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Abstract The dissolved fractions of polycyclic aromatic hydrocarbons (PAHs) in 
wastewater have many adverse effects on humans, animals, and water species. The 
objective of this study is to study the removal of PAHs in produced water (PW) 
using oil palm leaves activated carbon (OPLAC). The OPLAC was applied for the 
degradation of naphthalene (NAP), one of the commonly found PAH, in aquatic 
solution and PW at various pH (3–9), dosage (100–3000 mg/L) and contact time 
(5–90 min). The parameters were optimized using response surface methodology 
(RSM). The optimum parameters were as follows: pH of 3, dosage of 2197 mg/L 
and contact time of 72 min giving removal efficiency of 92.48% in aquatic solution. 
The results were verified in the laboratory. The removal efficiency of NAP from PW 
sample was 70.5% at optimized parameters. It was closer to the experimental results 
with 19% difference. 
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1 Introduction 

Oil is one of the world’s primary energy sources, and its production is a critical 
issue. While oil is being produced, some negative environmental effects occur. One 
of the most significant sources of negative effects is produced water (PW), which is 
produced as wastewater during the oil production process [1]. The water is highly 
contaminated by polycyclic aromatic hydrocarbons (PAHs), salinity, heavy metals, 
radionuclides, and oilfield chemicals [2]. Numerous investigations have established 
that PAHs are the primary cause of PW’s acute and chronic toxicity [3]. The PAHs 
include two or more fused aromatic rings of carbon and hydrogen atoms and have 
been classified as priority pollutants by the U.S. Environmental Protection Agency 
(USEPA) because of their prevalence and cancer-causing potential [4]. Therefore, 
it is essential to investigate economical and ecotechnological options for reducing 
PAHs from PW. 

Adsorption is a widely used and efficient method for treating wastewater [5]. 
However, adsorption is quite material-dependent in terms of its effectiveness and 
cost. For the process of wastewater treatment, activated carbon (AC) is a renowned 
adsorbent [6]. Nowadays, attempts are made to replace commercially available AC 
with AC produced from biomass waste due to the necessity for inexpensive adsor-
bents [7]. The current study focused on the removal of PAHs in PW by using an AC 
synthesized by locally available oil palm leaves waste. 

Malaysia is the leading exporter of palm oil on the global market, and the country 
alone produces almost 53 million tonnes of oil palm waste per year, with that quantity 
rising at a rate of 5% each year [8]. The utilization of oil palm waste as a precursor 
material for AC has been researched over the years. In wastewater, it has been utilized 
to adsorb a variety of organic and inorganic contaminants [9, 10]. However, very 
few research have documented the synthesis of AC utilizing waste oil palm leaves, 
which are widely accessible, and their use for PAHs adsorption in wastewater is also 
unexplored, particularly in PW. 

This study focused on the application of AC using oil palm leaves waste in 
Malaysia for the treatment of PAHs in PW. Naphthalene (NAP) was chosen as 
representative PAH compound. It is one of the commonly found (USEPA priority) 
PAHs. The response surface methodology (RSM) was used to model the adsorption 
processes and optimize the parameters [11]. The removal of NAP, as the current 
study’s target pollutants cannot only offer helpful information for NAP treatment 
but also be viewed as the main research approach for handling complex PAHs. To 
meet the objectives of sustainable development through waste management and water 
purification, this study will contribute to extending the application of largely avail-
able oil palm leaves waste, developing green materials, and treating abundantly found 
PAHs.
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2 Materials and Methods 

2.1 Materials 

The zinc chloride (ZnCl2) and Sigma-Aldrich Supelco analytical solid standard of 
NAP (C10H8, mol. weight = 128.17 g/mol) was purchased from Avantis Labora-
tory Supply. The oil palm leaves waste was taken from FELCRA Berhad, Perak in 
Malaysia. The PW sample was collected from an oil and gas company operating in 
Southeast Asia 

2.2 Characterization of PW 

The NAP in PW was quantified using high performance liquid chromatography 
(HPLC). An inertsil ODS-P HPLC column (5 µm, 250 × 4.6 mm) and an ultraviolet 
(UV, 254 nm) detector were used. The injection volume was 20 µL and column 
temperature was 40 °C. The quantified concentration of NAP in PW was 195 ± 5 
µg/L. The finding was consistent with past studies, in which a number of studies 
observed PAHs of PW in the range of 100–1000 µg/L [3]. 

2.3 Oil Palm Leaves AC 

The oil palm leaves AC was synthesized as our previous reported method [12]. Briefly, 
the leaves waste was chemically activated by ZnCl2 (1:1) and pyrolyzed at 800 °C 
using tube furnace. The obtained AC was named oil palm leaves AC (OPLAC) and 
stored for further use. 

