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INTRODUCTION

Palm oil is Indonesia’s largest plantation com-
modity, and the plantation area is growing very 
rapidly (Listiningrum et al., 2022). In 2015, the 
estimated CPO (crude palm oil) production was 
around 31 million tons, increasing to 46 million 
tons in 2020 and 47 million tons in 2023, with 
a productivity of 2.79 million tons/million hect-
ares. In 2023, substantial production was support-
ed by a rise in oil palm plantations, which cover 
16.8 million hectares and comprise areas from 
smallholder plantations, government plantations, 
and private plantations (Ministry of Agriculture 

Indonesia, 2024). The development of the palm 
oil industry has had a positive impact on society 
because it provides job opportunities, but on the 
other hand, it has also had a severe negative im-
pact caused by CPO production activities (Shah-
putra and Zen, 2018). 

In the operational activities of industry, palm 
oil is only produced in 20% of fresh fruit bunches 
(FFB), and the remaining 80% is disposed of as 
waste (Kramanandita et al., 2014; Suksong et al., 
2020). In general, 1 ton of fresh FFB produces 
around 0.5–0.75 tons of palm oil mill effluent 
(POME) and 0.2–0.3 tons of empty fruit bunches 
(EFB) (Abnisa et al., 2013; Irvan, 2018). POME 
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is a brown liquid consisting of 95–96% water, 
0.6–0.7% oil and 2–4% suspended solids with 
characteristics as in Table 1. 

Various POME treatments have been imple-
mented in industry, such as chemical treatment, 
membrane filtration, and aerobic and anaerobic, 
which are considered adequate in degrading 
pollutants in POME (Mohammad et al., 2021; 
Zainal et al., 2017). However, the weakness of 
the existing technology is that it is too expensive, 
has high energy consumption and is not envi-
ronmentally friendly (Abdurahman et al., 2011; 
Liew et al., 2015; Wu et al., 2010). Phytoremedi-
ation is a green technology using plants and can 
be used as an alternative to POME processing. 
This technology is considered efficient, economi-
cal, simple, and aesthetic (Lakshmi et al., 2017; 
Nedjimi, 2021). A variety of plants have been 
tested that can be used to degrade POME pol-
lutants, such as salvinia molesta (Ng and Chan, 
2017), eichhornia crassipes (Tan et al., 2019), 
chrysopogon zizanioides (Darajeh et al., 2014), 
ipomoea aquatica forsk (Zulfahmi et al., 2021), 
scirpus grossus (Sa’At et al., 2022), pennisetum 
purpureum (Osman et al., 2020), etc. However, 
the drawback of the phytoremediation technol-
ogy is that it is limited to several types of pollut-
ants and requires long time in the pollutant deg-
radation process.

Adsorption is the most common technique 
and is quite effective and economical in degrad-
ing pollutants in water and wastewater. The most 
commonly used adsorbent is activated carbon. 
However, many studies have been conducted over 
the past few years using various adsorbents for 
wastewater purification (Singh et al., 2018). One 
type of adsorbent developed is ammonium-based 
polymer, a cationic polymer applied for pollutant 
degradation in wastewater. The ammonium-based 
polymer operates as an anion exchanger, effec-
tively reducing phosphate, nitrate, and nitrite ions 
in wastewater (Aini et al., 2023; Rahayu, Jamila-
tun, et al., 2023). This ammonium-based polymer 
has also been successfully applied to the station-
ary phase of capillary system chromatography for 
fast and short separation and detection of phenol 
and pyrocatechol levels (Rahayu et al., 2021).

This study aimed to observe the performance 
of a combination of modified technologies using 
cationic polymers to degrade phosphate ions and 
COD from POME wastewater. This study con-
ducted a series of mass effect tests of polymer 
used to understand the mechanisms involved in 

phosphate degradation and COD. To the best of 
authors’ knowledge, this could be the first time 
that a modified phytoremediation technology 
with adsorption using advanced materials in the 
form of ammonium-base polymers for the degra-
dation of phosphate ions and COD in POME has 
been implemented.

EXPERIMENTAL

Synthesis of ammonium-base polymer and 
characterization

The ammonium–based polymer was prepared 
based on previous research that the polymeriza-
tion stage was carried out by preparing a mixed 
solution of 1.25 mL of META, 0.375 mL of 
EDMA, 1.75 mL of isopropyl alcohol, 0.35 mL 
of ethanol, 1.4 mL of PEG, and 2 mg AIBN (Ra-
hayu et al., 2023). The homogenized solution was 
poured into a cylindrical tube, and then the po-
lymerization was carried out at 70 °C for 12 hours 
in a water bath. The obtained polymer was rinsed 
with methanol to remove the remaining reaction 
and cooled. According to previous research, poly-
mer characterization analysis was also carried out 
using FTIR, SEM, BET, and elemental analysis 
(Rahayu et al., 2023).

