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Results of experimental pilot-scale study of aerobic pre-treatment of the leachate 

of the Hrybovychi municipal solid waste (MSW) landfill (Ukraine) in batch 

reactor mode and in semi-continuous mode are presented. The dependencies of 

key pollution indicators, namely biological oxygen demand, chemical oxygen 

demand, pH, suspended solids, and total Kjeldahl nitrogen (TKN), during a 30-

day periodical aeration process were obtained. The first 15 days treatment was in 

the batch reactor mode treating an initial volume of raw leachate. The second 15 

days treatment was in a semi-continuous reactor mode: 400 L of aerobically pre-

treated leachate were pumped to the next treatment stage and consequently the 

same volume of raw leachate was added in the bioreactor tank. Aerobic biological 

treatment of Hrybovychi landfill leachate using the developed method achieved 

significant treatment effects, namely 55.3% of the total Kjeldahl nitrogen, 27% 

of COD, 70.2% of BOD5 and 66.5% of BODtot. Time dependences of TKN, COD, 

BOD5, and  BODtot are well fitted by simple exponential trends, which correspond 

to first-order reactions. Landfill leachate, aerobically pre-treated in the pilot-scale 

treatment unit, can be discharged for final treatment to the bio-plateau or to the 

wastewater treatment plant. 

Keywords: 

Aerobic biological treatment/ 

Leachate/ Pilot-scale treatment 

unit/ Solid waste landfill  
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1. INTRODUCTION

Municipal solid waste (MSW) landfills are big 

sources of chemical and biological environmental 

pollution (Degtyar and Galkina, 2019; Grynchyshyn, 

2019). MSW landfills are particularly dangerous in 

terms of their impact on the surface water bodies and 

groundwater in the area of influence of these 

environmentally hazardous objects (Samoylik and 

Molchanova, 2017; Vaverková et al., 2020). 

According to expert estimations, more than 99% of 

Ukrainian MSW landfills do not meet European 

requirements, and the volume of household waste 

tends to increase (National Strategy for Waste 

Management in Ukraine Until 2030, 2017). 

Leachate is the most harmful impact of landfills 

and dumps on the environment. Leachate is actively 

formed in the landfill body when moisture content of 

deposited solid waste is more than 55%, and due to 

precipitation that exceeds the evaporation from the 

landfill surface (Municipal Solid Waste Landfills, 

2005). Landfill leachates are highly concentrated 

water solutions of various toxic organic and inorganic 

substances (Melnyk et al., 2014; Popovych et al., 

2020; Teng et al., 2021). In the absence of strict 

control of hydrosphere pollution (Iurchenko et al., 

2016; Tulaydan et al., 2017), and due to problems with 

monitoring of this pollution (Odnorih et al., 2020), 

development of effective methods to prevent 

contamination of surface waters and aquifers by 

leachates is especially important. 

The most common technologies for leachate 

treatment are biological anaerobic and aerobic 

methods and membrane processes, continuing with a 

final stage of secondary treatment at municipal 

wastewater treatment plants (WWTP) (Dereli et al., 

2020; Malovanyy et al., 2018) or artificial wetlands 

(Popovych et al., 2020; Malovanyy et al., 2021). 

Membrane treatments, including the most widespread 

Citation: Malovanyy M, Zhuk V, Tymchuk I, Grechanik R, Sliusar V, Vronska N, Marakhovska A, Sereda A. Pilot-scale modelling of aerated 

lagoon technology for the treatment of landfill leachate: Case study Hrybovychi Plant. Environ. Nat. Resour. J. 2023;21(1):1-8.

(https://doi.org/10.32526/ennrj/21/202200103)
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reverse osmosis, are energy-expensive, and 

implementation of these processes requires significant 

capital and operating costs (Dushkyn et al., 2011). It is 

also advisable to use different energy-saving systems 

(Shchur et al., 2021). Anaerobic biological treatment of 

leachate (Mojiri et al., 2021; Zamri et al., 2017) could 

be economical due to the obtaining of biogas, a 

renewable energy source (Voytovych et al., 2020). 

However, its implementation on an industrial scale 

requires strict adherence to the process parameters, and 

since the leachate composition can vary widely upon 

time, this technology is challenging to implement. 

Aerobic methods of biological leachate 

treatment have a number of advantages compared to 

anaerobic methods: flexibility of use, convenience of 

an output to a steady mode of maintenance, and quick 

adaptation to variable leachate composition and flow 

rate (Miao et al., 2019; Wang et al., 2018). Aerobic 

reactors are much simpler in design and less expensive 

than anaerobic ones, they can be automated and 

operated much easier. It is interesting to note the study 

on leachate treatment from Pulau Burung Landfill Site 

(PBLS), located in Bayram Forest Reserve, Malaysia 

(Zamri et al., 2017). The researchers selected this site 

because it is semi-aerobic and recirculates the 

leachate. PBLS has been in operation for over 20 years 

and the resulting leachate is mature, with a high COD 

and concentration of ammonium nitrogen and a low 

BOD5/COD ratio. However, the use of adsorbent 

material, in this case, ion exchange resin, as a second 

stage after aeration requires the development of 

methods for its processing or disposal, which involves 

additional costs. 

An effective way to increase the effect of 

biological treatment of landfill leachate is the use of 

sequencing batch reactors SBR (Jagaba et al., 2021; 

Tałałaj et al., 2021), SBR with carriers (Koc-Jurczyk 

and Jurczyk, 2020), microaeration (Wei et al., 2021), 

etc. A combination of aerobic and anaerobic methods 

of leachate treatment is both promising and effective 

(El-Gohary and Kamel, 2016; Sun et al., 2015). 

However, treating solid waste landfill leachate in this 

coordinated manner is energy-intensive and more 

expensive than aerobic treatment. Treatment using the 

aeration method with higher plants is interesting 

(Chen et al., 2022). However, this method is more 

suitable for domestic wastewater treatment, as it has a 

more predictable chemical composition. 

The main deficiency of aerobic and anaerobic 

biological methods of landfill leachate treatment is the 

need for additional stages for more deep treatment to 

meet the requirements for discharge into open water 

courses (Lebron et al., 2021; Malovanyy et al., 2018). 

The most common solution is the use of combined 

multi-stage treatment methods, where biological 

methods are combined with reverse osmosis (Tałałaj 

et al., 2021), treatment with strong oxidants, including 

ozonation (Yang et al., 2022), and Fenton process (El 

Mrabet et al., 2020), followed by precipitation 

enhanced by coagulation and flocculation (De et al., 

2019; Malovanyy et al., 2018). Oxidation and sorption 

are especially necessary and effective for the treatment 

of mature leachate and for the removal of heavy metal 

ions (Taghavi et al., 2021). 

Aerated lagoons is a simple, economic and 

effective method for aerobic biological treatment of 

landfill leachate from organic contaminants and 

ammonium nitrogen (Broughton and Shilton, 2012; 

Malovanyy et al., 2018). A typical example of the 

long-time treatment of mature leachate in aerated 

lagoons is the Bell House landfill (England), where 

leachate was treated in four aerated lagoons connected 

in series (Mehmood et al., 2009). The average COD of 

raw leachate was equal to 1,740 mg/L, whereas COD 

decreased to 620 mg/L after the first lagoon, 510 mg/L 

after the second, 492 mg/L after the third, and 426 

mg/L after the fourth, corresponding to a total 

treatment effect of 75.5%. The average ammonium 

nitrogen concentration in the raw leachate was 965.2 

mg/L, and total treatment effect in the four lagoons 

was 99.0%. 

Technology of biological aerobic treatment of 

landfill leachate in laboratory conditions, simulating 

the process in an aerated lagoon, was studied by 

Malovanyy et al. (2018). The information on its 

successful application predicts the prospects for its 

application as a pre-treatment stage in the complex 

technology of leachate treatment at Hrybovychi MSW 

landfill (Lviv Region, Ukraine). The purpose of the 

paper was an experimental pilot-scale study of aerobic 

treatment of the leachate of the Hrybovychi MSW 

landfill in the batch reactor mode and in semi-

continuous mode.  

2. METHODOLOGY

2.1 Materials

Hrybovychi MSW landfill leachate was used in 

this study as tested leachate. Hrybovychi MSW 

landfill with a total area of about 38 ha is located in 

the west part of Ukraine, 2 km to the north from Lviv 

city (49.90N; 24.04E). It served as the main MSW 

landfill of Lviv city from 1958 until 2016, and now it 
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is under technical remediation process. The main 

parameters of raw Hrybovychi MSW landfill leachate, 

sampled in November 2021, are presented in Table 1. 

Thus, significantly excessive concentrations of 

contaminants were detected in the Hrybovychi MSW 

landfill leachate. The study of biological leachate 

treatment under aeration conditions was aimed to find 

the treatment effects using BOD5, COD and TKN as 

key pollutant indicators.

Table 1. The average chemical composition of Hrybovychi MSW landfill leachate 

# Pollution indicators Unit Value TLV* 

1 Ammonium nitrogen mg/L 548.1 2 

2 Total Kjeldahl nitrogen (TKN) mg/L 889.3 10 

3 BOD5 mg/L 192.0 15 

4 COD mg/L 5,082.0 80 

5 Suspended solids (SS) mg/L 3,011.0  - 

6 Iron mg/L 10.7 0.3 

7 Cadmium mg/L 0.005 0.001 

8 Cobalt mg/L 0.028 0.1 

9 Manganese mg/L 0.015 0.1 

10 Nickel mg/L 0.09 0.1 

11 Lead mg/L 0.12 0.03 

12 Strontium mg/L 0.022 7 

13 Total dissolved solids (TDS) mg/L 15,245.0  - 

14 Chlorides mg/L 3,900.0 350 

*TLV - threshold limit value for the output in open water courses in Ukraine

2.2 Pilot-scale aeration treatment unit 

Biological aerobic treatment of Hrybovychi 

MSW landfill leachate was studied at the pilot 

treatment unit with a capacity of 400 L/day. Aeration 

was carried out in a bioreactor with diameter D=1.6 m, 

total depth H=1.8 m and leachate depth h=1.4 m, 

equipped with a jet pump aerator (P=2.2 kW), as 

shown in Figure 1. Standard oxygen transfer rate was 

equal to 0.9±0.1 kg O2/h. 

The  optimal  aeration  parameters  (timing  and 

intensity) were determined during the research. 

Previous laboratory studies have shown that the 

optimal duration of the non-stationary period for the 

start of the process of aerobic biological treatment is 

7-15 days (Malovanyy et al., 2018). Pilot studies have 

confirmed these figures. Microbiocenosis was 

gradually self-inoculated in the bioreactor in the 

process of aeration (Dos Santos et al., 2022; 

Malovanyy et al., 2018), which resulted in a gradual 

biological treatment of leachate. 

Figure 1. Pilot-scale bioreactor treatment unit: Principal scheme (a); leachate aeration process (b); 1-reservoir, 2-jet aerator, 3-water meter, 

4-valve, 5-oximeter/pH meter/TDS meter

(a) (b) 
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Periodical aeration process was used, with 12 h 

of aeration per day. Control samples of leachate were 

taken for laboratory analysis every 24 h. Previously 

published methods (Baird et al., 2017) were used for 

the analysis of key pollutant indicators, namely BOD5, 

BODtot, COD, SS, TKN, and pH. 

Dependencies of key pollution indicators during 

the 30-day periodical aeration process were obtained 

experimentally. The first 15 days treatment in the 

batch reactor mode treating the same initial volume of 

raw leachate. Another 15 days treatment in the 

continuous reactor mode and 400 L of aerobically pre-

treated leachate were pumped to the next treatment 

stage, and consequently the same volume of raw 

leachate was added in the bioreactor tank, thus in 

continuous mode hydraulic retention time (HRT) was 

equal to seven days. 

3. RESULTS AND DISCUSSION

Experimental dependence of the TKN on the 

duration of biochemical aerobic treatment of leachate 

is presented in Figure 2. During batch reactor mode 

of aerobic leachate treatment, the concentration of 

TKN decreased from 889.3 mg/L to 397.2 mg/L, 

corresponding to a treatment effect of 55.3%. The high 

rate of TKN decreasing can be explained by the 

intensive conversion of ammonium nitrogen from 

aqueous to gaseous phase at pH higher than pH 7 

(Abood et al., 2014). The results obtained in this batch 

reactor mode can be approximated by a simple 

exponential dependence, corresponding to the first-

order reaction: 

CTKN = 833.5 exp  (−0.551t)  (1) 

Where; CTKN is the TKN concentration in mg/L; 

t is time in days; coefficient of determination of the 

dependence (1) R2=0.959. 

The most relevant factor in the treatment 

process is COD (Koc-Jurczyk and Jurczyk, 2020). 

Dependence of the COD of the leachate on the 

duration of its aerobic biochemical treatment at the 

pilot-scale treatment unit (Figure 3) shows that in first 

15 days of the batch reactor mode the value of COD 

decreased by about 27%, which is quite typical for 

medium and mature leachates, containing high levels 

of hard oxidizing organic substances (Miao et al., 

2019). For the batch reactor mode, the approximate 

equation is: 

CCOD = 5,007 exp (−0.0204t) (2) 

Where; CCOD is the value of COD, mg/L, and 

coefficient R2=0.983. 

Average treatment effect by COD, obtained in 

the continuous mode at HRT=7 days, is found to be 

26.5%, and this result correlates quite well with the 

treatment of mature leachate of Bell House landfill 

(UK) in aerated lagoons, where the average COD at the 

inlet was 1,740 mg/L and after 56 days of aeration was 

reduced to 620 mg/L, corresponding to the treatment 

effect of 64% (Mehmood et al., 2009). Extrapolating 

the exponential dependence (2) to the value of the 

(HRT) of 56 days, the estimated treatment effect of 

Hrybovychi leachate by COD could be about 69%.

Figure 2. Content of total Kjeldahl nitrogen in Hrybovychi leachate during its aeration in the pilot-scale treatment unit: 1-batch reactor 

mode; 2-semi-continuous mode; 3-trend line (1); 4-average value of 385 mg/L 
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Figure 3. Change of COD in Hrybovychi leachate during the aeration process at the pilot-scale treatment unit: 1-batch reactor mode; 2-

semi-continuous mode; 3-trend line (2); 4-average value of 3,732 mg/L 

The average treatment effect by BOD5 of 

Hrybovychi landfill leachate was found to be  70.2% 

(Figure 4), which is much higher than the treatment 

effect on COD, and an exponential approximation 

with R2=0.849 is obtained: 

CBOD5
= 176.9 exp  (−0.075t)  (3) 

At the same time, slightly less than 74.6% was 

obtained by (De et al., 2019) after three days of 

aeration treatment of Kolkata landfill leachate (India), 

which can be explained by a significantly higher 

degree of biodegradability of Kolkata leachate with a 

BOD5/COD ratio of 0.36.  

Similar results were obtained for BODtot 

(Figure 5): 

CBODtot
= 586 exp  (−0.076t)  (4) 

Where; CBODtot is the value of BODtot, mg/L; 

R2=0.9487. 

The average effect of leachate treatment on 

BODtot is found to be 66.5%. It should be noted the high 

value of the ratio BODtot/BOD5=3.57 when entering the 

regular semi-continuous operating mode of the aerobic 

biological treatment, which can be explained by the low 

rate of biochemical oxidation of biodegradable organics 

in Hrybovychi leachate, comparing, for instance, the 

Kolkata leachate (De et al., 2019).

Figure 4. Change of BOD5 in Hrybovychi leachate during the aeration process at the pilot-scale treatment unit: 1-batch reactor mode; 2-

semi-continuous mode; 3-trend line (3); 4-average value of 57.3 mg/L 
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Figure 5. Change of BODtot in Hrybovychi leachate during the aeration process at the pilot-scale treatment unit: 1-batch reactor mode; 2-

semi-continuous mode; 3-trend line (4); 4-average value of 204.4 mg/L 

Clear trends of relatively rapid increasing of the 

pH value at the beginning of the aeration and slow 

asymptotic increasing to the 12-15 days of aeration are 

obtained (Figure 6). This tendency is analogical to 

reported by (Mehmood et al., 2009), where mean pH 

of raw leachate was 7.2, while the mean pH after 4-

stage aerated lagoon with HRT=56 days was 8.5. This 

permanent growth of pH is probably caused by the 

nature of biochemical processes of the leachate 

oxidation by aerobic microbiocenosis, and for the first 

12 days of aeration of Hrybovychi leachate the 

exponential association equation is obtained 

(R2=0.971): 

pH = 0.623 × [15.64 − exp(−0.536t)]   (5) 

In the semi-continuous mode of operation pH of 

leachate was stabilized at an average value of 9.74 

with small (±0.05) variations in both directions 

(Figure 6), which is something above the upper 

optimal limit for biological treatment process 

estimated about pH=8.5. 

During the phase of biochemical treatment of 

the leachate, a monotonic but insignificant increase in 

the content of suspended solids was observed 

(Figure 7). This can be explained by the gradual 

growth of the microbiocenosis biomass involved in the 

biochemical treatment process. Simple linear trend 

can be used to approximate the experimental results: 

CSS = 193 + 1.91t (6) 

Where; CSS is suspended solids content, mg/L; 

R2=0.8448. 

Figure 6. Change of pH in Hrybovychi leachate during the aeration process at the pilot-scale treatment unit: 1-batch reactor mode; 2-

semi-continuous mode; 3-trend line (5); 4-average value 9.74 
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Figure 7. Change of CSS in Hrybovychi leachate during the aeration process at the pilot-scale treatment unit: 1-batch reactor mode; 2-

semi-continuous mode; 3-trend line (6); 4-average values 223 mg/L 

The average content of suspended solids in the 

continuous operation mode of the pilot plant CSS=223 

mg/L is 31% of the average value of suspended solids 

of 700 mg/L obtained for full-scale aerated lagoons 

(Mehmood et al., 2009). Such a low level of suspended 

solids can be explained by the short duration of the 

pilot plant study, and over time this value should 

stabilize at a much higher equilibrium value, similar to 

(Mehmood et al., 2009). 

4. CONCLUSION

Based on the analysis of the pilot-scale results 

optimal parameters for the aerobic biological 

treatment of leachates of typical Ukrainian MSW 

landfills are obtained. Initial batch reactor mode 

should continue about 15 days to reach sufficiently 

high treatment effects on baseline pollution indicators. 

Aerobic biological treatment of landfill leachate using 

the developed method allows achieving treatment 

effect of 55.3% on the total Kjeldahl nitrogen, 27% on 

COD and 63.3% on BOD. Time dependences of TKN, 

COD, BOD5, and BODtot with sufficiently high 

accuracy can be described by simple exponential 

dependences, respectively (1)-(4), which correspond 

to first-order reactions. The peculiarities of the change 

of pH and suspended solids at the batch reactor mode 

of the treatment process are explained by the self-

inoculation of the activated sludge microbiocenosis. 

Landfill leachate, aerobically pre-treated in the pilot-

scale treatment unit, can be discharged for the final 

treatment to the bio-plateau or to the wastewater 

treatment plant. 
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Mineral wool has been used as a filter medium that reaches approximately 95% 

removal efficiency of total suspended solids (TSS) on a laboratory scale. 

However, there is no research available has been applied on a larger scale. Hence, 

this study investigated the ability of mineral wool to remove TSS in two separate 

segments of the Cikapayang River at different seasons. This analysis utilizes a 

mineral wool type I, with a dimension of 180×30×120 cm placed in segment 2, 

and a mineral wool type II with a dimension of 325×30×100 cm placed in 

segment 9. Samples were taken using the grab sampling method to analyze the 

TSS concentration before and after being filtered by mineral wool. This 

investigation concluded that mineral wool could reduce the TSS concentration by 

up to 65%, and the removal capacity increased by about 6.82% during the dry 

season. The concentration of TSS in the dry season positively correlates with the 

increase in the removal capacity of the media. Mineral wool of type I in segment 

2 had a better removal ability (31.43%) than type II in segment 9 (14.71%). This 

research shows that mineral wool can be used as a support material in sanitation 

sites in large cities experiencing quality degradation in their water bodies.  

Keywords: 

On-site treatment/ Total suspended 

solids/ Supporting material  
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1. INTRODUCTION

Surrounded by the most developed area with 

the most populous in Indonesia (Pynkyawati et al., 

2020), Bandung, Cikapayang River is used to dispose 

of domestic wastewater. The current condition shows   

that the amount of pollutants contaminating has 

exceeded the carrying capacity and cannot be 

assimilated naturally, especially the TSS as a dominant 

pollutant, according to Prayogo et al. (2020) and Yacub 

et al. (2022). The water becomes turbid and filled with 

mud, especially during the dry season. Domestic 

wastewater contains TSS with concentrations varying 

from 77-382 mg/L (Widyarani et al., 2022) depending 

on the population and its activities. TSS is the 

concentration of suspended and insoluble material in 

the river that can be trapped by filter media (Gong et al., 

2016; Butler and Ford, 2018). TSS includes various 

types of material, such as decomposed mud, plants, and 

animals (Gong et al., 2016). The transfer of TSS in the 

water flow is a crucial part of the material cycle, 

especially for carbon and nitrogen (Doxaran et al., 

2009). Therefore, the increasing TSS concentration 

leads to increased pollution. This topic has received 

significant attention worldwide, such as Citarum River 

(Marselina et al., 2022), Elemi River (Folorunso, 2018), 

Nomi River (Miura et al., 2019), Pará River (Carneiro 

et al., 2020), Hau River (Nguyen et al., 2020), and 

Nakdong River (Kwon et al., 2021). Many experiments 

had been carried out in the laboratory simulating TSS 

removal in water streams. However, it could not be 

compared to field-scale. 

Citation: Prayogo W, Siregar JP, Soewondo P, Nasution Z, Hanami ZA, Ikhwali MF, Estim A, Suryawan IWK. The investigation on mineral
       wool performance as a potential filter to remove TSS in Cikapayang River, East Jawa, Indonesia. Environ. Nat. Resour. J. 2023;21(1):

9-18.  (https://doi.org/10.32526/ennrj/21/202200118)
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Mineral wool is a 100% natural and 

environmentally friendly media derived from volcanic 

lava that can filter TSS on a laboratory scale (Hao et 

al., 2019). It has a high adsorption capacity, material 

surface contact, low density, is easy to set in the river, 

and the water saturation content was twice as high as 

other granular media. Aphirta et al. (2020) tested 27 

cm3 mineral wool to determine the capacity of TSS 

removal on a laboratory scale using the Plug Flow 

Reactor (PFR) system to simulate the Cikapayang 

River condition with a volume of 10.78 L. The study 

resulted in the highest removal of 95%. Based on 

various existing problems and previous mineral wool 

studies, they were able to eliminate TSS. So, this study 

aimed to investigate the ability of mineral wool to 

remove TSS in a field scale in the Cikapayang River, 

which is influenced by seasons.  

2. METHODOLOGY

2.1 Materials

This study used two types of mineral wool from 

Drainblock B.V. Netherlands as a filter media (Table 

1). These two types have been claimed to increase 

water quality (Merola, 2018; Aphirta et al., 2020; van 

Jaarsveld, 2020). They were tested to determine the 

success rate of each product with different Indonesian 

surface water conditions compared to the Netherlands 

and to find the best product that can be applied from 

both.  Mineral wool type I was placed in segment 2, 

while type II is placed in segment 9 as shown in 

Figure 1. In its application, the length and depth of the 

mineral wool was adjusted for each segment and is 

inserted into a supporting frame made of steel. 

Table 1. Two types of the characteristic of mineral wool used in this study 

Mineral wool Type I Type II 

Picture 

Density 80 kg/m3 120 kg/m3 

Water retention capacity 95% 92% 

Hydraulic conductivity 6 mm/s 7 mm/s 

2.2 Study area and time 

The study was located in Cikapayang River, 

West Java, Indonesia. It is in a tropical area and has an 

average annual atmospheric temperature of 22.63°C 

and rainfall of 189.02 mm (Jaya et al., 2020). As a 

result of restoration, the Cikapayang River at City Hall 

Bandung has 12 segments with different lengths, 

widths, and depths. Each segment is limited by a 

plunge with a height varying from 15-100 cm. Due to 

field-scale experiments, segment selection in this 

study is influenced by many factors such as approval 

by the government, security considerations, and ease 

of installation. This collection point serves around 

35,000 people and includes some small industrial 

wastewater. The study was conducted in January-

March 2019 (rainy season period), followed by April-

August 2019 (dry season period). One period of 

sampling was conducted consecutively for seven days. 

River water samples were taken before and after 

through each mineral wool type using the grab 

sampling method at 9:00 a.m. to represent the peak of 

domestic activity. 

