitats and agricultural land. In the past,
reservoir development has primarily focused
on maximizing potentials of topography,
hydrology, and economics, rather than
adhering to principles of economic self-
sufficiency and sustainability in all dimensions,
including economic, social, and environmental
aspects. Although presently, Thailand has a
constitution and development strategies that
emphasize sustainability and balance between
water resource development and natural
resources conservation, but detailed guidelines
and criteria for feasible and efficient project

planning are lacking. Hence development of
key sustainable factors and indicators and their
weighting factors as a specific guideline for
concerned agencies to develop a balanced
sustainable water reservoir project should be
established.

From the literature review conducted, it is
evident that a substantial amount of research has
focused on studying the factors and sustainability
indicators for water resource development.
Most of these studies have aimed to establish
indicators for assessing sustainability at both
national and regional levels. These indicators
are generally categorized into three main
groups: natural resources and environment,
water resource development, and water resource
management.

The sustainable indicators in the
category of natural resources proposed by
Piyachana [1] in 2003 consists of three main
factors including forest abundance, land use,
and water quality. The forestry factor include
forest type indicator, timber volume indicator,
forest growing rate indicator and ecology
system value indicator. The land use factor is
proportion of inappropriate land use area in
conservation areas. Whereas the water quality
factor includes water physical, biological,
and chemical parameters, and pesticides
indicators.

Poomjamnong [2] in 2017, found that

Thailand still lacks clear and specific
resource management goals to support
sustainable  development goal No. 15

(Terrestrial ecosystem). There is also a lack of
data and standard criteria for assessing or
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weighting forest resource indicators for the
regional level. Additionally, the study applied
key indicators of the forest resources include
the proportion of forested areas, the proportion
of conservation areas, and the endangered
species of wildlife.

Noywuli, in 2019 [3] studied the carrying
capacity of river basins in Indonesia, defining
five keys factors: (1) land management, (2) water
resource management, (3) socio-economic
conditions, (4) public utilities related to
water, and (5) watershed utilization. Key
indicators included the proportion of green
areas, water usage per river runoff, agricultural
area per farmer, community area, and the
proportion of conservation areas to the total
area.

Tong, in 2020 [4] established the key
carrying capacity indicators of forestry of
which indicators are the proportion of forested
areas, biological diversity, timber volume, and
forest damage per unit area.

The National Park Research Section,
National Park Division, Department of
National Park, Wildlife and Plant Conservation
(DNP), Thailand, in 2019 [5] studied the
prioritization of national parks, utilizing six
factors: (1) physical aspects, (2) biodiversity,
(3) risk level, (4) global significance, (5) tourism,
and (6) management complication. Key
indicators included area size, forest type, tree
species count, ecology system, population
in conservation areas, encroachment area,
global significance, tourism diversity, and
management complication.

For the research group focusing on
the sustainable development indicator for
water resources development, Smith, et al, in
2007 [6] proposed the following indicators:
impact on water quality, water demand and
water resources proportion, water demands,
and the risk of extinction of rare plants and
wildlife species.

Morris, in 2019 [7] introduced economic
indicators, which include productivity or Gross
Domestic Product (GDP) per unit of raw water
and income indicator or GDP per capita.
Additionally, there is the ecological footprint
indicator or environmental cost per unit of
water. Meanwhile Liang et al. [8] in 2018,
proposed a social indicator comprising water

use per agricultural area, population growth
rate, and sustainability indicators related to
resources such as water resources per capita,
water demand over water resources ratio,
water demand per capita, and environmental
indicators including environmental water use,
land and water loss, and clean water volume
per wastewater volume.

For research group on water resources
management, Correa, in 2013 [9] presented a
framework to address sustainability challenges
in water management, focusing on three
aspects: water pollution, forest restoration, and
soil conservation. The framework includes 18
indicators categorized into groups related to
soil erosion, water quality management, water
use and water management, and social aspects.
These indicators assess the sustainability of
water resource management comprising the
length of eroded riverbanks, water quality,
agricultural land, and conflicts in the context of
water management.

The National Statistical Office of
Thailand, 2023 [10] developed the water
management indicators (WMI) for the country
to aid in decision-making and planning for
sustainable water resource management.
More than 40 government agencies were
involved in this effort, and they identified
59 indicators within 8 dimensions, which
include: (1) Water resource storage : e.g.
(1) water storage per capita, water storage
per river runoff, water quality, (2) domestic
water supply management, e.g. water supply
serviceable households, (3) water security, e.g.
proportion of irrigated area to agricultural area,
(4) water balance, e.g. water demand per
water resources storage, (5) water quality
management, e.g. number of good quality
water sources, (6) water-related disasters, e.g.
probable flood risk area and drought risk
area, (7) forest conservation management,
e.g. proportion of forested area and catchment
area, forest abundance, and (8) water
resource management, e.g. numbers of water
management organizations, and numbers of
water monitoring systems.

Even previous studies of factors and
sustainability  indicators concern  water
resources development and management at
the national or regional level, however,
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there are several aspects, factors and indicators
that can be applied to assess sustainability
at the project level. For natural resources
aspect, following factors and indicators
include (1) forestry factor include biodiversity
indicator, forest abundance, (2) wildlife factors
include biodiversity indicator, endangered
species status. For environmental aspects,
including water quality indicator. For
economic aspect, including income indicator,
environmental cost, whereas social aspects
including conflict of interest indicator.
These factors and indicators can be valuable
for evaluating the sustainability rating of
water resource development at project level.

According to The Royal Irrigation
Department (RID)’s guidelines of water
resources development planning study [11],
four key dimensions are applied for project
size and location selection comprising (1)
geography and engineering, (2) environments
(3) social, and (4) economic. They are
complied with the guideline of The Office of
Natural Resources and Environmental Policy
and Planning (ONEP)’s Environment Impact
Assessment (EIA) Report Preparation [12].
The geography and engineering dimension is
consequently added to three principally
sustainable dimensions comprising economic,
social, and environments.

In addition, in responsible agencies’
practice for considering a water resource
development for any requested drought
agricultural area, water scarcity level would be
assessed to classify the necessity level of the
water resource development. Five factors
including (1) geography, (2) existence of water
resource development, (3) hydrology, (4) water
demand, and (5) poverty are considered.
Decision of the project development would
also take the water scarcity issue into account
together with other aspects including socio-
economic and environments. Since there has
not been researched on the establishment of a
sustainable indicators and their appropriate
level for water resource development in
conservation areas in Thailand at the project
based level and different water scarcity status,
therefore conducting a study to develop such
indicators and sustainable level for different
water scarcity level would be valuable

guidelines applied for assessing well-balanced
sustainability —across various dimensions
of the water resource development projects.
The results could also be applied for relevant
agencies responsible in both water resource
development and natural resource conservation
and environmental quality control to consider
project’s sustainability and feasibility.

Objectives

1) To study key factors and sustainability
indicators of water resource development
projects in natural resource conservation areas in
Thailand,

2) To develop key factors and indicators
to measure the severity of water scarcity
problems or necessity of water resources
development in the agricultural areas of
Thailand, and

3) To establish the sustainability score
level for the water resource development

projects in natural resource conservation
areas.
Methodology

Qualitative research through in-depth
interviews with selective 7 qualified experts,
along with the Del Phi method using
questionnaire surveys of 20 experts in relevant
fields related to water resources development,
including both government agencies and
independent experts.

Design criteria of qualification of all
experts were specified in accordance with both
related academic background and working
experiences as follow;
- Academic Bachelor’s degree or
higher degree.
direct or related fields
of water resources
development projects
more than 30 years.
government officers,
university lecturers, &
organization’s
professionals, and
independent consultants

- Work experience

- Occupation



Thai Environmental Engineering Journal Vol. 38 No. 2 (2024) 5

1) The In-depth interview for questionnaire
design group consists of 7 experts from three
main aspects,

1.1) Engineering : a senior officer of DWR"

1.2) Natural resources : 5 senior officers
of RFD? &Environments DNP?, and RID?
independent consultants in forestry, and
wildlife

1.3) Socio & Economic: a senior officer of
RID
2) Del Phi’s panel group comprising 20
experts from three main aspects,

2.1) Engineering : 4 senior government
officers of RID, DWR, ORDPB®, and ONWR®

2.2) Natural resources: 8 senior government
and Environments officers each from RFD,
DNP, ONWR, DMR’, RID, watershed
committee, and two from ONEP® and 4 senior
independent consultants in forestry, wildlife,
environment, and geologist,

2.3) Socio&economic : 2 senior government
officers of RID, NESDC®, and 2 senior
independent consultants in social and economic,

Where,

DWR* denotes Department of Water Resource Department,
RFD? denotes Royal Forest Department,

DNP? denotes Department of National Parks, Wildlife and
Plant Conservation,

RID* denotes Royal Irrigation Department,

ORDPB?® denotes Office of the Royal Development Projects
Board,

ONWR® denotes Office of the National Water Resources,
DMR’ denotes Department of Mineral Resources,

ONEP? denotes Office of Natural Resources and
Environmental Policy and Planning, and

NESDC? denotes Office of the National Economic and Social
Development Council.

Study Procedure

The study procedures is presented in
Fig. 1 and described as follows,

1) Data compilation and literature
review including researches and studies,
concerned agencies’ regulations, orders, and
announcements, as well as feasibility study
(FS) and EIA reports, and in-depth interview
with the experts.

2) Study and fact finding of water
resources development projects including
area problems, stakeholders, constraints and
limitation, project potential, and factors and
indicators concerned.

3) Screening and defining key indicators
and scoring ranges of project’s sustainability
level, and project’s water scarcity level or
water resources development necessity level.

4) Questionnaire design covering key
dimensions, factors, indicators with scoring
ranges, and project sustainability level,
additionally factors, indicators with scoring
ranges, and project water scarcity level.

5) Summarizing the results of factors
and indicators with their weighting ranges
(1-100%) and Multi Criteria Analysis (MCA)
method by assessing through questionnaires
surveys from qualified expertise informants
of Del Phi Group at least twice to obtain
majority results which equal to or greater than
the 75 percentile.

6) Application of the results with data
from environmental impact assessment reports
of 30 project studies.

7) Summarizing the results of sustainable
indicators and corresponding weighting score
level and recommendations.
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1. Data Compilation & Analysis

* Researches & studies
= Agencies’ regulations, orders,
announcement

2. Study & fact findings
of water resource
development projects

+ F.S. & EIA reports of 30
Teservoir projects

* Questionnaire & in-depth
interviews of experts

4. Questionnaire design

5. Del Phi’s majority #1&2

5.1 Sustainability Indicators
+ Suggestion
+ Weight factors
+ Indicator range & Scoring

5.2 Water scarcity level
= Suggestion

+ Area problems

* Stakeholders

+ Constraints & limitation
* Potential

+ Key factors & indicators

l

3. Screening & defining indicators

3.1 Sustainability Indicators
* Dimension
* Factors
+ Indicators & scoring ranges
+ Level of sustainability

3.2 Water scarcity
+ Factors
+ Indicators & scoring ranges
« Level of water scarcity

+ Weight factors
= Indicator range & Scoring

5.3 Sustainability level .
NO

)
<pmb‘
\[/m

6. Application with 30 projects

+ Sustainability level
+ Water scarcity level

7. Conclusion & Recommendation

Figure 1 Study Approaches and Procedures

Studying the key indicators of both
project’s sustainability and water scarcity level
were basically determined from literature
reviews, in-depth interviews, related agencies’
practices and EIA report review, respectively.
Additionally, detail indicators were adjusted
and modified basing on data accessibility
and simplicity of their representing basis for
practically applied. Data and information for
indicators’ ranging scales were manipulated
from (1) the FS and EIA reports of water
resource development projects, and (2) reference
materials from research works, academic
papers, regulations, orders, and announcements
of relevant government agencies.

Study Data

1) Primary data comprised those from
semi structured in-depth interviews together
with  open-ended questionnaire survey of
seven selective expert informants to analyze
principals, concepts, and reasons in project
defining and prioritizing important dimensions,
factors, and indicators that affecting projects
sustainability.

2) Secondary data includes data and
information documents, statistics of projects from
30 EIA reports of water resource development
projects. For the water scarcity assessment,
Geographic Information System (GIS) maps of
the indicators were referenced from related
agencies.

The 30 reservoir projects were selected
from different regions of Thailand of which
locations presented in Fig 2. 17 projects are
located in the northern region (57%), 6 projects
are in the eastern region (20%), 3 projects
are in the southern region (10%), 3 projects are
in the northeastern region (10%), and 1 project
is in the central region (3%). These projects
have storage capacities ranging from 2 to 295
million cubic meters, covering surface areas
ranging from 123 to 16,250 rai. Some of these
areas are partially located within conservation
areas, including national parks, wildlife
sanctuaries area, watershed classification level 1,
and conservation zone (Zone C) of national
reserved forests excluding wetland and world
heritage site.
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For Analysis of data, descriptively statistic
method, percentile, and MCA are applied,
Table 1 presents summary of data collection
tools and analysis methods.

Study Results

Results of draft indicators
1. Results from literatures

Even most of literatures are based on
regional and national levels, however some
indicators are significant for the study which is
scoping on project based in conservation areas.
17 from 70 indicators in the four dimensions
were screened and modified for first draft key
indicators. In the domain of water resources
engineering, key indicators encompassed
flood discharge, average water volume, and
the ratio of water usage per water source.
In the aspect of natural resources, it was
identified that crucial factors include forest-
related aspects with significant indicators such
as forest status, proportion of forested areas,
biodiversity, wvulnerability, and unigueness.

Regarding wildlife, vital factors included
biodiversity and the status of endangered
species. In terms of environmental quality, the
factor of impacted water quality was taken into
account. Social aspects involved impacted
households and conflict level. On the economic
front, considerations included income per
capita and ecology cost.

2. Results of in-depth interviews

The remarkable key issues suggested
from the in-depth interviews included
following items, i.e. consideration of
engineering dimension, the importance of the
environmental dimension, area unigqueness,
recognizing uniqueness in the habitat of
endangered wildlife species, reservoir location,
natural resource abundance and biodiversity,
the status of forest resources, the significance
level of conservation area types, project
conflicts of interest, and social opposition to
the project. These issues were considered and
included in the questionnaire design.

Table 1 Summary of data collection, tools, and analysis methods

NO Objectives Data Resources /Informants Tool of data collection Analysis
Methods
To study context, 1) Secondary Data 1) Secondary Data, 1) Descriptive
concerning factors& | - Study reports of project feasibility | Review of study reports | Statistics

indicators,
constraints &
limitations, and
potentials

documentations
2) Primary data

and environment impact
assessment, researches, agencies’

- In-dept interview questionnaire of

of project feasibility and
Environment impact
assessment,
documentations,
researches

experts in engineering, forestry,
wildlife, social, economic,
environment

2) In-depth interview

To study dimensions, | 1) 20 related expert informants
key factors, from

indicators and - Water resources development
corresponding agencies (RID, WRD, ORDPB)
scoring ranges - Natural resources conservation
2 agencies (RFD, DNP, DMR)

- Policy and control agencies
(ONEP, NESDB, ONWR),
Watershed Committee

- Related private specialists and
consultants

1) Del Phi ‘s
Questionnaire survey

1) Descriptive
Statistics

2) Multi Criteria
Analysis (MCA)
3) Percentile

To apply indicators
with 30 projects

1) 30 study reports of project
feasibility and environmental
impact assessment (EIA)

1) Spreadsheets

2) Geographic
Information System
(GIS)

1) Descriptive
Statistics
2) MCA
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Figure 2 Location of 30 potential reservoirs
in the conservation areas

3. Results of agencies’ practices and EIA
reports

Considering normal practices of most
feasible project planning and guidelines of
preparing EIA reports, selection of type of
water resource development structures, site
location and project size would consider
following indicators.

For the geography and engineering of
which main indicators applied were as follows;
i.e. retention area per unit of storage, dam
section, geologic conditions, hydrologic
conditions, and irrigation area size.

For the environments, indicators mostly
applied were size of inundated reservoir area
comparable to conservative area, type of
conservative areas, abundance or density of
trees per area, bio-diversity, status of both
forest and wildlife, ecology system, and
impacted water quality.

For  social dimension, indicators
mostly concerned were number of impacted
households, encroachment area, and project
protestors.

For  economic  dimension,  mostly
indicators applied were investment cost per unit
of storage volume, and internal rate of return.

These indicators were applied in the
second draft indicators proposed in the first
Del Phi’s questionnaire.

Results of study of the dimensions, factors,
and key sustainability indicators from the
Del Phi.

1) The main dimensions considered are
4 components consisting of engineering,
natural resources and environment, social, and
economics.

2) There are 14 significant factors
considered for sustainable aspects as follows:
(1) engineering dimension comprising 4 factors
namely geography, hydrology, geology, and
engineering.  (2) natural  resources and
environmental dimension consisting of 4 key
factors namely forests, wildlife, water quality,
and ecosystem. (3) social dimension concerning
3 core factors namely project opposition, affected
stakeholders, and life value or uniqueness.
(4) economic dimension comprising 3 factors
namely benefits, costs, and feasibility level.

3) The project sustainable indicator
comprises 29  indicators as  follows:
(1) engineering dimension with 6 indicators,
(2) natural resources and environmental
dimension with 12 indicators, (3) social
dimension with 5 indicators, and (4) economic
dimension with 6 indicators.

Results of the sustainable indicators
1. Engineering dimension

Engineering dimension consists of 4 key
factors:

1.1 Geographic factor consists of two
indicators: (1) The dam section per reservoir
unit capacity specified from the simplified
area of the dam cross section area per reservoir
unit capacity, and (2) The reservoir area per
reservoir unit capacity.

1.2 Hydrologic factor includes one
indicator which is design flood rates per
reservoir unit capacity.

1.3 Geologic factor includes two
indicators: (1) the seismic indicator, specifying
the range of values based on the intensity
levels according to the Mercalli intensity scale
at the project location, referencing the
earthquake risk map by the Department of
Mineral Resources (DMR) as shown in Fig.3,
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and (2) the permeability indicator, specifying
the indicator ranges based on permeability
level or the type of bedrock.

1.4 Engineering factor includes one
indicator which is the size of the irrigated area
per reservoir unit capacity.

i

Figure 3 Mercalli’s seismic risk map

2. Natural resources and environment
dimension
This dimension consists of four factors:
2.1 The forestry factor. It consists of
four indicators.

1) The forest abundance indicator
is defined by the number of large trees per area
of 1 rai in various types of forests, whereas the
forest abundance level is applied from the
researched figures by the Department of
Conservation Science, Faculty of Forestry,
Kasetsart University, 2009 [13].

2) The forest bio-diversity indicator
is determined by the number of tree species
found in high concerned dominated forests
type in the reservoir area, whereas the
indicator level ranges are referenced to the
announcement by the Department of National
Parks, Wildlife and Plant Conservation

(DNP) regarding the determination of the
value of natural resources in protected areas,
2021 [14].

3) The indicator of prohibited tree
species is determined based on the number of
prohibited tree species found in the reservoir
area. The prohibited trees species are referenced
to the list in the announcement by the DNP
regarding the determination of the value of
natural resources in protected areas, 2021.

4) The uniqueness indicator is
determined by the presence or absence of
unique or outstanding characteristics in the
conservation area.

2.2 The wildlife factor. It consists of 4
indicators.

1) The wildlife abundance indicator
applies the ratio of number of species of
wildlife with low to high population density
compared to total species found in the reservoir
area.

2) The wildlife bio-diversity indicator
is determined by the number of wildlife species
found in the reservoir area.

3) The wildlife status indicator is
determined by the number of endangered wildlife
species, of which status levels are listed as
vulnerable (VU), endangered (EN), and critical
(CR) by the IUCN Red List, 2015 [15].

4) The uniqueness indicator is
determined by the presence or absence of unique
national and international wildlife species that
cannot be evacuated or translocated.

2.3 The water quality factor

The water quality factor has one
indicator which is determined by the level of
impact severity on water quality due to project
development.

2.4 The ecosystem factor

This factor consists of three
indicators,

1) The conservation area type
indicator is determined based on the conservation
area types impacted by the projects in terms of
ecology abundance significance from higher
to lower as follows: national park, wildlife
sanctuation area, watershed classification 1A, 1B,
and national reserved forest area (conservation
zone or Zone C), respectively.

2) The impacted conservation area
indicator which is the proportion of impacted
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conservation area to the total conservation
area.

3) The reservoir location indicator
is determined by the location of the reservoir
within the core area or rim of the conservation
area.

3. The social dimension

The social dimension comprises three
following factors:

3.1 The project opposition factor

This factor has one indicator which
is determined from the number of households
opposing the project compared to total
households affected by the reservoir.

3.2 The affected stakeholders factor

This factor comprises three indicators:

1) The indicator of the number of
affected households in reservoir per unit of
reservoir capacity.

2) The indicator of the occupied
land in the reservoir area per unit of reservoir
capacity.

3) The indicator of the proportion
of the benefit area to the reservoir area.

3.3 The factor of quality of life
and uniqueness is assessed by the presence
of archaeological preserved areas, tourism
locations,  significant ~ mineral  resources,
geological conservation areas, and ethnic groups
within the reservoir area.

4. The economic dimension

The economic dimension comprises
three following factors:

4.1 The factor related to project
benefits by applying the indicator of total
annual cropping area per unit of reservoir
capacity.

4.2 The factor related to project costs
by utilizing the indicators of engineering cost,
social cost, and environmental cost per unit of
reservoir capacity, respectively.

4.3 The factor of project feasibility
includes the economic internal rate of return
(EIRR) indicator and the environmental
economic internal rate of return (EEIRR)
indicator.

5. Factors and indicators of water scarcity
level
According to related agencies’ practices,
there are 5 factors consisting of (1) geography,
(2) level of development, (3) hydrology,
(4) water demand, and (5) society.
5.1 Geography factor
There are 2 indicators including
(1) drought risk area, and (2) flood risk area.
5.2 Existence of development factor
The existence of development
factor or indicator which is determined the
existence of development of water resources
and irrigation systems overlapping project
area.
5.3 Hydrology factor
There are 2 indicators comprising
(1) hydrological variation, and (2) potential of
groundwater supply.
5.4 Water demand factor
Water demand factor has one
indicator which is determined by cropping types
in the benefiting area.
5.5 Social factor
Social factor has one indicator
which is determined by the level of poverty.

Weighting factors of sustainability indicators

The results from the Del Phi’s 20 specified
experts regarding the selected key dimensions,
factors, indicators, and their weighting factor
values can be summarized as follows:

1. Dimensions

The dimension’s weighting factor
values among engineering dimension, natural
resources and environment dimension, social
dimension, and economic dimension are 20 :
35:25: 20, respectively.

2. Factors

1) The physical and engineering
dimension. The factors’ weighting values among
geography, hydrology, geology, and engineering
are 25: 25: 30 : 20, respectively.

2) The natural resources and environmental
dimension. The factors’ weighting values among
factors of forestry, wildlife, water quality, and
ecology are 25:30: 20 : 25, respectively.
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3) The social dimension. The factors’
weighting values among project opposition,
the number of affected households, and the
impact on quality of life are 30 : 35 : 35,
respectively.

4) The economic dimension. The
factors” weighting values among project
benefit, project costs, and project feasibility are
30 : 30 : 40, respectively.

3. Indicators
3.1 Indicators of the physical and
engineering dimension.

1) The geographical factor includes
two indicators: the corresponding weighting
values between the dam’s cross-section area per
unit of reservoir capacity and the reservoir area
per unit of reservoir capacity are 45 : 55.

2) The hydrological factor comprises
one indicator: that is the design flood peak
discharge per unit of reservoir capacity, resulting
the weighting value of 100.

3) The geological factor includes
two indicators: the weighting values between
seismic risk and permeability are 50 : 50.

4) The engineering factor includes
only one indicator: it is the irrigation area per
unit of reservoir capacity, resulting the
weighting value of 100.

3.2 Indicators of the natural resources
and environmental dimension

1) The forest factor includes four
indicators: the weighting values among
abundance, biological diversity, prohibited
trees, and uniqueness are 25 : 25 : 20 : 30,
respectively.

2) The wildlife factor includes
four indicators: the weighting values among
abundance, biological diversity, wildlife
endanger status, and uniqueness are 30 : 20 :
30 : 20, respectively.

3) The water quality factor includes
one indicator: which is the impact on water
quality, resulting weighting value of 100.

4) The ecology system factor
includes three indicators: the weighting values
among the conservation area type indicator,
the proportion of impacted area and the
conservation area indicator, and the reservoir
location indicator are 40 : 35 : 25, respectively.

3.3 Indicators of the social dimension

1) The factor related to project
opposition comprises only one indicator which
is the proportion of the number of opposition to
the total impacted households, resulting the
weighting value of 100.

2) The factor related to the
impacted sufferers and beneficiaries includes
three indicators: the weighting values among
the impacted households per unit of reservoir
capacity, the encroached area per unit of
reservoir capacity, and the proportion of
irrigation area and the reservoir area, are 40 :
30 : 30, respectively.

3) The factor related to quality of
life concerns one indicator which is the
existence of distinctiveness value across either
different aspects (archaeologic sites, tourism
site, significant minerals resources, geologic
conservative site, ethnic groups) resulting the
weighting value of 100.

3.4 Indicators of economic dimension

1) The factor related to project
benefit includes only one indicator which is
the year-round cultivated area per unit of
reservoir capacity, resulting the weighting
value of 100.

2) The factor related to project
costs includes three indicators: the weighting
values among engineering costs per unit of
reservoir capacity, social replacement costs per
unit of reservoir capacity indicator, and
environmental mitigation costs per unit of
reservoir capacity indicator are 30 : 35 : 35,
respectively.

3) The factor related to project
feasibility includes two indicators: the
weighting values of economic internal rate
of return indicator, and environmental
economic internal rate of return indicator are
45 : 55.

Consideration of sustainable water resources
development project

Any proposed project that be developed
should provide overall sustainable point in
good level (66-75) or better whereas each
dimension point be in moderate level (56-65)
or better.
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Weighting factors of project’s water scarcity
level

There are five main factors applied
for the assessment of water scarcity level or
necessity level of water resource development.
They are geography, the existence of water
resources and irrigation development, hydrology,
water demand, and poverty. The weightage of
these factors is distributed as 20 : 15: 20 : 20 :
25, respectively.

1) The geographic factor consists of two
indicators: the drought risk area indicator and
the flood risk area indicator. The weightage is
distributed as 55 : 45, and the reference maps
applied are based on the drought and flood risk
level mapping by Geo-Informatics and Space
Technology Development Agency (GISTDA)
as shown in Fig.4 and Fig.5.

2) The existence of water resources and
irrigation development factor consists of a
single indicator, resulting a weightage of 100.
The reference map is based on the RID’s
present reservoirs and irrigation areas map as
presented in Fig.6.

3) The hydrologic factor includes
two indicators: the weighting values of
hydrological variation indicator and groundwater
recharge indicator, are 65 and 35, respectively.
The indicators are based on data from rain
gauge stations provided by the RID and the
groundwater yield map provided by the
Department of Groundwater Resources (DGR)
as shown in Fig.7 and Fig.8, respectively.

