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Abstract
The treatment of palm oil mill effluent (POME) via adsorption was investigated using a 
novel nanocomposite powder with the addition of titanium (IV) dioxide (TiO2) and mont-
morillonite clay (MMT). Reduced heavy metal content, turbidity, pH, chemical oxygen 
demand (COD), and total suspended solids (TSS) in POME supported this result. The 
adsorption processes were carried out in POME with pH 4.4, 658 FAU turbidity, 1256 mg/l 
COD, and 563 mg/l TSS at a constant mixing speed of 180 rpm for 48 h, with different 
dosages of adsorbent. The atomic adsorption spectrometry (AAS) analysis revealed that 
MMT clay was effective in removing lead (Pb) and zinc (Zn) by 86.7 and 97.3%, respec-
tively, aided by the role of activated carbon and photocatalytic behavior of TiO2 to remove 
recalcitrant organic pollutants which result  in 91.6% reduction in POME turbidity. The 
final pH value of POME was within the allowable discharged limit as stated in the Envi-
ronmental Quality Act 1974 (EQA 1974). The response surface methodology (RSM) was 
modeled based on the COD and TSS analysis results. The findings determined that 1wt% 
KOH-AC, 0.628wt% TiO2, and 2wt% MMT clay were the best composition values of novel 
nanocomposite in showing the most effective reduction of COD and TSS.
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1  Introduction

Nowadays, the environment has become increasingly affected by the ever-increasing devel-
opment that simultaneously changes landscapes and pollutes them. Water quality is one 
aspect of the environment that is frequently impacted because toxic substances such as pes-
ticides, heavy metals, dye, pharmaceutical residues, and organic substances are constantly 
produced. Moreover, as a result of human activities, it causes effluent discharged to rise in 
tandem with the growth of the global population, combined with the industrial revolution 
(Chakravarty & Kumar, 2019; Khan & Ali, 2018; Lellis et al., 2019). According to Edok-
payi et al. (2017), one of the primary sources of water pollution is the discharge of massive 
organic or inorganic contaminants from industries resulting from the waste generation of 
various manufacturing processes that have been faced ever since the industrial revolution. 
Indeed, industrial sectors consume a large volume of water in production.

Malaysia, the second largest producer of palm oil in the world, is facing challenges 
in treating the discharge of palm oil mill effluent (POME) caused by environmental deg-
radation due to the high value of chemical oxygen demand (COD), biochemical oxygen 
demand (BOD) as well as turbidity rates in water (Kamyab et al., 2018; Osman et al., 
2020). Kamyab et al. (2018) mentioned that POME could pollute 100 times more than 
municipal leachate. POME produced per ton of palm oil ranges between 2.5 and 3.5 tons 
of effluent production. It is classified as a nontoxic industrial effluent with a brownish 
color due to the presence of tannin, lignin, pectin, carotene, and phenolic with a water 
content of 95–96%, oil of 0.6–0.7%, and colloidal suspended solid of 2–4% (Lim et al., 
2020; Mohammad et al., 2021). Kamyab et al. (2018) and Mohammad et al. (2021) also 
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stated that POME emits many methane gases, which potentially cause global warming, 
and the discharge of POME into waterway reduce oxygen capability in the aquatic envi-
ronment due to the content of organic and nutrient in POME. Most POME is treated in 
a traditional ponding system in Malaysia since it has low operating and capital costs. 
However, some have expressed concern about non-compliance with the Environmen-
tal Quality Act 1974 (EQA 1974) discharge limit due to insufficient treatment effec-
tiveness, and the large surface area required because hydraulic retention time (HRT) 
takes one to two months (Kaman et al., 2017). As a result, treatment measures to miti-
gate these effects before discharge are required. The adsorption process distinguished 
a great promise in reclaiming a higher quality of treated POME. However, industries 
face problems achieving clear crystal water due to POME adsorption (Zahari et  al., 
2017). Table  1 shows the photocatalytic activity of various photocatalysts for POME 
degradation.