2.3 Data collection 

Water samples were taken manually from the 

middle at a depth of 50 cm below the water surface 

using a plastic scoop with a handle (Suriadikusumah et 

al., 2021). River discharge was measured by 

determining the water velocity (m2/s) and multiplying it 

with the height of the water surface (m). The sample 

container was a polyethylene-type plastic. Labeled 

samples in airtight bottles were put into boxes 

containing ice blocks and transported to the laboratory 

for storage at 4ºC before analysis. River discharge (Q, 

m3/s), water temperature (T, ºC), and dissolved oxygen 

(DO, mg/L) were measured in situ. Turbidity (mg/L) 

and TSS (mg/L) were measured directly after sampling
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Figure 1. Research location: mineral wool type I at segment 2 (107º36′37.8′′E 6º54′37.5′′S) and mineral wool type II at segment 9 

(107º36′37.3′′E 6º54′44′′S) 

in the laboratory. The temperature was measured using 

the Water Analyzer Meter EZ-9908, DO using the DO 

Meter Digital HACH HQ40D, and turbidity using 

Turbidity Portable Meter WTW 355IR, while TSS 

used the SMEWW 2540 B method with gravimetric 

principle. A sample of 250 mL was filtered using 

Whatman filter paper (no. 42) 2.5 μm pore size with 

diameter of 125 mm and a vacuum pump. Then, a 

Memmert Oven UN55 53 L was used to dry the filter 

and placed in a 90 mm porcelain bowl for 60 min at 

105ºC. The bowl was dried in the same oven to get the 

original weight. TSS concentration was calculated by 

weighing the solids in a dry bowl. The filter paper 

depicted the total solids representing the TSS 

concentration of the water sample (mg/L). Samples 

were analyzed in duplicate. 
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2.4 Data analysis 

The measurements of TSS were compared with 

the river water quality standard by Indonesian 

Government Regulation 81 of 2001, Class II. TSS 

removal efficiency in Cikapayang River (%) by 

mineral wool was determined using the Equation (1). 

Here, RE is the removal efficiency (%), Cinfluent is the 

initial TSS concentration (mg/L), an Ceffluent is the TSS 

concentration after the treatment using mineral wool 

(mg/L). 

RE =  (
Cinfluent−Ceffluent

Cinfluent
) × 100%        (1) 

Scanning Electron Microscope Energy 

Dispersive X-Ray (SEM-EDX) was used to identify 

and characterize materials to observe reactions around 

interfaces and the elemental composition of mineral 

wool specimens. The One Way ANOVA is used in this 

study to test the differences in TSS concentrations in 

different seasons using the RStudio Cloud software. 

3. RESULTS AND DISCUSSION

3.1 River water quality

In this study, Q, T, DO, and turbidity data could 

identify the TSS concentration affecting aquatic 

conditions. A total of 19 samples of 10 sampling 

periods resulted in high concentrations of TSS, which 

exceeded the standard (50 mg/L). Eighty-nine percent 

of them were the result of measurements in the dry 

season. Suspended solids distribution in the 

Cikapayang River in this season increased by 41%. In 

comparison, the turbidity in the rainy season ranges 

from 7-121 mg/L (average of 28 mg/L). The increase in 

turbidity is the impact of increasing the concentration 

of TSS from non-natural sources (Hern et al., 2014). 

The change of seasons causes the water turbidity to 

increase by 14%. The average water temperature is 

reduced by 2% during the rainy season. Table 2 presents 

the range of parameters values and standard deviations 

of the TSS and other related parameters based on the 

analysis results on segments 2 and 9 before passing 

through the mineral wool. 

Table 2. Water quality characteristics of Cikapayang River 

Parameter Unit Standarda Sampling result Deviation 

(%) 

Annual 

average Rainy season Dry season 

Range Average Range Average 

Q m3/s - 0.15-1.56 0.40 0.09-0.67 0.24 15 0.31 

T ºC 25-27 21.12-25.85 24.21 21.98-25.24 23.72 2 23.95 

Turbidity NTU - 7-121 28 11-150 32 14 27 

DO mg/L >4 0.5-5.1 2.6 0.1-0.9 0.2 92 2.3 

TSS mg/L 50 7-121 27 10-118 58 41 35 
aGovernment of the Republic of Indonesia (2001) 

The average DO concentration in the dry season 

decreased significantly from 2.6 mg/L to only 0.2 

mg/L. In other words, DO has declined by 92% 

compared to the rainy season. Water plants and algae 

produce oxygen during the daytime photosynthetic 

process, and this cycle occurs every day, while the 

oxygen is used for organic matter decomposition by 

microbial communities. Hence, dead aquatic plants 

and the increasing amount of pollutants in the water 

cause a massive reduction of DO (Zhang et al., 2018). 

Water temperature decrease is significant in June-July, 

even though this period shows no rain. The average air 

temperature increased by 4ºC from 21ºC, but the water 

temperature decreased (0.2-1.5ºC). Shinohara et al. 

(2021) reveal that surface water temperature is more 

sensitive to changes in shortwave radiation. Still, this 

theory does not occur in the Cikapayang River, whose 

conditions have changed significantly due to input from 

outside the system. Other factors such as groundwater 

ingress and heat conduction absorption by the system 

may affect the surface water temperature. However, in 

this case, suspended solids that block solar radiation 

appear to be the main factor responsible for the decrease 

in surface water temperature. The water temperature 

decreases significantly when the water discharge 

shrinks by 15%. 

3.2 Effects of seasons and mineral wool types in 

TSS removal 

TSS concentrations in both segments correlated 

with mineral wool’s TSS removal capability in each 

segment, shown in Figures 2(a) and 2(b). River water 

quality in the dry season showed a narrower range of 

parameter values than during the rainy season, but the 

concentration of pollutants increased. Rainwater 

entering the river has a conductivity lower than 100 
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s/cm (Makineci et al., 2015) and is diluted due to 

mixing with polar ions and molecules so that the TSS 

concentration measured in the rainy season tends to 

produce a lower average. 

Figure 2. Concentrations of TSS before and after passing mineral wool (a) type I and (b) type II 

The average TSS removal efficiency for type I 

was 31.43% and 14.71% for type II. The best 

efficiency reached 65% filtered by mineral wool type 

I. The high concentration of TSS before passing

through the media during the dry season caused the

removal ability by type I mineral wool in segment 2 to

increase by 6.82%. The slowing flow velocity

influenced this medium's increase in removal capacity,

which caused the contact between suspended solids

and the fibers’ media to be more optimum. The

efficiency of removal by small media in segment 9 was

affected by any limiting factors. Suspended solids with

a specific gravity higher than the density of water 

settled and collected on the surface. The solids could 

then be pulled up during sampling. This then caused 

the TSS removal ability by type II mineral wool to be 

lower when compared to type I (Figure 3). 

Land-use change in Bandung City causes the 

terrestrial runoff coefficient on Cikapayang River to 

have increased from 70.98 mm to 72.04 mm over the 

last two decades (Atharinafi et al., 2021). As a result, 

surface terrestrial runoff increased from 48.98 mm in 

1999 to 51.8 mm in 2018. Terrestrial runoff permeates 

into the river, causing the measured water level 
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upstream to increase, while in the downstream 

(segment 9), the water level tends to be consistent due 

to the presence of manual discharge control by the 

presence of bulkheads between segments. The new 

water flow would run over after reaching the 

maximum height limit on the insulating wall. The 

water level in the rainy and dry seasons had a 

difference of 50 cm in the upstream area. However, the 

water level in the dry season was mixed with solid 

particles, so measuring the water volume in segment 2 

was complicated. Figure 3 depicts the difference 

between the minimum, maximum, and average values 

from two seasons before and after flowing through 

mineral wool. The concentration of TSS is higher 

during the dry season, in contrast to Leong et al. 

(2017), who said that more solids would be found 

during the rainy season. Based on this fact, domestic 

wastewater has a more significant influence on TSS 

concentration in Cikapayang River than the solids 

contained in the terrestrial runoff. As illustrated in 

Figure 4, the water velocity significantly affects the 

media’s ability to remove TSS. The river elevation as 

a restoration result makes this more likely, where the 

large volume of water creates a downstream push so 

that the velocity naturally increases. Suspended solids 

that do not get a strong push by the flow will be held 

by the media and make it trapped on the surface of the 

media. In the rainy season, some suspended solids are 

resuspended due to the impulse by the water velocity 

that suddenly increases when it rains. It is why the dry 

season removal efficiency shows higher efficiency. 

Figure 3. Concentrations of TSS before-after passing mineral wool (a) type I and (b) type II in rainy and dry seasons 
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Figure 4. (a) The large volume of the river in the rainy season causes the velocity to increase significantly, and suspended solids 

resuspension due to a strong push from water flow (b) Slow water flow in the dry season causes suspended solids to accumulate 

The ANOVA test results to see the differences 

in TSS concentrations in different seasons is presented 

in Table 3. In segment 2, using mineral wool type I, 

the probability value of F is 0.0000104, where this 

value is smaller than 0.05. So, it can be concluded that 

there is a difference in the TSS concentration value in 

different seasons. However, as for mineral wool type 

II, the probability value of F obtained is 0.91 (>0.05), 

which means that it can be concluded that there is no 

statistical difference between TSS concentrations in 

different seasons. This is because there is a different 

pattern in each mineral wool type, as seen in Figure 4, 

whereas in mineral wool type II, the TSS removal is 

lower. It the more stable in both seasons because the 

flow in segment 2 is only affected from upstream. 

Measured debits are not much different between 

seasons (only 5%). While segment 2, which is the 

upstream part of the river, is strongly influenced by 

fluctuations in various previous flows. The difference 

in flow rate is very visible, where there is a decrease 

of 31% during the dry season. Even this value is not 

the real value because when measuring the water 

depth, the physical river tends to be filled with piles of 

mud more than the flow of water. 

Table 3. TSS concentrations in different seasons by ANOVA test 

Mineral 

wool 

Pr (>F) Significance 

level (α) 

Conclusion 

Type I 0.0000104 0.05 H0 rejected 

Type II 0.921 0.05 H0 accepted 

3.3 SEM-EDX analysis of mineral wool 

Two forms of fiber make up mineral wool, 

namely dangling lacunar and spherical fibers. The 

spherical shape is formed when the fiber formation is 

not perfect during production process (Wanko et al., 

2016). Based on Figure 5, the morphological spectrum 

in type I illustrated that the constituent fibers were more 

systematic than in type II, while the constituent fibers 

of type II were shorter in size. The more regular and 

perfect shape caused the gaps between the fibers to 

widen, allowing more solids in the flow to get caught in 

the lacunar yarn cavities. SEM analysis showed that the 

lacunar fiber size in type I had a diameter of 10-20 μm 

and a spherical shape with a diameter of 75-100 μm. 

Type II lacunar fibers were 5-15 μm in diameter, while 

spherical fibers were 80-200 μm in diameter. 

The main compounds of mineral wool fibers 

consist of SiO2 and Al2O3 (Chen et al., 2017). 

Differences in the chemical composition of the surface 

of the degraded media correlated with the different TSS 

removal capabilities between the types. Inorganic 

elements such as Mg, Al, Si, Ca, and Fe are the main 

constituents of mineral wool with a total composition of 

98%. The high content of Mg, Al, Ca, and Fe from 

media caused it to be different from other types of wool, 

such as rock wool, where 59-64% Si is the main 

constituent element (Yliniemi et al., 2021). The high 

mineral content makes this type of wool called mineral 

wool. The TSS analysis showed a correlation between 

the composition of the media and the removal 

efficiency,  as  shown in  Figure 6. The high  element of 

(a) (b) 
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carbon (C) in mineral wool type I indicated the optimal 

ability of the media to remove organic matter. Type I 

mineral wool that had been set up until the 201st day had 

an elemental C of 34.81%. The high content of carbon 

gives an idea of the high level of roughness of the 

media, thus making the substrate in the water body 

easily attached due to the large frictional force. Mineral 

wool type II consisted of 3.61% Mg; 2.84% Al; 10.40% 

Ca; and 4.86% Fe. The Si content in this type reaches 

7.17%, while it is only 5.80% in type I. The results of 

the SEM EDX test found that the total difference in 

mineral composition in type I was 13.36% lower than 

in type II. This phenomenon indicates that the mineral 

content in the media should give more optimal results. 

Still, very high solids in the upstream resulted in the 

removal rate as if the mineral wool type I was better. 

Figure 5. SEM images of mineral wool (a) type I before used, (b) type II before used, (c) after used at 1,000x magnification, and (d) after 

used at 10,000x magnification 

Figure 6. Composition of mineral wool (a) type I and (b) type II, after 201 days 

(a) (b) 

(c) (d) 
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Figure 6. Composition of mineral wool (a) type I and (b) type II, after 201 days (cont.) 

4. CONCLUSION

Mineral wool as a filter medium has proven to 

reduce some TSS concentration in Cikapayang River. 

The broader surface of the filter media is very relevant 

for optimal removal of TSS because its surface 

interacts with suspended solids in the water flow and 

the number of lacunar fibers that absorb solids 

increases. The higher mineral concentration as the 

composition of the constituent elements of each type 

was positively correlated with the ability of the media 

to remove TSS material in water bodies. The high 

concentration of TSS in segment 2 as the upstream of 

Cikapayang River at City Hall Bandung made it 

challenging to identify the effect of mineral 

composition on the media on the TSS removal ability. 

The environment of the river system between segment 

2 and 9, including the difference in TSS concentration 

in each segment, made it tough to compare the 

capabilities of the media with each other. However, 

based on this experiment, mineral wool could be 

applied as an on-site supporting material to address 

river pollution in urban areas prone to urbanization 

due to the lack of domestic wastewater treatment 

facilities and public awareness. There are quite a lot of 

studies on mineral wool, but studies in water treatment 

applications are still very limited. In the future, 

removal of chemical and biological parameters, 

kinetics modeling, and economic analyses of the 

mineral wool use are priorities to analyze the 

feasibility of this medium comprehensively. 
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This study determined the extent of heavy metal contamination of local fruit in 

Rayong, Thailand, an area where an industrial base is adjacent to agricultural 

areas. Dietary exposure to agricultural products grown in contaminated areas can 

cause multiple adverse effects to the human body. In order to avoid such 

undesirable effects, concentrations of heavy metals [arsenic (As), cadmium (Cd), 

copper (Cu), mercury (Hg), lead (Pb), and zinc (Zn)] were investigated in popular 

tropical fruits from three districts of Rayong, namely Wang Chan, Klang and 

Mueang. The levels of heavy metals were determined by inductively coupled 

plasma- mass spectrometry (ICP-MS) and cold vapor-atomic absorption 

spectrometry (CV-AAS). Levels of the six heavy metals in sampled fruits 

(durian, jackfruit, pineapple, rambutan, long kong, and mangosteen) were in the 

range of 0.0004-6.7095 mg/kg; 16.7% of fruit samples exceeded maximum 

permissible limits of Pb. Based on health risk assessments, values of estimated 

daily intake (EDI) were less than those of maximum tolerable daily intake. 

However, for non-carcinogenic risks, high hazard index (HI) values were found 

in some markets while for carcinogenic risks (CRs), CR values of three fruits 

(durian, jackfruit, and mangosteen) exceeded acceptable levels. Therefore, long-

term fruit consumption could impact health of local consumers. These results 

provided insight into the need for regular monitoring of heavy metal 

concentrations in potentially contaminated fruits and for prevention of its 

potential effects. 
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1. INTRODUCTION

Fruits are rich sources of important nutrients 

including folate, magnesium, potassium, calcium, and 

vitamins A and C (Striegel et al., 2018; Wanwimolruk 

et al., 2015; Swami et al., 2012; Ketsa et al., 2020). 

Thus, fruit consumption helps to maintain nutritional 

health and prevent illness (including cancers, and 

cardiovascular, neurological and gastrointestinal 

diseases) (Hurst and Hurst, 2012). Due to these 

benefits, fruits are increasingly recommended for 

daily consumption by the World Health Organization 

(FAO/WHO, 2003). But these health benefits may be 

overwhelmed when the fruits are contaminated.   

Heavy metals are widely used in several aspects 

of agriculture and in a number of industries, and so 

may be parts of emissions into the environment (soil, 

water, or air) (Kinuthia et al., 2020; Lorestani et al., 

2020; Ojekunle et al., 2022). In general, plants absorb 

metals essential for growth from cultivated soil, water, 

and even air. However, plants can also absorb toxic 

metals from contaminated environments (Lactusu et 

al., 1996; Big et al., 2012). These metals may not be 

biodegradable and have long biological half-lives, 

making them prone to accumulation in fruits and 

human consumers, potentially leading to adverse 

health effects (Kim et al., 2015; Dorsey et al., 2004). 

For example, vomiting, abdominal pain, dehydration, 

Citation: Apilux A, Thongkam T, Tusai T, Petisiwaveth P, Kladsomboon S. Determination of heavy metal residues in tropical fruits near Industrial 

Estates in Rayong Province, Thailand:  A risk assessment study. Environ. Nat. Resour. J. 2023;21(1): 19-34.
(https://doi.org/10.32526/ennrj/21/202200146) 
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lung irritation, liver damage, and neurological 

problems were found to occur with long-term heavy 

metal consumption (Järup, 2003; Kim et al., 2015; 

FAO/WHO, 2011). Thus, heavy metal contamination 

of fruit is an important concern in the maintenance of 

human health and greater monitoring of heavy metal 

contamination is needed. 

Thailand is a developing country in which 

expansion of industrial facilities is often in close 

proximity to agriculture.  The number of industrial 

estates and parks has increased in each province, 

especially in the central and eastern parts of the 

country (such as Ayutthaya, Pathumthani, Samut 

Sakhon, Bangkok, Samut Prakan, Chonburi, Saraburi, 

and Rayong). Along with this industrialization, 

contamination of the environment and of agricultural 

products has been reported repeatedly [For example, 

in Ayutthaya (Kladsomboon et al., 2020; 

Klinsawathom et al., 2017), Loei (Pamonpol and 

Tokhun, 2019), Nakhon Pathom (Choprathumma et 

al., 2019), Pathumthani (Jankeaw et al., 2015), and 

Rayong (Kerdthep et al., 2009; Simasuwannarong et 

al., 2012; Nilkarnjanakul et al., 2022)]. 

Rayong Province lies in eastern Thailand, 

adjacent to major economic provinces (Chonburi and 

Chachoengsao). The Eastern Economic Corridor 

project (Dunseith, 2018) has transformed Rayong into 

Thailand’s hub for manufacturing, research, and service 

support to export-oriented industries. However, 65.8% 

of its total area is still agricultural and many popular 

tropical fruits (such as durian, mangosteen, jackfruit, 

mango, pineapple, rambutan, and long kong) are grown 

mainly in this area (Rayong Provincial Government 

Center, 2020). As a result of these changes, fruits are 

often grown near the industrial development zone and 

are at risk of contamination. Despite these risks, heavy 

metal contamination in Rayong fruits has not been 

investigated. 

Therefore, this study was designed to 

investigate possible heavy metal (Cu, Zn, As, Cd, Pb, 

and Hg) contamination of popular tropical fruits 

(durian, mangosteen, jackfruit, pineapple, rambutan, 

and long kong) of Rayong Province. Residue levels of 

heavy metals found in fruits were compared with 

permissible limits set by the Ministry of Public Health 

of Thailand (MoPH), the Food and Agriculture 

Organization (FAO) of the United Nations, the World 

Health Organization (WHO) and the European Union 

(EU). Furthermore, health risk assessment which is an 

essential tool for evaluating the possible health effects 

caused by contaminants was evaluated using estimated 

daily intake (EDI), target hazard quotient (THQ), 

hazard index (HI), and cancer risk (CR)  (Xiao et al., 

2017; Radfard et al., 2018). This work describes the 

methods and results of the study, providing useful 

information for health management and policy-

making for prevention of heavy metal contamination 

and improved public health. 

2. METHODOLOGY

2.1 Sampling

Six Thai fruits were targeted for study: 

durian (Durio zibethinus L.), jackfruit (Artocarpus 

heterophyllus Lam.), mangosteen (Garcinia 

mangostana L.), pineapple (Ananas comosus (L.) 

Merr.), rambutan (Nephelium lappaceum L.), and long 

kong (Lansium parasiticum (Osbeck) K.C.Sahni and 

Bennet). Fresh samples of these fruits were collected 

from three public markets located in the Rayong 

Districts of Wang Chan, Klang and Mueang. Market 

locations where samples were collected: Wang Chan 

is located at 12°57′35″ North latitude and 101°30′12″ 

East longitude, Klang is located at 12°46′48″ North 

latitude and 101°39′5″ East longitude, and Mueang is 

located at 12°38′46″ North latitude and 101°20′49″ 

East longitude (Figure 1). In this work, the identity of 

the three markets were concealed by using the 

pseudonyms market A, market B, and market C. Based 

on the sampling methods recommended for the 

determination of pesticide residues (FAO/WHO, 

1999; Ministry of Agriculture and Cooperatives, 

2008), fruits were classified using the average weight 

of each fruit type. Thus, three groups of fruit type were 

defined as: (1) average weight per fruit less than 25 g, 

(2) average weight per fruit 25-250 g, and (3) average

weight per fruit greater than 250 g. Samples for

analysis [one kilogram (or ten fruits) (for Groups 1 and

2); two kilograms (or five fruits) (for Group 3)] of each

fruit type were randomly collected from different

sellers at each market. All samples were kept in clean,

zip-lock polythene bags and transported to the

Mahidol University laboratory within 48 h.

2.2 Sample preparation 

Samples were washed with deionized distilled 

water. Then edible parts of the fruits were collected, 

cut into small pieces, and dried in a hot air oven at 

80ºC for 24 h (Islam and Hoque, 2014). These samples 

were weighed before and after drying. The dried 

samples were powdered by mortar, collected in 

polythene screw cap tubes and stored at 4ºC until 

subsequent digestion.
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Figure 1. Map showing location of Rayong Province, Thailand (Left), and of study areas within Rayong (Right) where fruits were sampled 

(in Wang Chan, Klang and Mueang Districts). 

2.3 Reagents and materials 

Analytical reagents, namely, hydrochloric acid 

(HCl), nitric acid (HNO3), hydrogen peroxide (H2O2), 

and stannous chloride (SnCl2) were purchased from 

Merck (Darmstadt, Germany). A mercury standard 

(1,000 µg/mL) was purchased from SCP Science 

(Montreal, QC, Canada), while an ICP multi-element 

calibration standard of Ag, Al, As, Ba, Be, Bi, Ca, Cd, 

Co, Cr, Cs, Cu, Fe, Ga, In, K, Li, Mg, Mn, Na, Ni, Pb, 

Rb, Se, Sr, Ti, U, V, and Zn (10 mg/mL), and internal 

calibration standard solutions of Bi, Ge, In, Li, Sc, Tb, 

and Y (10 mg/mL), were purchased from Perkin Elmer 

(Waltham, MA, USA). Milli-Q water was used to 

prepare all stock solutions. Nitric acid and hydrogen 

peroxide were used for digestion of the dried samples. 

SnCl2 and HCl were the reducing agents for Hg 

analyses. The calibration curves and quality control 

analyses for As, Cd, Cu, Pb, and Zn were prepared by 

multi-element and internal calibration standard 

solutions, respectively. All standards and sample 

solutions were diluted with 1% (v/v) nitric acid 

solution in Milli-Q water before analysis. 

2.4 Hg analysis 

A cold vapor-atomic absorption spectro-

photometer (Flow Injection Mercury Systems 100 and 

400; FIMS series; PerkinElmer) was used for Hg 

analysis. Sample solutions (500 µL each) were 

prepared in a mixture of 1.1% (v/v) SnCl2 and 3% 

(v/v) HCl. The prepared samples were pumped 

through the reactor with the aid of a peristaltic pump. 

Then, elemental mercury vapor was generated and 

entered into a quartz cell for analysis of Hg. A Hg 

standard curve was established by standard Hg 

solutions at concentrations of 5, 10, and 20 µg/L. To 

confirm that the CV-AAS system was working 

accurately, internal quality control of Hg based on 

standard Hg solutions (2 and 15 μg/L) were run with 

every 10 samples. The percentage relative standard 

deviation (%RSD) value was maintained in the range 

of 10% to verify precision according to previous 

research that the acceptable values of RSD for the 

level analyte of 10 µg/L is 32% (González and 

Herrador, 2007). In case of Hg analysis, maximum 

absorbance  was  obtained  by  adjusting  the  Cathode 

21



Apilux A et al. / Environment and Natural Resources Journal 2023; 21(1): 19-34 

lamps at 253.7 nm, then the absorbance value was 

converted to a concentration of Hg (with units of 

mg/kg). Finally, concentration values were compared 

with maximum permissible limits to detect 

contamination in fruit samples. 

2.5 As, Cd, Cu, Pb, and Zn analyses 

An inductively coupled plasma-mass 

spectrometer (NexION 300 ICP-MS) was used for As, 

Cd, Cu, Pb, and Zn analyses. Based on NexION 

Software Reference Guide, version 1.3, for ICP-MS 

Instrument Control (PerkinElmer, CT, USA) (Bass 

and Jones, 2010), standard curves were established 

using multi-element standard solutions at 

concentrations of 25, 50, 75, and 100 μg/L. The 

internal standard solution contained 10 mg/L of Bi, 

Ge, In, Sc, Li, Tb, and Y. Standards and digested 

sample solutions were prepared in 1% (v/v) HNO3. 

The optimized conditions for As, Cd, Cu, Pb, and Zn 

analyses were 1.05 L/min of nebulizer gas flow, 1.35 

L/min of auxiliary gas flow, 18 L/min of plasma gas 

flow, and 1,600 W of radio-frequency (RF) in an ICP 

system. The readings were taken from the equipment 

as µg/L and then the results were converted to mg/kg 

(the actual concentration of heavy metal in a sample) 

using Equation (1). 