4) The water demand factor consists of
a single indicator which is the agricultural
water demand indicator, resulting the
weighting value of 100. This indicator is
referenced from the land use map provided by
the DLD as presented in Fig.9.

5) The poverty factor consists of a
single indicator which is the household poverty
indicator, resulting the weighting value of
100. This indicator is established from data
of the National Electronics and Computer
Technology Center (NECTEC) in 2022 as
shown in Fig.10.

6) The results from the Del Phi’s panel
are concluded that a project with a scarcity
score or water resources necessity score of less
than 33 is considered a low water scarcity
level. For scarcity point of a project falling
within the range of 34-67, it is considered a
moderate level, while a project scoring 68 or
higher is considered a significant high water
scarcity. In cases where the project has
moderate to high water scarcity level, it is
advisable to undergo further development.
However, if the project has sustainability
scores below the moderate threshold (less than
55), it is recommended to revise project size, to
alter dam location, or to improve project
components to achieve a higher total
sustainability rating at least within the
moderate range.

Application of sustainability indicators

Tables 2 and 3 show summary of 30
reservoirs’ basic data and weighting factors of
the project’s sustainability indicators, whereas
Table 4 presents summary of weighting
factors of water scarcity assessment. Results
of applying indicators’ weighting scores for
project sustainability assessment are summarized
as follows.

1) Sustainability assessment of engineering
dimension, one- third or 11 projects were
evaluated as low sustainable level.

2) Sustainability assessment of natural
resources and environmental dimension, no
projects were assessed as low sustainable level.

3) Sustainability assessment of social
dimension, five projects were assessed as low
level,

4) Sustainability assessment of economic
dimension, eight projects were classified as low
level.

5) Overall project sustainability, there
were no projects defined as low sustainable
level, whereas three projects were assessed
as medium level and suggested to be upgraded
or improved namely, Nam Yuan, Huai Phet Ja
Khor, and Huai Poeng Phark.
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6) In term of factor level concerning
natural resources and ecology, There were seven
projects that were determined low sustainable
level namely Klong Yai, Mae Phuak, Huai
Satone, Klong Ma Dua, Huai Kha Yung, Khlong
Wang Tanode, and Mueng Takua.

7) For project’s water scarcity level,
only two projects namely Huai Pang Luang
and Khlong Chom Phoo were defined as high
level whereas the others were middle level.

In summary the established sustainable
indicators are applicable complied with the
threats and barrier as well as potential and
strength of the projects.

Table 2 Summary of basic project components
of 30 reservoir projects

Item Project Features Unit Min Max Mean
1 Storage Volume mcm 21 295 40.1
2 Retention Area Rai 87 16,250 2,172
3 Irrigation Area Rai 1,273 111,300 | 28,831
4 Dam Crest Length m. 133 3,000 794
5 Dam Height m. 11 80 40
6 Construction Cost MB 149 5,668 1,172
7 Catchment Ares sq.km 11 677 142
8 Mean Annual Flow mem/yr 2.8 266 57
9 Inflow Flood Discharge mcm/s 35.6 1,428 387

Remark : 1 Rai = 1600 sg.m.
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Discussion and Recommendations for Project
Enhancement for Sustainability

1) Applying the sufficiency economic
concept, comprising moderate  scale
development together with reasonable outcome
and risk management with appropriate impact
mitigation plans, would solve unbalance or
conflict between economic and environments.
Therefore, in case a project’s environmental
sustainability score is low, modification of
project scale, reservoir size, dam relocation
will be one of the solution to improve
sustainability score level, environmental and
social impact, and project feasibility.

2) Reducing the project size by
decreasing the storage capacity of the reservoir
and the reservoir area in cases where the
topography of the reservoir is flat may
not significantly affect the sustainability
score in the engineering dimension. This is
because the indicator value is relative to the
unit capacity, and minor changes in
engineering size do not have a significant
impact on the range of scores in this
dimension.

However, the reduction in project size,
especially in terms of reservoir capacity or
retention area, would result in a better positive
impact on natural resources, environments,
ecosystem, society, and economic aspects.

3) Nevertheless, in cases where there
is no additional revised survey of natural
resources due to the reduction in the reservoir
area, the sustainability score in the mentioned
dimension may not change significantly
either, since the scoring interval range of
indicators have a wider range of which results
are analyzed from wider range of size and

varieties of geography, natural resources
types and socio-economic characteristics
from all regions over the country.

Consequently, further studies on scoring range

of indicators especially for each region is
recommended.

Conclusion

Four dimensions including engineering,
natural resources and environment, social and
economic are recommended as key dimensions
for considering water resource development
project’s sustainability, whereas the natural
resources and environment is the most
significant dimension.

There are 14 factors concerning the project
sustainability, of which 7 factors that have higher
significant weight: wildlife (10.5%), forestry
(8.75%), ecology (8.75%), social (8.75%), life
value (8.75%), economic feasibility (8%), and
opposition (7.5%), respectively.

There are 29 indicators concerning
the project sustainability, of which 12 indicators
having higher weight: (1) uniqueness, (2) number
of opponents per impacted households,
(3) water quality, (4) annual cultivated area per
unit of reservoir capacity, (5) design flood rate
per unit of reservoir capacity, (6) environmental
economic feasibility, (7) economic feasibility,
(8) proportion of beneficiaries on sufferers
(9) conservation area type, (10) Number
of compensated households per unit of
reservoir capacity (11) endangered wildlife,
and (12) biodiversity of wildlife.

There are 5 factors to assess the project’s
water scarcity level, including geography,
existence of irrigation system, hydrology,
water demand, and poverty. The poverty,
land use, and existence of irrigation system
play higher weights. Status of project’s
water scarcity issue from moderate to high
level will be another factor to lessen
sustainability level criteria from good to
moderate level so that such project could be
implemented.
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Table 3 Summary of factors and indicators for water scarcity level assessment

Water Scarcity Level Gross Net
Factors / Indicators Unit Low Moderate High Weighting | Weighting
(No. of Proj.) | (No. of Proj.) | (No. of Proj.) Score Score
1. Geography factor 100 20
1.1 Drought indicator
- Frequency in the past 5 years of 1-2 3-4 25
droughts. Years (18) (8 @ > H
1.2 Flooded indicator
- Frequency in the past 12 years of <4 5-8 >8
floods. Years (26) (3) (1) o ®
2 Irrigation system existence factor 100 15
- Irrigation system existence index Partial Irrigated | Partial Irrigated | No Irrigation
by reservoir. without system.
) reservoir. 100 15
(5) @ (23)
3 Hydrology factor 100 20
3.1 Rainfall variation indicator
- Proportion (_)f dry season rainfall % > 30 25-30 <25 65 13
to annual rainfall. 3) (5) (22)
3.2 Groundwater potentials indicator
. >20 10-20 <10
- Yield cu.m./hr,
©) ) (23) 55 ,
. . <500 >500
- Total Dissolved Solids (TDS) mg/l 26) - @)
4 Water demand factor 100 20
- Agricultural land use type Perennial Tree Field Crops | Orchard/Paddy
indicator Type 4) (12) (14 100 20
5 Poverty factor 100 25
- Poverty indicator (Proportion of % <25 2.6-10 >10 100 25
the poors to district's population.) (15) (14) ()

Remark :

NP = National Park
1A = Watershed Class. 1A

1 Rai = 1,600 sq.m.
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Abstract

The increasing production of waste from the market presents significant challenges for waste
management, necessitating efficient treatment methods like biodrying. This study examines
optimizing biodrying methodologies for the treatment of fruit and vegetable waste collected from
market sources, emphasizing the nuanced impact of leachate recirculation within zero discharge
systems. Aimed at bolstering the efficiency of converting market refuse into a biodried product
suitable for integration into the waste-to-energy framework, our research meticulously assessed the
performance of three lysimeters, arranged in parallel, under distinct aeration rates: Lysimeter 1 with
an aeration rate of 0.2 m’/kg/day, followed by Lysimeters 2 and 3 with 0.4 m?kg/day and
0.6 m*kg/day respectively. Lysimeter 1 emerged as the front-runner, showcasing better performance
metrics across CO, concentration, weight reduction, leachate volume, and temperature profiles.
Notably, it achieved a remarkable 5.97% moisture content (MC) reduction at the lowest aeration
rate of 0.2 m3/kg/day. The controlled aeration strategy employed in Lysimeter 1 facilitated
significant organic content transformation and led to an impressive 317% boost in heating value,
surpassing the results of Lysimeters 2 and 3, which recorded MC losses of 7.97% and 2.47%,
respectively. These findings highlight the critical importance of optimizing aeration rates and the
detrimental effects of leachate recirculation on the biodrying process. They advocate for future
research endeavors to refine aeration rates further and exclude leachate recirculation, aiming to
produce a biodried product that meets the moisture loss and heating value requirements for the
cement industry's RDF standards. This study contributes valuable insights towards enhancing
biodrying efficiency, with significant implications for waste management and energy recovery
practices.

Keywords : Biodried Product; Waste-to-Energy; Biodrying Efficiency; Controlled Aeration;
Leachate Return
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Introduction

Municipal solid waste (MSW) production
is increasing due to urbanization as well as
the complexation of MSW composition, which
remains one of the key challenges [1-3]. MSW is
typically disposed of in sanitary landfills or open
dumps, particularly in low- and middle-income
nations, for convenient and economic reasons [4].
On the other hand, poor waste management
at these locations has resulted in several
environmental issues, including the emission of
greenhouse gases (GHGs) and pollution of water
and soil [5]. GHG emissions from MSW are
relatively low, with landfills being the primary
source due to the anaerobic decomposition of
organic waste, which produces methane (CHy).
Aerobic decomposition of organic waste emits
carbon dioxide (COz) but to a lesser extent than
methane from anaerobic processes. Market
waste, including food and non-food-related
waste [6], presents significant challenges to waste
management, characterized by high waste mass
but low density, and rapid decomposition, which
can lead to environmental and sanitary problems,
1.e., infestation of insects, odor, and leachate
spilling on the surrounding [7]. Centralized
wholesale marketplaces in developing nations
generate segregated organic waste, hindering
efficient waste treatment [8]. By 2050, food and
green waste will account for over 50% of all
waste in low- and middle-income nations [9].
Many countries continue to generate a
considerable amount of mismanaged organic
waste, particularly in those where agriculture is
the primary source of revenue [10].

In Thailand, waste is categorized into
four types: municipal, industrial, household
hazardous waste, and hazardous waste [11].
However, there are no separate collection and
treatment systems for market waste, further
creating environmental threats [12]. Thailand
employs three main waste disposal methods,
incorporating composting, combustion, and
disposal on land, while the solid waste problem
is still considered a prime environmental
concern [13, 14]. Thailand's waste management
system is currently facing issues such as
garbage overflow in landfills due to increased
waste generation with population growth
and subsequent improper disposal [15-18].

Innovative waste management technologies are
needed to efficiently handle market waste, such
as food waste in Vietnam and Thailand,
reducing moisture content (MC) for efficient
disposal and energy recovery from solid
waste [19, 20]. Refuse-derived fuel (RDF)
synthesis eliminates MC and non-combustible
elements, resulting in a cost-effective and safe
burning product for cement kilns or biomass
boilers. Alternative fuels are crucial for
reducing fuel prices and enhancing GHG
emission reduction. [21, 22]. In Thailand, most
cement plants use the local RDF-3 standard,
which sets a minimum threshold of 4,500
kcal/kg [23]. In waste-to-energy plants, lower
heating values are feasible to meet combustion
chamber requirements; thus, alternative
fuels from MSW are continuously used [24].
MSW's high MC and organic proportion can
result in low energy gain during thermal
conversion [25].

Mechanical biological treatment (MBT)
processes, including composting, biostabilization,
and biodrying, are widely used to manage,
convert, and transform MSW [26-28]. Due to the
continuous increase in solid waste generation,
which shortens landfill lifespans, treating solid
waste through methods such as composting and
biodrying can significantly reduce the volume of
waste destined for sanitary landfills, thereby
extending their lifespan [29]. Biodrying is a
promising solution for treating organic waste
efficiently, reducing volume, MC, and GHG
emissions. It ensures environmental sustainability
by reducing landfill waste and mitigating
leachate leakage. Biodried products can recover
energy from high calorific values, but aeration
rate is crucial [30].

Biodrying reactors are based on a
combination of physical and biochemical
processes and are designed as open tunnel halls
or rotating drums. On the biochemical side,
aerobic biodegradation of easily decomposable
organic materials occurs. Aeration is used
to remove convective moisture -effectively.
Although the reactor architecture and
biochemical process are similar to composting,
the specific operation differs greatly [30].
Lysimeters are increasingly used to investigate
the effects of climate change on land and water
resources. Lysimeter experiments provide more
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accurate leaching test results than static leaching
tests [31]. Thus, lysimeters are commonly used in
biodrying experiments because they can
accurately measure moisture content and other
parameters critical to biodrying.

Moisture in MSW significantly affects
biodrying, with high moisture levels preventing
oxygen (O,) transmission and low moisture
levels preventing microbial activity [32].
Organic waste decomposition is hindered by
O, shortage, necessitating biodrying, and
natural aeration. Positive or negative forced
aeration ensures O, availability, with negative
aeration causing more extensive water loss-to-
volatile solids ratios [33, 34]. Positive aeration
in an open-top lysimeter arrangement can
improve moisture evaporation and reduce
leachate generation; nevertheless, this can
cause non-homogeneous moisture distribution
due to condensation and, given the compacted
waste, insufficient air movement through the
waste matrix. Biodrying evaporates water from
biological waste, but leachate can form,
requiring careful control before discharge into
aquatic bodies [35]. Leachate recirculation
enhances biodrying efficiency by maintaining
moisture  levels, promoting  biological
decomposition, and enhancing heat generation
while managing rates and frequency for
optimal process conditions [36]. Zhang et al.
(2009) found that pH-neutralized leachate
recirculation enhances total water removal and
organics degradation in a hydrolytic-aerobic
bio-pretreatment for MSW [37].

For this study, 'market waste' refers to food
and vegetable waste collected from market
sources. Despite advances in waste management
technologies, there is still a significant gap in our
understanding of biodrying processes, mainly
when applied to market waste. With its
high organic content, market waste poses
particular challenges and potential for biodrying
procedures. However, current research focuses
primarily on generic organic waste streams,
ignoring the complexities of market waste
biodrying. The effect of leachate recirculation on
a biodrying process is quite limited, as the
quantity of leachate and the minimal MC for
biodrying operations that inhibit biodegradation
have not been widely identified. On the other
hand, if the water concentration is too high, it

plugs the waste pores, making the process
anaerobic [38]. With high MC, market waste
generates large quantities of leachate during
biodrying. Recirculating leachate containing
nutrients and organic matter can improve organic
material degradation, generate metabolic heat for
efficient moisture removal, and reduce the need
for external management and treatment.
This study aims to (1) determine the optimal
acration rate for biodrying market waste,
(2) assess the impact of leachate recirculation on
microbial activity and heat generation, and
(3) evaluate the overall efficiency of different
aeration rates and leachate recirculation
practices. This study introduces a novel approach
by integrating different aeration rates and
leachate recirculation practices in a zero-
discharge system. The expected impact includes
enhanced biodrying efficiency and improved
waste management practices, contributing to
sustainable environmental management.

Materials and Methods

Feedstock preparation

Market  waste, including mainly
vegetable and fruit residues, was collected
from Eastern Energy Plus Co., Ltd. in Samut
Prakan province, Thailand, as part of the
feedstock preparation process. The trials in this
study were conducted from November 3™ to
November 18", 2023, with an average relative
humidity of 30-50% and a temperature range
of 25-33°C. The market waste utilized as
feedstock was typically similar in composition.
Plastic bags comprised 6.84% of the non-
biodegradable components, while packaging
and plastic tubes comprised 0.54%. Organic
waste included up to 91.25% of the degradable
materials, with milk cartons and paper waste
accounting for 1.37%. The market waste
stockpile was homogenized using the ASTM
D5231-92 standard's quartering process, a
straightforward method that involves splitting,
mixing, and repeating until a representative
sample is obtained. A total of 18.5 kg of market
waste was collected and analyzed before
biodrying, including two 1.5 kg samples of
market waste and one 0.5 kg sample of organic
waste. The MC, volatile solid (VS), and ash
were measured using an ASTM D7582
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thermogravimetric analyzer (TGA801; LECO
Corporation, St. Joseph, MI, USA). The high
heating value (HHV) was determined using
an ASTM D240 bomb calorimeter (AC-500
calorimeter, LECO®, USA), then converted to
LHV. The organic material included carbon
(C), hydrogen (H), oxygen (O), nitrogen (N),
chlorine (Cl), sulfur (S), and ash content
studies. The feedstock's physical and chemical
properties — weight, and bulk density, which
were measured before each experiment — the
MC, Ash content, low heating value (LHV),
and MC were 90.23% (by wt), 1.07% (by wt),
47.5 kecal/kg, and 0.03% (by wt), respectively.
The characteristics of feedstock were similar to
those of Hanrinth and Polprasert. (2016)
regarding MC and organic content: MC
89.36% and 88.46% w/w of organic matter for
vegetable residue, fruit peel, and food debris
derived from the fresh-food market [39].

Experimental design

The feedstock quantity in each lysimeter
varied 45.35, 62.98, and 66.65 kg for Lysimeters
1,2 and 3 with waste densities of 151.16, 209.92,
222.16 kg/m’ at a feedstock elevation of 1.2 m.
The aeration rate was set as 0.2, 04, and
0.6 kg/m’ with the associated proportion of
feedstock's mass and cross-sectional area of
ventilation pipes, transforming the air flow rates
to be 0.05, 0.14, and 0.23 m/s, respectively.
Recirculation of leachate was carried out from
day 1-6. All the experiments lasted 15 days.

The purpose of the leachate recirculation
on the decomposition of market waste in the
biodrying process can be the stage that
Lysimeter 1 was the low aeration and density
conditions that are close to anaerobic digestion
similar to landfill conditions [40] — leachate
recirculation helps to provide leachate volume
reduction and leachate dilution; Lysimeters
2 and 3 were the sufficient aeration
consistent with stoichiometric value — leachate
recirculation supports the acceleration of
degradation processes associated with high
oxidizable organic matter from recirculated
leachate, minimize pollutants by provide a
stabilized leachate generation. To prevent the
low oxidizable organic matter from returning
to the digestion process, the recirculation
period was limited to day 6 [41].

Operating mode

This experiment used a 1.5-meter-high
lysimeter for biodrying processes, incorporating
leachate recirculation. A metal plate stabilized
the raw material, while ventilation pipes,
condensation pipes, and blowers created airflow.
Leachate was collected using a U-trap pipe, and
interior gas was measured using 20mm diameter
perforated pipes. This apparatus was created
using data from a study by Bhatsada et al. (2023).
Figure 1 illustrates the lysimeter's schematic
design in more detail.

Temperature and Inner Gas
Measurement Level (Top)

#20 cm#20 cm7

Temperature and Inner Gas
Measurement Level (Middle)

Temperature and Inner Gas
Measurement Level (Bottom)

Control Valve

Perforated Metal Plate
50 cm

PVC @2"

Flexible Conduit

Centrifugal Pump

35cm—v¢ /30 Cem—#—

N
PVC @2"
Leachate Tank (20 litres)

Figure 1 Schematic of lysimeter design [42, 43]

Monitoring parameters and performance
indicators

Temperatures were measured at 20, 60,
and 100 cm heights using type-K thermocouples
(temperature range: -270 °C to 1,327 °C).
Another sensor was inserted outside the lysimeter
to detect the ambient temperature. A data logger
(Graphtec GL200A Midi Data Logger; DATAQ
Instruments, Akron, OH, USA) was used to
record the temperature hourly. The concentration
of O,, CO,, CH,, hydrogen sulfide (H,S), and
Nitrogen (N;) at three levels within the
lysimeters, in the ambient air, and the exhaust
were measured daily with a Biogas 5000 gas
analyzer (Geotechnical Instruments International,
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Ltd., Berlin, UK). In addition, the ambient air
was concentrated in 0%, 0%, 20.9%, 0 ppm,
and 79.1% of CH,;, CO,, O, H,S, and N,
respectively. The feedstock height inside the
lysimeter was measured vertically with a tape
measure. The daily control of aeration rates in
each lysimeter (m’/kg/day) were measured in air
velocity through the 1 x 3 cm hole perforated
pipe using an airflow meter.

Temperature integration (TI) index was
used to calculate the accumulated daily difference
between the matrix and ambient temperatures.

TI= Y0 (T, — To). At (1)

where T, and T, are the matrices and
ambient temperatures at day I, At is the time
element [37].

The aeration and leachate flow were in
the same direction that was introduced at the
top to the bottom of the lysimeter. However,
the end location was different following Figure
1. The all-leachate generation in the collected
system was daily upward, and some of them
were accumulated in the lysimeter. To
determine the leachate recirculation pattern, the
accumulation of leachate within the process
can also be considered.

L.A,=L.Gen,+LRe,; 2)

where L. A , is leachate accumulation in n
days, and L. Gen, and L. Ren-1 are leachate
generation and recirculation.

The settlement rate within the waste pile
can be determined with changes in elevation
during biodrying. The elevation change can be
calculated using daily measurements of the
waste height.

Elevation Change (%) = (H ,-;—H ,/H ,.;) x 100 (3)

where H , is the waste height (m) in n days, and
H .-, is the waste height (m) from the previous
day's measurement.

Statistical analysis
The significant difference in three trials
was performed with 95% confidence using one-

factor variance analysis (ANOVA) in Excel 2010
to assess the temperature differences between the
layers and the ambient environment with a
significance level (cutoff p-value) of 0.05 [33].

Results and Discussion

Leachate recirculation

The biodrying of market waste using a
zero-discharge system involved collecting and
returning leachate from each lysimeter daily from
day 1 to day 6 as shown in Figure 2. The amount
of leachate accumulation was equal to that of
generation on day 7 and afterward. Lysimeter 1
started producing on day 2, while Lysimeters 2
and 3 had significantly higher leachate generation
and return amounts. This phenomenon indicates
that although the leachate generation experienced
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Figure 2 (a) Leachate accumulation vs
generation and (b) Leachate
accumulation vs recirculation
during biodrying (L1 = lysimeter 1,
L2 = lysimeter 2, L3 = lysimeter 3)
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a declining trend due to high-temperature
formation within the waste matrix, much
higher volumes were accumulated due to
recirculation. During the non-recirculation
period, leachate generation decreased steadily to
a stable generation quantity. Bilgili et al. (2012)
investigated the effect of leachate recirculation
in four landfill test cells. The quantity of
leachate decreased by 29.7%, 37.8%, and
22.5% in three recirculated cells, while there
were no changes in the quantity of the control
cell. The more significant decrease in leachate
quantity can be explained by the effect of
evaporation of the waste temperature and the
effect of air-drying the waste [44].

The accumulated leachate volume was
superior to other feedstocks since market
waste mainly comprises organics with high
MC. Sutthasil et al. (2022) discovered that
waste with high initial MC levels of 70-80%
showed abnormal leachate formation and
evaporation. This could be due to the high
water content of the waste, which created an
overflow of leachate outflow and impaired
drying effectiveness [45]. According to
Awasthi et al. (2018) and Wijerathna et al.
(2024), moisture levels exceeding 80% can
cause anaerobic respiration, limit compost
porosity, and produce leachate and unpleasant
odors [46, 47]. Ma et al. (2021) reported that
the larger amount of leachate recirculation
increased the waste MC and thus was suitable
for microorganism growth in semi-aerobic
reactors [48]. Ma's study supports the present
study that sufficient aeration stimulates the
decomposition (high leachate generation) by
Lysimeters 2 and 3. Luo et al. (2019) varied the
concentration of leachate recirculation effects
on solid waste degradation by observing that
the organic reduction increased gradually with
increasing water replacement [49]. The study
found that leachate generation increased due
to high accumulation and recirculation but
decreased after day 3 and continued until
day 6. This correlation mirrors Calabro et al.'s
(2018) study, suggesting that leachate recovery
mirrors generation as long as it remains at the
landfill bottom [50]. Consequently, the present
study decreased the belatedness trend of
leachate recirculation due to some leachate
accumulating in the bottom waste.

Temperature evolution during biodrying
Temperature evolution is divided into
three  stages:  heating, high-temperature
maintenance, and cooling. Heating rapidly
raises the temperature, while high-temperature
maintenance is steady, affecting water
evaporation and organic deterioration [51, 52].
During the process of biodrying market waste,
the temperature evolution was quite different
from a typical biodrying system, when the
heating phase was reached within days 1-2,
followed by the declining phase (days 3-5) and
the stable phase (days 6-15) (See Figure 3).
This phenomenon can be explained by the
recirculation of leachate into the lysimeters from
day 1 to day 6. Moreover, temperature patterns
separate the different stages of its evolution;
mesophilic is characterized by bacterial
bioactivity and temperatures starting from
ambient temperature and a gradual rise to
between 35 °C to 40 °C; transitions into the
thermophilic phase where waste achieves
maximum evolution at temperatures of 55 °C to
70 °C [52]. While microbial activity can enhance
the decomposition of organic matter [53],
providing a condition suitable for thermophilic
microorganisms' growth could accelerate the
thermophilic phase's start, leading to an increase
in the biodegradation of organic matter [54].
Lysimeter 1 reached the thermophilic stage
on day 2 in an experiment due to a lower
aeration rate and leachate influence, unlike
other lysimeters. The results indicated a
high biodegradation process from substantial
microorganism metabolism, and stability was
achieved in the mesophilic phase after day 5.
The study's findings were consistent with
Zaman, B. et al. (2021). This indicated a
temperature rise from around 43 °C on the
second day, followed by a drop to 39 °C on the
third day, utilizing a low airflow of 2.88
m’/kg/day [38, 55]. The middle layer of
Lysimeter 1 has optimal conditions for
microbial activity, moisture reduction, and
organic matter decomposition, leading to
increased heat production during biodrying. The
top and middle layers have higher temperatures
and larger waste weights, while the bottom layer
collects water, indicating insufficient microbial
activity for biological stability. This is consistent
with the findings of Jalil et al. (2016), who used
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solid waste samples such as food scraps,
papers, plastics, and wood. This denotes a
lack of sufficiently large microbial activity
required to achieve circumstance biological
stability following the biodrying procedure [54].
Lysimeter 3's top and middle layers were cooler
due to increased ambient heat transfer, while
the intermediate layer's maximum aeration
rate of 0.6 m’/kg/day enhances dry air and
heat dissipation.