Modified phytoremediation system and setup

Ten FTWs (floating treatment wetlands) reac-
tors with duplo system were prepared in modified 
plastic containers with dimensions of (L = 28 cm; 
W = 20 cm; H = 16 cm), with each treatment in the 
reactor consisting of 6 vetiveria zizanioides stems 
that had their roots and stems cut. Six–month–old 
plants purchased from nurseries had their stems 
cut to a distance of 15 cm from the roots before 
being cultivated. Modifications were made to the 
planting media. Plants were grown in plastic cups 
containing a mixture of soil, polymer and gravel 
with a detailed configuration as in Table 2 and Fig-
ure 1. At the bottom of the plastic cup, holes are 
made on the bottom and sides to facilitate contact 
between plant roots and wastewater. FTWs are 
placed at 28 ± 2°C with sufficient sunlight intensi-
ty. The plants were then acclimatized in 3 L of tap 
water and given hydroponic fertilizer (P2O5 2.0%, 
Fe 0.10%, Vitamin B1 0.10%, and NAA 0.04%). 
Acclimatization lasted for 21 days, then the water 
was replaced with POME. The POME used in this 
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Table 1. POME characteristics

Parameters Unit Average Raw POME Quality1
Discharge Standard Limit

Indonesia2 Malaysia3 Thailand4

Temperature °C 80–90 NG

pH - 3–5 6–9 5–9 5–9

BOD mg/L 10,250–43,750a 100b 100a 20b

COD mg/L 15,000–100,000 350 NG 120

TSS mg/L 5,000–54,000 250 400 50

Oil and Grease mg/L 130–18,000 25 50 5

Nitrogen mg/L 180–1,400c 50c 200d 200d

Phosphate mg/L 91–131 NG NG NG

Potassium mg/L 1281–1982 NG NG NG

Calcium mg/L 276–405 NG NG NG

Magnesium mg/L 254–344 NG NG NG

Iron mg/L 254–344 NG NG NG

Note: 1(Kamyab et al., 2018; Soo et al., 2022) ; 2(Ministry of Environment and Forestry, 2014) ; 3(The Commissioner 
of Law Revision, 1982) ; 4The Enhancement and Conservation of the National Environmental Quality Act B.E. 
2535, 1992 in (Tan et al., 2022) ; aBOD5 ; 

bBOD3 ; 
cTotal N ; dTotal Kjeldahl N ; NG = not given.

Table 2. Experimental setup of FTWs

Reactor Treatment
Mass ratio comparison

Soil Polymer Gravel

A Control - - -

B Phytoremediation without polymer 0.6 - 0.4

C1 Phytoremediation with polymer 0.3 0.5 0.2

C2 Phytoremediation with polymer 0.3 0.4 0.2

C3 Phytoremediation with polymer 0.3 0.3 0.2

Figure 1. Reactor configuration at: (a) 3D view, (b) top view, (c) side view, (d) experimental setup

study was diluted ten times using demineralized 
water, with initial COD 421.05 mg/L, phosphate 
1.6 mg/L, pH 6.62, and TDS 912 mg/L. Further-
more, FTWs were run for 9 days while maintain-
ing wastewater quality for pH, TDS, and tem-
perature parameters. Physicochemical parameters 

were analyzed following the Indonesian National 
Standards for Water and Wastewater, which refer 
to the Standard Methods for Examination of Wa-
ter and Wastewater, American Public Health As-
sociation (Environmental and Forestry Instrument 
Standardization Agency, 2023).
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Analysis removal of COD and phosphate 

The adsorption step occurs in the polymer 
part according to the varying amount of polymer. 
Adsorption isotherm balance was carried out to 
determine the maximum adsorption capacity (qe) 
for COD and PO4

3. To calculate adsorption capac-
ity, Equation 1 is employed, while Equation 2 cal-
culates adsorption efficiency. The adsorption effi-
ciency (RE) and capacity (qe) values at equilibri-
um are expressed in (mg/g) and (%), respectively:

 𝑞𝑞𝑒𝑒 = (𝐶𝐶0−𝐶𝐶𝑒𝑒) × 𝑉𝑉
𝑊𝑊       (1) 

 
𝑅𝑅𝑅𝑅 = (𝐶𝐶0−𝐶𝐶𝑒𝑒)× 100%

𝐶𝐶0
      (2) 

 

 (1)

 

𝑞𝑞𝑒𝑒 = (𝐶𝐶0−𝐶𝐶𝑒𝑒) × 𝑉𝑉
𝑊𝑊       (1) 

 
𝑅𝑅𝑅𝑅 = (𝐶𝐶0−𝐶𝐶𝑒𝑒)× 100%

𝐶𝐶0
      (2) 

 
 (2)

where: W – the weight of adsorbent (gram), V – 
the volume of solution (Liter), Co – initial 
concentration of the adsorbate solution 
(mg/L) and Ce – equilibrium concentra-
tion (mg/L).

RESULT AND DISCUSSION

Physical parameter 

The performance of physical parameters 
during the treatment process is shown in Table 
3. Physical concentrations fluctuated during the 
treatment process in each reactor. 

TDS, temperature, and pH levels between 
C1, C2 and C3 (Phytoremediation combined with 
adsorbent) as well as FTW control in reactors A 
and B did not show significant differences (p > 
0.05). During the initial treatment, palm oil mill 
effluent has a pH close to neutral, around 6.62, 
then changes to a pH of around 8 (low alkaline) 
at the end of treatment. According to Watharkar 
et al. (2015) consumption of organic compounds 
by plants and bacteria in the root zone can cause 
changes in pH and the release of ions through 

various mechanisms. Then, all FTW reactors 
showed high TDS levels and small TDS reduc-
tions. The reduction levels did not differ signifi-
cantly during 9 days of treatment. The high TDS 
levels in palm oil mill effluent were caused by the 
fresh fruit bunch extraction process, which car-
ried organic content, such as ions and oil com-
pounds into the palm oil mill effluent.

Effect amount of polymer

Effect of polymer ratio on COD removal

Determining the optimum conditions in com-
bining phytoremediation and adsorption systems 
involves several factors, one of which is the mass 
of the polymer used. On the basis of the results, 
Figure 2 illustrates the reactor performance in de-
grading COD contained in POME. The removal ef-
ficiency of COD pollutants fluctuated in all FTWs 
reactors. Reactors showed significant differences, 
especially in reactor A (control without plant) 
and other FTWs. Reactor A showed a decrease in 
COD concentration (removal 6.1%), which may 
be caused by the influence of living organisms and 
the remaining surface oxygen in the wastewater. 
This case is the same as the study conducted by 
Bala et al. (2014). The reduction of pollutants in 
POME can occur due to microorganisms in the 
POME itself, such as Bacillus cereus, Micrococ-
cus luteus and Stenotrophomonas maltophilia. 