Photo-
catalyst

Pollutant Activa-
tor/Con-
dition

Catalyst 
loading

Band-
gap 
(eV)

Expo-
sure 
time

Photodegradation 
performance

Rate of 
reaction, k 
(min−1)

pH 
Opti-
mal

References

ZnO POME UV light0.5 g 3.37 5 h
3

COD removal: 
30%

Color removal: 
85%

n/a 5 Affam and 
Bistar 
(2020)

COD removal: 
37%

Color removal: 
70%

BiVO4 POME UV light 
irradi-
ation

1.0 g/L 2.50 4 h COD removal: 
24% for 4 h

1.04 × 10–3 n/a Saputera et al. 
(2021)

TiO2 POME UV light 
(fluo-
res-
cent 
tube)

0.01 g/L n/a 42 min COD removal: 
59.43–96.81%

Color: 60.63–
94.29%

n/a 5.5 Alhaji et al. 
(2017)

TiO2 POME 100 W 
UV-
lamp

5.69wt% n/a 4 h Degradation per-
centage: 63.5%

COD removal: 
55%

2.90 × 10–1 8.68 Ng and Cheng 
(2017)

Table 1   Constraints of the design

Name Goal Lower Limit Upper Limit Lower Weight Upper Weight Importance

A: KOH-AC Maximize 1 5 1 1 3
B: TiO2 Maximize 0.1 1 1 1 3
C: Clay Is in range 0.5 2 1 1 3
TSS Minimize
COD Minimize
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Photo-
catalyst

Pollutant Activa-
tor/Con-
dition

Catalyst 
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Band-
gap 
(eV)

Expo-
sure 
time

Photodegradation 
performance

Rate of 
reaction, k 
(min−1)

pH 
Opti-
mal

References

TiO2 
anatase

POME Solar 
light

0.1 g/L 3.20 5 h COD removal: 
88.5%

n/a 3.7 Kanakaraju 
et al. (2017)

ZnO POME UV light1.0 g/L 3.37 22 h COD removal: 
74.12%

n/a 5 Ng et al., 
(2017)

TiO2 POME 3.20 COD 
removal: > 80%

ZnO-
PEG

POMSE 15 W 
UV-
lamp

0.5 g/L n/a n/a COD removal: 
94%

BOD value: 
101 mg/L

Turbidity 
removal:96%

Color removal: 
73%

n/a 6.5 Zainuri et al. 
(2018)

CaFe2O4 POME Visible 
light 
irradi-
ation

0.75 g/L n/a 8 h COD removal: 
69%

2.71 × 10–3 8 Charles et al. 
(2019)

Commercial activated carbon is unquestionably the most used adsorbent for effluent 
treatment. Activated carbon has an excellent pore structure with a large surface area and a 
superb adsorption ability to remove organic and inorganic contaminants from wastewater 
(Ahmad & Azam, 2019; Saleem et al., 2019). Several studies on non-traditional activated 
carbon for wastewater treatment have been conducted (Popoola, 2019; Reza et al., 2020; 
Ukanwa et al., 2019). Although commercial adsorbents have good adsorption properties, 
many issues arise with their disposal that indirectly pollutes the environment. Many stud-
ies are recently focusing on low-cost and sustainable adsorbents that are produced from 
industrial by-products and agricultural waste, as conventional adsorbents have some limita-
tions in terms of cost and regeneration (Chikri et al., 2020; Gisi et al., 2016; Karoui et al., 
2019; Maguana et al., 2019). It prompted researchers to seek other natural nonconventional 
adsorbent materials, for their sustainability and biocompatibility, especially by treating 
industrial effluent.

Canarium Odontophyllum, also known as Dabai, has been recognized as a possible raw 
material in activated carbon production. Dabai, a seasonal fruit, is abundantly found in trop-
ical forests in East Malaysia, specifically in Sibu, Sarawak. Hassan et  al. (2019) show that 
several Dabai species are highly valued for their nutritious resins and oil-rich kernels. Dabai 
can potentially contribute to commercial enhancement, primarily commercial oil, due to its 
physicochemical properties and nutritional values (Hassan et al., 2019). A rough and woody 
endocarp of Dabai seed contains edible cotyledon inside, and the physical traits of this nut-
shell mimic those of a palm kernel shell. Studies related to Dabai nutshell have only recently 
begun, as it has been discovered that Dabai has strong adsorbent properties. According to 
Kuang et al. (2020) and Srivatsav et al. (2020), the functional groups present on the surface of 
Dabai nutshell have a vital role in wastewater adsorption due to their effectiveness in adsorb-
ing multiple ranges of pollutants, such as dyes. Chikri et al. (2020) added that using acid and 
alkali solutions during the pretreatment of activated carbon-based lignocellulosic materials 
improved their adsorption properties. However, there is still a scarcity of information on Dabai 
nutshell activated carbon for wastewater treatment with titanium dioxide (TiO2) and montmo-
rillonite (MMT) clay. In addition, titanium dioxide (TiO2) is used due to its inexpensive cost, 
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low toxicity, excellent chemical stability, high surface-to-volume ratio, and quantum confine-
ment effect. TiO2 nanopowder provided plenty of active sites for the reactions and improved 
the catalytic activity due to its large surface area (Reghunanth et al., 2021). The use of clay 
minerals as an adsorbent and ion exchange for water and wastewater treatment applications, 
particularly for removing heavy metals, organic contaminants, and nutrients, has surely grown 
in popularity and use (Lazaratou et al., 2020).