The temperature fluctuations in layers
were explained by the recirculation of large
amounts of leachate at a high aeration rate
during the heating phase. Sutthasil et al. (2022)
investigated the biodrying process of domestic
waste in tropical Asian climatic conditions
by adding 135 ml/day of water for 15 days.
The study observed that the temperature
increased from days 1-2 and remained at
approximately 30 °C until day 7. Then, the
temperature ascended again on day 8, shifting
suddenly to the declining phase [45].
Temperatures in all lysimeters dropped until
day 5, stabilizing, indicating a certain equilibrium
in the biodrying process, possibly suggesting the
completion or stabilization of specific stages.
Kumar et al. (2008) investigated the impact of
leachate recirculation in waste in a bioreactor.
They observed that the starting temperature
recorded at various depths lowers with leachate
recirculation, demonstrating the cooling effect of
leachate recirculation [56]. Biodrying increases
microbial activity due to high temperatures and
rich organic materials. As substrates decrease and
microbial populations saturate, decomposition
rates stabilize, leading to thermal equilibrium.
The optimum temperature range for biodrying in
this experiment was found to be 45-60°C,
enhancing moisture evaporation and stabilizing
organic matter. Temperatures below this range
may prolong the process, while temperatures
above it can cause excessive heat generation.
Based on the results, we can conclude that
the experiment can be terminated after day 10
instead of going until day 15.

The temperature differences between
waste layers were analyzed in terms of the
homogeneous temperature layers. A p-value
> (.05 implies acceptance of the null hypothesis,
suggesting equality in mean temperatures
among the layers. However, a p-value of < 0.05
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indicates  substantial  variations in mean
temperatures among the layers. For Lysimeter 1,
the temperature differences between the top
and bottom layers (p < 0.05) were found to be
statistically significant in the heating phase.
At the same time, there were no differences in the
top-middle and middle-bottom layers, showing
homogeneity. During the declining phase, the top
and bottom layers showed similar temperature
distributions (p = 0.349). In Lysimeter 2, the
temperature between the top and middle layers
showed similar temperatures in the heating and
declining phases, while statistically significant
temperature differences were observed in other
layers. However, in Lysimeter 3, there were
similar temperatures only in the middle and
bottom layers for the heating phase and the top
and bottom layers for the stable phase. Regarding
the overall phase, the three layers in all lysimeters
had p-values lower than 0.05, showing significant
temperature differences.

Payomthip P. et al. (2022) found that
excessive aeration increases heat dispersion
in waste materials' top and middle layers.
Meanwhile, continuous aeration achieves
effective heat dispersion, resulting in high-
temperature uniformity during biodrying.
The same scenario can be seen in Lysimeter 3,
indicating excessive aeration, while the
other lysimeters had uniform temperature
distribution.

Temperature integration index

The TI indicates heat accumulation values
during the biodrying process were estimated
and shown separated in recirculation and non-
recirculation periods based on temperatures at the
bottom layer because of minimal displacement
due to volume reduction. Figure 4 (a) shows the
TI value in the recirculation period that Lysimeter
1 had the greatest TI value (2,063 °C), followed
by Lysimeters 3 and 2, which had 1,580 °C and
797 °C wvalues, respectively. The TI values
were significantly lower than those reported
in previous research, with higher TI values
associated with longer biodrying periods.
Payomthip P. et al. (2022) obtained TI values of
365.6 °C, 346.2 °C, and 318.0 °C after seven
days of biodrying, but Shao et al. (2012) reported
TI values ranging from 432.0 to 542.0 °C after
14 days of processing [28]. Waste materials can
self-heat due to microorganisms and biodrying
treatment duration, resulting in lower non-

recirculation periods and lower daily temperature
evolution.

The TI phase of the three biodrying
phases is compared in Figure 4(b). The study
revealed that Lysimeter 1 had higher TI values
during the heating phase, while Lysimeter 1
and 3 had similar values during the heating and
declining phases. The findings of the study
associated with the work of Bhatsada et al.
(2023) when the highest TI values were found
in the declining phase and a lower aeration rate
having a higher TI due to the airflow rate
conducive to heat accumulation [42]. The
higher airflow rate increased heat loss to the
exhaust air through ventilation.
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Lysimeter 3

Gas generation and concentration

Various factors, including waste properties
and operating parameters, cause this variation in
gas generation. CH, and CO, are the significant
gases produced during anaerobic breakdown.
In contrast, aerobic decomposition, which
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requires O,, produces primarily CO, [57].
The optimum O, concentration for aerobic
breakdown is between 15% and 20% [51].
Lower O, concentrations would result in
inefficient, anaerobic conditions; however,
the quantities utilized in this study guaranteed
that microorganisms had a steady O, supply to
continue metabolic activity. Figure 5 shows the
gas generation and concentration at all lysimeters'
top, middle, and bottom levels.

The 15-day experiment in Lysimeter 1
revealed unique CO, concentration patterns
across vertical layers. The top and middle
layers had comparable CO, levels, but the
lower layer showed a diverging pattern,
starting higher on day 1 and decreasing until
the end. This scenario is similarly similar to the
work by Sutthasil et al., (2022), in which
facultative biodegradation was developed at
the start of the operation with a sudden
increase in CO, from day 2-5 during the
biodrying process with water addition [45].
The experiment showed low CO, levels in
Lysimeters 2 and 3, significantly increasing the
lower layer. Lysimeter 3 had the lowest CO,
levels, indicating lesser microbial activity.
The overall CO, concentration trend showed
high levels in the bottom layer for the first two
days, but activity remained low when leachate
was returned. The recirculation of leachate led
to a jump in CO, concentrations, progressively
falling until the experiment ended. The content
of exhaust CO, was significantly higher than
the ambient CO,, which is only about 400 ppm.
This significant difference indicates that
ambient CO, has no substantial impact on the
results of this study.

Anaerobic breakdown of organic materials
produces CO,, H,S, and CH,4 gases. Lysimeters
show fluctuating CH,4 levels, with Lysimeter 1
having the highest levels, as shown in Figure 6.
Low aeration and leachate recirculation increase
CH, levels. Leachate recirculation resulted in
higher degradation of the original C content in
the solid waste and increased C emissions in the
form of CH, [58]. The study confirms Francois
et al. (2007) 's findings, revealing increased CH,
and CO, production in columns undergoing
leachate recirculation, suggesting accelerating
degradation processes [59]. Top et al. (2019)
found that leachate recirculation and aeration in
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landfill cells improve gas generation, reduce
volume, enhance waste breakdown, and enhance
leachate quality [60]. Tran et al. (2014) studied
MBT techniques. Recycling of leachates and
extra aeration are known to reduce emissions to
standard levels in a reasonable amount of
time [61]. Anaerobic digestion leachate recycling
techniques were investigated by Kusch et al.
(2012). The results indicate that intermittent
return was not superior to continuous flow,
implying that if methanogenesis is the rate-
limiting phase, continuous leachate recirculation
at start-up may be detrimental [62].

Elevation change and weight loss

The experiment measured waste matrix
elevation daily, showing a significant decrease
in waste height from days 1-5. Reduced waste
height during heating and declining phases led
to uniform temperature distribution, enhancing
heat penetration and microbial activity, thus
optimizing biodrying efficiency. Figure 7
shows the relationship between elevation
change and leachate accumulation during
biodrying. The maximum waste height reduction
was observed on days 1-3 in all lysimeters, with
Lysimeter 1 showing the highest reduction of

50.83%. Factors contributing to this decrease
include residual heat from earlier stages, leachate
recirculation, and compaction due to gravitational
force and water filling in waste pores.

The weight of the matrix was only
measured on the first and last days of the
experiment. The highest weight reduction was
seen in Lysimeter 2 (72.39%), followed by
Lysimeters 3 and 1 (69.94% and 58.56%).
However, the output of leachate was rigorously
monitored throughout the period.
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Figure 7 Relationship between elevation
change and leachate accumulation
during the biodrying process (HP,
Heating Phase, DP, Declining Phase,
SP, Stable Phase)

Product characteristics

Biodrying  involves  microorganisms
breaking down organic substrate to produce
water, gasses, and heat, causing mass loss
through biodegradation, moisture removal, and
leachate leakage due to waste's higher MC [63].
Furthermore, the gravimetric outflow of water in
leachate should be regarded as a parameter
influencing wastewater reduction [45].

After the procedure was completed, the
final MC and LHV were measured to determine
the efficiency of the biodrying process. The initial
MC of all lysimeters was around 90.19% by
weight. However, following the process, the
ultimate MC varied, with decreases of 5.97%,
7.97%, and 2.47% for Lysimeters 1, 2, and 3,
respectively, indicating that Lysimeter 2
produced the highest reduction. According to
Ngamket et al. (2021), the feedstock should be
dried as much as possible with a higher MC
reduction to retain the energy content [64].
The LHV of the product for Lysimeters 1, 2,
and 3 were 198 kcal’kg, 169.5 kcal’kg, and
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134 kcal/kg, respectively. Regarding heating
value increases, Lysimeter 1 had the highest
increase with 317%, followed by Lysimeters 2
and 3 (257% and 182%). Sutthasil et al. (2022)
found that LHV could not be significantly
enhanced due to the remaining MC in the waste.
The heating value of waste after biodrying for
15 days was lower than its original value in the
experiment with water addition during the entire
period. As a result, biodrying during water
addition was not possible [45]. According to
Zhang et al. (2009), organic waste with a high
water content and heat from biodegradation is
insufficient to evaporate water, making it difficult
to lower the water content sufficiently [37].

The biodrying experiments on market
waste used three lysimeters with different
aeration rates. A comprehensive comparison
involving CO, concentration, weight loss,
leachate volume, and temperature profiles
across the lysimeters was conducted. Although
biodrying aims to treat market waste using the
heat generated from microbial activities under
aerobic conditions, excessive moisture addition
and returning leachate for six consecutive
days hindered the drying mechanism. This leads
to sudden heat loss and leachate drainage.
Feng et al. (2017) investigated the combination
of spray and vertical well (VW) recirculation
systems. VW recirculation may not be a viable
solution since recycled leachates run directly
down to the landfill's leachate collecting system,
squandering the recycled leachate. One method
for reducing leachate misapplication is to
combine a spray VW system with a horizontal
leachate flow to allow more MSW to pass
through [57].

Lysimeter 1 consistently outperformed
in these analyses, indicating its efficiency in
the biodrying process. Lysimeter 1 achieved a
substantial reduction in MC (5.97%) compared
to Lysimeter 2 (7.97%) and Lysimeter 3
(2.47%). The lower aeration rate in Lysimeter 1
appears to have effectively contributed to a
more efficient moisture reduction process. The
results suggest that the controlled aeration rate
in Lysimeter 1 contributed to a more favorable
organic content transformation, enhancing the
final product's heating value with an LHV
increase of 317%. In conclusion, Lysimeter 1,
employing the lowest aeration rate, stands

out as the most favorable configuration for
biodrying market waste based on superior
moisture reduction and heating value increase.

Conclusion

This investigation elucidates the efficacy
of biodrying in enhancing the LHV and
reducing the MC of market waste, focusing on
the pivotal role of the aeration rate. Our
findings demonstrate that waste abundant in
degradable material benefits from biodrying
under continuous negative ventilation, where
aeration rate optimization is crucial for
maximizing biodegradation and thermal
efficiency. Initial results showed promising
temperature increases due to high organic
loads, yet leachate recirculation emerged
as a significant impediment to microbial
activity, warranting future exclusion from
the biodrying process. Significantly, while
diminished aeration rates were advantageous
for heat preservation, they required careful
management to prevent detrimental shifts in
moisture and organic material levels. Despite
Lysimeter 2 achieving the highest reduction in
MC, it fell short of meeting the heating value
standards for RDF, highlighting the necessity
for further refinement of operational practices.
Therefore, future research should refine
aeration strategies to comply with industry
standards and improve the sustainability of
waste management practices. This involves
fine-tuning aeration rates and possibly
incorporating alternative practices that do not
hinder microbial activity. Exploring innovative
aeration techniques and their integration with
zero-discharge systems could further improve
the efficiency of biodrying processes. This
study's insights into the interplay between
aeration rate and biodrying efficiency pave the
way for more effective waste treatment
solutions, with implications for environmental
sustainability and resource recovery.
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Abstract

This study examines the effect of varying feedstock densities on the performance of
biodrying processes to enhance waste management efficiency. Three different densities of wet-
refuse-derived fuel 3 (wet-RDF3) from Bangkok's On Nut Transfer Station were tested using
lysimeter reactors with constant aeration rates (0.6 m’/kd.day). Results revealed that a moderate
density (230 kg/m’) achieved the highest temperature integration index (7218.01°C) and
demonstrated effective moisture reduction and minimal volatile solids consumption. The higher
densities improved heat retention and prolonged thermophilic conditions, optimizing the biodrying
process. These findings highlight the importance of feedstock density in biodrying, suggesting that
optimal density can significantly improve waste drying efficiency and produce better quality refuse-
derived fuel. This approach offers a sustainable solution for waste management, particularly in

developing countries.

Keywords : Refuse-Derived Fuel; Temperature Integration Index; Waste Management;
Thermal Performance; Volatile Solids Consumption

Introduction

The increase in municipal solid waste
(MSW) is unavoidable due to population
growth, where everyone produces their own.
The prediction of waste generation in low-
income countries, especially in Asia, accounts
for 0.5-0.9 kg/capita/day until 2050 [1]. This
condition has a potential environmental
problem if the waste generated piles up without
further processing. Especially in developing
countries, the widespread types for managing
waste are open dumping and untreated
landfills [2-4]. This is undertaken because the
operation is easy and cheap. However, proper

sustainable waste management is needed to
develop in developing countries.

One reliable waste management method
is biodrying technology. In its implementation,
biodrying has been applied to produce biodried
waste capable of reuse as an alternative
fuel [5]. This process aims to produce treated
waste with high low heating value (LHV) and
low moisture content (MC) and subsequently
be applied to the cement industry and power
plants. Biodrying is a biological drying process
that utilizes microorganisms in the waste to
degrade the materials' organic fraction and
water content. Biodrying applications have
been widely applied in developing countries


http://www.eeat.or.th/

36 Thai Environmental Engineering Journal Vol. 38 N. 2 (2024)

because of low operation expenses. In waste
management, the types of material commonly
used are MSW, kitchen waste, dewatered
sludge, and other materials that have organic
fractions [6-8].

Several parameters are affecting the
biodrying process's performance, such as the
initial MC of feedstock, the operational
conditions involving aeration rate (AR) supply,
and the kind of material used to produce bioheat
for evaporation [9-11]. This experiment was set
up under different feedstock densities in three
trials. Itsarathorn et al. (2023) evaluated the
relationship between density variations and AR
supply in the biodrying of wet-RDF2. According
to their findings, 232 kg/m’ density was the
optimal condition at ARO.5, and 250 kg/m’ was
the efficient outcome at ARO0.6. Furthermore,
Tom et al. (2016a) conducted biodrying on
mixed MSW with different initial MC and
density conditions. This was carried out to
evaluate how well biodrying works in waste
management to lower the amount and volume of
MSW [12].

RDF2, a coarse RDF, involves coarsely
shredding or cutting combustible waste. RDF3,
a fluff RDF, separates non-combustible
components and shreds the remaining waste to
a size smaller than 2 inches for 95% of the
material. This creates differing air/void ratios,
impacting air distribution and temperature
retention during biodrying. Despite these
differences, no study has ever focused on the
effects of varying densities in wet-RDF3.
Addressing this gap could optimize biodrying
performance by providing crucial insights.
This study aims to investigate the effect of
different densities and their changing on the
biodrying performance based on temperature
integration (TI) index and biodrying index (BI)
value, which led to the efficient biodried
product in LHV and MC during the process.

Methodology

Feedstock Preparation and Analysis

The feedstock used in this experiment
was wet-RDF3 from On Nut Waste Transfer
Station, Bangkok, Thailand. A wet-RDF3 is a
kind of shredded RDF2, with the air classifier,
magnetic separator, and fine shredder primarily

consisting of plastic [13]. The wet-RDF3
from the stockpile was sampled for 1.5 kg
to measure the chemical properties before
the biodrying (the same treatment as
the product after biodrying). Furthermore, a
thermogravimetric analyzer was used to
measure MC and volatile solid (VS) content in
the feedstock and biodried product following
the ASTM D7582 standard. The LHV also was
analyzed using a bomb calorimeter according
to the ASTM D2015 standard. Three different
conditions were set up in this experiment
through lysimeter reactor, designated as LI,
L2, and L3, respectively.

This experiment was set up with a
constant AR supply and various densities.
The constant AR of 0.6 m3/kg.day was chosen
based on previous findings where different
ARs (0.2, 0.4, and 0.6 m’kgday) were
tested. The 0.6 m’/kg.day rate produced the
best results, yielding the highest low heating
value (LHV) and lowest moisture content
(MC) [14, 15]. For this experiment, the
objective was to investigate the effect of
variations in initial feedstock density on
biodrying performance while maintaining a
constant AR. The initial condition during the
experiment is shown in Table 1.

Table 1 Initial condition of feedstock

Conditions L1 L2 L3
Density (kg/mS) 208.86 230.00 250.00
Weight (kg) 50.1 55.8 60.1
High (m) 1.20
AR (m3/kg.day) 0.6
MC (%) 47
LHV (kcal/kg) 3,119

Lysimeter Description

The biodrying experiment used three
lysimeters, with each being 1.5 m high, 0.5 m
deep, and 0.5 m wide. A perforated metal plate
was placed above the ventilation pipe at the
bottom side of the reactor to help material
distribute air. The ventilation pipe, condensation
pipe, and centrifugal pump to provide airflow
were installed at the system's base. A U-trap
pipe was installed at the legs of the lysimeter to
collect leachate. The gas measuring inside the
system was recorded through the pipe. More
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details on the installation location and design
are shown in Figure 1.
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Figure 1 Schematic design of lysimeter

Experimental Monitoring

The temperature was measured using a
thermocouple connected to cables at three
locations (Figure 1), and another probe was
placed in the surrounding environment to record
the ambient temperature. The temperature data
was recorded hourly wusing a midi-data
logger (Graphtec GL220). Those data were
subsequently used to determine the temperature
integration (TI) index. The TI index can be
calculated using the following equation:

TI = ’tl=1(ts - tamb) x At (1)

Where ¢, is sample temperature at time t (°C),
tymp 1S ambient temperature at time t (°C), and
At is the difference between the measured time
points.

A hoist and a digital scale were used to
measure daily weight reduction. The following
equation describes the weight loss:

weight loss (%) = % x100 2)

Where Aw is the change in weight of the dried
product relative to the initial material weight
(kg) and w; is the initial material weight (kg).

Gas measurements were taken using a
Biogas 5000 portable gas analyzer (Geotech,
UK). Carbon dioxide (CO,) and oxygen (O,)
levels were measured daily in the morning
during the biodrying process. For CO, exhaust
gas measurement, the value was determine
using information from direct gas measured by
Biogas 5000, and with the following equation:

z:COZ exhaust = Avx Ax COZ measurement (3)

Where Av is the air velocity (m/s), A is the
cross-sectional area of the pipe (m”), and CO,
measurement is the value recorded by the
Biogas 5000 instrument (%).

O, utilization refers to the amount of O,
microorganisms required to degrade organic
matter. The amount of O, utilization is based
on the total mass remaining on the day of each
measurement, as it relates to the remaining
nutrient supply needed by the microbes. The
calculation method to determine O, utilization
(volume in m’) was adopted by Contreras-
Cisneros (2021) in the following equation:

30,, = (7"2“(;';’;7“‘22”);; 4 (4)
Where O,amb is the O, concentration in the
surrounding environment (%), Oex is the
oxygen concentration in the exhaust pipe
recorded by the Biogas 5000 portable gas
analyzer (%), and V is air volume in the day
(m’). Air volume can be determined using the
following equation:

AR
Where AR is the exact aeration rate flowed
based on air velocity when the monitoring
daily (m’/kg.day), and W is the waste mass at
the monitoring (kg).
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For biodrying index (BI) determination,
parameter used was MC reduction and VS
consumption. To find VS consumption was
adopted method from Li ef al. (2022) in the
following:

VS consumption (%) = %xwo (6)

Where AVS is subtraction VS between initial
and final, and VS; is initial VS.

Statistical analysis

The correlation test was used to determine
the relationship between two parameters, and
single-factor ANOVA was used to analyze the
variance in temperature with a confidence
level of 95% (p<0.05). Both statistical tests
were conducted using Microsoft” Excel for Mac
Version 16.77.1 Software.

Results and Discussion

Temperature Profile

Temperature evolution

Temperature is a parameter that indicates
microbial activity in degrading organic
matter. The heat produced is a byproduct
of microbial metabolism—heat metabolic.
The highest temperature achieved by L1 on day 3
of the experiment was 65°C. This maximum
temperature was reached more quickly than in
other trials. A sudden significant drop in
temperature (with a difference of 20°C) occurred
on day 4. After that, it entered the stable phase at
a moderate temperature and was maintained
under thermophilic conditions, this study
used 50°C as the starting point for the shift from
the mesophilic to the thermophilic phase [4], in
the middle layer and mesophilic conditions
in the top and bottom layers. The maintaining
temperature occurs from day 5 to 12. The
temperature evolution trend in L1 is shown in
Figure 2(a).

In L2, the highest temperature was
obtained in the bottom layer from day 1 to 6.
Upon entering the HP, the middle layer showed
the highest temperature trend. The maximum
temperature reached was 74°C in the middle
layer and occurred for two days (days 8 and 9).
If the heat in the system is a byproduct of
aerobic degradation, then in L2, microbial

growth occurs maximally from day 7 to 12.
The temperature evolution trend in L2 is
shown in Figure 2(b).
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Figure 2 Temperature evolution trend in each
layer of (a) L1, (b) L2, and (c) L3

Meanwhile, in L3, the temperature in the
middle and bottom layers was extremely high.
The remaining maintained temperature was
also under thermophilic conditions from day
3 to 11. The temperature range during this time
was 49.5-47.9°C, with a slight decrease in
temperature (to 53°C) entering day 12. The
temperature evolution trend in L3 is presented in
Figure 2(c). This trial had almost no declining
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phase, suggesting that aerobic degradation still
occurred and was not completed by day 14.

Similar findings were reported by
Tom et al. (2016b), who conducted biodrying
experiments of mixed solid waste with different
densities (density Case A > Case B) under the
same airflow supply. They reported that the
temperature profile in Case A reached a higher
maximum temperature (65°C < T < 70°C)
compared to the maximum temperature in
Case B (55°C < T < 60°C). Based on physical
assessments, this occurred because a high density
can hinder the system in the reactor from
returning to the surrounding temperature [16].
Based on the availability of organic matter in the
waste, the highest temperature can be achieved if
degradation continues. This was reported by Hao
and Jahng (2019), who analyzed the levels of
organic substances in bulking agents during the
biodrying of dewatered sludge. Degradation
occurs when volatile solids are consumed,
with the degradation ability ranked as lipid >
hemicellulose > protein. The highest temperature
obtained in the experiment with bulking agents
contained more lipids and hemicellulose, reached
70°C, and was maintained at around 65°C until
the final experimental day. This result indicated a
higher degradation process because lipids and
hemicellulose are more easily degraded than
proteins [17].

Temperature integration index

The largest cumulative TI value was
obtained from the L2, which was 7,218.01°C.
This temperature achievement was significantly
higher compared to the other two trials. The next
most considerable TI value was in the L3
experiment, which reached 5,803.67°C. The
lowest one obtained in L1 is 3,524.43°C. The
higher TI value obtained from the higher density
trial due to the system maintaining thermophilic
conditions for longer than L1 during the process.
The L1, which has the lowest density, made it
easier to escape the temperature from the system,
so the temperature recorded in the system was
relatively low. The cumulative TI trend in the
whole process is presented in Figure 3(a), and the
TI index by phase is shown in Figure 3(b).

From the three separate phases of TI, all
trials show the maximum TI value obtained
during HP. This was caused by the longer
retention time and heat produced within

metabolic reaction considering material’s type.
Trial L2 with moderate density achieved
greatest value. A similar finding was found in
Itsaratorn et al. (2023), which revealed that
moderate density during biodrying of wet-
RDF2 for five days obtained the highest TI
value at 2,108.10°C. Their TI value is smaller
than this experiment's because of the different
retention times during biodrying. Furthermore,
Payomthip et al. (2022) reported that the
highest TI reached 365°C during the biodrying
of shredded MSW over seven days. Their
higher TI obtained was consistent with the
temperature evolution.

Cummulative TI during whole process
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Figure 3 Cumulative TI index of (a) whole
process, and (b) by phase

The effective condition to show biodrying
performance based on the TI index was in
moderate to high obtained value. Suppose the
concept of biodrying is utilized as much as heat
generated from the degradation of organic
materials. In that case, a high TI wvalue
indicates maintaining control during the
process. However, each trial was set up in this
experiment with different density and mass-
loaded conditions. So, one of the rationales that
the higher-density trials have a greater TI value
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is that the denser waste and the capability to
provide more organic to degraded. Yuan et al.
(2019) conducted that biodrying with additional
bulking agents causes the highest T1 value due to
material density. The increasing density effect
decreases free air space and leads to low heat loss
in the system [8].

CO, Production

The trial with higher densities showed
significant value of CO, levels in the inner gas
measurement. The CO, levels increased on day 2
in the L1 trial, corresponding to the maximum
temperature achieved during that period.
The CO, concentration then decreased on day 3
and continued to decline until the end of the
experiment. The process in L1 was finished
when the experiment stopped. Meanwhile,
the L2 and L3 produced more CO, than the L1.
This condition might occur because the
availability of organic fraction was higher along
with increased density. Reports show that denser
waste can provide more organic and lead to more
VS consumption [8]. The CO, production trend
in each experiment is presented in Figure 4.

A similar finding was reported by
Itsarathorn et al.  (2023), who conducted
biodrying experiments on RDF2 with different
densities (232, 250, 270 m’/kg) under the same
AR supplied (0.6 m’/kg/day). His experiments
found that the largest CO, was produced by
experiments with a density of 270 m’/kg.
Furthermore, Sutthasil ef al. (2022) revealed that
the availability of more organic fractions
is a factor that influences the speed of CO,
production in aerobic degradation because
organic acts as a substrate that microorganisms
digest. This was very likely in this study when an
increase in feedstock density caused the amount
of waste loaded into the lysimeter reactor to
increase, and a large amount of waste increased
the availability of organic material [18].

0, Utilization

The representation shows how much O, is
utilized during aerobic degradation by the
microorganism. The calculation of O, utilization
is necessary since O, is a crucial component in
the success of aerobic degradation. This
compares the volume of O, used and CO,
produced [19]. In some literature, O, utilization is
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Figure 4 CO, production in each layer of
(a) L1, (b) L2, and (c) L3

closely related to the amount of CO, produced
during biodrying. However, in this experiment,
there was a very weak correlation in one of the
three phases based on temperature evolution.
The correlation between O, utilization and CO,
production is shown in Table 2, and the trend of
O, utilization is shown in Figure 5.