On the other hand, reactor B showed a de-
crease in COD concentration (39.2% removal), 
which was caused by the degradation process 
carried out by Vetiveria zizanioides. The results 
of this study are comparable to the research con-
ducted by Darajeh et al. (2017), which studied 
the COD degradation ability in POME with low 
concentrations for 4 weeks; they reported that 
the ability of Vetiveria zizanioides COD in the 
first week was around 20–30%. The comparison 

Table 3. Physical parameters of POME with various treatments
Parameter pH TDS (mg/L) Temperature (oC)

A 8.11a ± 0.38 826a ± 0.10 27,91d ± 0.19

B 8.71a ± 0.22 853d ± 0.15 26,23c ± 0.22

C1 8.84a ± 0.35 867e ± 0.11 26,97ab ± 0.31

C2 8.50a ± 0.28 851c ± 0.19 25,90b ± 0.20

C3 8.31a ± 0.31 845b ± 0.16 26,64a ± 0.20

Note: The values are mean of physical sampling for 9 days treatment. The values in symbol ± indicate standard 
error. Comparison between treatments were analyzed with one way ANOVA at 5% level of significance. Means in 
the same column followed by the same letter are not significantly different.
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results with other studies showed that the range 
of COD reduction was between 30% to 80%, for 
various macrophytes and retention times used. 
Then, Tan et al. (2019) studied POME treatment 
using Eichhornia crassipes with various POME 
concentrations for 21 days; they reported a COD 

reduction of around 25%. Therefore, Ujang et al. 
(2018) studied POME treatment using Napier 
Grass for 21 days; they reported a COD reduc-
tion of about 72%.

Furthermore, the modified reactor showed 
that the mass of the polymer used affected the 

Figure 2. The effect amount of polymer on COD removal efficiency and adsorption capacity. 
The different treatments were A (control POME only), B (control POME and plant), C1 (POME, plant and 

polymer, polymer ratio: 0.5), C2 (POME, plant and polymer, polymer ratio: 0.4), C3 (POME, plant and polymer, 
polymer ratio: 0.3), Qe means adsorption capacity

Figure 3. The effect amount of polymer on phosphate removal efficiency and adsorption capacity. 
The different treatments were A (control POME only), B (control POME and plant), C1 (POME, plant and 

polymer, polymer ratio: 0.5), C2 (POME, plant and polymer, polymer ratio: 0.4), C3 (POME, plant and polymer, 
polymer ratio: 0.3), Qe means adsorption capacity



51

Journal of Ecological Engineering 2025, 26(1), 46–58

degradation of pollutants in wastewater. Reactor 
C3 (polymer ratio 0.3) showed the highest COD 
removal efficiency of 77.4% with an adsorption 
capacity of 939.6 mg/g) and this is the optimum 
condition for variations in the polymer ratio. This 
shows that the presence of plants and polymers as 
adsorbents can improve the performance of the 
reactor in degrading pollutants. In general, in-
creasing the mass of the adsorbent will increase 
the number of active groups in absorbing pollut-
ants (Bhuvaneshwari et al., 2011). This is because 
the more significant the mass of adsorbent used, 
the greater the surface area available, so there are 
more active sites on the polymer that can bind 
pollutant ions (Mahvi et al., 2023). However, this 
research is not linear; based on the study conduct-
ed by (Gorzin and Abadi, 2018; Safri et al., 2022), 
the use of adsorbents that are too high will, on 
the contrary, reduce adsorption performance and 
reduce the adsorption balance. 

The polymer ratio greatly affects the reactor 
performance in COD and phosphate reduction, 
because the greater the amount of polymer, the 
less the adsorption capacity. Table 4 shows the 
BET analysis carried out using two types of ex-
perimental replicates for each. 

According to the BET analysis, the use of 
excessive adsorbent can close the pores of the 
adsorbent, thereby reducing the effective surface 
area of   the adsorbent and also making it difficult 
for adsorbate molecules to access and diffuse into 
the pores of the adsorbent. Fewer adsorbate mol-
ecules can be bound with less surface area, thus 
reducing the overall adsorption capacity.

Effect of polymer ratio on phosphate removal

Then, the ability of phosphate degradation 
can be seen in Figure 3. Phosphate degradation 
in reactor A is around 4%. This degradation is 
caused by aerobic microorganisms that utilize the 
remaining surface oxygen content in wastewater. 
Phosphate decomposition by microorganisms is 
lesser compared to processing using plants (Wang 

et al., 2012). Phosphate removal in reactor B was 
around 15.1%, which was caused by plant activity 
in carrying out the phytodegradation mechanism; 
this mechanism is used for several organic mate-
rials that can pass through the protective barrier 
of the rhizosphere zone in the roots (Dorafshan et 
al., 2023). The results of phosphate degradation 
in this study are in line with the research conduct-
ed by (Mahmoudpour et al., 2021), which studied 
the potential of Vetiveria zizanioides in degrading 
pollutants in synthetic wastewater for one month; 
they reported a decrease in phosphate on the tenth 
day of around 15% under phytoremediation con-
ditions without using aeration.