One of the significant shortcomings of previous studies is the failure to indicate the inter-
action between the process parameters, which necessitates more time and money in multiple 
trials to achieve optimal effluent discharge values. Hence, this research aims to investigate the 
efficacy of adsorption processes on various nanocomposite compositions in treating industrial 
effluent within a short treatment period. To ensure that industrial effluent treatment functions 
efficiently, titanium dioxide is combined with montmorillonite (MMT) clay-loaded activated 
carbon in this study to improve adsorption properties and overcome the barriers. In addition, 
the quality of nanocomposites is examined using several techniques and equipment.

2 � Methodology

2.1 � Materials

Titanium (IV) oxide (TiO2) (CAS Number: 14363-67-7), montmorillonite (MMT) K10 (CAS 
Number 1318-93-0), zinc oxide (CAS Number 1314-13-2) were obtained from Sigma-Aldrich 
(M) Sdn. Bhd. Dabai (Canarium odontophyllum) was obtained from Sibu, Sarawak. Deion-
ized water is obtained from UNIMAS Chemical Laboratory.

The BINDER incubator of the BF Avantgarde (Model BF 56—BINDER Asia Pacific 
(Hong Kong) Ltd.) with forced convection is used to dry the samples. An LT Furnace was 
used for the carbonization process. A Panasonic MX-AC 400 Mixer/Grinder (Panasonic Cor-
poration, Kadoma, India) was used to grind the sample before treatment, carbonization, and 
ball-milling process to assist the process. A Retsch Planetary Ball Mill (Model PM400—
Retsch GmbH, Haan, Germany) was used for the ball-milling process. Laboratory apparatus 
such as steel mold, beakers, conical flask, filter funnels, spatula, glass rod, and precision elec-
tronic balance (Model FX-A200i–A&D Company Ltd.) was used during the nanocomposite 
preparation and treatment process.

2.2 � Methods

2.2.1 � Raw material collection

Dabai seed was collected from an orchard in Sibu, Sarawak, during the seasonal period. 
Dabai nutshell was air-dried and stored in an airtight compartment. First, the Dabai seeds 
were crushed with a pestle and mortar to separate the kernel from the nutshell. Afterward, 
it was soaked in an acetone solution to remove impurities, and the Dabai nutshell was 
cleaned with deionized water. Next, the sample was placed in an oven at 110 °C for 24 h to 
dry. After drying, the sample was crushed and sieved once more to obtain small particles 
that would increase surface interaction during activation.
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2.2.2 � Chemical activation of Dabai nutshell

Twenty grams of ground Dabai shell was treated and activated using 100 ml of potassium 
hydroxide (KOH) in an auto-shaker at 140  rpm for 24  h. After completing the sample 
activation, the sample was washed thoroughly with deionized water. After obtaining the 
desired pH value, the sample was placed in the oven to dry at 80 °C for 12 h. The sample 
was spread on a plate to ensure even heat distribution and to eliminate variable hot pots 
during the drying process.

2.2.3 � Carbonisation of Dabai

The carbonization process was performed using LT furnace. The dried treated Dabai par-
ticle was then transferred into a ceramic bowl and wrapped in aluminum foil and a layer 
of clay before being placed in the LT furnace for carbonization. During the carbonization 
step, the temperature was ramped from room to 200 °C, followed by 400 °C with a heating 
rate of 10 °C /min. At 400 °C, the temperature was held for 1 h for the carbonization pro-
cess. Next, the furnace was cooled at 6.16 °C /min until it reached room temperature. After 
completing the carbonization process, fine biocarbon was obtained. It was collected and 
sieved using a 200-μm sieve to reduce the fine biocarbon (or biochar) and assist the ball 
milling process. The sample was left overnight and retrieved from a furnace the next day.

