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Abstract 
 

 This research presents the environmentally friendly manufacturing (green manufacturing) of 

geopolymer mortar, focusing on the unit weight and compressive strength of geopolymer made 

from Mae Moh fly ash from Lampang Province. Graded sand in a dry condition was used in this 

investigation. The fly ash/sand ratio was set at 1:2.75. Sodium hydroxide (NaOH) and potassium 

hydroxide (KOH) solutions were used at concentrations of 2.5, 5, and 7.5 molars (M), respectively. 

The ratios of Na2SiO3/NaOH and Na2SiO3/KOH were controlled at 0.5:1, 1:1, and 2:1, respectively. 

The solution/fly ash ratio was set at 0.6. The temperatures for curing the geopolymer mortar were 

controlled at 30°C and 60°C, respectively. The compressive strength test of geopolymer mortar  

was conducted at the ages of 7, 28, and 56 days, respectively. Tap water was used to mix the 

geopolymer mortar, similar to that used in cement mortar for strength comparison. 

 The results indicated that the concentration of the alkaline solution can affect the rate of 

polymerization. Higher concentrations can lead to faster polymerization such as at a NaOH 

concentration of 7.5 M and a Na2SiO3/NaOH ratio of 1:1, a maximum compressive strength of  

210 ksc was obtained at 56 days of testing (after 1 day of curing at 60°C). Similarly, at a KOH 

concentration of 7.5 M and a Na2SiO3/KOH ratio of 1:1, a maximum compressive strength of  

240 ksc was obtained at 56 days of testing (after 1 day of curing at 60°C). Comparatively, the 

compressive strength of samples mixed with KOH solution was a bit higher than those mixed with 

NaOH solution. Furthermore, elevated curing temperatures can accelerate the geopolymerization 

process, enhancing strength in a shorter time frame. As it was clearly found that heat curing at 60°C 

provided higher compressive strength than curing at room temperature (30°C). Nevertheless, due to 

the aspect of environmentally friendly manufacturing of geopolymer mortar, a curing temperature 

close to room temperature (approximately 30°C) can yield a reasonable compressive strength within 

the range of 160-220 ksc, when stored in air for duration of 56 days, therefore, lengthening the 

curing time results in higher strength, as it allows more complete polymerization which contributes 

to the density and interconnectivity of geopolymer structure. 
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Introduction 
         

 Geopolymers are materials that resemble 

cement but are produced from non-fossil fuel raw 

materials. They utilize materials containing  

silica and alumina in the form of industrial  

waste, such as fly ash from coal combustion or  

blast furnace slag from steel manufacturing. 

Additionally, alternative natural materials, such 

as metakaolin or natural pozzolans, are also 

available.  Geopolymers have found applications 

in various industries, including construction, the 

production of environmentally friendly building 

materials, and waste management. 

        Geopolymers are environmentally friendly 

due to their use of recycled materials and 

generates significantly lower CO2 emissions than 

traditional cement due to the lower calcination 

temperatures [1], exhibit superior resistance to 

chemical attacks, including acids and sulfates, 

making them ideal for harsh environments [2], 

and typically demonstrate high compressive 

strength comparable to or exceeding traditional 

cement-based materials. Studies have shown  

that strength can be influenced by factors such as 

raw material composition, curing temperature, 

and age [3]. However, challenges and concerns 

surrounding geopolymers include limited 

knowledge and research, leading to potential 

misuse due to inadequate education and training. 

Additionally, there are questions about their  

long-term durability and stability, necessitating 

further investigation. Lastly, while geopolymers 

are environmentally friendly, high production 

costs may impede their competitiveness in  

certain markets.  

        According to the Cement manufacturing 

process which significantly contributes to 

environmental pollution by emitting gases that 

exacerbate the greenhouse effect (Green House 

Gas; GHG), totaling 13,500 million tons per year, 

or approximately 7% of all global emissions. 

Consequently, there is an effort to reduce the  

use of Portland cement. This includes the 

development of concrete with high pozzolan 

content or the production of cementitious 

material that entirely eliminates Portland  

cement. One such alternative is geopolymer 

material [4-5]. Geopolymer is a type of 

cementitious material made from pozzolans, such 

as fly ash and calcined kaolin (metakaolin), 

which are rich in silica (Si) and alumina (Al).  

The fundamental principle of geopolymer 

involves a chemical reaction between silica and 

alumina to form polymer chains. This reaction  

is facilitated by a highly alkaline solution.  

When mixed with an alkali hydroxide solution 

and sodium silicate solution, and catalyzed with 

heat or thermal stimulation, a strong cementitious 

material is produced [6-8]. This material can 

achieve the same strength as conventional 

cement. The development of geopolymer not 

only represents an engineering advancement but 

also helps mitigate environmental pollution and 

combat global warming, a critical issue today. 

        This research, therefore, presents the 

environmentally friendly manufacturing of 

geopolymer mortar using Mae Moh fly ash  

as the primary local raw material. The study 

investigates the effects of varying concentrations 

of two types of alkali hydroxide solutions i.e. 

sodium hydroxide and potassium hydroxide on 

the unit weight and compressive strength of 

geopolymer mortar. The mortar was cured at 

room temperature (30°C) without heat energy 

consumption and at elevated temperature (60°C) 

with heat energy consumption. 

 

Methodology 
         

 Fly ash from the Mae Moh Power  

Plant in Lampang Province, characterized by 

an average particle size of 30.4 microns and a 

specific gravity (S.G.) of 2.23, was utilized in 

this study. The Mae Moh fly ash exhibited a 

brownish-gray coloration and displayed a  

solid spherical morphology with a smooth 

surface [9-10]. The chemical composition  

of the fly ash, as analyzed using X-ray 

Fluorescence (XRF), revealed that it consists 

primarily of SiO2, Al2O3, Fe2O3, and CaO, 

which collectively account for approximately 

88 percent of its total composition. Furthermore, 

when focusing specifically on the primary 

compounds, SiO2, Al2O3, and Fe2O3 constitute 

about 69 percent. Consequently, this fly ash is 

classified as Class C fly ash according to the 

ASTM C 618 standards. The detailed chemical 

composition of Mae Moh fly ash is presented 

in Table 1. 
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Table 1 Chemical composition of fly ash analyzed by X-ray fluorescence (XRF) 

 

 

 

 

 

 

 

 

 

 
 

Test Method 
 

1.  Calculation of molarity (molar) 
          Molarity, often referred to as molar 
concentration, is a unit that quantitatively 
expresses the concentration of a solute in a 
solution. It is defined as the ratio of the number 
of moles of solute to the volume of the solution 
in liters (L). Molarity is denoted by the symbol 
'M' and is expressed in units of moles per  
liter (mol/L), as represented by the following  
formula: 

 
Molar (M) =  
 
 

2.  Manufacturing of geopolymer mortar 
      The mix proportions of the geopolymer 
are detailed in Tables 2 and 3, respectively. 
The process for manufacturing geopolymer 
mortar and procedure for mixing geopolymer 
mortar samples using a mortar mixer is 
outlined as follows [11]: 

1) Place the measured quantities of fly 
ash and sand into the mixer, and mix 
for a duration of 2-3 minutes. 

2) Mix the sodium hydroxide solution, as 
prepared in Table 4, with added water 
thoroughly for an additional 2 minutes. 
Subsequently, incorporate the sodium 
silicate solution and continue mixing 
for a further 5 minutes. 

3)  Replace the sodium hydroxide solution 
with potassium hydroxide solution, and 
then repeat steps 1 and 2. 

 
3.  Casting of geopolymer mortar 

1) Pour the fresh geopolymer mortar 
into the test mold in two layers. The 
first layer should be approximately 
25 mm thick. Subsequently, stir the 

mixture 16 times within a period of 
10 seconds, and then pour the 
remaining geopolymer mortar into 
the mold. Repeat the aforementioned 
process for the second layer. 

2) Utilize a steel trowel to remove any 
excess fresh geopolymer mortar that 
has overflowed onto the edges of the 
mold, ensuring that the surface is 
smooth. 

 
4.  Curing and storage method 
      The cast geopolymer mortar should be 
wrapped in plastic film and subsequently 
maintained at room temperature (30°C) for 
duration of 1 hour. Following this initial period, 
certain samples of the geopolymer mortar  
were cured at room temperature (30°C) for an 
additional 24 hours, while others were subjected 
to heat in an oven at 60°C for the same duration. 
After the 24-hour curing period, the geopolymer 
mortar samples were removed from the molds 
and stored at room temperature (30°C) until they 
were tested for compressive strength at 7, 28, and 
56 days of age, respectively. 
 

5. Compressive strength test of geopolymer 
mortar 

       The compressive strength was evaluated 
following ASTM C109 standard; compressive 
strength tests determine the load-bearing 
capacity of the mortar using a compressive 
strength testing machine at 7, 28, and 56 days, 
resulting in a total of 324 samples. These 
samples were categorized into two groups:  
162 samples derived from sodium hydroxide 
(NaOH) solution (with 81 samples cured at 
30°C and 81 samples cured at 60°C) and  
162 samples derived from potassium hydroxide 
(KOH) solution (with 81 samples cured at 
30°C and 81 samples cured at 60°C). 

 

Chemical composition of fly ash 
Silicon Dioxide, SiO2 (%)  32.10 
Aluminum Oxide, Al2O3 (%)  19.90 
Iron Oxide, Fe2O3 (%)  16.91 
Calcium Oxide, CaO (%)  18.75 
Magnesium Oxide, MgO (%)  3.47 
Sodium Oxide, Na2O (%)  0.69 
Potassium Oxide, K2O (%)  2.38 
Sulfur Trioxide, SO3 (%)  2.24 
Loss On Ignition, LOI (%)  0.07 

Number of moles of solute (mol) 

Volume of solution (L) 
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Table 2 Mix proportions of geopolymer using sodium hydroxide solution with 1,650 g of sand  

 and 600 g of fly ash 

 
Table 3 Mix proportions of geopolymer using potassium hydroxide solution with 1,650 g of  

             sand and 600 g of fly ash 

 

Table 4 Weight of substances used in each concentration 

 

 

 

 

 

 
 

Results and Discussion 
 

1. Unit weight test  

     Based on the conducted tests, it was 

found that the ratios of sodium silicate solution 

to sodium hydroxide solution, as well as the 

ratios of sodium silicate solution to potassium 

hydroxide solution, at concentrations of 2.5, 5, 

and 7.5 M had minimal impact on the unit 

weight of the geopolymer. In contrast, the 

variables that significantly influenced the unit 

weight of the geopolymer were the testing age 

and the curing temperature. As illustrated in 

Figure 1, the unit weight measurements taken 

during the first 7 days indicated an average 

value of 2.23. However, upon examination at 

28 days, the unit weight value decreased 

slightly to 2.22, with subsequent measurements 

showing minimal further reduction. Notably, 

curing at room temperature produced a higher 

unit weight compared to curing at elevated 

temperatures of 60 °C. An overall results of 

this investigation yielded average geopolymer 

unit weight of 2.22. 
 

Concentration 

( M ) 
Na2SiO3 

( g ) 

NaOH 

( g ) 

Added water 

( g ) 

Na2SiO3/NaOH  

solution ratio 

Solution to fly 

ash ratio 

2.5 

120 240 69 0.5 0.6 

180 180 71 1 0.6 

240 120 124 2 0.6 

5 

120 240 98 0.5 0.6 

180 180 97 1 0.6 

240 120 138 2 0.6 

7.5 

120 240 127 0.5 0.6 

180 180 123 1 0.6 

240 120 153 2 0.6 

Concentration 

( M ) 

Na2SiO3 

( g ) 

KOH 

( g ) 

Added water 

( g ) 

Na2SiO3/ 

KOH solution ratio 

Solution to fly 

ash ratio 

2.5 

120 240 69 0.5 0.6 

180 180 71 1 0.6 

240 120 124 2 0.6 

5 

120 240 98 0.5 0.6 

180 180 97 1 0.6 

240 120 138 2 0.6 

7.5 

120 240 127 0.5 0.6 

180 180 123 1 0.6 

240 120 153 2 0.6 

Substances 
Concentration / solution 1 liter 

2.5 M 5 M 7.5 M 

Sodium hydroxide 100 g 200 g 300 g 

Potassium hydroxide 140 g 280 g 420 g 



Thai Environmental Engineering Journal Vol. 38 No. 3 (2024) 5 

 

 

 
Figure 1 Relationship between unit weight and  
               testing age of geopolymer 
 
2. Compressive strength test  
      2.1 Sodium silicate to sodium hydroxide 
solution ratio 
       From the initial seven days of testing, it 
was observed that the compressive strength 
values of the ratios 0.5:1 and 1:1 were 
comparable, both achieving a strength of 40 ksc, 
while the ratio of 2:1 exhibited the lowest 
compressive strength at 32 ksc. Further 
assessment of compressive strength conducted  
at 28 and 56 days revealed that the 0.5:1 ratio 
yielded the highest compressive strength at  
91 ksc. When comparing the solution ratios of 
1:1 and 2:1, both cured at 30°C, as illustrated  
in Figure 2, it was noted that the trends in 
compressive strength development remained 
similar when the geopolymer was subjected to 
testing at 60°C. Specifically, the 0.5:1 ratio 
consistently provided the highest compressive 
strength, while the 2:1 ratio produced the least, as 
depicted in Figure 3. Consequently, the optimal 
ratio of the geopolymer synthesized from sodium 
hydroxide solution was determined to be 0.5:1  
to 1:1. This finding aligns with the research 
conducted by Chindaprasirt et al. (2007) [12], 
which investigated the fundamental properties  
of workability and compressive strength of 
geopolymers derived from high-calcium fly ash. 
Their study noted that the flow capacity ranged 
from 105% to 140%, and recommended a ratio  
of sodium silicate solution to sodium hydroxide 
solution between 0.67 and 1.0 to achieve 
satisfactory compressive strength. 
 

 2.2 Sodium silicate to potassium 
hydroxide solution ratio 
     Development of compressive strength in 
geopolymer  over  a  period  of  7  days, utilizing  

 
 
Figure 2 Relationship between compressive  
    strength and the ratio of sodium  
    silicate solution to sodium hydroxide  
    solution cured at 30°C 

 

 
 
Figure 3 Relationship between compressive  
    strength and the ratio of sodium  
    silicate solution to sodium hydroxide  
     solution cured at 60°C 
 
ratios of 0.5:1, 1:1, and 2:1, revealed a 
consistent trend in compressive strength 
development across the different formulations. 
Further testing conducted at intervals of 28 and 
56 days indicated that the geopolymer mixture 
with a ratio of 1:1 exhibited the highest 
compressive strength, while the 2:1 ratio 
resulted in the lowest compressive strength, as 
illustrated in Figure 4. 
      Moreover, compressive strength testing of 
the geopolymer cured at 60°C demonstrated that 
its performance during the first 7 days surpassed 
that of samples cured at room temperature (30°C), 
yielding a difference of approximately 90 ksc. 
Evaluating the compressive strength values at  
28 and 56 days post-curing revealed that the  
1:1 geopolymer ratio consistently provided  
the highest compressive strength. In contrast,  
the compressive strength values for the 0.5:1  
and 2:1 ratios were comparable, as depicted in 
Figure 5. 
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Figure 4 Relationship between compressive  

  strength and the ratio of sodium  

  silicate solution to potassium  

  hydroxide solution cured at 30°C 

 

 Therefore, it can be concluded that the 

optimal ratio for the geopolymer synthesized 

from potassium hydroxide solution, based on 

the results obtained during this study, is 1:1. 

This finding aligns with the research conducted 

by Hardjito and Tsen (2008) [13], who 

explored geopolymers synthesized from fly ash 

using potassium silicate and potassium 

hydroxide solutions. Their findings indicate 

that the effectiveness of potassium hydroxide 

solution as a stimulant for compressive 

strength is contingent upon the concentration 

of the solution, similarly to the effects 

observed with high-concentration sodium 

hydroxide solutions. Hardjito and Tsen 

recommended that the ratio of potassium 

silicate solution to potassium hydroxide 

solution should be maintained within the range 

of 0.8 to 1.5 to ensure optimal compressive 

strength performance. 
 

 
 
 

 

 

 

 

 

 

 

 

Figure 5 Relationship between compressive  

  strength and the ratio of sodium  

  silicate solution to potassium  

  hydroxide solution cured at 60°C 

      2.3 Concentration of sodium hydroxide 

solution 

          Based on the test results of geopolymers 

exposed to sodium hydroxide solutions at 

concentrations of 2.5 M, 5.0 M, and 7.5 M, it 

was observed that the compressive strength  

of the geopolymer exhibited direct variation 

relationship with the concentration of the 

solution. In compressive strength tests 

conducted on geopolymers aged for 7 days,  

the lowest compressive strength was recorded  

at a concentration of 2.5 M, whereas the  

highest compressive strength was observed  

at a concentration of 7.5 M. However, the 

difference in compressive strength between 

these concentrations was minimal, amounting to 

only 5 ksc. Upon evaluating the compressive 

strength of geopolymers aged 28 days, it was 

reaffirmed that the solution concentration of  

7.5 M yielded the highest compressive strength. 

Similarly, after testing geopolymers aged 56 

days, the concentration of 7.5 M once again 

resulted in the highest compressive strength, 

particularly when cured at 30°C, as illustrated  

in Figure 6. Furthermore, when subjected to 

heating at 60°C, it was determined that 

geopolymers tested after 7 days exhibited higher 

compressive strength across all solution 

concentrations compared to those cured at 30°C, 

with the values obtained from samples aged 28 

and 56 days corroborating this finding. Notably, 

the geopolymer produced at a concentration of 

7.5 M displayed higher compressive strength 

when compared to those at concentrations of  

2.5 M and 5.0 M, as demonstrated in Figure 7. 

 
 
 

 

 

 

 

 

 

 

 
 

Figure 6 Relationship between compressive  

  strength and concentration of sodium  

  hydroxide solution at 30°C 
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Figure 7 Relationship between compressive  
  strength and concentration of sodium  
  hydroxide solution at 60°C 

 
 2.4 Concentration of potassium hydroxide 
solution  
        Based on the test results of geopolymer 
constructed with potassium hydroxide solutions 
at concentrations of 2.5, 5.0, and 7.5 M, it was 
observed that the variation in compressive 
strength over the initial 7 days of testing was 
minimal in comparison to the concentration  
of the potassium hydroxide solution. The 
compressive strength values were similar, 
averaging approximately 65 ksc. However, 
during the curing periods of 28 days and 56 days, 
the trends indicated that compressive strength 
exhibited a direct variation relationship with 
increasing concentrations of potassium hydroxide 
solution, particularly at a concentration of 7.5 M. 
The sample cured for 56 days at 30 °C achieved a 
maximum compressive strength of 217 ksc, as 
illustrated in Figure 8. In contrast, samples  
cured at a temperature of 60 °C demonstrated 
consistently superior compressive strength across 
all concentrations, with the highest compressive 
strength recorded at 240 ksc, as shown in  
Figure 9. For comparison purposes, a sodium 
silicate to sodium hydroxide solution ratio of 1:1 
and a solution to fly ash ratio of 0.6 were utilized. 
 

 
 

Figure 8 Relationship between compressive  
  strength and concentration of  
  potassium hydroxide solution at 30°C 

 

 
 

 

 

 

 

 
 
Figure 9 Relationship between compressive  

  strength and concentration of     
  potassium hydroxide solution at 60°C 

      
 2.5 Development of compressive strength 
of geopolymer using sodium hydroxide solution 
as a catalyst 
      Based on the testing, it was found that the 
compressive strength of geopolymer mortar 
developed with a 2.5 M concentration exhibited 
the lowest compressive strength, while a sodium 
hydroxide solution with a concentration of 7.5 M 
provided the highest compressive strength across 
all curing durations, as illustrated in Figure 10. 
The samples exhibiting the highest compressive 
strength during each curing period are illustrated 
in Figure 10, which compares the performance of 
samples with a sodium silicate solution to sodium 
hydroxide solution ratio of 1.0 and a solution to 
fly ash ratio of 0.6. 
      Curing the samples at a temperature of 
60°C significantly accelerated the reaction, 
leading to improved compressive strength 
compared to curing at 30 °C. Notably, the rate of 
compressive strength development was most 
pronounced at 7 days of age when compared to 
the samples cured at 30°C, with a subsequent 
decrease in strength gain observed at 28 days 
testing. After 28 days, the increase in 
compressive strength was less pronounced, as 
depicted in Figure 11, which compares samples 
with a sodium silicate solution to sodium 
hydroxide solution ratio of 1:1 and a solution to 
fly ash ratio of 0.6. 
 
 2.6 Development of compressive strength 

of geopolymer using potassium hydroxide 

solution as a catalyst 

        Based on evaluations conducted using 

potassium hydroxide solution as a catalyst, the 

findings indicate that the development of 

compressive strength in geopolymer mortar is 

influenced  by the concentration of the catalyst. 
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Figure 10 Relationship between compressive  

     strength and testing age of geopolymer  

    using sodium hydroxide solution at  

    curing temperature of 30°C 

 

 
 
Figure 11 Relationship between compressive  

    strength and testing age of  

    geopolymer using sodium hydroxide  

    solution at curing temperature of 60°C 

 

Specifically, a potassium hydroxide concentration 

of 2.5 M resulted in the lowest compressive 

strength, while a concentration of 7.5 M yielded 

the highest compressive strength. After a testing 

of 7 days, compressive strength values were found 

to be quite similar across all concentrations, 

averaging approximately 61 ksc, as illustrated 

in Figure 12. These samples were compared 

using a sodium silicate solution to sodium 

hydroxide solution ratio of 1.0, along with a 

solution to fly ash ratio of 0.6. 

        Curing the samples at 60°C accelerated the 

chemical reactions, leading to an enhancement in 

compressive strength compared to the ambient 

temperature of 30 °C. The rate of compressive 

strength development was notably higher at  

7 days in case of curing at 60°C compared  

to those cured at 30°C, although this rate 

experienced a decline when the samples were 

tested at 28 days. After 28 days, the increase  

in compressive strength diminished, with  

the maximum compressive strength reaching  

240 ksc. Samples incubated for 56 days at a 

concentration of 7.5 M demonstrated this 

improvement, as depicted in Figure 13. The 

analyses conducted also involved comparing 

samples based on a sodium silicate solution to 

sodium hydroxide solution ratio of 1.0 and a 

solution to fly ash ratio of 0.6. 

 

 
 

Figure 12 Relationship between compressive  

    strength and testing age of  

    geopolymer using potassium  

    hydroxide solution at curing  

    temperature of 30°C 

 

 
 
Figure 13 Relationship between compressive  

    strength and testing age of  

    geopolymer using potassium  

    hydroxide solution at curing  

    temperature of 60°C 

 

         2.7  Comparison of compressive strength 
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hydroxide solution and potassium hydroxide 
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        The test results indicated that the 
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is approximately 10% lower than that of 

geopolymer mortar produced with potassium 

hydroxide solution. Furthermore, when 
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highest compressive strength to cement mortar, 

it was demonstrated that the geopolymer mortar 

achieved approximately 80% of the maximum 

compressive strength of the cement mortar. 