Ci = 0.1 × A ×
WD

WW
  (1) 

Where; Ci is the concentration of heavy metal in 

a sample (mg/kg). A is the concentration of the heavy 

metal in digested solution (µg/L). WD is dry weight of 

the sample (g) and Ww is its wet weight (g). Similar to 

Hg measurements, concentrations were compared 

with the appropriate maximum permissible limits. 

2.6 Validation and quality control 

For validation of the quantitative analyses of 

heavy metals in fruit samples and their aqueous 

extracts, evaluation of multiple parameters was 

performed. The limit of detection (LOD) and limit of 

quantification (LOQ) were obtained using blank 

samples (for ICP-MS) and a calibration approach (for 

CV-AAS) (Wenzl et al., 2016). Moreover, linear 

range, accuracy, repeatability, and reproducibility 

(precision) were investigated. To monitor reliability of 

the results, internal quality control was conducted 

every 10 samples. Average recoveries were 

determined for the different heavy metals. In addition, 

appropriate quality assurance procedures and 

precautions were taken and all samples were handled 

carefully to avoid cross-contamination. 

2.7 Statistical data analysis 

Statistical analyses were performed using SPSS 

Statistical Package, version 18 (SPSS, Chicago, IL, 

USA) to assess the influence of sources of variance 

(fruit type and location) on each heavy metal. Data 

from each heavy metal in the six fruit types from the 

three different local markets were included. 

Descriptive statistics and one-way ANOVA tests were 

performed. Post hoc comparisons using Tukey HSD 

test were used to determine differences among the 

heavy metal concentrations and fruit types. Statistical 

significance was defined at the 95% confidence level 

(*p < 0.05). 

2.8 Health risk assessment 

In this study, to assess the human health risks 

for non-carcinogenic and carcinogenic metals 

associated with fruit consumption, four approaches 

were used: (1) estimated daily intake (μg/kg bw/day), 

(2) target hazard quotient, (3) non-carcinogenic hazard

index or total target hazard quotient, and (4)

carcinogenic risk.

2.8.1 Estimated daily intake 

The estimated daily intake (EDI) of heavy 

metals was calculated as follows:  

EDI =  
Ci × FIR

WAB
 (2) 

Where; Ci is the concentration of a heavy metal 

in fruit (mg/kg), FIR is the average daily ingestion rate 

(g/day) of fruit, and WAB is average body weight (kg). 

Based on the Thailand National Health Examination 

Survey (Satheannoppakao et al., 2009), the average 

daily consumption of durian and jackfruit is 116.8 

g/person/day. Based on WHO data, the average daily 

consumption of pineapple is 9.75 g/person/day, and 

the average daily consumption of stone fruits (such as 

mangosteen, rambutan, and long kong) is 7.3 

g/person/day (WHO, 2003). Average body weights in 

the Thai population are 68.5±12.1 kg for males and 

54.5±9.8 for females (Lim et al., 2009). 

2.8.2 Tolerable daily intake 

Tolerable daily intake (TDI) or provisional 

tolerable daily intake (PTDI) are estimates of the 

amount of a substance in food that can be taken daily 

over a lifetime without significant risk to health 
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(Hashemi et al., 2019). The EDI values in the present 

study were compared with TDI or PTDI for each 

heavy metal. Table 1 shows the current provisional 

tolerable weekly intake (PTWI) or provisional 

tolerable monthly intake (PTMI) values for Cd, Cu, 

Hg, Pb, and Zn, and the lower limit of the benchmark 

dose (BDML0.5) value for As based on the Codex 

Alimentarius (FAO/WHO, 2018) and the calculated 

TDI values based on PTWI, PTMI, or BDML0.5. 

Table 1. Provisional tolerable weekly/monthly intake (PTWI

/PTMI) and calculated TDI based on the PTWI/PTMI (FAO/WHO, 

2018; Mohamed et al., 2019; Bamuwamye et al., 2015) 

Heavy metal PTWI or PTMI 

(mg/kg bw)

TDI value 

(mg/kg bw) 

As NA 0.003a,b 

Cd 0.025 (PTMI) 0.00083b 

Cu 3.5 (PTWI) 0.5c 

Hg 0.0016 (PTWI) 0.00023b 

Pb NA NAb 

Zn 7 (PTWI) 1c 

NA: not applicable; aBased on Joint FAO/WHO Expert Committee on 

Food Additives (JECFA) (FAO/WHO, 2018); bBased on Codex 

Alimentarius International Food Standard (FAO/WHO, 2019); cBased on 

Joint FAO/WHO Expert Committee on Food Additives (JECFA)

(FAO/WHO, 1982)

2.8.3 Target hazard quotient 

Target hazard quotient (THQ) is a complex 

parameter derived from the ratio between the 

reference dose (RFD) and estimated dose of a 

contaminant, to estimate the potential health risk 

associated with chronic exposure to that contaminant. 

It is calculated as follows (Ogwok et al., 2014):

THQ =  (
(EF × ED × FIR × C)

(RFD × WAB × TA)
)  × 10−3 (3) 

Where; EF is the frequency of exposure from 

consumption of heavy metal contaminated fruits (365 

days/year), ED is the duration of human exposure or 

the average lifetime of humans (71.8 years for males 

and 78.6 years for females) (Institute for Population 

and Social Research, 2016), FIR is the average daily 

ingestion rate (g/day) of fruit, C is the concentration of 

a heavy metal in fruits (mg/kg), RFD is the oral 

reference dose (mg/kg/day) which indicates the daily 

exposure to which humans can be exposed continually 

over a lifetime without appreciable risk of deleterious 

effects, RFD (based on USEPA and CalEPA) for As, 

Cd, Cu, Hg, Pb, and Zn are 3.0×10-4 (IRIS, 2022), 

1.0×10-3 (IRIS, 2022; Harmanescu et al., 2011), 

4.0×10-2 (Ogwok et al., 2014; Harmanescu et al., 

2011), 1.6×10-4 (Zeng et al., 2015), 3.5×10-3 

(Harmanescu et al., 2011), and 0.3 (IRIS, 2022; 

Harmanescu et al., 2011) mg/kg/day, respectively, 

WAB is average body weight which for Thais is 

68.5±12.1 kg for males and 54.5±9.8 for females (Lim 

et al., 2009), TA is the average time of human exposure 

to non-carcinogens (365 days/year × 70 years), and 

10-3 is the unit conversion factor. In case of THQ<1,

adverse effects are unlikely to occur; whereas, if

THQ≥1, there is a high risk that the toxin induces

adverse effects over a lifetime of exposure (Song et al.,

2009; Zeng et al., 2015).

2.8.4 Non-carcinogenic hazard index or total 

target hazard quotient (TTHQ) 

The hazard index (HI) was calculated for 

multiple heavy metals to estimate the total potential 

non-carcinogenic health impact on the human body 

caused by the combined exposure to them 

(Mohammadi et al., 2019). The HI is determined as the 

sum of all THQs calculated for individual heavy 

metals using Equation (4): 

Total THQ (HI) = ∑
THQ = THQAs + THQCd + THQCu

+THQHg + THQPb + THQZn

n

k=1

   (4) 

When; HI<1, chronic risks are unlikely; 

whereas when HI≥1, chronic non-carcinogenic risks 

are likely (Cao et al., 2015). 

2.8.5 Carcinogenic risk 

The carcinogenic risk (CR) is calculated as an 

estimation of the incremental probability of an 

individual developing cancer as a result of exposure to 

a potential carcinogen. According to the International 

Agency for Research on Cancer, As and Cd are 

categorized in Group 1 carcinogens: chemicals which 

are definite human carcinogens; Pb is categorized in 

Group 2B: chemicals which are possible human 

carcinogens. CR, defined as the risk generated by a 

lifetime of average exposure to carcinogenic 

chemicals (Zeng et al., 2015), is calculated using the 

cancer slope factor (CSF). In the present study, the CR 

values due to As, Cd, and Pb were each calculated 

using Equation (5): 

CR = [
EF × ED × FIR × C × CSF

WAB × TA
]  (5) 

Where; EF is the frequency of exposure from 

consumption of heavy metal-contaminated fruits (365-

day/year), ED is the duration of exposure or the average 
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lifetime of humans, FIR is the average daily ingestion 

rate (kg/day) of fruit, C is the concentration of heavy 

metals in fruits (mg/kg), CSF is the cancer slope factor 

which is provided by IRIS and CALEPA [1.50 

mg/kg/day for As  (Hashemi et al., 2019; IRIS, 2022); 

15 mg/kg/day for Cd (Zeng et al., 2015); 0.0085 

mg/kg/day for Pb (Hashemi et al., 2019)] , WAB is 

average body weight, for adult Thais, this is 68.5±12.1 

kg for males and 54.5±9.8 for females (Lim et al., 

2009), and TA is the average time of human exposure to 

non-carcinogens (365 days/year × 70 years). 

When multiple carcinogenic elements were 

present, the total carcinogenic risk (CRTotal) (Zeng et 

al., 2015) was described using Equation (6): 

CRTotal =  ∑ CR  (6) 

Where; CR is the carcinogenic risk associated 

with each heavy metal. 

Based on the USEPA, a CR value of 1×10-6 is 

considered the point of excess carcinogenic risk. This 

value indicates a probability of 1/1,000,000 for an 

individual to develop cancer (based on g/day for 70 

years). For each heavy metal, a CR value less than 

1×10-6 is considered insignificant and cancer risk can 

be neglected; a CR value above 1×10-4 is considered 

as significant and that there is a cancer risk.  CRTotal 

values of 1.0×10-6 to 1.0×10-4 are considered 

acceptable (Cao et al., 2015); we chose a CRTotal of 

1.0×10-5 as the cut-off of acceptable levels as did by 

Mohammadi et al. (2019). 

3. RESULTS AND DISCUSSION

In this study, levels of As, Cd, Cu, Pb, and Zn 

were determined by ICP-MS, and of Hg by CV-AAS. 

The analytical performance of these methods was 

investigated and the results are shown in Table 2. A 

calibration curve was established for each heavy metal 

(data not shown). Plots of intensity and absorbance 

against spiked standards were linear and in the range 

of 0.01-100 µg/L and 0.001-0.040 mg/kg for ICP-MS 

and CV-AAS, respectively. Established calibration 

curves had correlation coefficients of 0.9979-0.9997. 

Limits of detection and quantification were 0.001-

0.440 and 0.005-0.500 mg/kg, respectively. The 

recovery of different heavy metals was within the 

range of 70-120%, with %RSD ≤ 20% consistent with 

SANTE/11813/2017 documentation (European 

Commission, 2017). 

3.1 Heavy metal concentrations 

Concentrations of heavy metals contaminating 

the fruits collected from three markets in Rayong, 

namely market A, market B, and market C, are 

presented in Table 3. The metals varied in 

concentration among the different fruits. A high 

content of essential micronutrients (Cu and Zn) was 

found, ranging from 0.2926 to 6.7095 mg/kg. 

Concentrations of toxic metals (As, Cd, Hg, and Pb) 

ranged from 0.0004 to 0.4625 mg/kg. Additionally, 

the concentrations of individual heavy metals were 

investigated. The order of metal concentrations was: 

for As, jackfruit > durian > mangosteen > long kong > 

pineapple > rambutan; for Cd, mongosteen > jackfruit 

> durian > rambutan > long kong > pineapple; for Cu,

jackfruit > durian > rambutan > mangosteen > long

kong > pineapple; for Hg, jackfruit > durian >

pineapple > mangosteen/rambutan > long kong; for

Pb, long kong > jackfruit > durian > rambutan >

pineapple > mangosteen; for Zn, jackfruit > durian >

rambutan > long kong > mangosteen > pineapple.

The level of Pb in 16.7% of fruit samples 

exceeded the permissible level of contamination (0.1 

mg/kg) [durian in market B (0.1427±0.0635 mg/kg), 

jackfruit in market B (0.2949±0.0763 mg/kg), and 

long kong in market A (0.4625±0.0604 mg/kg)]. 

Based on these results, consumption of fruits collected 

in these areas should raise concern for Pb 

contamination. Its presence might be due to phosphate 

fertilizer application as described in reports from 

Cakmak et al. (2010) and Satachon et al. (2019), or 

derived from the heavy metal-related industries which 

contribute to cultivated area contamination (via soil 

and water) (Kumar et al., 2020). Several studies on 

heavy metal contamination have been reported from 

Thai provinces where many industrial estates are 

located, for example Pathumthani and Ayutthaya 

Provinces (Jankeaw et al., 2015; Kladsomboon et al., 

2020). Given the lead results from this study in 

Rayong, concentrations should be periodically 

monitored and actions taken to prevent potential harm. 

Moreover, more in-depth studies should be conducted 

to inform future public health strategies. 

Cadmium was also found in fruit samples 

collected in this study. Although the concentrations of 

Cd did not exceed permissible limits, accumulation of 

Cd is an important issue and needs to be monitored due 

to  its  carcinogenic  potential.  There  are  updates  of 
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guidelines for soil Cd concentration (Six and 

Smolders, 2014) aimed to avoid net Cd accumulation 

(Smolders and Six, 2013). Based on our results, Cd 

concentrations in fruits were low enough for safe 

consumption. 

Arsenic and mercury were found in small 

amounts in sampled fruits. As and Hg contamination 

of fruits may occur through the absorption of these 

heavy metals after pesticide application and 

contamination of cultivated areas as described by Li 

et al. (2016). For example, As-containing pesticides 

(with lead arsenate, copper arsenate and calcium 

arsenate) were extensively used on some fruits to 

control cattle ticks and pests, leading to accumulation 

in plant tissue (Madejón et al., 2006). Hg is a toxic 

metal which has effects on the nervous, digestive and 

kidney systems. It is considered by WHO as one of 

the top ten chemicals of major public health concern 

(WHO, 2020). Similar to the sources of Pb 

contamination, Hg often enters the environment via 

pesticide application and emission from heavy metal-

related industries (Turull et al., 2018; Li et al., 2017). 

A   report   from   Ecological   Alert  and   Recovery- 

 

 

 

 

 

Thailand (EARTH) warned of Hg contamination in 

industrial sites in Rayong Province (EARTH, 2016) 

and its spread to farmland and orchards with potential 

contamination of fruits.  However, concentrations of 

mercury in our study samples were below the 

maximum permissible limit from the Ministry of 

Public Health, Thailand, suggesting that fruit from 

this study area are safe for consumption. 

Copper and zinc are essential micronutrients 

for plant growth, participating in several processes 

including photosynthetic electron transport, cell wall 

and nitrogen metabolism, and protein regulation 

(Shabbir et al., 2020; Liščáková et al., 2022). 

However, in agriculture, Cu is also considered an 

antifungal agent usually used as copper sulphate and 

copper oxychloride. Extensive application of this 

agent can lead to Cu release into the environment 

(Seeda et al., 2020). In this study, results 

demonstrated that all fruit samples were rich in Cu 

and Zn, especially the jackfruit and durian. However, 

the concentrations of Cu and Zn were less than the 

permissible limits and the fruits considered safe for 

consumption. 

According to the statistical plan, one-way 

analysis of variance was used to compare heavy metal 

(As, Cd, Cu, Hg, Pb, and Zn) residues in the fruits 

collected  in   each  location  (market  A,  B,  and  C). 

Apilux A et al. / Environment and Natural Resources Journal 2023; 21(1): 19-34  
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The analyses revealed that there were no statistically 

significant differences of the As [F(2.33=0.167), 

p=0.847], Cd [F(2.33=1.341), p=0.276], Cu 

[F(2.33=1.272), p=0.294], Hg [F(2.33=1.203), 

p=0.313], Pb [F(2.33=1.748), p=0.190], nor Zn 

[F(2.33=1.000), p=0.379] levels among locations at 

the 95% confidence level. However, concentrations 

of metals were significantly different with regard to 

type of fruit. Significant differences of As 

[F(5.30=6.721), p*=0.000], Cd [F(5.30=5.863), 

p*=0.001], Cu [F(5.30=9.825), p*=0.000], Hg 

[F(5.30=3.112), p*=0.022], and Zn [F(5.30=4.787), 

p*=0.002] were found, while differences of Pb 

[F(5.30=1.903), p=0.123] were not significant.  

To determine the source of differences, post 

hoc tests were used to discriminate and explain heavy 

metal concentrations among the six fruit types 

(comparing each to the other five fruit types for each 

heavy metal). The analyses revealed statistically 

significant differences among the heavy metal 

concentrations. In detail, there were statistically 

significant differences among seven pairs (durian and 

pineapple, durian and rambutan, durian and long 

kong, jackfruit and pineapple, jackfruit and rambutan, 

jackfruit and long kong, jackfruit and mangosteen) for 

As, five pairs (jackfruit and pineapple, jackfruit and 

long kong, pineapple and mangosteen, rambutan and 

mangosteen, long kong and mangosteen) for Cd, five 

pairs (durian and jackfruit, jackfruit and pineapple, 

jackfruit and rambutan, jackfruit and long kong, 

jackfruit and mangosteen) for Cu, one pair (jackfruit 

and long kong) for Hg, and three pairs (jackfruit and 

pineapple, jackfruit and long kong, jackfruit and 

mangosteen) for Zn. 

However, the different concentrations of 

detected metals in each fruit type might be due to 

differing causes, such as physiology of the fruits, 

status of heavy metal contamination, proximity to 

industrial areas, type of industrial activity, 

agricultural activities (for example, fertilizer 

application), transportation, sample storage and 

preparation for assay (Taiwo et al., 2022; 

Ghasemidehkordi et al., 2018). 

Given the results of this study, long- term 

consumption of some fruit posed the potential for 

adverse health effects. Therefore, health risk 

assessments were carried out in this study area. 

3.2 Risk assessments of heavy metals 

To assess the human health risks from both 

non-carcinogenic and carcinogenic metals associated 

with fruit consumption, four approaches were 

utilized: (1) estimated daily intake, (2) target hazard 

quotient, (3) non-carcinogenic hazard index or total 

target hazard quotient, and (4) carcinogenic risk. 

A dietary exposure approach was used for 

evaluation of ingestion levels of nutrients and even 

contaminants. Estimated daily intake of individual 

heavy metals through fruit consumption are shown in 

Table 4. High EDI values were found for jackfruit and 

durian with all heavy metals, for both males and 

females. The EDIs were, in descending order, 

Zn>Cu>Pb>As>Cd>Hg for both genders for market 

A and C, and Zn>Cu>Pb>Cd>As>Hg for both 

genders in market B. These results were in agreement 

with a 2006 report from Egypt (Radwan and Salama, 

2006) that Cu and Zn are the metals most frequently 

found in fruits and vegetables. Moreover, these EDI 

values were below the maximum tolerable daily 

intake (MTDI) and calculated TDI from PTWI/PTMI 

as recommended in the FAO/WHO guideline (see in 

Table 1). Thus, there appeared to be no or little 

possibility of adverse health effects from Cu or Zn 

through fruit consumption by either gender.  

Target health quotient, non-carcinogenic 

hazard index, and carcinogenic risk were also used for 

estimation of the potential health risks associated 

with chronic exposure to heavy metals. Values were 

calculated using the heavy metal concentrations 

found in fruits from the three sampled Rayong 

markets and the estimated average fruit consumption 

by the local population. The THQ and HI values, 

obtained using fruit samples, are shown in Tables 5 

and 6 for males and females, respectively. The 

average THQs of each heavy metal through fruit 

ingestion by males were Cu (0.2269), As (0.1682),  

Hg (0.1280), Pb (0.1244), Cd (0.0384), and Zn 

(0.0341). Results were similar for females: Cu 

(0.3122), As (0.2315), Hg (0.1761), Pb (0.1712), Cd 

(0.0528), and Zn (0.0469). All calculated THQs were 

< 1, suggesting that adverse effects would be unlikely. 

The average HI values of the six heavy metals for 

males and females were 0.7202 and 0.9909, 

respectively. Since these HI values were less than 1, 

chronic health risks were unlikely to occur. However, 

the risk was somewhat higher in females due to longer 

duration of exposure than in males. In addition, HI 

values were estimated for each market. The calculated 

HI values were, in descending order, market B 

(1.0797) > market A (0.5439) > market C (0.5370) for 

males, and market B (1.4855) > market A (0.7484) > 

market  C  (0.7389)  for  females.  It   was   the  high 
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concentrations of heavy metals (see Table 3) which 

led to the high HI values. High HI values (>1) 

indicated a possibility of chronic non-carcinogenic 

risk to humans in the case of long-term fruit 

consumption. Therefore, these results can be used in 

warning farmers to be aware of the heavy metal-

contaminated fruits and consumers of the health risk. 

3.3 Carcinogenic assessment 

As, Cd, and Pb are classified as being 

carcinogenic by the International Agency for 

Research on Cancer (IARC, 2018). We therefore 

calculated and estimated their carcinogenic risk (CR) 

values. This was assessed based on intake levels and 

the cancer slope factor (CSF) of the specified heavy 

metal. The calculated values are shown in Table 7. 

The average CR values by fruit, in descending order 

were: jackfruit > durian > mangosteen > pineapple > 

long kong > rambutan for As; jackfruit > durian > 

mangosteen > rambutan > long kong > pineapple for 

Cd; jackfruit > durian > long kong > rambutan > 

pineapple > mangosteen for Pb (in both males and 

females). Individual CR values for As, Cd, and Pb in 

all fruits sampled ranged from 0.007-990.657 (×10-6), 

Thus, all CR values were less than 1×10-4, except Cd 

in durian (all market sites) and jackfruit (market A 

and B). Of all CR values, 10.2% were higher than the 

acceptable range. This suggested that prolonged 

consumption of durian or jackfruit from these areas 

carried a cancer risk related to cadmium but not to 

arsenic nor lead. 

Total CRs were also estimated using the sum 

CRs (ƩCR) of As, Cd, and Pb. As shown in Table 7, 

total CR values were in the range of 1.56×10-6 to 

1.08×10-3. Total CR values above the acceptable 

level (1×10-5) were found with durian, jackfruit 

and mangosteen: 2.58×10-4, 3.62×10-4, and 2.19×10-5 

for males; 3.56×10-4, 4.99×10-4, and 3.02×10-5 for 

females. These results suggested that there was a 

carcinogenic risk to consumer health with the long-

term consumption of these fruits.

Table 7. Carcinogenic risks associated with local fruit consumption (×10-6) 

Fruits Market Male (BW=68.5 kg) ∑ CR Female (BW=54.5 kg) ∑ CR 

As Cd Pb As Cd Pb 

Durian A 48.158 205.776 1.404 255.339 66.261 283.131 1.931 351.325 

B 12.981 294.576 2.122 309.680 17.861 405.313 2.919 426.094 

C 46.502 163.858 0.908 211.269 63.983 225.454 1.250 290.688 

Average 35.880 221.403 1.478 258.762 49.368 304.633 2.033 356.036 

Jackfruit A 10.047 159.384 1.291 170.723 13.825 219.299 1.777 234.901 

B 63.455 719.997 4.384 787.837 87.309 990.657 6.032 1,083.998 

C 37.486 92.071 0.316 129.875 51.578 126.683 0.435 178.697 

Average 36.996 323.818 1.997 362.812 50.904 445.546 2.748 499.199 

Mangosteen A 1.673 12.075 0.008 13.757 2.303 16.614 0.012 18.929 

B 0.278 19.623 0.030 19.933 0.383 27.000 0.042 27.426 

C 0.712 31.518 0.007 32.238 0.980 43.366 0.009 44.357 

Average 0.888 21.072 0.015 21.976 1.222 28.993 0.021 30.237 

Pineapple A 0.996 1.291 0.033 2.322 1.371 1.777 0.046 3.195 

B 0.516 1.032 0.014 1.562 0.710 1.420 0.019 2.150 

C 0.917 2.595 0.021 3.534 1.261 3.571 0.029 4.862 

Average 0.810 1.639 0.023 2.473 1.114 2.256 0.031 3.402 

Rambutan A 0.602 5.570 0.026 6.199 0.828 7.664 0.036 8.530 

B 0.325 4.338 0.025 4.689 0.447 5.969 0.034 6.451 

C 0.613 5.488 0.052 6.154 0.843 7.551 0.072 8.467 

Average 0.513 5.132 0.034 5.681 0.706 7.061 0.048 7.816 

Long Kong A 0.756 2.381 0.429 3.568 1.040 3.277 0.591 4.909 

B 0.581 3.244 0.009 3.834 0.799 4.463 0.012 5.276 

C 0.593 3.497 0.017 4.107 0.815 4.811 0.024 5.651 

Average 0.643 3.041 0.152 3.836 0.885 4.184 0.209 5.279 
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4. CONCLUSION

In this study, the levels of heavy metals (As, 

Cd, Cu, Hg, Pb, and Zn) in fresh fruit samples did not 

exceed the permissible limits, except for lead in 

durian (market B), jackfruit (market B), and long 

kong (market A). No significant differences in heavy 

metal concentration were found related to sampling 

location. On the other hand, the levels of As, Cd, Cu, 

Hg, and Zn were significantly different among fruit 

types. Based on the THQ calculations, consumption 

of these fruits in this area was safe from heavy metal 

accumulation when fruit types were estimated 

individually. But collectively, consumption of all 

these fruits was associated with chronic non-

carcinogenic risk in some market sites (market B: 

HI=1.0797 and 1.4855 for males and females, 

respectively). Carcinogenic risk was highest in 

relation to cadmium ingestion (average CR value 

3.44×10-4), while less so in relation to lead and 

arsenic. Furthermore, consumption of three of the six 

fruit types (durian, jackfruit, and mangosteen) carried 

some carcinogenic risk based on total CR assessment. 