2.4 Adsorption Batch Experiments 

The impact of initial pH of wastewater (3–9), dosage of OPLAC (100–3000 mg/L) 
and contact time (5–90 min) was analyzed through batch testing. The batch experi-
ments were conducted on a hot plate with magnetic stirrer in a beaker. The aqueous 
solution was prepared at initial concentration of NAP as 200 µg/L, similar as obtained 
by the analysis of PW. The samples were placed for stirring (220 rpm at 25 ± 5 °C).  
Following the completion of the stirring period, samples were removed, filtered using 
a 0.45 m syringe filter, and then analyzed using HPLC to determine the final amount 
of NAP.
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2.5 Design of Experiments Using RSM and Application 
of OPLAC in PW 

The RSM-based polynomial central composite design (CCD) in design expert (DE) 
software was used for the design of adsorption batch experiments. Adsorptive 
removal efficiency of NAP was taken as outputs. Initial pH of wastewater (3–9), 
dosage of OPLAC (100–3000 mg/L) and contact time (5–90 min) were taken as 
inputs. The design gave a total of 25 experimental runs (Table 1). 

The experimental data collected through batch tests is represented in Table 1. 
Analysis of variance (ANOVA) was used to assess the suitability of the developed 
model. ANOVA also helps to assess the statistical significance of the constant regres-
sion coefficients. The obtained optimized parameters were confirmed in the lab. The 
optimized parameters were used to evaluate the removal efficiency of NAP in PW.

3 Results and Discussion 

3.1 Batch Experiments Results 

Figure 1 (a) shows the results of the percentage removal of NAP in wastewater 
using OPLAC, with a change in the initial pH value (3–9). The results showed 
that percentage removal of NAP in wastewater reduced from 72% to 65% (±2%) 
with an increase in pH from 3 to 6. A further increase in pH, from 7 to 9, slightly 
increased the NAP (68 ± 2%) removal. Hence, pH 3 was considered as optimum 
value for the removal of NAP using OPLAC. Similar results have been observed 
for removal of PAHs in wastewater, where pH of 2–3 was found as suitable pH for 
the adsorption of NAP using AC [13, 14]. Figure 1 (b) shows the plot between the 
removal efficiency of NAP and OPLAC dosage. The removal efficiency of PAHs 
increased with increasing dosage of OPLAC from 100 mg/L to 3000 mg/L due to 
increased amounts of available binding sites. The maximum adsorptive removal of 
NAP was 70.62 ± 2% around dosage of 3000 mg/L. The change in NAP removal 
efficiency at various contact times (5–90 min) is represented in Figure 1 (c). The 
removal of NAP considerably increased when the contact time increased from 0 to 
5 min followed by a slower adsorption rate. Increasing the contact time further did 
not improve the removal capacity considerably. Hence, a contact time of 45 min was 
the optimal time for the removal of NAP. The maximum removal efficiency of NAP 
was 65.17 ± 2% at this contact time. Similar adsorption trend has been reported in 
other studies for PAHs removal [15].
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Table 1 Experimental runs and outputs 

Sr. No. pH Dosage 
(mg/L) 

Contact time 
(min) 

NAP Removal efficiency (%) 

1 6 100 47.5 61.8 

2 6 3000 47.5 70.6 

3 3 3000 90.0 89.5 

4 9 3000 5 85.6 

5 6 1550 5 57.0 

6 9 1550 47.5 68.6 

7 9 100 5 84.7 

8 6 1550 47.5 65.2 

9 9 3000 5 44.8 

10 9 100 90 25.7 

11 6 1550 90 61.0 

12 9 3000 90 48.3 

13 3 100 5 36.3 

14 3 3000 5 52.1 

15 3 3000 90 50.4 

16 3 3000 5 87.0 

17 3 1550 47.5 72.5 

18 3 100 90 89.0 

19 6 1550 47.5 86.2 

20 3 100 5 85.4 

21 9 100 5 38.5 

22 6 1550 47.5 59.7 

23 3 100 90 35.3 

24 9 3000 90 94.1 

25 9 100 90 84.0

3.2 Modelling of RSM 

A total 25 experimental runs were conducted as obtained by RSM in DOE soft-
ware. Table 1 lists the performed runs and their experimental results. The findings of 
ANOVA show the validity of the used design as well as the relationships and rele-
vance of variables. Table 2 shows that all parameters pH, dosage, and contact time 
significantly influenced the adsorption process. The Model F-value of 27.59 implied 
that the model was significant for adsorption of NAP onto OPLAC. There was only 
a 0.01% chance that an F-value this large could occur due to noise. A p-values less 
than 0.05 indicated that model terms were significant. The Predicted R2 of 0.8514
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Fig. 1 Impact of pH, OPLAC dosage and contact time on adsorptive removal percentage of NAP

was in closer agreement with the Adjusted R2 of 0.9394. Adeq. Precision (AP) ratio 
should be greater than 4. Here ratio of 16.915 indicated an adequate signal for NAP.