2.2.4 � Ball milling process

To further assist the ball milling process, the fine size of biocarbon (or biochar) obtained 
was further ground using a grinder for about 5–10 min at speed ranging between 18,000 
and 20,000  rpm. It was added into the cylindrical compartment of the ball mill (around 
55% of the capacity). Twenty small-size stainless-steel balls of 0.5  g each were used to 
transform the biochar into a nanosize. The biochar was milled for 30 h, and the sample was 
extracted for testing periodically at an interval of time to ensure it reached the nanosize 
level.

2.2.5 � Experimental design by response surface methodology

An experimental design is a method for determining factors in research that affect the out-
come results. This method maximizes efficiency by reducing process variability and costs, 
material waste, and labor complexity. RSM (response surface methodology) is a multivari-
ate optimization tool that utilizes mathematical and statistical methods. The RSM refers 
to the polynomial equation used to study the behavior of the dataset. It investigates the 
optimal experimental conditions for preparing nanocomposite powder from Dabai nutshell 
activated carbon, titanium dioxide, and MMT to achieve the best results with the fewest 
experiments. The statistical software Design Expert® 13.0 StatEase Inc. analyzed the pre-
liminary design.

The nanocomposite preparation parameters were investigated using D-optimal (cus-
tom) mixture design, a standard RSM in Design Expert® 13.0 StatEase, Inc. According 
to Behera et al. (2018), RSM is a suitable method for fitting a quadratic surface and opti-
mizing process parameters with a few experiments while also analyzing the interaction 
between the parameters. Quantitative data were used to determine the regression model, 
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followed by response (dependent variable) optimization, influenced by dependent varia-
bles. The TSS and COD values were the dependent variables in RSM. In contrast, the inde-
pendent variables were the weight percentage of Dabai nutshell KOH-activated carbon, 
TiO2, and MMT, as shown in Table 1. The variations in material composition were gener-
ated by the Design Expert® software based on the parameters’ limits set in the software, as 
shown in Table 2. These values were used to prepare nanocomposites for the adsorption of 
POME contaminants.

2.2.6 � Preparation of activated carbon nanocomposite powder

Table 2 shows the Design Expert composition results of Dabai-based activated carbon, tita-
nium dioxide, and MMT to create the nanocomposite powder. Each sample received 40 ml 
of deionized water to create a suspension sample and stirred for 20 min with a magnetic 
stirrer.

2.2.7 � Collection of palm oil mill effluent (POME) sample

The POME was collected from the effluent pond located at SALCRA Palm Oil Mill Bau, 
Sarawak, and was put in airtight polyethylene bottles and kept in the refrigerator at 4 °C in 
the laboratory before performing the adsorption and photocatalytic treatment.

2.2.8 � Application of nanocomposite powder for photocatalytic degradation of POME

The solar photocatalytic degradation of POME was performed at the Department of 
Chemical Engineering and Energy Sustainability, Faculty of Engineering, Universiti 

Table 2   Experimental factors Std Run Factor 1 A: KOH-
AC (wt%)

Factor 2 B: 
TiO2 (wt%)

Factor 3 C: 
Clay (wt%)

16 1 3 0.55 1.25
3 2 1 1 0.5
2 3 5 0.1 0.5
15 4 3 0.55 1.25
1 5 1 0.1 0.5
10 6 3 1.30681 1.25
4 7 5 1 0.5
8 8 5 1 2
13 9 3 0.55 1.25
9 10 6.36359 0.55 1.25
6 11 5 0.1 2
11 12 3 0.55 2.51134
5 13 3 0.55 1.25
7 14 1 1 2
14 15 3 0.55 1.25
17 16 3 0.55 1.25
12 17 1 0.1 2
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Malaysia Sarawak, Malaysia. Each sample of activated carbon nanocomposite powder 
as designed in Table 2 was placed in a flask containing a 1:1 sample-to-POME mixture 
and covered with a polyethylene wrap to prevent evaporation. The solar photocatalytic 
treatments were carried out for 48 h simultaneously with the adsorption treatments, with 
the samples exposed to a light source during the daytime. The temperature and inten-
sity of sunlight during the daytime, as measured by a portable digital Lux meter (TEX 
1335), were recorded on a regular basis. Based on the observation, the temperature and 
intensity of sunlight ranged from 28 to 27 °C and 30 to 180 Klux, respectively.