The phosphate degradation in the modified 
reactor shows that the optimum phosphate degra-
dation is at the lowest polymer ratio, 0.3 in the C3 
reactor. The phosphate degradation mechanism is 
carried out by Vetiveria zizanioides and the poly-
mer as an adsorbent. Phosphate degradation in the 
C3 reactor is around 59.9%, with an adsorption 
capacity of 2.77 mg/g. This result is linear with 
the research of Aini et al. (2023), who studied 
phosphate degradation in aqueous solutions using 
only polymers; they found that phosphate degra-
dation could reach 67%. The results are slightly 
different, because the adsorbent used was a modi-
fication of cacao with grafted functional mono-
mers directly containing quaternary ammonium 
for phosphate absorption in an aqueous solution 
with an N content of 3.86%.

In contrast, this study used POME with a 
reasonably high matrix that affected the removal 
percentage. The result of the N content based on 
elemental analysis was 1.22%. This also indicates 
that the study is quite linear when viewed from 
the contribution of ammonium polymer, which is 
comparable to the phosphate degradation ability 
of the tested samples. Additionally, the uneven 
condition of POME impacts the distribution of 
contaminants, which serve as a nutrient source for 
plants, resulting in suboptimal nutrient absorption 
by plant roots (Baiyin et al. 2021). In addition, it 
also affects the contact between the contaminant 

Table 4. BET analysis

Parameter
Treatment

C1 C2 C3

Surface area (m2/g) 11.46 ± 6.168 29.84 ± 21.831 34.91 ± 11.929

Pore volume (cc/g) 0.03 ± 0.017 0.08 ± 0.064 0.12 ± 0.063

Pore size (nm) 2.19 ± 0.001 1.94 ± 0.001 2.07 ± 0.126

Note: each value is the mean of two replicates. The values in the symbol ± indicate standard error.
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and the adsorbent, leading to adsorption efficien-
cy (Sarkar et al., 2021).

Effect of detention time

Effect of detention time on COD removal

The effect of residence time can be seen in 
Figures 4 and 5. It can be observed that the amount 
of chemical oxygen demand that is degraded in-
creases along with residence time in each reactor 
(Figure 4 and Table 3). The performance of COD 
pollutant degradation in reactor A is not very sig-
nificant. From the first day to the ninth day, unsta-
ble degradation occurs. Until the ninth day, only a 
removal efficiency of around 6.1% was obtained. 
While in reactor B, there was continuous COD 
removal until the ninth day, a COD removal ef-
ficiency of around 39.2% was obtained.

Meanwhile, in reactors C1, C2, and C3, the 
optimum condition was found in reactor C3, 
which used the lowest polymer ratio, 0.3. In reac-
tor C3, COD removal efficiency was very signifi-
cant from the first to the ninth day compared to 
reactors A and B. The mechanism of COD remov-
al in phytoremediation technology is due to the 
relationship between macrophytes and microor-
ganisms in the rhizosphere. Macrophytes provide 
growth media and an aerobic environment for the 

roots, and microorganisms degrade organic pol-
lutants, such as COD.

Then, continuous COD degradation was ob-
tained from the modified reactor’s first to the 
ninth day. Until the ninth day, the optimum COD 
degradation results were obtained in the C3 re-
actor with a removal efficiency of 77.4%. These 
results indicate combining phytoremediation and 
adsorption is better than using phytoremediation 
alone. The results of this study are in line with 
Siswoyo et al. (2019), who studied the removal 
of COD in laundry waste using a combination 
of phytoremediation and adsorption using Pistia 
stratiotes and Eichhornia crassipes plants as well 
as adsorbents taken from the sludge of drinking 
water treatment plants. The study showed that de-
tention time significantly influenced the pollutant 
degradation process until day 15, showing a COD 
reduction result of 77.5%. 

Effect of detention time on phosphate 
removal

Figure 5 and Table 5 show that each reactor 
has a fluctuating reduction and detention time. 
In reactor A, a significant decrease in phosphate 
occurred from the first to the third day, but from 
day 5 to day 9, the phosphate content increased. 

Figure 4. The effect of detention time on COD removal efficiency. The different treatments were A 
(control POME only), B (control POME and plant), C1 (POME, plant and polymer, polymer ratio: 0.5), 
C2 (POME, plant and polymer, polymer ratio: 0.4), C3 (POME, plant and polymer, polymer ratio: 0.3)
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On the 9th day, only 4.1% of phosphate was suc-
cessfully removed. The degradation process is 
influenced by microorganisms that consume the 
residual surface oxygen found in wastewater. 
These microbes use some phosphates for their 
metabolic processes, decreasing the phosphate 
concentration in the waste. However, when the 
remaining surface oxygen has run out, the pro-
cessing conditions will change to anaerobic, 
which will certainly also affect the biological 
performance of these microorganisms in reduc-
ing phosphate. After the population of microor-
ganisms reaches its peak and begins to decline 
due to changes in environmental conditions, the 
decomposition process of dead organisms can 
release phosphate back into the wastewater. This 
causes an increase in dissolved phosphate lev-
els again (Azni et al., 2022; Zhang et al., 2023). 
Then, in reactor B, there was no significant 

phosphate degradation from day 1 to day 9. Un-
til day 9, only phosphate degradation of 15.1% 
was obtained. This decrease is certainly due to 
the ability of vetiveria zizanioides to degrade 
various pollutants, including phosphate. Then, 
compared to the modified reactor, the highest 
phosphate removal was in reactor C3, around 
59.9%. This proves that combining phytoreme-
diation and adsorption in a detention time of 9 
days can reduce phosphate better than phytore-
mediation alone. This parallels the study by 
Türker and Baran (2018), which examined the 
degradation of boron pollutants in drinking wa-
ter through a combination of phytoremediation 
with Lemna Gibba plants and chitosan-based 
adsorbents. The study showed a reduction in bo-
ron that could reach 50% up to a detention time 
of 4 days. The detention time is very influential 
and essential for plant roots to absorb pollutants 