As an optimum condition for aerobic
degradation, which occurs under thermophilic,
the O, should be uptake high due to thermal
assistance when the system enters HP, which
can stimulate microbial growth more than
natural thermal effects. Increased biogenic heat
can reduce external heat energy consumption.
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Table 2 Correlation of O, utilization and CO,

Trial HP DP

Stdv. r Stdv. r Stdv.
L1 099 +470 0.34 +1.53 0.23 +0.80
L2 0.55 +292 0.81 +2.06 097 =+1.69
L3 093 +7.72 0.74 +323 036 +2.92

Total O, utilization in each lysimeter
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Figure 5 Total O, utilization during
biodrying

For L1, the trend was consistent with CO,
production and maximum temperature reached to
describe the degradation condition. Ozbay et al.
(2021) revealed the significance of O, in aiding
aerobic microbes during biodrying, which
enhances the effectiveness of the drying process.
This highlights the crucial role O, plays in
establishing suitable conditions for microbial
action and the decomposition of organic
matter [7]. Furthermore, Payomthip et al. (2022)
monitored O, levels during the biodrying process
and highlighted the significance of this parameter
in understanding the dynamics of biodrying.
However, for L2 and L3, the O, trend did not
always match the CO, production. It may occur
because of the density effect. Huilifiir er al
(2020) measured the behavior of dynamic
respiration index (DRI) on the dewatered
secondary sludge biodrying, which is represent
the O, consumption for enhance microbial
activity. Higher DIR values were favorable
conditions for microbial growth, which was
similar to this experiment and related to organic
mass in the system [20].

Weight Loss and Density Changes
Weight loss is described as the MC
successfully evaporating and the organic

fraction being broken down into gases—the
water removal phenomenon. In the L1 trial, the
maximum weight loss was achieved on day 3.
This trend followed the maximum temperature
produced in the system and CO, production in
the inner gas. The L2 trial reached a maximum
on days 5 to 7, during which the HP and the
highest CO2 production were entered. While in
the L3 trial, the maximum weight loss occurred
on day 4, and the greater CO, production
occurred. Daily weight loss in each trial is
shown in Figure 6.
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Figure 6 Trend of daily weight loss

Besides evaporation, which reduces the
weight and volume of waste, in many cases of
biodrying, especially for waste rich in organics,
the leachate production also influences the
weight loss. This occurs because water vapor
condenses after it reaches its maximum
temperature and turns into leachate. This study
implements the negative ventilation system
(suction airflow) to force more leachate.
However, this study's cumulative leachate
production was less than 1 L for each trial.
The total volume of leachate produced in L1,
L2, and L3 were 640, 169, and 450 mlL,
respectively. Bhatsada et al. (2023) revealed
that water removal mainly occurs due to
bioactivity, and the water phase changes as
water vapor evaporation during biodrying. In
their experiment, the low leachate generation
caused leachate to be a nominal proportion of
the water balance in the system with less
removal [21]. Bosilj et al. (2023) experimented
on the sample with a higher initial MC, which
led to a more significant overall mass loss.
Most samples had a mass loss that occurred on
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day 2 of the experiments. The rate then
stabilized to a lower level (around 0.3-0.4
kg/day). However, this experiment showed
that maximum loss occurred on day 4.
This happened due to variations in organic
content compared to [11] study.

Density changes were obtained through
daily weight loss and waste height reduction
measurements. Density affects the free-air
space (FAS) in the waste pile in the reactor.
This FAS affects the distribution of heat
resulting from the degradation of organic
matter, which subsequently affects the water
vapor evaporation rate to leave the system.
Higher density limits FAS availability and
leads to higher temperatures being trapped in
the waste pile [8]. Due to enhanced FAS,
typical bulking agents support organics
degradation and water migration [22]. Their
results showed that suitable feedstock, with
appropriate bulk density, affects bio-heat
generation, extracellular polymeric substances
(EPS) release, and potentially contributes to
the maturity of the biodried product.

For this experiment, the density changes
between the initial and final occurred not too
much in all trials. The final percentage changes in
L1, L2, and L3 were 6.64, 3.22, and 3.94%,
respectively. The initial density in L1, L.2, and L3
was 195, 226, and 240 kg/m’. This relatively
small change in density can be attributed to the
nature of RDF3, which primarily consists of
plastic. As the moisture content in RDF3
decreases, the plastic components tend to dry out
and may expand slightly. This behavior is
different from wet plastics, which can become
compact when they retain moisture. The reduction
in moisture allows RDF3 to retain some of its
bulk, preventing significant compaction and
leading to only minor changes in density
throughout the biodrying process. The trend of
daily density change is shown in Figure 7.

Based on the trend in Fig. 7, each trial
has a change in density increase. L1 and L2
trials showed an increase in the early stages of
the biodrying process. Meanwhile, the L3 trial
showed an increase after day 5. L2 and L3 had
the same density on days 4 to 5, where both
trials entered a phase of maintaining high
temperatures during that time. Unlike trial L1,
the significant decrease in density occurred

until the last day of the process. This can be
stated as consistent with the trend of
temperature changes, in which L1 reached its
maximum temperature only for three days of
the experiment.

Daily density change
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Figure 7 Daily density change

Despite the density changes, the trial
with a higher initial density still resulted
in a higher final density in the experiment.
This can be explained by the fact that FAS
critically affects the high-temperature resistance
experienced by L2 and L3. The degradation
process in L3 might have been still undergone
until the last day of biodrying stopped.
The temperature and CO, production were also
still relatively high in L3.

Moisture Content and Low Heating Value
The moisture reduction is related to the
effectiveness of evaporation of water molecules
during the biodrying process. Suppose numerous
water molecules are successfully released from
the system. In that case, the moisture reduction
will also be considerable, positively impacting
the final LHV value obtained. In this second
experiment, the highest moisture reduction
was achieved in L1, with a final MC value
reaching 15%. Daily moisture reduction
has been investigated in this study, with the
manual calculation adopted from Ham (2020).
The detailed pathways equation is shown in
Table 3, and the trend of daily moisture reduction
in each trial is shown in Figure 8. Xu et al
(2023) highlighted that optimal nutrient
utilization (C/N ratio) promotes microbial
growth, leading to faster decomposition of
organic matter and the release of water. This
study emphasizes the impact of density on heat
retention, which can significantly influence the
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moisture reduction rate. However, optimizing the
biodrying process affects microbial degradation,
producing high-quality biodried products with
fine LHV [23].

Daily moisture reduction
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Figure 8 Daily MC reduction in each trial

The declining graph in L1 was very
significant until the last day of the biodrying
process. As cumulative, the MC percentages
for L1, L2, and L3 were 68, 43, and 55%,
respectively. This final MC value affected the
LHV obtained, where L1 had the largest LHV.
If we return to the initial meaning of biodrying,
which is a biological drying process that utilizes
metabolic heat from aerobic degradation [4].
So, the sufficient AR supply is a factor that
enhances the degradation. However, if excessive
aeration is intended to accelerate the process,
the drying that occurs may not be biodrying,
This was what might have happened in the L1
trial. Looking back at the cumulative TI and
temperature evolution, a significant temperature
decrease occurred rapidly on day 3. In addition,
CO, production also sharply decreased during
that period. The drying process from the excess
AR supply subsequently helps significantly

Table 3 Equations for daily moisture reduction [26]

4 5 6 7 8 9 10 11 12 13 14

decrease MC and the large final LHV. The LHV
values for each experiment are presented in
Table 4.

Some studies mentioned the relationship
between MC and LHV. Sagala et al. (2018)
reported that the final LHV of RDF can reach
3,000 kcal/kg or more with an MC below 20%,
which indicates that the drying process can
significantly enhance the LHV value of RDF
by reducing its MC. Furthermore, Dharmasyah
(2023) reported that processed fluff RDF
presented an LHV of 4,708 kcal/’kg with a low
MC of 2.1%, which confirms the potentially
high LHV values that can be achieved in RDF
when the MC is effectively reduced.

Biodrying Index

This parameter is related to water losses
and volatile solid (VS) removal. The amount
of BI is closely related to the material and
the operational condition. A higher BI value
indicates that the experiment is the most
effective for removing water because the
system can escape as much water vapor as
possible with measly organic consumption.
This condition is good when the system
preserves more carbon, which would affect
the final LHV obtained. Normally, materials
with high organic content undergo significant
VS consumption during degradation [24, 25].
Li et al. (2022) reported that VS consumption
of kitchen waste during biodrying was 26.26%,
with an MC reduction of 34.47%. Furthermore,
Wang et al. (2024) reported that VS consumption
of biodrying sludge was 8.79%, Similar to this
experiment with unrich organic matter, the VS
consumption is not over 10%. The VS information
before and after biodrying is shown in Table 5.

Contents Symbols  Unit Equations Remarks
Water vapor pressure pv Pa pv = RH x pvs RH = direct
humidity
measured
Saturated water vapor pressure pUSs Pa pvs = 6.1078 x 107 75xT T = temperature
T +237.3 (°C)
Specific humidity SH % gy = J622xpv 0 P total = standard
Ptotal —pv atmosphere,
101,325 Pa
Estimated dry feed mass my kg my=1- ( RH ) xmy my = daily mass
100 measured
Daily moisture reduction AMC % AMC = SH x my
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The greatest BI value for this study was
obtained from the L1. Meanwhile, the largest
VS consumption was obtained from L2. The
availability of organic matters in the feedstock
influenced big or small amounts of VS
consumption. As mentioned in the CO,
production section, higher-density trials have
denser waste, which provides more organic
availability. It was very reasonable that the
less VS consumed, the greater the BI value
produced [27-29]. This finding was reinforced
by Payomthip et al. (2022), who reported that
the highest BI value was reached with the

Table 4 LHV and MC changing after biodrying

maximum moisture removal (65.6%) and lowest
VS consumption (2.87%). That condition
obtained the greatest LHV (4,938 kcal/kg).
Furthermore, Cao et al. (2024) reported the
highest BI value from a trial that has the
highest LHV (5,843 kJ/kg) and maximum
moisture removal (61.71%) simultaneously.
Quan et al. (2023) reported that a biodrying
sludge pile exhibited a significantly higher BI
due to more efficient water removal and less
VS consumption. Similarly, the L2 condition
provided high-temperature evolution in this
experiment, resulting in maximum VS loss.

Trial LHV (kcal/kg) Change (%) MC (%) Change (%)
Before After Before After
L1 6,020 ) 93 15 (-) 68
L2 3,119 4,931 (+) 58 47 27 (-) 43
L3 5,628 (+) 80 21 (-) 55
Table 5 Information on VS before and after biodrying
Trials Volatile solid (% AVS i
— (_ ) VS Conf umption MC reduction (%) BI value
Initial Final (%)
L1 43.42 6.14 12.0 68 5.67
L2 49.4 40.96 8.60 17.4 43 2.47
L3 41.81 7.78 15.7 55 3.50
Conclusion and densities on biodrying performance and

This study demonstrated that varying
feedstock densities significantly influence the
efficiency of the biodrying process. Among the
tested densities, a moderate density (230 kg/m?)
achieved the highest temperature integration
index (7218.01°C). However, exhibited superior
moisture reduction and minimal volatile solids
consumption was reached in the lowest density
trial (208.86 kg/m?). These findings highlight the
critical role of feedstock density in optimizing the
biodrying process, suggesting that careful density
adjustment can enhance heat retention and extend
thermophilic conditions. Consequently, this leads
to more efficient drying and higher-quality
refuse-derived fuel production. The results of this
study provide valuable insights for developing
sustainable waste management  strategies,
particularly in developing countries where
efficient and cost-effective solutions are crucial.
Future research should explore the long-term
impacts of different feedstock compositions

evaluate the economic feasibility of large-
scale applications. By continuing to refine
these methods, the potential for significant
environmental and economic benefits in waste
management can be realized.
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Abstract

With the presence of bromide ions in chlorination during water purification, hypobromous
acid (HOBr) is formed, leading to the formation and distribution of brominated disinfection by-
products (Br-DBPs) in tap water. Brominated haloacetic acids (HAAS) in tap water are known to be
significantly harmful and toxic to human health. Bromide ions are naturally present in groundwater
and surface water, primarily as affected by seawater intrusion. Conventional treatment methods face
difficulty in completely eliminating bromide ions. This study investigated the concentration of
bromide ions and the haloacetic acid formation potentials (HAAFPS) in three tropical river sources
in Thailand: the Tha-Chin River, the Chao Phraya River, and the Mae Klong River. The bromide
ion concentrations were 44.79, 41.34, and 18.22 pg/L, respectively. In these three rivers,
chlorinated and brominated HAAs (trichloroacetic acid (TCAA), dichloroacetic acid (DCAA),
bromodichloroacetic acid, and bromochloroacetic acid) were detected after chlorination. The sum of
only DCAAFPs and TCAAFPs were significantly higher than the US EPA regulations of 60 ug/L
for total HAA5 (the sum of monochloroacetic acid, monobromoacetic acid, DCAA, dibromoacetic
acid, and TCAA). The DCAAFPs in the Chao Phraya River were relatively high, surpassing the
WHO guidelines of 50 ug/L. This study also found that the Tha-Chin River had high levels of
bromide ions and brominated HAAFPs, resulting from seawater intrusion from the estuary Gulf.
These findings highlighted the formation of brominated HAAFPs, which were particularly
significant in water sources with higher levels of bromide ions in the water.

Keywords : Bromide ion; disinfection by-products; dissolved organic matter; haloacetic acids;
tropical river


http://www.eeat.or.th/
mailto:suwanna.boo@mahidol.ac.th

48 Thai Environmental Engineering Journal VVol. 38 N. 2 (2024)

Introduction

Chlorination, a commonly used method
to eliminate pathogens in the water supply,
leads to the formation of disinfection by-
products (DBPs), which include carcinogenic
trinalomethanes (THMSs) and haloacetic acids
(HAAs). HAAs are one of the DBPs that have
been detected frequently in many regions [1-3].
Nine HAA species commonly occur: three
chlorinated HAAs (i.e., monochloroacetic
acid (MCAA), dichloroacetic acid (DCAA),
trichloroacetic acid (TCAA)), three brominated
HAAs (i.e., monobromoacetic acid (MBAA),
dibromoacetic acid (DBAA), tribromoacetic acid
(TBAA)), and three chlorinated and brominated
HAAs (i.e., bromochloroacetic acid (BCAA),
bromodichloroacetic acid (BDCAA), and
dibromochloroacetic acid (DBCAA)).

Many studies have shown bromine
incorporation into DBPs (including THMs and
HAAsS) when bromide ion (Br) are present in
source waters [4, 5]. The presence of Br™ changes
the reaction pathways of chlorine and dissolved
organic matter (DOM) [6, 7]. Br is oxidized by
chlorine to produce hypobromous acid (HOBF).
HOBr reacts more rapidly than hypochlorous
acid (HOCI) with DOM, leading to the
more formation of brominated DBPs [8, 9].
Brominated DBPs are generally known to be
more mutagenic and toxic compared with
chlorinated ones [10, 11]. Many studies show
that Br~ concentrations in water can vary widely.
In the US, the average concentration of Br in
water supplies is around 62 pg/L, though in
certain coastal regions, levels may exceed
500 pg/Ll [12]. Sohn et al. (2006) found that
Br  concentrations in surface and groundwater
ranged from 7 to 312 pg/L, leading to variations
of brominated THMs and HAAs [13]. In China,
the Yangtze, Huangpu, Tai, and Qiantang Rivers
have Br concentrations ranging from 100 to
720 pg/L, leading to the formation of brominated
HAAs, such as BCAA and BDCAA [14].

In tropical areas like Thailand, higher
temperatures, intensive rainfall, and various other
conducive factors increase the concentration of
DOM in water sources. Br~ naturally occur in
groundwater and surface water due to seawater

intrusion and discharges from agricultural areas
and industries [15]. Conventional water treatment
processes (i.e.,, coagulation, sedimentation,
and rapid sand filtration) struggle to remove
Br. Consequently, concentrations of carcinogenic
brominated DBPs in tap water can increase. This
study aimed to comprehensively investigate the
relationship of the concentration of bromide ions
and HAA formation potentials (FPs) in the three
water sources used for water supply in Thailand
(the Chao Phraya River, the Mae Klong River,
and the Tha-Chin River). This study also focused
on the relationship between Br concentrations
and HAAFPs and various factors, including pH,
temperature, and conductivity.

Methodology

Study Area

The sampling points of surface water from
three rivers, including the Chao Phraya River
(14°226.9"N, 100°3321.0"E), the Mae Klong
River (13°4422.5"N 99°50'34.0"E), and the
Tha-Chin River 13°55'45.1"N 100°12'01.9"E) (as
shown in Figure 1) were investigated. Water
samples from raw water sources were collected
from a depth of 1.0 meter below the water
surface and promptly stored in 10-liter bottles.
The sampling was conducted on different dates,
with the Mae Klong and Tha-Chin Rivers being
sampled on 21 September 2023, and the Chao
Phraya River on 1 October 2023. Each river was
sampled only once at a single designated point.
The collected water samples were prepared for
dissolved organic carbon (DOC) analysis by
filtering them through 0.7 pm cellulose acetate
membrane filters (GF/F, Whatman) using a
vacuum pump (N820, Labsort) within 24 h of
collection [16].

Analytical Methods

1. Measurement of water quality parameters

The pH and temperature were
determined using a pH meter (pHTestr30,
EUTECH), and conductivity was measured
using a conductivity meter (ECTestrll,
Eutech). DOC was analyzed using a TOC
analyzer (TOC-V, Shimadzu).
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Figure 1 Sampling sites in tropical rivers in Thailand

2. Determination of bromide ion concentrations

Br  concentrations were determined by
LC-MS/MS (6500 QTARP, Sciex, Massachusetts,
USA) equipped with an Acclaim Trinity P1
column (3 um, 2.1x100 mm, Thermo Fisher
Scientific). The mobile phases consisted of
200 mM ammonium acetate added with 0.5%
acetic acid and acetonitrile. The gradient
conditions of organic solvent are as follows:
96% (0-2.5 min), 86% (15.5 min), 5% (16-24.5
min), and 96% (25-34.5 min). The flow rate was
maintained at 0.3 mL/min, and the injection
volume was set at 10 pL. Quantification of
Br concentration was performed using negative
electrospray ionization (ESI) mode, with multiple
reaction monitoring (Q1= m/z 79, Q3=m/z 79).
Calibration curves were prepared using
standard solutions containing bromide ions at
concentrations of 1, 3, 10, 30, and 100 pg/L,
with each calibration point run in triplicate to
ensure accuracy and precision. Quality control
samples were periodically analyzed to monitor
the stability and consistency of the instrument
throughout the analytical sequence.

3. HAAFP in chlorination

The chlorination condition for HAAFPs
was as follows: 10 mL of sample volume,
initial chlorine dose (by sodium hypochlorite)
at 30 or 50 mg Cl,/L, the reaction time 24 h,
pH 7 (maintained by 5 mM phosphate buffer),
temperature 30 °C in a dark place. After 24 h

of the reaction, residual free chlorine was
measured using the DPD colorimetric method
and quenched with ammonium chloride (50 mg
N/L). HAA concentrations were determined by
LC-MS/MS (6500 QTARP, Sciex) equipped
with a reverse phase column (zorbax SB-Aq,
5 um, 4.6x150 mm, Agilent technologies, CA,
USA). The mobile phases consisted of
methanol and 0.3% formic acid solution.
The methanol gradient conditions are as
follows: 1% (0-0.5 min), 50% (20 min), 99%
(21-31 min), and 1% (32-35 min). Calibration
curves were prepared using five levels of
working standard solutions containing the nine
HAA compounds at identical concentrations of
1, 3, 10, 50, 70, and 100 pg/L.

Results and Discussion

Water quality characteristics of rivers in
tropical area in Thailand

The water quality of three tropical rivers
in Thailand are shown in Table 1. The results
showed that all rivers had a pH of 7.1-8.0, a
temperature of 28.8-32.7 °C, and conductivity
(EC) of 160-250 uS/cm. The Tha-Chin River
had the highest conductivity value, followed
by the Chao Phraya River. The lowest
level was found in the Mae-Klong River.
Br concentrations varied from 18.22 to 44.79
pg/L. The highest values of Br are in the
Tha-Chin River, followed by the Chao Phraya
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Table 1 River water quality characteristics (Br-, and DOC are expressed as average + standard

deviation in triplicate.)

Source water pH Temp. EC. Br- DOC
°C) (HS/cm) (Hg/L) (mg/L)
Chao Phraya River 7.1 31.5 210 41.34 £ 1.17 4.85+0.44
Tha-Chin River 7.3 28.8 250 4479 £ 5.72 3.41 £0.02
Mae-Klong River 8.0 32.7 160 18.22 £ 1.75 2.07 £0.06

River, and the lowest in the Mae-Klong
River. Most freshwater systems typically
exhibit Br  concentrations ranging from 10 to
500 ug/L [15, 17], whereas seawater typically
maintains a concentration of 65 mg/L [18].
In other studies, Br in the range of 20-63 pg/L
was reported for the Bangphakong River [19],
26.2 pg/L in the China Wu River, and
5401 pg/L in the Qiantang River [20].
The highest value of conductivity was in
the Tha-Chin River, followed by the Chao
Phraya River and the Mae-Klong River.
The conductivity had a positive relationship
with Br- concentrations. As a result, seawater
intrusion from the Gulf of Thailand estuary or
human activities might contribute to the high
conductivity of the Tha-chin River and Chao
Phraya River.

The DOC concentrations are at 4.85 mg/L
for the Chao Phraya River, 3.41 mg/L for the
Tha-Chin River and 2.07 mg/L for the Mae-
Klong River. The Chao Phraya River had the
highest value among all the three rivers.
The high DOCs in the waters indicated the
presence of a wide range of organic substances,
resulting from complex interactions between
natural processes and human activities,
including the decay of vegetation, the impacts
of eutrophication, the occurrence of algal
blooms, and the release of wastewater.
Nevertheless, the Mae-Klong River had the
lowest DOC because of limited urban
development along the river's path. Other
research investigated water sources in Thailand
and reported that the concentrations of DOC in
river waters were 2 to 12 mg/L [21, 22],
showing that the DOCs in the rivers examined
in our study were within the range observed in
previous research conducted in Thailand.

Haloacetic acid formation potential

Figure 2A shows the HAAFPs of the
samples collected during the rainy season.
Focusing on chlorinated HAA species (i.e.,
MCAA, DCAA, and TCAA), high DCAAFPs
and TCAAFPs in the three source waters were
found, while MCAAFPs were not quantified
(less than LOQ at < 3ug/L). TCAAFPs in
source waters collected from the Chao Phraya,
Tha-Chin rivers, and Mae Klong were 165 pg/L,
103 pg/L, and 52 ug/L, respectively. In addition,
DCAAFPs were 69 ug/L, 47 pg/L, and 25 pg/L,
respectively. The orders of FPs were the
same for DOC. The DCAAFPs in the Chao
Phraya River largely exceeded the WHO
guideline values in tap water (i.e., 50 pg/L) [23],
suggesting that appropriate treatment s
necessary for drinking of tap water. TCAAFPs
in the Chao Phraya River were close to the
WHO guideline (i.e., 200 pg/L) and in all three
rivers considerably larger than regulations
developed by several countries such as Japan
(i.e., 30 pg/L), which means that TCAA is also
needed to control for drinking of safe tap water.

Considering the total FP concentration, all three
rivers had high HAAS levels significantly
exceeding the US EPA and EU regulations (i.e.,
60 pg/L) [24], also strongly indicating the risk
of DBPs in the tap water.

Moving to brominated HAA species (i.e.,
MBAA, BCAA, DBAA, BDCAA, DBCAA,
and TBAA), only BCAAFP and BDCAAFP
were quantified in all three rivers in this study,
while the others were less than LOQ (1 pg/L).
BCAAFP of the river waters of the Chao
Phraya, Tha-Chin, and Mae Klong rivers
were 4.12 pg/L, 4.73 pg/L, and 1.72ug/L
respectively. BDCAAFP were 15.33 pg/L,
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13.01 pg/L, and 6.20 po/L, respectively. The
magnitude relationship among them is the
same as for chlorinated HAAs. Although the
FPs were much lower than those of DCAAFPs
and TCAAFPs (approximately one-tenth), it is
not negligible considering their higher toxicity
than the chlorinated forms. Although no
standard or guideline values have been
established for individual brominated HAAS,
the substances are subject to monitoring in
public water systems in many countries like
U.S and Japan. The results of this study are
the first successful determination of the
brominated HAAFPs in raw waters in Thailand
and will be valuable data for future water
supply operations.

In a previous study conducted in China,
TCAAFP was 168 pg/L and DCAAFP 236
Mg/L in the Qiantang River [20]. Similarly, in
Buyukcekmece Lake in Turkey, the levels of
HAAS were 87.0 pg/L, TCAAFP 23.9 ug/L,

200.0

and DCAAFP 51.2 ug/L, respectively [25].
Comparatively, our study revealed that the
levels of TCAAFPs in river waters in Thai
were higher than DCAAFPs, meaning that the
composition of the DOM may be different.
Subsequently, the treatability may be different
from the other areas, and a comprehensive
treatment approach may need to be considered
for ensuring the safety and proper water quality
in the water supply system in Thailand.

Figure 2B shows the concentrations of
HAAFPs per DOC in the three samples. The
Chao Phraya, Mae Klong and Tha-Chin rivers
had TCAAFPs of 31.2, 24.4, and 26.5 ug/mg C,
and DCAAFP concentrations of 13.1, 11.1
and 12.0 pg/mg C, respectively. No significant
differences were found between rivers. Not much
difference was also found for brominated HAAFP.
Since trihaloacetic acid FPs were greater than
dihaloacetic acid FPs, major precursors of HAAS
were likely to have aromatic moieties.
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Figure 2 (A) HAAFPs and (B) HAAFPs per DOC of the river waters
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Figure 3A illustrates the correlation
between the sum of HAAFP per DOC and DOC
levels in the Chao Phraya River, Mae- Klong
River and Tha-chin River. Figure 3B depicts
the correlation between the values of brominated
HAAFP/DOC and the concentration of
bromide ions. The Tha-Chin River displays a
notable presence of brominated HAAFP,
characterized by elevated levels of bromide ions.

~
<

Consequently, after chlorination, the Br~ levels
exhibited an increasing proportion of brominated
HAA compared to chlorinated HAAFP.
These results suggest that the concentration of
DOC and Br have an impact on the increase in
the HAAFP. The presence of Br specifically
causes a shift in the distribution of HAAs
towards more brominated species, leading to an
increase of brominated HAASs [25].
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Figure 3 Relationships between (A) the sum of HAAFPs per DOC and DOC,
(B) the sum of only brominated HAAs and Br~ concentrations

HAAFP percentage occurring in three tropical
rivers in Thailand

Figure 4 displays the distribution
percentage of HAAFPs in the three rivers:
the Chao Phraya, Tha-Chin, and Mae Klong
rivers. The patterns of HAAFPs were similar
across all rivers, with TCAAFP and DCAAFP
predominantly comprising over 90% of all
HAAFPs. The identified HAAFP types
included TCAAFP, DCAAFP, BDCAAFP, and
BCAAFP. TCAAFP was the most prevalent,
accounting for approximately 60%—64% across

the three rivers, with the highest proportion
found in the Chao Phraya River. DCAAFP
comprises 27%—-29% of the total, with the
highest proportion observed in the Mae-Klong
River. BDCAAFP accounts for 6%—7.6% and
is most commonly found in the Tha-Chin
River, while BCAAFP constitutes 1.6%-2.7%.
Additionally, other HAAFP types are present in
minute amounts, including MCAA (0.6%—
0.8%), CDBAAFP (0.21%—-0.50%), TBAAFP
(0.21%—-0.50%), MBAAFP (0.06%—-0.14%),
and DBAA (< detection limit).
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Figure 4 The percentage of HAAFP in tropical rivers in Thailand
Conclusion HAAFP (BDCAAFP, BCAAFP), indicating a

A significant finding is the presence
of Br in tropical rivers in Thailand, with
concentrations  detected in the Tha-Chin
(44.79 pg/L), Chao Phraya (41.34 ug/L) and
Mae-Klong rivers (18.22 ug/L). The bromide ion
concentrations of these rivers were influenced
by seawater intrusion from the Gulf of
Thailand.