2.2.9 � Application of nanocomposite powder in adsorption

Batch mode adsorption was used to determine the adsorption capacity of the prepared 
activated carbon nanocomposite powder suspension. Each sample was placed in a flask 
containing a 1:1 sample-to-POME mixture. During this process, the flasks were shaken 
at 180  rpm in a shaker at room temperature for 48 h. The residual concentration was 
examined using atomic absorption spectrometry (AAS) after the adsorption was com-
pleted to investigate the removal of heavy metals from POME. The impurities with the 
highest adsorption values were chosen for the optimization step. It is also used to iden-
tify the mesopores in the nanocomposite powder.

2.3 � Characterization

Characterization studies a sample nanocomposite powder’s morphological, physical, 
and chemical properties. Several experiments were carried out using Fourier transform 
infrared spectroscopy (FTIR), scanning electron microscopy (SEM), energy-dispersive 
X-ray (EDX), and atomic adsorption spectroscopy (AAS).

2.3.1 � Fourier transform infrared spectroscopy (FTIR)

FTIR ‘IRAffinity-1’ spectroscopy (Shimadzu, Japan) was conducted to examine the 
functional groups and structures of the molecular bond by analyzing the IR spectrum 
bands between 4000 and 400  cm−1. The FTIR spectrum results were analyzed using 
ASTM E1252-98 (2021) and ASTM E168-16 (2016) standards.

2.3.2 � Scanning electron microscopy (sem) and energy‑dispersive X‑ray (EDX)

Hitachi Analytical Tabletop SEM (benchtop) ‘TM-3030’ (Hitachi High-Technologies 
(Germany) Europe GmbH.) was used to examine the morphological image data of the 
samples, particularly the porosity. The samples were positioned on aluminum stubs and 
fine-coated with a ‘JFC-1600’ (JEOL (Japan) Ltd.) machine. Images of the composite 
surface were collected using a field emission gun with 5 and 15 kV voltage values. This 
procedure was carried out following ASTM E2015-04 (2014) standard. Energy-disper-
sive X-ray (EDX) is used to determine the elementary composition of materials in the 
sample.
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2.3.3 � Atomic adsorption spectrometry (AAS) analysis

Flame AAS ‘AA-7000’ spectrometer (Shimadzu; Japan) investigated the concentration of 
elements present in the POME solution after treatment. This analysis measured the wave-
length of electromagnetic radiation emitted by a light source using the prepared standard 
solution. Two different standard solutions, namely zinc (Zn) and lead (Pb), were used as 
calibration solutions prior based on the required concentration (ppm) from Sigma. The ref-
erence electrode was silver/silver chloride, and the carrier gas was high-purity nitrogen gas.

2.3.4 � Chemical oxygen demand (COD) measurement

A closed water sample is incubated with a strong chemical oxidant under specific tempera-
ture conditions and for a particular period. The amount of oxidant consumed is expressed 
in its equivalence to oxygen. Potassium dichromate (K2Cr2O7) and boiling sulfuric acid 
(H2SO4) is commonly used as an oxidant in COD assays. 2.0 ml of POME solution and dis-
tilled water were added into two different vials. The distilled water was spared as a blank 
sample. The vials caps were closed tightly, and both vials were shaken gently to mix the 
contents. The vials were placed in a COD digester (DRB200 Reactor) for the heating pro-
cess. The temperature was set at 150 °C for 2 h. The vials were removed after 2 h from the 
COD digester and were cooled at room temperature. The COD values were measured by 
using HACH DR900. The measurement of the COD was recorded.

2.3.5 � pH measurement

The pH measurement materials needed are listed in Table 3.

2.3.6 � Total suspended solid (TSS) measurement

Ten milliliters of deionized water was poured into a sample cell and acted as a blank sam-
ple to calibrate the TSS reading to 0.00  mg/L; 10  ml of raw POME was poured into a 
sample cell following the calibration. It was wiped clean before inserting the sample cell 
into the cell holder. Then, the ‘read’ button was pressed to measure the TSS value of the 
sample. This procedure was repeated for all samples of treated POME.