Figure 5. The effect of detention time on phosphate removal efficiency. The different treatments were A 
(control POME only), B (control POME and plant), C1 (POME, plant and polymer, polymer ratio: 0.5), 
C2 (POME, plant and polymer, polymer ratio: 0.4), C3 (POME, plant and polymer, polymer ratio: 0.3)

Table 5. Pollutant adsorption capacity with various treatments

Detention time (Days)
COD adsorption capacity (mg/g) Phosphate adsorption capacity (mg/g)

C1 C2 C3 C1 C2 C3

1 232.0 354.1 559.0 0.63 0.74 0.96

3 378.9 473.7 712.9 0.78 1.04 1.57

5 466.5 683.6 920.2 0.85 1.23 1.82

7 543.0 686.5 926.7 1.37 1.44 2.24

9 550.7 693.2 939.6 1.32 1.86 2.77
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as nutrients. It also allows microorganisms in 
the rhizosphere area to participate in degrada-
tion. An increase in detention time will initially 
increase the contact time with the polymer as 
an adsorbent, enabling the adsorbent to absorb 
more pollutants (Hadiyanto et al., 2014).

Detention time in the context of combined 
phytoremediation and adsorption refers to the 
length of time a pollutant or substrate is in con-
tact with the system. Both phytoremediation and 
adsorption are greatly influenced by the length of 
this contact time in degrading pollutants. The lon-
ger the retention time, the more pollutants can be 
absorbed by plant roots and translocated to other 
parts of the plant. Then, the more adsorbate mol-
ecules can attach to the surface of the adsorbent. 
However, it should be remembered that there is 
an optimal detention time in the phytoremedia-
tion and adsorption processes, which achieves 
good plant growth conditions and maximum ad-
sorption equilibrium.

Characterization of polymers

Fourier transform infrared spectroscopy 
(FTIR) has been conducted to determine the 
functional groups contained in the polymer 
before and after waste treatment application. 
The FTIR results for the polymer used before 
and after POME treatment can be seen in Fig-
ure 6. Figure 6 shows several peaks found in 

the ammonium polymer before and after the 
adsorption process. The first peak is located 
at wave number 1148 cm-1, followed by waves 
number 1241 cm-1, 1642 cm-1 in the third peak, 
2960 cm-1 in the fourth peak, and 3357 cm-1 
in the fifth peak. The peaks in this graph that 
appear before POME processing are not very 
prominent or pointed. The C-O adsorption area 
(stretched) is the adsorption area at wave num-
ber 1025–1150 cm-1. The C-N adsorption area 
(amine) is identified by the adsorption area at 
wave number 1020–1250 cm-1.

Moreover, the N-H absorption region 
(amine) is indicated by the absorption area at 
wave number 1580–1650 cm-1. The functional 
monomer that was utilized contributes to this 
amine group. The absorption region denotes the 
C-H absorption area (stretching) at wave number 
2853–2962 cm-1. The O-H group absorption area 
is then indicated by the absorption area at wave 
number 3000–3600 cm-1 (Rahayu et al., 2021; 
Silverstein et al., 2005). The peaks produced in 
the FTIR analysis showed a significant differ-
ence in the sharpness of the peaks in the polymer 
groups before and after treatment. All functional 
groups in the ammonium polymer, especially 
those related to the amine group itself, are used 
as strong anion exchangers. This indicates that 
the ammonium polymer is effectively used to ad-
sorb pollutant ions contained in POME.

Figure 6. Fourier transform infrared (FTIR) of polymer before and after treatment (C3)
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Furthermore, elemental analysis was used to 
measure the weight percentage of C, H, and N 
in the ammonium polymer before and after pro-
cessing, as seen in Table 6. The weight percent-
age of the C component in ammonium polymer 
after treatment is smaller than before POME 
wastewater treatment. 

This is because some organic contaminants 
containing carbon may be adsorbed on the surface 
of the adsorbent and bind to the carbon in the ad-
sorbent. After treatment, these contaminants may 
be released or removed, reducing the carbon con-
tent of the original adsorbent. Then, the weight 
percentage of the N and H components in ammo-
nium polymer after treatment is more significant 
than before the POME treatment. This indicates 
that ammonium polymer containing nitrogen and 
hydrogen acts as a strong anion exchanger as a 
NH4

+. Furthermore, this strong anion exchanger 
has the potential to react with negative sites of 
pollutant ions in POME, one of which is known 
to be phosphate (PO4

3-). 

CONCLUSIONS

This study successfully investigated the re-
lationship between floating treatment wetlands 
(FTWs) and adsorption using ammonium-based 
polymers to treat high contaminants in POME. 
Floating treatment wetlands using Vetiveria zi-
zanioides modified with ammonium polymer 
with a 0.3 ratio in the reactor reduced COD 
and phosphate by 77.3% and 59.9%, respec-
tively. Elemental analysis showed 1.2228% of 
the polymer weight for N content in the reactor 
and 34.91 ± 11.929 m2/g for the surface area of 
polymers in the optimum reactor. POME can be 
processed into an environmentally friendly and 
economical waste treatment system by combin-
ing phytoremediation with the adsorbents from 
ammonium-base polymers. Therefore, further 
research on the parallelization system between 
FTW and adsorption needs to be conducted to 
determine the system’s effectiveness, which will 
be implemented later.

Acknowledgments 

The authors gratefully acknowledge the Di-
rectorate of Research, Technology, and Commu-
nity Service from the Ministry of Education, Cul-
ture, Research, and Technology Indonesia for the 
Fiscal Year 2024 for funding this research with 
Grant Number 022/PTM/LPPM UAD/VI/2024.