This is illustrated in Figure 14, which presents 

the comparison of a sodium silicate solution 

ratio to a sodium hydroxide solution of 0.5, a 

sodium hydroxide solution concentration of  

7.5 M, as well as a sodium silicate to potassium 

hydroxide solution ratio of 1.0, with a potassium 

hydroxide solution concentration also set at 7.5 

M, yielding the highest compressive strength 

among the geopolymer samples. 

 

 
 

Figure 14 Relationship between compressive  

    strength and testing age of  

    geopolymer and cement mortar 

 
Conclusions 
     

 Sodium hydroxide and potassium 

hydroxide solutions with concentrations of 2.5,  

5, and 7.5 M exhibited varying in compressive 

strengths. The results indicated that compressive 

strength increased with higher concentrations of 

the solutions. The optimal compressive strength 

was achieved with a 1:1 ratio of sodium silicate 

solution to both sodium hydroxide and potassium 

hydroxide solutions. 

     Furthermore, geopolymer constructed 

using potassium hydroxide solution demonstrated 

approximately a 10% higher compressive 

strength compared to those made with sodium 

hydroxide solution across all tested ages. 

Additionally, curing at a temperature of 60°C 

resulted in a more rapid increase in compressive 

strength than curing at 30°C. Nevertheless,  

due to the aspect of environmentally friendly 

manufacturing of geopolymer mortar, a  

curing temperature close to room temperature 

(approximately 30°C) can yield a reasonable 

compressive strength within the range of 160-220 

ksc, when stored in air for duration of 56 days.  

      In conclusion, the manufacturing of fly ash 

geopolymer mortar employs environmentally 

friendly practices by managing waste through  

the utilization of fly ash from the Mae Moh 

electricity manufacturing Power Plant, which 

reduces industrial waste. It enhances energy 

efficiency by activating geopolymer at a low 

room temperature of 30°C, decreasing energy 

consumption compared to traditional methods. 

Additionally, it minimizes environmental  

impact by using lower concentrations of sodium 

hydroxide (2.5-5.0 M) instead of the typical  

10-15 M [12], thereby reducing chemical hazards. 

Furthermore, advocating for geopolymer mortar 

as a sustainable alternative to traditional cement 

can significantly lower the carbon footprint  

in construction, promoting more sustainable 

building practices. 
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Abstract 
 

 This research aims to study the synthesis of biochar from cassava rhizomes and the factors 

involved in the adsorption of methomyl. Methomyl is a carbamate pesticide. The factors of interest 

in the synthesis of biochar include the pyrolysis temperatures of 300, 400, and 500 °C and the 

pyrolysis time of 2.5 hours under nitrogen gas conditions, and the obtained biochar was modified 

with phosphoric acid to increase the efficiency of adsorption. The synthesized biochar was 

examined using various techniques, including CHN/O, BET, SEM, FTIR, and XTM. The factors of 

interest in the adsorption study include contact time, agitation speed, and pH value. The study found 

that the temperature and duration of pyrolysis affect biochar quality. The selected biochar was 

obtained at 500 °C for 2.5 hours with the highest %C of 78.149 and the lowest H/C of 0.026, similar 

to other research studies. The biochar is of high quality, has a stable C ratio, and a low H/C.  

A higher carbon content results in more stable biochar. Modifying biochar with phosphoric acid 

results in an increase in its physical and chemical properties. The specific surface area from BET 

measurement and the average pore diameter increased from 2.29 to 3.39 m²/g and 1.57 to 6.54 Å, 

respectively. For methomyl adsorption experiments, it was found that equilibrium was reached after 

180 minutes. The rotational speed and pH value affected the adsorption efficiency. The optimum 

condition for methomyl adsorption was an agitation speed of 200 rpm because it achieved the 

highest adsorption efficiency of 19.7%. Further agitation speed experiments revealed that 

turbulence is critical in controlling the solid-liquid mass transfer mechanism. The pH condition that 

resulted in the best adsorption was pH 3, with an efficiency of 27.90% and the highest adsorption 

capacity (qe) at 2.79 mg/g. 
 

Keywords : biochar; cassava rhizomes; methomyl; pesticides; phosphoric acid 
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Introduction 
 

Currently, the agricultural sector uses 

pesticides in farming, accumulating pesticides in 

the environment. When pesticide accumulation 

exceeds saturation, it will cause desorption  

from the soil. Pesticides are washed away by  

the leaching process of rain into natural water 

sources [1]. Pesticides contaminating natural 

water sources can accumulate in the food chain 

of living organisms in these water sources. 

Methomyl, a class I (restricted-use pesticide) 

according to the US EPA, is harmful to 

mammals, fish, and aquatic invertebrates.  

The high water solubility (57.9 g/L at 25 °C) [2] 

of methomyl and its low sorption affinity to soil 

contribute to a high likelihood of detecting 

methomyl in surface and groundwater [3].  

This results in an increased risk to human  

health [4].  Methomyl has neurotoxic effects  

with symptoms such as headache, dizziness,  

and abnormal muscle function [5]. Exposure to 

methomyl can cause difficulty breathing and,  

in high doses, respiratory arrest [6], nausea, 

vomiting, and abdominal pain [7].  Methomyl has 

been found in groundwater and surface water at 

10 µg/L and 30 µg/L, respectively. The standards 

for soil and surface water pesticides should not 

exceed 0.1 µg/L, as regulated by the EU and US 

EPA [3]. However, the amount of methomyl 

detected is still higher than the standard. 

This research focuses on methomyl 

treatment. Previous research studies have used 

various technologies to treat methomyl, such as 

adsorption, photodegradation, and advanced 

oxidation processes. Adsorption is widely used to 

remove pesticides because it is easy to apply and 

inexpensive [3]. Biochar is a carbon-rich product 

used as an adsorbent to remove contaminants 

from water supplies due to its physical and 

chemical properties. Biochar production is also 

relatively low-cost, as most of the starting 

materials are waste products from the industrial 

and agricultural sectors, leading to interest in 

synthesizing biochar from biomass.  Biochar is a 

product of the carbonization of biomass, 

characterized by a porous structure. Biochar  

has properties that help improve soil quality [8], 

sequester carbon in the soil [9], and reduce 

greenhouse gas emissions [10]. Biochar is 

therefore a material with the potential to promote 

sustainability in agriculture and environmental 

management. In this research, the starting raw 

material for producing biochar is cassava 

rhizome because cassava is one of the economic 

crops of Thailand. In the study by Aup-Ngoen in 

2020, it was found that cassava rhizomes  

have the highest percentage of carbon content 

compared to durian peel, pineapple peel, and 

corncob, making it a suitable starting material  

for producing biochar [11]. Adsorption of 

atrazine and imidacloprid using phosphoric  

acid-modified biochar from agricultural waste 

showed maximum adsorption efficiencies of 

70.7% for atrazine and 77.8% for imidacloprid, 

respectively. The phosphoric acid treatment 

increased the adsorption of both pesticides [12].  

Therefore, the objective is to study 

factors in biochar synthesis from cassava 

rhizomes and investigate the factors involved 

in the adsorption of methomyl using biochar 

derived from cassava rhizomes. 

 

Methodology 
 

Preparation and modification of biochars 

Preparation of biochars: 10g of cassava 

rhizomes were pyrolysis at temperatures of  300, 

400, and 500 °C for 2.5 hours with a temperature 

increasing rate of 5°C/minute under nitrogen gas 

conditions. 

 Modification of biochar: The size of the 

biochar was controlled by grinding it into powder 

form and analyzing the particle size using a laser 

scattering particle size distribution analyzer.  

The average particle size was 54 µm.  And then 

10 g were immersed in 100 mL 14% H3PO4 

solution for 24 hours at 25°C, to enhance its 

surface area and introduce functional groups  

such as P=O and P-OOH, which improve the 

adsorption of pollutants [13]. After that, the 

phosphoric-modified biochars were washed with 

distilled water until the pH of the supernatants 

was stable. Subsequently, the supernatants were 

discarded, and the biochars were oven-dried 

overnight at 105°C [14]. 

 

Characterization of biochars   

 The elemental analyzer measured the 

total elemental composition, such as carbon, 

hydrogen, nitrogen, and oxygen. Brunauer–

Emmett–Teller (BET) was used to detect specific 
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surface areas of biochars. Fourier transform 

infrared (FTIR) spectra of biochars were 

conducted by an FTIR instrument. The 

morphology of the biochar was determined via 

scanning electron microscopy (SEM) and 
Synchrotron X-ray tomographic microscopy 

(XTM) at beamline 1.2W was operated at 

1.2GeV, 150 mA in Synchrotron Light 

Research Institute (SLRI) were characterized 

the porosity by Octopus Analysis software  

and rendered in 3D tomographic reconstruction 

by using Drishti software.  A laser scattering 

particle size distribution analyzer was used to 

measure the size and particle distribution of the 

material. Point of zero charge with salt addition 

technique To determine the charge on the 

surface of biochar.  

 

Adsorption experiments 

Varying methomyl pH solutions (3, 5, 7, 9, 

and 11), the pH values  in the study were all 

adjusted with HCL solution and NaOH solution, 

and varying agitation speeds (100, 150, 200, and 

250 rpm) were also investigated in separate 

experiments. Batch experiments were conducted 

using an orbital shaker at an agitation speed of 

200 rpm at room temperature. To an Erlenmeyer 

flask 250 ml filled with 10 mg/L methomyl (aq), 

Volume 100 ml, a specific mass of biochar  

(1 g/L) was added. Equilibrium studies were 

performed by shaking the suspension containing 

biochar and methomyl in a particular time 

interval, up to a maximum of 360 min. The 

samples were collected at 2 mL, poured into the 

vials at the specified time, and filtered through a 

0.45-μm Nylon filter before methomyl analysis. 

Methomyl removal efficiencies were measured  

in triplicates following a specific protocol for 

each condition. The filtrate was analyzed for 

pesticide concentrations using high-pressure 

liquid chromatography (HPLC) techniques.  
The analysis was performed using an Agilent 

1260 Infinity II HPLC system (Agilent 

Technologies), equipped with a C18 column 

(Agilent ZORBAX Eclipse Plus, 4.6 × 250 mm, 

5 µm particle size).  The mobile phase consisted 

of 65% acetonitrile and 35% DI water, and the 

flow rate was set at 0.5 mL/min. Detection was 

performed at a wavelength of 234 nm. [15].  

The experimental data were analyzed using 

Microsoft Excel. All experiments were conducted 

in triplicates, and the results were expressed  

as mean values with standard deviations.  In the 

adsorption experiments, the effect of pH (ranging 

from 3 to 11) on methomyl removal efficiency 

was analyzed. Statistical significance was 

assessed using one-way ANOVA at a 

significance level of p < 0.05 to determine the 

differences in adsorption efficiencies across the 

different experimental conditions. 

 

Results and Discussion 
 

Characterization of biochars 
Table 1 shows that the physical 

characteristics of biochar produced at 300°C are 

somewhat brownish, resembling wood, which 

suggests incomplete combustion. In contrast, 

biochar produced at 400°C and 500°C is entirely 

black, indicating complete combustion. Therefore, 

only biochar produced at 400°C and 500°C was 

selected for CHN/O analysis to determine its 

composition. 

The Biochar synthesized at a temperature 

of 500 °C for 2.5 hours exhibited the highest 

carbon content at 78.149%, with an H/C  

ratio of 0.026, consistent with other studies  

that indicate the significant influence of 

pyrolysis temperature on biochar's elemental 

composition. Higher pyrolysis temperatures 

increase the carbon concentration in biochar 

while reducing hydrogen and nitrogen levels, 

enhancing the chemical stability of the biochar. 

This makes it well-suited for agricultural  

and environmental applications, such as soil 

improvement and pollutant adsorption. 

Furthermore, as the H/C ratio decreases, the 

aromatic structure of the biochar increases, 

leading to greater stability and improved 

pollutant adsorption capacity [16]. 

Then, the selected biochar was treated 

with phosphoric acid. From Table 2, the 

modification of phosphoric acid could increase 

the specific surface area of biochar produced 

from cassava rhizome, which was proven by 

BET analysis. Although the change in specific 

surface area was small, the biochar modified 

with phosphoric acid showed a higher average 

pore diameter, similar to Peng's study [13]. 
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Table 1 Elemental compositions of Biochar obtained from the different temperatures 
 

 

Table 2 Physiochemical characteristics of biochars from BET analysis 

 

  

 

Figure 1 SEM images of  (A) Biochars CA.  

(B) BiocharCA + H3PO4.  

 

Photo/ 

Sample Biochar 
% C % H % N Ratio H/C 

 

 

 

 

 

 

300 °C  / 2.5 hr. N/A 

 

 

 

 

 

 

400 °C  / 2.5 hr. 75.132 3.7878 1.7910 0.0504 

 

 

 

 

 

 

500 °C  / 2.5 hr. 78.149 2.0398 0.6919 0.0261 

Abbreviation: NA = not available. 

Sample Surface Area (    ) 
Average pore 

diameter (Å) 

Total pore volume  

(cc /g) 

Biochar CA 2.29 157.40 0.0176 

Biochar+ H3PO4 3.39 654.4 0.0133 

A B 
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Figure 2 Results of the X-ray Tomographic Microscopy (XTM) technique   

                of the synthesized biochar cassava rhizomes 500°C/2.5 hr. 

 

From Figure 1, This SEM image reveals 

significant changes in the structure after 

treatment with phosphoric acid (H₃PO₄). The 

porous structure becomes apparent, and the 

surface appears more collapsed or compacted, 

which may be due to the corrosive effect of 

phosphoric acid, which may cause some of the 

mesopores to collapse. The structure in Image B 

shows that although the micropores are increased 

(resulting in increased surface area), the larger 

pores may be partially blocked or their volume 

reduced. The 3D X-ray characteristics and 

porosity (%) of biochar were studied using  

the X-ray Tomographic Microscopy (XTM) 

technique from Synchrotron Light Research 

Institute (SLRI). XTM results in Figure 2 show a 

3D X-ray image in which Figure 2A shows only 

biochar solid structure (brown color), Figure 2B 

shows only the pore in the biochar sample, and 

Figure 2C shows both biochar solid structure 

combined with pore in structure. From XTM 

measurement, a porosity of 28% was obtained, 

which means that the remaining 72% was solid 

biochar.  

From Table 2, The BET analysis supports 

these visual observations, showing that the 

surface area increased after modification (from 

2.29 m²/g to 3.39 m²/g), while the total pore 

volume decreased (from 0.0176 cc/g to 0.0133 

cc/g). This increase in surface area is likely due 

to the creation of more micropores, while the 

reduction in pore volume and the larger pore 

diameter (from 157.4 Å to 654.4 Å) suggest that 

some of the mesopores were collapsed or blocked 

during the treatment. The chemical nature of 

H₃PO₄ treatment can explain this phenomenon. 

The acid not only reaches the surface of the 

biochar but also introduces new functional 

groups, especially in micropores. While these 

micropores increase the surface area, larger 

mesopores' collapse or partial blockage reduces 

the overall pore volume. 

Additionally, the increase in average 

pore diameter may result from structural 

changes like the selective expansion or 

merging of particular pores during the acid 

treatment. Other studies report similar effects. 

For example, Peng et al. (2017) found that 

H₃PO₄ modification of biochar increased 

surface area by promoting microporosity while 

reducing pore volume due to structural collapse 

of mesopores [13]. Similarly, Chen et al. 

(2018) observed a significant increase in 

surface area after H₃PO₄ treatment, despite 

lower pore volume, due to the creation of 

additional functional groups that enhance 

adsorption properties [17]. In conclusion, 

H₃PO₄ treatment increases the surface area by 

enhancing micropore development, even 

though mesopores may collapse or become 

blocked, resulting in reduced pore volume but 

improved adsorption efficiency. 

 

 

 

A B C 
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Figure 3 FTIR spectra of BiocharCA. and BiocharCA + H3PO4. 

 
The results of the Fourier transform 

infrared spectrophotometer (FTIR) are shown in 
Figure 3. A peak at 3729–3391 cm⁻¹ This range 
corresponds to the stretching vibrations of -OH 
groups, indicating the presence of hydroxyl 
groups due to moisture or water content in the 
samples. The higher intensity in the B-H₃PO₄ 
sample suggests a more significant presence  
of hydroxyl groups compared to the untreated 
BCA sample [18]. A peak at 1587–1429 cm⁻¹ 
This region is associated with C=C stretching 
vibrations in aromatic rings characteristic of 
carbonized structures. The B-H₃PO₄ sample 
shows a more vigorous intensity, indicating 
enhanced aromatic carbon structures due to 
H₃PO₄ treatment [19]. A peak at 1372–1269 cm⁻¹ 
The peaks in this range can be attributed to C-H 
bending vibrations in methylene groups and C-O 
stretching vibrations in esters. The stronger 
absorption in the B-H₃PO₄ sample reflects the 
formation of new chemical bonds in the modified 
biochar structure. A peak at 1165–1101 cm⁻¹ 
This region corresponds to P=O stretching 
vibrations, which indicate the presence of 
phosphate groups introduced by the H₃PO₄ 
treatment. The distinct absorption in B-H₃PO₄ 
highlights the incorporation of phosphorus  
into the biochar structure [13]. The FTIR analysis 
shows significant structural changes in the 
biochar after treatment with phosphoric acid.  
The B-H₃PO₄ sample exhibits increased 
phosphate (-P=O) groups, enhanced aromatic 

carbon structures (C=C), and more pronounced 
hydroxyl (-OH) groups. These changes result 
from crosslinking and new bond formation 
facilitated by the H₃PO₄ modification process, 
which strengthens the carbon skeleton and 
alters the biochar's functional groups [20]. 
Phosphoric acid treatment shows an increase in 
the formation of P=O, P=OOH groups, similar 
to Peng's studies [13], where P=O, P-OOH 
groups were detected after treatment with 
phosphoric acid. Research has studied the size 
of biochar for adsorption. It was found that 
small biochar had increased adsorption. 
Therefore, biochar is crushed before use [21]. 
The size and distribution were then measured 
using a laser scattering particle size distribution 
analyzer. For the particle size distribution 
analysis using laser scattering, it was found 
that the particle size distribution of biochar  
was in the range of 10–300 μm, and the 
average particle size was 54 μm, as shown in 
Figure 4. 

By studying the pH value at zero surface 
charge, points of zero charge of the adsorbent 
are shown in Figure 5, where the value refers 
to the pH at which the sum of the surface 
charges of the adsorbent is equal to zero. When 
the pH value of the solution is lower than the 
value, the surface of the adsorbent will display 
a positive charge. When the pH value of the 
solution is higher than the value, it will cause 
the surface of the adsorbent to display a 
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negative charge [22]. The results of this study 
found that the point of zero charge of biochar 
from cassava rhizomes is 6.05, meaning that at 
pH of 6.05, the surface charge of cassava 

rhizome biochar is zero, and the of cassava 
rhizome biochar modified with phosphoric acid 
is 5.15 shown in Figure 6B. 

  

 

 
Figure 4 Measurement of size and distribution of biochar particles 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Points of Zero Charge (pHpzc) of biochar. 

                                               (A) biochar from cassava rhizomes (B) biochar from  
                                               cassava rhizomes modified with phosphoric acid 

 

Adsorption Experiment 
 

 
Figure 6 Effect of the contact time Initial concentration methomyl 10 mg/l, biochar from cassava  

           rhizomes modified with phosphoric acid 1 g, Initial pH 6.20, agitation speed 200 rpm. 
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  The ability to adsorb methomyl by 
biochar from cassava rhizomes modified with 
phosphoric acid increases with increasing 
contact time, and the adsorption rate increases 
rapidly during the first 180 minutes, as shown 
in Figure 6. However, over time, the adsorption 
rate caused by the movement of methomyl 
molecules in the adsorbent particles begins to 

slow until equilibrium is reached at a contact 
time of 180 minutes. The adsorption capacity is 
most remarkable from 180 to 360 minutes, 
during which the adsorption rate equals the 
desorption speed. This study found that during 
the contact period of 180 minutes, the 
efficiency was 29.84%.  

 

 
 

Figure 7 Effect of the agitation speed Initial concentration methomyl 10 mg/l,  

                                 biochar from cassava rhizomes modified with phosphoric acid 1 g,  

                                 Initial pH 6.00, agitation speed 200 rpm. 
 

  

  Figure 7 shows that when the agitation 
speed was increased, the methomyl adsorption 
efficiency by biochar was increased. However, 
when the speed is increased to more than 200 
rpm, the adsorption efficiency decreases.  
The effect of turbulence is one of the critical 
factors that are important in controlling the 
solid-liquid mass transfer mechanism [23]. 
Figure 8 shows At pH 3, the biochar 
demonstrates the highest adsorption capacity 
(qe) at 2.79 mg/g, indicating that in acidic 
conditions, biochar is highly effective at 
adsorbing methomyl. As pH increases, qe 
decreases. At pH 5, it drops to 2.46 mg/g, and 
by pH 11, it reaches 2.05 mg/g. This decline in 
qe is consistent with the fact that methomyl 
molecules become less available for adsorption 
due to increased hydrolysis in basic conditions. 
In addition, pH significantly affected methomyl 
removal efficiency, with the highest removal at 
pH 11 (50.81%). This was significantly different 
from the removal rates at pH 3–9, which ranged 
from 20.55% to 27.90% (p < 0.05). The higher 
efficiency at pH 11 is attributed to base-

catalyzed hydrolysis, where methomyl breaks 
down into less toxic by-products, rather than 
just adsorbing onto the biochar. This aligns 
with previous studies on methomyl degradation 
in alkaline conditions [22]. At pH 3, the 
adsorption efficiency was the highest (27.90%), 
likely due to stronger electrostatic interactions 
between the biochar and methomyl under acidic 
conditions. In contrast, neutral and slightly 
basic pH levels (7–9) showed lower efficiency 
due to reduced electrostatic attraction as 
methomyl becomes less charged. Post-hoc tests 
confirmed a significant difference between pH 
3 and pH 11 (p < 0.05), supporting the idea that 
both adsorption and hydrolysis play key roles 
in methomyl removal at different pH levels.  
In summary, lower pH favors adsorption, while 
higher pH promotes degradation, consistent 
with the behavior of similar compounds [24]. 
Optimizing pH can therefore maximize 
methomyl removal depending on the desired 
mechanism.  At pH 3, the biochar demonstrates 
the highest adsorption capacity (qe) at 2.79 mg/g, 
indicating that in acidic conditions, biochar is 
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highly effective at adsorbing methomyl. As pH 
increases, qe decreases. At pH 5, it drops to  
2.46 mg/g, and by pH 11, it reaches 2.05 mg/g.  
In the research by Fathy, N. A., Attia, A. A., & 
Hegazi, B. (2016), the adsorption capacity of 
carbon xerogel was found to be 15.52 mg/g. 
Generally, carbon xerogel has a higher surface 
area and a more developed porous structure, 
which is the reason for its higher adsorption 
capacity [25]. This decline in qe is consistent 
with the fact that methomyl molecules become 
less available for adsorption due to increased 
hydrolysis in basic conditions. Methomyl,  
a carbamate pesticide, undergoes rapid 
decomposition in alkaline conditions due to base-
catalyzed hydrolysis. When the pH exceeds its 
pKa of 9.7, hydroxide ions (OH⁻) attack the 
carbamate group in methomyl, accelerating its 

breakdown into simpler compounds and leading 
to its degradation into products like methomyl 
oxime and methylcarbamic acid [24]. This is 
consistent with findings from research of  
Wang, Z. et al. (2022), which show accelerated 
decomposition in basic environments due to 
nucleophilic attacks on carbamate structures, and 
Akl, M. A. et al. (2016), who demonstrated that 
in the pH range of 2-8, methomyl is relatively 
stable.  In contrast, when the pH increased to 10, 
the residual methomyl content was only 12% of 
the original value. Moreover, at pH values as 
high as 12, methomyl was completely degraded 
into other compounds, which means that 
methomyl is relatively degraded in the alkaline  
solution. Therefore, the effect of pH on the 
adsorption capacity was investigated in the range 
of pH 2-8 [26]. 