This study may be helpful in decreasing health risks 

associated with fruit consumption, encouraging the 

monitoring of fruits for heavy metals, and informing 

future remediation strategies. 
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Forecasting municipal solid waste generation is crucial in planning for effective 

and sustainable waste management. Where data on waste are limited, the grey 

model (GM) has proven to be a useful tool for forecasting. This study applied 

GM for forecasting municipal solid waste generation in Thailand up to 2030, 

based on a dataset from 2011-2018. Both univariate models and multivariate 

models with four influencing factors (population density, gross domestic product 

per capita, household expenditure, and household size) were tested. The GM 

(1,1)-0.1 and GM (1,3) provided the lowest prediction errors among all models. 

Based on these models, waste generation in 2030 was projected to be 84,070-

95,728 tonnes/day (1.23-1.40 kg/capita/day), an approximately 10-25% increase 

compared to 2018. In a business-as-usual scenario, there would be 6,404,848 

tonnes of improperly treated waste by 2030, resulting in greenhouse gas 

emissions from its disposal of up to 2,600 GgCO2e. This amount of waste is 

equivalent to 380 MWe of electricity; therefore, it should receive more attention. 

Results show that the improved management of improperly treated waste would 

help Thailand reach its waste-to-energy production target of 500 MW by 2036. 

Furthermore, diverting this portion of waste from open dump sites would directly 

reduce greenhouse gas emissions from the waste sector more than the set target 

of Thailand’s Nationally Determined Contribution Roadmap on Mitigation 2021-

2030 (1,300 GgCO2e). 

Keywords: 

Municipal solid waste/ Forecasting 

model/ Grey forecasting model/ 

Greenhouse gas/ Waste-to-energy  

* Corresponding author:

E-mail:

awassada.pho@kmutt.ac.th

1. INTRODUCTION

Thailand’s municipal solid waste (MSW) 

generation has grown continuously in the last decade. 

In contrast, waste collection, transportation services, 

and sanitary facilities are still limited, leading to illegal 

waste dumping, open burning, and MSW leakage into 

the environment (Wichai‑utcha and Chavalparit, 

2019). Other critical issues related to MSW 

management in Thailand include the lack of MSW 

statistics required for effective waste management 

planning, insufficient budget for operation and 

maintenance, inefficient waste treatment technology, 

limitations of laws and regulations, and poor 

cooperation between local government and private 

sectors. Thailand is challenged to move forward to 

zero waste management and achieve sustainable 

development goals (SDGs) and a circular economy. 

Forecasting can assist decision-makers and 

policymakers in projecting future needs and selecting 

appropriate MSW treatment technologies. A reliable 

forecast of MSW generation (MSWG) should be made 

available to create a sustainable solid waste 

management plan at the city or country level. For 

example, Johnson et al. (2017) employed a gradient-

boosting regression model to predict MSWG across 

New York City and applied a spatiotemporal model. 

The models helped improve waste collection and the 

distribution of waste collecting vehicles and develop 

waste reduction strategies. An MSWG forecasting 

model and scenario analysis were applied to 

investigate the effect of current waste policies up to 

2050 in the Balearic Islands. The forecasted and 

Citation: Pudcha T, Phongphiphat A, Wangyao K, Towprayoon S. Forecasting municipal solid waste generation in Thailand with grey modelling. 

Environ. Nat. Resour. J. 2023;21(1):35-46. (https://doi.org/10.32526/ennrj/21/202200104)
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scenario results identified that the optimistic scenario 

decreased the amount of MSW sent to landfills by 40% 

and increased selective collection by 30% (Estay-

Ossandon and Mena-Nieto, 2018). Di-Foggia and 

Beccarello (2021) used an econometric method based 

on a regression model to estimate the costs of waste 

facilities in Italy. The results from the model suggest 

that Italy could reduce landfill use and raise waste-to-

energy capacity leading to a more positive cost-saving 

impact on waste management. 

The selection of an appropriate prediction 

model depends on the purposes, the duration of 

prediction (short-, medium-, or long-term), and data 

availability. Linear regression analysis is a 

fundamental approach that is helpful in MSW 

forecasting (Ghinea et al., 2016). However, it requires 

many input data to produce steady and trustworthy 

results (Armstrong, 2001). Another model widely used 

to forecast MSW is the artificial neural network 

(ANN). ANN is a mathematically based nonlinear 

model. It has been used to estimate weekly and 

monthly waste generation and provides good 

performance and better results than the principal 

component regression analysis. (Noori et al., 2009). 

Nevertheless, the ANN model needs many months of 

waste generation data for long-term forecasting (Ali-

Abdoli et al., 2012). Both regression analysis and 

ANN have limited utility if there is insufficient input 

information. When using limited data, available 

forecasting models include system dynamics (SD), 

grey model (GM), and fuzzy logic. 

The SD model provides a viable alternative when 

there is limited data availability. It has been used for 

simulating MSWG and evaluating source separation, 

the capacity of waste treatment, and cost management 

(Sukholthaman and Sharp, 2016). SD modeling can be 

beneficial for policymakers and sanitation managers to 

project a broad view of waste management. However, 

it is relatively complex and requires advanced software 

processing (Xiao et al., 2020). 

One widely used mathematical model for 

environmental projection is the GM of grey system 

theory, introduced by Deng (1982). The advantage of 

GM is its ability to work with limited data (at least four 

data points required). Chhay et al. (2018) used the 

univariate GM with 16 annual datasets to predict 

MSWG for the next 15 years. Zhang et al. (2019) also 

used multivariate GM to forecast MSWG for the next 

five years using nine annual datasets. 

In a developing country such as Thailand, 

publicly available data on MSWG are limited and 

inconsistent. Intharathirat et al. (2015) applied 

multivariate GM to forecast Thai MSWG to 2030 using 

13 annual datasets from 2000 to 2012, and the results 

were highly accurate for 18 years. Unfortunately, the 

methodology for estimating MSWG in national 

statistics has changed since 2010. Hence, the most 

recent and continuous dataset on MSWG in Thailand 

contains only eight annual datasets (2011-2018). The 

monthly statistics for MSWG of the whole country 

were not available publicly. As a result, GM is a 

feasible model for MSWG forecasting, providing 

solutions that can benefit sustainable MSW 

management. This study provides updated forecasts of 

MSWG in Thailand based on GM and presents the 

estimates for energy potential and GHG emissions from 

improperly treated waste (impW). The results will aid 

policymakers and local authorities in planning waste 

and GHG management policies. 

2. METHODOLOGY

2.1 Input data for the models

2.1.1 MSW generation and management in 

Thailand 

The key government offices responsible for 

analyzing and reporting the waste situation in 

Thailand are the Pollution Control Department (PCD) 

and the Department of Local Administration (DLA). 

The annual MSWG data during 1993-2018 is available 

publicly on the state report of pollution and solid waste 

in the country by the PCD (PCD, 2022a) and online 

database (PCD, 2022b). However, the MSWG data is 

inconsistent due to the data collection system and 

estimation method leading to limited available MSWG 

data for the forecast. Details of MSWG during 1993-

2018 are shown in Supplementary data: Supplement 

S1-S2.  

The PCD also reports on various types of waste 

disposal and waste utilization. To estimate the energy 

potential and GHG emissions, this study focused on 

the collected waste that is improperly treated; this 

includes open dumping (OD), controlled dumping (CD) 

of waste of more than 50 tonnes/day, incineration (IN) 

without proper pollution control, and open burning 

(OB). When this study was conducted, the most recent 

year for which information was available was 2017. 

MSW data of 2,441 municipalities were analyzed by 

Phongphiphat et al. (2019) and found that proportions 

of OD, IN, CD, and OB were 16.4%, 0.6%, 0.9%, and 

0.4%, respectively. This study used these proportions to 

estimate GHG emissions and energy potential for 

impW in all future years. 
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2.1.2 Factors influencing MSWG 

Selected current studies on MSWG forecasting 

are summarized in Table 1. Social and economic 

factors are frequently used in forecasting models, 

particularly population and GDP. This study 

considered the potential drivers by focusing on data 

availability, statistical significance, and the 

relationship between drivers and waste quantity at the 

national level. Four drivers, including population 

density, household size, gross domestic product 

(GDP) per capita, and household expenditure were 

selected for the model. Population density represents 

urban morphology and it is beneficial when one needs 

to compare countries or cities (Oribe-Garcia et al., 

2015). Household size is the number of people per 

household, which is related to household solid waste 

in an econometric model (Beigl et al., 2004). 

GDP/capita was trained and tested in a regression 

model and provided high coefficient of determination 

(R2) results (Ceylan, 2020). Household expenditure 

represents the potential for goods consumption by a 

household. According to Weng et al. (2010), there is a 

statistically significant and positive association 

between consumption expenditure and the amount of 

garbage discarded.   

The data sources of selected drivers were as 

follows: the number of registered populations, number 

of houses, and country area were from DOPA (2018), 

the GDP statistics were from NESDB (2018), and the 

average household expenditures were from NSO 

(2018). The population density, household size, and 

GDP/capita were calculated. The 2019-2030 

population projections were from NESDB (2013). 

Other future values were from the projections 

calculated using GM (1,1). These drivers were used as 

independent variables in the multivariate GM. 

2.1.3 Dataset selected for model training and 

testing  

The annual data for MSWG in tonnes/day and 

the selected factors during 2011-2018 were used for 

model training and testing with the GM models. This 

study used an ex-pose forecast. The model was built 

using the training data, while the test data were 

preserved to estimate forecast accuracy. Hyndman and 

Athanasopoulos (2018) suggested that the test data 

typically comprise about 20% of the total data. 

However, due to the limited data availability, only the 

last two values of the MSW sequence (data from 2017 

and 2018) were used for model testing. The preceding 

values in the sequence stood for model training. 

2.2 Forecasting using the grey model 

After data collection, six steps of work were 

carried out to forecast MSWG: (1) preliminary analysis 

of collected data; (2) analysis of variable correlations by 

using Pearson correlation (R) and GRA; (3) training of 

the data in univariate and multivariate GM models; (4) 

model validation by using four error measures 

(described in section 2.3) to select a suitable model for 

MSWG forecast; (5) using the selected model to 

forecast; and (6) analysis of the prediction interval to 

evaluate the uncertainty of forecasting.  
GM models are mathematical approaches 

operating based on two sequences, including a 

sequence of raw data and its accumulation-generated 

sequence. The univariate GM models, such as GM 

(1,1) and GM (1,1)-α, are first-order grey differential 

equations with one variable and without influencing 

factors forms (Sifeng and Yi, 2010). The multivariate 

GM models or GM (1,n) include influencing factors 

that relate to waste quantity, where n-1 equals the 

influencing factors number. Both differential 

equations in GM (1,1) and GM (1,n) can be estimated 

by the least square method to generate the forecasted 

data. All GM equations used for forecasting in this 

study are explained in Supporting Information 2. 

2.3 Model validation and prediction intervals 

To validate and compare the forecasts, four error 

measures, including the mean absolute percentage error 

(MAPE), mean absolute error (MAE), mean squared 

error (MSE), and root mean squared error (RMSE), 

were calculated. Their equations were explained in 

Chhay et al. (2018), Kannangara et al. (2018), and 

Zhang et al. (2019).  

The best-fit model was used to forecast MSWG 

from 2019 to 2030 with the prediction interval (PI) of 

95%, assuming that the forecast errors were normally 

distributed. Details and the equation were explained 

by Intharathirat et al. (2015). 

2.4 Estimation of GHG emissions and energy 

potential 

GHG emissions based on waste disposal 

activities were estimated following the IPCC 

guidelines, volume 5 (IPCC, 2006), and applied global 

warming potentials for CH4 and N2O of 28 and 265, 

respectively (IPCC, 2014). The GHG estimation was 

conducted from 2017 to 2030. Due to the limited data 

availability, the shares of impW were assumed to be 

constant, based on the 2017 data mentioned in section 

2.1.1. 
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Waste composition is an essential part of 

estimating accurate GHG emissions from impW. This 

study used created a proxy waste composition (Figure 

1) by averaging the results of waste sampling from

previous studies conducted by Phongphiphat et al.

(2019) and Towprayoon and Phongphiphat (2013) at

the MSW landfills of three large municipalities of

Thailand, namely, Chiang Mai, Chonburi, and Khon

Kaen. The waste sampling and quartering followed

the procedures outlined in ASTM (2016). Waste

samples were then classified into eleven components

according to the IPCC guidelines.

According to DEDE (2020), the target of 

alternative energy from MSW would increase by 

80% from DEDE (2015). Waste-to-energy (WtE) 

incineration plants are widely encouraged to reduce 

waste mass with electricity generation. Thus, this 

study estimated the energy potential in MWe by 

assuming impW was sent to WtE incineration. The 

average net calorific value used for unsorted MSW 

was 7.82 MJ/kg, and the efficiency capacity of the 

power plant was 20% and 16% of downtime per year 

(Towpayoon and Phongphiphat, 2013). 

 

 

3. RESULTS AND DISCUSSION

3.1 Relationship between MSWG and selected

drivers

The Pearson correlation coefficient (r) of all 

variables from 2011 to 2016 was examined as 

preliminary analysis. Results showed that household 

size had the strongest inverse relationship with 

MSWG, at 0.82, followed by population density 

(r=0.81), GDP/capita (r=0.75), and household 

expenditure (r=0.70). These results indicated that all 

drivers were related to waste quantity because the 

correlation values were higher than 0.70 (Asuero et al., 

2006). Moreover, all factors were investigated in GRA, 

and the results were expressed as a grey relational 

grade. The grey relational grade’s closeness to 1 

indicates a higher degree of similarity between the two 

series’ geometric patterns (Wu and Chen, 2005). 

Results showed that population density (γ=0.71) was 

the most significant driver, followed by GDP/capita 

(γ=0.70), household expenditure (γ=0.52), and 

household size (γ=0.49). Population density was also 

found to be the most influential factor correlated to 

MSW quantity from GRA in Intharathirat et al. (2015), 

though the study was based on a different period of 

data from Thailand. The relationship between MSWG 

and household size was opposite that of the Pearson 

correlation  and  GRA  results.  Due  to  its limitations, 
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GRA only works for the sequences with direct 

relationships (Javed et al., 2019). Thus, the inverse 

relationship of household size was the lowest grey 

relational grade. 

Figure 1. The proxy MSW composition of Thailand for GHG 

estimation in this study (Adapted by permission from: Springer 

Nature, Pudcha et al. (2022)) 

This study used all four factors to train and test the 

multivariate model. The analysis began with GM (1,5), 

where all four influencing factors were included. Then, 

for the following models, the weakest factors from the 

GRA results were removed one by one. The household 

size was removed for the GM (1,4). GM (1,3) consisted 

of two factors, namely population density and 

household expenditure, and GM (1,2) consisted of only 

one driver, which was population density. 

3.2 Model training and testing 

Results from model training using the univariate 

and multivariate model, based on the data from 2011-

2018, are shown in Figures 2(a) and Figure 2(b), 

respectively. Results from data testing or model 

validation are shown in Table 2 for Models 1-8. All 

models yielded MAPE values lower than 10%, 

indicating a high prediction accuracy (Lewis, 1982). 

In the univariate models, the forecast errors increased 

as the α increased. These findings indicated that the 

old data in the sequence of this study were important 

to the model. For this reason, predicted values from 

GM (1,1)-0.1 were closest to the actual values 

compared to  other  models,  except for  one  training 

point in 2013, as shown in Figure 2(a). GM (1,1)-0.5, 

without preference for old or new data, had the 

second-best prediction accuracy. Hence, this study 

used GM (1,1)-0.1 and GM (1,1)-0.5 from the 

univariate model for further forecasting of MSWG. 

The GM (1,n) multivariate models fit the actual 

data better than the univariate models. The reason was 

that GM (1,n) models account for multiple factors that 

influence MSWG; thus, they could capture and 

predict changes in MSWG better than GM (1,1). 

GM (1,3) had the lowest error rate at 0.88%, 

followed by GM (1,4), GM (1,2), and GM (1,5). It can 

be concluded that GM (1,3), which was made up of 

MSWG data, population density, and GDP/capita, 

provided the best  forecasts for existing MSWG data.

As seen in Figure 2(b), the trends from GM (1,2) to 

GM (1,4) increased or slightly increased in their 

indication of waste projection, while GM (1,5) 

decreased. GM (1,5) results indicated that conducting 

the model with a low correlation of influencing 

factors did not increase the prediction accuracy or 

yield a reasonable outcome. Moreover, Hyndman and 

Athanasopoulos (2021) described that the concise 

time series should be modeled simply because 

anything with more than one or two parameters will 

produce poor forecasts due to the estimation error. 

Therefore, GM (1,5), which had the highest error, was 

not used to forecast MSWG in this study. 

3.3 Forecasts for MSW generation 

Five models, GM (1,1)-0.1, GM (1,1)-0.5, GM 

(1,2), GM (1,3), and GM (1,4), were selected for use 

in forecasting MSWG to 2030. Figure 3 shows five 

trend lines for the forecast results. Three of them 

exhibited an upward trend, while the other two 

models indicated a downward trend. The results of 

annual projections are displayed in Table 3. 

The projection of MSWG from GM (1,1)-0.5 

was the highest among all models. According to GM 

(1,1)-0.5, MSWG would increase 26% from 2018 to 

2030 (PI: 93,922-99,166). The MSWG/capita would 

increase 23% from 2018 to 2030 (PI: 1.38-1.45). GM 

(1,1)-0.1 resulted in a slightly lower MSWG forecast, 

reduced by 0.9% in 2030 compared to GM (1,1)-0.5.  

In the case of GM (1,3), the projection of MSWG 

increased to 10% by 2030 (PI: 83,029-85,110). The 

projected MSWG/capita increased to 7% by 2030 

(PI: 1.22-1.25). The rates of increase in GM (1,3) 

were lower compared to those of GM (1,1) because 

although the GDP values increase continuously, 

Thailand’s population will decline slightly (NESDB, 

2013). Therefore, GM (1,3) results indicated a 

balance between the factors influencing MSWG. In 

addition, GM (1,3) had a narrow PI finding compared 

to the other models, except for GM (1,4). 

Food 38.5%

Garden 2.5%

Paper 11.8%

Wood 1.0%
Textile 4.0%

Nappies 3.1%

Rubber and Leather

1.5%

Plastics 28.5%

Metals 3.4%
Glass 4.6% Other 1.1%
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Figure 2. Results of training and testing (a) univariate models, and (b) multivariate models (cont.) 

Table 2. Results of model validation using MAPE, MAE, MSE, and RMSE 

Classification No Model Average 

MAPE (%) MAE MSE RMSE 

Univariate 1 GM (1,1)-0.1 0.603 456 213,266 462 

2 GM (1,1)-0.5 1.396 1,057 1,120,370 1,058 

3 GM (1,1)-0.8 1.749 1,509 2,279,995 1,510 

4 GM (1,1)-1.0 2.392 1,811 3,283,874 1,812 

Multivariate 5 GM (1,2) 2.124 1,615 2,959,891 1,720 

6 GM (1,3) 0.877 669 620,324 788 

7 GM (1,4) 1.378 1,046 1,147,169 1,071 

8 GM (1,5) 5.215 3,966 18,012,534 4,244 
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Figure 3. Comparison of forecasts for the MSW generation (tonnes/day) prepared by using five grey models in this study and forecasts 

conducted by other studies. 

GM (1,2) and GM (1,4) showed decreasing 

trends. The forecasted MSWG for 2030 from GM 

(1,2) did not differ significantly from 2018 due to the 

decrease in population. Forecasts from GM (1,4) 

showed that MSWG would drop by 7% by 2030. 

Although GM (1,4) had the narrowest PI and the 

second-highest accuracy from the multivariate model, 

the downward trend is an unlikely future outcome. 

Results from these two models indicated that the 

change of future-influencing factors and model 

selection had a strong impact on forecasting. 

In a previous waste forecast study from 

Thailand, Kaza et al. (2018) projected waste 

generation using GDP/capita based on a regression 

model. Their forecast was in between our results from 

univariate and multivariate GMs. In another previous 

study (Intharathirat et al., 2015), the forecasted values 

for 2025 and 2030 were the lowest (Figure 3) due to 

the use of a different dataset, as previously 

mentioned. Kaza et al. (2018) also estimated the 

average national waste generation rate by region 

using available data in 2016. The waste generation 

rate of countries in the East Asia and Pacific region 

ranged from 0.14 to 3.72 kg/capita/day, with an 

average of 0.56 kg/capita/day.  This study forecasted 

that the average MSWG/capita for Thais would still 

be lower than the current rate for East Asia and 

Pacific countries, even in 2030. Therefore, the 

forecasting results were reasonable.  

Both univariate and multivariate GMs, 

especially GM (1,1)-0.1 and GM (1,3), performed 

well although they were modeled with limited data. 

However, these forecasts are expected to change with 

the transformation of the population structure, 

economic factors, consumption trends, and policy and 

regulation. 

3.4 Estimation of GHG emissions and energy 

potential from improperly treated waste  

The presence of impW has negative impacts on 

both human health and the environment. Sustainable 

management of MSW inevitably includes eliminating 

impW. Assuming that MSW disposal would be 

handled as usual with the rates found in 2017, the 

amount of impW in 2030, based on GM (1,1)-0.1 and 

GM (1,3), is shown in Table 3. This impW would lead 

to uncontrolled GHG emissions estimated to be up to 

2,600 GgCO2e in 2030 (Figure 4). OD of MSW is the 

biggest GHG emission source through the release of 

CH4. The estimated shares of GHG emissions from 

OD, CD, IN, and OB forecasted for 2030 were 88.3%, 

10.1%, 0.4%, and 1.2%, respectively. Thailand’s 

Nationally Determined Contribution Roadmap on 

GHG Mitigation, launched in 2017, set a target for 

GHG emission reduction from the waste sector at 

1,300 GgCO2e by 2030. The proposed activities for 

GHG mitigation included waste reduction at source 

and waste utilization before final disposal (ONEP, 

2017). This study’s findings suggest that limiting the 

MSW, especially organic waste going to open 

dumpsites, could help the nation mitigate a significant 

amount of GHG and reach the target. In addition, 
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authorities should also be attentive to the controlled 

dumpsites across the country, as they can be much 

deeper or taller than open dumpsites and lead to more 

CH4 emissions. 

A WTE facility is a type of proper waste disposal 

that aids in the reduction of MSW mass while also 

providing an alternative fuel source for energy 

recovery. Besides the WTE facilities, alternative fuel 

from MSW has been used continuously instead of 

fossil fuel in cement industries (Hong et al., 2018). 

In Thailand, the Alternative Energy Development 

Plan (AEDP) set a target for energy recovery from 

MSW of 900 MWe by 2037 (DEDE, 2020). As of 

2018, there were 273.4 MWe of WTE facilities 

installed in Thailand, accounting for almost 30% of 

the AEDP target (DEDE, 2019). The estimated 

energy potentials of impW in 2030, based on GM 

(1,1)-0.1 and GM (1,3) in Table 3, could be part of 

the fuel for the future WTE facilities to reach the 

AEDP target. Management of impW as an alternative 

fuel benefits three sectors: waste management, 

climate change, and alternative energy. However, 

fossil CO2 emissions from burning plastic waste 

cause concern. The application of CO2-capture 

technologies could help mitigate GHG emissions 

from the processes while avoiding GHG emissions 

from other fossil fuels (Chandel et al., 2012). 

Figure 4. Forecasts of greenhouse gas emissions from improper waste disposal in 2020, 2025, and 2030. (OB=open burning; 

IN=incineration without pollution prevention; CD=controlled dumping of MSW more than 50 tonnes/day on land; OD=open dumping) 

4. CONCLUSION

This study applied univariate and multivariate 

GMs in forecasting MSWG in Thailand up to 2030, 

based on the MSW data from 2011-2018. Although 

GMs can work with limited data, the data stability, the 

quantity of data, and influencing factors had critical 

impacts on correlation and forecasting results. The 

univariate and multivariate models GM (1,1)-0.1 and 

GM (1,3) offered greater accuracy with a lower error 

rate than the other six models. As a result, these 

models were used to forecast MSWG and estimate 

impW from 2019-2030. Waste generation in 2030 

was projected to be 84,070-95,728 tonnes/day (1.23-

1.40 kg/capita/day), an approximately 10-25% 

increase  compared  to  2018. In  a  business-as-usual 

scenario, GHG emission from impW would reach 

2,600 GgCO2e by 2030, with CH4 emitted from OD 

accounting for 88.3%. Eliminating dumpsites could 

help Thailand reach the national GHG mitigation 

target. The energy potential of impW was projected to 

be in the range of 334 to 380 MWe. Maximizing the 

utilization of impW should be prioritized in the future 

evaluation of national and local policies. In addition, 

to develop sustainable MSW management in 

Thailand, it is necessary to increase the efficiency of 

waste separation at the source and in collection and 

transportation. Greater attention and further research 

is needed to investigate the current characteristics of 

MSW and sorting efficiency, as it affects the design 

and efficiency of MSW disposal technologies. 
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Restoration of watershed forest ecosystems can perform different disturbance 

regimes over remnant forests, which can ultimately affect plant diversity, soil 

formation, and carbon storage. To address an issue, this study assessed tree 

species diversity, aboveground biomass (AGB), and aboveground carbon (AGC) 

storage of the watershed forest in Phayao Province, Thailand. Data collection was 

conducted in 18 plots along nine watersheds along the topographic gradients. 