REFERENCES

1. Abdurahman, N.H., Rosli, Y.M., Azhari, N.H. 
(2011). Development of a membrane anaerobic 
system (MAS) for palm oil mill effluent (POME) 
treatment. Desalination, 266(1–3), 208–212. https://
doi.org/10.1016/j.desal.2010.08.028

2. Abnisa, F., Arami-Niya, A., Wan Daud, W.M.A., 
Sahu, J.N., Noor, I.M. (2013). Utilization of oil 
palm tree residues to produce bio-oil and bio-char 
via pyrolysis. Energy Conversion and Manage-
ment, 76, 1073–1082. https://doi.org/10.1016/j.
enconman.2013.08.038

3. Aini, N., Mufandi, I., Jamilatun, S., Rahayu, A. 
(2023). Exploring cacao husk waste – surface 
modification, characterization, and its potential for 
removing phosphate and nitrate ions. Journal of 
Ecological Engineering, 24(12), 282–292. https://
doi.org/10.12911/22998993/174003

4. Azni, M.E., Abidin, A.Z., Noorain, R., Hitam, 
S.M.S., Ernawati, L., Abdullah, R., Shoiful, A., 
Mohamad, R. (2022). Performance of Chlorella sp. 
and Multicultural Bacteria in Removing Pollutants 
from Nutrient-Rich Wastewater. ASEAN Journal of 
Chemical Engineering, 22(1), 42–57. https://doi.
org/10.22146/ajche.69427

5. Baiyin, B., Tagawa, K., Yamada, M., Wang, X., 
Yamada, S., Yamamoto, S., Ibaraki, Y. (2021). 
Study on plant growth and nutrient uptake under 
different aeration intensity in hydroponics with the 
application of particle image velocimetry. Agricul-
ture (Switzerland), 11(11). https://doi.org/10.3390/
agriculture11111140

6. Bhuvaneshwari, S., Sivasubramanian, V., Sent-
hilrani, S. (2011). Biosorption of chromium from 
aqueous waste water using chitosan and desorp-
tion of chromium from biosorbent for effec-
tive reuse. Research Journal of Chemistry and 

Table 6. The percentage of weight of H, C, N in ammonium polymer (C3)

Treatment Unit
Component

H C N

Before
% wt

7.5738 43.0472 2.8715

After 2.4999 14.0224 1.2228



56

Journal of Ecological Engineering 2025, 26(1), 46–58

Environment, 15(2). https://www.researchgate.net/
publication/258850007

7. Darajeh, N., Idris, A., Fard Masoumi, H.R., Nourani, 
A., Truong, P., Rezania, S. (2017). Phytoremedia-
tion of palm oil mill secondary effluent (POMSE) by 
Chrysopogon zizanioides (L.) using artificial neural 
networks. International Journal of Phytoremedia-
tion, 19(5), 413–424. https://doi.org/10.1080/1522
6514.2016.1244159

8. Darajeh, N., Idris, A., Truong, P., Abdul Aziz, A., 
Abu Bakar, R., Che Man, H. (2014). Phytoreme-
diation potential of Vetiver system technology for 
improving the quality of palm oil mill effluent. 
Advances in Materials Science and Engineering. 
https://doi.org/10.1155/2014/683579

9. Bala, D.J., Lalung, J., Ismail, N. (2014). Biodegra-
dation of palm oil mill effluent (POME) by bacterial. 
International Journal of Scientific and Research 
Publications, 4(3). www.ijsrp.org

10. Dorafshan, M.M., Abedi-Koupai, J., Eslamian, S., Ami-
ri, M.J. (2023). Vetiver grass (Chrysopogon zizanoides 
L.): A hyper-accumulator crop for bioremediation of 
unconventional water. In Sustainability (Switzerland) 
15(4). MDPI. https://doi.org/10.3390/su15043529

11. Environmental and Forestry Instrument Standard-
ization Agency. (2023). Standard National Indo-
nesia for Water and Wastewater Quality (SNI). 
https://pusfaster.bsilhk.menlhk.go.id/index.php/
daftar-standar-nasional/sni/teknologi-pengujian/
kualitas-air-dan-air-limbah/

12. Gorzin, F., Abadi, M.B.R. (2018). Adsorption 
of Cr(VI) from aqueous solution by adsorbent 
prepared from paper mill sludge: Kinetics and 
thermodynamics studies. Adsorption Science 
and Technology, 36(1–2), 149–169. https://doi.
org/10.1177/0263617416686976

13. Hadiyanto, H., Soetrisnanto, D., Christwardhana, 
M. (2014). Phytoremediation of palm oil mill efflu-
ent using pistia stratiotes plant and Algae Spirulina 
sp. for biomass production. International Journal 
of Engineering, 27(12(C)). https://doi.org/10.5829/
idosi.ije.2014.27.12c.02

14. Irvan. (2018). Processing of palm oil mill wastes 
based on zero waste technology. IOP Conference 
Series: Materials Science and Engineering, 309(1). 
https://doi.org/10.1088/1757-899X/309/1/012136

15. Kamyab, H., Chelliapan, S., Din, M.F.D., Rezania, 
S., Khademi, T., Kumar, A. (2018). Palm Oil Mill 
Effluent as an Environmental Pollutant. In Palm Oil. 
InTech. https://doi.org/10.5772/intechopen.75811

16. Kramanandita, R., Bantacut, T., Romli, M., Mak-
moen, M. (2014). Utilization of palm oil mills 
wastes as source of energy and water in the produc-
tion process of crude palm oil utilizations of palm 
oil mills wastes as source of energy and water in 
the production process of crude palm oil. Chemistry 

and Materials Research, 6(8), 46–53. https://www.
researchgate.net/publication/280534556