 

 

 
 

Figure 8 Effect of pH on methomyl removal. Initial concentration methomyl 10 mg/l,  
                           biochar from cassava rhizomes modified with phosphoric acid 1 g, agitation  
                           speed 200 rpm. 
 

Conclusions 
 

In this study, biochar was successfully 
synthesized from cassava rhizomes, with the 
optimal conditions being pyrolysis at 500°C for 
2.5 hours. This condition produced biochar with 
a high carbon content of 78.149% and a low H/C 
ratio of 0.026, indicating its high stability. 
Biochar's stability is primarily attributed to its 
high carbon content and low H/C ratio, essential 
for applications requiring long-term carbon 
sequestration and enhanced material properties. 
Biochar was modified using phosphoric acid to 

improve its physical and chemical characteristics. 
The modification increased the specific surface 
area from 2.29 m²/g to 3.39 m²/g and the average 
pore diameter from 1.57 Å to 6.54 Å, enhancing 
its porosity and adsorption capacity. The XTM 
measurements revealed a porosity of 28%,  
with the remaining 72% as solid biochar.  
The phosphoric acid treatment also introduced 
new functional groups, including P=O and  
P-OOH, as confirmed by FTIR analysis.  
These chemical modifications are critical for 
enhancing the biochar's reactivity and adsorption 
performance. The adsorption experiments 

27.90 
24.65 21.84 20.55 

50.81 

2.79 

2.46 

2.18 
2.05 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

0

20

40

60

80

100

3 5 7 9 11 

𝑞
e(

m
g

/g
) 

M
et

h
o

m
y

l 
re

m
o

v
a

l 
 

E
ff

ic
ie

n
cy

 %
 

pH 



20 Thai Environmental Engineering Journal Vol. 38 No. 3 (2024) 

 

demonstrated that the biochar modified with 
phosphoric acid exhibited a significant 
adsorption capacity, particularly between 180 
and 360 minutes, where equilibrium between 
adsorption and desorption was observed.  
Key factors influencing adsorption efficiency 
were agitation speed and pH, with optimal 
adsorption occurring at a stirring speed of 200 
rpm. In acidic conditions (pH 3), the removal  
was 27.90%, attributed to strong electrostatic 
interactions between the biochar and methomyl. 
Neutral to slightly basic pH levels (7–9) showed 
lower efficiency due to reduced electrostatic 
attraction.  This study demonstrates the potential 
of cassava rhizome biochar, particularly when 
modified with phosphoric acid, as an efficient 
and eco-friendly adsorbent for pesticide removal 
from aqueous solutions. Its high stability, 
porosity, and surface functionality make it a 
promising candidate for environmental 
remediation. Future research should explore the 
scalability of this method for industrial 
applications and further investigate the biochar’s 
performance in actual environmental conditions. 
Additionally, the study could be expanded to 
include adsorption isotherms and kinetic models 
to better understand the adsorption mechanisms 
at varying pollutant concentrations. 
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Abstract 
 

This study provides crucial information on indoor air pollution in public elementary schools 

in Bangkok, highlighting the substantial impact it has on the health and learning conditions of 

students, particularly in view of the city's rapidly urban expansion. The research examines particle 

size distributions (PSD) in four urban schools using the scanning mobility particle sizers (SMPS) 

and the optical particle sizers (OPS) to cover particle size range of 10 nm to 10 microns. 

Measurement covered class hours on weekdays and experiments on the weekends. Throughout the 

study, outdoor particle number concentration (PNC) was significantly higher than indoor levels.  

On weekdays, the indoor 1-hour mean PNC at Site S4 reached 23,182 cm⁻³ as a highest level among 

others, classified as a High PNC level according to WHO good practice guidelines. This suggests 

substantial internal sources, inadequate ventilation, and the impact of nearby traffic and school 

activities. Similarly, during weekend measurements, Sites S1 and S3 also reached High PNC levels, 

with concentrations of 27,663 cm⁻³ and 29,534 cm⁻³, respectively. Peaks in PNC were directly 

linked to the use of cleaning products containing volatile chemicals, underlining the pronounced 

impact of these activities on indoor air quality. The weekday indoor particle number size 

distribution (PNSD) exhibited a single-mode distribution, significantly influenced by routine class 

activities and student movements. Over the weekend, the indoor PNSD across all sites showed 

fluctuations corresponding to various experimental setups involving changes in ventilation and 

cleaning activities. This study underscores the necessity of strategic indoor air quality management 

in schools, aiming to reduce exposure to high PNCs, improve indoor air quality in classrooms, and 

provide better educational settings for children in increasingly urbanized regions. Effective 

strategies might include enhanced ventilation, controlled cleaning practices, and real-time 

monitoring of PNC and PNSD to maintain a healthy educational environment. 

 

Keywords : indoor air quality; particle size distribution; ultrafine particle; urban schools; 

                     air pollution mitigation; environmental health 
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Introduction 
 

The rapid expansion of cities like Bangkok 

brings numerous social and economic benefits 

but also creates environmental challenges. 

Among these, air pollution poses a substantial 

threat affecting the health of millions of  

people. For the context of urban schools, the 

combination of pollution from external sources 

and insufficient ventilation in public schools has 

become crucial [1]. In addition, the World Health 

Organization (WHO) emphasizes the importance 

of indoor air quality since it connects to several 

public health issues [2]. As per guidance of 

United Nations Sustainable Development Goals 

(UN SDGs), namely intending to contribute to 

the well-being (Goal 3), education quality (Goal 

4), and sustainability (Goal 11) of urban areas, 

inside school air quality management activities 

plays critical role. Among the air quality issues, 

fine particulate matter still remains for a 

challenge; on top of that, ultrafine particles 

(UFPs) deserve a spotlight. Due to the ability of 

UFPs in evading the immune system, it can lead 

to serious respiratory diseases [3].  Up to now, 

the lack of comprehensive guidelines regarding 

UFPs highlights a significant lapse in our efforts 

to combat air pollution, especially in small rooms 

like school classrooms. Since significant amounts 

of time are spent by students and teachers inside 

classrooms, the pollutants in the air might disrupt 

health and learning capabilities [4]. To provide 

the baseline information to support decisions to 

tackle UFPs in Bangkok’s public elementary 

school classrooms, first we must determine the 

concentration of these particles. 

Understanding the conditions that lead to 

poor indoor air quality is essential for 

establishing effective risk-mitigation measures, 

especially the schools that require immediate 

action. Even though studies on indoor particle 

number size distribution. in schools have been 

conducted in various locations like Hanoi, 

Vietnam [5], Brisbane, Queensland, Australia [6],  

China [7], and Korea [8], no previous data  

has been recorded for Bangkok’s schools  

hence there is lacking of such data relavant to  

distinct meteorological, infrastructural, and 

urban development patterns of Bangkok.  

 In Bangkok, most previous research and 

monitoring infrastructure have focused on 

ambient air quality while there has been a lack of 

studies investigating the air quality within school 

buildings. The present study therefore aimed to 

provide critical indoor pollution data in 

Bangkok's public elementary schools.  By means 

of identifying sources of indoor pollution, 

assessing the influence of outdoor air quality,  

and analyzing the impact of environmental 

conditions on particle levels, the results could 

favor not only to illuminate the current state of 

classroom air quality but also to support 

decisions for actionable strategies to ameliorate. 

Our study could eventually contribute to healthier 

and supportive learning environments for 

vulnerable children of Bangkok in line with 

aforementioned SDGs.  

 

Methodology 
 

 Sampling Sites: The study was conducted 

in Pathumwan District, a central business district 

in Bangkok. Four elementary schools, namely, 

Wat Chaimongkol School (S1), Wat Pathum 

Wanaram School (S2), Wat Daung Khae School 

(S3), and Suan Lumphini School (S4), were 

chosen based on their varied urbanization 

features and proximity to high-traffic roads as 

shown in Figure 1. The classrooms chosen for 

the study are kindergarten level equipped with 

air conditioner to keep cool and allow closed 

room condition especially during high PM2.5 

days. These rooms are also equipped with  

air treatment devices donated to the schools. 

The devices operate by releasing atomized 

water particles containing hydroxyl radicals  

to eradicate viruses and bacteria.  Site S1, S2,  

and S3, each have an air treatment device 

installed on the ceiling. Site S4 has the same 

technology with a different setup, an air 

conditioner integrated with the disinfecting 

particle generating device.  

 Instrumentation: The Scanning Mobility 

Particle Sizers (SMPS) TSI 3910 was used  

to measure particle size distribution covering a 

size range of 10 nm to 420 nm across 13 size 

channels. Secondly, Optical Particle Sizers 

(OPS):  The TSI 3330 measured particles within 

the 300 nm to 10,000 nm range. Next, TESTO 

440 Flow Meter was positioned near the 

classroom door to measure the air flow into or 

out of the classroom [9]. An airthinX sensor for 
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measuring temperature, pressure, humidity, PM2.5 

and PM10 was installed inside the classroom  

and employed for the outdoor measurement 

simultaneously [10]. All instruments used in  

this study are demonstrated in Figure 2. 

Measurement conditions: Measurements 

were conducted inside and outside the 

classrooms simultaneously. Figure 3 depicts 

the measurement spots which are similar for  

all sites. The study included weekdays and 

weekends measurements under two different 

settings. During weekdays, we conducted 

measurement during regular school hours to 

capture the typical air quality conditions 

without any intervention. However, weekend 

measurements were conducted during the same 

hours without any class activities but with 

varying experimental conditions to examine  

air quality under varying influencing factors, 

namely, air conditioning, electric ceiling fan, 

ventilation (windows and doors opening), 

cleaning activity, and, finally, the use of air 

treatment system. Table 1 tabulates the 12 

experimental setups conducted to investigate 

the effects of influencing factors on indoor air 

quality. 
    
 

Figure 1 Map of sampling sites (a) overview map, (b) S1-Wat Chaimongkol School,  

                            (c) S2-Wat Pathum Wanaram School, (d) S3-Wat Daung Khae School, and  

                            (e) S4-Suan Lumphini School. The red inserts indicate school buildings and  

                            the placemarks identify the classroom location 
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Figure 2 Instruments used for the onsite measurements: (a) Scanning Mobility Particle Sizer  

     (SMPS, Model 3910 TSI), (b) Optical Particle Sizer (OPS, Model 3330 TSI),  

                      (c) an air flow meter (TESTO 440) and (d) AirthinX sensor 
 

(a) (b) 

  
 

Figure 3 Measurement setup for a) outside and b) inside of the classrooms 

 
Table 1 Experimental setup for weekend measurements 

Condition Fan Air 

condition 

Window and 

door 

Cleaning  Air treatment 

C1 On Off Open No On 

C2a  Off Off Open No On 

C2b Off Off Open Yes On 

C3 On Off Open No Off 

C4a  Off Off Open No Off 

C4b Off Off Open Yes Off 

C5 On On Closed No Off 

C6a Off On Closed No Off 

C6b Off On Closed Yes Off 

C7 On On Closed No On 

C8a  Off On Closed No On 

C8b Off On Closed Yes On 

 

Results and Discussion 
 

Classroom weekday measurement results 
 The 1-hour average of outdoor particle 

number concentration (PNC) in the weekdays 

revealed 11.46 x 10
3
 #/cm

3
, 9.86 x 10

3
 #/cm

3
, 

17.59 x 10
3
 #/cm

3
,
 

and 13.33 x 10
3
 #/cm

3
,  

at sites S1, S2, S3, and S4, respectively.  And 

then, the 1-hour mean of indoor PNC was  

10.22 x 10
3
 #/cm

3
, 16.14 x 10

3
 #/cm

3
, 18.71 x 10

3
 

#/cm
3
, and 23.18 x 10

3
 #/cm

3
 in each respective 

site. According to the WHO global air quality 

guideline, the indoor PNC at site S4 exceeded 

the high PNC level of 20,000 #/cm
-3

 for 1-hour 

mean value. This high PNC can be a result of 

students having lunch in the classroom followed 

by cleaning activities with some use of cleaning 

products; unlike other sites where students went 
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for lunch outside the classrooms. Table 2 shows 

the statistics of outdoor and indoor total PNC in 

each school during the weekday measurement. 

The weekend results are not shown as the 

experiments do not represent actual PNC that 

students usually are exposed to. The correlation 

analysis of indoor and outdoor PNC during  

the weekdays was conducted and moderate 

correlations were observed in S1, S3 and S4  

with the coefficients, R
2
 of 0.47, 0.31 and  

0.66, respectively. However, S2 revealed low 

correlation (R
2 

= 0.04) because the outdoor 

measurement was in a building corridor with 

walls and doors that may lead to accumulation 

unlike measurement in open corridors at other 

sites. 

 Distinct patterns in particle number size 

distributions (PNSD) were influenced by both 

interior activities and outdoor environmental 

conditions [11]. The time-series PNSD of the 

weekday classroom of the four sites exhibit 

similar features thus only that of S1 is presented 

in Figure 4. The indoor PNSD features a stable 

one-mode size distribution which is related to the 

fact that classroom windows were closed 

throughout the operating hours. An abrupt 

change of indoor PNSD at midday is 

consequential of movement of all students 

leaving for lunch and re-entering afterwards thus 

the exchange of outdoor air. In contrast, the 

outdoor PNSD exhibits greater variability. The 

peak in the morning is related to the morning 

traffic rush hours. Then the PNSD progressively 

diminished as atmospheric conditions becoming 

more unstable with increasing solar radiation and 

traffic congestion ease up during the midday and 

afternoon periods [12].  The identified difference 

and relatedness of the indoor and outdoor  

PNSD underscore the necessity for focused 

indoor air quality management, particularly  

in periods of heightened activity that may  

result in intermittent deterioration of air  

quality. The characteristics of the PNSD can  

be depicted as multi-modal lognormal particle 

number size distribution plots as shown in  

Figure 5. Since the PNSD exhibits one mode  

for most of time with only some occasion of  

two modes, only two selected instances are 

shown.  The plots in Figure 5 are accompanied 

by Table 3 presenting the parameters of the size 

distribution, namely, number concentrations (N) 

in #/cm3, geometric mean (   ) in nm, and 

geometric standard deviation (g) in nm. 

 

Table 2 Summarizing statistics of outdoor and indoor 1-hour averaged total PNC in each school  

              during weekday measurement 

 
 

Std.Dev = standard deviation. 
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(a) (b) 

  
 

(c) (d) 

  
 

Figure 4 Scatter plot of linear regression analysis of weekday outdoor and  

       indoor PNC in (a) S1, (b) S2, (c) S3 and (d) S4, respectively 

 

 

 

Figure 5 Particle number size distribution time series during weekday  

                                        measurement for a) indoor and b) outdoor  
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(a) (b) 

  

(c) (d) 

  
Figure 6 Multi-modal number size distribution plots of the weekday measurement  

                              for S1 for selected hours. a) outdoor 9-10 am, b) indoor 9-10 am,  

                              c) outdoor 2-3 pm, and d) indoor 2-3 pm. The lines are fitted mode 1 (blue),  

                              fitted mode 2 (green) and measured (red) 

 
Table 3 Multi-modal number size distribution parameters of the weekday measurement  

             for S1 for selected hours (1)9-10 am and (2)2-3 pm 
 

 
 
 
 
 
 
 
 
 

 
 

 As shown in Table 3, the existence of two 

separate modes indicates a combination of fresh 

emissions and aged particles from various 

sources in an outdoor environment. The lower 

concentration and smaller size of Mode 1 might 

be possible because of recently emitted particles 

from nearby traffic or other sources [13]. On the 

other hand, the bigger particles and greater 

concentration of Mode 2 are suggestive of aged 

particles that have grown in size over time after 

being emitted from sources such as 

transportation. Upon comparing the indoor 

PNSD with the outdoor PNSD at the same time 

as shown in Table 3, indoor shows that 

distributions center at bigger diameters and are 

narrower; this would be due to aging of outdoor 

particles. Even though the ventilation of the 

classroom is most of the time prevented with 

closed doors and windows, the indoor PNSD 

showed a sustained and stable distribution that 

 
Fitted mode 1 Fitted mode 2 

N 
(#/cm

3
) 

Dpg 
(nm) 

g (nm) N 
(#/cm

3
) 

Dpg  
(nm) 

g (nm) 

Out (1) 3000 23 1.7 12,000 100 1.9 

In (1) _ _ _ 11,500 112 1.6 

Out (2) _ _ _ 7,700 78 2.1 

In (2) _ _ _ 6,500 110 1.8 
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can be due to introduction of outdoor particles 

into the room at the beginning of the day together 

with the air purification device that generates 

disinfecting particles which operated throughout 

the operating hours [14]. 

 Figure 7 shows the analysis of indoor/ 

outdoor (I/O) hourly particle concentration 

ratios at four sites for weekday measurement. 

Particularly at sites S2 and S4, the ratios are 

consistently higher than 1. The elevated I/O ratio 

at site S2 may be attributed to its location situated 

far from the main road, implying a lower impact 

from outdoor vehicular emissions. The fact that 

there is less exposure to external contaminants in 

this setting indicates that interior sources or 

activities may have a greater impact on indoor  

air quality [14]. As for the site S4, the reason 

could be a combination of factors that the indoor 

purification system here differs from rest of the 

sites and also the fact that the road adjacent to the 

school (Wireless Road) is relatively less busy 

than the main road (Rama 4 road). 

 

Weekend experiment results  

 The 1-hour average of outdoor particle 

number concentration (PNC) in the weekend 

analysis was 11,000 #/cm
3
, 6,380 #/cm

3
, 16,586 

#/cm
3
,
 
and 11,627 #/cm

3
 in S1, S2, S3 and S4, 

respectively. And then, the 1-hour mean of 

indoor PNC was 27,663 #/cm
3
, 6,167 #/cm

3
, 

29,534 #/cm
3
, and 13,977 #/cm

3
,
 

in each 

respective site. Although all outdoor PNC results 

showed the low PNC situation when comparing 

the WHO good practice for PNC [2], the indoor 

PNC of S1 and S3 revealed as the high PNC 

(>20,000 #/cm
3
) during the cleaning activities. 

 The experiment was conducted during 

the weekend as tabulated in Table 1. The time-

series PNSD are shown in Figure 8 for site S1. 

The indoor PNSD features fluctuation caused 

by the changing experimental setups while the 

outdoor PNSD exhibits similar features as that 

of the weekdays. Major change of the indoor 

PNSD can be seen at midday as the setup 

changes from open windows and doors to 

closed windows and doors. Obvious hotspots 

on the contour coincide with the cleaning 

activity with the use of cleaning agents 

containing volatile chemicals. The period right 

after cleaning also shows lingering particles 

undergoing microphysical growth. The PNSD 

of the interesting period with cleaning, namely, 

C4 and C6, are chosen to display the multi-

modal size distribution in Figure 9 and the size 

distribution characteristics are presented in 

Table 4. The contrast between the indoor two-

mode and the outdoor single-mode during 

cleaning activities highlights the influence of 

cleaning activities such as spraying cleaning 

agents and the use of volatile chemical 

products in mopping the floor. 

 

 

 
 

Figure 7 Weekday I/O ratios. Each bar presents hourly average value 
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(a) 

 
 

Figure 8  Particle number size distribution time series during weekend  

                                        measurement for a) indoor and b) outdoor 
 

  

  

 

 

Figure 9  Multi-modal number size distribution plots of the weekend measurement for S1 for  

                     selected hours. a) outdoor 11:30-12:00 pm, b) indoor11:30-12:00 pm, c) outdoor  

                     1:30-2:00 pm, and d) indoor 1:30-2:00 pm. The lines are fitted mode 1 (blue),  

                     fitted mode 2 (green) and measured (red) 

 
  
 

(a) (b) 

(c) (d) 

(b) 
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 The selected periods presented in Table 4 

also highlight the difference between the  

open-window (C4b) and close window (C6b) 

conditions. It is speculated that open-window 

condition allows free flow of outdoor air that 

replenishes and supplies air with oxidation 

capacity thus the more likelihood of reactions of 

volatile organic compounds (VOCs) to become 

lower volatility products and secondary particles.  

The C6b condition shows lower number 

concentration and larger diameter population that 

may be explained by a combination of lower 

oxidation with the lack of outside air and the 

presence of the air purifying particles leading  

to coagulation growth. Nevertheless,
3
 (1-hour 

average) that the WHO guideline specifies as 

high PNC condition. 

 When studying the particle number levels 

in classrooms under various cleaning and 

ventilation conditions, it was observed that 

stations S1 and S2 had the highest particle counts 

during C4b cleaning periods. The increase  

in pollutant levels can be due to the open 

windows, [15] which enable external air 

pollutants to enter. However, in C5, even though 

the cleaning process was finished, and the 

window was closed with the AC running, a 

higher level of particle number was still found. 

This indicates that the particles and precursor 

gas that linger in the indoor air and later 

contained by shutting down ventilation can 

lead to heighten concentrations. On the other 

hand, the particle number levels at station S4 

reached their highest point in the morning, at the 

same time as the processes for opening 

windows. This provides evidence that natural 

ventilation has an important influence on the 

levels of particles indoors. The results highlight 

the complex connection between cleaning 

activities, HVAC system performance, and 

natural ventilation in affecting the indoor air 

quality in school environments [16]. Figure 10 

presents the indoor/outdoor (I/O) hourly particle 

concentration ratios at four sites for weekend 

measurement. The ratios for S1 and S3 peak at 

condition C5 as discussed above.  The reasoning 

why the peaking pattern of sites S1 and S3 were 

not replicated at sites S2 and S4 remains unclear 

and will need more in-depth investigation in 

future works. 
 

Table 4  Multi-modal number size distribution parameters of the weekend measurement  

              for S1 for selected condition  
 

  

 

 

 
 
 

 

 

Figure 10  Weekend I/O ratios. Each bar presents the average  

                                                  value of each experiment condition 

 

Fitted mode 1 Fitted mode 2 

N 

(#/cm
3
) 

Dpg 
(nm) 

g (nm) 
N 

(#/cm
3
) 

Dpg  

(nm) 
g (nm) 

Out -C4b _ _ _ 10500 45 2.3 

In – C4b 6000 17 1.3 87500 53 1.7 

Out- C6b _ _ _ 5700 97 1.5 

In – C6b _ _ _ 20500 115 1.6 
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Conclusions 
 

 A comprehensive investigation of hourly 

average PNC from four schools in Bangkok 

central business district during regular weekday 

schedules indicated significant variation related 

to outdoor concentrations. The size distributions 

were observed to be unimodal for most of  

the study period. The particle number size 

distributions inside classrooms show connection 

to the outdoor particles that are influenced 

majorly by traffic emissions and size growth.  