Tree height and diameter at breast height (DBH) were collected. AGB of 

vegetation was estimated by using the allometric equation. Likewise, AGC 

storage was evaluated from half of AGB. A total of 133 species belonging to 105 

genera and 39 families were recorded from the watershed forests (1.8 ha). Mixed 

deciduous forest (MDF) and dry evergreen forest (DEF) exhibited high density 

and high diversity index, respectively. The highest value of total AGC storage 

was found in the MDF with 91.2 ton C/ha, following by DEF (78.3 ton C/ha) and 

dry dipterocarp forest (DDF) (60.5 ton C/ha). Detrended correspondence analysis 

(DCA) revealed that the occurrences of Albizia saman, Hopea odorata, 

Lagerstroemia calyculata, and Acrocarpus fraxinifolius related to AGB, AGC, 

slope, and tree canopy in the DEF. Intensity of slope influenced tree species 

occurrence in the watershed forest of Phayao. 
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1. INTRODUCTION

Tropical forests have the greatest biodiversity, 

which contribute up to 50% of the terrestrial primary 

production and 25% of global terrestrial carbon. 

Likewise, the highest biomass stock per hectare (ha) is 

in tropical forests, with values above 200 ton/ha. 

(FAO, 2020). Tropical forests are important as a global 

CO2 sink (IPCC, 2001) with an estimate of 3.1-

3.7×1,016 g of carbon (C) per year (equivalent to 11.4-

13.6×1,016 g of CO2) absorbed and converted into plant 

materials. (Solomon et al., 2007; Malhi and Grace, 

2000). During the twentieth century, biodiversity has 

been threatened by human activity and climate change 

which affects primary productivity, carbon 

sequestration, and species diversity (FAO, 2010). In 

particular, climate events, such as El Niño, have an 

impact on biodiversity and the ecosystem that is 

essential to human life (Sala et al., 2000). Thus, 

assessing aboveground biomass (AGB) as well as 

aboveground carbon (AGC) storage precisely helps in 

moderating the effect of climate change. Also, 

clarification of biomass and carbon storage of plant 

diversity could allow us to better understand the 

function of the forests and ecological services. 
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In Thailand, forest cover was estimated to be 

43.33% of the country’s total area in 1973. Forest cover 

has declined significantly to 25.1% in 1999 due to 

expanding agricultural land (RFD, 2016). However, 

forest cover of Thailand has been approximately stable 

at 31.57-31.62% from 2014 to 2019 according to the 

current estimates of forest area by Royal Forest 

Department (RFD, 2020). Meanwhile, the other land 

use was about 46% and 22% for agriculture and non-

agriculture, respectively. In the north, forests are mainly 

characterized by the presence of mixed deciduous forest 

(MDF) and dry dipterocarp forest (DDF) which account 

for 53.39% and 11.43%, respectively (RFD, 2007; 

Chaiyo et al., 2011). Deforestation and forest 

degradation have created serious problems in the forest 

ecosystem as well as soil and water management 

problems (Steininger et al., 2001). Erosion of soil due 

to land use patterns of shifting cultivators in Northern 

Thailand degrades the watershed area.  

Watershed forest plays a significant role in 

forest hydrology, absorbing rainfall to maintain stream 

flows, underground waters, and reservoirs (Gilmour, 

2014). The fluctuations of warming temperatures and 

variable precipitation are expected to affect the 

ecosystem of the watershed forest and also the water 

situation (Sintayehu, 2018). This issue is the challenge 

for monitoring forest productivity and function which 

can approach the conservation and management of 

natural resource values such as protecting local 

resources, enhancing biodiversity, and sustaining 

productive biomass. Previous studies have considered 

that the increase in plant species diversity will increase 

AGC storage (Poorter et al., 2015; Mensah et al., 

2016). In addition, forest type influences the impact of 

12% on AGC storage, which means the relationship 

between AGC and attributed factors varies across 

forest types (Jia et al., 2022). In order to support the 

improvement of the 2006 IPCC rules for national 

greenhouse gas inventories, Jha et al. (2020) predicted 

that the rate of AGB and AGC recovery was around 

50% greater in 2019 than in the last 20 years for 

secondary Thai tropical forests. 

The watershed forest of Phayao Lake (Kwan 

Phayao) is the origin of the Ing River Basin as a 

tributary of the Mekong River. Generally, the forests 

where the original source of the rivers to Kwan Phayao 

are mainly the MDF, DDF, dry evergreen forest (DEF), 

and moist evergreen forest (MEF) (Klaydach and 

Khunrattanasiri, 2012). However, the Ing Watershed 

has occurred as the main three-dimensional problem 

comprising the extreme drought in the dry season, 

severe flooding in the rainy season, and water quality at 

the present. Thus, it is essential to observe the 

characteristics of the watershed forest in Phayao and the 

situation of the forest. This is one of the best approaches 

for evaluating forest management problems. 

Consequently, this study was conducted to determine 

the tree species diversity, AGB, and AGC storage in a 

watershed forest in Phayao Province, Thailand.   

2. METHODOLOGY

2.1 Study area

The study was performed in a tropical seasonal 

forest in Phayao Province, Northern Thailand. The 

study sites were in most of Doi Luang National Park 

representing the watershed forest of Phayao Lake 

(Kwan Phayao) and Ing River (19°10´N, 99°80´E; 

about 500-700 m above sea level) which flows to the 

Mekong River. In this study, the watershed forest was 

divided into nine sub-watershed areas based on the 

main reservoir in each sub-district (Figure 1) as 

follows; 1) Mae Tam reservoir, Mae Tam Sub-district 

(P1), Mae Na Ruea reservoir, Mae Na Ruea Sub-

district (P2), Ban Ton reservoir; Ban Ton-Ban Sang 

Sub-district (P3), Huai Thap Chang reservoir, San Pa 

Muang Sub-district (P4), Huai Luek reservoir, Ban 

Tom Sub-district (P5), Huai Mae Tum reservoir, Tha 

Cham Pe Sub-district (P6), Huai Mae Yian reservoir, 

Ban Mai Sub-district (P7), Mae Chawa reservoir, Mae 

Suk Sub-district (P8), and Mae Suk reservoir, Mae 

Suk Sub-district (P9). The total annual rainfall was 

1,137 mm with the monthly rainfall less than 90 mm 

during the dry season from November to April. The 

mean annual temperature was 25.9ºC (13.7-36.0ºC). 

The total means of elevation and slope in the study 

plots (n=18) were 597±69.4 m (508-760 m) and 

14.8±8.3% (2.15-32.4%), respectively. 

2.2 Data collection on plant diversity, community 

structure, and topography 

A total of 18 main plots (50 m × 20 m in each) 

were established in the watershed forest of Phayao. 

Twenty subplots (10 m × 10 m in each) were set up in 

each sub-watershed area (Figure 2). The surveyed data 

on plant diversity and community structure were 

recorded during the period from 2019 to 2020. All 

trees were identified, with measurement of diameter at 

breast height (DBH, ≥4.5 cm) at 1.3 m above ground, 

and height (m) measured by the principle of 

triangulation with a clinometer. The tree species were 

identified by using the identification of wild plants 

Vol. 1 and Vol. 2 (DNP, 2007a; DNP, 2007b).
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Figure 1. Study area in watershed forest of Phayao Lake (Kwan Phayao) and Ing River 

Figure 2. Experiment design of main plot (1,000 m2) with placement of 100 m2 in each subplot 

Species diversity and community structure of 

the trees were calculated using the Shannon-Wiener 

diversity index (H′), Margalef richness (R), and 

Equitability of Pielou (J´) (Krebs, 1985). These 

statistical analyses were performed by using PAST 

statistics software ver. 3.0. The relative ecological 

importance of each tree species was expressed using 

the Importance Value Index (IVI), which was 

calculated as Equation (1): 

IVI = RDo + RD + RF    (1) 

Where; RDo is Relative dominance, RD is 

Relative density, RF is Relative frequency, which was 

calculated as follow (2),(3),(4): 

Rdo = (total basal area of a species total basal area of all species) × 100⁄       (2) 

RD = (number of individuals of a species total number of individuals) × 100⁄      (3) 

RF = (frequency of a species sum frequency of all species) × 100⁄     (4) 
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The tree density (Di) in the plots was calculated 

by using the Equation (5) as follows:  

Di = (Xi ai)⁄  (5) 

Where; Di is the tree density, Xi is the total 

number of species of trees (i), and ai is the study area 

of the tree (i). 

Site-specific elevation, slope, and soil loss were 

measured at each study site. The elevation of the study 

area was measured in meters above sea level (m.a.s.l.). 

Soil loss (A) was evaluated by using a model of 

Universal Soil Loss Equation (USLE) (Wischmeier 

and Smith, 1978) which implemented in ArcGIS 10.1 

software supposes the multiplication of the five 

involved factors, at the level of each grid cell with 30 

m spatial resolution, using Raster calculator tool (6): 

A = R × K × L × S × C × P    (6) 

Where; R is the rainfall-runoff erosivity factor, 

K is a soil erodibility factor, L is the slope length 

factor, S is the slope gradient factor, C is a cover 

management factor, and P is a supporting practices 

factor.  

2.3 ABG allometric equation and AGC storage 

ABG in the watershed forests was calculated 

using the specific allometric equation as a function of 

tree height (H), and DBH (D), including the biomass 

of stem (Ws)(7), biomass of branch (Wb)(8), and 

biomass of leaf (Wl)(9). The sum of Ws, Wb, and Wl 

(Wtc is a total mass of stem and branch) is the total 

ABG in a tree. The ABG allometric equations were 

used to analyze for DDF and MDF in this study 

(Ogawa et al., 1965) as follows: 

Ws = 0.0396 × (D2 × H)0.9326    (7) 

Wb = 0.003487 × (D2 × H)1.0270    (8) 

Wl =  (28.0 Wtc + 0.025⁄ )−1    (9) 

Generally, ABG is considered for an average 

AGC of approximately 45 to 50% (by oven-dry mass) 

in all plant species (Schlesinger, 1991). According to 

various applications, as well as this study, the AGC of 

vegetation was calculated by multiplying the biomass 

amounts with the average carbon contents (0.475) in 

the trees (Solomon et al., 2007). 

2.4 Statistical analysis 

Pearson’s correlation test was used to examine 

relationships between AGB and tree sizes (i.e., DBH 

and height). Tree species were grouped based on the 

similarity of their attributes by using hierarchical 

clustering analysis. Based on the ordination analysis, 

detrended correspondence analysis (DCA) was used to 

elucidate the relationships between biological 

assemblages of tree species and environmental factors. 

All these statistical analyses were performed by using 

PC-ORD ver. 5.10. 

3. RESULTS

3.1 Forest composition and species density

The forest in Phayao watershed had 1,464 tree 

individuals recorded representing 133 species from 

105 genera and 39 families from the total area (1.8 ha). 

Lagerstroemia calyculata and Gigantochloa 

albociliata accounted for the highest number of 

individuals of wood and bamboo, respectively. The 

highest number of species was represented by 

Fabaceae with eight genera and 15 species, while the 

other families contributed from one to nine species 

(Supplementary data: Table S1). According to the 

topographic gradient, the highest number of tree 

individuals (205 individuals) was found in P2 

consisting of 23 families, 35 genera, and 37 species, 

while the lowest was found in P1 (91 individuals) 

consisting of 17 families, 24 genera, and 26 species 

(Table 1). At each site, the forests were dominated by 

a number of family of Fabaceae, except for the P7. The 

average tree density was 813 individuals/ha in the 

watershed forest consisting of the highest and the 

lowest of the tree densities in P2 and P1, respectively. 

3.2 Tree diversity value index and Importance 

Value Index (IVI) 

The highest tree diversity value index was 

found in P9 with 3.75, 11.56, and 0.77 of Shannon-

Wiener diversity index (H′), richness index, and 

equitability index, respectively. While the watershed 

forest in P5 showed the lowest of the biodiversity 

indices except for the richness indices by Margalef 

index (R) (Table 2). The range of species diversity 

index (H′) was between 2.75 to 3.75.
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Table 1. Species composition, density, total basal of stem, and its topography of watershed forest of Phayao Lake (Kwan Phayao), 

Thailand 

Forest site Elevation 

(m) 

Slope 

(%) 

Family Genus Species Density 

(individual/ha) 

Basal area of stem 

(m2/ha) 

USLE 

(ton/ha/year) 

P1 575 20.80 17 24 26 455 26.39 0.65 

P2 614 8.06 23 35 37 1,025 32.51 0.61 

P3 556 7.69 22 36 38 940 31.05 0.68 

P4 667 21.09 21 32 35 815 23.97 2.86 

P5 512 7.82 25 34 38 875 28.89 4.76 

P6 536 13.05 19 30 31 720 25.23 1.30 

P7 701 24.32 24 40 42 1,005 26.40 1.26 

P8 584 14.61 25 43 47 730 25.06 0.81 

P9 537 16.77 30 53 59 755 28.70 0.69 

Mean±SD 597±69.4 14.8±8.4 23±3.8 36±8.3 39±9.5 813±176.4 27.58±2.80 1.51±1.41 

Table 2. Species richness and biodiversity index of trees in Phayao Watershed Forest 

Forest site Number 

of species 

Density Richness indices 

(Margalef index 

(R)) 

Shannon-Wiener 

diversity index 

(H′) 

Variances 

(H) 

Equitability J. 

Index (E) Wood 

(tree/ha) 

Bamboo 

(clump/ha) 

P1 26 450 5 5.54 2.96 0.007 0.61 

P2 37 1,025 0 6.76 2.95 0.006 0.60 

P3 38 940 0 7.06 3.19 0.005 0.65 

P4 36 810 5 6.87 2.99 0.008 0.61 

P5 38 580 295 7.16 2.75 0.011 0.56 

P6 31 555 165 6.03 2.97 0.007 0.61 

P7 42 980 25 7.73 3.36 0.004 0.69 

P8 47 640 90 9.23 3.35 0.009 0.68 

P9 59 685 70 11.56 3.75 0.006 0.77 

Average±SD 39±9 741±206 73±100 7.55±1.83 3.14±0.30 0.010±0.002 0.64±0.06 

The most important species of the watershed 

forests were indicated by the Importance Value Index 

(IVI) as shown in Figure 3. In each forest site, the

most important species were A. saman (Fabaceae)

(36.0%), Terminalia corticosa (Combretaceae)

(38.6%), Protium serratum (Burseraceae) (43.9%),

Shorea siamensis (Dipterocarpaceae) (45.3%), and

Quercus kerrii (Fagaceae) (44.3%) in the P1, P2, P5,

P6, and P7, respectively. The tree species Xylia

xylocarpa (Fabaceae) was the most important

species at 33.4% and 48.5% in both P3 and P4,

respectively, while L. calyculata (Lythraceae) the

highest important species at 36.2% and 21.9% in P8

and P9, respectively. Based on IVI, the forest sites

were classified as DDF in P6 and P7, MDF in P2, P3,

P4, and P5, and DEF in P1, P8, and P9. The basal area

of tree stem was highest in the MDF at 29.11 m2/ha,

followed by the DEF (26.72) and DDF (25.82).

Overall, this study found that the highest 

density was 1025 individuals/ha in P2 (MDF) at 614 

m and 8.06% of the mean elevation and slope, 

respectively. This MDF had the most important 

species of T. corticosa (Combretaceae) at 38.6%. In 

terms of diversity index, the tree biodiversity 

(diversity, richness, equilibrium indices) along the 

study areas was highest in P9 (DEF) at 537 m and 

16.77% of the mean elevation and slope, respectively. 

Likewise, this DEF had the most important species of 

L. calyculata (Lythraceae) at 21.9%.

3.3 AGB and AGC storage 

The total AGB of living trees (DBH≥4.5) was 

1516.58 ton/ha. The highest and the lowest total AGB 

were estimated at 230 ton/ha in P3 (MDF) and 109 

ton/ha in P6 (DDF), respectively (Figure 4). The 

average AGB (±SD) was 168.51±46.09 ton/ha with 

the mean per individual of 1.14±2.40 ton/tree/ha. 

Therefore, the total AGC storage in the watershed 

forest of this study was 720.58 ton C/ha with an 

average of 80.04±21.89 ton C/ha. Giving integrative 

result, there was no a significant different between the 

DDF (60.5±12.2 ton C/ha), MDF (91.2±21.4 ton 

C/ha), and DEF (78.3±22.8 ton C/ha) (p=0.299).
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Figure 3. Importance value index (IVI) of dominant tree species (top three species of IVI value) in each forest type of Phayao Watershed 

Forest  

Figure 4. Total AGB and tree density of vegetation in Phayao Watershed Forest 

In this study, the bigger trees were relatively 

high in AGB with the mean (±SD) of DBH and height 

was 17.7±12.7 cm and 12.8±6.7 cm, respectively. The 

linear regression analysis showed a significant 

positive relationship between AGB and both DBH 

(p<0.0001) (regression equation: Y=0.1655x-1.8056, 

R=0.883, R2=0.779) and height (p<0.0001) 

(regression equation: Y=0.2132x-1.6081, R=0.596, 

R2=0.356) of the trees (Figure 5). Based on family, the 

highest and lowest mean of the AGB was Irvingiaceae 

at 6.18 ton/ha and Olacaceae at 0.02 ton/ha, 

respectively. Based on species, Ficus benjamina had 

the highest AGB in the forest with 29 ton/ha, while 

Sterculia guttata had the lowest AGB with 0.018 

ton/ha.
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Figure 5. Relationship between aboveground biomass and tree size: DBH (a) and height (b) 

3.4 Species distribution on environmental gradients 

Based on cluster analysis, the similarity of tree 

species was grouped from each site using Sorensen 

(Bray-Curtis) distance technique with information 

remaining more than 60% as shown in Figure 6. Thus, 

the tree species in Phayao watershed forest can be 

divided into five groups as follows:  

Group 1 (P1) was distinguished from the others 

with 100% of dissimilarity. This group was 

discriminated by composing of the dominant exotic A. 

saman, and native H. odorata at an altitude of 575 m 

and 21% of slope in DEF.  

Group 2 (P2 and P5) were found at altitudes 

ranging from 512 to 614 m and 7.8-8.1% of slope in 

MDF. The dominant trees belonging to this group 

were Millettia brandisiana, Croton oblongifolius, and 

Dalbergia cultrata.  

Group 3 (P8 and P9) was found at altitudes 

ranging from 537 to 584 m and 14.6-16.8% of slope in 

DEF contributed by the dominance of L. calyculata, T. 

corticosa, and Colona flagrocarpa.  

Group 4 (P6 and P7) was classified as DDF at 

altitudes of 536-701 m and 13.0-24.3% of slope. The 

group showed the information remaining almost 

100%. It was composed of the dominant tree species 

Shorea obtusa, S. siamensis, and L. calyculata.  

Group 5 (P3 and P4) was located at altitudes 

ranging from 556 to 667 m and 7.7-21.1% of slope in 

MDF. This group was dominated by X. xylocarpa, C. 

oblongifolius, and L. calyculata.

Figure 6. Dendrogram showing a hierarchical relationship among 133 tree species at nine sampling sites in the watershed forest of Phayao. 

R2 linear = 0.779 R2 linear = 0.356 
(a) (b) 
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Correlation among 133 plant species, nine study 

sites (with vegetation coverage i.e., DDF, MDF, 

DEF), tree parameters and ecological variables of 

study    sites were illustrated through DCA (Figure 7). 

In constrained DCA ordination, the maximum 

explanatory variation was accounted for PC1 axis, in 

which the maximum explanatory variation was 

accounted for Axis 1 (0.86) and lower variation on the 

Axis 2 (0.61). The maximum strength of plant 

community was represented by specific tree 

parameters (i.e., tree density and height). The 

influence of tree parameters and ecological variables 

(i.e., AGB, slope and tree canopy) were the most 

representative drive of plant community structure into 

two community groups along the ecological gradients 

and tree parameters in watershed forest areas, in which 

the first group is DEF and MDF, and the second group 

is DDF. Interestingly, the DCA revealed unique tree 

species (i.e., A. saman, H. odorata, L. calyculata, and 

A. fraxinifolius) in the DEF, in which its occurrences

are related to AGB, slope, and tree canopy. While

most tree species in MDF are related to their height

and density. Therefore, the slope of the area influenced

tree species distribution in the watershed forest.

Figure 7. DCA analysis of plant communities in the study area (P1-P9) and environment factors at Phayao Watershed Forest 

4. DISCUSSION

Our result showed that the forest types along the 

watershed area of Phayao Lake (Kwan Phayao) and 

Ing River can be roughly classified as DEF, MDF, and 

DDF based on the watershed area. The watershed 

forest consisted predominantly of Fabaceae (233 

individuals), Lythraceae (107 individuals), 

Euphorbiaceae (98 individuals), Combretaceae (93 

individuals), and Dipterocarpaceae (88 individuals) in 

the study sites. High biodiversity index was found in 

DEF (P9). The highest density was shown in the MDF 

(P2 and P3) and DEF (P7), respectively. The highest 

individual (295 clumps/ha) of Gramineae was found 

in P5 (MDF). Many previous studies have reported 

that the important species as well as the dominant 

species of tree were different in the same forest type 

of the tropical seasonal forest due to the vegetation 

structure and composition, topographical gradient, 

altitude, and disturbance (Marod et al., 1999; 

Khamyong, 2009; Chaiyo et al., 2012; Liu et al., 2014; 

Sungpalee et al., 2015). As stated by Liu et al. (2014), 

the species diversity and composition changed along 

the topographical gradient as well as the distinction in 

DEF of group 1 (P1). As in this result, tree diversity 

was changed by the slope area according to the 

ordination. However, it was also clear that the spatial 

Group DCA 
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distribution of trees was strongly impacted by 

elevation in mountain ecosystem, northern Thailand 

(Marod et al., 2019). 

According to forest type based on IVI, this study 

found that the dominant species in DDF were S. 

siamensis, Q. kerrii, and S. obtusa, mixing with L. 

calyculata and C. flagrocarpa. Lamotte et al. (1998) 

reported that the dominant species were S. obtusa, S. 

talura, Dipterocarpus intricatus, Q. kerrii, Mitragyna 

brunonis, X. xylocarpa, Morinda coreia, and Lannea 

coromandelica in DDF of northeastern, Thailand. Also, 

tree species S. obtusa, S. siamensis, L. coromandelica, 

and D. Obtusifolius were important contributors in 

DDF of western Thailand (Chaiyo et al., 2011). While 

in DDF in the north of Thailand, the dominant tree 

species were reported to be D. obtusifolius, D. 

tuberculatus, S. obtusa, and S. siamensis in Doi Suthep-

Pui National Park (Khamyong et al., 2018), as well as 

in the Huai Hong Khrai Royal Development Study 

Center, and Mae Tha Community Forest, Chiang Mai 

(Phongkhamphanh et al., 2015).  

In the case of MDF, it is well-known that tree 

species Tectona grandis (Teak) is commonly 

dominant in some other locations in Thailand 

(Seanchanthong, 2005; Podong et al., 2013; 

Khamyong et al., 2018). However, T. grandis did not 

appear in some areas (Marod et al., 1999; 

Phonchaluen, 2009; Chaiyo et al., 2011), that is related 

to our result, only one individual T. grandis was found 

in P3 (MDF). Our results showed that the MDFs 

contained mixed stands of important tree species 

belonging to families such as Fabaceae (X. xylocarpa 

and M. brandisiana), Combretaceae (T. corticosa), 

Burseraceae (P. serratum), Euphorbiaceae (C. 

oblongifolius), Cannabaceae (Trema orientalis), 

Lythraceae (Lagerstroemia tomentosa), and 

Gramineae (G. albociliata).  

In the case of DEF, this forest type was 

composed of dominant tree species L. calyculata 

(Lythraceae), A. saman (Fabaceae), H. odorata 

(Dipterocarpaceae), F. benjamina (Moraceae), and A. 

fraxinifolius (Fabaceae). Similarly, other reports of 

DEF had mixed stands of Dipterocarpaceae in Doi 

Suthep-Pui National Park (Khamyong et al., 2018) as 

well as in DEF at the Sakaerat Biosphere Reserve, 

northeastern, Thailand. (Lamotte et al., 1998).  

Generally, AGB and AGC storage in the trees 

increases relatively with increasing density and tree 

size, and this was seen in the results of this study. 