The occurrence of TCAAFP, DCAAFP,
BDCAAFP and BCAAFP were identified in
these rivers, with HAAS5 (the sum of
chlorinated HAAs, MBAA and DBAA were
not detected.) levels significantly exceeding the
US EPA and EU regulations (60 pg/L).
DCAAFPs in the Chao Phraya River exceeded
WHO guideline values (50 pg/L), indicating
treatment is necessary for drinking tap water.
TCAAFPs in the Chao Phraya River were
close to WHO guidelines (200 pg/L) but
in all three rivers greatly exceeded the
regulations in Japan's regulations (30 pg/L),
which means that TCAA is also needed to
monitor for safe tap water. The HAAFP
distribution in the Chao Phraya, Tha-Chin,
and Mae Klong rivers shows TCAAFP
(60%—-64%) and DCAAFP (27%-29%) as the
most prevalent, with minor contributions from
BDCAAFP, BCAAFP. The presence of Br in
river samples, notably in the Tha-Chin River,
correlated with increased levels of brominated

positive correlation between Br  levels and
HAAFP formation.

Consequently, using chlorine in the
water treatment process in the presence of Br
can lead to the formation of brominated
HAAFP, posing potential health risks.
Therefore, the significant formation of
brominated HAAFP is considerable in water
sources with increased bromide levels. To
build upon these findings, further research
should extend the duration of data collection
and incorporate information on rainfall
amounts at each sampling site. Precipitation
significantly impacts seawater intrusion and
Br- concentrations. A thorough understanding
of these dynamics is essential for a
comprehensive analysis of their influence on
water quality. This approach will elucidate
the relationship  between environmental
conditions and the formation of DBPs,
ultimately leading to more efficient water
treatment strategies.
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Abstract

This research was carried out to investigate the effect of in-situ aeration on leachate qualities
in simulated lysimeters containing uncompacted municipal solid wastes representing typical
municipal solid waste disposal conditions in Thailand. The study was performed by applying
different aeration conditions to the lysimeters and leachate volume and its chemical characteristics
were monitored over 6 months. The air supply conditions varied from natural ventilation to active
aeration at rates of 0.18 and 0.36 I/min. The generated leachate was compared to the control
lysimeter representing typical anaerobic disposal conditions. The lysimeters operated at a high
airflow rate of 0.36 1/min and natural ventilation had their leachate qualities in terms of organic
(BOD, COD) and nitrogen (TKN) well stabilized by more than 90% within 30 days. Under low
aerated conditions (0.18 1/min), organic stabilization in leachate required more than 100 days
whereas TKN removals were also highly fluctuated. Based on the results from this study, waste
disposal operation under natural aeration through a ventilation pipe installed into the uncompacted
waste layer would be sufficient to reduce organic and nitrogen pollutants in leachate to the same
level as the highly aerobic landfill condition.

Keywords : Landfill aeration; Leachate generation; Leachate quality; Waste stabilization

development of the aerobic condition in the
waste matrix [4].

Direct land disposal of fresh municipal The aeration concept has been introduced
solid wastes (MSW) is practiced in most for waste stabilization and reduction of
developing countries. Conventional landfills are environmental impacts. The introduction of air
mostly designed so that the disposed wastes are could accelerate the microbial degradation
kept isolated from the outside environment process and reduce pollutant emissions both in
causing a dry anaerobic environment, which terms of gaseous and leachate forms. Aerobic

Introduction

is unfavorable for microbial decomposition.
Therefore, waste stabilization processes take a
long time, and products from land disposal of
MSW such as gas and leachate are continuously
generated, demanding long-term monitoring and
pollution control [1]. To mitigate these problems,
new operating techniques were developed in an
attempt to accelerate the waste stabilization
process and reduce pollutant discharge such as
the use of the bioreactor concept through
leachate recirculation and storage [2, 3] or the

conditions in waste disposal areas can be
promoted either through passive or active
aeration methods. In Japan, naturally aerated
landfills so-called "semi-aerobic landfills" have
been developed by Fukuoka University where
leachate and gas are continuously removed from
the waste mass using leachate collection and gas
venting systems allowing ambient air flows
into the waste body [5]. Meanwhile, the active
acration method using a mechanical air-
pressurized system is popularly implemented in
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European countries [6]. In-situ aeration through
pipes applied in a shallow landfill provided a
widespread distribution of air into the waste
body [7]. The air intrusion into the waste body
leads to the subsequent improvement of
waste stabilization and leachate qualities due to
the enhancement of aerobic microbial activities
within the waste cell [8]. Under aerobic
conditions, organic matter present in wastes
is subjected to biodegradation by aerobic
microorganisms to carbon dioxide and water.
Enhancement of organic carbon mineralization
under aerobic treatment compared to that of
anaerobic treatment has been confirmed [9].
Development of aerobic conditions in landfills
resulted in rapid reduction of organic pollutants
and reduction of methane emission [10]. In this
regard, it was reported that aerobic treatment led
to lower emissions due to the increased sorption
capacity of aerated wastes than a lower overall
pollutant potential [9]. Leachate qualities were
found to be significantly improved under semi-
aerobic and aerobic conditions in the landfills
when compared to conventional anaerobic
landfills [11, 12]. Ma et al. [13] reported the
effects of aeration on the improvement of
leachate qualities reaching 97% of Chemical
Oxygen Demand (COD) and 88% of ammonium
nitrogen (NH,") removals. Liu et al. [14] also
reported the beneficial effects of providing
micro-aeration and leachate recirculation on the
acceleration of landfill stabilization through
promoting hydrolytic activities.

Despite the obvious advantages of
providing semi-aerobic and aerobic conditions in
MSW disposal sites, the effect of aeration either
provided through active or passive aeration
operation on the waste matrix is still unclear.
Some previous attempts have been performed
using intermittent aeration operation [12, 15]
pre-aeration [16], or aeration during leachate
recirculation [17]. In a previous review of landfill
aeration research [18], optimum aeration rates
were found to vary widely ranging from
0.00006-4.51 I/min/kg dry mass depending on
aeration mode (continuous or intermittent), waste
characteristics (fresh or old) and disposal
condition (low or high waste densities) and
operating conditions such as temperature and
leachate recirculation practice. Meanwhile, clear
operation guidelines to achieve appropriate
aerobic conditions in MSW disposal sites under
different waste disposal and climatic conditions

have not been developed especially those
disposed as uncompacted waste under high
moisture conditions which is the predominated
condition of MSW in Thailand. In this study, the
effect of in-situ aeration on leachate characteristics
was experimentally investigated to determine
appropriate conditions for reducing leachate
pollution from MSW disposal sites in Thailand.

Materials and Methods

Experimental set-up

Laboratory-scale lysimeters were made of
acrylic with 0.3 m diameter and 1.5 m height
(Figure 1). They were filled with MSW obtained
from a local authority in Thailand to an initial
height of 1.0 m and covered with a sand layer of
0.3 m. Major waste components were 63.5%
food waste, 4.9% paper, 14.4% plastic, and
10.2% glass (Table 1), representing typical MSW
composition received at solid waste disposal sites
in Thailand. Four lysimeters were operated under
different conditions. The first lysimeter was
operated under anaerobic conditions as the
control experiment. Another two lysimeters were
operated at different aeration rates of 0.18 and
0.36 I/min supplied by an air blower. The other
lysimeter was operated under passive aeration
(natural ventilation) through a vertical pipe (1 in.
diameter). The amount of MSW placed in each
lysimeter was 25.7 kg wet weight (or 7.7 kg dry
mass) except for that of natural aeration in which
23.9 kg of wet wastes (or 7.2 kg dry mass) were
added due to lower active lysimeter volume from
vertical aeration pipe placement. The initial
waste densities in all lysimeters were set equally
at 385 kg/m’. The aeration rates in aerated
lysimeters were set equivalent to 0.023 and 0.046
I/min/kg dry mass of solid waste which were
reported as optimum conditions in previous
landfill aeration studies [19-20]. In those
researches, aeration rates of 0.027-0.043 1/min/kg
dry mass were reported as appropriate conditions
for fresh waste disposed under low compaction
densities (350-384 kg/m’).

Table 1 presents the physical composition
and chemical characteristics of solid wastes
used in this study. The chemical analyses of
solid wastes were performed according to the
procedures provided by the Soil and Plant
Analysis Council [21]. During the lysimeter
operation, waste temperature and settlement
were also monitored weekly.
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Figure 1 Experimental lysimeters with different aeration set-up

Table 1 Composition and chemical characteristics of MSW

59

Composition Percentage (wet wt.)
Food wastes 63.55
Paper/Newsprint/cardboard 4.86

Plastics 14.44

Rubber 0.32

Textile 2.07

Wood 0.84

Glass 10.21

Metals 1.60

Others 2.11

Chemical characteristics Percentage
Moisture 69.92 (wet wt.)
Volatile solids (VS) 93.45 (dry wt.)
Carbon (as TOC) 56.20 (dry wt.)
Nitrogen (as TKN) 3.34 (dry wt.)

Lysimeter operation, sampling, and analyses

The lysimeters were operated and
monitored for 6 months. The temperature
inside the lysimeters was measured at four
different levels along the waste height, i.e. 0.2,
0.4 m, 0.6, and 0.8 m. from the bottom of
lysimeters using thermometers. During the
experimental period, waste layer height,
leachate volume, and chemical characteristics
were monitored regularly. The determining
parameters included pH, biochemical oxygen
demand (BOD), chemical oxygen demand
(COD), total Kjeldahl nitrogen (TKN), nitrite

(NOy), and nitrate (NOj). All water quality
analyses were performed according to Standard
Methods for the Examination of Water and

Wastewater [22].

Results and Discussion

Waste characteristics in lysimeter

Figure 2 shows waste subsidence in the
lysimeters during 6 months of operation. The
control lysimeter had about 10% settlement,
significantly lower than the other aerobic
lysimeters  (25-35%). Comparatively, the
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lysimeters with active aeration had higher
waste subsidence than passively aerated
lysimeters, especially after about 100 days of
operation. The higher settlement rate observed
in the aerobic lysimeters could relate to faster
biodegradation of organic wastes under aerobic
conditions. Figure 3 shows the average
temperature of solid waste in the lysimeters.
While the temperatures were found to fluctuate
with time, it was noticed that higher average
temperatures were temporally detected in
aerated lysimeters compared to the control
lysimeters, especially during the first 100 days
of operation. This temperature rise indicated
the heat released from the aerobic
decomposition of organic wastes. It was also
noted that higher temperature was detected at
the bottom part of the lysimeters where
aeration was introduced. This observation
suggests that aerobic conditions prevailed in
the aerated lysimeters. The temperatures in the
lysimeter supplied with a higher aeration rate
(0.36 1/min) were found relatively stable than
the others, especially during the early stage of
operation. Meanwhile, the lower aerated
lysimeter (0.18 1/min) had its temperature
highly fluctuated possibly due to the
occurrence of facultative or semi-aerobic
conditions with temporal temperature rise
observed twice during the experimental period,
i.e. after the first week and towards 100 days of
operation. These results also suggested that a
more uniform distribution of supplied air took
place in the lysimeter operated at a higher
aeration rate of 0.36 1/min. These temperature-
rise incidents were followed by high waste
subsidence observed in the lysimeter so they
are expected to be associated with the waste
degradation.  Under natural ventilation
conditions, the highest temperature was
observed during the start-up period and it
declined to the same level as the other
lysimeters and mostly became stable afterward
whereas the waste subsidence suggested its
conditions were between the control
(anaerobic) and active aeration conditions.

Leachate quantity and qualities

During the lysimeter operation, the
amount of leachate formed and drained from the
lysimeters was recorded. The total cumulative
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Figure 2 Waste subsidence in the lysimeters
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Figure 3 Variation of temperatures of waste in
the lysimeters

volume of leachate from the control lysimeter
was found to be approximately 2 liters whereas
the highest detected volume was 8 liters from the
naturally ventilated lysimeter as shown in
Figure 4. The two aerated lysimeters have about
the same volume of leachate at about 6.5 liters
but it was found that the lysimeter with a higher
aeration rate produced leachate faster than the
other during the early stage of operation. The
amount of leachate produced primarily comes
from the original moisture content in waste as
well as that produced from organic waste
degradation. The reduction of organic matter in
solid waste during its degradation also reduced
water holding capacity of landfilled waste
whereas a greater ventilation rate resulted in
lower water content of landfilled waste due to the
water evaporation effect [23]. Comparing aerated
and naturally ventilated lysimeters, a higher
volume of leachate was observed in naturally
ventilated lysimeter as most of the moisture loss
occurred only through leachate formation in the
lysimeter whereas those aerated lysimeters had
their moisture loss occurred through leachate
formation as well as evaporation of water.
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Figure 4 Cumulative leachate volume produced
during lysimeter operation

Figures 5a) to S5e) show the chemical
characteristics of leachate from the lysimeters in
terms of pH, BOD, COD, TKN, and oxidized
nitrogen. Leachate from the control lysimeter
was found to be acidic and contained higher
organic and nitrogen concentrations. Meanwhile,
other aerobic lysimeters produce more stabilized
leachate, being alkaline while containing
low BOD, COD, and TKN concentrations after
30 days of operation and became stable mostly
during the whole experimental period.
The oxidized nitrogen was also detected in
leachate from those aerobic lysimeters but at
much lower concentrations when compared to
TKN. These results indicate that aerobic
condition in the lysimeters has significantly
improved leachate qualities and simultaneous
nitrification and denitrification reactions possibly
took place in the lysimeters according to the
following reactions assuming organic matter
available for denitrification reaction was in the
form of acetic acid.

- Nitrification reaction:
NH; + 20, 2 H" + NO; + H,0

- Denitrification reaction:
5CH;COOH + 8NO; = 4N, + 10CO, +
6H,0 + 8OH"

Among the aerated lysimeters, the
lysimeter with the highest aeration rate
(0.36 I/min) had the lowest organic pollutant
leaching out during its operation. Meanwhile, the
lysimeter with natural ventilation conditions also
yielded good and stable leachate qualities which
suggested that the air supply was sufficiently
provided for its leachate stabilization. Under
lower aeration conditions (0.18 I/min), the
qualities of leachate fluctuated and it took longer
time up to more than 100 days to be stabilized.
However, this stabilization period (100 days) is
similar to that reported for leachate stabilization
in the semi-aerobic recirculation process [24]
but comparatively shorter than that of large-scale
simulated semi-aerobic landfills reported at
48 weeks [25]. These results also suggested
that air supply into un-compacted waste under
natural ventilation conditions was similar to that
of a higher aeration rate of 0.36 I/min whereas
there was no uniform distribution of air at a
lower aeration rate of 0.18 I/min for leachate
stabilization.

The pollutants load from produced
leachate was determined from the leachate
amount and pollutant concentrations at the end
of the lysimeter operation. Comparing among
the lysimeters, it was found that the lysimeter
operated at a higher aeration rate (0.36 I/min)
yielded the lowest pollutant load as it had their
organic and nitrogen pollutants well stabilized
whereas its leachate amount was similar to that
observed in lower aerated condition and lower
than of natural ventilation lysimeter. However,
pollutant load from natural ventilation
conditions was also not very much higher due
to a similar degree of leachate stabilization
achieved though a larger volume of leachate of
about 20% was observed. Meanwhile, the
control lysimeter had the highest pollutant load
due to high pollutant concentrations contained
in leachate even though it produced a lesser
amount of leachate.
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Conclusions

The effect of aeration on improved
leachate qualities from uncompacted solid waste
disposal was confirmed in lysimeter experiments.
The lysimeters operated at a higher air flow rate
(0.36 l/min) and natural ventilation had their
leachate qualities in terms of BOD and COD well
stabilized by more than 90% within 30 days
whereas those in low airflow condition (0.18
1/min) required more than 100 days. Meanwhile,
organic substances in leachate were not stabilized
during the whole experimental period under
anaerobic conditions. TKN removals of more
than 90% were also achieved in the lysimeters
with 036 lmin air flow rate and natural
ventilation after 30 days whereas their removals
fluctuated under low air flow rate and anaerobic
conditions. The majority of nitrified nitrogen was
denitrified in the lysimeters resulting in low
oxidized nitrogen in the leachate. The supply of
sufficient air through active aeration at a
higher rate (0.36 I/min) or natural ventilation
significantly improved and accelerated organic
waste degradation and leachate stabilization from
the traditional anaerobic conditions. This in-situ
aeration utilizing ventilation pipes installed into
the uncompacted waste layer could help reduce
leachate pollution from solid waste disposal sites
i Thailand, similar to that of aerated landfills.
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Abstract

Skincare is a variety of practices to maintain skin integrity, enhance appearance, and
alleviating skin conditions. Thailand's skincare market has seen substantial growth, becoming the
dominant sub-sector in cosmetics. Microbial contamination in the skincare can occur when the
manufacturing process are not well controlled. The objective of this research is to establish criteria
for managing appropriate levels of microbial quantities in the air of Good Manufacturing Practice
(GMP) cosmetics production facilities. Airborne microbial samples are collected using both active
air sampler and settle plate techniques at varying time intervals, followed by a comparative analysis.
The skincare creams as representatives showed that the total airborne microbial counts using the air
sampling method, ranged from 85 to 252 cfu/m®. For the settle plate method for 4 and 1 hours
ranged from 8 to 90 cfu/4h and 1 to 59 cfu/h. The action limits from control charts at 341 cfu/m®,
107 cfu/4h, and 59 cfu/h for the respective methods. Based on the results of this research, it can be
concluded that the monitoring criteria for cosmetics manufacturing facilities, with a specified limit
for airborne microbial counts not exceeding 100 cfu/4h (sterile medicinal products at Grade D) or
50 cfu/h (moderate IMA level).

Keywords : airborne microbial contamination; cosmetics; good manufacturing practice (GMP);
indoor air quality; microbial environmental monitoring; monitoring criteria
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Introduction

Cosmetic products, as non-sterile health
products, require production in clean
environments to prevent contamination risks
that can compromise product quality, consumer
safety, and industry reputation. Although
not subjected to the same aseptic standards
as vaccine production, high-risk cosmetic
products are susceptible to contamination,
which can have repercussions on both health
and product quality.

Skincare encompasses a range of
practices designed to preserve skin integrity,
enhance its appearance, and address various
skin conditions such as lotions, facial creams,
eye creams, sunscreens, skin serums, hair and
scalp treatments, and non-colored lip balms.
The skincare market in Thailand has witnessed
substantial growth in recent years, establishing
itself as the predominant sub-sector within the
cosmetic industry.

To prevent microbial cross contamination
during production, it is imperative to maintain
the cleanliness of five key sources: water, raw
materials, equipment, personnel, and the
environment [1]. FDA data from 2004-2011
reveal that 31% of cosmetic product recalls
were attributed to microbial contamination,
predominantly the Pseudomonads group, with
Burkholderia cepacia (formerly Pseudomonas
cepacia) accounting for 34% of cases. This
marked an increase from the 22% prevalence
observed during 1998-2006 [2]. Furthermore,
between 2002 and 2016, there were 313
cosmetic recalls, with the majority linked to
bacterial contamination. These recalls included
14 level 1 recalls (indicating severe health
risks), 266 level 2 recalls (associated with
temporary health effects), and 33 level 3 recalls
(with no significant health concerns) [3].

Due to these global concerns, regulations
such as Good Manufacturing Practice (GMP)
have gained significance in ensuring the safety
and quality of health products. These guidelines
focus on controlling personnel hygiene,
production facilities, equipment, environmental
conditions, manufacturing processes, quality
control, and storage.

Microbiological standards for cosmetics
establish limits, with a maximum total microbial

count (including yeast and mold) of 1000 cfu/g or
ml. Prohibited microorganisms in 1 g or 1 ml
include Pseudomonas aeruginosa, Escherichia
coli, Staphylococcus aureus, and Candida
albicans [4]. Cosmetics are categorized under
various classifications, such as skincare,
foundation, powder, hair color, and fragrance
products [5]. The risk associated with these
products depends on factors such as pH, alcohol
content, hydrogen peroxide, filling temperature,
and water activity, as detailed in ISO 29621 [6]
guidelines for low-risk products. High-risk
products, such as skincare creams, can
remain susceptible to contamination during
production, even within controlled environments,
highlighting the necessity for microbiological
environmental monitoring.

Criteria of cleanroom for pharmaceutical
production

Microbiological Environmental Monitoring
(EM) is a means of demonstrating acceptable
microbiological quality in a controlled
environment and detecting changes in time.
It involves collecting data on microbial counts
recovered from air, surfaces, and people in
pharmaceutical production area. EM describes
the microbiological testing for evaluating
the cleanliness of manufacturing environments
of both sterile and nonsterile products [7].
In the context of sterile pharmaceutical control,
EM encompasses four tests: active air samples
or volumetric sampling, settle plates, contact
plates, and fingerprint sampling during
cleanroom monitoring. The limits for microbial
EM listed in Table 1 apply exclusively to
sterile pharmaceuticals, such as vaccines.
These standards serve the purpose of
prequalification, distinguishing grades A, B, C,
and D, where "A" denotes operations in at-risk
areas, "B" for sterile areas, "C" for control
areas, and "D" for support areas [8-9].

Table 1 Microbiological cleanliness levels in

operation
Air Dia. 90 mm. Dia. 55 mm. Glove
Grade| Sample | Settle Plate Contact Plate print
(cfum®) (cfu/dh) (cfu/plate) (cfu/glove)

A <1 <1 <1 <1

B 10 5 5 5

C 100 50 25

D 200 100 50
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Cleanroom environments are established
based on ISO 14644-1 and ISO 14698-1
standards to ensure cleanliness and control [10],
with the Pharmaceutical and Healthcare
Sciences Society [11] consolidating several
cleanroom standards. The microbiological limits
in cleanrooms are typically classed as follows:
Class 100000, comparable to 1ISO 8 and EU
Grade D, with values of 200 CFU/m® or settle
plates (90 mm) at 100 CFU/4 hours; Class 10000,
similar to ISO 7 and EU Grade C, with values of
100 CFU/m® or settle plates (90 mm) at 50
CFU/4 hours; and Class 100, which aligns with
ISO 6,5 and EU Grade A and B.

Anocther criterion, as proposed by
Pasquarella et al. [12], is the index of microbial
air contamination (IMA), which is based on
microbial fallout counts on Petri dishes exposed
to the air according to the 1/1/1 scheme (for
1 hour, 1 meter from the floor, at least 1 meter
away from walls or any obstacles). IMA is
classified into five categories: 1) very good: 0-5;
2) good: 6-25; 3) fair: 26-50; 4) poor: 51-75;
and 5) very poor: > 76.

However, there is currently a lack of
specific  microbial  contamination  control
criteria for cosmetics or non-sterile health
product manufacturing facilities. This absence
of standardized control criteria has left
manufacturers without reliable benchmarks.
Utilizing criteria from pharmaceuticals may not
be suitable for cosmetics due to variations in
product characteristics. Implementing stringent
control measures such as fumigation to eliminate
contaminants within production areas can be
costly and disruptive. In contrast, the food
industry provides guidelines for microbiological
laboratory working areas, setting a limit of
no more than 15 cfu/l5 minutes (FDA-BAM,
2001).

Salaman [13] advises manufacturers to
create their own suitable control criteria by
assessing the risks associated with microbial
cross-contamination  in the  environment.
Subsequently, control criteria for microbes can be
developed through the generation of statistical
control charts. Furthermore, Pitzurra et al. [14]
recommend generating scientific data to
select dependable and appropriate methods
tailored to the facility's needs. Validation and
verification of these methods should precede
implementation. Additionally, it is advisable to
establish Standard Operating Procedures (SOPS)

concerning environmental microbial sampling,
data interpretation, and ensuring precise and
consistent understanding among personnel.

This research-intensive approach can pose
challenges for microbiologists in industrial
settings, as it entails routine work and significant
responsibilities. These challenges can be quite
demanding for microbiologists in the industry,
typically employed in laboratories as quality
control or quality assurance officers. Their
workload is generally characterized by routine
tasks and more.

The objective of this study is to establish
criteria for managing appropriate levels of
airborne  microbial contamination in  Good
Manufacturing  Practice (GMP)  cosmetics
production facilities to ensure product quality and
safety, with a focus on skincare cream
production.

Materials and Methods

Selection of Sampling Sites

To comprehensively analyze microbial
contamination within the cosmetic cream
manufacturing sector, five manufacturing
facilities in Thailand were chosen. During the
selection process, careful attention was given
to identifying high-risk zones characterized by
direct interaction between the air and products
or raw materials. These zones included areas
such as weighing rooms, mixing rooms, semi-
product storage rooms, filling rooms, and
packaging rooms.

We selected five skincare cream
manufacturing facilities certified under the
ASEAN Cosmetic GMP guidelines [15],
representing the cosmetics industry. The choice
to emphasize skincare cream manufacturing is
rooted in the significant expansion of the skincare
market in Thailand, where skincare has emerged
as the dominant sub-sector among all cosmetic
categories. The susceptibility of skincare
products to microbial contamination arises from
insufficient control measures during both the
manufacturing process and storage.

Sampling Techniques and Equipment

A multifaceted approach to airborne
microbial sampling was employed, utilizing
various techniques and equipment: Volumetric
Air Sampling - One cubic meter (1 m3) of
air within the manufacturing chambers was
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collected using the Sampl’Air Lite device by
BIOMERIEUX [8, 16]. Settle Plate Method
(4-Hour Exposure) - Standard Petri dishes
with a 90 mm diameter were used [8].
Settle Plate Method (1-Hour Exposure, per
the Index of Microbial Air Contamination,
IMA) - following the 1/1/1 scheme, involving
placement 1 meter from the floor and at least 1
meter away from walls or any relevant physical
obstacles. Petri dishes with a 90 mm diameter
were employed [12].

Environmental parameters that could
influence the study outcomes, including
personnel count, temperature & humidity
[thermo-hygro-meter], and wind speed
[anemometer], were measured and recorded.