The experiments conducted in the study indicated 

that cleaning activity indoors can cause surge of 

PNC likely due to cleaning agents.  One school 

site revealed an average of the 1-hour mean PNC 

exceeding the high PNC level recommended  

by WHO.  The results emphasize the need for 

intervention to improve air quality to safeguard 

the well-being of young children, particularly 

during periods of high indoor activity and 

cleaning procedures. This research helps 

establish the baseline information about ultrafine 

particles for future urban environmental policy, 

therefore preparing the way for sustainable 

school settings in increasingly urbanizing areas. 
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Abstract 
 
 Elephant Park is one of the famous tourist destinations in many districts of Chiang Mai.  
The growth of tourism in elephant parks has a positive effect on national and local economies. 
However, tourist activities create solid waste, food waste, and elephant dung. Without proper waste 
management, environmental issues may arise. Therefore, this research aims to study the current 
solid waste situation in the elephant park, develop a solid waste management strategy using a waste 
minimization approach, and implement pilot activities. One of the elephant parks in Chiang Mai 
was used as a case study. Several methodological approaches have been used in this research, 
including surveying the elephant park, interviewing stakeholders, collecting solid waste, identifying 
waste characteristics and streams, improving compost quality from elephant dung, and developing 
waste separation points. Descriptive statistics and content analysis were used to analyze the data. 
Finally, all data will be used to construct a sustainable solid waste management strategy for the 
elephant park. The results showed that the elephant park produces an average waste of 10.84 kg per 
day from tourist activity. These wastes could be classified into four types, namely organic waste 
(27.16%), recyclable waste (15.36%), general waste (55.77%), and hazardous waste (1.71%), 
respectively. A person at the elephant park produces an average of waste at 0.03 kg/day.  
Waste minimization activities for the two major categories were proposed. It includes waste separation 
points for recyclables and improvement of compost quality from elephant dung. In addition, all 
people in the elephant park need to sort their waste correctly before disposal to make it easier to 
manage and help reduce the amount of waste that goes to landfill. In the future, the researcher 
recommends conducting follow-up assessments after implementing the management strategy. 
 
Keywords : solid waste; elephant park; waste management; elephant dung  
 
 

Introduction         
 

Solid waste management is one of  
the challenging issues in many countries, 
particularly in developing countries. Developing 
economic systems, tourism, and urban 
community expansion in these countries have 
increased the amount of solid waste generated. 
The assessment of solid waste management in 
Thailand by the Pollution Control Department 
found that in 2023 [1], 26.95 million tons of 
solid waste were generated from various 
sources. Compared to 2022, solid waste 

increased by 5 percent (25.70 million tons), 
with 27.7 percent of the total solid waste 
generated improperly eliminated. When 
considering Chiang Mai province, it was found 
that it produced up to 1,475 tons of solid waste 
daily in 2023. Improper waste management, 
specifically open dumps and burning, can  
lead to other environmental problems, such as 
wastewater and groundwater contamination. 
Even proper management technologies, like 
landfills, can increase the emission of greenhouse 
gases.  Landfill management can produce landfill 
gases that include CH4, CO2, CO, H2S, N2, NH3, 

http://www.eeat.or.th/
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O2, and water vapour [2], contributing to the 
global climate change problem. According  
to the United States Environmental Protection 
Agency (USEPA) [3], waste disposal methods 
by bulk and landfill contribute to the third-
largest methane emissions of human-caused 
methane emissions. Methane gas has a Global 
Warming Potential (GWP) 28 times greater 
than carbon dioxide [4].  

Thailand's tourism industry is experiencing 
high growth and is crucial to the country's 
economy and social system, serving as a 
significant source of income [5]. In 2023, the 
Ministry of Tourism and Sports reported that 
Thailand welcomed approximately 28 million 
international tourists, generating revenue of 1.2 
trillion Bath, a figure expected to rise in the 
future. However, tourism also significantly 
contributes to waste generation [e.g., 6-7]. 
However, tourism is also a significant contributor 
to waste generation. Proper management of 
tourism-related waste can alleviate the burden on 
local government organizations tasked with 
waste management and contribute to more 
effective conservation of natural resources and 
the environment. 

Chiang Mai boasts majestic mountains, 
lush forests, cascading waterfalls, and abundant 
natural resources. Its captivating blend of 
stunning scenery and unique art and culture 
continuously attracts both Thai and foreign 
tourists. Among its famous tourist attractions are 
the elephant parks scattered across many districts. 
These parks offer a variety of activities, including 
elephant shows, painting, bamboo rafting, ox-cart 
riding, and more. The growth of tourism in  
these elephant parks has positively impacted  
both national and local economies. A study  
by Kontogeorgopoulos (2009) [8] shows how 
wildlife tourism, particularly in elephant parks, 
contributes significantly to the local economy in 
northern Thailand. However, without proper 
environmental management, including the 
handling of solid waste, elephant dung, and other 
wastes, there is a risk of environmental 
degradation and related issues. Research by 
Salangam et al. (2019) [9] highlights the urgent 
need for effective waste management practices to 
mitigate environmental impacts in elephant 
parks, emphasizing the importance of 
implementing better practices to avoid long-term 
environmental harm. 

 To address these challenges, adopting a 
waste minimization approach is imperative.  
This strategy focuses on reducing waste produced 
by individuals, businesses, and society rather 
than focusing solely on waste disposal or 
management after it'cams produced. The main 
principles of waste minimization are source 
reduction, reuse, recycling, composting and 
education and awareness. Waste minimization 
aims to shift society towards a more sustainable, 
resource-efficient approach to consumption and 
waste management, ultimately reducing the 
environmental impacts of waste generation and 
disposal. 

Amidst this backdrop, the importance of 
adopting a waste minimization approach 
becomes evident. Hence, this research aims to 
investigate the current solid waste situation 
within the elephant park, develop a solid  
waste management strategy utilizing a waste 
minimization approach, and implement pilot 
activities in environmentally friendly tourist 
destinations by integrating the concept of 
minimizing waste into management in the study 
area. One of the Elephant Parks in Chiang Mai 
was used as a case study. The sustainable  
tourism management scheme aims to avoid 
environmental problems, especially the waste 
generated from the activities of the elephant  
park and tourists visiting. Furthermore, this 
research aligns with Thailand's 20-year National 
Strategy [10], which underscores the imperative 
of developing sustainable tourism practices and 
curbing greenhouse gas emissions.  

 

Methodology 
 

In this research, several methodological 
approaches have been employed to study the 
current solid waste situation at one of the 
elephant parks in Chiang Mai province. This 
park provides various tourist activities, 
including elephant shows, elephant rides, ox-
cart rides, and bamboo rafting, as well as 
amenities such as parking, restaurants, and 
shops. The research aims to develop a solid 
waste management strategy using a waste 
minimization approach and to implement pilot 
activities. Data analysis was conducted using 
descriptive statistics and content analysis. The 
research process is outlined in the flow chart 
presented in Figure 1. 
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Figure 1 Research Framework 

 
 

 

 

 

Identifying Problems  
To identify the problems regarding  

solid waste management in the elephant park,  
the researchers conducted a site survey and 
interviewed the owner, manager, assistant 
manager and head cook to understand how they 
manage solid waste. After that, the researchers 
collected data on the amount and composition of 
waste generated from tourism activities at various 
locations within the elephant park, including an 
office, a restaurant, toilets, a shop, and all trash 
cans, for seven days in January 2023. This data 
was used to calculate the average waste weight 
per day (kg/day) and per person (kg/person).  
The average daily waste weight was calculated 
by dividing the total waste collected over seven 
days by the number of collection days. 
Additionally, the average waste generated per 
tourist was determined by dividing the total  
waste weight over the seven-day period by the 
total number of tourists during that time. Finally, 
all collected data were used to create a waste 
stream and cause-and-effect diagrams using 
STAN version 2.7.101." 

 
Developing an Appropriate Solid Waste 
Management Strategy  

Waste stream and Cause-and-Effect 
Diagrams were utilized for decision-making  
and to develop a sustainable solid waste 
management strategy, employing a waste 

minimization approach and implementing pilot 
activities. These activities included enhancing 
compost quality from elephant dung and 
establishing waste separation points. In the 
elephant dung compost experiments, researchers 
mixed elephant dung with other waste materials, 
such as cattle dung and food waste, to improve 
compost quality. Compost quality will be 
analyzed using the following parameters: 
nitrogen, phosphorus, potassium, amount of 
organic matter, complete decomposition, carbon-
to-nitrogen ratio, sodium, and pH by the Institute 
of Product Quality and Standardization, Maejo 
University. Additionally, three waste separation 
points were established within the elephant park. 
Waste bins of different colors were provided for 
proper segregation: red for hazardous waste, blue 
for general waste, green for food waste, and 
yellow for recyclables. Finally, recommendations 
will be provided to the park owner on the most 
effective solid waste management strategy. 
 

Results and Discussion  
 
The Current Solid Waste Situation 

The cause-and-effect diagram in Figure 2, 
developed through surveys and interviews with 
stakeholders, identifies key waste management 
issues at the elephant park. The root causes of  
the problem can be divided into four main 
categories: management practices, types of waste 

1. Identifying problems  Surveying the elephant park 

 Collecting the amount of waste 

 Identifying waste stream  

 Material flow analysis 

 Interviewing stakeholders 

 Creating Cause and Effect 

Diagram 

 

2. Developing 

appropriate solid waste 

management  

strategy 

 Pilot study; improving the 

quality of compost from elephant 

dung and developing waste 

separation points. 

 The sustainable solid waste 

management strategy 
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generated, lack of waste separation points, and 
human factors. Currently, waste management  
at the park lacks systematic organization.  
A significant volume of food scraps and elephant 
dung must be dealt with daily, and proper waste 
separation points are lacking. Additionally, the 
insufficient knowledge and understanding of 
waste separation among staff and visitors 
exacerbate the problem. This is further 
complicated by language barriers, as many 
employees do not speak Thai, and tourists come 
from diverse cultural backgrounds, making it 
challenging to educate individuals on proper 
waste management practices. These underlying 
causes contribute to the accumulation of mixed 
waste destined for landfills. 

The identification of management 
practices, types of waste, lack of separation 
points, and human factors as root causes of 
waste management issues aligns with broader 
trends observed in ecotourism. Pham Phu  
et al. (2019) [11] similarly identified inefficient 
management practices as a major factor 
contributing to poor waste handling in 
ecotourism destinations. Nayono S. & Nayono 
S.E. (2021) [12] emphasized the need for 
structured waste management frameworks that 
address both infrastructural shortcomings and 

the educational needs of staff and tourists. 
These findings reinforce the necessity of 
comprehensive strategies that integrate 
improved waste collection infrastructure with 
education and training programs, particularly 
in contexts like elephant parks, where large 
volumes of organic waste are generated. 

According to the waste material flow 
shown in Figure 3, solid waste at the elephant 
park can be divided into two main categories: 
waste generated from human activities and 
waste generated by elephants. The total amount 
of solid waste that must be managed daily is 
2,393.84 kg. The largest portion of this waste 
is elephant dung. As herbivores, elephants 
consume a diet primarily consisting of ripe 
bananas, leaves, bamboo, tree bark, and other 
fruits. They spend up to 18 hours a day eating 
and typically consume 100–200 kilograms of 
food daily. For example, a female elephant 
weighing 3,000 kg will eat around 168 kg/day, 
while a 4,000-kg bull will consume 192 
kg/day. Given that elephants only digest about 
40% of their food, they produce approximately 
50–60 kg of dung daily [13]. With 47 elephants 
in the park, this amounts to around 2,350 kg of 
dung per day, making it the primary waste that 
the park must manage. 

 

 
 

 

 

 

 

 

 

 

 

 
 

Figure 2 Cause and Effect Diagram of the Waste Management Problem in the Elephant Park 
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Figure 3 Waste Material Flow of the Elephant Park 

 
 
 

 

 

In our initial survey and interview with  
the manager, it was revealed that approximately 
250 kg of elephant dung per day is used to 
produce dung paper, while another 333.33 kg is 
utilized for composting, though this is done by 
dumping the dung in an open field without any 
treatment. Upon examination of the compost 
quality by the Institute of Product Quality  
and Standardization at Maejo University, it was 
found that many parameters, such as nitrogen, 
phosphorus, and organic matter, were below  
the standards set by the Department of 
Agriculture [14]. Thus, improvements are needed 
to enhance the quality of the compost and add 
value to the products derived from elephant dung. 
Details of these experiments are provided in 
Section 3, "Improving the Quality of Elephant 
Dung Compost." 

The waste data indicate that tourism 
activities within the park generate an average of 
10.84 kg of solid waste per day. This figure does 
not include the approximately 2,350 kg/day of 
elephant dung, 30 kg/day of food waste from the 
restaurant, or 3 kg/day of recyclable office waste. 
These findings are consistent with those of Pham 
Phu et al. (2019) [15], who found that ecotourism 
sites tend to generate a significant amount of 
waste, often exceeding regular household waste 
per capita due to the high concentration of 

visitors in limited areas. Tourists in natural parks 
typically contribute a substantial amount of both 
organic and general waste, with a growing trend 
in plastic consumption and disposal. 

The waste composition is classified  
into four categories: organic waste (27.16%), 
recycling waste (15.36%), general waste 
(55.77%), and hazardous waste (1.71%). Organic 
waste, which includes leaves and food waste, 
accounts for 27.16%. Recycling waste consists of 
glass (14.77%), aluminum (0.33%), and metal 
cans (0.26%). General waste, which makes up 
the largest portion, includes non-recyclable 
plastics (23.99%), paper (26.37%), and other 
materials (5.41%). Hazardous waste consists 
mainly of masks (1.45%) and batteries (0.26%). 
Similar patterns were observed by Nayono S. & 
Nayano S.E. (2021) [12], who found that rural 
tourism destinations often generate a high 
percentage of non-recyclable general waste, 
largely due to insufficient waste separation 
practices. Our study supports this argument but 
adds the layer of quantifying waste generation 
per person, which averages 0.03 kg/day. While 
this figure seems low, the cumulative effect over 
time is considerable, particularly during high 
tourist seasons, echoing Nayono’s observations 
of waste accumulation. 
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Figure 4 Waste Composition 

 
One of the unique contributions of this 

study is its focus on elephant parks, a distinct 
context within waste management in ecotourism. 
Elephant parks have a different waste profile 
compared to typical tourism sites due to the large 
amount of organic waste, including elephant 
dung and plant matter, which make up 27.16% of 
the total waste. This highlights the need to design 
waste management strategies that are tailored to 
the specific requirements of such destinations. By 
focusing on waste issues in an elephant park, this 
study not only adds to the body of knowledge on 
waste management in ecotourism but also offers 
a specialized approach to addressing waste in 
wildlife tourism environments.  
 
The Solid Waste Management Strategy 

The solid waste management strategy for 
the elephant park has been developed through a 
comprehensive process involving surveys, waste 
data analysis, interviews, and the utilization of 
waste flow and cause-and-effect diagrams. This 
strategy aims to effectively address the waste 
management challenges identified in the park. 
The following recommendations are proposed: 

1. Constructing systematic management:  
- The cleaning staff will assume 

responsibility for daily waste 
collection, categorizing waste by 
type.  

- Food waste will be repurposed as 
animal feed and compost, while 
elephant dung will be used in paper 
production.  

- Water and ice waste will be 
repurposed for watering plants. 

2. Establishing appropriate waste 
separation points:  

- Five types of waste bins are 
proposed: general waste, recycling 
waste, food waste, water and ice 
waste, and hazardous waste.  

- The hazardous waste bin will be 
located at the Elephant Park office 
for proper disposal by municipal 
authorities. 

- Waste separation points should 
have clear signs indicating the type 
of waste to encourage people to 
segregate waste properly. 

3. Educating both employees and 
tourists about waste separation to enhance 
understanding and awareness: 

- Interesting projects will be 
implemented to educate employees 
and tourists about waste separation 
practices. 

- Media campaigns will be established 
to promote waste segregation among 
employees and tourists. 

4. Improving the quality of elephant 
dung compost: 

- Elephant dung will be used as raw 
material for compost processing, and 
the resulting products will be sold to 
mediators. However, efforts should 
be made to improve the quality of 
elephant dung composting and 
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shorten the fermentation time. This 
will help reduce the accumulated 
dung and ensure the production of 
products that meet market demand. 

5. Converting the accumulated elephant 
dung to biogas: 

- Due to the limitations of composting 
and the necessity of adding additional 
materials to improve quality, resulting 
in increased production costs, the 
authors suggest using accumulated 
elephant dung as raw material for 
biogas processing to convert dung to 
energy. This is an effective method 
for reducing the main organic waste 
in the elephant park. 

Implementing proper waste separation will 
lead to increased recycling rates and a reduction 

in general waste. Organic waste will be utilized 
as animal feed, compost, and for biogas 
production. Recyclable materials, including glass, 
paper, plastic, metal cans, and aluminum, will be 
sold to waste buyers, generating additional 
income for the park. Hazardous waste disposal 
will be managed appropriately by the subdistrict 
administrative organization. 

The expected outcome of implementing 
this waste management strategy is a significant 
reduction in the amount of general waste sent 
to landfills, estimated at up to 33.25 kg/day 
(from 33.84 kg/day to 0.59 kg/day). Figure 5 
illustrates the predicted waste volume when 
managed effectively, highlighting the potential 
for the elephant park to become a model 
ecotourism destination for waste reduction in 
the future. 

 

 

 
 

Figure 5 Waste Material Flow in Effective Waste Management in the Elephant Park 
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Improving the Quality of Elephant Dung 
Compost 

This study aimed to improve the quality 
of elephant dung compost by incorporating 
organic waste from the elephant park, reducing 
the overall amount of organic waste generated 
in the elephant park. Elephant dung, cattle 
dung and food waste were used in this 
experiment in different ratios, as shown in 
Table 1. There are four treatments, namely the 
control (based on the quality inspection results 
of the elephant park), Formula 1, 2 and 3. Each 
treatment was replicated three times. In 
addition, phosphate rock and P.D.1 (microbial 
activators for composting produced by the 
Land Development Department) were added to 
all treatments. Compost piles were turned 
every week to enhance oxygen circulation 
within the pile. The composting process 
continued until the compost reached a dark 
brown or black colour, the internal temperature 
of the pile decreased, and it emitted a soil-like 
smell. Samples were sent to the Institute of 
Product Quality and Standardization, Maejo 
University, to assess the compost's quality. The 
experimental results are presented in Table 2. 

The findings indicate that composts from 
all formulations (F1, F2, and F3) still show 
nitrogen, phosphorus, and organic matter levels 
below the standards set by the Department of 
Agriculture (as shown in Table 2). These results 
reflect common challenges faced in composting 
practices, particularly when handling large 
volumes of organic waste, such as elephant dung. 
Similar limitations in compost quality have been 
documented in studies, such as by Ayilara et al. 
(2020) [16], who found that nutrient imbalances, 
time constraints, and pathogen management often 
impede compost quality in agricultural settings. 
These factors are particularly problematic in 
systems dealing with high quantities of organic 

waste, such as those generated by wildlife 
tourism facilities. In our study, the limitations in 
elephant dung composting can be attributed to 
the complex nature of the raw materials, which 
require careful management of moisture, 
aeration, and nutrient balance. These challenges 
are consistent with findings by Azim et al. 
(2017), who emphasized that achieving optimal 
composting results requires precise control over 
raw material ratios and environmental conditions 
[17]. Future improvements in the composting 
process could benefit from a more controlled 
environment and additional raw materials. 
Incorporating nutrient-rich materials, such as 
Napier Grass and bat guano, into the composting 
process could be a potential solution to improve 
nutrient content. Studies have shown that Napier 
Grass, due to its high nitrogen content, can 
significantly enhance compost quality when used 
in combination with other organic materials [18]. 
Similarly, bat guano has been widely recognized 
for its high phosphorus content, which not only 
accelerates the decomposition process but also 
enhances the overall nutrient profile of the 
compost [19]. These materials are therefore 
recommended for future studies aiming to 
optimize compost nutrient levels and shorten 
fermentation times. Our study contributes to the 
existing body of literature by applying these 
composting principles in the unique context of an 
elephant park, where organic waste is 
predominantly composed of elephant dung.  
This focus on wildlife tourism sites adds an 
important dimension to the current understanding 
of composting challenges in ecotourism 
destinations. By integrating locally available, 
high-nutrient materials into the composting 
process, we aim to provide a sustainable waste 
management solution for elephant parks, thus 
advancing the field of waste management in 
ecotourism. 

 
Table 1 Proportion of Elephant Dung, Cattle Dung, and Food Waste in Each Treatment 
 

Treatment Proportion 

Elephant dung Cattle dung Food waste 

Control Based on the results of the quality inspection of the Elephant Park 

Formula 1 (F1) 0.5 0.5 - 

Formula 2 (F2) 0.8 0.1 0.1 

Formula 3 (F3) 0.8 0.15 0.05 
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Table 2 The Quality of the Elephant Dung Compost by the Institute of Product Quality and  

              Standardization, Maejo University 
 

Parameters Standard 

value 

Unit Mean ± SD 

Control F1 F2 F3 

Total 

Nitrogen 

≥1.0 % by weight 0.70 0.57±0.09 0.68±0.08 0.61±0.01 

Phosphorus 

(P2O5) 

≥0.5 % by weight 0.06 0.31±0.03 0.24±0.05 0.23±0.06 

Potassium 

(K2O) 

≥0.5 % by weight 0.81 1.42±0.47 0.95±0.20 0.79±0.18 

Organic 

Matter 

≥20 % by weight 14.47 17.14 ±0.41 15.75±0.68 17.76±3.12 

Germination 

Index 

>80 % 99.72 100.52±0.25 97.83±1.15 90.53±7.79 

C/N Ratio ≤20:1 - 12.00 18.00±2.16 13.33±1.25 17.00±2.65 

Sodium ≤1 % by weight 0.01 0.07±0.02 0.10±0.02 0.21±0.27 

pH 5.5-8.5 - 6.58 6.66±0.15 7.42±0.02 7.54±0.04 

 
Conclusions 
 

This study devised a comprehensive solid 
waste management strategy for an elephant  
park in Chiang Mai by employing a waste 
minimization approach. Key findings indicate 
that the park generates significant waste, 
primarily from tourist activities and elephant 
dung. By implementing pilot activities, including 
composting elephant dung and establishing waste 
separation points, the research demonstrated 
practical methods to reduce the environmental 
impact of the park. The research identified 
challenges in current waste management 
practices, including the lack of systematic  
waste separation and the need for better 
education among staff and tourists.  Composting 
experiments revealed that improving the  
quality of elephant dung compost is crucial  
for enhancing its usability, though further 
improvements in compost quality are  
necessary. Based on these findings, practical 
recommendations include continuing to improve 
compost quality, educating park employees and 
tourists on waste segregation, and exploring 
alternative uses for elephant dung, such as biogas 
production. Future research should focus on 
assessing the long-term impact of these strategies 
and collecting seasonal data to refine waste 
management practices. Implementing these 
recommendations could position the elephant 
park as a model for sustainable tourism and waste 
reduction. 
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Abstract 
 

 This study investigates environmental conditions and their impact on worker health within 

the Thung Yai Rubber Fund Cooperative, specifically focusing on the Ribbed Smoke Sheet factory. 

Working area temperature and wind velocity were systematically monitored at two locations using 

digital thermometers and anemometers, respectively. Air quality parameters, including total dust, 

carbon dioxide (CO2), and oxygen (O2) levels, were assessed using real-time monitoring equipment. 