Although this study showed a high total AGB of 230 

ton/ha in the MDF, it was lower than MDF (311 

ton/ha) in Chiang Mai, northern Thailand. In addition, 

the total average AGB (168.5 ton/ha) of this forest was 

lower than the total AGB (372.7 ton/ha) in a tropical 

forest at Doi Inthanon National Park, Chiang Mai, 

Thailand (Sungpalee et al., 2015). However, this 

average was higher than in the other sites (MDF) of 

northern Thailand as follows; Ogawa et al. (1961) 

showed a total of 49.60 ton/ha in Chiang Mai and 

57.50 ton/ha in Lampang, while Kaewkrom et al. 

(2011) reported that the AGB was 104.59 and 50.95 

ton/ha in a primary and secondary MDF in 

Phetchabun, respectively.  

In the DDF, the total AGB ranged from 109 to 

145 ton/ha, which was similar to the total AGB of 

142.95 ton/ha in northeast Thailand (Senpaseuth et al., 

2009). However, the mean AGB (186.4 ton/ha) in 

DDF at Chaiyaphum, northeast Thailand was higher 

than this study (Ounkerd et al., 2015). In contrast, 

there was a much lower AGB of 81.9 (20-40% of 

slope) and 23.8 ton/ha (<20% of slope) in DDF of 

western Thailand than this study with 13-24% of slope 

(Chaiyo et al., 2011).  

In the DEF, the total AGB ranged from 129 to 

219 ton/ha. This was higher than the AGB in DEF at 

Thong Pha Phum District, Kanchanaburi Province 

(140.58 ton/ha) (Terakunpisut et al., 2007), and the 

north of Thailand (126 ton/ha) (Ogawa et al., 1965). 

However, the mean of the AGB in this DEF was lower 

than the mean of DEF (331.75 ton/ha) in Nong Khai 

Province, northeast, Thailand (Senpaseuth et al., 

2009). A result from Sungpalee et al. (2015) reported 

that a lower tropical montane forest in Doi Inthanon 

National Park, Chiang Mai, showed a greater AGB 

value for the middle elevation than at the low and high 

elevation, while the mean AGB did not significantly 

differ among the slope aspect and inclination.  

Based on DCA, slope area was significantly 

associated with species distribution, AGB, and AGC 

storage. According to the results, the relationship 

between AGB and tree density was negative, while the 

relationship was positive with tree basal area and 

canopy cover. On the other hand, Jia et al. (2022) 

showed that the relationship between stand density 

and AGC was positive, while the influence of 

individual tree size variation on AGC storage was 

negative. However, the occurrences of tree species 

(1.7-6.6 m2/ha of basal area), especially A. saman, H. 

odorata, L. calyculata, and A. fraxinifolius were 

related to AGB and AGC storage in Phayao Watershed 

Forest. Future studies should further investigate the 

plant species distribution in enlarged scale areas and 
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spatial factors by using remote sensing in the 

assessment of AGB and AGC storage covering 

different forest types. 

5. CONCLUSION

Overall, 133 tree species were found in the 

Phayao Watershed Forest. The study shows the 

species occurrences are practically related to AGB, 

AGC, slope, and tree canopy in DEF. Although the 

AGB and AGC were not related to tree density and 

height in MDF, there were related to the stand basal 

area and canopy cover in DEF comprising the highest 

tree diversity. Therefore, horizontal size variation in 

tree species could influence the enhancement of AGB 

as well as AGC storage. Based on the distribution 

gradient of the tree community, the distribution of tree 

species in the watershed forest was impacted by slope 

intensity. This study found that species-specific 

habitat is essential for improvements and can be 

applied to watershed forest management in the future. 

Nevertheless, the study suggests that spatial 

distribution data (e.g., soil characteristics and 

streamflow) is necessary for evaluating tree 

assemblages and diversity patterns. 
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Non-timber forest products (NTFPs) contribute to livelihood of rural 

communities which is influenced by numerous socio-economic variables. This 

study assessed the financial contribution of Zanthoxylum armatum and the 

influence of respondents’ various socio-economic characteristics on such 

contribution in Ghatan of Beni Municipality, Myagdi District, Nepal. For this 

study, we used semi-structured questionnaires to 80 purposively selected 

households, followed by 10 key informant interviews, four focus group 

discussions, and direct field observations. A Pearson correlation matrix was used 

to determine the dependence of several socio-economic variables on average 

annual household income from the sale of Z. armatum. The average annual 

income per household from the sale of Z. armatum was found to be the highest 

(494 USD) in Brahmin/Chhetri households and the lowest (372 USD) in Dalit 

households. Among five variables used in the regression model, only three of 

them: land holding size (khet), time taken to harvest (days), and wealth ranking 

(rich) were found positively significant with p-values of 0.042, 0.000, and 0.064 

respectively. Whereas, the education status of the respondents (literate) and the 

main income source (agriculture) were found negatively significant with p-values 

of 0.046 and 0.064, respectively. Furthermore, we believe that this result will 

help to promote the conservation of Z. armatum and other valuable medicinal 

plants as well as their sustainable management in the study area and similar areas. 

Keywords: 

Dependency/ Households/ Income/ 

Livelihood/ Medicinal plant/ 

Regression  

* Corresponding author:

E-mail: sayabmiya13@gmail.com

1. INTRODUCTION

Non-timber forest products (NTFPs) are those 

forest resources other than timbers that originate from 

plants, animals, and minerals; and also include forest 

services that can be marketed, or have scenic, social, 

cultural, and religious significance (Ahenkan and 

Boon, 2011). They comprise Medicinal and Aromatic 

Plants (MAPs), fruits, bamboo and rattan, wild 

vegetables, tannin, gums, dyes, resins, and others 

(Hammet, 2004). NTFPs are well-known in the local 

and international markets for their multiple uses, as an 

ingredient, for example in herbal medicines, 

cosmetics, tea, food, etc. (Banjade and Paudel, 2008). 

They are one of the possible alternatives for the 

enhancement of the local economy and sustainable 

forest management (Wiersum and Ros-Tonen, 2005; 

Mukul et al., 2010; Kar and Jacobson, 2012). 

Additionally, NTFPs are considered important for 

their potential for socio-cultural value, poverty 

alleviation, and biodiversity conservation (Shackleton 

and Pullanikkatil, 2019; Reta et al., 2020; Sahoo et al., 

2020). 

Among the NTFPs of Nepal, Zanthoxylum 

armatum (Nepali name: Timur) is one of the 

prioritized species for cultivation and economic 

development (DPR, 2006; Phuyal et al., 2019). Z. 

armatum is a shrub or small tree which reaches up to 

6 m in height. It has     glabrous branches with reddish 

brown stipular spines, imparipinnate leaves, minute 

and polygamous flowers, and a small drupe, reddish, 

ovoid, and glandular warted fruits (enclosing single 

rounded and shining black seeds) (Grierson and Long, 

Citation: Neupane B, Gautam N, Miya MS, Upadhyaya A, Timilsina YP, Gautam D, Kandel S, Dhami B. Socio-economic contribution of 
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1991; Nair and Nayar, 1997). The species grows well 

in moist areas with deep soils exposed to sun, 

degraded slopes, open pastures, wastelands, shrub 

lands, and forests (natural as well as secondary scrub 

with adequate rainfall) (Phuyal et al., 2019). 

According to the IUCN (2022), it is under the least 

concerned species category.  Z. armatum is distributed 

from hot valleys of subtropical to the temperate region 

of several Asian countries (Nair and Nayar, 1997). In 

Nepal, it is distributed at an elevation range of 1,100-

2,900 m from east to west (Shrestha et al., 2022). 

The rural people of Nepal, as a source of their 

household income, have been trading Z. armatum 

since the early 80s (Manandhar, 1986; Malla et al., 

1993; Kunwar et al., 2018). Due to its increasing 

demand and market price, rural people have started to 

cultivate the plant commercially (Phuyal et al., 2019). 

According to the DoF (2014), Nepal exports roughly 

90% of Z. armatum in raw form to India. It is also 

exported to China (He et al., 2018), and a small 

quantity to European countries (Phuyal et al., 2019). 

In Nepal, many herbal and ayurvedic medicine 

companies use Z. armatum in various products. A total 

of 2,990.71 USD royalty was collected from the trade 

of 418,179 kg of Z. armatum from Nepal in 2015 only. 

It was 2,448.41 USD for 17,896 kg in 2011 and 

16,709.98 USD for 240,206 kg in 2013 (DoF, 2013; 

DoF, 2015). The Salyan District (which includes 

pocket areas of Z. armatum) alone contributed 

16,658.73 USD to 272,200 kg in 2015 (DFO, 2015). 

According to Lamichhane et al. (2021), it covered 

28% of the total traded volume of NTFPs in the fiscal 

year 2019-2020 in the Jajarkot District. Z. armatum 

has played an important role in uplifting the economic 

status of rural communities (Phuyal et al., 2019). The 

species could be promoted as an alternative cash crop 

to increase the income of rural farmers, which may 

improve their livelihoods and contribute to rural 

poverty alleviation. 

The Myagdi District of Nepal has favorable 

environment and climate for diverse MAPs (such as 

Paris polyphylla, Bergenia ciliata, Acorus calamus, 

Asparagus racemosus, Swertia chirayita, and 

Nardostachys grandiflora). Hence, Ghatan village of 

ward No. 9 of Beni Municipality was allocated as the 

Z. armatum pocket area of the district, and the people

of this area have been regularly involved in its

cultivation. But despite being selected as a pocket

area, there has been limited research on the linkage of

the species to the household's income. Since proper

attention has not been paid to the value and 

conservation of Z. armatum and its contribution to 

livelihood at a local level. This study was conducted 

to document the economic potential and contribution 

of Z. armatum to the household income of rural 

people. Furthermore, this study may contribute to the 

conservation of Z. armatum and other valuable 

medicinal plants, as well as their long-term 

management in the study area and similar other areas. 

2. METHODOLOGY

2.1 Study area

The study was carried out in the Ghatan Village 

of Beni Municipality, Myagdi District, Nepal. The 

district has a total area of 2,297 km2, an elevation 

range of 792 m to 8,167 m, and is located between 

83o20'10.28'E and 28o36'10.42'N. The temperature 

ranges from 3ºC to 36ºC. Beni Municipality lies in the 

headquarter of the district and comprises 10 wards. 

Ghatan lies in ward No. 9 of the municipality, about 7 

km north of Beni Bazar (district headquarter). This 

ward combines the former Ghatan and Toripani 

Villages, and its altitude ranges from 1,400 m to 2,500 

m (Figure 1). According to data provided by the 

municipality office, the ward has 800 households and 

a population of 4,132 people. Due to its exceptionally 

suitable cultivating conditions in ward No. 9, the 

village of Ghatan was assigned as a pocket area for Z. 

armatum production by the Division Forest Office 

(DFO), Myagdi. The people of the village are involved 

in agriculture, cultivation of Z. armatum, foreign 

employment, government jobs, and livestock rearing. 

No research activities about Z. armatum as well as 

other medicinal plants have been conducted in this 

area to date. So, this area was selected for conducting 

our research after a discussion with the DFO, Myagdi.

2.2 Data collection 

2.2.1 Household survey 

Among the total 800 households of the study 

area, 80 households were purposively selected that were 

directly involved in cultivation and collection of Z. 

armatum for the questionnaire survey. We interviewed 

the selected households by using the semi-structured 

questionnaire (Iponga et al., 2018). The questionnaire 

mainly consisted of the household information related 

to the household and commercial uses of Z. armatum, 

whether cultivated or not in the private farmland, yearly 

contribution to the household income, quantities 

harvested  or  collected annually, etc.  The total  annual 
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income of each respondent’s household was the 

variable used for determining the wealth rankings of 

households. The questionnaires were pre-tested and 

finalized before conducting the household survey. 

Figure 1. Map of the study area showing Ghatan Village 

2.2.2 Key informant interview 

A total of five key informants including local 

leader, teacher, local Z. armatum trader, elderly 

person, and local Z. armatum nursery (seedling 

production place) caretaker were interviewed 

purposively to collect information on Z. armatum and 

its status, market condition, dependency of people, 

mechanism involved in the sale of Z. armatum, threats 

prevalent and measures that could be taken to 

minimize them. Similarly, five domestic market 

retailers were interviewed about the collection system 

and market price of Z. armatum.  

2.2.3 Focus group discussion 

A total of four focus group discussion each 

consisting of eight to ten  participants including 

Community Forest Users Groups (CFUGs) member, 

women, local NTFPs collectors, local leaders, 

teachers, etc. were performed to inform them about the 

type of study that was being carried out there. 

Participatory resource mapping was carried out in the 

group discussions to assess the trend of availability of 

Z. armatum and distribution ranges in the study area.

Various information about Z. armatum cultivation,

such as from when they started to cultivate it

commercially, average quantity of annual production,

market availability etc. were also collected.

2.2.4 Z. armatum nurseries and plantation sites 

observation 

After completing the household questionnaire 

survey, we also visited the two nurseries within the 

study site that were regularly producing and supplying 

the Z. armatum seedlings to the cultivators in Myagdi 

and its neighboring districts of Nepal. During the visit 

to those nurseries, we collected detailed information 

on how and at what season and months of the year the 

seedlings were produced. In addition, we observed the 
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plantation sites or farmlands of the local people and 

captured the field evidence regarding the Z. armatum 

species. 

2.3 Data analysis 

Qualitative data analysis was done through 

descriptive measures including mean, percentage, and 

pie chart in Microsoft Excel 10. Pearson correlation 

matrix was used on SPSS 22 to identify whether the 

various pre-determined socio-economic variables of 

respondents: caste, gender, literacy, wealth ranking, 

family size, land holding size, and distance from the 

forest are dependent or not with the average annual 

household income from the sale of Z. armatum. To 

classify respondents into various wealth ranking 

classes, three wealth ranking classes were selected: 

rich, middle-class, and poor households. The 

households having a total annual income less than 

1,709.53 USD were considered poor households, 

households having a total annual income between 

1,709.53 to 4,273.82 USD were considered as middle-

class households, and households having a total annual 

income more than 4,273.82 USD were considered rich 

households. Gauli and Hauser (2011) had previously 

applied a similar technique to classify wealth ranking 

based on their field scenario. We also applied this 

ranking method based on field observation and 

consultation with DFO officials. All these socio-

economic variables of respondents were considered 

independent variables and the average annual income 

from the sale of Z. armatum was a dependent variable. 

With the help of the Pearson correlation matrix, we 

were able to determine which independent variables 

played a significant role with our pre-defined 

dependent variable. 

3. RESULTS

3.1 Socio-economic characteristics of the 

respondents 

Out of the total respondents, 66% (n=53) were 

male and 34% (n=27) were female. Regarding the 

education level of the respondents, 75% were literate 

and 25% were illiterate. Among them, 39% have 

completed their primary level education, 24% have 

completed secondary level, and only 12% have 

completed higher secondary level. Concerning to caste 

or ethnic groups, 69% were Brahmin/Chhetri, 

followed by 20% Dalit and 11% indigenous. Among 

the total respondents, 37% (n=30) were from the rich 

class, 44% (n=35) were from the middle class and 19% 

(n=15) were from households that fell under the poor 

class. The result shows that the number of respondents 

was highest from the middle class (Table 1). 

3.2 Sources of income 

Among the respondents, cultivation and 

collection of Z. armatum was the chief source of 

household income for 37% of the respondents. While, 

32% of the respondents were involved in other income 

sources such as private jobs, business, and government 

jobs for the primary source of income, though they 

were cultivating Z. armatum in small quantity. In 

addition, 31% of the respondents were engaged in 

agriculture and livestock husbandry primarily, being 

less involved in Z. armatum cultivation (Figure 2). 

Table 1. Socio-economic characteristics of the respondents 

Variable Category Frequency Percentage (%) 

Sex Male 53 66 

Female 27 34 

Education Illiterate 20 25 

Literate 60 75 

Ethnic group Brahmin/Chhetri 55 69 

Indigenous 9 11 

Dalit 16 20 

Wealth ranking Poor 15 19 

Middle 35 44 

Rich 30 37 

Occupation Farmer 51 64 

Non farmer 29 36 
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Figure 2. Sources of income of respondents 

3.3 Contribution of Z. armatum for commercial and 

household use 

Among the various medicinal plants found in 

the study area, only Z. armatum was cultivated and 

collected from the forest and private lands for 

commercial use as well as household use. About 90% 

of the collected Z. armatum was used for commercial 

purposes and 10% for household use.  But some other 

high-value NTFPs such as Paris polyphylla, Bergenia 

ciliata, Acorus calamus, Asparagus racemosus, 

Swertia chirayita, and Nardostachys grandiflora were 

collected from the forest in very few amounts and for 

household use only.  

3.4 Contribution with respect to education status 

With concern to respondents’ education status, 

the mean annual income from the sale of Z. armatum 

was slightly higher in illiterate households with an 

average income of 477 USD per household followed 

by literate households with an average income of 461 

USD per household (Table 2). 

3.5 Contribution with respect to caste/ethnicity 

Regarding respondents’ caste/ethnicity, the 

mean annual income from the sale of Z. armatum was 

highest in Brahmin/Chhetri households, with an 

average annual income of 494 USD per household. 

This was followed by indigenous households with an 

average annual income of 460 USD, showing that Z. 

armatum’s sales made income to all caste/ethnicity 

homes. Dalit households showed the lowest average 

yearly income, with 372 USD (Table 3). 

3.6 Contribution with respect to wealth class 

For the respondents’ wealth ranking category, 

the mean annual income from the sale of Z. armatum 

was highest in the rich households with an average 

annual income of 613 USD, indicating that all the 

households of this class were making income from the 

sale of Z. armatum. Middle-class households with an 

average annual income of 460 USD followed this. The 

mean annual income was lowest in poor households 

with an average annual income of 184 USD (Table 4).

Table 2. Education-wise average annual contribution of Z. armatum (USD) 

Education category Mean Std. deviation Std. error mean 

Average annual household income from 

sale of Z. armatum 

Illiterate 477 341 76 

Literate 461 504 65 

Table 3. Caste-wise average annual contribution of Z. armatum (USD) 

Caste Mean Std. deviation Std. error Minimum Maximum 

Average annual household 

income from sale of  

Z. armatum

Dalit 372 3,323 81 0 1,043 

Indigenous 460 190 63 174 696 

Brahmin/Chhetri 494 530 71 0 3,478 

Total 466 467 52 0 3,478 

Table 4. Wealth ranking-wise average annual contribution of Z. armatum (USD) 

Wealth rank Mean Std. deviation Std. error Minimum Maximum 

Average annual household 

income from sale of  

Z. armatum

Poor 184 146 38 0 391 

Middle 460 336 57 0 1,304 

Rich 613 622 114 70 3,478 

Total 465 467 52 0 3,478 

MAP (Z. armatum)

37%

Agriculture and livestock

31%

Others (Job, business, 

abroad income)

32%

MAP (Z. armatum) 
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3.7 Socio-economic variables influencing the 

household income from Z. armatum 

Multiple linear regressions indicated that the 

three variables: land holding size (khet), time taken to 

harvest (days), and wealth ranking (rich) were 

positively significant with average annual household 

revenue from the sale of Z. armatum with p-values of 

0.042, 0.000, and 0.064 respectively. While two 

variables: education status of respondents (literate) 

and main income source (agriculture) were negatively 

significant with average annual income from the sale 

of Z. armatum with p-values 0.046 and 0.064, 

respectively (Table 5). The correlation matrix is 

shown in Table 6. 

Table 5. Factors influencing the annual income from sale of Z. armatum 

Independent variables  Coefficients T Sig. 

B Std. error 

Constant 9.935 0.449 22.121 0.000 

ln khet1 0.258 0.124 2.075 0.042** 

ln bari1 -0.195 0.129 -1.505 0.138 

Time taken to harvest (days) 0.037 0.005 7.063 0.000*** 

Ln family size (no.) 0.040 0.154 0.259 0.797 

Sex (Dummy, Male=1) 0.040 0.128 0.315 0.754 

Education (Dummy, Literate=1) -0.260 0.127 -2.040 0.046** 

Ethnicity (Dummy, Non- Dalit=1) -0.033 0.166 -0.198 0.844 

Wealth (Dummy, Rich=1) 0.339 0.179 1.890 0.064* 

Main income (Dummy, agriculture=1) -0.235 0.125 -1.883 0.064* 

*Significant at p<0.1, **significant at p<0.05, ***significant at p<0.01; Over all model significant, F=10.216 (p<0.01); Adjusted Coefficient of

determination (R2) =0.54; Results of social data has level of significant up to 10%

Table 6. Correlations matrix 

Age of 

respondent 

Total 

annual 

income of 

respondent 

Average 

annual 

household 

income from 

sale of Z. 

armatum 

Family 

size of 

respondent 

Land 

holding of 

respondent

-Bari

Land holding 

of respondent- 

khet 

Distance 

from the 

forest 

Age of 

respondent 

Pearson 

Correlation 

1.000 0.112 0.163 0.531** 0.146 0.233* 0.088 

p-value 0.325 0.148 0.000 0.195 0.038 0.440 

Total annual 

income of 

respondent 

Pearson 

Correlation 

1.000 0.477** 0.383** 0.342** 0.256** 0.146 

p-value 0.000 0.000 0.002 0.022 0.197 

Average annual 

household 

income from sale 

of Z. armatum 

Pearson 

Correlation 

1.000 0.210 0.373** 0.038 0.437** 

p-value 0.062 0.001 0.738 0.000 

Family size of 

respondent 

Pearson 

Correlation 

1.000 0.261* 0.280* 0.001 

p-value 0.019 0.012 0.994 

Land holding of 

respondent-Bari 

Pearson 

Correlation 

1.000 0.623** 0.069 

p-value 0.000 0.541 

Land holding of 

respondent-khet 

Pearson 

Correlation 

1.000 -0.089

p-value 0.432 

Distance from 

the forest 

Pearson 

Correlation 

1.000 

p-value

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

  *: Correlation is significant at the 0.05 level (2-tailed) 
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4. DISCUSSION

Only Z. armatum was cultivated and collected 

for commercial purposes among the various medicinal 

plants found in this area, while the rest were only used 

for household purposes. Figure 2 shows how 

dependency on agriculture and livestock husbandry 

has been reduced since more household members have 

been involved in the production of Z. armatum and 

other jobs, including foreign employment. The culture 

of collection and sale of Z. armatum in Nepal has a 

long history and can be dated back to the early 80s 

when the trade started with India. Before trading in 

India, local people utilized it for their household uses 

only (Malla et al., 1993). The NTFPs collection 

predominately for household consumption (43% out 

of collected NTFPs) was also reported by Maharjan 

and Dangal (2020) in their study in Dolakha District. 

Similarly, the majority of the NTFPs were used for 

household purposes (55%) in the study in Bajhang 

District (Singh et al., 2021). 

The households earned an average of 465 USD 

annually from the sale of Z. armatum, which 

comprises about 8% of the total annual income of 

households. This demonstrates that it has played an 

important role in the rural economy and contributed to 

the household income of the locals in the study area. 

Shrestha et al. (2020) revealed that the local people of 

Nepal draw between 15-50% of their household 

income from the NTFP sub-sector. Likewise, in the 

Baitadi District of Nepal, MAPs, including Z. 

armatum, have contributed to up to 9.5% of the total 

annual household income (Pyakurel et al., 2017). In 

Darchula, Baitadi, and Dadeldhura Districts, the 

contribution from the NTFPs sub-sector was 20% of 

the annual household income (Kunwar et al., 2013) 

and Olsen and Larsen (2003) estimated 12% in the 

higher region of Nepal. All of these studies include 

the contribution made by various NTFPs, but we only 

include the contribution made by Z. armatum. That’s 

why the average annual household contribution in our 

study is slightly less than in those studies. In the past, 

rural people started to trade different medicinal plants, 

including Z. armatum, as a source of income 

(Manandhar, 1986; Kunwar et al., 2018). Similarly, 

according to the focus group discussion, commercial 

cultivation of Z. armatum in Ghatan village started in 

2011 after the implementation of one village, one 

product program for Z. armatum cultivation supported 

by the Federation of Nepal Chambers of Commerce 

and Industry and DFO of Myagdi. 

The participation of the poor in the collection of 

Z. armatum was lower than that of the middle and

upper classes. It can be further clarified that the

average annual income from the sale of Z. armatum

for poor households is USD 184, whereas rich

households receive 613 USD annually. Gauli and

Hauser (2011) also found that the economic

contribution of NTFPs is higher in rich households

than in poor households. Though rich people were not

directly involved in the collection of Z. armatum,

they did work as middlemen and/or intermediate

contractors and thus earned more money than the poor

and middle-class people. Another important reason for

rich people contributing more than poor people is that

most of the Z. armatum collection was done on their

private land rather than in community forests (CF),

and rich people have larger land holding sizes (11.62

Ropani land per household) than poor people (4.2

Ropani land per household). Likewise, while

analyzing the financial contribution of Z. armatum

among literate and illiterate households, the

contribution among illiterate people was found greater

than that of literate households. This is because most

literate people were found to be involved in various

other professions such as government jobs, and

business rather than the cultivation and collection of

Z. armatum. Our finding was quite similar to the result

shown by Piya et al. (2011).