17. Lakshmi, K.S., Sailaja, V.H., Reddy, M.A. (2017). 
Phytoremediation - a promising technique in 
waste water treatment. International Journal of 
Scientific Research and Management. https://doi.
org/10.18535/ijsrm/v5i6.20

18. Liew, W.L., Kassim, M.A., Muda, K., Loh, S.K., 
Affam, A.C. (2015). Conventional methods and 
emerging wastewater polishing technologies 
for palm oil mill effluent treatment: A review. In 
Journal of Environmental Management 149, 222–
235. Academic Press. https://doi.org/10.1016/j.
jenvman.2014.10.016

19. Listiningrum, P., Idris, S.H., Vilandamargin, D., Nu-
rosidah, S., Suhartini, S. (2022). Regulating biogas 
power plant from palm oil mill effluent (POME): 
A challenge to Indonesia’s just energy transition. 
Yustisia, 11(2), 77–93. https://doi.org/10.20961/
yustisia.v11i2.56421

20. Mahmoudpour, M., Gholami, S., Ehteshami, M., 
Salari, M. (2021). Evaluation of phytoremediation 
potential of vetiver grass (Chrysopogon zizanioides 
(L.) Roberty) for wastewater treatment. Advances 
in Materials Science and Engineering. https://doi.
org/10.1155/2021/3059983

21. Mahvi, A.H., Balarak, D., Bazrafshan, E. (2023). 
Remarkable reusability of magnetic Fe3O4-graphene 
oxide composite: a highly effective adsorbent for 
Cr(VI) ions. International Journal of Environmental 
Analytical Chemistry, 103(15), 3501–3521. https://
doi.org/10.1080/03067319.2021.1910250

22. Ministry of Agriculture Indonesia. (2024). Sta-
tistics of Estate Crops 2022–2024 (Cahyono, 
Ed.; 1st ed., 1). https://ditjenbun.pertanian.go.id/
buku-statistik-perkebunan-jilid-i-2022-2024/

23. Ministry of Environment and Forestry. (2014). Reg-
ulation Minister of Environment Republic Indonesia 
Number 5, 2014 Concerning Waste Water Quality 
Standards. https://jdih.menlhk.go.id/new2/home/
portfolioDetails/5/2014/9#

24. Mohammad, S., Baidurah, S., Kobayashi, T., Ismail, 
N., Leh, C.P. (2021). Palm oil mill effluent treatment 
processes—A review. In Processes 9(5). MDPI AG. 
https://doi.org/10.3390/pr9050739

25. Nedjimi, B. (2021). Phytoremediation: a sustain-
able environmental technology for heavy met-
als decontamination. In SN Applied Sciences, 
3(3). Springer Nature. https://doi.org/10.1007/
s42452-021-04301-4

26. Ng, Y.S., Chan, D.J.C. (2017). Wastewater phy-
toremediation by Salvinia molesta. Journal of Wa-
ter Process Engineering, 15, 107–115. https://doi.
org/10.1016/j.jwpe.2016.08.006

27. Osman, N.A., Ujang, F.A., Roslan, A.M., Ibrahim, 



57

Journal of Ecological Engineering 2025, 26(1), 46–58

M.F., Hassan, M.A. (2020). The effect of palm oil 
mill effluent final discharge on the characteristics of 
pennisetum purpureum. Scientific Reports, 10(1). 
https://doi.org/10.1038/s41598-020-62815-0

28. Rahayu, A., Hakika, D.C., Amrillah, N.A.Z., Ve-
ranica, V. (2023). Synthesis and characterization of 
ammonium polymer for anion removal in aqueous 
solutions. Polimery/Polymers, 68(10), 537–543. 
https://doi.org/10.14314/polimery.2023.10.3

29. Rahayu, A., Jamilatun, S., Aldilla Fajri, J., Wah 
Lim, L. (2021). Characterization of organic polymer 
monolith columns containing ammonium quarter-
nary as initial study for capillary chromatography. 
Journal of Islamic Science and Technology, 7(1). 
https://doi.org/10.22373/ekw.v7.i1.8764

30. Rahayu, A., Jamilatun, S., Amrillah, N.A.Z., 
Nuraini, N., Mulyadi, I. (2023). Removal of ion ni-
trate and phospate using cocoa shell skin modified 
with functional polymer. Elkawnie, 9(2). https://doi.
org/10.22373/ekw.v9i2.18260

31. Sa’At, S.K.M., Yusoff, M.S., Zaman, N.Q., Ismail, 
H.A., Farraji, H. (2022). Polishing treatment of 
palm oil mill effluent phytoremediation by Scirpus 
grossus. AIP Conference Proceedings, 2541. https://
doi.org/10.1063/5.0116396

32. Safri, A., Fletcher, A.J., Safri, R., Rasheed, H. 
(2022). Integrated adsorption–photodegradation of 
organic pollutants by carbon xerogel/titania com-
posites. Molecules, 27(23). https://doi.org/10.3390/
molecules27238483

33. Sarkar, S., Tiwari, N., Basu, A., Behera, M., Das, 
B., Chakrabortty, S., Sanjay, K., Suar, M., Adhya, 
T.K., Banerjee, S., Tripathy, S.K. (2021). Sorptive 
removal of malachite green from aqueous solution 
by magnetite/coir pith supported sodium alginate 
beads: Kinetics, isotherms, thermodynamics and 
parametric optimization. Environmental Technol-
ogy and Innovation, 24. https://doi.org/10.1016/j.
eti.2021.101818

34. Shahputra, M.A., Zen, Z. (2018). Positive and 
Negative Impacts of Oil Palm Expansion in In-
donesia and the Prospect to Achieve Sustain-
able Palm Oil. IOP Conference Series: Earth 
and Environmental Science, 122(1). https://doi.
org/10.1088/1755-1315/122/1/012008

35. Silverstein, R.M., Webster, F.X., Kiemle, D.J. 
(2005). Spectrometric identification of organic com-
pounds (7th edition). John Wiley & Sons.