A qualitative approach was adopted to evaluate adverse health effects experienced by workers, 

employing standardized questionnaires and comprehensive interviews. The results revealed 

significant health implications among workers exposed to total dust and an inappropriate working 

environment over the last three months. Specifically, 53.8% of workers experienced nose 

congestion and stuffy nose; 46.2% experienced a runny nose; 30.8% experienced sore eyes, itchy 

eyes, body rash, and body itching; 15.4% experienced red eyes; 38.5% experienced sore throat, 

coughing, mucus, and fatigue; 23.1% experienced difficulty breathing; and 7.7% experienced rapid 

heartbeat and wheezing. Furthermore, the study concluded that workplace temperatures exceeded 

prescribed standards, and oxygen concentration levels is slightly higher than Occupational Safety 

and Health Administration (OSHA) standards. These findings should provide the intervention to 

address hazardous working conditions, including regulating temperature to safeguard worker health 

and well-being. Continuous monitoring and enforcement of safety standards are imperative to 

prevent future respiratory ailments and ensure a safe working environment conducive to optimal 

productivity and employee welfare within the Thung Yai Rubber Fund Cooperative. 

 
Keywords : workplace environment; health effects; ribbed smoked sheet; total dust; CO2; O2  
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Introduction 
 

Rubber production occupies a central 
position in Thailand's economy, supporting 
livelihoods, driving economic growth, and 
shaping social development [1, 2]. However, 
concerns arise regarding air pollution emissions 
from rubber sheet processes, particularly from the 
Ribbed Smoked Sheet process. The air pollution 
stemming from this process poses significant 
challenges, particularly for workers within the 
facilities and surrounding communities [1, 3].  
Air pollution from Ribbed Smoked Sheet (RSS) 
factories can have significant health impacts  
due to the emissions generated during the  
rubber drying and smoking processes [3].  Toxic 
compounds are released into the air at nearly 
every stage of rubber processing, where heat is 
applied to mold its shape or incorporate additives. 
Because rubber requires heat to soften and react 
with these additives, emissions occur throughout 
the process. Studies have shown that the rubber 
industry emits significant amounts of hazardous 
substances. These emissions have a harmful 
impact on human health, particularly on workers 
in the industry [4]. These emissions include 
particulate matter, volatile organic compounds 
(VOCs), carbon monoxide (CO), sulfur dioxide 
(SO2), and polycyclic aromatic hydrocarbons 
(PAHs). The pollutants have significant health 
implications [1-5].  

Regarding Particulate matter (PM), 
consisting of fine particles like soot and ash 
produced during the smoking process, can be 
deeply inhaled into the lungs, causing respiratory 
and cardiovascular problems. VOCs, including 
chemicals like benzene, toluene, and xylene, are 
released during rubber processing and contribute 
to air pollution, leading to health issues such as 
headaches, dizziness, and long-term effects like 
liver and kidney damage [6].  Carbon monoxide, 
a toxic gas generated by incomplete combustion 
during smoking, can cause symptoms ranging 
from headaches and dizziness to potentially  
fatal outcomes at high concentrations. Sulfur 
dioxide, produced from burning sulfur-containing 
materials, can irritate the respiratory system, 
exacerbating conditions like bronchitis and 
asthma. PAHs, which are released during the 
incomplete combustion of organic materials, are 
known carcinogens, with prolonged exposure 
increasing the risk of cancer, particularly lung 
cancer [4-9]. Regarding, Mitigation measures to 

address pollution in RSS factories include 
improving ventilation and filtration systems, 
which can effectively lower the concentration of 
harmful pollutants inside the facility and 
safeguard workers' health. Implementing emission 
control technologies, such as scrubbers and 
electrostatic precipitators, can significantly cut 
down on the pollutants released from the factory. 
Additionally, conducting regular health check-
ups and continuous air quality monitoring are 
essential practices for the early detection and 
prevention of pollution-related health issues 
among workers and nearby residents. 

According to Thitiworn et al. (2010) [7], 
the production of RSS leads to significant 
environmental pollution, affecting both ambient 
air quality and workplace conditions in factories. 
While previous research on the environmental 
impact of Thailand's rubber industry [1-3, 5-7] 
has primarily concentrated on greenhouse gas 
emissions [8-10], other harmful emissions such 
as SOx, NOx, PAHs, and particulate matter (PM) 
from the primary para-rubber industry have not 
been adequately studied. Additionally, the overall 
environmental burden from Ribbed Smoked 
Sheet process has not been comprehensively 
evaluated. Regarding previous study relating to 
pollution from the rubber process has focused on 
intermediate products and their transportation  
in Thailand [1]. However, the data on the 
environmental impacts in work place of  
Ribbed Smoked Sheet productions are crucial  
to understand the issue and take measures to 
reduce the environmental issues.  

This study presents a comprehensive 
examination of air pollution and its health 
effects originating from a Ribbed Smoked 
Sheet factory. The research includes an  
in-depth analysis of the factory's ventilation 
system, recognizing its critical role in 
mitigating indoor air pollution and 
safeguarding worker health. The study aims to 
provide valuable insights into the complex 
interplay between industrial air pollution and 
worker health. Through a multidisciplinary 
approach encompassing environmental science, 
occupational health, and public policy, we 
endeavor to inform evidence-based interventions 
aimed at minimizing pollution-related health 
risks and fostering a healthier, more 
sustainable working environment within the 
Ribbed Smoked Sheet Factory and similar 
industrial settings. 
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Methodology 
 
 This investigation encompasses multiple 
facets crucial to understanding the dynamics of 
working conditions and their ramifications on 
worker health. The Ribbed Smoked Sheet (RSS) 
factory which is Thung Yai Rubber Fund 
Cooperative located in Trang Province, Thailand 
was designated as a study area. We scrutinize the 
study area of the factory to contextualize our 
analysis within the operational environment.  
This involves assessing factors such as  
layout (Figure 1), infrastructure, working area 
temperature, and wind velocity, which can 
influence pollution dispersion and exposure 
pathways [5]. Figure 1 showed the schematic  
of smoking room and collecting area where  
V, G and TD is velocity, gas and total dust 
collecting point, respectively. Additionally,  
the study focusses on characterizing the air 
pollutants emitted by the factory, particularly 
Total dust, CO2 levels [1, 2, 5], and oxygen  
(O2) concentrations. Moreover, the Pollution 
Exposure is examined to elucidate its potential 
health implications. 
 
Monitoring of environmental parameters 

The working area temperature and  
wind velocity at two locations in the Ribbed 
Smoked Sheet factory were monitored to 
understand environmental variations. The hot 
wire anemometer (Tesco, model 425) was 

strategically placed for temperature and wind 
velocity measurements, respectively.  Air quality 
parameters, including total dust, carbon dioxide 
(CO2), and oxygen (O2) levels, were examined. 
Total dust (airborne particulate) as per NIOSH 
0500 sampling method was measured using 
gravimetric technique with personal pump 
(Gilian, model GilAir Plus) at flow rate of  
2 L/min for 8 hour and 37 mm PVC filter 
cassette. The air sampling pump was calibrated 
with Soap bubble technique. Real-time CO2 
and O2 measurements were conducted with  
gas detector equipment (model AS8900) every  
2-hour for 8 hours working time.  

The data for each parameter were 
collected every 2 hours during the 8-hour 
working time, resulting in four data sets for 
each parameter. The averages and standard 
deviations of the measured parameters are 
illustrated in Tables 1 and 2. 

 
Health Effects 

The experienced Pollution Exposure is 
examined by workers in various roles and 
departments within the factory. Through personal 
exposure monitoring and health assessments,  
we seek to quantify the magnitude of pollution 
exposure and elucidate its potential health 
implications. Respiratory ailments, cardiovascular 
disorders, and other adverse health effects 
associated with prolonged exposure to industrial 
pollutants are of particular concern. 

 

Figure 1 Schematic of Ribbed Smoked Sheet Room 
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A qualitative approach as questionnaire 

was employed to evaluate adverse health effects 

experienced by workers. The questionnaire  

was developed from the World Health 

Organization [11-12] and administered to  

collect health effects related to pollution  

exposure from work. The questionnaire presented 

factors including sociodemographic, medical 

history, symptoms, and perceived health effects 

related to work environment. Workers from 

various departments participated, providing 

informed consent. Comprehensive interviews 

were conducted to gather detailed insights  

into workers' health experiences concerning 

working conditions and air pollution exposure. 

The questionnaire was evaluated by three 

specialists, who focused on examining the Index 

of Congruence (IOC). The evaluation resulted  

in an IOC of 0.91 and a Cronbach's alpha 

coefficient of 0.87. The data analysis was 

conducted using descriptive statistics as 

frequency, mean, standard deviation, median, 

maximum, and minimum. 

 

Results and Discussion 
 

The environment of Thung Yai Rubber Fund 

Co-operative     

By observation, it was noted that the 

environmental conditions, particularly within the 

working area of the Thung Yai Rubber Co-

operative Development Fund, are excessively 

warm, humid, and stuffy, especially during 

rubber sheet smoking sessions. This is attributed 

to a poor ventilation system, characterized by 

limited natural ventilation, leading to inadequate 

air circulation within the building. The smoking 

rooms, totaling 11 in number, are constructed 

with steel doors and equipped with 8-24 drilled 

holes per room to facilitate smoke ventilation 

from the burning stoves situated outside the 

cooperative. The wind direction flowed upstream 

from holes to roof as can be seen the smoke 

direction in figure 2. However, the roof is not 

high so it caused the smoke still dispersion in the 

air around working area.  The temperature during 

smoking sessions ranges from 55-60 degrees 

Celsius, spanning approximately 3 days and 3 

nights, resulting in a substantial release of smoke 

particulates from the smoking rooms and 

subsequent accumulation within the cooperative 

building (See Figure 2). 

 

Working environment and ventilation systems 

 onitoring studies of the working 

environment at the Thung Yai  u  er Fund 

Cooperative were conducted in two locations: 

working room no. 1 and no. 2. The results in 

Ta le 1 showed average wind speeds  x   of 0.46 

and 0.97, with standard deviations  S.D.  of 

0.032 and 0.067, in room no. 1 and no. 2, 

respectively. The temperature measurements 

yielded average values  x   of 66.7 C and 58.7 C, 

with standard deviations (S.D.) of 0.984 and 

1.752, in room no. 1 and no. 2, respectively (See 

Table 1). The temperature in 2 rooms was not 

much difference. 

Assessments of the ventilation system at 

Thung Yai Rubber Fund Cooperative were 

conducted at various locations within the 

building for total dust, carbon dioxide (CO2), and 

oxygen (O2). Total dust measurements were 

taken at two locations adjacent to the smoking 

rooms. The measured total dust levels were found 

to meet the Safety in Working with the 

Environment (Chemicals) standard (15 mg/m
3
) 

from Ministry of Interior with readings of 8.3 

mg/m
3
 and 1.6 mg/m

3
 at locations 1 and 2, 

respectively. It can be seen that total dust 

concentration at location 1 was found higher than 

location 2. This might be due to high temperature 

from wood burning in smoking room 1 lead air 

and particulate matter spreading in environment. 

Indoor CO2 concentrations are typically 

managed to address general Indoor Air Quality 

(IAQ) concerns, with recommended limits 

generally below 1000 ppmv [13].  The American 

Society of Heating, Refrigerating, and Air 

Conditioning Engineers (ASHRAE) recommends 

that indoor CO2 levels should not exceed the 

local outdoor air concentration by more than 

around 650 ppm. ASHRAE Standard 62-2001 

sets indoor air quality standards intended to be 

acceptable to occupants and to reduce the 

potential for adverse health effects. Moreover, the 

Occupational Safety and Health Administration 

(OSHA) has specific guidelines regarding 

oxygen levels in the workplace. OSHA's 

respiratory protection standard (29 CFR 

1910.134) outlines these requirements, defining 
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the minimum acceptable oxygen concentration 

for general industry as 19.5% [14]. 

CO2 and O2 concentrations were assessed 

at seven different locations: smoking room no. 1, 

smoke release point from room no. 1, one meter 

away from the smoking room no. 1, smoking 

room no. 2, smoke release point from room no. 2, 

one meter away from the smoking room no. 2, 

and the rubber sheet squeezing area. CO2 and O2 

concentration levels met the standards for all 

measured locations. The result of total dust, CO2 

and O2 concentrations at working area location 

were shown in Table 2. 

 

 

 
(a)                                          (b)                                             (c) 

 

 
 (d)                                           (e)                                             (f) 
 

Figure 1 Rubber sheet production process and Working condition at Thung Yai Rubber Fund 
                     Cooperative; (a) Raw rubber loading, (b) Rubber slab formation, (c) Rubber sheet  
                     squeezing, (d) Wood burner, (e) Rubber sheet drying and (f) Particle matter and  
                     smoke from smoking room 

 
Table 1 Temperature and wind velocity at 2 different smoking rooms 

Parameter  x  SD Standard 

Wind Velocity (m/s)    

Room 1 0.46 0.032 NA 

Room 2 0.97 0.067 NA 

Temperature (°C)     

Room 1 66.7 0.984 NA 

Room 2 58.7 1.752 NA 
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Table 2 Total dust, CO2 and O2 concentrations at working area location 

Parameter Measured location Measured Value Standard 
Total dust 

(mg/m
3
) 

Smoking room no.1 8.3 Regulations on Standards for 

Administration, Management 

and Operation of Safety, 

Occupational Health and 

Working Environment 

Regarding Heat, Light and Noise 

B.E. 2559 
 Smoking room no.2 1.6  
CO2 (ppm) Smoking room no.1 515 ASHRAE Standard 62-2001  

 Smoke release point from 

room no. 1  

529  

 1.0 meter away from the 

smoking room no. 1 

22  

 Smoking room no.2 505  

 Smoke release point from 

room no. 2 

123  

 1.0 meter away from the 

smoking room no. 2 

18  

 Rubber sheet squeezing area 10  

O2 (%) Smoking room no.1 20.1% OSHA's respiratory protection 

standard (29 CFR 1910.134) 

 Smoke release point from  

room no. 1 

19.9%  

 1.0 meter away from the 

smoking room no. 1 

20.9%  

 Smoking room no.2 20.2%  

 Smoke release point from 

room no. 2 

20.9%  

 1.0 meter away from the 

smoking room no. 2 

20.9%  

 Rubber sheet squeezing area 20.9%  

 
The result show difference in oxygen and 

CO2 levels between Room No. 1 and Room No. 
2. The CO2 level was higher in Room No. 1, 
which is coherent with the lower oxygen  
level found there compared to Room No. 2.  
Thia can be attributed to several factors.  
Room No. 1 may have less effective ventilation, 
leading to inadequate fresh air exchange, which 
is critical in maintaining oxygen levels. 
Additionally, higher combustion activity in 
Room No. 1 could result in more significant 
oxygen consumption. The room's layout and 
airflow patterns might also contribute to localized 
oxygen depletion, particularly if air circulation  
is obstructed or uneven. Lastly, if Room No. 1  
is closer to primary emission sources, this 

proximity could exacerbate oxygen depletion  
due to increased consumption of oxygen by 
combustion processes. 

 
Worker health assessment 

For the worker health assessment, there 
were a total of 13 workers participated in the 
study including 9 male workers and 4 female 
workers. Among them, one was under 20 years 
old, 4 workers were aged between 20-29, 1 
worker was between 40-49, 4 workers were 
between 50-59, and 1 worker was over 60 years 
old. In terms of health conditions, it was found 
that 4 workers had chronic diseases (30.8%), 
while 9 workers did not (69.2%). Regarding 
respiratory diseases, 2 workers were affected 
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(15.4%), while 11 workers were not (84.6%). 
Concerning smoking frequency, 7 workers 
smoked (53.8%), while 6 workers did not 
(46.2%). As for exercise frequency, 6 workers 
exercised weekly (46.2%), while 7 workers did 
not (53.8%). In terms of personal protective 
equipment usage, 4 workers wore personal 
protective equipment (30.8%), while 9 workers 
did not (69.2%). 

The assessment of adverse health effects 
experienced by workers exposed to total dust 

over the last three months is shown in Table 3. 
The study results revealed that 53.8% of  
workers experienced nose congestion and  
stuffy nose; 46.2% experienced runny nose; 
30.8% experienced sore eyes, itchy eyes, body 
rash and body itching; 15.4% experienced red 
eyes; 38.5% experienced sore throat, coughing, 
mucus, and fatigue; 23.1% experienced difficult 
breathing; while 7.7% experienced rapid heartbeat 
and wheezing. None of the participants had 
experienced nosebleeds. 

 
Table 3 Adverse health effects assessment 

Adverse Health Effects Worker Percentage 

1. Do you have symptoms of nasal congestion?   

Regularly 0 0 

Often 1 7.7 

Occasionally 5 38.5 

Rarely 1 7.7 

Never 6 46.2 

total 13 100 

2. Do you have a stuffy nose?   

Regularly 1 7.7 

Often 2 15.4 

Occasionally 3 23.1 

Rarely 1 7.7 

Never 6 46.2 

total 13 100 

3. Do you have symptoms of sore eyes?   

Regularly 0 0 

Often 1 7.7 

Occasionally 1 7.7 

Rarely 2 15.2 

Never 9 69.2 

total 13 100 

4. Do you have symptoms of itchy eyes?   

Regularly 0 0 

Often 1 7.7 

Occasionally 2 15.4 

Rarely 1 7.7 

Never 9 69.2 

total 13 100 

5. Do you have symptoms of red eyes?   

Regularly 1 7.7 

Often 0 0 

Occasionally 1 7.7 

Rarely 0 0 

Never 11 84.6 

total 13 100 
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Adverse Health Effects Worker Percentage 

6. Do you have symptoms of a sore throat?   

Regularly 0 0 

Often 2 15.4 

Occasionally 0 0 

Rarely 3 23.1 

Never 8 61.5 

total 13 100 

7. Do you have a runny nose?   

Regularly 0 0 

Often 1 7.7 

Occasionally 4 30.8 

Rarely 1 7.7 

Never 7 53.8 

total 13 100 

8. Do you have a rash appearing on your body?   

Regularly 1 7.7 

Often 0 0 

Occasionally 0 0 

Rarely 3 23.1 

Never 9 69.2 

total 13 100 

9. Do you have symptoms of itching on your body?   

Regularly 1 7.7 

Often 0 0 

Occasionally 0 0 

Rarely 3 23.1 

Never 9 69.2 

total 13 100 

10. Are you experiencing fatigue?   

Regularly 1 7.7 

Often 1 7.7 

Occasionally 1 7.7 

Rarely 2 15.4 

Never 8 61.5 

total 13 100 

11. Do you have symptoms of difficulty breathing?   

Regularly 0 0 

Often 1 7.7 

Occasionally 1 7.7 

Rarely 1 7.7 

Never 10 76.9 

total 13 100 

12. Do you have symptoms of coughing?"   

Regularly 0 0 

Often 1 7.7 

Occasionally 1 7.7 

Rarely 3 23.1 

Never 8 61.5 

total 13 100 
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Adverse Health Effects Worker Percentage 

13. Do you have symptoms of rapid heartbeat?   

Regularly 0 0 

Often 0 0 

Occasionally 1 7.7 

Rarely 0 0 

Never 12 92.3 

total 13 100 

14. Do you have symptoms of wheezing?   

Regularly 0 0 

Often 0 0 

Occasionally 0 0 

Rarely 1 7.7 

Never 12 92.3 

total 13 100 

15. Do you have mucus?   

Regularly 1 7.7 

Often 1 7.7 

Occasionally 1 7.7 

Rarely 2 15.4 

Never 8 61.5 

total 13 100 

16. Do you have nosebleeds?   

Regularly 0 0 

Often 0 0 

Occasionally 0 0 

Rarely 0 0 

Never 13 100 

total 13 100 

 
Conclusions 

 
This study unveiled environmental 

conditions during the smoking room operating 
for RSS production for Thung Yai Rubber  
Co-operative Development Fund. The oxygen 
and carbon dioxide concentration level slightly 
exceeded the standard. The total dust was emitted 
from smoking room and its concentration is 
below the standard. Workers experienced health 
effects on nose congestion and stuffy nose, and a 
runny nose. The key findings underscore the 
pressing need for immediate intervention to 
address the working conditions identified in  
this study. Implementing measures to regulate 
temperature and improve carbon dioxide levels in 
the workplace is crucial to safeguarding the 
health and well-being of workers. Furthermore, 
ongoing monitoring and enforcement of safety 
standards are imperative to prevent future 
occurrences of respiratory ailments and ensure a 

safe working environment conducive to optimal 
productivity and employee welfare. 
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Abstract 
 

The gold mining operations in Khao Luang Sub-district, Wang Saphung District, Loei 
Province, have had a significant impact on the surrounding environment, leading to arsenic 
contamination. The objective of this research was to examine the extent of arsenic contamination in 
the natural wetland area and Pu Leuk Creek, adjacent to the Thung Kam gold mine. The study 
focused on sediments samples taken from three points along the creek: upstream, middle, and 
downstream, at depths ranging from 0 to 150 cm. The findings revealed that concentrations of total 
arsenic in the sediment at the upstream, middle, and downstream points ranged from 160.1-1,112 
mg/kg, 49.79-1,911 mg/kg, and 0.39-1,080 mg/kg, respectively. For As(III), the concentrations 
ranged from 28.63-320.40 mg/kg, 0-1,032 mg/kg, and 0-544.60 mg/kg, respectively. For As(V),  
the concentrations ranged from 115.49–853.70 mg/kg, 8.5-879 mg/kg, and 0–586.5 mg/kg, 
respectively. Most of these values exceed the standard threshold for soil quality for agricultural use 
(25.00 mg/kg) set by the National Environmental Board in 2021. The highest concentrations of 
arsenic were found at the middle point of the creek, possibly due to its proximity to the mineral 
waste pond in the gold mining area. Additionally, the highest concentrations of arsenic were found 
at depths of 0–40 cm, indicating that depth levels affect the accumulation of arsenic in the sediment. 
The analysis of the elemental composition in the sediment using the Energy Dispersive X-ray 
Fluorescence (EDXRF) technique revealed that the chemical constituents in the sediment include 
Al, Si, K, Ca, Ti, Mn, Fe, Cu, Zn, As, Rb, Zr, and Pb. The predominant mineralogical components 
in the sediment are quartz (SiO₂) and hematite (Fe₂O₃). Regarding the analysis of the forms of 
arsenic in the sediment, it was observed that the concentration of As(V) was higher than that of 
As(III). This suggests that As(V) may have been absorbed or precipitated along with other mineral 
elements in the sediments. The presence of arsenic exceeding the standard limits in this area, as 
mentioned above, may have adverse health effects on the people residing near the gold mining area. 