Culture and Analysis

TSA (Tryptic Soy Agar, [HIMEDIA])
and DG-18 ([HIMEDIA]) were used for
bacterial and fungal analysis, respectively [17].
MacConkey Agar ([HIMEDIA]) was employed
for the cultivation of Gram-negative bacteria [18].
Bacterial sample agar plates underwent
incubation at 35°C for 48 hours, while fungal
culture plates were incubated at 25°C for 5-7
days.

Microbial Identification

Following incubation, each sample
underwent  meticulous  examination  to
determine the presence or absence of colony
forming units (CFU). Bacterial identification
involved Gram's staining and morphological
characterization, while fungal species were
identified based on colony and hyphal
morphology, with the assistance of staining
using lactophenol blue.

The 16S rRNA gene analysis was
used for identifying bacterial isolates. The
amplification and sequencing of the 16S rRNA
gene were performed by Macrogen (Seoul,
South Korea) using universal primers [19].
BLAST was performed using the EzBiocloud
16S database [20].

Risk assessment

To conduct a risk assessment for microbial
contamination, we will assess the "likelihood"
and “impact" of contamination. Likelihood is
associated with the contamination rate from the
airborne environment, expressed as a percentage
of the contamination rate (% CR). Meanwhile,

the impact pertains to the results of total
microbial and Gram-negative bacterial counts
that the cosmetic product is from each production
room, as presented in Table 2

Table 2 The five levels of impact from the
the microbial count and types

Score - . Impact
Level Microbial count and types (CFU) Level
1 Total count <10 & No Gram - Negligible
2 Total count 10-100 & No Gram - Minor
3 Total count 100-500 & No Gram - Moderate
Total count 500-1000 and/or .
4 found Gram - Major
Total count >1000 and/or .
5 found Gram - Critical
To evaluate this, we will create a risk
matrix based on the likelihood-impact

relationship, using the % CR values to generate
likelihood tables for contamination at five
levels, as presented in Table 3. The likelihood
levels are determined by referencing the
IMA table, and the maximum value in each
IMA table range is used to calculate the
contamination rate (%CR) according to
Sandle's Numerical Approaches to Risk
Assessment [7] as follow;

% CR = Settle plate count x Area of product x Time product exposure x 100
Area of Petri-dish ~ Time settle plate

%CR calculation is based on the surface
area of the product, determined by the cross-
sectional area of the cream container (4 cm)
and the surface area of the agar plate (9 cm).
The product's exposure to air lasts 1 minute,
while the agar plate is exposed for 1 hour,
following the IMA method.

Table 3 The five likelihood levels of microbial
contamination

Likelihood % Contamination rate| Score

Level IMA value (%CR) Level
Very good 0-5 <2% 1
Good 6-25 >2-8% 2
Fair 26 - 50 >8-16 % 3
Poor 51-75 >16-25% 4
Very poor >75 >25% 5

We can multiply each likelihood and
impact level to establish the risk matrix shown
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in Table 4. The microbial contamination risk
can be estimated from the risk matrix. This
matrix contains five colored boxes. The red
boxes are very high-risk, the orange boxes are
high-risk, the yellow boxes are moderate-risk,
the light blue boxes are low risk, and the green
boxes are very low-risk.

Table 4 The risk matrix by multiplying
likelihood and impact

Matrix Impact level
Risk Rating | Negligible | Minor | Moderate | Major | Critical
B [Frequent 5 |10 | 15 | 20 | 25
2 Probable 4 8 12 16 20
g Occasional 3 6 9 12 15
3
f Remote 2 4 6 8 10
Improbable 1 2 3 4 5

The control chart calculation

The Shewhart Control Chart Method [21]
involves establishing statistical control criteria
by sampling microbial data. Typically, 20-30
consecutive samples are collected to construct
a variable control chart. The mean and standard
deviation (SD) are calculated to set the
warning limit at mean + 2SD and the action
limit at mean + 3SD, providing a robust
framework for monitoring and controlling
contamination risks.

Results and Discussion

Airborne Microbial Assessment in Cosmetics
Manufacturing Factories

1. Factory 1: skincare creams and powder
Microbial counts in the air at critical points
within Factory 1 were sampled in 9 rooms.
It was found that the total microbial count in the
air, using the air sampling method, ranged from
87 to 252 cfu/m?® (colony-forming units per cubic
meter). Count placed on agar plates for 4 hours
ranged from 9 to 49 cfu/4h, and those placed on
agar plates for 1 hour ranged from 1 to 18 cfu/h,
as shown in Table 5. The fungal count in the air,
using the same air sampling method, ranged
from 87 to 203 cfu/m® and agar plates for
4 hours, ranged from 10 to 45 cfu/4h. The gram-
negative bacterial count in the air, using agar
plates for 4 hours, ranged from 0 to 5, as shown
in Table 7.

It was observed that the total microbial
count in the air in all rooms was relatively low
when compared to the microbial control
standards for cosmetics. However fungal counts
obtained from air sampling were also high (87 to
203 cfu/m® which is above the 1SO 7218 [22]
recommendation that suggests using agar plates
with a diameter of 90 mm for fungal counts with
a range between 10-150 cfu (for bacteria, the
range should be between 10-300 cfu). Therefore,
in the subsequent research within the factory, the
fungal testing was discontinued using the air
sampling method.

2. Factory 2: skincare creams

Microbial counts in the air at critical points
within Factory 2 were sampled in 5 rooms. It was
found that the total microbial count in the air,
using the air sampling method, ranged from 105
to 240 cfu/m®. Count placed on agar plates for
4 hours ranged from 25 to 90 cfu/4h, and those
placed on agar plates for 1 hour ranged from
14 to 41 cfu/h, as shown in Table 5. The fungal
count in the air on agar plates for 4 hours,
ranged from 18 to 74 cfu/4h. The gram-negative
bacterial count in the air, using agar plates for
4 hours, ranged from 0 to 1, as shown in Table 7.

3. Factory 3: skincare, mascara, hair dye

Microbial counts in the air at critical points
within Factory 3 were sampled in 14 rooms.
It was found that the total microbial count in the
air from skincare and makeup products, using
the air sampling method, ranged from 108 to
270 cfu/m®. Count placed on agar plates for
4 hours ranged from 26 to 164 cfu/4h, and those
placed on agar plates for 1 hour ranged from 4 to
58 cfu/h.

The airborne microbial assessment of hair
dye products, conducted using the air sampling
method, revealed a range of 262 to 400 cfu/m”.
The counts placed on agar plates for 4 hours
varied from 134 to 701 cfu/dh, while those
placed on agar plates for 1 hour showed a range
of 52 to 100 cfu/h, as detailed in Table 3.

Observations were carried out in the Hair
Care Mixing A room, designated for hair dye
mixing. The total microbial count in this room
reached as high as 701 cfu/4h and 100 cfu/h. This
elevation in microbial counts can be attributed to
the use of water spray within the room to regulate
temperature, resulting in a substantial increase in
airborne contamination levels. However, the air
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sampling method yielded a lower count of
400 cfu/m®. This variance may be associated
with the air sampling technique, which entails
drawing air through approximately 300 holes.

The fungal count in the air on agar
plates for 4 hours, ranged from 5 to 110 cfu/4h.
The gram-negative bacterial count in the air,
using agar plates for 4 hours, ranged from 0 to
91, as shown in Table 7.

4. Factory 4: skincare creams

The results of microbial analysis in the air
within Factory 4 which only skincare creams
products were examined in 6 rooms. It was found
that the total microbial count in the air, using
the air sampling method ranged from 85 to
240 cfu/m®, agar plates for 4 hours and 1 hour
ranged from 8 to 34 cfu/4h. and 1 to 26 cfu/h,
respectively as shown in Table 5. The fungal
count in the air, using agar plates incubated for
4 hours, ranged from 3 to 17 cfu. The gram-
negative bacterial count in the air, using agar
plates incubated for 4 hours, ranged from 0 to 3.

5. Factory 5: skincare creams and powder
The results of microbial analysis in the air
within Factory 5, were examined in 7 rooms.
It was found that the total microbial count in the
air, using the air sampling method and agar plates
incubated for 4 hours and 1 hour, ranged from
124 to 242 cfu/m® 37 to 73 cfu/dh, and 16 to
59 cfu/h, respectively. as shown in Table 5.
The fungal count in the air, using agar plates
incubated for 4 hours, ranged from 28 to 74 cfu,
and no gram-negative bacteria were detected in
the air.

From all the data, Factory 4 had the lowest
microbial count, with production room walls
and ceilings made of ISOWALL and PU
(Polyurethane) flooring, both of which are easy
to clean. The next lowest microbial count was
found in Factory 1, where, despite using smooth
concrete or partition walls, the facility was well-
managed and maintained in terms of cleanliness.

The comparison of results from airborne
microbial examinations across 41 rooms in five
Cosmetics Manufacturing Factories showed that
using the air sampler with the European
Union Good Manufacturing Practice (EU GMP)
method [8], and a settle plate for 4 hours with the
EU GMP method, and a settle plate for 1 hour
with the IMA method, yielded mean values of

194 cfu/m?, 84 cfu/h, and 28 cfu/h, respectively.
The corresponding standard deviations (SD)
were 84 cfu/m®, 116 cfu/dh, and 24 cfu/h.
Elevated SD values, surpassing the mean, raise
concerns about data reliability. Individual factory
analysis revealed that Factory 3 had significantly
higher levels of total microbes, gram-negative
bacteria, and fungi compared to others.
To identify outliers, a Huge Error method
was applied, uncovering values exceeding 4
for all hair care production rooms and some
skincare production rooms.

Consequently, an  additional  risk
assessment was conducted to validate the
reliability of the test results, focusing on product
types: skincare, makeup, and hair care products.
Each production area for different cosmetic
product groups was distinctly separated
according to their respective categories.
The outcomes of this risk assessment led to
the following conclusions:

Risk assessment for cosmetics plant

The results of the risk assessment for the
cosmetics manufacturing plant indicate that,
during the risk identification survey of the
production area in Factory 3, it was found that
this factory produces skincare, makeup, and hair
care products. Samples of airborne microbes
were collected in 14 risk rooms, which are
rooms directly in contact with raw materials and
products, as illustrated in the factory layout in
Figure 1

According to Table 6, the raw material
weighing and mixing rooms in Factory 3 pose
the highest risk probability, reaching level 5.
Similarly, three packing rooms also exhibit the
highest risk probability, yet the microbial
guantities for each product in these rooms are
minimal (less than 10 cfu/g), with no gram-
negative bacteria, resulting in negligible
impact levels. The risk matrix by multiplying
likelihood and impact, places the overall risk
levels between 1 and 3, deemed acceptable
(see Table 4).

The comprehensive analysis of airborne
microbial contamination risk in Factory 3
indicates the production of various cosmetic
groups, spanning skincare, makeup, and hair
care. Notably, the hair care group has
comparatively lower cleanliness standards,
resulting in a medium risk level.
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Table 5 Comparison method of air sampling, settle plates 4 hours and 1 hour

from 5 cosmetics factories

Factory Room Airr Sampler (cfu/m®) 90 mrpéfﬁi'itrllt)e Plate 90 mrr}b?ue/tﬁl)e Plate

1 Raw Material Weighing 222 20 N/D
Cream Mixing 87 13 2

Skin Cream Filling 252 49 18

Dust Powder Mixing 121 9 4

Dust Powder Filling 115 18 5

Cake Powder Mixing 116 14 1

Powder Grinding 124 40 15

Powder Sieving 105 32 15

Cake Powder Pressing 91 30 10

2 Raw Material Weighing 162 84 32
Cream Mixing Room 240 60 41
Semi-product Storage 105 25 14

Skin Cream Filling F1 156 54 14

Skin Cream Filling F2 195 90 36

3 Raw Mat. Weighing YK 135 81 24
Raw Mat. Weighing NB 197 103 36

Skin Care Mixing D 270 42 16

Cream Filling A 250 151 49

Skin Care Filling K 208 104 37

Skin Care Filling L 135 164 58

Make up Filling M 161 38 25

Make up Filling N 108 26 4

Raw Mat. Weighing Fl.1 368 229 66

Hair Care Mixing A 400 701 100

Hair Care Mixing B 350 205 52

Hair Care Mixing H 265 134 61

Hair Care Filling C 262 222 71

Hair Care Filling D 391 199 69

4 Raw Mat. Weighing 1 240 32 16
Raw Mat. Weighing 2 219 18 9

Cream Mixing 85 8 1

Bulk & Labelling 194 34 2

Cream Filling 127 9 6

Assembly 95 34 26

5 Raw Mat. Weighing 235 54 21
Drying 124 52 24

Cream Mixing 212 73 59

Semi-product Storage 241 37 22

Cream Filling 208 60 28

Packaging & Labelling 242 56 25

Storage 137 44 16

Average / Mean 194 84 28

Standard Deviation 84 116 24
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Figure 1 Layout of Factory 3 — Cosmetic Production plant skincare, mascara, hair dye

Table 6 Contamination rate values (% CR) for all 14 risk rooms in Factory 3 to determine
the likelihood level

Room in Factory 3 Se(t(t)lfim)ate Area of product Tig(epggﬂggct % CR Likleel\i/E(I)Od
Raw Mat.Weigh YK 24 79 2 99 5
Raw Mat.Weigh NB 36 79 2 148 5

Skin Care Mixing 16 50 3 63 5

Cream Filling 49 7 1 9 3

Skin Care Filling K 37 0.5 1 19 4
Skin Care Filling L 58 20 1 30 5

Make up Filling M 25 1 5 2

Make up Filling N 4 1 0.1 1

Raw Mat. Weigh 1 66 79 2 272 5
Hair Care Mixing A 100 7 3 395 5
Hair Care Mixing B 52 50 3 205 5
Hair Care Mixing H 61 39 1 62 5
Hair Care Filling C 71 39 1 72 5
Hair Care Filling D 69 7 1 13 3

Table 7 The environment on microbial quantities in the air
Factory  Temperature Relative Wind speed Total Microbial Fungi Gram Neg.
(© Humidity (%) (km/h) Count (cfu/4 h) (cfu/d h) (cfu/d h)

1 23.3-335 36.1-63.5 0-17 9-69 10-45 0-5

2 25.6 - 30.6 59.7-71.9 0-20 25-90 18- 74 0-1

3 18.4-31.2 46.5 - 66.8 0-1.9 8-701 5-110 0-91

4 21.1-28.8 45.1 -56.0 0-08 8-34 3-17 0-3

5 19.7-255 40.5-58.9 0-01 37-73 28-74 0
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The influence of the environment on microbial
guantities in the air

The results of microbial testing in the air
of each room were examined in relation to
the environmental conditions to assess the
influence of the environment on microbial
guantities in the air, as detailed in Table 7.
It was found that environmental factors such as
temperature, humidity, and wind speed in each
room of all five factories did not show a
significant correlation with the quantity of
microbes in the air. Generally, the temperature
in each room, measured in each factory, ranged
from 20-33°C, which is a normal temperature
range for microbial growth. Meanwhile, the
relative humidity in the air generally ranged
between 40-60%, with some rooms having
humidity exceeding 60%, posing a higher risk
of mold formation. Rooms with humidity
below 40% were drier, and moisture from agar
plates could be released into the air, potentially
affecting the microbial assessment results [23].

Regarding wind speed within the rooms,
the measured values were generally low.
Continuous sampling throughout the year
revealed that temperature and relative humidity
influenced higher concentrations of airborne
fungi during the rainy season, aligning with
the findings of studies conducted in chocolate
factories [24] and in post-harvest fruit
environments [25]. These studies demonstrated
that temperature and humidity played a role
in increased airborne fungal concentrations
during the rainy season.

The classification of microbiology in the air
of cosmetic manufacturing

The classification of microbial types in
the air of cosmetic manufacturing factories 1 to
5 revealed variations among the factories.
The percentages for Gram-positive cocci were
78, 62, 63, 75, and 3%; Gram-positive rods
were 7, 16, 16, 15, and 3%; Gram-negative
bacteria were 13, 2, 4, 9, and 0%. As for
molds, the percentages were 2, 20, 1, 1, and
93%. Additionally, Gram-positive filamentous
bacteria were found to be 1%. A detailed
comparison of microbial classification for each
cosmetic factory in Figure 2.

netic Factory

Gram+ Cooc = Gram+ rod

Gram negative Fung

Figure 2 Comparison of type of Microorganism

In general, the predominant bacteria
found in most factories were Gram-positive
cocci, ranging from 62% to 78%. These
bacteria are commonly present on human skin.
Factory 5, however, showed a dominance
of fungi as the primary microorganisms,
reflecting the influence of external air where
molds are prevalent (299 cfu/4h or 87%).
Despite efforts to control microbial levels,
Factory 5 continued to have proportions similar
to those found outside.

These research findings align with the
study conducted by Sandle [26], which
investigated bacteria in cleanrooms with over
9000 samples over 9 years. The study found
that Gram-positive cocci, originating from
human skin, accounted for 81%, 63%, and 41%
in Grade A-B, C, and D rooms, respectively.
Gram-positive rods, sourced from soil,
followed, and Gram-negative bacteria, derived
from water and raw materials, were also
identified. Fungi (only molds) constituted
1-8%, with higher prevalence in humid
conditions [27].

The identification of bacteria and fungi in
the air of cosmetic manufacturing

The results of sequencing the 16S rRNA
gene show that the bacteria can be classified at
the species level, as indicated in Table 8.
Additionally, the fungi were classified at
the genus level based on morphology of
the conidia using a light microscope. All
detected bacteria are non-prohibited types in
cosmetics.
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Table 8 Identification of microbial
contaminants in cosmetics
manufacturing factories

Microbial Genus / Species
types
Gram- Brachybacterium muris,
positive Kocuria rhizophila,

cocci Macrococcus brunensis,
Micrococcus luteus,
Mammaliicoccus sciuri,
Staphylococcus argenteus,
Staphylococcus caprae,
Staphylococcus haemolyticus,
Staphylococcus ureilyticus,
Staphylococcus hominis subsp. Hominis

Gram- Bacillus cereus,
positive rod  Bacillus paramycoides,
Bacillus paranthracis,
Bacillus siamensis,
Bacillus pumilus,
Bacillus siamensis,
Brevibacterium casei,
Cytabacillus firmus,
Exiguobacterium acetylicum,
Mesobacillus thioparans,
Priestia aryabhattai
Gram- Streptomyces parvulus
_positive
filamentous
bacteria
Gram- Acinetobacter baumannii,
negative  Pantoea stewartii subsp. indologenes,
bacteria Pseudomonas stutzeri,
Pseudomonas oleovorans subsp.
oleovorans, )
Stutzerimonas stutzeri
Fungi Penicillium sp.,

Aspergillus sp.

Guidelines for controlling microbes in the
air of cosmetics manufacturing

In situations where there are no explicit
regulations or standards defining microbial
control parameters for the air within cosmetics
manufacturing factories, statistical calculations
become necessary. For example, the Shewhart
Control Chart Method [21] can be employed.

Based on microbial air assessment data
from four skincare cosmetics manufacturing
factories (a total of 27 samples), mean values
were calculated as 18 cfu/h, 39 cfu/4h, and
165 cfu/m®, with corresponding standard
deviations of 14, 23, and 59, respectively.
Utilizing these values, warning limits for each
method were determined as 45 cfu/h, 84 cfu/4 h,
282 cfu/m®. Action limits were set at 59 cfu/h,
107 cfu/h, 341 cfu/m?®, as illustrated in Figure 3.
This approach aligns with Salaman [13]
suggesting  manufacturers can  establish
suitable control criteria by evaluating the
risk of environmental cross-contamination and

comparing continuous microbial assessment
results ~ with  risk  assessment  reports.
Subsequently, control criteria can be defined
through statistical control chart creation,
considering warning and action levels for
existing bioburden in water for pharmaceutical
production [28].

Microbial Count by EU GMP - Air Sampler (cfu/m?)

i

Microbial court (cfufm

Micrabia lcount icfu/dh)

Wiz bl court fcfut)

Figure 3 Shewhart Control Chart of air
sampling, settle plates 4 hours and 1
hour from skincare cream rooms.

Adopting guidelines from EU GMP [8],
the airborne microbial assessments conducted in
each skincare factory revealed total microbial
counts ranging from 8 to 90 cfu/dh. These
values consistently remained below 100 cfu/4h.
According to the EU GMP method, the
recommended limits for  microbiological
monitoring in clean areas during operation
involve the use of the settle plate technique
for 4 hours at Grade D level (areas where
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pharmaceutical products are not directly exposed
to air). The established warning limit is
84 cfu/4h., and the action limit is 107 cfu/4h.,
which closely aligns with the 100 cfu/4h criteria.
Therefore, it is advisable to establish criteria that
do not exceed 100 cfu per 4 hours, in accordance
with pharmaceutical regulations.

Derived from the Index of Microbial
Air Contamination (IMA) [12], the one-hour
settle plate method revealed counts ranging
from 1 to 59 cfu/h. Applying the IMA criteria,
these counts do not exceed 50 cfu per hour,
indicating a fair class. The established warning
limit is 45 cfu/h, and the action limit is
59 cfu/h, closely aligned with the 50 cfu/h
criteria. Therefore, it is recommended to
establish criteria that do not exceed 50 cfu/h,
in accordance with the IMA.

However, the active air sampler method in
these skincare facilities cannot comply with the
guidelines from EU GMP [8] which recommends
limits at Grade D level of 200 cfu/m®. This is
evident as the airborne microbial assessments
conducted in each skincare factory revealed total
microbial counts ranging from 85 to 252 cfu/m®.
The established warning limit is 282 cfu/m®, and
the action limit is 341 cfu/m® exceeding the
value specified by the EU GMP method for
Grade D level. Despite the fact that air sampling
devices offer the advantage of providing more
detailed information on microbial quantities
compared to the basic method of placing agar
plates, active air sampling is not commonly
employed in most cosmetics factories due to its
high cost (150,000 - 300,000 Baht). Therefore,
the study recommends a suitable method for
microbial sample collection in cosmetics
factories, suggesting the use of the settle plate
method for both 4 hours and 1 hour.

The statistical analysis and risk
assessment underscore the importance of
selecting cosmetic product groups for airborne
microbial control. This stems from the notably
high total microbial count observed in the
production area for hair care products.
However, the risk assessment maintains an
acceptable level due to the low risk of
microbial contamination in certain products,
such as hair dye, containing substantial
amounts of ammonia and hydrogen peroxide.
Consequently, the recommendation is to

prioritize cosmetic product groups that
necessitate microbial control in the air, with a
specific focus on collecting samples from
high-risk  products, in accordance with
ISO 29621 [6] standards, particularly within
the domain of skincare cosmetics.

Conclusions

The assessment of airborne microbes in
cosmetics manufacturing factories 1, 2, 4, and
5 revealed variations in microbial counts,
highlighting differences in contamination
levels across these facilities. Despite these
levels, the overall risk of contamination is
manageable according to the risk matrix.
Factory 3, producing low-risk hair dye
products with high hydrogen peroxide levels,
does not require stringent microbial control
measures.

Routine operations can rely solely on
testing for total microbial counts, as neither
fungal nor Gram-negative bacterial counts
were observed. Predominant bacteria, identified
as Gram-positive cocci ranging from 62% to
78%, were consistent with those commonly
found on human skin. If source verification is
necessary, selective media for Gram-positive
bacteria can be employed, as indicated in the
study.

Given the quasi-field experimental
nature of this study within active production
facilities adhering to GMP for cosmetics,
the influence of environmental factors
(temperature, humidity, and wind speed) on
microbial air quality control, as per GMP
guidelines, might not be prominently
discernible.

The establishment of control charts in
alignment with statistical principles resulted in
action limits set at 59 cfu/h, 107 cfu/4h, and
341 cfu/m® for the respective methods.
Adherence to monitoring criteria in cosmetics
manufacturing  facilities  should  follow
specified limits for airborne microbial counts,
ensuring they do not surpass 100 cfu/4h (Grade
D for sterile medicinal products) or 50 cfu/h
(fair IMA level). Active air sampling is
infrequently utilized in the majority of
cosmetics factories.
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Abstract

The adsorption mechanisms of HANs on canvas fabric-derived adsorbent and modified
adsorbent with ferric chloride and ferric nitrate solution were investigated. With the ferric nitrate
modification (CF-Fe(NOs);), the pore structure of the adsorbent was mesopore, while other
adsorbents were micropore. With the mesopore structure of CF-Fe(NOs)s, the adsorption occurred
both on the outer pore layer and inside the pore surface, which resulted in the highest adsorption
efficiency obtained by the CF-Fe(NOs); adsorbent. Furthermore, the adsorption mechanisms of
five HAN species were investigated. Physical adsorption is the main mechanism of HANs on
CF-Fe(NOs3); adsorbent based on the low adsorption energy determined from the D-R isotherm.
The fastest HAN species to reach equilibrium and the highest removal by the CF-Fe(NO3)s
adsorbent was TCAN, which has the lowest solubility and more hydrophobicity. Besides the low
solubility of HANSs species, the halogen atom of each HANs species also affected the removal
efficiency. HANs species with more halogen atoms showed higher removal efficiency than other
HANSs species with low halogen atoms.

Keywords : adsorption kinetics; adsorption isotherm; chemical activation; haloacetonitriles;

low-cost adsorbent
Introduction drinking water [4]. Dichloroacetonitrile (DCAN)
was the most commonly found HANS
compound among the 9 HANSs species,
followed by bromochloroacetonitrile (BCAN)
and dibromoacetonitrile (DBAN) [5, 6].

Critical to the process of treating
drinking water is disinfection. Its objective is
to assist in the destruction of waterborne

pathogens. The chlorine chemicals used to
disinfect water sources not only stop the
growth of various pathogens, but they can also
react with organic and inorganic compounds to
create disinfection by-products (DBPs) [1].
Currently, research shows that aromatic
DBPs [2] and nitrogen-containing DBPs
(N-DBPs) [3] are more harmful than controlled
DBPs. Haloacetonitriles (HANS) are a category
of N-DBPs that are detected in disinfected

Its carcinogenic and mutagenic characteristics
render it a significant threat to human
health [7, 8].

There are various available techniques
applied for the removal of HANSs, including
boiling [9, 10], photocatalytic degradation [11],
degradation with the UV/peroxymonosulfate
process [12], catalytic hydrolysis [13], and
adsorption [14]. The adsorption technique is one
of the most prominent methods for removing
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HANs from contaminated water. Previous
research has examined the absorption of
haloacetonitriles using polymerizable surfactant-
modified mesoporous silica. The incorporation of
a polymerizable surfactant was discovered to
enhance the efficacy of HANs adsorption.
Furthermore, as the degree of halogen
substitution in the HANs molecule increased, so
did its hydrophaobicity. This had an effect on the
organic partition's ability to adsorb things [15].
Later in 2019, Prarat et al. investigated the
mechanisms and effects of porous structures on
the adsorption of haloacetonitriles on silica-based
materials. The researchers discovered that the
crystalline and porous structures of the materials,
specifically the size and volume of the pores as
well as the surface functional group of the
adsorbent, had a significant impact on the
adsorption of HANS.