3.3 3D Plots Describing Impact of Operating Variables 
on NAP Adsorptions 

3D plots with various peak values and curves show how independent variables and 
their interactions affect the removal of NAP. In 3D plots, two independent variables 
were deliberately changed while the other independent variable was kept constant. 
Fig. 2 (a–c) indicate the 3-D plots on effects of pH, dosage and contact on NAP 
removal efficiency (%). Higher removal efficiency of NAP was observed at pH of 3 
and 9 showing that increase in H+ and OH- ions increased the electrostatic interac-
tions between OPLAC and NAP. Increasing the dosage of OPLAC and increasing 
contact time until 45 min increased the removal efficiencies due to abundant avail-
able adsorption sites on OPLAC. Further increase in contact time did not increase the 
removal efficiencies due to saturation of OPLAC. It can be seen that the wastewater
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Table 2 Statistical analysis using ANOVA for model validation 

Source SS DF MS F-value P-value 

ANOVA for NAP 

Model 9529.46 14 680.68 27.59 <0.0001 

A-pH 29.79 1 29.79 1.21 0.02975 

B-Dosage 369.12 1 369.12 14.96 0.0031 

C-Contact time 1.98 1 1.98 0.0801 0.0001 

AB 2.94 1 2.94 0.1191 0.007371 

AC 1.36 1 1.36 0.0551 0.008192 

BC 35.54 1 35.54 1.44 0.02577 

A2 17.12 1 17.12 0.6938 0.04243 

B2 7.85 1 7.85 0.3184 0.05850 

C2 204.97 1 204.97 8.31 0.0163 

Residual 246.68 10 24.67 

Model summary R2 
0.9748 

R2 
adj 

0.939 

R2 
pred 

0.8514 

AP 
16.9149 

CV 
7.60%

pH did not significantly affect the removal efficiencies of NAP. Whereas dosage and 
contact time greatly affect the removal efficiencies.

To assess the adequacy of the selected models, two types of plots were chosen: 
predicted vs experimental values plot and normal plot of residual. Figures 2 (d) 
shows that model’s anticipated and experimental responses were related. The plots 
revealed a good match between actual and experimental values. Furthermore, as 
shown in Figure 2 (e), the distribution of all data points was near to the 45° straight 
line. 

3.4 Optimization and Application of OPLAC in PW 

After ANOVA model validation, the RSM-based method of numerical optimization is 
frequently employed to identify the optimal values for each independent variable. The 
NAP removal efficiencies predicted by numerical optimization was 92.48%, using 
OPLAC. This removal efficiency weas estimated at the wastewater pH of 3, dosage 
of OPLAC 2197 mg/L and contact time of 72 min. Additional tests were carried 
out utilizing the suggested optimal values of independent parameters to validate the 
optimal conditions and the complete model. The model’s validity was confirmed 
by a small divergence between experimental and predicted outcomes under optimal 
conditions (Table 3). 

The OPLAC was utilized to extract NAP from PW sample to confirm the applica-
bility of the OPLAC. The PW sample was mixed with OPLAC at optimized param-
eters viz., pH (3), dosage (2197 mg/L) and contact time (72 min). Table 3 shows
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Fig. 2 Plot of (a) impact of pH, (b) impact of OPLAC dosage, (c) impact of contact time, (d) 
predicted vs actual removal (%) and (e) normal plots of residuals for removal of NAP

Table 3 Validation of optimized results 

Material Pollutant Predicted Removal (%) Experimental removal 
(%) 

Removal in PW (%) 

OPLAC NAP 92.48 89.5 70.5 

the effectiveness of NAP removal from PW sample. The removal efficiency of NAP 
from PW sample was closer to the experimental result with a 19% difference. It is 
evident that OPLAC was able to remove 70.5% NAP in PW. The lower removal of 
PAHs from PW compared to aqueous solution may be correlated to the presence of 
numerous other pollutants in PW [16]. 

4 Conclusion 

The oil palm leaves AC (OPLAC) was efficiently applied for the removal of NAP in 
wastewater. The removal process was optimized by RSM, and the model was vali-
dated by ANOVA analysis. The model was significant (p-value <0.05) to predict the 
adsorption process. The NAP removal efficiency predicted by numerical optimiza-
tion was 92.48% at pH of 3, dosage of OPLAC 2197 mg/L and contact time of 72
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min. The results were verified in the laboratory experiments. The removal efficiency 
of NAP from PW sample was closer to the experimental results (70.5%) with a 19% 
difference at optimized parameters. 
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