 
Keywords : Arsenic; Gold mine; heavy metal; Loei 
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Introduction 
 
In nature, arsenic is considered a highly 

toxic semimetal, primarily found in the forms  
of arsenite (As(III)) and arsenate (As(V)). 
Arsenic predominates in its +5-oxidation state, 
As(V), in the form of arsenate oxyanions 
(H2AsO4

-
, HAsO4

2-
). The high affinity of As(V) 

for Fe(III) (oxyhydr) oxides may effectively 
immobilize aqueous its [1-4]. Arsenite (As(III)) is 
more toxic than arsenate (As(V)) due to its higher 
ability to penetrate cells and disrupt cellular 
processes. Both forms pose significant health 
risks, including cancer and organ damage, with 
arsenite being more mobile and readily absorbed 
by organisms. Effective treatment strategies, such 
as oxidation and adsorption, are necessary  
to manage both forms and reduce their harmful 
effects on health and the environment.  
In Thailand, arsenic occurs naturally throughout 
the country, mostly on the western side, such as 
in Suphan Buri Province, and has been 
discovered through excavation in provinces  
like Nakhon Si Thammarat, Phichit, and Loei. 
Arsenic contamination in the environment can 
stem from two main sources: natural resources 
and human activities. Natural contamination is 
associated with the weathering and degradation 
of rocks or minerals that store arsenic [5]. 
Human-induced contamination arises from 
activities such as mining, industrial waste 
disposal, leaching of arsenic-containing minerals, 
combustion of fossil fuels, and the use of arsenic 
in various products, such as pesticides [6]. 
Generally, naturally occurring arsenic is found 
within mineral pathways, often in conjunction 
with other compounds such as copper, iron, 
manganese, cobalt, nickel, silver, and gold. 
Therefore, mining activities may disperse arsenic 
into the surrounding areas [7]. In wetland 
environments, arsenic is retained mostly in 
sediments or media. Arsenic in wetlands can 
precipitate and form insoluble sulfide compounds 
or arsenopyrite (FeAsS) [8-11]. Coprecipitation 
processes can obtain high removal efficiency in 
the presence of sulfate, ferric chloride, and Iron 
oxide [11, 12]. 

The gold mining activities of Thung 
Kam Company in Wang Saphung District, 
Loei Province, have been identified as the root 
cause of arsenic contamination in the surrounding 
areas between the years 2014-2018. It was found 
that the highest accumulation of arsenic was in 

the soil samples and water sources near the 
gold mining area, resulting from leaching and 
absorption on the lateritic soil rich in iron and 
manganese. This situation has impacted the 
health of the residents living near the mining 
site. Investigations revealed that people's bodies 
were contaminated with arsenic, cadmium, 
lead, manganese, and cyanide. Moreover, 
elevated levels of arsenic were found in  
both water sources and soil samples, exceeding 
the standard limit of 0.01 mg/L. This  
conflict has led affected individuals to  
mobilize collectively through community-
based governance, demanding government 
intervention to address the issue [13]. 

Additionally, assessments of water quality 
and heavy metal contamination in sediment, 
fish, and frogs, including the bioaccumulation 
factor (BAFs) observed in these aquatic 
organisms, have revealed concentrations 
surpassing regulatory limits [15]. Notably, 
arsenic in the sediment exists predominantly in 
the forms of arsenate (As(V)) and arsenite 
(As(III)), with arsenite being more mobile  
and toxic than As(V). Various soil elemental 
minerals have also been found to influence  
the transformation and species of Arsenic, as 
well as its storage and movement in the 
environment. Consequently, our research  
aims to investigate the extent of arsenic 
contamination in the natural wetlands and  
Phu Lek Creek adjacent to the Thung Kam 
gold mine. This investigation focused on 
analyzing dispersion patterns over distance and 
depth, as well as the chemical components 
influencing arsenic dispersion patterns. 

 

Methodology   
 
Study area 

The natural wetland area is located along 
Phu Lek Creek adjacent to the mineral waste 
pond at the end of the gold mine (which is 
currently closed). The gold mine operated as an 
open-pit mine and ore-dressing plant from the 
year 2006 to 2013. Water from the Phu Lek 
Creek flows downstream from the area behind 
the mine, sometimes receiving wastewater 
from the waste pond. The natural wetland 
receives water from two sources: wastewater 
from the mine to the northwest and 
underground springs from the northeast. The 
wetland area extends approximately 643 
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meters in length, with a width ranging from 10 
to 50 meters and a depth of 0.20 to 1.0 meters. 
The total study area is approximately 10,000 
sq.m. (Figure 1). 

 
Sampling and preparation of sediment 
samples  

In this study, sediment core samples 
were collected at sampling points along the 
creek, as illustrated in Figure 2 (1-10 March 
2023, dry season). The samples were collected 

at a depth of 150 cm., with 5 cm. intervals at 
three points along the distance: the upstream at 
0 m., middle at 290 m., and the downstream at 
640 m. They adjusted their conditions by  
air-drying them in a shaded area for 7-14 days, 
depending on the soil moisture content. After 
that, the samples were heated at 105 degrees 
Celsius for 24 hours. Subsequently, the dried 
samples were ground using a ceramic mortar 
and passed through a 2-millimeter sieve in 
preparation for further analysis. 

    

 

 
 

Figure 1 Map of the gold mine and Phu Lek Creek 
 

 

   
 

Figure 2 Sampling point characteristics: (a) Upstream (b) Middle and (c) Downstream 
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Sediments preparation 

Sediments were collected from 3 

sampling points along Phu Lek Creek, where 

the location was illustrated in Figure 1. 

Samples were classified according to particle 

size by sieving (all sizes, < 2 mm and > 2.00 

mm). After the sieve, the samples were air-

dried at room temperature. Sediment was 

analyzed for chemical and physical properties 

as shown in Table 1. 

Physical characteristics: The analysis 

of sediment texture by hydrometer shows that 

the sediment sample is composed of sand 

33.78%, silt 23.22%, and clay 43%. The high 

percentage of clay appears as a fine texture 

with low permeability.  

Chemical properties: Sediments are 

mainly composed of Quartz (SiO2), Hematite 

(Fe2O3), and Bauxite (Al2O3.H2O). The EDX 

study and the X-ray diffraction spectrum  

of sediments indicated that the elemental 

compositions are Mg, Al, Si, S, K, Ti, Fe, and As 

(Table 1). From these results, it can conclude that 

sediment is composed of a high level of 

aluminum (Al2O3.H2O and AlSi2O6 (OH2)) and 

iron oxide (Hematite). Physical appearance 

studied by SEM indicated that all sediment 

samples had low porous and rough surfaces 

which occurred from a binding of a small particle 

on the surface soil to generate shallow porous. 

The pH of all sediment samples is between 

4.76-5.04 which is considered a weak acid (Land 

Development Department, 2010). The electrical 

conductivity of the samples is lower than 0.1 

ds/m which is considered as non-saline soil. 

Organic matters in all samples were moderate 

(1.5-2.5). The amount of iron was found highest 

in soil size < 2 mm 134,300 mg/kg (Table 1). 

 

Analysis of total arsenic, As(III) and As(V) 

Sediment samples were prepared in 

accordance with US EPA test methods for 

solid waste evaluation. Physical/Chemical 

Method (SW-846). Initially, 0.15 g of each 

dried sample was placed in a beaker and 

digested using a hot plate with a mixed acid 

concentration of 10 mL of HNO3 and 5 mL of 

HCl. After cooling to room temperature,  

the suspended material was filtered through 

0.42-µm filters. The solution was then diluted 

with deionized water. The digested samples 

were determined for arsenic using inductively 

coupled plasma optical emission spectrometry 

(ICP-OES, Agilent 5800 series, Santa Clara, 

CA, USA). For the analysis of As(III) and 

As(V), the ion exchange resin technique was 

used according to the methods specified in the 

American Public Health Association standards 

(APHA, 2012). 

 

Energy Dispersive X-Ray Fluorescence 

(EDXRF) 

The middle-point sediment, which showed 

the highest concentration of arsenic, was dried at 

105 degrees Celsius and finely ground to prepare 

for elemental analysis. The ground sediment 

samples, with three replicates, were analyzed 

using the EDXRF spectrometer technique 

(Horiba XGT-5200). The power specifications  

of the tube are 50 kV maximum and 1 mA.  

The selection of filters, tube voltage, sample 

position, and current were fully computer-

controlled, with an energy range of 0–40 keV. 

Quantitative analysis was conducted using the 

built-in software. 
 
 

Table 1 Sediment characteristics and analytical methods 
 

Parameters; 

 

Particle size Methods/ 

reference All size > 2 mm < 2 mm 

Physical properties     

Particle size (mm) 0.002 – 2.00 
Sieve analysis, SEM-EDX, Carter and 

Gregorich (2006) 

Bulk density (g/cm
2
) 2.01 2.55 1.75 

Core method, Carter and Gregorich 

(2006) 

Surface area (m
2
/g) 17.03 18.15 16.00 BET analysis (2013) 
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Parameters; 
 

Particle size Methods/ 
reference All size > 2 mm < 2 mm 

Chemical properties     

pH 5.10 4.76 5.04 
1:5, Sediments:water mixture, pH meter, 
APHA (2012) 

pHZPC 5.80 4.75 4.91 
1:5, laterite:water mixture, pH meter, 
APHA (2012) 

EC (ds/m) 0.025 0.036 0.021 
1:5, Sediments:water mixture, EC meter, 
APHA (2012) 

CEC (c mol(+)/kg) 25.14 23.36 33.45 
Ammonium acetate extraction (1N) Land 
Development Department, (2010) 

Organic matter (%) 2.08 2.17 1.96 UV254,  APHA (2012) 
Inorganic 
composition (by SEM-
EDX) 

   
SEM-EDX, model: ESM-5800, GEOL, 
Japan 

Magnesium(Mg) (%) 0.44 0.39 0.15 
Aluminum(Al) (%) 24.84 22.54 24.47 
Silicon(Si) (%) 44.01 44.68 42.55 
Sulfur(S) (%) 0.14 0.17 0.43 
Potassium(K) (%) 2.76 2.72 2.56 
Titanium(Ti) (%) 1.44 1.41 1.41 
Iron(Fe) (%) 26.18 27.93 28.39 
Arsenic (As) (%) 0.19 0.16 0.05 
Metals (by ICP-OES)    Digestion with 1:3(HNO3 : HClO4)(v/v), 

ICP-OES, Perkin Elmer, Optima 8000 
APHA (1998) 

Iron(Fe) (mg/kg) 99,640 98,030 134,300 
Arsenic (As) (mg/kg) 0.17 0.13 0.16 

 
Statistical analysis 

Statistical analysis was performed by the 
SPSS statistics 17.0 for Windows software 
package program network Licensed in Suranaree 
University of Technology. Data was calculated 
by mean, minimum, maximum, and standard 
deviation for a result. The significance of the 
difference between depth and arsenic species was 
determined with a t-test (Significant at a level of 
0.05). Quality assurance (QA) and quality control 
(QC) were used in planning, sampling, analysis, 
and reporting of data in all processes throughout 
the study. Pearson correlation coefficient 
(significant at a level of 0.05) was used to 
determine the correlation between date, sediment 
depth, and arsenic (total/As

3+
/As

5+
). 

 

Results and Discussion 
 

Sediment properties in the wetland  
The results of the analysis of sediment 

properties are shown in Table 1, which found 
that most of the analysis results have values 
consistent with laterite soil properties [14], 
namely Particle size (0.025-2.00 mm.), Bulk 
density (1.98-2.32 g/cm

3
), Surface area (15.52-

18.35 m
2
/g), Pore volume (0.011-0.020 ml/g), 

Organic Matter (0.56-2.08%), Iron (Fe) (27.93-
28.39%) etc. 

 
Study of total arsenic, As(III) and As(V)  

The concentrations of total arsenic  
in sediment at the upstream, middle, and 
downstream at depths of 1-150 cm. ranges  
from 160.1-1,112 mg/kg, 49.79-1,911 mg/kg, 
and 0.39-1,080 mg/kg, respectively. (Table 2)  
For As(III), the concentrations range from  
28.63-320.40 mg/kg, 0-1,032 mg/kg, and  
0-544.60 mg/kg, respectively. As for As(V), the 
concentrations range from 115.49-853.70 mg/kg, 
8.5-879 mg/kg, and 0-586.5 mg/kg, respectively. 
Most of the values exceed the standard threshold 
for soil quality for agricultural use (25.00 mg/kg) 
set by the National Environmental Board in 2021. 

Figure 3, which illustrates the relationship 
between depth and the total amount of arsenic at 
the Upstream point, Middle, and Downstream, it 
is evident that as depth increases, the quantity of 
arsenic in the sediments decreases. Additionally, 
the highest concentration of arsenic was found 
at depths of 0-40 cm., indicating that depth 
levels influence the accumulation of arsenic in 
the sediments. Furthermore, at depths of 0-40 
cm., conducive to root growth, arsenic tends to 
be trapped on plant roots and accumulates 
predominantly in the sediments. Moreover, the 
highest arsenic concentration was observed 
around the middle of the stream, possibly due to 
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its proximity to the mine tailings in the gold 
mining area. 

Figure 4, which illustrates the relationship 
between As(III) and As(V),  shows that at higher 
concentrations, particularly at depths of 0–40 cm, 
arsenic is predominantly found in the form  
of As(V) rather than As(III).  This is because 
As(V) is more stable and exists in oxidizing 
environments. As the depth increases, arsenic is 
mainly present in the form of As(III) and is found 

at lower concentrations compared to As(V).  At 
greater depths, arsenic in pore water diffuses into 
a reducing environment, leading to in-situ 
precipitation into stable forms, As(V) [16], 
resulting in higher concentrations of As(V) than 
As(III). In areas with a high amount of Fe(III) 
(ferric oxyhydroxide), arsenic may oxidize to 
form arsenopyrite (FeAsS) and accumulate in the 
soil [4, 14].  

 

Table 1 Sediment properties  
 

Properties Quantitative value 

Particle size (mm) 0.021-2.10 

Bulk density (g/cm
3
) 1.18-2.20 

Surface area (m
2
/g) 13.85-18.00 

Pore volume (ml/g) 0.013-0.020 

pHZPC (1:5, laterite: water mixture)  5.30-7.10 

Conductivity (1:5, laterite: water mixture) (µS/cm) 40.00-52.60 

Organic Matter (%) 0.86-2.080 

Magnesium(Mg) (%) 0.17-0.40 

Aluminum(Al) (%) 22.40-24.40 

Silicon(Si) (%) 42.20-45.00 

Sulfur(S) (%) 0.11-0.20 

Potassium (K) (%) 1.06-2.00 

Titanium (Ti) (%) 0.21-1.40 

Iron(Fe) (%) 27.90-28.30 
 

Table 2 Total arsenic, As(III) and As(V) content in natural wetlands 
 
 

 
Upstream  Middle Downstream 

   
Figure 3 Concentration of total arsenic, As(III) and As(V) with depth 

 Upstream Middle Downstream 

 Total As As(III) As(V) Total As As(III) As(V) Total As As(III) As(V) 

count 30 30 30 30 30 30 30 30 30 

Max (mg/kg) 1,112 320.4 853.7 1911 1032 879 1080 544.6 586.5 

Min (mg/kg) 160.1 28.63 115.49 49.79 0 8.5 0.398 0 0 
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Figure 4 Difference between As(III) and As(V) 

 
Results of the study of elemental composition 

in sediments 

The analysis of elemental composition in 

the sediment using Energy Dispersive X-ray 

Fluorescence (EDXRF) technique revealed that 

the chemical constituents in the sediment 

consist of Al, Si, K, Ca, Ti, Mn, Fe, Cu, Zn, 

As, Rb, Zr, and Pb, as shown in Figure 5. The 

predominant mineralogical components in the 

soil sediment are quartz (SiO2) and hematite 

(Fe2O3). Furthermore, Table 3 reveals that iron 

is found in higher quantities compared to other 

mineral elements in the sediments samples. 

This is attributed to the predominance of iron 

in the environmental conditions of the Thung 

Kam gold mine area [14].  

 

Mechanisms of natural attenuation of arsenic 

in the wetland 

In this study of the natural wetland area 

of the Thung Kam gold mine, the predominant 

mineralogical components in the sediment 

were quartz (SiO₂) and hematite (Fe₂O₃). The 

arsenic content accumulated in the sediments 

ranged from 0.39 to 1,080 mg/kg. In wetland 

environments, arsenic is primarily retained in 

sediments or media rather than accumulated in 

plants. Depending on redox conditions, arsenic 

in wetlands can precipitate and form insoluble 

sulfide compounds, such as arsenopyrite 

(FeAsS) [8-11]. Coprecipitation processes can 

achieve high removal efficiency in the 

presence of sulfate, ferric chloride, and iron 

oxides [11, 12]. 

In this study, the highest arsenic 

concentration was found at depths of 0–40 cm, 

where arsenic predominantly occurred in the 

form of As(V) rather than As(III). At greater 

depths, arsenic was mainly present in the  

form of As(III) and at lower concentrations 

compared to As(V). The sediment was rich in 

Fe(III) (ferric oxyhydroxide), which facilitated 

the oxidation of arsenic in water by Fe(III), 

leading to its adsorption or precipitation along 

with other mineral elements in the sediments. 

At depths less than 40 cm, which are 

conducive to root growth, arsenic tends to be 

trapped on plant roots and accumulates 

predominantly in the sediments. 
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Figure 5 Chemical composition of sediments in natural wetlands 

 
Table 3 Descriptive statistics of heavy metals in the sediment profiles in natural wetlands (%) 
 

 
 

Conclusions 
 

From the study of sediment at depths of  
0-150 cm, it was found that the total arsenic, 
As(III), and As(V) concentrations exceeded soil 
quality standards for agricultural purposes. The 
depth level with the highest accumulation of 
arsenic was 0-40 cm, indicating that sediment 
depth influences arsenic accumulation. The main 
chemical constituents in the sediment in the 
wetland area are quartz (SiO2) and hematite 
(Fe2O3). Regarding the analysis of the forms of 
arsenic in the sediment, it was observed that the 
concentration of As(V) was higher than As(III). 
This suggests that As(V) may have been 
absorbed or precipitated along with other mineral 
elements in the sediments.  

The presence of arsenic exceeding standard 
limits in this area may pose significant health 
risks to residents near the gold mining site.  
The sediment in the Phu Lek wetland area is 
laterite, with iron oxides as its main component. 
This type of soil can remove arsenic from water 
with 50-93% efficiency [14]. The arsenic levels 
detected were far above standard, resulting  
in contamination of water, plants [17], and  

food [18] around the gold mining area. Therefore, 
mitigation and remediation measures for arsenic 
contamination, such as land improvement,  
soil rehabilitation, phytoremediation, and soil 
amendments, are recommended to reduce arsenic 
exposure. Furthermore, future research should 
focus on monitoring arsenic migration, assessing 
its bioavailability to crops, and exploring the 
health impacts on the local community to 
mitigate these risks more effectively. 
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 Statistic Fe Al Mn Cr Pb As P Zn 

Soil Profiles Maximum 78.21 6.47 1.92 0.11 0.00 0.63 0.30 0.43 

 minimum 31.61 0.00 0.35 0.03 0.00 0.21 0.00 0.10 

 Mean 47.13±1.86 1.23±0.34 0.75±0.07 0.07±0.004 0.00 0.41±0.22 0.05±0.01 0.22±0.01 

 SD 10.18 1.91 0.36 0.02 0.00 0.12 0.08 0.76 
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Abstract 
 

 Developing an electrokinetic barrier to hinder mangrove seedlings from heavy metal 
absorption is a novel technology for conducting mangrove reforestation within contaminated 
environments. In this study, the objectives were to discover a hydroponic solution that offers 
favorable plant responses for mangrove seedlings and to investigate this environment under a 
micro-electric field and/or a heavy metal (HM) presence. For 15 weeks, Rhizophora mucronata 
seedlings were grown hydroponically in containers encompassing unique conditions: the control,  
1 ml nutrient solution (NS)/L, and 1.5 ml NS/L. Seedlings from 1.5 NS had the greatest mean 
regarding the number of roots (p < 0.05), but the 1 mL NS had the largest mean for root diameter  
(p < 0.05), along with thicker roots and more leaf development also observed. An electrokinetic 
experiment was performed to compare a direct current of 10 V/m and 20 V/m in a HM solution 
consisting of 1 ml NS/L with ZnSO4·7H2O (400 mg/L), CrCl3·6H2O (400 mg/L), and CdCl2·2.5H2O 
(1.5 mg/L). 10 V/m caused a statistically significant migration for Cd and Cr, whereas 20 V/m was 
required for Zn, respectfully. When comparing the nitrate to phosphate ratios and pH between HM 
and HM plus electric current (EC), the margins of difference were less substantial for 10 V/m than 
20 V/m. It can be concluded that 1 ml NS/L and 10 V/m is preferable for future electrokinetic 
barrier design, but because HMs affect the pH values of hydroponic solution greater than natural 
soil conditions, the HM concentration must be reduced for mangrove tolerability accordingly.  
 

Keywords : electrokinetic barrier; mangrove; heavy metal; hydroponics; ion migration 
 

Introduction 
 

 Mangroves are a group of tropical-to-
subtropical trees and shrubs that grow in 
intertidal regions due to their ability to withstand 
fluctuating salinities, as well as aerobic and 
anaerobic conditions. In developing countries 
alone, the ecological services and products 
provided by mangroves are equivalent to an 
economic value between 33,000-57,000 USD 
ha/year [1]. However, over the last 50 years,  
20-35% of mangrove forests have been lost [2]. 
Anthro-pogenically, mangroves growing nearby 

urban areas are impacted by pollution and heavy 
metals [3, 4]. While mature trees that have  
been subjected to heavy metal encroachment are 
capable of impressive bioaccumulation and 
tolerance [5], germinating seeds and young plants 
lack fully developed defense systems [6, 7], 
which lowers their rate of survival and the 
success of conducting mangrove reforestation 
projects in similar regions. Plant absorption of 
heavy metals (HM) and excessive biometals  
can lead to damage at the cellular level,  
which inhibits enzyme function, photosynthesis, 
respiration, and encourage defense mechanisms 

http://www.eeat.or.th/
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that heighten stress [8-11]. Moreover, exposure 
to multiple HMs simultaneously amplifies the 
toxic effect to mangrove plants in comparison 
with single-metal contamination [12, 13]. 
Therefore, attempting to conduct reforestation in 
these areas is problematic. 

Developing an electrokinetic barrier to 
hinder mangrove seedlings the opportunity  
from absorbing HMs is a novel technology  
for conducting mangrove reforestation within 
contaminated environments. As a form of 
electrokinetics, which is a type of environmental 
remediation that utilizes electric current (EC) to 
remove chemical species from soil [14], the main 
advantages are that minimum soil disruption is 
required, low amounts of waste material are 
produced, and it can be used in heterogeneous, 
fine-grained media [15].  For marine application, 
its potential to inhibit saltwater intrusion into 
fresh water has been studied [16]. 

The aim of this study was to address  
two issues. First, to discover a hydroponic 
environment that offers favorable plant responses 
for mangrove seedlings by comparing diverse 
conditions. Second, to investigate the character-
istics of an aqueous saline environment under the 
presence of micro-electric fields and the changes 
when exposed to a HM intermixture of cadmium 
(Cd), chromium III (Cr), and zinc (Zn). These 
results from this study provide fundamental 
components to developing an intricate electro-
kinetic barrier experiment. 