Besides the sorbents that have been
previously mentioned, activated carbon is an
additional intriguing sorbent. Activated carbons
are efficient adsorbents widely utilized in various
applications, including medical purposes, gas
storage, pollutant and odor elimination, gas
purification and separation, and catalysis [16].
Numerous varieties of DBPs were adsorbed on
activated carbon. Qian et al. [17] investigated the
adsorption of haloforms by five various granular
activated carbons (GACs). The Freundlich model
performed well in describing adsorption
isotherms, while the pseudo-second-order
model performed well in describing adsorption
kinetics. The rate-limiting process was identified
as film diffusion, while haloforms were adsorbed
through chemical adsorption. In general, there
was no relationship between the quantity of
haloform adsorption and the surface area of GAC.
According to research by Nakamura et al. [18],
the amount of absorbed trihalomethane is related
to the level of hydrophobicity of the activated
carbon fiber surface. The degree of adsorption for
trinalomethane containing bromine was greater
than that containing chlorine. The polarity of
trinalomethane molecules can explain the
variations in the amounts adsorbed among
trinalomethanes.

Currently, the production of activated
carbon uses low-cost materials like durian
shells [19], bamboo, coconut shells [20], and
fabric [21]. Fabric is an interesting substance that

can be used as an adsorbent because its primary
component is carbon [22]. Furthermore, there has
been a significant increase in the amount of
textile waste [23]. Consequently, this issue poses
a challenge, necessitating the exploration of
recycling or utilization methods to address these
concerns.

For an understanding of the adsorption
mechanism, this study focused on investigating
the relationship between the porous structures
of the adsorbent derived from canvas fabric
and the adsorption efficiency of DBAN
at low concentrations. The data from the
experiments were matched with adsorption
isotherm models, and the kinetic parameters were
figured out to find the most likely adsorption
mechanism(s). In addition, the effect of the
five species of HANs including BCAN, DBAN,
DCAN, monobromoacetonitrile (MBAN), and
trichloroacetonitrile (TCAN) on the adsorption
mechanism was also investigated.

Methodology

Adsorbent Synthesis

This study synthesized the canvas fabric-
derived adsorbent. The methodology for
synthesizing canvas fabric derived adsorbent was
reported in a previous study [24]. Two ferric
chemical solutions were used to activate the
adsorbent including ferric chloride (FeCls) and
ferric nitrate (Fe(NOs)s). The methodology for
adsorbent activation was also reported in a
previous study [24]. This study used three
different adsorbents: canvas fabric-derived
adsorbent (CF), activated canvas fabric-derived
adsorbent with ferric chloride (CF-FeCl;), and
activated canvas fabric-derived adsorbent with
ferric nitrate (CF-Fe(NQOs)s). The BET surface
areas of CF, CF-FeCl;, and CF-Fe(NO;); are
262.51, 577.25, and 370.83 mzlg, respectively.

Adsorption Kinetics Experiments

The adsorption Kkinetics experiments
were divided into two experiments. The first
experiment examined DBAN adsorption
kinetics using CF, CF-FeCl;, and CF-Fe(NO3);
adsorbents. In this experiment, DBAN was used
to represent HANs. DBAN was prepared as a
stock solution by mixing in a 10 mM phosphate
buffer at pH 7. The adsorption kinetics were
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conducted by using each adsorbent at 0.1 g with
an initial DBAN concentration of 50 ug/L.
The volume of each sample was fixed at 100 mL.
The experiment was performed under shaking at
200 rpm at room temperature by varying the
contact time from O to 300 minutes. The pH was
controlled at 7. The water samples were filtrated
through a 0.22 pm nylon unit filter and measured
for the remaining DBAN concentration. The
residual DBAN concentration in the liquid
solution was determined by using a gas
chromatograph combined with an electron
capture detector (GC/ECD) (Hewlett Packard,
HP6890 GC, USA). The procedure adhered to
EPA Method 551.1, as specified by the US
Environmental Protection Agency [6].

The second experiment was conducted
with CF-Fe(NOs); adsorbent. Five HANSs species
were prepared as stock solutions by mixing in a
10 mM phosphate buffer with a controlled pH
of 7. The amount of 0.1 g of CF-Fe(NOs)3
adsorbent was used in this experiment with the
same conditions as the adsorption kinetics of
DBAN. The residual HANs species in the liquid
was detected by using a gas chromatograph
combined with an electron capture detector
(GC/ECD) (Hewlett Packard, HP6890 GC,
USA). The procedure adhered to EPA Method
551.1, as specified by the US Environmental
Protection Agency [6].

The adsorption rate was investigated by
fitting the model, which included a linear driving
force model, a pseudo-second-order kinetic
model, and an intraparticle diffusion model.

The equation for the pseudo-second-order
model was illustrated in Eq. (1) [25], where q; is
the adsorption capacity at time (mg/g) and g is
the adsorption capacity at equilibrium (mg/g),
k, is the pseudo-second-order rate constant
(9/mg.min), and t is the adsorption time (min),
respectively.

_ kpqit
9t = THigaut (1)
To measure the adsorption rate, the initial
adsorption rate, h (ug/g.hr) at t = 0, and the half-
life time, ty, (hr), can be determined according to
Eqg. (2) and (3), respectively.

h =kaqe 2)

1
k2qe

®)

t1/2 =

The equation for the linear driving force
model is illustrated in Eq. (4), where K, (L/g) is
the linear solid/liquid adsorption distribution
coefficient, and k pr is the linear driving force
coefficient at time (t) (ug/g). The qs is the
adsorption capacity at the particle surface (ug/g),
and X is the adsorbent dose (g/L).

QtZQe(Z'e_(1+KpX)KLDFt) (4)

The intraparticle diffusion model proposed
by Weber and Morris [26] was utilized to
determine the adsorption process in cases where
the adsorption process was limited by mass
transfer or diffusion. The equation for the
intraparticle diffusion model can be defined as
shown in Eq. (5), where k, is the intraparticle
diffusion rate constant (pg/g/min0.5) and C
(ng/g) is the Y-intercept constant that relates to
the thickness of the boundary layer. In addition,
the intraparticle diffusion coefficient D, (m/s) in
the adsorbent particle with a homogeneous
structure is simply calculated from Eq. (6) [27].

qr = kpt*> +C (5)

R*kipF
Dy = —— (6)
The adsorption kinetic models were
applied to the experimental data and the relative
root mean square error (RRSME) was calculated
by nonlinear regression using Microsoft Excel
2011 software.

Adsorption Isotherm Experiments

The adsorption isotherm experiments were
divided into two experiments, the same as the
adsorption  kinetics experiments. The first
experiment was conducted with an initial
concentration of DBAN ranging from 25 to 150
pg/L under the same conditions as the kinetics
experiment, except the contact time that was
fixed at 60 minutes. The second experiment was
conducted with five species of HANs with
concentrations in the range of 25 to 150 pg/L.
The adsorption isotherm was investigated by
fitting to the models, namely the linear,
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Freundlich,  Redlich-Peterson  (R-P), and
Dubinin-Radushkevich (D-R) isotherm models.
The linear model is the simplest isotherm
model that can be used to describe the
relationship between adsorption capacity and
equilibrium concentration, especially at low
concentrations. The linear isotherm is described
by Eq. (7), where C, is the equilibrium
concentration of DBAN and K, is the linear
partition coefficient obtained from the slope of
the relationship between g. (ug/g) and C, (ug/L).

ge = KpC, (7)

The Freundlich isotherm model is an
empirical equation used to describe the
heterogeneous system as shown in Eqg. (8), where
Kk (ug/g) and n are Freundlich constants.

e = KsC," ®)

The Redlich-Peterson (R-P) isotherm
model is a combination of the Langmuir and
Freundlich isotherm, which can describe
adsorption mechanisms in a mixed system and
does not follow the ideal monolayer adsorption.
The equation is shown as Eqg. (9), where Ky (L/g)
is the Redlich-Peterson constant, B (L/ug) is the
Redlich-Peterson constant value, and Pg is an
exponent that ranges from 0 to 1.

KRCe

e = PR )

1+BC,

The  Dubinin-Radushkevich  (D-R)
isotherm is one of the empirical models utilized
to describe the adsorption mechanisms that are
associated with Gaussian energy distribution on
the heterogeneous surface. The D-R isotherms
equation is shown as Eqg. (10) to (12), where ¢ is
the Polanyi potential, B is the Dubinin-
Radushkevich constant value (mol*/J%), R is the
universal gas constant (8.314x107° KJ mol™
K™, T is the absolute temperature (°K), qpr is
the theoretical isotherm saturation capacity
(ug/g), and E is the mean free adsorption energy
(I/mol).

qe = qprexp~(F) (10)

e=RTIn(1+ Ci) (11)

E= J%_ﬁ (12)

The adsorption isotherm models were
applied to the experimental data and the relative
root mean square error (RRSME) was calculated
by nonlinear regression using Microsoft Excel
2011 software.

Results and Discussions

Adsorption Kinetic
Adsorption kinetic of DBAN removal using CF,
CF-FeCls, and CF-Fe(NOs); adsorbent.

The kinetic curves of DBAN adsorption
by three adsorbents are shown in Fig. 1.
These curves show the relative adsorption
capacity changes over time. According to the
results, the adsorption rate of all adsorbents
showed a high degree of velocity at an initial
stage and then significant deceleration before
reaching equilibrium. Based on the Kinetic
curves shown in Figure 1, DBAN adsorption
with all adsorbents reached equilibrium within
60 minutes. However, the adsorbed concentration
of DBAN on each adsorbent was varied.
CF-Fe(NOj); adsorbent shows the highest
adsorbed concentration, followed by CF-FeCl;
and CF, respectively.

70
60
50 s CF
BB 40 4 CF-FeCl,
on
3: 30 ¢ CF-Fe(NO,),
=2
20 -
10
0 L ————————_E———_—_— ———— : |||||||||
0 50 100 150 200 250 300
Time (min)

Figure 1 Adsorption kinetic of DBAN on CF,
CF-FeCls, and CF-Fe(NO3)s

Various mathematical expression models
were utilized to characterize the adsorption
processes. From the obtained results, it was
found that the concentration of adsorbate in the
solution is the driving force, and the area
represents the number of active sites on the
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adsorbent surface. So, the pseudo-second-
order model is a better way to describe the
mechanism of DBAN sticking to the porous
adsorbents when the concentration of the solute
is low. Wu et al. [28] revealed that the pseudo-
second-order model was suitable to explain
the adsorption of low molecular weight
compounds on small adsorbent particles.
In this case, the adsorption rate is based on the
adsorption capacity, not the concentration of
the adsorbate. Table 1 shows the adsorption
kinetic parameters of CF, CF-FeCl;, and
CF-Fe(NO,);, which were calculated from the
linear driving force and pseudo-second-order
models. The D, value is used to describe the
mechanism of adsorption on the outer pore
layer of the adsorbent. The high value of D,
indicated that the adsorption occurs in the outer
pore layer. The obtained D, values of DBAN
adsorbed onto CF-Fe(NOs)s, which performed
extremely high adsorption capacities, were lower
than those of CF and CF-FeCl;. It can be
indicated that the adsorption by CF-Fe(NO3)s
was not only absorbed on the outer pore layer
alone but also adsorbed inside the pore surface.
While the adsorption by CF and CF-FeCl; occurs
quickly and mainly occupies on the outer pore
layer of the adsorbent due to its small porosity.
These results corresponded with the porosity of
CF, CF-FeCls, and CF-Fe(NOs); which reported
that the porosity of CF and CF-FeCl; was
micropore (<2 nm) while CF-Fe(NO;); was
mesopore (2-15 nm) [24].

The initial adsorption rate and half-life
time of DBAN by CF-Fe(NO;); were faster than
those of CF and CF-FeCl; due to the larger pore
volume of CF-Fe(NO3);, which was 1.9 and
1.2 times greater than those of CF and CF-FeCls,
respectively. Moreover, the pore size of
CF-Fe(NQO3); was 1.3 and 1.8 times larger
than that of CF and CF-FeCl;, respectively.
This is consistent with previous studies that
reported that the adsorption rate of the porous
material is related to the porous structure of
the sorbent [14, 29]. Therefore, the different
adsorption behaviors of CF, CF-FeCl;, and
CF-Fe(NO;); may be due to the nature specificity
of the structure with direct porous.

Furthermore, adsorption kinetics might be
related to intra-pore diffusion. In general, the
adsorption process in the aqueous phaseinvolves
three successive mass transfer steps including the
film or external diffusion, the intraparticle or pore

diffusion, and adsorption at the active site of the
adsorbent's surface [30]. However, the last step
is usually left out of Kinetic analyses because it
happens quickly. Thus, the rate-limiting step
might be determined between film diffusion and
intraparticle diffusion.

Hence, the intra-pore diffusion equation
was utilized to predict adsorption Kkinetics.
The results gt versus ty, for DBAN adsorption
with CF, CF-FeCl;, and CF-Fe(NOj); are
shown in Figure 2. The results showed that
various adsorption phases

were involved in the adsorption process. In
Figure 2, the influence of boundary diffusion was
detected on the first slope, while the influence of
pore diffusion was detected on the second slope.
According to the intraparticle diffusion model, if
intraparticle diffusion is involved in adsorption,
the relationship between g, and ty, should be
linear. Thus, it can be confirmed that intraparticle
diffusion was involved in the adsorption process
for all adsorbents.

The relationship between g, and t;, can
be used to indicate the rate-limiting step of
intraparticle diffusion. If the linear line passes
through the origin, intraparticle diffusion is the
rate-limiting step. Whereas if the linear line
does not pass through the origin, this indicates
that intraparticle diffraction is not the sole
rate-limiting step. Other kinetic models also
regulate the rate of adsorption [31]. From
Figure 2, the linear line between ¢, and t;,, does
not pass through the origin. Thus, it can be
indicated that intraparticle diffraction is not the
sole rate-limiting step of the adsorption process
for all adsorbents.
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Figure 2 The intraparticle diffusion model of
DBAN on CF, CF-FeCl;, and CF-
Fe(N03)3
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Table 1 Kinetic parameters of DCAN adsorption onto CF, CF-FeCls, and CF-Fe(NO3); using linear
driving force and pseudo-second-order model

Qe exp linear driving force model
Materials (Mg/g) Qe cal Kok k. Dg RRSME
(Hg/9) (1/s) (cm/s) (cm®/s) (ng/g)
CF 17.3 18.8 33.0x10° 24.7x10° 55.0x10™ 2.01
CF-FeCl, 34.0 35.8 29.1x10° 16.1x10° 48.5x10™ 1.37
CF-Fe(NOs), 55.1 58.3 8.40x10° 2.35x107° 2.24x10™ 1.27
Qe exp pseudo-second-order model
Materials (Hg/g) Qe cal ks, h t RRSME
(ng/g) (g/pg-min) (1g/g-min) (min) (ng/g)
CF 17.3 19.5 0.005 2.0 9.9 <0.2
CF-FeCl, 34.0 37.7 0.004 5.5 6.9 1.75
CF-Fe(NO,), 55.1 55.3 0.023 72.0 0.8 3.19

Table 2 Parameters of the intraparticle diffusion model of DBAN adsorbed on CF, CF-FeCls, and

CF-Fe(NOs);

Materials Ko C, R, Kp2 C, R,
(ng/g /min®%)  (pg/g) (ng/g /min®?)  (ng/g)
CF 2.00 2.43 0.984 0.05 17.98 0.363
CF-FeCl,4 4.16 6.89 0.968 0.55 30.23 0.874
CF-Fe(NOs)3 5.83 26.99 0.930 0.76 48.85 0.981

The estimated parameters of the
intraparticle diffusion model are shown in
Table 2 which illustrates that the rate constant
(ko) of CF-Fe(NO;); was higher than those of CF
and CF-FeCls. This indicated that the rate of
DBAN solution moving through a CF-Fe(NO3);
adsorbent was faster than that of CF and CF-
FeCl; adsorbents both through film or external
diffusion and intraparticle diffusion. This is well
consistent with the study of Panida et al. [14],
which reported that the adsorption rate was
affected by the pore size of the sorbent, with the
intraparticle  diffusion rate constants of
mesoporous materials were higher than those of
microporous materials. In addition, it was found
that the slopes of the second linear (k) of
DBAN adsorbed on CF, CF-FeCl;, and CF-
Fe(NOs); were less than the slopes of the first
linear (ky). It can be concluded that intraparticle
diffusion should restrict the adsorption rate.

Adsorption kinetic of five HANs species removal
using CF-Fe(NO3); adsorbent.

Based on the results in Figure 1 and 2,
the CF-Fe(NOs); adsorbent was found to
provide high efficiency to remove DBAN
species. Then, the CF-Fe(NO3); adsorbent was
selected and used to investigate the removal
efficiency for five HANs species. The results

of the adsorption kinetics of five HANS species
are shown as the kinetics curve in Figure 3.
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Figure 3 Adsorption kinetic of five HANs on
CF'Fe(NO3)3

The results indicated that the initial rate
of adsorption was fast and was significant
deceleration before reaching equilibrium. TCAN
species exhibit the fastest rate of approaching
equilibrium within 30 minutes. The other species,
including MBAN, DBAN, BCAN, and DCAN,
required 180 minutes to reach equilibrium.
The molecular surface characteristics of
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various HANs might be impacting the rate of
reaching equilibrium. HANs species that had
low solubility reached equilibrium faster.
The solubility of each HANs species was
affecting the rate of reaching equilibrium.
The solubility of each species from high to
low was MBAN, DBAN, DCAN, and TCAN,
respectively [14]. Thus, TCAN, with the lowest
solubility, was the fastest to reach equilibrium,
followed by the other species. The low solubility
of HANs species can be used to indicate the
hydrophobicity of the solution. HANs species
with low solubility have more hydrophobicity
and tend to adsorb on the adsorbent. Thus, the
hydrophobicity of the solution also affected the
time for reaching equilibrium.

Table 3 shows the Kkinetic parameters
of five HANs adsorption onto CF-Fe(NOs)3
calculated from the linear driving force and
the pseudo-second-order model. The adsorption
kinetics model was investigated using the
RRSME value. The RRSME is the differential
value between the obtained value from the
experiment and the calculated value from the
equation. The adsorption kinetics model with a
lower RRSME value indicated the adsorption
kinetics was matched with this model. When
comparing the RRSME of the linear driving force
and the pseudo-second-order model. It was found
that the adsorption kinetics of five HANs onto
adsorbents were well matched to the linear
driving force model with a lower RRSME value
than the pseudo-second-order model.

Among the HANs species, TCAN was
mostly adsorbed on CF-Fe(NOj); with the
highest K, o value due to the lowest solubility of
TCAN which indicated TCAN was more
hydrophobic than other species. The D, value of
five HANs on CF-Fe(NO;); is in the order of
TCAN > MBAN > DCAN > BCAN > DBAN,
respectively which well corresponds with the
adsorption capacities of each HANSs species.

Adsorption isotherms

Adsorption kinetic of five HANs species removal
using CF-Fe(NOs); adsorbent.

In this study, four distinct adsorption
isotherm models, i.e., Linear isotherm, Freundlich
isotherm model, Dubinin—Radushkevich isotherm
model, and Redlich—Peterson isotherm model,
were used to describe the adsorption mechanism
of DBAN and synthesized adsorbents. Four
isotherm models were applied in this study
because all isotherm models were compatible
with the low range of equilibrium concentration
used in this study (0-125 pg/L).

As shown in Figure 4, the isotherm data
shows only a linear function due to the low
concentration of DBAN used in this study.
So, these phenomena are not appropriate for
forecasting the maximal HAN adsorption
capacity with a nonlinear isotherm model. From
the results, CF-Fe(NOs); shows the highest
adsorption capacity of DBAN, followed by
CF-FeCl; and CF, respectively.

Table 3 Kinetic parameters of five HANSs adsorption onto CF-Fe(NO); using linear driving force

and pseudo-second-order model

e exp linear driving force model
Materials (no/g) Oe cal KL pe k. D RRSME
(Mg/g) (1/s) (cm/s) (cm®/s) (ng/e)
BCAN 44.7 49.7 14.0x10° 3.92x10° 3.73x10™ 2.01
DBAN 55.1 58.3 8.40x10° 2.35x10° 2.24x10™1 1.37
DCAN 31.9 35.5 21.0x10° 5.88x107 5.60x10™ 1.27
MBAN 30.8 33.4 21.5x10° 6.03x107° 5.74x10™ 1.52
TCAN 53.1 53.4 24.0x10° 6.71x107 6.39x10™ 0.36
e exp pseudo-second-order model
Materials (ng/g) Qe cal ks h ty2 RRSME
(ng/g) (g/pg-min) (1g/g-min) (min) (ng/g)
BCAN 447 455 0.021 435 1.0 4.37
DBAN 55.1 55.3 0.023 72.0 0.8 3.19
DCAN 31.9 32.0 0.030 31.2 1.0 3.45
MBAN 30.8 32.2 0.005 5.7 5.7 3.08
TCAN 53.1 52.9 0.150 419 0.1 <0.2
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Figure 4 Adsorption isotherm of DBAN on CF,
CF-FeCls, and CF-Fe(NOs)3

Isotherm parameters for DBAN adsorption
on CF, CF-FeCls, and CF-Fe(NOs); are shown in
Table 4. The correlation coefficient (RRSME) of
DBAN adsorption on all adsorbents was fitted
with the linear and Redlich-Peterson isotherm
models, with the range of RRSME at 4.41-6.03
and 4.29-5.96, respectively.

The linear partition coefficient (K;) was
calculated from Eqg. (7). The result showed
that the K, values of DBAN adsorption on CF,
CF-FeCls, and CF-Fe(NOs); were 0.77, 1.63, and
9.53 L/g, respectively. The highest K, values of
DBAN adsorption were found in CF-Fe(NOs)s
following CF-FeCl; and CF, respectively. It can
be concluded that CF-Fe(NO,); has the highest
efficiency to adsorb DBAN. When considering
the pore structure of all adsorbents, CF-Fe(NO3),
had a higher porosity than CF and CF-FeCl; [24].
Thus, it can be indicated that the pore structure of
the adsorbent influenced the K, value.

The Freundlich isotherm constant value
was calculated from Eq. (8). The range of the 1/h
value for all adsorbents was nearly 1. So, the
Freundlich isotherm equation was transformed
into a linear equation. Then, the K¢ value was
calculated as shown in Table 4. The results
showed that the K¢ values of DBAN adsorption
on CF, CF-FeCls, and CF-Fe(NO;3); were 0.49,
4.25, and 7.29 pg/g, respectively. It was the same
trend with the linear isotherm, which can indicate
that the CF-Fe(NOs); has the highest efficiency
to adsorb DBAN.

The R-P isotherm constant value was
calculated from Eg. (9). The value of Sr was
equal to 0 (0.00018 L/ug) for all adsorbents. So,
the R-P isotherm equation was transformed into a
linear equation. Then, the Kg value was
calculated as shown in Table 4. The results
showed that the Ky values of DBAN adsorption
on CF, CF-FeCls, and CF-Fe(NO3); were 0.76,

1.63, and 9.54 L/g, respectively. It was the same
trend with the linear isotherm and the Freundlich
isotherm which can be indicated that the
CF-Fe(NOs); had the highest efficiency to adsorb
DBAN.

From the obtained results of the three
isotherm models, it can be concluded that CF-
Fe(NOs); had a higher efficiency to remove
DBAN than other adsorbents. Thus, it can be
indicated that the activation of adsorbent with
ferric nitrate can increase the efficiency of
removing DBAN due to the increased of porosity
of the adsorbent.

The D-R isotherm model was used to
explain the type of adsorption mechanism by
investigating the mean free adsorption energy
(E). The mean free adsorption energy was
defined as the change of free energy for
transferring one mol of adsorbate to the surface
of a solid [32]. The obtained E values from the
DBAN adsorption on all adsorbents ranged from
0.04 to 0.37 kd/mol. The E values that were lower
than 8 indicate that the adsorption mechanism
was mainly physical absorption [33]. So, it can
be indicated that physical adsorption occurred for
DBAN adsorption on all adsorbents, which is
consistent with the adsorption kinetics results.

Adsorption kinetic of five HANs species removal
using CF-Fe(NOs); adsorbent.

As shown in Figure 5, all the isotherm data
shows a linear function. TCAN species was
highly adsorbed by CF-Fe(NOs); and followed
by DBAN, BCAN, DCAN, and MBAN,
respectively. When considering the solubility
of each HANSs species, it was found that
the adsorption capacity of CF-Fe(NQOs); was
inversely proportional to the solubility of the
five HANSs species.

A BCAN eDBAN
+ DCAN xXMBAN
A B TCAN
)
B
2
CFW *
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Figure 5 Adsorption isotherm of five HANs on
CF'FE(NOg)g
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Table 5 shows the calculated isotherm
parameters for five HANs adsorption on
CF-Fe(NOs);. The correlation  coefficient
(RRSME) from low to high was followed
by linear ~ Redlich-Peterson > Freundlich>
Dubinin-Radushkevich, respectively. From the
obtained results, it was found that the linear
models were matched for the adsorption of all
the HANs on CF-Fe(NO;); with a low RRSME
in the range of 2.18-9.20.

The adsorption of five HANSs species was
fitted with linear isotherm, Freundlich isotherm,
and R-P isotherm. The coefficient of each
isotherm was calculated, including Kp, K, and
KRg, respectively. All the calculated coefficients
of each isotherm model showed the same trends
for five HANs species. TCAN was found to
have the highest coefficient values at 10.75 L/g,
13.59 pg/g, and 10.76 L/g for Kp, K, and Kg,
respectively. It can be indicated that TCAN was
easier to adsorb on the CF-Fe(NOs); than other
species due to its characteristics, which have
more hydrophobicity than other species. On the
other hand, the lowest coefficient values were
found for MBAN species at 1.04 L/g, 1.22 ng/g,
and 1.04 L/g for Kp, K¢, and Kg, respectively.
These results correspond with the characteristics
of MBAN, which has the lowest hydrophobicity
among all species.

In the D-R isotherm model, the E values
for the adsorption of the five HANS species on
the CF-Fe(NOs); ranged from 0.06 to 0.37
kd/mol. Thus, it can be indicated that physical
adsorption occurred for all five HANs species
adsorption on CF-Fe(NOs);. Low adsorption
energy for all HANs species could be explained
that all HANSs species are more easily adsorbed
onto the CF-Fe(NO3); adsorbents.

The effect of halogen atoms (Cl and Br)
on HANSs adsorption isotherm was also evaluated
by comparing the adsorption isotherm of five
HANSs onto CF-Fe(NO;)s. The results showed the
affinity of each HANs on the adsorbent from
high to low were following TCAN > DBAN >
BCAN > DCAN > MBAN, respectively with the
same trends with the K, value of each HANs
species as shown in Table 5. When considering
the halogen atoms of each HANS species, it was
observed that HANs with a higher number of
halogen atoms have higher Kp values where tri-
HAN > di-HAN > mono-HAN. In addition, the
Br-HAN was provided with a higher Ky than the
CI-HAN. The HANSs species with a higher Kp
value had a higher adsorption capacity. A high
Kp value implies that the adsorbent has a high
affinity for HAN adsorption [14].