Table 3   The materials required 
for pH measurement

Materials Detail

Buffer solution To calibrate the pH meter
pH meter To measure the pH of the POME
Distilled water To rinse the pH meter after the 

measurement of POME
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2.3.7 � Turbidity measurement

Ten milliliters of deionized water was poured into a sample cell and acted as a blank sam-
ple to calibrate the turbidity reading to 0.00 FAU; 10 ml of raw POME was poured into a 
sample cell following the calibration. It was wiped clean before inserting the sample cell 
into the cell holder. Then, the ‘read’ button was pressed to measure the turbidity value of 
the sample. This procedure was repeated for all samples of treated POME.

3 � Results and discussion

3.1 � Initial condition of POME

Initially, the untreated raw POME has a dark brownish color, is highly oily and dense, and 
has an unpleasant odor. The untreated raw POME has a COD of 1256 mg/L and a pH of 
4.4. The pH value is validated because Kaman et  al. (2017) found that the initial pH of 
POME is 4.2. Meanwhile, the total suspended solids (TSS) total is 563 mg/L with a turbid-
ity of 738 FAU. Table 4 summarizes the POME discharge parameters stated in the Envi-
ronmental Quality Act (EQA) of 1974.

3.2 � FTIR analysis of AC/TiO2/MMT nanocomposite powder

Figures  1  and  2 show the FTIR results for the developed AC/TiO2/MMT nanocompos-
ite powder before and after treatment with palm oil mill effluent (POME). The adsorption 
band at 1600.92 cm−1indicates C=C stretching of conjugated and cyclic alkene, which can 
be observed in Fig. 1 of nanocomposite powder before the adsorption process occurs. The 
peak intensity at 1203.58 cm−1 in Fig. 1 and 1207.44 cm−1in Fig. 2 shows the adsorption 
peak of a strong C–O stretching band of alkyl aryl ether, while the peak at 1035.77 cm−1 
distinguished a strong S=O stretching in AC/TiO2/MMT nanocomposite powder before 
adsorption process (Fig. 1). This peak is also observed in Fig. 2 of AC/TiO2/MMT nano-
composite powder after POME treatment. According to Chobchun et  al. (2020) and 

Table 4   Standard discharge parameters for POME (Shahrifun, 2015) and the initial conditions of the 
POME sample

Parameter Standard limits for POME Initial 
conditions of 
POME

Biological oxygen demand (BOD) (mg/l) 100 –
Chemical oxygen demand (COD) (mg/l) – 1256
Total solids (mg/l) – –
Suspended solids (mg/l) 400 563
Oil and grease (mg/l) 50 –
Ammoniacal nitrogen (mg/l) 150 –
Total nitrogen (mg/l) 200 –
pH 5–9 4.4
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Fig. 1   IR spectra of AC/TiO2/MMT nanocomposite before adsorption

Fig. 2   IR spectra of AC/TiO2/MMT nanocomposite after adsorption
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Kusiak-Nejman et al. (2018); the peak between 1038 and 1060 cm−1represents C and Ti–O 
electron affinity, indicating the incorporation of carbon into titanium dioxide.

The absorption peak at 1091.71  cm−1, as in  Fig.  2 indicates the C–O stretching for 
secondary alcohol. The peak at 634.58  cm−1 refers to the C–Cl stretching band of the 
halo compound. The appearance of peak intensity at 565.14 and 536.21  cm−1 in  Fig.  1 
and 563.21 and 534.28 cm−1 in Fig. 2 represents the Si–O stretching variation bond MMT 
nanofiller. Such peaks also have been observed in the study of POME treatment using silica 
membrane and poly(L-lactic acid)-poly (ethylene glycol) conducted by Kamil et al. (2020). 
The presence of these peaks provides a good adhesion interaction between the nanocom-
posites. Arjmandi et al. (2016) and Adeleke et al. (2017) reported that MMT has several 
uniform polar sites on its structure that indicate the content of electron density along with 
the interlayer spaces and their surfaces. As stated by Kuang et al. (2020) and Ahrouch et al. 
(2019), the addition of MMT clay has little effect on the chemical composition, but it low-
ers the adsorption peak of activated carbon. It is supported by the findings of Arjmandi 
et al. (2016). They discovered that the chemical structure of MMT clay with nanocompos-
ite does not change because no new functional groups are observed. The IR absorbance 
band for 1307 cm−1 in Fig. 2 represents the functional group of either C–O stretching or 
S=O stretching for the sulfone group. When comparing Figs. 1 and 2, the intensity of the 
peaks shifts to a slightly higher and sharper peak for the nanocomposites after the POME 
adsorption process.