 

Materials and Methods 
 
Growing Mangroves 
 Rhizophora mucronata seedlings of  
35.0 cm ± 4.5 were procured from the Bangpu 
Nature Education Center (Samut Prakan 
Province, Thailand). The propagules collected 
were deemed mature yet absent of any signs of 
root development. The plants were then grown 
hydro-ponically in a ventilated greenhouse under 

natural conditions for 15 weeks that had an 

average temperature of 37 C and 65% humidity. 
Three plastic containers having dimensions  
of 34 x 34 x 14 cm were selected as growing 
apparatuses for the mangrove propagules.  
Nine seedlings were grown per container,  
with each possessing a distinct solution for 
comparing morphology. The characteristics  
of each solution are presented in Table 1. 
Hydroponic experiments involving mangrove 
seedlings have been traditionally reliant on the 
Hoagland Solution for growing [17], which  
has to be prepared manually using fundamental 
chemicals. To reduce cost, time, and waste a 
commercially-made nutrient solution (NS) was 
purchased and used as an alternative (Sed Grow 
Tech, Thailand). Buoyant foam was utilized  
as a contraption to allow the seedlings to  
stand erect inside of the container while being 
elevated above the floor of the container, for 
accommodating root develop-ment. Pieces of 
foam were cut into sections to fit firmly inside of 
the container and holes were drilled through the 
foam to cradle the seedlings, which were then 
fastened into a stationary position using plastic 
cable ties (Figure 1). To reduce erroneous results, 
areas of the containers that were not blocked 
from sun exposure by the foam were covered 
with a non-transparent plastic bag to reduce  
both evaporation and algae growth. Tap water 
replenishments were added to maintain a 
consistent volume until a solution change was 
performed, which occurred once a week. 
 
Morphological Growth Analysis  

To reduce touching the plants, which 
lowers the risk of stress and damage, and ensure 
better accuracy, seedling growth was recorded 
once a week through photographic analysis. 
Pictures of the seedlings were taken using a  
12 MP camera, from a smartphone. Every 
photograph included a ruler in the same plane of 
each component intended to be measured. 

 
Table 1 Characteristics of the different hydroponic solutions 
 

Parameters 
Concentrations 

Unit 
Control 1 mL NS 1.5 mL NS 

Volume of tap water 3.0 3.0 3.0 L 

Sea salt  9.0 9.0 9.0 g/L 

Nutrient solution (NS) N/A 1.0 1.5 mL/L 

Electrical conductivity 12.77 13.13 13.40 mS/cm 
 
 

 

 
 

 
 

 

 
 

 
 

 



Thai Environmental Engineering Journal Vol. 38 No. 3 (2024) 67 

 

 

 

 
 

Figure 1 An illustration of the growing  

                phase setup for the seedlings  

                showing the buoyant foam inside  

                of the container. Note that the  

                sides of the container have a  

                solution that is highly exposed to  

                sunlight, which is where a plastic  

                bag was used for covering 

 

 ImageJ software was used for calibrating 

the pixels from the photos into measurements 

of length, which then allowed the morphological 

changes of the seedlings to be recordable.  

The morphology of interest was the number of 

roots (and fine roots those < 2mm thick), root 

system diameter, and the number, length (L) 

and width (W) of the leaves. Additionally, any 

notable signs of stress for the seedlings were 

also recorded. To provide the most accurate 

results, the seedlings were left undisturbed 

apart from the routine morphology recordings, 

water replenishments, and solution changes. 

The data from each seedling was then 

compiled over a timeline to provide evidence 

pertaining to which NS would be most 

favorable for future applications. 

 

Electrokinetic barrier 

Electric current was assessed to see how it 

would affect NS, both with and without the 

presence of HMs. To carry similar variables to 

that of the plant growth experiment, the same size 

containers and volume of solution (3 L) for each 

setup was used. For the electrokinetic barrier 

setup, the containers consisted of graphite 

electrodes (10 x 3 cm) for the anode and cathode, 

with the attached wiring hung securely over a 

dowel in order to suspend them above the floor 

of the container, and a constant direct current 

(DC) of either 10 V/m or 20 V/m applied 

(PeakTech 6225 A PeakTech®, Germany),  

as shown in Figure 2. Due to results of the earlier 

tests, 1 mL NS/L saline water was used as the 

control, seedlings omitted, with a HM mixture  

of ZnSO4·7H2O (400 mg/L), CrCl3·6H2O (400 

mg/L), and CdCl2·2.5H2O (1.5 mg/L) to provide 

the contamination parameters. The HM concen-

trations selected are reflective of samples 

collected from the Chao Phraya River and the 

Upper Gulf of Thailand [18], which has been the 

regional focus for mangrove reforestation in  

this study. The six distinct conditions that were 

explored are presented in Table 2. Each trial 

lasted for 24 hours followed by sampling at the 

surface region to prevent mixing and analysis 

done in triplicates to verify consistency in the 

results. Cd, Cr, K, and Zn were sampled at the 

anodic, middle, and cathodic region separately, 

but nitrate (NO3
-
), phosphate (PO4

3-
), and pH 

were sampled as a composite because the 

earlier sampling led to solution disruption  

and inevitable mixing. The metals mentioned 

were analyzed by ICP-OES; (NO3
-
) and (PO4

3-
) 

values were obtained by using a spectro-

photometer (Hach, DR900, United States); and 

the pH was able to be determined with a 

pH/Ion/Conductivity probe (SevenGo Duo pro, 

Mettler Toledo, Switzerland).  

 

Statistics 

Data in the figures and tables includes 

mean values ± SD (standard deviation). The 

statistical differences of plant morphology 

grown under distinct hydroponic solutions  

were analyzed using the Kruskal-Wallis test. 

Non-parametric Dunn’s test was used to 

provide a pairwise comparison between the 

three treatments. Findings for metals in the 

electrokinetic portion of the experiment used 

one-way ANOVA with Fisher’s LSD test. All 

tests that had the significance determined utilized 

p-value < 0.05, respectively. 
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Table 2 Conditions of the six solutions. The plus and minus sign indicate the addition or omittance, 

p             respectively 

 

Conditions 

Solution 

1 mL NS/ L 

saline water 

N: 17.4 mg/L 

P: 04.2 mg/L 

K: 85.7 mg/L 

Zn: 400 mg/L  

Cr :400 mg/L  

Cd: 1.5 mg/L 

Electric 

Current  

(EC) 

Control + + - - 

Control HM + + + - 

10 V/m + + - + 

10 V/m HM + + + + 

20 V/m + + - + 

20 V/m HM + + + + 
 

 

 

 
Figure 2 An illustration of the electrokinetic  
               barrier experiment that has applied EC 
 

Results and Discussion 
 
Seedling Morphology 
 All hydroponic setups induced growth for 
the Rhizophora mucronata seedlings (Table 3). 
Furthermore, no signs of stress that would have 
been associated from either the buoyant foam 
or cable ties were displayed, indicating that the 
design is suitable for future studies. Despite all 
this, seedling death was still unavoidable for all 
the setups, but the cause was independent from 
the methodology used, for the seedlings never 
established roots whatsoever. Starting with 
nine seedlings per container, the final number 
was 6 for the control, 7 for the 1 mL NS, and 7 
for the 1.5 mL NS, respectively. 
 The average number of roots for the 
seedlings was 17.5 (control), 27.6 (1 mL NS), 
and 38.1 (1.5 mL NS). The difference between 
the control and 1.5 mL NS was significant  
(p < 0.05), but not between the 1 mL NS and  
1.5 mL NS. In terms of the number of fine roots 
(< 2mm), no prominent variations between the  

1 mL and 1.5 mL NS solutions were found  
(p > 0.05). For the diameter of the roots, the 
averages were 4.0 (control), 8.1 (1 mL NS), and 
6.6 cm (1.5 mL NS).  

The roots of the 1 mL NS group 
appeared thicker. Mangrove plants do not 
require aeration in the roots, but rather absorb 
oxygen in the lenticels and pneumatophores of 
the stems and leaves which are then delivered 
to the sub-merged roots. Oxygen can escape 
through the aerenchyma in the submerged roots 
in a process known as radial oxygen loss ROL. 
Longer and thicker roots are a good sign that 
the plant is delivering oxygen to the root tips in 
an efficient manner, as thin roots may be more 
prone to releasing oxygen due to having a 
higher surface area to volume ratio [19].  

The difference in root length between the 
control and 1 mL NS was significant (p < 0.05), 
but not between the 1 mL NS and 1.5 mL NS. 
Regarding leaf development, the container of  
1 mL NS had five plants with leaf manifestations 
(3 of which having fully developed leaves)  
and whose average leaf dimension was (L x W) 
3.78 x 1.77 cm, while the 1.5 NS had two  
plants with leaf appearances (both having  
fully developed leaves), and whose average  
leaf dimension (L x W) was 3.60 x 1.40 cm. 
Leaves were absent in the control. While the  
ratio of leaf growth between the two nutrient 
solutions was not significant, the number of 
leaves was significant (Mann-Whitney test). 
However, one of the mangrove seedlings from 
the 1.5 NS group developed yellowish-green 
leaves with burnt spots, which may indicate that 
the stronger concentration causes stress or harm 
to the plants [20]. In connection, it could also 
explain why lower algae growth were detected 
(albeit unwanted) with 1.5 mL NS compared 
with the 1 mL NS solution.  
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Table 3 Results of the seedling morphology for the different hydroponic solutions (mean  SD),  
              the different letters represent significant difference by the Kruskal-Wallis test and post-hoc  
              Dunn’s test (p < 0.05) 
 

Recording Metrics Control 1 mL NS 1.5 mL NS 

Number of Plants 6 7 7 

Total number of roots 17.5 ± 4.4
b 

27.6 ± 5.7
a
 38.1 ± 10.2

a 

Number of roots (< 2mm) 5.0 ± 3.9
b 

11.3 ± 4.8
a 

13.4 ± 4.9
a 

Root system diameter (cm) 4.0 ± 0.6
b 

7.8 ± 1.5
a 

6.2 ± 1.2
a 

Number of Plants with leaves 0 5 2 

Leaf Length (cm) -
* 

3.8 ± 0.3
a 

3.6 ± 0.5
a 

Leaf Width (cm) -
* 

1.8 ± 0.3
a 

1.4 ± 0.5
a 

                * No developed leaf observed. 

 

Electrokinetics 
Comparisons between the four different 

metals are presented in Figure 3. Detection of  
Cr was notably less than the other metals  
in the Control HM (p < 0.05) but inaccurately 
represented the actual concentration. Due to its 
semi solubility, the majority of oxidized Cr(III) 
settled to the bottom of the container, where 
sampling could not be realized.  

For 10 V/m HM, Cd having low hydration 
properties were advantageous in migrating to  
the cathode region swiftly (p < 0.05), prior to 
competitive absorption by Zn and Cr [21, 22], but 
K was more likely grounded by the charges from 
copious Cl

-
.  As the activation energy was met to 

mobilize a larger share of Cr, a significant 
increase was observed at the cathode (p < 0.05), 
Moreover, their competition for absorption at the 
cathode repulsed a high number of Zn ions [23], 
which caused its concentration to rise modestly at 
the anode (p > 0.05). As Cd reached the cathode 
first, Cr barricaded the ions from escaping, thus 
forming an inward repulsion that localized the 
concentration [24], but if failed to migrate in time 
before mass Cr mobilization, they then followed 
suit to that of Zn (p > 0.05), respectively. 

20 V/m HM achieved the highest Cr 
detection (p < 0.05), while also altering some 
Cr(III) ions into Cr(VI). This was observed as the 
color of the solution changed from a light green 
(associated with Cr(III)) to an orange (associated 
with Cr(VI). The most common Cr(VI) species in 
low pH is predominantly HCrO4

-
 [23]. Being 

negatively charged, a portion of Cr ions once 
attracted to the cathode, began reverse migration. 
This, along with heterogenous Cr reduction 
offered Zn

2+
 migration opportunity, and the 

charge density near the cathode freed-up to 
expectedly permit Cd and K repulsion. 

An immense buildup occurred on the 
cathode in both HM setups, qualitatively 
signifying that metal migration took place. 
Although K

+
 does not easily precipitate, this 

phenomenon may also explain the reduced 
concentration as graphite released from it 
caused flocculation. As 20 V/m generated a 
larger buildup, the fixation of K and other 
metals was assumingly more prominent. 

Indeed, the creation of Cr(VI) is 
concerning due to its greater health risk to  
the environment than Cr(III). Additionally, its 
justification for practicality is less pursuant 
based on the notion that a charge of 20 V/m 
has been shown to start affecting aquatic  
life through electrotaxis, whereas 10 V/m is 
considered to cause minimal impact [25, 26]. 

EC reduced nitrate and phosphate in all 
electrokinetic experiments when compared to 
the control (Figure 4). In terms of nitrogen to 
phosphate ratio (based on mg/L), the values are 
as follows: 4.12:1 (control), 12.50:1 (HM), 2.11:1 
(10 V/m), 36.15:1 (10 V/m HM), 7.66:1 (20 V/m), 
and 186.17:1 (20 V/m HM), respectively. 
While 10 V/m caused a decline, due to the ions 
conditionally reacting and forming nitrogen 
gas products at the anode region [27], 20 V/m 
was less dramatic, as the high amount of 
hydroxide precipitates may have contributed  
to NO3

-
 stabilization [28]. Interestingly, setups 

containing HMs showed higher concentrations 
of NO3

-
 than its counterparts without it, which 

advocates that pH is not a determining factor  
in concentration decline [29]. In the HM  
setup, NO3

-
 were attracted to the highly 

polarizing Cr ions (despite reduction from 
available OH ions) and migrated downward 
towards the bottom of the container, which 
caused a low concentration in similarity to 



70 Thai Environmental Engineering Journal Vol. 38 No. 3 (2024) 

Cr(III) mentioned. The polarity of Cr in the 10 
V/m HM hindered the rate of NO3

-
 migration 

to the anode, which extended the time and 
concentration near the surface region. NO3

-
 

was more abundant for 20 V/m HM because of 
the combined effects of enhanced Cr mobility 
and negatively-charged Cr(VI) engaged in 
competition for anode access. Moreover, the 
immense buildup occurred on the cathodes 
previously mentioned likely also dampened its 
polarity repulsion of NO3

-
 as well.  

 Phosphate reduction was more apparent. 
20 V/m caused a reduction greater than 10 
V/m, as the higher pH stabilized PO4

3-
 for 

precipitation by the bioessential metals found in 
the hydroponic solution, but the concentration 
was still less impacted than being spiked with 

HMs only. This was mainly contributed to Cr(III) 
capability of binding to phosphorus ions that 
exist at lower pH values than that of phosphate, 
which further reduced in concentration upon 
experiencing higher Cr mobilization by EC. 

The high reduction of both ions are due 
to the fast migration capability from the 
hydroponic environment. The depletion of 
nitrogen and phosphorus would not have been 
as significant in soil because the ions  
would had been attracted to soil particles 
(causing binding) and the byzantine patterns 
involved with migration [30]. Furthermore, 
seawater contains traces of both ions [31], 
which in abundance can provide a source of 
ion replenishment to help compensate for the 
deficiency. 

 

  

  

 

Figure 3 The migration of metals for (A) Cd, (B) Cr, (C) K, and (D) Zn after 24 hours.  
                          Error bars display the standard deviation. Columns with different letter symbolize  
                          statistical significance as per Fisher’s LSD test (p < 0.05) 

 

 A. B. 

C. D. 
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Figure 4 The concentrations of nitrate and  
                phosphate (bars) and pH values (line)  
                of the different setups 
 
 HMs and EC were both responsible for 
fluctuations in pH. A correlation was observed 
between the pH value of a solution and how it 
shifted after EC implementation. Essentially, 
EC exposure heightened alkalinity in the control, 
whereas the HM solution, which had a lower pH 
than the initial control, became even more acidic. 
While both outcomes consisted of OH

-
 and  

H
+
 being generated from the electrodes, the 

difference stemmed from hydrogen gas being 
emitted out of the EC setups (leaving behind  
OH

-
), whereas hydroxide precipitation from HM 

reduction was stabilizing the dissolved H
+
 from 

volatilization. This margin of dichotomy was 
consistent for all the setups utilizing EC, with 
results being more profound for 20 V/m than  
10 V/m in both setups. Moreover, the highest and 
lowest values in the pH range for 20 V/m tend to 
exceed the tolerability for mangroves [32]. 
Adding several types of bases was attempted to 
raise the pH, but this warranted ion precipitation 
and hindered ion migration.  

These findings may not necessarily depict 
that of soil, for it has a complex buffering 
capacity and particle heterogeneity which are of 
absence in the studied hydroponic solution. But it 
is likely that soil conditions would still adhere to 
similar trends, even if not as severe, and therefore 
should be noted for in soil applications. 

 

Conclusions  
 

Despite the larger number of roots 
observed from the mangrove seedlings in the 
1.5 mL NS solution, the 1 mL NS solution  
was selected for future experiments as the 

average root diameter was longer and thicker 
along with the leaf development being more 
prominent. 10 V/m caused a significant migration 
of ions for Cd, and Cr in the 1 mL NS/L, while 
20 V/m was required for Zn, and K was 
ambivalent, respectively. While pH values are 
sensitive to both HM presence and EC, the 
setups incorporating 10 V/m provided an overall 
pH margin range less substantial than 20 V/m. 
Moreover, the ratio of nitrogen to phosphate 
for 10 V/m is also less than that of 20 V/m in 
all setups. Being that future investigation will 
involve R. mucronata seedlings being exposed 
to a HM hydroponic environment with EC 
applied, 10 V/m will be selected for future study 
in the electrokinetic barrier design. However, 
HM concentrations affect pH acidity more 
sensitively for a hydroponic solution than a 
soil, which has led to values too low for 
mangrove tolerability. Therefore, advisement is 
focused on raising the pH through a reduction 
in the initial HM concentration prior to starting 
the experiment. Additionally, the durability and 
placement of the electrodes (due to buildup) 
along with the avoidance of unintended 
electrokinetic phytoremediation requires further 
investigation prior to experiments beginning to 
incorporate live plants. 
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Abstract 
 

Wastewater discharged from the paper industry generates substantial volumes, ranging 

between 75 and 225 m³ per ton of product, containing high levels of organic content (COD  

480-4450 mg/L), chloride (80-980 mg/L), and a variety of volatile fatty acids (approx. 950 mg/L), 

cellulose (approx. 1,200 mg/L). The objective of this study was to investigate the efficiency and 

reaction coefficients of the free water surface flow constructed wetlands (FWS CWs) for removing 

pollutants such as color, dissolved solids, suspended solids, chemical oxygen demand (COD), 

biochemical oxygen demand (BOD₅), and nitrogen (TKN). Three pilot-scale units were established, 

each containing sand as the media and planted with (1) Narrowleaf cattail (Typha angustifolia L.), 

(2) Loop-root mangrove (Rhizophora mucronata Lam.), and (3) Unplanted control. Upon evaluating  

the system's performance, it was observed that the FWS CWs effectively reduced contaminants in 

the factory effluent, particularly color, COD and TKN. The color removal efficiency ranged from 

31.15-93.55% (56.86+18.31), 17.86-89.25% (54.30+21.39%), and 27.87-91.40% (58.11+18.84%) 

for control, cattail, and mangrove unit, respectively. Regarding COD removal, the efficiencies 

ranged from 31.15-93.55% (56.86+18.31), 17.86-89.25% (54.30+21.39%), and 27.87-91.40% 

(58.11+18.84%) for control, cattail, and mangrove unit, respectively. Both COD and color removal 

efficiency presented no statistically significant differences observed among the three units (P > 0.05). 

The removal efficiency of TKN was 40.00 and 85.74%, 20.00 and 85.71%, and 80.00% and 85.71% 

for control, cattail, and mangrove unit, respectively. The reaction kinetics of color removal appear to 

align with both Plug Flow Reactor (PFR) and Continuous Stirred Tank Reactor (CSTR) models.  

Rate constants for color removal were calculated for the control and mangrove units, as no color 

removal was observed in the cattail unit. For the mangrove unit, the first-order reaction rate constants 

were 0.021 d⁻¹ for the PFR model and 0.023 d⁻¹ for the CSTR model, while for the control unit, they 

were 0.030 d⁻¹ for the PFR model and 0.035 d⁻¹ for the CSTR model. COD reduction can be described 

by the CSTR model, with first-order reaction rate constants of 0.140 d⁻¹ for the control unit, 0.131 d⁻¹ 

for the cattail unit, and 0.143 d⁻¹ for the mangrove unit. 

 

Keywords : free water surface flow, paper mill wastewater, Narrowleaf cattail (Typha angustifolia L.),  

                     Loop-root mangrove (Rhizophora mucronata Lam.)  
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Introduction 
 

The paper industry plays a significant role 
in global economy by providing essential 
products for various sectors. However, the paper 
production often generates substantial volumes  
of wastewater, between 75 and 225 m

3
 per ton  

of product [1], with effluent containing high 
levels of chemical oxygen demand (COD)  
(480-4450 mg/L), chloride (80-980 mg/L),  
total dissolved solids (395-2500 mg/L), volatile  
fatty acids (approx.950 mg/L), and cellulose 
(approx.1,200 mg/L). Adsorbable organic halides 
(AOX) are also commonly presented [2]. 
Effluent of the paper mills can pose serious 
environmental challenges if it is not properly 
treated before discharge. 

Constructed wetlands have emerged as a 
promising eco-friendly solution for tertiary 
treatment of wastewater from various sources, 
including the effluent generated by pulp and 
paper mills. These engineered systems mimic  
the natural processes occurring in wetlands, 
utilizing the combined mechanisms of physical, 
chemical, and biological processes to remove 
pollutants from wastewater [3]. Numerous 
studies have demonstrated the effectiveness of 
constructed wetlands in treating pulp and paper 
mill effluent. For example, the research 
conducted by Abira et al. [4] evaluated the 
performance of a pilot-scale constructed wetland 
system in removing phenols from pre-treated 
pulp and paper mill wastewater. The study 
reported significant reductions in phenols by  
60% at 5-day hydraulic retention time (HRT)  
and 77% at 3-day hydraulic retention time 
(HRT) on average. Similarly, investigations  
by Rani et al. [5] documented the successful 
treatment of pulp and paper mill effluent using  
a small wetland system planted with cattail  
and canna. The study revealed high removal 
efficiencies for color, TS, BOD and COD, 
highlighting the potential of constructed wetlands 
for addressing the specific challenges associated 
with pulp and paper mill wastewater. 

The study paper factory, located in central 
Thailand, specializes in producing corrugated 
paper from recycled materials. It discharges 
30,000 m³/day of effluent with total suspended 
solids (TSS) of 11.0 to 127.0 mg/L, chemical 
oxygen demand (COD) of 90.0 to 352.0 mg/L, 
biochemical oxygen demand (BOD₅) of 7.0  
to 33.0 mg/L, and ammonia nitrogen (NH₃-N)  

of 70.4 to 22.8 mg/L. To improve the water 
quality of the effluent before discharging it into 
the nearby river, a low-cost and sustainable 
constructed wetland system was proposed as a 
tertiary wastewater treatment solution. 

This paper aims to explore the application 
of constructed wetlands for the treatment of  
paper mill effluent. It will delve into the 
principles behind constructed wetlands, their 
design considerations, and the mechanisms by 
which they effectively remove contaminants 
from wastewater. The significance of this study 
lies in addressing the persistent need for 
sustainable and efficient wastewater treatment 
methods in the pulp and paper industry. By 
evaluating the feasibility and effectiveness of 
constructed wetlands, this paper seeks to 
contribute to the development of environmentally 
sound practices for mitigating the environmental 
impact of pulp and paper production.  