Table 4 Isotherm parameters of DBAN adsorption on CF, CF-FeCls, and CF-Fe(NOs);

Linear isotherm

Redlich-Peterson isotherm

Materials

K, RRSME Kr B Br RRSME
(L/9) (L/9) (L/pg)
CF 0.77 6.03 0.76 0.000 0.00000 5.96
CF-FeCl, 1.63 4.41 1.63 0.001 0.00018 4.29
CF-Fe(NO,), 9.53 4.78 9.54 0.001 0.00018 4.68
Materials Freundlich isotherm Dubinin—Radushkevich isotherm
Ke iva RRSME dpr B E RRSME
(ng/e) (ng/g) (mol?/KJ%)  (KJ/mol)
CF 0.49 0.72 27.88 90 35.6x10™ 0.04 8.05
CF-FeCl, 4.25 0.73 1.90 63 2.3x10™ 0.15 6.62
CF-Fe(NOs), 7.29 1.12 6.85 116 0.4x10™ 0.37 10.82
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Table 5 Isotherm parameters of DBAN adsorption on CF, CF-FeCls, and CF-Fe(NOs)3

Linear isotherm

Redlich-Peterson isotherm

HANSs Ko RRSME Kg B Br RRSME
(L/9) (L/9) (L/pg)
BCAN 4.19 7.32 4.19 0.001 0.00018 7.26
DBAN 9.53 4.78 9.54 0.001 0.00018 4.68
DCAN 1.89 3.77 1.89 0.001 0.00018 3.64
MBAN 1.04 2.18 1.04 0.001 0.00018 1.93
TCAN 10.75 9.20 10.76 0.001 0.00018 9.15
HANS Freundlich isotherm Dubinin—Radushkevich isotherm
Ke 1, RRSME dpr B E RRSME
(ng/2) (ng/g) (mol’/KJ?)  (KJ/mol)
BCAN 2.43 1.35 5.32 113 1.5x10™ 0.18 8.32
DBAN 7.29 1.12 6.85 116 0.4x10™ 0.37 10.82
DCAN 1.53 1.06 3.43 109 7.8x10™ 0.08 7.09
MBAN 1.22 0.96 1.80 84 14.1x10™ 0.06 8.06
TCAN 13.59 0.90 8.46 148 0.4x10™ 0.34 13.45
Conclusion lower E values. The results of linear, Freundlich,

The adsorption mechanism of HANs by
canvas fabric adsorbents was investigated. Three
different adsorbents were used in this study
including the canvas fabric derived adsorbent
(CF), activated canvas fabric derived adsorbent
with FeCl; (CF-FeCls), and activated canvas
fabric derived adsorbent with Fe(NO;); (CF-
Fe(NOs)s). The activated adsorbent with
Fe(NOs); increases the removal efficiency when
considering adsorption kinetics and isotherms.
The CF-Fe(NOs); adsorbent showed a mesopore
structure with a larger porosity and the adsorption
occurs not only outer the pore layer but also
inside the pore surface. The larger pore volume
of CF-Fe(NOs); resulted in a faster initial
adsorption rate and half-life time of DBAN.
In addition, the results of intraparticle diffusion
showed that CF-Fe(NOs); was faster to adsorb
DBAN than other adsorbents. When considering
the adsorption kinetics of five HANSs species,
TCAN species showed the fastest rate to reach
equilibrium within 30 minutes due to the lower
solubility of TCAN. Thus, TCAN was highest
adsorbed on CF-Fe(NOs); followed by MBAN,
DCAN, BCAN, and DBAN, respectively. From
the RRSME value of each kinetics model, it can
indicate that the adsorption kinetics of five HANs
species were fitted with a linear driving force
model. Based on the D-R isotherm model, the
adsorption mechanism of DBAN on all
adsorbents was physical adsorption due to the

and R-P isotherm indicated that CF-Fe(NO;); had
the highest efficiency in removing DBAN than
other adsorbents. The results of the adsorption
isotherm of five HANs species showed that
TCAN was easier to adsorb on the CF-Fe(NO3);
than other species due to its lower solubility.
On the other hand, MBAN which had higher
solubility had lower efficiency to adsorb on CF-
Fe(NOs); adsorbent. In addition, TCAN with
more halogen atoms (tri-HANS) resulted in a
highly adsorbed on adsorbent. All HANs species
were adsorbed on CF-Fe(NO,); adsorbent with a
physical adsorption mechanism due to the low
adsorption energy obtained from the D-R
isotherm. The potential of reusing spent
adsorbent through an efficient regeneration
process will be further investigated based on the
obtained results of the adsorbent mechanism.
The  kinetics and isotherm  adsorption
mechanisms of canvas fabric derived adsorbent
and activated adsorbent with ferric solution were
elucidated in this study. The next step of the
research will focus on the potential of reusing
spent adsorbent through an efficient regeneration
process. The obtained results of the adsorbent
mechanism revealed that physical adsorption
occurred between HANSs species and carbon
material adsorbent, which were easier to remove
from spent adsorbents. Then, the possible
techniques for the regeneration process will be
further investigated.
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Abstract

Condominiums in Bangkok increase annually to accommodate the growing population.
The wastewater generated from residents’ activities could potentially impact natural water quality.
This study aims to assess the efficiency of onsite wastewater treatment from the high-rise
condominium in Bangkok and investigate the presence of microplastic contamination in discharged
wastewater. The revealed removal efficiencies of SS, VSS, BOD, COD, NH,-N, and TN at 82.75%,
81.55%, 94.80%, 85.60%, 75.0%, and 21.4%, respectively. The E. coli could be treated at 1.44log.
The effluent's pH, SS, and BOD values met the wastewater effluent standards according to the
notification of the Ministry of Natural Resources and Environment on effluent standards from
buildings of certain types and size. The presence of microplastics in wastewater originating from the
high-rise condominium building is detected in both influent and effluent, at quantities of 4 pieces/L
and 2 pieces/L, respectively. Fiber-shaped microplastics were found the most, followed by
fragments, films, and granules, in that order. The random sampling of microplastics for analysis to
identify the polymer type revealed the presence of Polyethylene terephthalate (PET), Polypropylene
(PP), Low Density Polyethylene (LDPE), and detected Polydimethylsiloxane (PDMS).

Keywords : Bangkok; condominium; onsite treatment; process performance; treatment efficiency;
microplastic

Introduction

Bangkok has witnessed a significant surge
in condominium construction. From 2017 to
June 2023, the number of condominium
registrations has increased, with 506 projects,
1,050 buildings, and 223,815 units being
registered during this period [1]. Government
regulations mandate on-site  wastewater
treatment facilities for condominiums to address
environmental concerns [2].

The growing number of condominiums
serves as a significant source of wastewater

discharge that undergoes treatment through
onsite wastewater treatment systems (OWTSS)
before being discharged into the aquatic
environment, specifically into canals. Thus, the
efficiency of OWTSs plays a pivotal role in
relation to water quality in canals. Canal water
quality monitoring in Bangkok from 2010 to
2021 shows a rising trend in Biochemical
Oxygen Demand (BOD) concentration [3],
indicating a deteriorating water quality trend.
This study focuses on OWTS in Bangkok
condominiums, which is considered as one of the
significant sources of wastewater generation. The
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inadequate performance of the OWTS may
result in the release of high-strength wastewater
into the aquatic ecosystem, consequently
deteriorating the water quality within the
environment.

Even though OWTS effectively treat
wastewater to meet regulatory standards, other
pollutants may still be present in wastewater.
Recently, plastic wastes measuring less
than 5 mm in length, which are commonly
known as ‘microplastics (MPs)’ have garnered
considerable attention as an emerging threat,
with  consequential implications in  terms
of ecotoxicology and ecology for water
ecosystems [4, 5]. The presence of microplastics
in aquatic environments can be investigated by
analyzing effluent obtained from wastewater
treatment plants (WWTPSs) [6], which serve as
crucial receptors of MPs before releasing them
into natural water bodies [7].

This study aims to investigate the
source of wastewater discharge, with a specific
focus on assessing the efficiency of high-
rise condominium’s OWTS and examining
the release of MPs from OWTS into the
surrounding environment.

Methodology

Sampling site

The sampling site selected for this study
was an activated sludge OWTS installed at
a high-rise condominium “A” in On-nuch
district, Bangkok, Thailand. Out of the total

987 units in the building, 936 units were
occupied at the time of the study. The location
of the sampling site is shown in Figure 1.

The wastewater treatment system has a
capacity of 615 m*day. The flow diagram of
wastewater treatment plant shown in Figure 2.
Water samples were collected at 2 sampling
points to analyze water quality and microplastic
contamination in wastewater. The first sampling
point was the influent from septic tank (No.1),
the second sampling point was the effluent from
clarifier tank (No.2).

Water quality characterization analysis

The sampling process for water quality
characterization analysis took place on a weekly
basis, spanning from January 2023 to June 2023.
The pH measurement was carried out by using
pH meter. Concentrations of suspended solids
(SS) and volatile suspended solids (VSS) were
determined using a glass fiber filter (GB140;
pore size 0.4 um, Advantec Co. Ltd., Japan).
The BOD with additional allylthiourea (ATU)
were determined according to the standard
method [8]. The COD was analyzed using a
HACH DR900 spectrophotometer (Hach Co,
USA). Persulfate Digestion Method were
used for analyzing the total nitrogen (TN)
concentration. Ammonia, Nitrite and Nitrate
(NH4-N, NO2-N and NO3™-N) concentrations
were analyzed by a spectrophotometer (DR1900,
Hach Co, USA). The Escherichia coli. (E. Coli)
concentration in wastewater was analyzed using a
Nissui Compact Dry EC plate (Nissui, Japan).

Figure 1 The location of high-rise condominium A



Thai Environmental Engineering Journal Vol. 38 No. 2 (2024) 93

Wastewater from
kitchen rooms

Grease
Trap

Ll

Tank

i 615 > 1 |
i 3 y ~ s " .
Wastewater from Sﬁ:’:}‘: | Pump m?/day Aiﬁ’n sedlr;enll‘almn N C!;‘lnil'ier m
toilets and others 3 —»' t an an
(:) Sump Tank (:)
Sludge Sludge
Storage [+| Holding

Tank

Figure 2 Flow diagram of a high-rise condominium A’s onsite WWTP (Completely Mix)

Microplastic analysis

The MP sample collection was
conducted on four occasions: twice during
the dry season (late January and late March)
and twice during the wet season (mid-May
and mid-June) of 2023. A rotary pump with a
12 V/DC 8 A power supply was used for the
sampling process. The water was pumped
through a 0.3 mm (No. 50) stainless steel sieve.
Analysis samples were obtained from 50 liters
of influent wastewater and 100 liters of
effluent wastewater, with a total of 5 replicates
per sample. After collection, the residue retained
on the sieve was carefully transferred into
individual glass jars and subsequently stored at
4 °C to maintain the integrity of the samples for
subsequent laboratory analysis. The analysis of
MPs in wastewater was adapted from a method
developed by National Oceanic and Atmospheric
Administration (NOAA) [9]. The number of MPs
present and MP shapes were analyzed by using a
stereomicroscope (Olympus, SZ61TR) at a
magnification of 45X. The polymer types of MPs
were identified using a Fourier transform-infrared
spectrophotometry (FT-IR, Bruker Alpha II) in
attenuated total reflectance (ATR) mode.

Results and Discussions

Wastewater characteristics and removal
performance

Wastewater characteristics and removal
performance of high-rise condominium A’s
OWTS are shown in Table 2. In accordance
with wastewater effluent standards for buildings
in Thailand, the pH values, SS concentration,
and BOD concentration of OWTS effluent met
the required quality standards. The pH values
of wastewater in the OWTS were near neutral,
ranging within the suitable range for the

growth of bacteria (between 6.5 and 7.5) in the
biological treatment process [11].

The efficiency of OWTS in removing
SS, VSS, BOD, and COD in wastewater was
relatively high (>80%) and the NH,-N removal
rate was 75%, the removal performance of
condominium A’s OWTS was similar to the
removal performance of mini-sewage treatment
plants with activated sludge that operating
normally in the study of Marzac et al. [10].
Conversely, Micek et al. [12] found that
household WWTPs with activated sludge
achieved removal efficiencies of 17% and 48%
for TSS, these low efficiencies are due to the
significant proportion of TSS (>60%) was
removed in the preliminary settling tanks
(septic tanks), in addition to the mechanical
treatment occurring in preliminary settling
tanks, the wastewater retention time has also
improved the sedimentation process of solids
in each stage.

Over the course of a 20-week monitoring
period, the BOD concentration in the effluent
did not surpass the building effluent quality
standard, which dictates that it must not exceed
20 mg/L [2] as shown in Figure 3. Throughout
this duration, the BOD treatment exhibited
an average efficiency of 94.8+3.21%. In the
research study investigating the efficiency of
two household WWTPs with activated sludge
conducted by Micek et al. [12], it was found that
the BOD removal efficiency was 83% and 66%.
In addition, Rodrigues Mesquita et al. [13] also
found effective removal of high BOD levels in
three decentralized WWTPs consisting of septic
tanks and anaerobic filters, with average annual
efficiencies of BOD removal at 78%, 80%,
and 93%. The higher BOD removal efficiency
(97%) was found in the study on the use of a
low-cost ceramic filter bioreactor (CFBR) for
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treating effluent from septic tanks in small
communities in Saudi Arabia, conducted by
Alresheedi et al. [14].

In general, untreated wastewater typically
has a BOD/COD ratio ranging from 0.3 to 0.8
and treated wastewater has a BOD/COD
ratio ranging from 0.1 to 0.3.If untreated
wastewater has a BOD/COD ratio greater than
or equal to 0.5, the wastewater is considered
easily treatable by biological treatment, if the
ratio is below approximately 0.3, it suggests
that the wastewater might contain some toxic
substances or may be required the acclimated
microorganisms in its stabilization [11]. The
influent wastewater entering the OWTS has
a BOD/COD ratio of 0.32+0.12, while the
effluent wastewater from the OWTS has a
BOD/COD ratio of 0.13+0.10. Although the
BOD/COD of the influent wastewater was not
less than 0.3, but the biological degradation
process of the activated sludge system in
Condominium A's OWTS may proceed slowly.

Therefore, it might be necessary to consider
adding suitable bacterial strains to support the
biological treatment [15].

The conventional process for nitrogen
removal from wastewater includes nitrification
followed by denitrification process [16].
The influent nitrogen primarily exists as soluble
ammonia. In the process of nitrification,
ammonia nitrogen is oxidized to nitrite
nitrogen, which is relatively unstable, and
then nitrite nitrogen is further oxidized to
nitrate nitrogen. This process relies on
nitrifying bacteria and occurs under conditions
with oxygen [11, 17]. From the concentration
of NH4-N, NO,-N, and NO5™-N in the influent
and effluent in Table 1, The decrease in NH,-N
concentrations, along with the increase in
NO,-N, and NO3;-N concentrations in
wastewater demonstrates that the nitrification
process proceeded properly within the OWTS
of condominium A.
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Figure 3 BOD removal performance (A); TN removal performance (B)
Table 1 Laboratory study results of wastewater characteristics
* Sample” Removal
No. Parameter STD Influent Effluent rate
1 pH 5-9 6.66+0.29 6.71+0.21
2 SS (mg/L) 30 180.84+83.78 24.23+20.01 82.8+15.59
3 VSS (mg/L) - 151.41+£72.03 21.42+17.63 81.5+16.59
4 | BOD (mg/L) 20 132.25+38.87 6.48+4.84 94.8+3.81
5 | COD (mg/L) - 437.07+127.51 58.38+32.89 85.6+8.58
6 | NHy-N (mg/L) - 51.26£15.29 13.10+10.65 75.0£19.61
7 | NO,-N (mg/L) - 0.03+0.04 5.30+4.88
8 | NOs-N (mg/L) - 3.74+4.67 17.80+14.51
9 | T-N (mg/L) - 50.92+ 7.44 39.76+5.46 21.4+8.85
10 | E. coli (CFU/mL) - 5.39x10*£5.97x10" | 4.70x10°+8.04x10° | 1.44log;,

* STD= water quality standards of building effluent in Thailand [2]
**20 samples of influent and 20 samples of effluent were analyzed for all parameters
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The efficiency of TN removal by the
OWTS reached a maximum of 35.67%
throughout the sampling period as shown in
Figure 3. The TN removal performance of
the OWTS in condominium A is relatively
low, similar to the research conducted by
Micek et al. [12], which found that the efficiency
of TN removal in two household WWTPs
utilizing activated sludge systems was at 21%
and 34%, resulting in high concentrations of TN,
NO,-N, and NOs-N in the effluent due to the
insufficient capability of WWTPs with activated
sludge to create suitable conditions for the
denitrification process.

The average efficiency of E. coli
elimination by the onsite treatment system in
condominium A was 1.44logy,. Throughout
the sampling period, the efficiency of E. coli
elimination by the onsite treatment system ranged
from 0.22log;, to 3.23log;e. The modification of
septic tanks with anaerobic and aerobic chambers
for onsite wastewater treatment provided by
Abbassi et al. [18], included two modified septic
tanks (MST) operated in different configurations:
suspended growth biological treatment system
(MST-S) and attached growth biological
treatment system (MST-A), the E. coli removal
in MST-S achieved a 2log;o reduction, which is
higher than in MST-A, where the efficiency
of E. coli removal was approximately 1log;o,
the higher E. coli removal in MST-S may be
attributed to the formation of bioflocs, which can
aggregate E. coli and settle them out in the
sedimentation tank. However, the concentration
of E. coli in the effluent from MST remains
relatively high, ranging from 10° to 10°
MPN/100mL, which may require further tertiary
treatment utilization. According to the study
provided by Takemura et al. [19], the down-flow

hanging sponge (DHS) reactor has been utilized
as a post-treatment process for sewage treatment
systems operating under short hydraulic retention
times (HRT) of 1 to 3 hours, the DHS reactor
could reduce the concentration of E. coli from an
order of 10° CFU/mL in the influent to a range
of 10" to 10° CFU/mL of E.coli concentration in
the effluent, and the removal of E. coli was
higher than 2log;,. The integration of tertiary
treatment within the OWTS of condominium A
may potentially serve as a viable strategy for
mitigating the concentration of E. coli in the
effluent.

Microplastics contamination

The microplastics contamination in
wastewater from high-rise condominium A is
shown in Table 2. From the collection of MP
samples in the influent and effluent of the
OWTS of high-rise condominium A the
presence of MP contamination was detected in
the wastewater generated by the condominium.
The concentration of MPs in the effluent water
was lower than the MPs concentration in the
influent water in all sampling events. This
demonstrates a reduction in MPs in the
wastewater after treatment by the OWTS.
Rajsiri and Leungprasert [20] reported that
the amount of microplastics in untreated
wastewater from two high-rise condominiums
near Bang Khen canal was approximately
1.48+0.06 pieces/L and 1.80+0.19 pieces/L
during the dry season from December 2021
to March 2022, which differs from the
concentration of microplastics detected in the
untreated wastewater generated from the high-
rise condominium in this study. This might be
due to the varying activities of residents in
different areas.

Table 2 MPs concentration in wastewater from OWTS during dry season and wet season in 2023

MPs Dry season Wet season
(pieces/L) January March May June
Influent 4+0.70 5+1.15 4+0.69 3+1.23
Effluent 2+0.19 2+40.67 2+0.49 1+0.25

Remark: Each sample was analyzed with a total of 5 replicates.
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The MPs in the effluent from
condominium A’s OWTS are eventually
discharged into the environment. According to
the analysis of MPs contamination in the
effluent of condominium A’s OWTS during the
dry season and wet season, the average quantity
of MPs in the effluent was 2+0.53 pieces/L and
1+0.51 pieces/L, respectively. The t-test results
indicated that the average quantity of MPs in the
effluent during the dry season was significantly
higher than the average quantity observed in the
influent. Furthermore, the abundance of MPs
in the effluent of OWTS significantly differs
between the dry and wet seasons (p < 0.05).
These results are consistent with the findings of
Kittipongvises et al. [21], which reported that
the presence of microplastics in wastewater
from the wastewater treatment plant in
Nonthaburi, Thailand, was lower during the
wet season compared to the dry season in both
2019 and 2020 due to the dilution caused
by rainfall during the wet season. The study
conducted by Flores-Munguia et al. [22]
presented the counterexample, which found that
the quantity of MPs in wastewater from three
WWTPs in Mexico were higher during the wet
season compared to the dry season and the MP
removal efficiencies of WWTPs were decreased
during the wet season. The high concentrations
of MPs in wastewater during the wet season
might result from the urban surface runoff
carrying microplastics into the water cycle and
the poor settleability of the MP particles due
to the higher flow velocity during rainfall
events [23]. In addition, heavy rainfall may
induce the resuspension of microplastics in
WWTP [24], resulting in a higher quantity of
MPs in wastewater samples during the wet
season. In this study, the presence of MPs in
wastewater samples during each season may be
related to the activities of resident in the
condominium, particularly those related to
laundering items other than clothing (such as
blankets, quilt, curtains, and various fabric
covers), which are often less frequent during
the rainy season, possibly contributing to a
lower presence of microplastic fibers released
during this season. Consequently, the quantity
of microplastics detected during the rainy
season may be reduced compared to other
seasons.

Although the analysis of MP samples
has shown a decrease in the quantity of MPs in
wastewater generated from the condominium
after being treated by OWTS, there remains a
high level of MPs in the effluent released
into the environment. The discharge rate of
wastewater from the OWTS of high-rise
condominium A is 280.17 m*/h. It is estimated
that during the dry season, the average release
of MP items into the environment per day is
13,448,160 pieces. During the wet season, an
average of 6,724,080 pieces of MP are released
into the environment per day. In the study
conducted by Hidayaturrahman and Lee [25]
which investigated the quantity of MPs in
wastewater from three centralize full-scale
WWTPs in South Korea, it was observed that
all three WWTPs exhibited high efficiency in
microplastic removal (>98%). However, despite
their high removal efficiency, there was still a
release of MPs averaging 47.24 billion pieces/L
with an average flow rate of 172,211.3 m*/day.
Another example of a study that aligns with the
finding was reported by Magni et al. [26], who
found that the WWTP was not completely
remove MPs from the wastewater, approximately
160,000,000 pieces of MPs were released
into freshwater daily by the selected WWTP
located in ltaly.

In this study, it can be observed that the
quantity of MPs released into the environment
by OWTS of condominium A was lower than
the quantity of MPs released by Centralized
WWTPs. This difference may depend on the
flow rate of wastewater within each wastewater
treatment system, the characteristics of the
wastewater sources (such as residential areas,
rural regions, and industrial sources), and the
distinct treatment processes employed by each
wastewater treatment systems.

Shape of microplastics

The MP in this study were categorized
into four shapes: fiber, film, fragment, and
granule. Figure 4 shows the MP shapes found
in this study. The most common shape of MPs
found in the wastewater generated from high-
rise condominium A was fiber. The analysis of
MP samples collected from OWTS revealed
that fiber was the predominant shape observed
in the influent, accounting for 96.17% of total
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MPs detected in the influent. Meanwhile,
fragments, films, and granules were found
in proportions of 3.01%, 0.74%, and 0.08%,
respectively. The proportions of MP shapes
found in the effluent were similar to the MP
shapes found in the influent. Fibers accounted
for 93.17% of the MPs detected in the influent,
while fragments, films, and granules were
found to be 4.90%, 1.84%, and 0.08% in the
effluent, respectively. The highest proportion
of fibers may be due to the shedding of
synthetic textile fibers into wastewater during

laundry [27, 28]. While granules, which is the
spherical shape MP that may originate from
breakage during production processes or be
microbeads, which are primary microplastics
produced for use in personal care products [29]
have rarely been found in this study, align
with Thailand's law effective since January 1,
B.E. 2563. This law was introduced through
Notification of the Ministry of Public
Health (No.2) B.E. 2562, which banned the
manufacture, import, or sale of cosmetics
containing microplastic components [30].

Figure 4 Shapes of microplastic (from influent wastewater) captured from stereomicroscope
(Olympus, SZ61TR): Fiber (A); Film (B, C); Fragment (D, E); Granule (F)

Polymer of microplastics

From a random sample of 12 pieces of
MPs for analyzed using Fourier transform-
infrared spectrophotometry, the identified
types of MP polymers were Polyethylene
terephthalate (PET), Polypropylene (PP), and
Low Density Polyethylene (LDPE) in quantities
of 7, 2, and 2 pieces respectively, consistent with
the findings of Rajsiri and Leungprasert [20],
which indicated that PE, PP, and PET were the
polymer types most commonly found in the
highest proportions in domestic wastewater.
Furthermore, this study also found 1 piece of
the MP samples was Polydimethylsiloxane
(PDMS), which is classified as a silicon
elastomer polymer commonly used in various
fields such as microfluidic systems, medical
devices, electronic components, coatings, and
may be found in daily life products such as
plastic bags and synthetic fibers [31]. Similarly,
Me Maw et al. [32] also detected the PDMS
microplastic in wastewater from a WWTP
located at a university in Thailand. However,

PDMS has been rarely reported due to its
minimal presence in the environment [33].

Conclusion

The performance of OWTS from the
high-rise condominium building was relatively
good with a removal rate for SS, VSS, BOD,
COD, and NH,-N at 82.75%, 81.55%, 94.80%,
85.60%, and 75.0% respectively. The E. coli
could be treat at 1.44logio. However, the total
nitrogen removal rate was low with 21.4%.
The nitrogen content in wastewater released
into aquatic ecosystems becomes nutrients
for phytoplankton. High levels of nutrients
accelerate alga blooming, increasing the
amount of algae covering the water surface.
Consequently, the dissolved oxygen levels in
the water decrease, leading to the decay of
aquatic ecosystems. To achieve higher nitrogen
removal performance, adding a treatment unit
specifically designed for nitrogen removal
could be suitable.
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The presence of MPs in wastewater
generated from the high-rise condominium
building was detected in both influent and
effluent of OWTS. The amount of MPs in
wastewater decreased after being treated by the
OWTS. Nevertheless, a significant amount of
MPs in wastewater are still released in to the
environment daily, even when treated by the
OWTS. Fiber-shaped MPs were the most
found, followed by fragments, films, and
granules, respectively. Although there has been
a law banning the manufacture, import, or sale
of cosmetics containing MP components in
Thailand that has led to a rare presence of
granule-shaped MPs, but other shapes of MPs
are still generally present. To reduce the
amount of MPs in domestic wastewater that
could be released into the environment, it
might be achieved through legislation to reduce
the production and sale of plastic products,
especially synthetic fabrics, which are the
origin of MP fibers that were commonly found
in the highest proportions in wastewater.
Additionally, studies and standards established
for wastewater treatment systems should
include considerations the effective removal of
microplastics  from  wastewater  before
discharge into the environment, minimizing
environmental impact.

The polymer type of MPs in wastewater
was PET, PP, and LDPE, which are commonly
polymers found in domestic wastewater.
Additionally, another polymer type detected
was PDMS.
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