While analyzing socio-economic factors 

affecting the income earned from the sale of Z. armatum 

by a household using a multiple linear regression 

model, we found that land holding size (khet), time 

taken to harvest (days), and wealth ranking (rich) were 

positively significant in the average annual household 

income respectively. Whereas, the education status of 

respondents (literate) and main income source 

(agriculture) were negatively significant. This result 

shows that people having greater land holding size are 

getting more income from the sale of Z. armatum than 

people having less land holding size. Other research 

studies have also demonstrated that dependence on 

NTFPs is influenced by various socioeconomic 

characteristics, including distance from the market 

(Lacuna-Richman, 2004), income (Heubes et al., 2012), 

and possession of livestock and age of household head 

(Melaku et al., 2014). The other factors that also 

influence household dependence include labor 

availability, involvement in non-agriculture activities 

(which are similar to our findings), and incorporation 

into markets (Hasan et al., 2013). 
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5. CONCLUSION

The study showed that the financial 

contribution of Z. armatum was greatest in higher 

castes and in wealthy households. The wealth ranking 

of respondents, land holding size, and time taken to 

harvest Z. armatum were positively significant in the 

total annual income from its sale, whereas education 

status and main income source were negatively 

significant. The study concludes that Z. armatum 

contributes significantly to household income and that 

it varies significantly across households depending on 

the influence of various socioeconomic factors.  This 

finding of the study will be useful for the long-term 

conservation and management of Z. armatum in the 

study area and similar other areas, focusing on its 

socio-economic contribution. Z. armatum should be 

prioritized for commercial cultivation and collection 

on community land, as opposed to cultivation on rich 

households’ private land. The responsible authorities 

should provide technical and financial assistance to 

cultivators. Additionally, lower caste people should 

also be given more priority in Z. armatum cultivation 

in the study area. 
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In this study, fruit peel-based magnetic (M-Sp) and hydrochar-based magnetic 

(M-HSp) materials were successfully synthesized by hydrothermal and 

magnetization treatments. Characterization using X-ray diffraction, Fourier-

transform infrared spectroscopy, vibrating sample magnetometry, and scanning 

electron microscopy-energy dispersive spectroscopy confirmed their successful 

synthesis. The materials were applied as adsorbents for the removal of malachite 

green (MG) dye. Equilibrium adsorption occurred at 90 min according to the PSO 

kinetic model, and the adsorption followed the Langmuir isotherm. The 

adsorption capacity of the materials was improved by the hydrothermal and 

magnetic treatments compared to that of the untreated initial material. The 

adsorption capacities of M-Sp and M-HSp were 69.444 and 88.889 mg/g, 

respectively. The M-Sp and M-HSp adsorbents could be reused for up to four 

regeneration cycles compared to the three cycles for the initial material. The 

adsorption mechanism of MG dye by the M-Sp and M-HSp adsorbents was 

suggested to occur via hydrogen bond, electrostatic, π-π, and physical 

interactions. The magnetic materials prepared in this study had a high adsorption 

capacity and adsorbent reusability, rendering them promising for use in dye 

removal and to facilitate separation between adsorbents and adsorbates. 
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1. INTRODUCTION

Snake fruit (Salacca zalacca) is a tropical fruit 

found in Southeast Asia; it is known by the name 

“Salak” in Indonesia (Zubaidah et al., 2018). Snake fruit 

peel (Sp) is an easily obtainable biomass produced 

from agricultural waste. As it has no market value, it 

has rarely been investigated and has not been widely 

utilized warranting further study (Yvonne et al., 2018). 

Previous research (Azizah and Fatimah, 2020) 

(Rahmayanti et al., 2022) utilizing Sp as an adsorbent 

to remove dyes and heavy metals reported fairly high 

adsorption capacity. Thus, Sp has many advantages in 

that it can be easily obtained and has good adsorption 

capabilities, rendering it promising for application as an 

adsorbent to eliminate waste water or organic 

pollutants. 

The adsorption ability of Sp can be enhanced   by 

hydrothermal treatment to obtain hydrochar. Hydrochar 

has been widely used as an effective adsorbent to 

remove dye pollutants with a high adsorption capacity 

(Haris et al., 2022; Hasanah et al., 2022). One of the 

most studied dye pollutants is malachite green (MG), 

which is a cationic dye and widely used in the textile, 

leather, and other industries; it is considered an organic 

pollutant in wastewater. It has been reported that the 

MG dye has many  adverse effects on humans upon 

exposure owing to its high toxicity, teratogenicity, 

carcinogenicity and mutagenicity (Mohadi et al., 2022; 

Citation: Hasanah M, Wijaya A, Arsyad FS, Mohadi R, Lesbani A. Preparation of c-based magnetic materials from fruit peel and hydrochar using 

snake fruit (Salacca zalacca) peel as adsorbents for the removal of malachite green dye. Environ. Nat. Resour. J. 2023;21(1):67-77.

(https://doi.org/10.32526/ennrj/21/202200192)
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Wu et al., 2022; Qiao et al., 2022). In addition, MG dye 

can irritate the respiratory tract, affect digestion, and 

cause skin problems such as rashes or swelling, as well 

as permanent damage to the eyes from contact  (Das et 

al., 2021). MG dye also blocks the transmission of light, 

which can adversely affect the growth of aquatic 

organisms (Wang et al., 2022). Therefore, it is 

necessary to investigate methods for the removal of this 

dye. The adsorption method has been extensively 

advocated by researchers for the removal of dye 

pollutants owing to its simple process, low cost, and 

high removal efficiency (Karthi et al., 2022; Gajera et 

al., 2022; Alqadami et al., 2018; Dil et al., 2018).

Research conducted in recent years has 

particularly focused on the development of magnetic 

materials based on carbon to separate adsorbents from 

adsorbates at the end of the adsorption process 

(Cojocaru et al., 2019). Magnetic materials are also 

widely used in the removal of dye pollutants, both as 

adsorbents and as photocatalysts. Magnetic materials 

used in the removal of dye pollutants include      

carbon-based materials such as chitosan-magnetic 

Fe3O4/activated carbon nanocomposites that adsorb 

cationic and anionic dyes (Kaveh and Bagherzadeh, 

2022), a chitosan-based magnetic material that could 

adsorb acid orange 7 dye with an adsorption capacity 

of 97 mg/g (Cojocaru et al., 2019), a magnetic 

cellulose-based ionic liquid that could adsorb MG and 

Congo Red dyes with adsorption capacities of 1,299.3 

mg/g and 1,068.1 mg/g, respectively (Ling et al., 

2022), a superb natural magnetic material that could 

adsorb crystal violet dye with an adsorption capacity 

of 117 mg/g (Sanad et al., 2021), and a biochar-based 

magnetic material that could adsorb rhodamine B and 

MG dyes with adsorption capacities of 334.89 mg/g 

and 576.73 mg/g, respectively (Cheng et al., 2022). 

Thus, carbon-based magnetic materials are promising 

novel adsorbents to remove dye pollutants. 

In this study, Sp (from Salacca zalacca) which 

has rarely been employed in related studies was 

subjected to hydrothermal and magnetization 

treatments to improve its properties. The obtained 

materials were analyzed using X-ray diffraction 

(XRD), Fourier-transform infrared spectroscopy (FT-

IR), vibrating sample magnetometer (VSM), and 

scanning electron microscopy with energy dispersive 

spectroscopy (SEM-EDS). The materials were then 

applied as adsorbents to remove MG dye and study the 

effect of the pH pzc, contact time, as well as study the 

adsorption isotherm, adsorption thermodynamics, and 

regeneration ability.  

2. METHODOLOGY

2.1 Chemicals and instrumentation

The Sp used in this study was sourced from 

Palembang, South Sumatera, Indonesia. The chemicals 

used included ortho-phosphoric acid (H3PO4; Merck, 

Germany), iron(III) chloride (FeCl3; Sigma Aldrich, 

Germany), iron(II) sulfate heptahydrate (FeSO4·7H2O; 

Smart Lab, Indonesia), ammonia solution (NH3

25%; Merck, Germany), hydrochloric acid (HCl; 

Mallinckrodt LabGuard, France), sodium hydroxide 

(NaOH; Merck, Germany), and sodium chloride 

(NaCl; Merck, Germany). The MG powder (cationic 

dye) was obtained from a textile factory in Palembang, 

South Sumatera, Indonesia (its chemical structure is 

shown in Figure 1). Distilled water was purchased 

from Brataco Inc., Indonesia. The material was 

characterized using a Rigaku Miniflex-600 X-ray 

diffractometer (Japan), Shimadzu Prestige-21 FTIR 

spectrophotometer (Japan), OXFORD VSM1.2H 

vibrating sample magnetometer (England), and Quanta 

650 SEM-EDS apparatus (England). Absorbance 

measurements of the dye solution were conducted using 

(UV) visible Biobase spectrophotometer UV BK-

1800PC (China). 

Figure 1. Chemical structure of malachite green dyes 

2.2 Preparation of hydrochar from Sp 

The thoroughly washed Sp was dried in the sun, 

ground until smooth, and filtered using a 40 mesh-

sized sieve. Hydrochar from the snake fruit peel (HSp) 

was produced through hydrothermal carbonization 

treatment, which was carried out by adding as much as 

2 g Sp powder to 50 mL of H3PO4. The solution was 

placed in a hydrothermal stainless steel-autoclave 

(volume: 100 mL), then placed in the oven for 6 h at 

150°C (Çatlıoğlu et al., 2020). The mixture was 

subsequently filtered and washed using distilled water, 

and then dried in the oven for 6 h at 110°C. The initial 

and obtained materials were characterized using XRD, 

FTIR, and SEM-EDS analyses.   
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2.3 Preparation of fruit peel-based magnetic 

material (M-Sp) 

FeCl3 (0.004 mol) and FeSO4·7H2O (0.003 mol) 

were each dissolved in 3 mL of distilled water and the 

solution was mixed using a stirrer for 3 h. Ammonia 

(3.5 mL of 25% solution) was then slowly dripped into 

the mixture. Subsequently, 1 g of Sp was added and 

stirred for 30 min. The mixture was then placed in a 

hydrothermal stainless-steel autoclave for 3 h at 

150°C. Next, it was filtered and washed using distilled 

water, and dried in the oven at 100°C. The material 

was characterized using XRD, FTIR, VSM, and SEM-

EDS analyses. 

2.4 Preparation of hydrochar-based magnetic 

material (M-HSp) 

FeCl3 (0.004 mol) and FeSO4·7H2O (0.003 mol) 

were each dissolved in 25 mL of distilled water, and the 

solution was mixed and stirred using a stirrer for 3 h. 

Ammonia (3.5 mL of 25% solution) was then slowly 

dripped into the mixture, after which 1 g of the HSp was 

added and stirred for 30 min. Subsequently the mixture 

was placed in hydrothermal stainless-steel autoclave for 

3 h at 150°C. It was then filtered and washed using 

distilled water, and then dried in the oven at 100°C. The 

obtained material was characterized using XRD, FTIR, 

VSM, and SEM-EDS analyses.  

2.5 Adsorption process and regeneration ability 

Adsorption was performed by considering 

several parameters, including the pH pzc, contact time, 

concentration, and temperature. The pH pzc was 

determined by varying the pH of the NaCl solution, and 

then adding 0.02 g of the material to the solution and 

stirring for 24 h, after which the final pH of the solution 

was measured. The effect of the contact time for the 

adsorption of MG dye was measured by varying the 

contact time during adsorption. As much as 0.02 g of 

the adsorbent was added to an Erlenmeyer flask 

containing 20 mL of the dye solution at a concentration 

of 50 mg/L. The mixture was stirred, following which 

the absorbance of the filtrate was measured using a UV-

visible spectrophotometer for the specified time 

variation. The effects of the concentration and 

temperature were determined by varying these 

parameters during adsorption. As much as 0.02 g of the 

adsorbent was added to an Erlenmeyer flask containing 

20 mL of the dye solution for a specified concentration 

variation and stirred for 60 min at the specified 

temperature; subsequently, the absorbance of the 

filtrate was measured. The regeneration ability of the 

adsorbent was determined by performing adsorption-

desorption cycles, where the latter process was 

performed to remove the adsorbate from the adsorbent. 

For this, 0.1 of the adsorbent was added to the dye 

solution at a concentration of 50 mg/L. The mixture 

stirred for 2 h, and the absorbance of the filtrate was 

measured. Desorption was carried out using an 

ultrasonic system with a water bath. The adsorbent that 

subjected to desorption was dried and reused in the 

subsequent adsorption process. 

3. RESULTS AND DISCUSSION

The initial material (Sp), and the prepared 

hydrochar and magnetic materials are shown in Figure 

2. The initial material changes in color to black in HSp

due to the hydrothermal carbonization treatment,

while it changes to brown in the magnetic material,

indicating the presence of iron. Figures 2(c) and 2(d),

show the testing procedure for the magnetic material

using an external magnet, confirming its successful

preparation. The data in Table 1 show that the yield

weight of the resulting material reaches 70-90%.

Figure 2. Materials of Sp (a), HSp (b), M-Sp (c), and M-HSp (d) 

(a) (b) 
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Figure 2. Materials of Sp (a), HSp (b), M-Sp (c), and M-HSp (d) (cont.) 

Table 1. Percent yield weight of materials 

Materials Yield weight (%) 

HSp 90.455 

M-Sp 99.703 

M-HSp 72.068 

The XRD patterns of Sp, HSp, M-Sp, and M-

HSp are shown in Figure 3. The patterns for Sp and 

HSp show diffraction peaks at 2θ≈=20º (002) 

indicating that these materials are amorphous with a 

low crystallinity (Venkatesan et al., 2022). The 

diffraction peaks of M-Sp and M-HSp are located at 

2θ≈=20º (002), indicating the presence of the initial 

material; and peaks are also found at 2θ≈=30º (311), 

35º (400), and 65º (440), originating from Magnetite 

(Chekalil et al., 2019). 

Figure 3. Diffraction patterns of Sp (a), HSp (b), M-Sp (c), and M-

HSp (d) 

The FT-IR spectra of Sp, HSp, M-Sp, and M-

HSp are shown in Figure 4. The peak at 3,425 cm-1 is 

assigned to the O-H bond from the phenolic hydroxyl 

group, while the peaks at 2,924, 1,630, and 1,003 

cm-1 correspond to the C-H, C=C, and C-O functional

groups, respectively. The spectra of the M-Sp and M-

HSp materials show a peak at 560 cm-1, indicating the

presence of the Fe-O bond. The magnetic curves of M-

Sp and M-HSp were measured using VSM and are

shown in Figure 5; both materials are paramagnetic

with magnetizations of 17.69 emu/g and 5.65 emu/g,

respectively. The hysteresis curve is at the null

position, implying that M-Sp and M-HSp are

superparamagnetic.

Figure 4. FT-IR Spectrum of Sp (a), HSp (b), M-Sp (c), and M-

HSp (d) 

The SEM–EDS results are shown in Figure 6 

and Table 2. Figure 2 shows that the materials forms 

aggregates and is heterogeneous. Hsp and M-Hsp 

exhibit a smoother morphology than Sp and M-Sp. 

Table 2 show the EDS data with percentages of the C, 

O, and Fe atoms. HSp has a higher C content than Sp 

due to hydrothermal carbonization. This proves the 

(c) (d) 
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success of the hydrothermal carbonization treatment 

carried out in this study. M-Sp and M-HSp exhibit Fe 

content due to the magnetization process in the 

materials; M-Sp has a higher Fe content than M-Hsp. 

This is reflected in the magnetization of M-Sp, which 

is higher than that of M-HSp.

Figure 5. Magnetization curve 

Figure 6. SEM images of Sp (a), Hsp (b), M-Sp (c), and M-Hsp (d) 

(a) (b) 

(c) (d) 
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Table 2. EDS data of materials 

Materials Weight (%) 

C O Fe 

Sp 55.9 32.8 - 

HSp 68 26.3 - 

M-Sp 17.7 31.6 46.9 

M-HSp 18.2 34.6 36.4 

The results of the pH pzc measurements are 

shown in Figure 7. The pH pzc of the materials is 

approximately in the range of 4.5-5.9. This implies 

that for this pH range, the material surfaces are neutral 

and carry zero charge, enabling optimal adsorption 

without the influence of positive or negative charges. 

The pH pzc of each material was evaluated for the 

adsorption of MG dye. The adsorption kinetic 

parameters are shown in Figure 8 and Table 3. The 

equilibrium adsorption of MG dye occurs at 90 min. 

Table 3 shows that the adsorption kinetics follow the 

PSO model, with a linear regression coefficient (R2) 

close to 1. The kinetic rate of the PSO model is lower 

than of the PFO model, indicating that the reaction 

proceeds faster with the former model. 

Figure 7. pH pzc of materials

Figure 8. Adsorption kinetic models and equilibrium condition of Sp (a), HSp (b), M-Sp (c), and M-HSp (d) 

(a) (b) 

(c) (d) 
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Table 3. Adsorption kinetic parameters 

Adsorbents Initial concentration 

(mg/L) 

Qeexperiment

(mg/g) 

PFO PSO 

QeCalc (mg/g) R2 k1 QeCalc (mg/g) R2 k2 

Sp 10.586 8.496 13.813 0.944 0.037 11.364 0.963 0.0017 

HSp 10.586 9.785 22.930 0.926 0.044 16.155 0.900 0.0006 

M-Sp 10.586 8.726 12.272 0.969 0.033 13.158 0.934 0.0010 

M-HSp 10.586 9.867 13.868 0.971 0.030 15.337 0.937 0.0008 

The adsorption isotherm models are shown in 

Figure 9 and Table 4, and indicate that the increasing 

temperature causes an increase in the adsorption 

concentration. The adsorption capacity of the 

materials is enhanced by the hydrothermal and 

magnetic treatments compared to that of the initial 

material. The adsorption capacities of Sp, HSp, M-Sp, 

and M-HSp are 66.667, 86.957, 69.444, and 88.889 

mg/g, respectively. Based on isotherm data, the 

Langmuir model is better than the Freundlich model 

for the adsorption process in this study, with R2 close 

to 1. The adsorption thermodynamic parameters are 

shown in Table 5. The adsorption process that occurs 

in this study is an endothermic process, as indicated by 

the positive ∆H; the ∆S value indicates the degree of 

irregularity of the adsorption process. 

Figure 9. Adsorption isotherm models of Sp (a), HSp (b), M-Sp (c), and M-HSp (d) 

(a) (b) 

(c) (d) 
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Table 4. Adsorption isotherm parameters 

Adsorbents Adsorption 

isotherm 

Adsorption 

constant 

T (K) 

30oC 40oC 50oC 60oC 70oC 

Sp Langmuir Qmax 59.524 60.976 62.112 65.359 66.667 

kL 0.239 0.281 0.338 0.371 0.514 

R2 0.996 0.998 0.998 0.997 0.998 

Freundlich n 8.078 7.862 8.439 7.905 8.110 

kF 33.963 35.099 37.575 38.833 41.295 

R2 0.870 0.939 0.935 0.859 0.863 

HSp Langmuir Qmax 86.957 67.568 71.429 76.336 80.645 

kL 0.477 0.712 0.654 0.630 0.639 

R2 0.999 0.999 0.998 0.996 0.994 

Freundlich n 3.709 3.719 3.610 3.674 3.897 

kF 23.281 24.820 25.598 28.379 32.240 

R2 0.858 0.882 0.936 0.992 0.995 

M-Sp Langmuir Qmax 63.291 64.103 64.516 68.966 69.444 

kL 0.138 0.198 0.278 0.240 0.319 

R2 0.992 0.990 0.997 0.999 0.999 

Freundlich n 4.785 5.848 6.549 5.705 6.094 

kF 24.826 30.444 34.096 33.281 36.249 

R2 0.894 0.816 0,909 0.967 0.924 

M-HSp Langmuir Qmax 70.922 74.627 76.336 77.519 88.889 

kL 0.716 0.558 0.697 0.921 1.103 

R2 0.999 0.998 0.996 0.997 0.998 

Freundlich n 4.026 3.561 3.970 4.444 5.048 

kF 27.983 26.309 30.740 34.898 39.967 

R2 0.991 0.958 0.999 0.999 0.996 

Table 5. Adsorption thermodynamic parameters 

Adsorbents Concentration (mg/L) T (K) Qe (mg/g) ∆H (kJ/mol) ∆S (J/mol. K) ∆G (kJ/mol) 

Sp 101.185 

mg/L 

303 54.926 6.990 0.024 -0.389

313 56.481 -0.633

323 58.111 -0.876

333 60.889 -1.120

343 62.704 -1.363

HSp 101.185 

mg/L 

303 62.296 13.070 0.047 -1.091

313 64.926 -1.559

323 67.778 -2.026

333 71.592 -2.494

343 75.555 -2.961

M-Sp 101.185 

mg/L 

303 54.704 8.186 0.045 -5.436

313 57.285 -5.886

323 58.926 -6.335

333 62.259 -6.785

343 63.815 -7.234

M-HSp 101.185 

mg/L 

303 67.370 9.714 0.038 -1.716

313 70.111 -2.093

323 72.000 -2.470

333 73.889 -2.847

343 77.074 -3.224
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The regeneration ability of the material in 

Figure 10 shows that the initial material (Sp) can only 

be used for three regeneration cycles, while the 

materials subjected to the hydrothermal and magnetic 

treatments can be used for four regeneration cycles. 

Table 6 lists the adsorption capacities for reported 

magnetic materials. The table shows that the magnetic 

material prepared in this study has a higher adsorption 

capacity, rendering it promising for dye removal. 

Figure 11 illustrates the possible adsorption 

mechanism of MG dye by M-Sp and M-HSp, 

involving hydrogen bond, electrostatic, π-π, and 

physical interactions. It shows that the adsorption 

process of MG dye involves not only physical 

interactions, but also chemical interactions. 

Figure 10. Regeneration ability of materials 

Table 6. Comparison of several adsorbents on the adsorption of MG 

Adsorbents Adsorption capacity 

(mg/g) 

Equilibrium time 

(minutes) 

References 

Fe3O4@chitosan@ZIF-8 3.282 40 Zadvarzi et al. (2021) 

Polyaniline–nickel ferrite magnetic nanocomposite 4.09 210 Patil and Shrivastava (2015) 

Magnetic CuFe2O4 nano-adsorbent 22 30 Vergis et al. (2018) 

Sodium alginate-coated Fe3O4 nanoparticles 47.84 20 Mohammadi et al. (2014) 

Magnetic GO/Fe3O4 59 90 Li et al. (2021) 

Magnetic litchi pericarps 70.42 60 Zheng et al. (2015) 

Cobalt ferrite silica magnetic nanocomposite 75.5 40 Amiri et al. (2017) 

Magnetic reduced graphene oxide nanocomposite 77.15 20 Sadegh et al. (2021) 

Magnetic chitosan-DES nanoparticles 87.72 120 Sadiq et al. (2021) 

M-Sp 69.444 90 This work 

M-HSp 88.889 90 This work 

Figure 11. Plausible adsorption mechanism of MG by M-Sp and M-HSp 
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4. CONCLUSION

In this study, fruit-peel-based magnetic 

materials (M-Sp and M-HSp) were successfully 

synthesized by hydrothermal and magnetization 

treatments. The materials were used as adsorbents for 

the removal of MG dye. Equilibrium adsorption 

occurred at 90 min; the adsorption kinetics followed 

the PSO model and the adsorption isotherm fitted well 

to the Langmuir isotherm. The adsorption capacities 

of M-Sp and M-HSp were 69.444 and 88.889 mg/g, 

respectively. The adsorbent reusabilities of M-Sp and 

M-HSp were high, and both materials could be reused 

for up to four regeneration cycles compared to the 

three cycles for the untreated initial material. The 

adsorption mechanism of MG by M-Sp and M-HSp 

was suggested to involve hydrogen bonds, 

electrostatic, π-π, and physical interactions. 
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A laboratory-scale, two-phase multi-staged up-flow anaerobic sludge blanket 

(MS-UASB) treatment system was monitored over time in order to evaluate its 

treatment efficiency and performance when treating non-diluted industrial 

tapioca starch wastewater under ambient temperature in Thailand. The system 

consisted of an acidification (AC) reactor and MS-UASB reactor and was 

operated for 280 days. The two-phase MS-UASB achieved a maximum organic 

loading rate (OLR) of 8 kg-COD/m3/day for the overall system and reached 

80.5% of chemical oxygen demand (COD) removal efficiency. Based on the inlet 

wastewater of each reactor, the AC reactor removed 61.85%  of suspended solids 

and achieved acidification of the wastewater to produce volatile fatty acids at 

over 50%. Meanwhile, the MS-UASB reactor achieved 74.5% COD removal 

efficiency. Further analysis found that the increase in soluble extracellular 

polymeric substances per bound extracellular polymeric substances (S-EPS/B-

EPS) was related to the floating sludge phenomenon, which occurred under 

excess OLR condition. 