 

Methodology 
 
Paper mill wastewater characteristics 

The paper factory, located in the central 
Thailand, specializes in producing corrugated 
paper derived from recycled materials. For the 
study, the paper mill effluent (PME) was sourced 
from the secondary clarifier of the factory's 
wastewater treatment plant. Table 1 presents the 
wastewater characteristics observed over a one-
year period (2023); indicating TSS ranged from 
11.0 to 127.0 mg/L (41.30±24.3), COD ranged 
from 90.0 to 352.0 mg/L (187.73±48.6), BOD5 
ranged from 7.0 to 33.0 mg/L (15.31±4.7) and 
NH3-N ranged from 0.4 to 22.8 mg/L (10.1±3.3). 
Most of the time, effluent complied with Thai 
standards. 

 
Pilot scale unit setup 

The pilot study was conducted within the 
area of Suranaree University of Technology, 
where a small-scale constructed wetland system 
was set up using a fiberglass tank with the size  
of 2.30 m (length) x 0.80 m (width) x 0.55 m 
(height). The tank's full capacity was 1,012 liters, 
with a total working volume of 552 liters and  
a void volume of 300 liters. A layer of sand,  
less than 2.00 mm in size and 0.20 meters  
thick, was placed within the tank. The pilot-scale 
constructed wetland tank was equipped with a 

piping system comprising an inlet pipe ( 1/2 

inch), an outlet pipe ( 1/2 inch), and a sampling  
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Table 1 Wastewater characteristic of paper mill effluent   
 

Parameter Unit Ranges Average +SD Industrial Eff. 

standard
1/
 

pH - 7.1-8.1 7.1+0.8 - 

TSS mg/L 11.0-127.0 41.30+24.3 40 

Turbidity NTU 5.3-92.1 21.77+18.9 - 

COD mg/L 90.0-352.0 187.73+48.6 270 

BOD5 mg/L 7.0-33.0 15.31+4.7 30 

NH3-N mg/L 0.4-22.8 10.1+3.3 10 (TKN) 

Phosphorus mg/L 0.2-12.3 1.3+0.7 - 
1/

Ministerial Notifications on the requirements on the characteristic of discharge wastewater from 

pulp and paper industry, 2018. (B.E. 2562) issued by Department of Industrial Works 
2/

 Data obtained from paper factory (2023)  
 

pipe ( 4 inch). Three sampling pipes were 

positioned eventually within a perforated plastic 

basket filled with 3/8-inch crushed stone to 

facilitate water passage. Figure 1 illustrates  

the setup of the FWS CWs system and the 

positioning of the sampling pipe. 

 

Cultivated-plant species  

Narrowleaf cattail (Typha angustifolia 

L.) had exhibited promising efficacy in the 

removal of contaminants from wastewater  

in Subsurface Flow Constructed Wetlands 

(SFCW) [6, 7]. Additionally, the Loop-root 

mangrove (Rhizophora mucronata Lam.), a 

macrophyte commonly found in the vicinity of 

the factory and demonstrated to be effective  

in treating wastewater in the Laem Phak  

Bia development and environment research 

project under the Royal Projects demonstration 

site, was selected for inclusion in this study.  

In the pilot-scale units, Narrowleaf cattail 

shoots were carefully separated from the main 

rhizome, retaining only the supportive rhizome 

and root portions to promote initial growth. 

Two to three shoots were then planted  

directly into the media at a depth of 0.20 m, 

spaced 0.2 m apart (9 plants m
−2

). For the  

loop-root mangrove, nursery-raised seedlings 

approximately 30 cm tall were planted at a 

depth of 0.20 m and spaced 0.12 m apart  

(9 plants m
−2

) [8]. Before the application of the 

PME load, the plants underwent a nurturing 

period of 4 weeks in a nursery setting. 

 

 

 

Pilot scale experiment operation  

The experimental units were operated as 

continuous plug flow reactors. Initially, they were 

filled with clean water for a period of four weeks 

after planting, followed by a gradual increase in 

the supply of paper mill effluent (PME) over the 

subsequent four weeks. PME was collected 

weekly from the factory. The hydraulic retention 

time was set at 7 days, with the flow rate of PME 

into the experimental units controlled by inlet and 

outlet valves. Samples were collected from 5 

points: the inlet, 3 sampling pipes, and the outlet 

of the system. These samples were then analyzed 

for pH, EC, TDS, color, TSS, BOD5, and COD, 

following the methods outlined in APHA 2022. 

The water quality was monitored at 

weekly intervals over a period of 2 months. 

The performance of pollutant removal in the 

pilot-scale constructed wetland was determined 

using the percentage removal equation (1): 
 

Percentage of removal, % =  
        

   
  100  (1)  

 

where     and      are the concentration of 

influent and effluent of the constructed wetland 

cell. 
 

 Two kinetic models, incorporating first-

order biological degradation kinetics with 

plug-flow (PFR) and Continuous Stirred Tank 

Reactor (CSTR) flow patterns, were employed 

to calculate the constant rate for color and 

COD removal [9, 10]. 
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The PFR first order reaction coefficient 
was determined using equation (2): 
 

       
       (2)  

 

where    and    are the concentration at time t 

and influent of the constructed wetland cell. 

 

The CSTR first order reaction coefficient 

was determined using equation (3): 
 

    
  

    
    (3)  

 

where    and    are the concentration at time t 

and influent of the constructed wetland cell. 
 
Statistical analysis  

Statistical analysis was performed by the 
SPSS statistics 17.0 for windows software 
package program network Licensed in Suranaree 
University of Technology. Data was calculated 
by mean, minimum, maximum and standard 
deviation for a result. Significance of different 
was determined with t-test (Significant at  
level of 0.05). Pearson correlation coefficient 
(significant at level of 0.05) was used to 
determine correlation. 

 

Results and Discussion 
 
Performance of treatment system 

The pilot-scale of FWS CW units was 
planted with Loop-root mangrove (Rhizophora 
mucronata Lam.) and Narrowleaf cattail (Typha 
angustifolia L.) and supplied with the effluent  
of the paper factory. Additionally, the control 
system without plants was conducted for 
comparison, aiming to assess the potential of the 
units as tertiary treatment system and to serve as 
a control. Data collection was conducted at 8-13 
different times to ensure the comprehensive data 
coverage. The results are depicted in Figure 3 and 
summarized in Table 2. 

1)  pH: The influent pH ranged from 7.60 
to 8.16. After treatment, the pH increased 
slightly, with average values of 8.29 ± 0.16 for 
the control unit, 8.28 ± 0.12 for the cattail unit 
and 8.23+0.16 for the mangrove unit. The pH of 
the treated PME across all three units showed no 
statistically significant differences (P > 0.05). 

2)  EC: The EC of the PME ranged from 
2.89-3.43 mS/cm. After treatment, all three units 
exhibited a slight reduction in EC compared  
to the influent values. The average EC values 

were 2.95 ± 0.11 mS/cm for the control  
unit, 3.01 ± 0.32 mS/cm for the cattail unit, and 
2.91 ± 0.10 mS/cm for the mangrove unit.  
No statistically significant differences were 
observed among the three units (P > 0.05). 

3) Total dissolved solids (TDS): All 
three FWS CWs units exhibited some reduction 
of TDS compared to its original state. Prior  
to treatment, the TDS levels contained in  
the paper mill effluent (PME) ranged from  
1,422 to 1,688 mg/L. After treatment, the 
reduction of TDS levels ranged from 0.00-
14.22% (6.00+5.39%), 0.00-11.49% (6.67+ 
5.19%) and 0.00-16.29% (7.32+6.31%) for 
control, cattail, and mangrove units, respectively. 
When comparing the TDS levels of the treated 
PME from all three units, no statistically 
significant differences were observed (P > 0.05).  
Moreover, TDS reduction of such 3 units was 
relatively low as not exceeding 16.29%. The 
TDS levels contained in PME primarily consist 
of highly soluble inorganic pollutants, such as Cl⁻ 
(459.05 ± 83.75 mg/L), which are resistant to 
biodegradation. Consequently, these pollutants 
cannot be easily reduced through chemical 
precipitation, ion exchange, or plant absorption in 
constructed wetlands, resulting in low overall 
removal efficiency. 

4) Color: All three FWS CWs units 
exhibited a reduction of color in PME. Prior to 
treatment, color levels contained in PME ranged 
from 118.20 to 174.71 ADMI. After treatment, 
the reduction of color levels ranged from 0.00-

29.39% (16.47+9.86%), 0.00-10.69% (3.56 

+3.90%), and 1.74-22.26% (14.06+6.95%) for 
control, cattail, and mangrove units, 
respectively. The color contained in the paper 
and pulp manufacturing process is generated by 
lignin compounded in the plants used as raw 
material for paper production. It exhibits a 
three-dimensional network structure of 
polymers, composed of units of phenylpropane. 
In its normal state, lignin is a complex polymer 
embedded within the cell structure of wood 
tissue and is insoluble in typical solvents. In the 
papermaking process, lignin is separated out 
during the pulp bleaching process [11]. 
Generally, soil infiltration systems have good 
color removal capabilities because of the slow 
flow of wastewater through the medium within 
the treatment system, allowing lignin to be 
filtered out by the medium, such as rocks, gravel, 
sand, and plant roots. Additionally, mechanisms 
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such as sedimentation and settling to the bottom, 
as well as decomposition within the system,  
also contribute to color removal [12, 13]. When 
comparing the color removal efficiency of the 
treated paper mill effluent across all three  
units, the control unit and the unit planted  
with mangrove demonstrated better treatment 
performance than the unit planted with cattail  
(P > 0.05). However, no significant difference in 
color removal was observed between the control 
unit and the unit planted with mangrove (P > 
0.05). This finding suggests that the presence of 

mangrove in the FWS CWs does not 
substantially influence color reduction during 
the experimental period. Soil filtration appears 
to play a dominant role in color removal. This 
might be due to the constraint faced by any 
phytoremediation process that requires longer 
time for full contamination. Similar results were 
reported by Md Yusoff et al. [14], where no 
significant difference in color removal was 
observed between an SSF system planted with 
S. grossus and a control. 

 

 

 
 

Experimental unit; (1) wastewater tank; (2) Loop-root mangrove;  

(3) Narrowleaf cattail; (4) control; (5) flow-controlled valve 

Sampling pipe 

 
 

Figure 1 The pilot-scale of FWS constructed wetland 
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Narrowleaf cattail 

(10.08.2023) 
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Loop-root mangrove 

(10.08.2023) 
 

Figure 2 Photo of plants in the pilot-scale constructed wetland  

         at the beginning and at the end of the experiments 

 

 

Table 2 Experimental results and removals (in %) of pH, EC, TDS, Color, BOD5 and COD   
 

Parameter  Inlet Eff-Control Eff-cattail Eff-mangrove 

pH (mg/L) Ranges 7.60-8.16 8.04-8.54 8.15-8.54 8.03-8.47 

 Avg. +SD 7.87+0.19 8.29+0.16 8.28+0.12 8.23+0.16 

EC (mS/cm) Ranges 2.89-3.43 2.77-3.17 2.61-3.67 2.74-3.11 

 Avg. +SD 3.12+0.20 2.95+0.11 3.01+0.32 2.91+0.10 

TDS (mg/L) Ranges 1,422-1,688 1,392-1,509 1,318-1,526 1,376-1,480 

 Avg. +SD 1,533.67+100.56 1,451.63+32.50 1,449.38+75.66 1,425.88+32.07 

 % removal - 0.00-14.22 0.00-11.49 0.00-16.29 

 % removal - 6.00+5.39 6.67+5.19 7.32+6.31 

Color (ADMI) Ranges 118.2-174.7 119.0-132.3 145.3-187.0 94.3-139.3 

 Avg. +SD 151.2+17.4 123.2+4.5 158.1+13.7 127.3+16.5 

 % removal - 0.00-29.39 0.00-10.69 1.74-22.26 

 % removal - 16.47+9.86 3.56+3.90 14.06+6.95 

BOD5 (mg/L) Ranges 9.0-14.0 74.5-143.9 19.3-171.7 22.0-149.9 

 Avg. +SD 11.0+9.0 106.1+27.9 119.4+53.6 87.0+50.3 

 % removal - - - - 

 % removal - - - - 

COD (mg/L) Ranges 112.0-186.0 12.0-84.0 20.0-92.0 16.00-88.00 

 Avg. +SD 150.08+22.29 61.54+21.33 64.77+23.77 59.69+21.63 

 % removal - 31.15-93.55 17.86-89.25 27.87-91.40 

 % removal - 56.86+18.31 54.30+21.39 58.11+18.84 

NH3-N (mg/L) Ranges 0.7-1.0    

TKN (mg/L) Ranges 5-10 1.0-4.0 1.0-3.0 1.0-1.0 

Nitrate (mg/L) Ranges 1.0-9.0    

 % removal - 40-85.74 20.00-85.71 80.00-85.71 
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pH EC 

  
Total dissolved solids  Color  

  
Biochemical Oxygen Demand (BOD5) Chemical Oxygen Demand (COD) 

 

Figure 3 Graphical representation of pH, EC, TDS, Color, BOD5 and  

              COD at the inlet and outlet of FWS CWs units 
 

 

 

 

 

5) Biochemical Oxygen Demand (BOD5): 
The effluent of all three experimental units 

exhibited an increase in BOD5 compared  

to its original state. Initially, the BOD5 level 

contained in PME ranged from 9.0 to 14.0 mg/L. 

After treatment, the BOD5 levels varied, ranging 

from 74.5 to 143.9 mg/L (106.15+27.89) for the 

control unit, 19.3 to 171.7 mg/L (119.43+53.61) 

for the cattail unit, and 22.0 to 149.9 mg/L 

(87.04+50.26) for the mangrove unit.  However, 

upon the treatment with FWS CWs, it was 

observed that the BOD5 levels contained in the 

effluent from all three units exceeded the 

standard limit of 20 mg/L set by the National 

Standard (Ministerial Notifications on the 

requirements on the characteristic of discharge 

wastewater from pulp and paper industry, 2018. 

(B.E. 2562)). It is worth noting that the paper 

mill effluent (PME) used in the experiment  

had a relatively low BOD5 concentration of  
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9.0-14.0 mg/L. Upon passing through the 

experimental units placing with  plants, the plant 

leaves undergone with microbial decomposition, 

which is a primary process in reducing organic 

matter. This decomposition occurred under 

both aerobic and anaerobic conditions, resulting 

in an increase in BOD5 levels. Additionally,  

the wastewater contained nitrogen derived 

from the decomposition of proteins in paper 

tissue (ammonia nitrogen levels contained in 

PME ranged from 0.4 to 22.8 mg/L), as well as 

phosphorus (phosphorus levels in PME ranged 

from 0.2 to 12.3 mg/L). Nitrogen serves as a 

nutrient that stimulates algal and plant growth, 

increasing nutrient loads in the system and 

ultimately causing a rise in BOD₅. 

 6)  Chemical Oxygen Demand (COD): 
The effluent of all three experimental units 

exhibited a decrease in COD compared to its 

original state. Prior to treatment, the COD  

levels contained in PME ranged from 112.0  

to 186.0 mg/L. After treatment, the reduction  

in COD ranged from 31.15-93.55% (56.86+ 

18.31), 17.86-89.25% (54.30+21.39%), and 

27.87-91.40% (58.11+18.84%) for control, 

cattail, and mangrove unit, respectively. After 

treatment, the COD levels varied, ranging from 

12 to 84 mg/L for the control unit, 20 to 92 mg/L 

for the cattail unit, and 16 to 88 mg/L for  

the mangrove unit. No statistically significant 

differences in COD levels were observed  

among the treated effluents from the three  

units (P > 0.05). The BOD₅/COD ratio, an 

indicator of organic matter biodegradability, 

revealed a low ratio for the PME before 

treatment (15.31:187.73 = 0.081), indicating 

low biodegradability. Post-treatment, the BOD₅/ 

COD ratios increased to 1.45 ± 0.54, 1.56 ± 1.03, 

and 1.24 ± 0.76 for the control, cattail, and 

mangrove units, respectively. A BOD₅/COD  

ratio greater than 1 suggests the activity of an 

aerobic nitrifying bacteria, which consume 

oxygen to convert ammonia (NH3-N) into nitrate 

(NO3-N). High ammonia levels contained in 

wastewater can increase oxygen demand, 

resulting in a higher BOD relative to COD [15]. 

7) Nitrogen: Nitrogen transformation 

and treatment efficiency were assessed through 

two sampling events. The results showed that 

the system effectively removed nitrogen. The 

treatment efficiency of TKN was 40 and 

85.74% in the control unit, 20 and 85.71% in  

the cattail unit, and 80% and 85.71% in the 

mangrove unit. Nitrogen in the effluent  

was primarily in the form of NH₃–N, with 

concentrations ranging from 0.4 to 22.8 mg/L 

(Table 1). Upon entering the constructed 

wetland unit, NH₃–N was transformed into 

nitrite (NO2-N) and subsequently nitrate (NO3-

N), with nitrate concentrations of 9.0 mg/L 

(Table 2). After treatment in the constructed 

wetland, nitrogen concentrations decreased 

significantly to 1.0-4.0 mg/L. Within the wetland, 

nitrogen transformation occurred simultaneously 

through nitrification, denitrification, and 

assimilation by plants and microorganisms [16]. 

This process resulted in a noticeable reduction  

in total Kjeldahl nitrogen (TKN) across all  

three units. Additionally, low TKN levels 

contained in the effluent reveal that the 

intermediate nitrification and denitrification 

products (e.g., NO₂–N) did not accumulate 

within the system [17]. CWs have demonstrated 

high nitrogen removal efficiency in various 

applications, including municipal wastewater, 

industrial effluents, and agricultural runoff [18]. 

 

First-order rate constant  

From the experiment, it was observed that 

the system effectively reduced only color and 

chemical oxygen demand (COD) from the paper 

mill effluent (PME). From Table 3, no color 

removal was shown for cattail unit, only control 

unit and mangrove unit showed color removal. 

Thus, the coefficients of the system were 

specifically analyzed for color (control unit and 

mangrove unit) and COD using the first-order 

PFR kinetics equation (2) and first-order CSTR 

kinetics equation (2) as outlined above. 

1) Color: The variation in color over 

time across all eight experimental runs is 

illustrated in Figure 4. The concentration-time 

(or distance-from-inlet) plot demonstrates a 

gradual decrease in pollutant levels over  

time in the control and mangrove units.  

This trend suggests that the reaction kinetics 

may conform to both Plug Flow Reactor (PFR) 

and Continuous Stirred Tank Reactor (CSTR) 

models. The first-order reaction rate constants 

for color treatment, derived from the PFR and 

CSTR kinetic equations, are summarized in 

Table 3. 
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Color Chemical oxygen demand (COD) 

 

Figure 4 The relationship between color/COD and the hydraulic  

                                                 residence time of water within the system 
 

Table 3 Rate constants for according to the first-order plug-flow kinetics  
 

Parameter  Control Cattail Mangrove 

Color (ADMI) Influent (mg/L)  118.2-174.7 118.2-174.7 118.2-174.7 

 Effluent (mg/L) 119.0-132.3 145.3-187.0 94.3-139.3 

 HRT (days) 7 7 7 

 KPFR range (d
-1

) 0.011-0.050 - 0.003-0.036 

 KPFR avg (d
-1

) 0.030 - 0.021 

 KCSTR range (d
-1

) 0.011-0.059 - 0.003-0.038 

 KCSTR avg (d
-1

) 0.035 - 0.023 

COD (mg/L) Influent (mg/L)  112.0-186.0 112.0-186.0 112.0-186.0 

 Effluent (mg/L) 12.0-84.0 20.0-92.0 16.00-88.00 

 HRT (days) 7 7 7 

 KPFR range (d
-1

) 0.053-0.167 0.028-0.319 0.047-0.350 

 KPFR avg (d
-1

) 0.140 0.131 0.143 

 KCSTR range (d
-1

) 0.038-2.071 0.024-1.186 0.032-1.518 

 KCSTR avg (d
-1

) 0.248 0.278 0.291 

 

2) Chemical oxygen demand (COD): 
The variation in COD over time for all 13 

experimental runs is depicted in Figure 4.  

The concentration-time plot shows a notable 

reduction in COD at the beginning of the tank, 

characteristic of the CSTR process. The calculated 

rate constants are presented in Table 3, with 

average CSTR first-order rate constants of 

0.248 d⁻¹ for the control unit, 0.278 d⁻¹ for the 

cattail unit, and 0.291 d⁻¹ for the mangrove unit. 

For vertical flow constructed wetlands 

(CWs), reaction rate constants reported in 

literature exhibit significant variation: total 

nitrogen removal k = 0.048-0.19 d
−1

, and BOD₅ 

removal k = 0.071-6.11 d
−1

. These fluctuations 

likely reflect variations in factors such as bed 
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matrix composition, porosity, and flow rate, 

which influence the efficiency of individual 

processes [19]. 

 
Conclusions 
 

The system effectively reduced some 
specific pollutants contained in the factory 
effluent, specifically targeting color (only for 
the unit planted with mangrove) and COD for 
such study units. It's somewhat revealed that 
the system aiding in breaking down complex 
substances like lignin and nitrogen into more 
easily degradable forms, thereby increasing 
organic matter levels as BOD5. 

Regarding color removal efficiency, the 
control unit exhibited a range of 0.00-29.39% 
(16.47 ± 9.86%), the cattail unit showed  
0.00-10.69% (3.56 ± 3.90%), and the mangrove 
unit demonstrated 1.74-22.26% (14.06 ± 6.95%). 
The control unit and the unit planted with 
mangrove exhibited better treatment performance 
than the unit planted with cattail (P > 0.05). 
However, no significant difference in color 
removal was observed between the control unit 
and the mangrove unit (P > 0.05). 

In terms of COD removal efficiency, 
 the control unit ranged from 31.1-93.5% (56.9 ± 
18.31%), the cattail unit ranged from 17.9-89.2% 
(54.3 ± 21.39%), and the mangrove unit ranged 
from 1.7-22.3% (14.1 ± 6.95%). Both the control 
and mangrove units demonstrated somewhat 
higher performance compared to the cattail unit, 
with statistical significance (P > 0.05).  

For the first-order rate constant calculation, 
it was found that. 

1) Color: The concentration-time plot 
demonstrates a gradual decrease in pollutant 
levels over time, suggesting that the reaction 
kinetics may conform to both Plug Flow 
Reactor (PFR) and Continuous Stirred Tank 
Reactor (CSTR) models. Since no color 
removal was observed in the cattail unit, 
reaction rate constants were calculated 
exclusively for the control and mangrove units. 
For the mangrove unit, the first-order reaction 
rate constants were 0.021 d⁻¹ for the PFR 
model and 0.023 d⁻¹ for the CSTR model. For 
the control unit, the first-order reaction rate 
constants were 0.030 d⁻¹ for the PFR model 
and 0.035 d⁻¹ for the CSTR model. 

2) Chemical Oxygen Demand (COD): 
The CSTR first-order reaction rate constants 

for the control unit were 0.140 d
-1

, for the 
cattail unit was 0.131 d

-1
, and for the mangrove 

unit was 0.143 d
-1

. In terms of the CSTR first-
order reaction rate constants derived by COD 
removal. For any units the CSTR first-order 
reaction rate constants are similar. Constructed 
wetland, therefore, exhibited significant COD 
removal and some color removal in the 
mangrove unit. 
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