36. Singh, N.B., Nagpal, G., Agrawal, S., Rachna. 
(2018). Water purification by using adsorbents: 
a review. In Environmental Technology and In-
novation 11, 187–240. Elsevier B.V. https://doi.
org/10.1016/j.eti.2018.05.006

37. Siswoyo, E., Utari, A.W., Mungkari, L.G.N. (2019). 
Adsorption combined phytoremediation system for 
treatment of laundry wastewater. MATEC Web of 

Conferences, 280, 05002. https://doi.org/10.1051/
matecconf/201928005002

38. Soo, P.L., Bashir, M.J.K., Wong, L.P. (2022). Re-
cent advancements in the treatment of palm oil mill 
effluent (POME) using anaerobic biofilm reactors: 
Challenges and future perspectives. In Journal of 
Environmental Management 320. Academic Press. 
https://doi.org/10.1016/j.jenvman.2022.115750

39. Suksong, W., Tukanghan, W., Promnuan, K., Kong-
jan, P., Reungsang, A., Insam, H., O-Thong, S. 
(2020). Biogas production from palm oil mill effluent 
and empty fruit bunches by coupled liquid and solid-
state anaerobic digestion. Bioresource Technology, 
296. https://doi.org/10.1016/j.biortech.2019.122304

40. Tan, I.A.W., Jamali, N.S., Ting, H.T. (2019). Phy-
toremediation of palm oil mill effluent (POME) 
using Eichhornia crassipes. Journal of Applied 
Science & Process Engineering, 6(1). https://www.
researchgate.net/publication/335136277

41. Tan, K.A., Wan Maznah, W.O., Morad, N., Lalung, 
J., Ismail, N., Talebi, A., Oyekanmi, A.A. (2022). 
Advances in POME treatment methods: potentials 
of phycoremediation, with a focus on South East 
Asia. In International Journal of Environmental Sci-
ence and Technology 19(8), 8113–8130. Springer 
Science and Business Media Deutschland GmbH. 
https://doi.org/10.1007/s13762-021-03436-6

42. The Commissioner of Law Revision, M.F.S.L.D. 
of E. (1982). Environmental Quality (Prescribed 
Premises) (Crude Palm Oil) (Amendment) Regu-
lations. https://www.doe.gov.my/wp-content/
uploads/2021/11/Environmental_Quality_Pre-
scribed_Premises_Crude_Palm_Oil_Amendment_
Regulations_1982_-_P.U.A_183-82.pdf

43. Türker, O.C., Baran, T. (2018). A combination 
method based on chitosan adsorption and duckweed 
(Lemna gibba L.) phytoremediation for boron (b) 
removal from drinking water. International Journal 
of Phytoremediation, 20(2), 175–183. https://doi.or
g/10.1080/15226514.2017.1350137

44. Ujang, F.A., Osman, N.A., Idris, J., Halmi, 
M.I.E., Hassan, M.A., Roslan, A.M. (2018). 
Start-up treatment of palm oil mill effluent 
(POME) final discharge using Napier Grass in 
wetland system. IOP Conference Series: Materi-
als Science and Engineering, 368(1). https://doi.
org/10.1088/1757-899X/368/1/012008

45. Wang, R., Baldy, V., Périssol, C., Korboulewsky, 
N. (2012). Influence of plants on microbial activ-
ity in a vertical-downflow wetland system treating 
waste activated sludge with high organic matter 
concentrations. Journal of Environmental Man-
agement, 95(SUPPL.). https://doi.org/10.1016/j.
jenvman.2011.03.021

46. Watharkar, A.D., Khandare, R.V., Waghmare, P.R., 
Jagadale, A.D., Govindwar, S.P., Jadhav, J.P. (2015). 



58

Journal of Ecological Engineering 2025, 26(1), 46–58

Treatment of textile effluent in a developed phytore-
actor with immobilized bacterial augmentation and 
subsequent toxicity studies on Etheostoma olmstedi 
fish. Journal of Hazardous Materials, 283, 698–704. 
https://doi.org/10.1016/j.jhazmat.2014.10.019

47. Wu, T.Y., Mohammad, A.W., Jahim, J.M., Anuar, 
N. (2010). Pollution control technologies for the 
treatment of palm oil mill effluent (POME) through 
end-of-pipe processes. In Journal of Environmental 
Management 91(7), 1467–1490. Academic Press. 
https://doi.org/10.1016/j.jenvman.2010.02.008

48. Zainal, N.H., Jalani, N.F., Mamat, R., Astimar, 
A.A. (2017). A review on the development of palm 
oil mill effluent (POME) final discharge polishing 
treatments. Journal of Oil Palm Research, 29(4), 

528–540. https://doi.org/10.21894/jopr.2017.00012
49. Zhang, H., Zhou, X., Lv, X., Xu, X., Weng, Q., Lei, 

K. (2023). Exploration of the factors that influence to-
tal phosphorus in surface water and an evaluation of 
surface water vulnerability based on an advanced al-
gorithm and traditional index method. Journal of Envi-
ronmental Management, 342. https://doi.org/10.1016/j.
jenvman.2023.118155

50. Zulfahmi, I., Kandi, R.N., Huslina, F., Rahmawa-
ti, L., Muliari, M., Sumon, K.A., Rahman, M.M. 
(2021). Phytoremediation of palm oil mill effluent 
(POME) using water spinach (Ipomoea aquatica 
Forsk). Environmental Technology and Innovation, 
21. https://doi.org/10.1016/j.eti.2020.101260