Keywords: 

Two-phase UASB/ Acidification 

unit/ MS-UASB reactor/ Tapioca 

starch wastewater/ Sludge flotation 

* Corresponding author:

E-mail: pairaya@yahoo.com

1. INTRODUCTION

Tapioca (Manihot esculenta Crantz), also 

known as cassava, is a crop cultivated in tropical and 

sub-tropical regions that can grow in extreme agro-

ecologies. The crop can survive infertile land and 

withstand drought, and its harvests are less affected by 

diseases. These attributes have made tapioca an 

important crop, serving as a dietary energy source 

throughout the world, especially in African and 

South American regions. While Thailand is one of the 

major producers of tapioca, the country does not count 

the crop as a main staple for consumption 

(Sowcharoensuk, 2020). Accordingly, the majority of 

tapioca harvested in Thailand is processed into tapioca 

products, especially tapioca starch, and is bound for 

export. Tapioca starch is flexible in terms of functional 

properties and can be used in a wide range of food and 

non-food industries (Breuninger et al., 2009; Li et al., 

2017). Thailand is known as the world’s largest 

exporter of tapioca starch, accounting for as much as 

80 percent of world tapioca starch exports (FAO, 

2018) and with an annual production volume of 2 

million tons (TTSA, 2021; TTDI, 2000).   

The tapioca starch production process involves 

seven major steps: washing the roots, chopping and 

grinding the plant, extracting and separating the starch, 

dewatering and separating the protein, drying, and 

packaging. The process requires a large volume of 

water, which becomes a massive amount of wastewater. 

In Thailand, the industry creates an average of 19 m3 of 

wastewater per one ton of produced tapioca starch. This 

wastewater is high in organic content and acidity 

(Chavalparit and Ongwandee, 2009; Intanoo et al., 

2014; Jiraprasertwong et al., 2019; Thepubon et al., 

2020), and the discharge of untreated tapioca starch 

wastewater into the environment can lead to terrible 

environmental problems. Generally, anaerobic ponds 

and anaerobic covered lagoon systems are well-known 

wastewater treatment systems and are considered 

solutions for various wastewater producing industries, 

including the tapioca starch industry (Akunna, 2018; 

Khanal, 2011; Rajbhandari and Annachhatre, 2004). 

Citation: Thepubon T, Choeisai P, Choeisai K, Syutsubo K. Treating tapioca starch industrial wastewater using two-phase multi-staged up-flow 

anaerobic sludge blanket (MS-UASB). Environ. Nat. Resour. J. 2023;21(1):78-89. (https://doi.org/10.32526/ennrj/21/202200210)
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However, such systems have low loading rates, require 

high hydraulic retention times (HRT), and are 

associated with large land area requirements and high 

implementation costs. These limitations have led to the 

development and promotion of various alternatives. An 

up-flow anaerobic sludge blanket (UASB) reactor is 

one such treatment system with potential to achieve a 

high organic loading rate (OLR) with high removal 

efficiency of chemical oxygen demand (COD) 

(Annachhatre and Amatya, 2000; Lu et al., 2015; Van 

Lier et al., 2015). However, failures in long-term 

operation of UASB reactors while treating tapioca 

starch wastewater have been observed, including 

sludge flotation and washout, which have been 

ascribed to inappropriate operating conditions (Lu et 

al., 2015; Wang et al., 2018; Wu et al., 2020). 

Previous research by Syutsubo et al. (1998) has 

found that vigorous biogas production during excessive 

OLR can increase washout of granular sludge in a 

UASB reactor. In order to solve this problem, biogas 

production is reduced by installing multiple gas-liquid-

solid separators (GLSs) along the height of the UASB 

reactor, transforming the system into what is known as 

a multi-staged UASB (MS-UASB). This solution has 

been applied toward treating various industrial 

wastewater types, such as lipid and protein, molasses, 

and high strength vinasses wastewater (Choeisai et al., 

2014; Onodera et al., 2011; Tagawa et al., 2002). In 

addition, a recent study showed that the two-phase 

UASB, which adds an acidification unit, can enhance 

stability in treatment performance and greatly improve 

stability in the morphology of granular sludge in UASB 

reactors (Wu et al., 2020). This can be attributed to the 

separation of ideal operating conditions for major 

microorganisms in the anaerobic treatment process into 

acidogenesis and methanogenesis. Therefore, research 

suggests that the combination of an acidification unit 

and MS-UASB, otherwise known as a two-phase MS-

UASB system, may be able to enhance treatment 

efficiency and stability of granular sludge when treating 

tapioca starch wastewater. 

This study, therefore, initiated testing using a 

laboratory-scale, two-phase MS-UASB installation, 

which was operated under ambient temperatures in 

Northeast Thailand, the nation’s major agricultural 

region for tapioca production and 54.5% of its total 

agricultural land (KURDI, 2015), to comprehensively 

evaluate the installation’s performance and efficiency 

in treating high-strength industrial tapioca starch 

wastewater. The effect of the OLR on system stability 

was examined by varying HRT to optimize 

operational conditions. Furthermore, retained sludge 

properties, including methane producing activity 

(MPA), sludge concentration, sludge volume index 

(SVI), and extracellular polymeric substances (EPS), 

were periodically evaluated in order to assess 

operating conditions as well as operational stability. 

2. METHODOLOGY

2.1 Experimental set-up

A schematic diagram of the laboratory-scale 

proposed anaerobic treatment system used in this 

study is shown in Figure 1. The system consisted of an 

acidification (AC) reactor and an MS-UASB reactor, 

with working volumes of 8.5 L (10-cm diameter and 

100-cm height internally) and 12.7 L (10-cm width, 

20-cm length, and 100-cm height), respectively. The 

MS-UASB reactor was equipped with three GLSs 

along its height, as illustrated in Figure 1. The AC 

reactor was initiated without inoculation. The MS-

UASB was initiated with 77.7 g-VSS seed sludge. The 

seed sludge, at a concentration of 6,100 mg-VSS/L, 

was obtained from an anaerobic cover lagoon treating 

tapioca starch wastewater located in a Khon Kaen, 

Thailand tapioca starch factory. 

2.2 Characteristics of tapioca starch wastewater 

The influent was tapioca starch wastewater 

(TSW) obtained from the tapioca starch extraction 

process within Khon Kaen Province, Thailand’s 

tapioca starch industry. The wastewater had a pH of 

4.11-4.24; a COD of 13,800-21,400 mg/L, with a 

biochemical oxygen demand (BOD)/COD ratio of 

0.58-0.65; a total suspended solids (SS) value of 

2,800-7,340 mg/L, with a volatile suspended solid 

(VSS) per SS ratio of 0.58-0.69; a total carbohydrates 

value of 1,080-1,770; and a protein value of 930-1,625 

mg/L. Settleable solids were removed from the 

influent by gravity settling for 1 h, increasing methane 

production capability by an average of 15.5% with SS 

concentration removal (Thepubon et al., 2020). 

Influent pH was adjusted to 7.0 by the addition of 

sodium bicarbonate (NaHCO3). Neither nutrients nor 

trace elements were added to adjust influent nutrient 

composition. 

2.3 System operating conditions 

The intention of the present study was to 

enhance the COD removal and biogas production rates 

in the anaerobic digestion process using the MS-

UASB. The system was operated using a semi-

continuous feeding pattern controlled by a mechanical 
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electric timer switch. The influent was fed into the 

system for 15-minute periods along the experimental 

period. The system’s operating conditions are 

summarized in Table 1. The experimental period was 

divided into a start-up period (phases 1 and 2) and an 

acclimation period (phases 3 to 6), operating with 

diluted wastewater and non-diluted wastewater, 

respectively.

Figure 1. Schematic diagram of laboratory-scale, two-phase MS-UASB system 

Table 1. Operating conditions of the two-phase MS-UASB system 

Phase Operation period (day) Influent COD (mg/L) AC MS-UASB

HRT (h) OLR* HRT (h) OLR*

1 1-35 2,910.5±388.0 68 1.0±0.1 108 0.5±0.1 

2 36-110 5,861.2±498.4 68 2.1±0.2 108 0.8±0.1 

3 111-152 15,711.5±2488.6 38 9.8±1.6 58 4.5±0.8 

4 153-210 15,116.6±1,692.6 21 17.7±2.7 30 9.1±1.3 

5 211-223 10,972.8±1,556.6 10 33.6±1.2 16 17.1±2.4 

6 224-280 11,872.1±1,627.8 21 19.8±3.0 30 10.5±1.8 

*OLR is given in units of kg-COD/m3/day 

2.4 Analytical methods 

The room temperature and internal liquid 

temperature at mid-height of both the AC and MS-

UASB reactors were measured daily. Wastewater 

samples, including influent, AC effluent, and MS-

UASB effluent, were collected to measure COD, SS, 

and VSS following standard methods (Baird et al., 

2017), and volatile fatty acids (VFAs) were measured 

by direct titration method (Dilallo and Albertson, 

1961), in order to monitor the efficiency and 

performance of the treatment system. In addition, the 

samples were measured twice for carbohydrate and 

protein content at each operational phase when COD 

removal of both reactors was in a steady state. Protein 

and carbohydrate content were evaluated by Lowry’s 

method (Lowry, 1951) using albumin as a reference 

solution and phenol-sulfuric acid method (Nielsen, 

2017) using glucose as a reference solution, 

respectively. Biogas production was measured daily 

by a wet gas meter (Tokyo Shinagawa, model WS-

1A), and biogas composition was analyzed using gas 

chromatography (Shimadzu, GC-8A) with a thermal 

conductivity detector (TCD). 

2.5 Analysis of retained sludge behavior 

Retained sludge samples were periodically 

collected from the 0.15-m high MS-UASB reactor to 

investigate physicochemical sludge properties, 
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including mixed liquor suspended solids (MLSS), 

mixed liquor volatile suspended solids (MLVSS), and 

SVI. Moreover, each sludge sample was measured 

for EPS, including bound EPS (B-EPS) and soluble 

EPS (S-EPS) forms. EPS were extracted using 

formaldehyde-sodium hydroxide (Liu and Fang, 2002; 

Chabalina et al., 2008), after which variations in 

carbohydrate and protein content in both forms of 

extracted EPS were determined. 

In order to investigate methane producing 

capability, retained sludge samples were collected on 

Day 0 (seed sludge), Day 132, and Day 223 and were 

evaluate for MPA. Serum vials were used following 

the method described by Harada et al. (1994) and 

Syutsubo et al. (2001), under mesophilic conditions 

(35±1ºC) at a food/microorganism (F/M) ratio of 0.4 

mg-COD/mg-VSS. The substrates used in MPA 

testing included acetate, H2/CO2 (80/20, v/v), and 

tapioca starch wastewater. 

3. RESULTS AND DISCUSSION

3.1 Performance of two-phase MS-UASB system

The two-phase MS-UASB system was operated 

for 280 days, divided into the six phases described in 

Table 1, under ambient temperatures. Figure 2 shows 

the system’s operating conditions and performance 

over time along the experimental period. Ambient and 

liquid temperatures inside both reactors remained 

between 20-33ºC and averaged 28±2.4ºC (as shown in 

Figure 2(a)).  During the start-up period, in phases 1 and 

2, the COD removal efficiency of the overall system 

was maintained above 80%. After successful start-up, 

non-diluted TSW was fed to the system in phases 3-6. 

Phases 3-5 could be considered an acclimation period 

and phase 6 a recovery period.  During the acclimation 

period, OLR was increased by decreasing HRT. Phase 

4 was the most stable period, with the overall system 

reaching its highest OLR of up to approximately 7 kg-

COD/m3/day (18 kg-COD/m3/day at the AC reactor and 

9 kg-COD/m3/day at the MS-UASB reactor), and an 

average total COD (T-COD) removal efficiency of 

80.5% (22.3% at the AC reactor and 74.5% at the 

MS-UASB reactor). However, sludge flotation and 

washout occurred in the MS-UASB in phase 5 on Day 

223, which was 12 days after operation had been 

characterized by an HRT of 26 h and OLR of 14 kg-

COD/m3/day (33 kg-COD/m3/day at the AC reactor and 

17 kg-COD/m3/day at the MS-UASB reactor). 

Figure 2. Operational performance of two-phase MS-UASB system during experimental period 
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Figure 2. Operational performance of two-phase MS-UASB system during experimental period (cont.) 
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Figure 2. Operational performance of two-phase MS-UASB system during experimental period (cont.) 

In order to solve this problem, the HRT was 

immediately extended to 51 h as in phase 4. The HRT 

remained at 51 h throughout phase 6, or the recovery 

period, from Days 224-280. In the recovery period, the 

average T-COD removal efficiency of the AC reactor 

was 20.9%, while that of the MS-UASB increased to 

88.8% based on inlet COD, indicating a higher 

efficiency than that measured under similar HRT 

conditions in phase 4, during the acclimation period. 

The increase of COD removal efficiency was attributed 

to an increase in the average ambient temperature by 

approximately 3ºC as a result of seasonal weather 

changes in Thailand, as shown in Figure 2 (a). It could 

be concluded that the two-phase MS-UASB for treating 

high-strength industrial TSW was able to achieve a 

maximum available OLR of 8 kg-COD/m3/day with an 

HRT of 51 h for the overall system. Based on inlet 

wastewater for each reactor, the AC reactor and the MS-

UASB reactor achieved an OLR of 19 kg-COD/m3/day 

and 9 kg-COD/m3/day, respectively. 

During phase 4, the AC reactor achieved SS 

removal at an average of 61.8±10.1% and the VSS/SS 

ratio of the AC reactor influent and effluent showed 

similar characteristics, averaging 0.62±0.06 and 

0.61±0.06, respectively. Differences in average T-COD 

and soluble COD of the AC reactor’s influent and 

effluent (data not shown) revealed that the COD caused 

by suspended solids (SS-COD) in the influent and 

effluent was at 23.9% and 12.3%, based on each T-

COD, respectively. SS-COD removal at the AC reactor 

was 56.2% based on SS-COD influent, or 16.6% based 

on T-COD influent (T-COD removal at the AC reactor 

was 22.3% based on T-COD influent). Consequently, 

the AC reactor trapped more than 50% of the influent 

SS without changing VSS/SS ratio characteristics, and 

74.4% of T-COD removal was COD removal from the 

trapped SS fraction. The MS-UASB reactor, on the 

other hand, achieved SS removal at an average of 

43.5%. The VSS/SS ratio of the MS-UASB effluent 

changed to 0.50±0.08, a 10% decrease from the AC 

reactor effluent. This indicated that the MS-UASB 

reactor achieved removal of the organic fraction of SS 

particulate matter to a modest degree. 

In terms of VFAs concentration (Figure 2(f)), 

that of the AC reactor effluent increased by more than 

50% throughout the experimental period, indicating 

that an acidogenesis reaction occurred in the AC 

reactor. Subsequently, the MS-UASB reactor, fed with 

AC reactor effluent, decreased the VFAs concentration 

by up to 60%. VFAs concentration of the MS-UASB 

effluent in phase 4 averaged 1,600 mg/L as acetic acid, 

and VFAs effluent concentration was stabilized. 

 The methane content in the biogas depended on 

a variety of factors, including the particulate matter in 

the wastewater, the pH in the reactor, and nutrient 

limitations. The methane potential of each wastewater 

sample needed to be evaluated using small scale batch 

reactor performance test results (Angelidaki and 

Sanders, 2004). In phase 4, the MS-UASB influent, or 

the AC-reactor effluent, had a high SS concentration, 

averaging 1,820±475 mg SS/L, the pH of the effluent 

averaged 7.94±0.07, and the methane content (as 

shown in Figure 2(g)) was measured and averaged at 

76.5±10.2%. However, it should be noted that 

fluctuations in biogas production (data not shown) 

occurred within the MS-UASB reactor, and the 

methane potential was calculated to be 0.69±0.28 NL-

CH4/L-TSW, equivalent to a methane yield of 

0.27±0.16 NL-CH4/g-CODremoved. 

The aforementioned two-phase MS-UASB 

performance results indicate that the installation of an 

AC reactor as a pre-treatment unit enhanced treatment 

performance and reduced the risk of inhibition within 

the MS-UASB reactor. Clearly, the use of a two-phase 
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MS-UASB could help to reduce retention time from 

approximately four days of degradation duration time 

as measured by the biochemical methane potential test 

to two days for achieving maximum biodegradation 

potential (Thepubon et al., 2020). 

3.2 Biodegradation of macro-pollutants in TSW 

As shown in Figure 3(a) and 3(b), carbohydrate 

and protein, the major macro-pollutants in starch 

wastewater (Devereux et al., 2011), were measured 

under all operating conditions throughout the 

experimental period. The AC reactor achieved a 

carbohydrate removal efficiency of over 80% under all 

operating conditions while protein removal levels 

fluctuated. Protein removal efficiency, varying 

between 30-67%, mainly occurred at the MS-UASB 

reactor. These results clearly indicate that 

carbohydrates were effectively converted to acetic 

acids and other VFAs during the acidification that 

occurred at the AC reactor, similar to findings from 

previous research (Wu et al., 2020). In contrast, the 

protein was largely hydrolyzed and acidified under 

methanogenesis conditions, consistent with research 

by Miron et al. (2000). In addition, protein was a 

macro-pollutant requiring a longer HRT, with a lower 

biodegradation rate than carbohydrates (Akunna, 

2018; Cremonez et al., 2021). This suggests that 

optimal conditions for the acidification unit should be 

further investigated in order to enhance the 

performance of the two-phase MS-UASB when 

treating tapioca starch wastewater.

Figure 3. Treatment performance of the system in terms of (a) carbohydrate and (b) protein components 
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of the retained sludge from the TSW. The changes in 

MPA of the retained sludge are shown in Figure 4. The 

sludge samples included seed sludge (day 0), retained 

sludge from the acclimation period in phase 3 (Day 

132), and retained sludge from the first day that sludge 

flotation occurred in phase 5 (Day 223). The results 

showed that when using acetate as the test substrate, 

the MPA of the retained sludge had increased 2.1 

times by Day 132 and 4.6 times by Day 223 compared 

to that of the seed sludge; when using H2/CO2 as the 

test substrate, changes in MPA in the retained sludge 

were insignificant when compared to that of the seed 

sludge; when TSW was used as the test substrate, the 

MPA of the retained sludge was shown to have 

increase 1.6 times by Day 132 and 5.9 times by Day 

223 compared to that of the seed sludge. These results 

indicate that the TSW was acclimated in the MS-

UASB, and the two-phase MS-UASB did separate 

between the acidogenesis and methanogenesis 

reactions under ex-situ conditions. Consequently, 

MPA was shown to significantly increase when 

acetate was used as the source for methane production. 

This is typical degradation that occurs due to 

Acetoclastic methanogen.

Figure 4. MPA of seed sludge and retained sludge sampled on Days 132 and 223 (OLR*: the average OLR of all phases of the MS-UASB 

reactor) 

3.4 Physicochemical properties of retained sludge 

Aside from the operational conditions, physical 

and chemical properties of the retained sludge in terms 

of MLVSS concentration, SVI, B-EPS, and S-EPS 

were analyzed and are shown in Figure 5. Sludge 
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anaerobic wastewater treatment systems (Wang et al., 

2018). Higher MLVSS concentrations (ranging from 

30,000-50,000 mg/L) and lower SVI values (<20 
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granulation of UASB retained sludge (Cervantes et al., 

2006). As shown in Figure 5(a), during the acclimation 

period, the MLVSS concentration of the MS-UASB 

retained sludge increased and stabilized at 9,300 

mg/L, with a low SVI of 17.7 mL/g-MLVSS. This was 

better than the MLVSS concentration of the seed 

sludge, which was 6,120 mg/L, with an SVI of 40.4 

mL/g-VSS. These results confirm these advantageous 

properties of MS-UASB retained sludge. 

Moreover, TSW’s SS concentration of over 500 

mg/L is considered high for a UASB system, as SS 

adsorption has been evidenced to affect granular 

sludge properties (Stronach et al., 2012; Van Lier et 

al., 2015). EPS biosynthesis, achieved either by 

microorganism secretion or adsorption of certain 

organic compounds, significantly influences sludge 

properties (Sheng et al., 2010). Consequently, retained 

sludge and floating sludge were evaluated for EPS 

along the experimental period. EPS is separated into 

two forms: B-EPS and S-EPS. B-EPS is described as 
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while S-EPS is weakly bound with cells dispersed in 

the solution. Normally, microbial aggregates contain 

higher B-EPS content than S-EPS content. Both forms 

of EPS are comprised largely of polysaccharides 

(carbohydrates), with proteins as the major substance. 

Previous studies have focused on the ratio of 
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0.28

0.82

0.08

0.58

0.79

0.14

1.30

0.99

0.49

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Acetate H2/CO2 TSW

M
P

A
 

(m
g
-C

O
D

/g
-V

S
S

/d
ay

)

Test substrate

Seed sludge

Day 132 (*OLR 4.5 kg-COD/m3-d)

Day 223 (*OLR 17.1 kg-COD/m3-d)

Seed sludge 

Day 132 (*OLR 4.5 kg-COD/m3-day) 

Day 223 (*OLR 17.1 kg-COD/m3-day) 

H2/CO2 

85



Thepubon T et al. / Environment and Natural Resources Journal 2023; 21(1): 78-89 

characteristics (Lu et al., 2015; Wu et al., 2020; Liu et 

al., 2010; Lu et al., 2018; Wang et al., 2018). However, 

the present study found protein to be a major chemical 

substance that significantly changed the concentration 

of both forms of EPS throughout the experimental 

period. This resulted in the retained sludge having a 

protein/carbohydrate ratio in line with EPS content, 

which may be attributed to the adsorption of protein 

compounds. These protein compounds were a major 

macro-pollutant fed into the MS-UASB reactor, as 

mentioned in section 3.2. Consequently, the 

protein/carbohydrate ratio of EPS content was not a 

focus in the present study; rather, S-EPS/B-EPS was 

considered a useful parameter relating to the retained 

sludge properties in this study. 

As shown in Figure 5(b), total B-EPS content 

did not change significantly in the start-up period. 

Total S-EPS content, however, decreased dramatically 

within 32 days after the start-up period (-8.8 times 

from seed sludge). The S-EPS/B-EPS ratio of retained 

sludge on Day 32 was 0.08, an 87.5% decrease from 

the seed sludge, which contained an S-EPS/B-EPS 

ratio of 0.62. The B-EPS content of retained sludge on 

Days 132, 223, and 246 then increased 1.8, 3.2, and 

4.4 times, respectively, relative to the retained sludge 

on Day 32, while the S-EPS content increased 1.5 

times, 3.6 times, and 4.5 times, respectively. During 

this period, the S-EPS/B-EPS ratio of retained sludge 

remained in the range of 0.06-0.08.  

In   addition,  a  floating   sludge   phenomenon 

occurred on Day 223. The floating sludge was 

collected and analyzed for both forms of EPS content, 

then compared to the retained sludge on the same 

experimental day, the results of which are shown in 

Figure 5(c). The comparison showed that the total B-

EPS content of the floating sludge was 48.1% lower 

than that of the retained sludge, while S-EPS content 

was 98.9% higher than that of the retained sludge. The 

S-EPS/B-EPS ratio of the floating sludge was 0.31, 3.9 

times higher than that of the retained sludge. 

Based on the findings described above, the 

decrease in S-EPS and the lower S-EPS/B-EPS ratio 

in the retained sludge on Day 32, relative to the seed 

sludge, indicated an elimination of the poor settleable 

sludge containing a high S-EPS/B-EPS ratio. In other 

words, a selection and aggregation of retained sludge 

occurred in this period, increasing biomass 

concentration and improving settleability. Then, the S-

EPS/B-EPS ratio of the retained sludge during the 

acclimation and recovery period was maintained in the 

range of 0.06-0.08, and biomass concentrations and 

SVI remained stable. The floating sludge on Day 223, 

on the other hand, was shown to have an S-EPS/B-EPS 

ratio of 0.31, suggesting that a higher S-EPS/B-EPS 

ratio may indicate an increase in the production of 

weakly bound EPS on the sludge surface, resulting in 

poor settleability and sludge flotation. Meanwhile, the 

retained sludge with the lower S-EPS/B-EPS ratio 

would have a more stable structure, resulting in high 

settleability with low SVI.

Figure 5. Physicochemical properties of sampled MS-UASB sludge over time, including (a) MLVSS and SVI, (b) EPS, and (c) 

comparison between EPS of retained sludge and floating sludge on Day 223 
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Figure 5. Physicochemical properties of sampled MS-UASB sludge over time, including (a) MLVSS and SVI, (b) EPS, and (c) 

comparison between EPS of retained sludge and floating sludge on Day 223 (cont.) 

4. CONCLUSION

Treatment of non-diluted TSW by the two-phase 

MS-UASB system provided a stable performance, with 

the overall system averaging 80.5% COD removal 

under a maximum available OLR of 8 kg-COD/m3/day 

and at ambient temperatures of 28.0±2.4ºC. The AC 

reactor removed 61.8% of SS and degraded over 80% 

of carbohydrates into VFAs. The MPA of the MS-

UASB retained sludge on Day 224 was at 1.3 g-COD/g-

VSS/day using the acetate test substrate, with a high 

MLVSS concentration of 9,300 mg/L, a high 

settleability with low SVI at 17 mL/g-MLVSS, and a 

low S-EPS/B-EPS ratio of 0.08. The MS-UASB system 

achieved a methane yield of 0.27 NL-CH4/g-

CODremoved. 
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