Figures 1 and 2 show nearly identical results to the FTIR results obtained by Taoufik 
et al. (2019). The characteristics of the Ti–O–Ti functional group are shown by peaks rang-
ing from 780 to 600 cm−1, with the peak at 478.35 cm−1 illustrating the Ti–O bands. These 
findings are supported by the FTIR result obtained by Leon et al. (2016) and Mannaa et al. 
(2021), which show that the peak of 470 cm−1 is attributed to the Ti–O group. In addition, 
TiO2 attachment on the AC surface resulted in the 1080 cm−1 peak formation (Tian et al., 
2016). A similar peak also appeared in Fig. 2 at 1091.71 cm−1. According to Fausey et al. 
(2019) and Pant et al. (2020), the peak intensity between 700 and 420 cm−1 is attributed to 
Ti–O vibration, which explains the interaction between biomass and TiO2.

3.3 � Scanning electron microscopy (SEM) and energy‑dispersive X‑ray (EDX) 
analyses before and after POME treatment

Figure  3A  and  b shows the distribution of sample 13 nanocomposite in removing 
contaminants from POME at × 200 and × 1000 magnifications, respectively. Mean-
while, Fig. 3c and d shows the morphological result of sample 17. Eskandari et al. (2019) 
show that a high TiO2 to AC ratio produces a positive response compared to a lower TiO2 
composition. However, both chosen samples have lower TiO2 values than AC. Accord-
ing to the observations, numerous affected areas in Fig. 3a and b could be contaminants’ 
adsorption efficiency. The white affected area in Fig. 3a, b, c, and d represents pollutants 
on the micropores of AC with a combination of TiO2 and MMT particulates. The results 
show that increasing the amount of AC increases the ability of contaminants to adsorb. For 
this reason, a large proportion of porous structured AC has micro- and mesopore structures 
that promote high adsorption capacity (James et al., 2022). The results of the turbidity test 
and the pH value of sample 13 support this assertion.

The EDX analysis confirmed the presence of titanium on the surface of carbon, as 
shown by the SEM analysis. Figures 4 and 5 show the element composition peaks in sam-
ples 13 and 17 AC/TiO2/MMT clay nanocomposites after POME treatment. Carbon (C) 
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Fig. 3   Morphological images of the sample (a) 13 nanocomposites after POME treatment (× 200 magni-
fication), (b) 13 nanocomposites after POME treatment (x1k magnification), (c) 17 nanocomposites after 
POME treatment (× 200 magnification), (d) morphological image of sample 17 nanocomposites after 
POME treatment (x1k magnification)

Fig. 4   Energy-dispersive X-ray (EDX) diffraction spectra with its element compositions of sample 13 
(treated)
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and oxygen (O) have the highest atom percentage of elements based on the EDX spectrum 
presented by the graphs since carbon is the major component of carbonaceous material. 
According to the tables, the C percentage for Table 5 is 69.4628%, whereas Table 6 shows 
74.2719% of carbon. The oxygen (O) percentages are 33.9787% in Table 5 and 21.9708% 
in Table 6. According to the findings, the carbon content of sample 13 is slightly lower 
than sample 17, while the oxygen content of sample 13 is somewhat higher than sample 
17. This variation could be attributed to the uneven distribution of elements in the samples. 

Fig. 5   Energy-dispersive X-ray (EDX) diffraction spectra with its element compositions of sample 17 
(treated)

Table 5   EDX composition of sample 13 (treated)

Element Mass (%) Atom (%) Abs. error (%) (σ) Rel. error (%) (σ)

C 69.4628 70.2157 8.0177 11.5424
O 33.9787 25.7848 4.4562 13.1147
Ti 12.8457 3.2574 0.4053 3.1548
Si 1.0733 0.4640 0.0741 6.9067
Al 0.6181 0.2782 0.0583 9.4302

Table 6   EDX composition of sample 17 (treated)

Element Mass (%) Atom (%) Abs. error (%) (σ) Rel. error (%) (σ)

C 74.2719 80.8970 8.5038 11.4496
O 21.9708 17.9651 3.1217 14.2083
Ti 3.1794 0.8687 0.1281 4.0305
Si 0.5779 0.2692 0.0532 9.2116
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Other elements discovered in samples include silicon (Si) and aluminum (Al). Table  5 
shows a much higher percentage of Ti (12.84%) than Table 6, which is 3.17%. Again, this 
is due to the uneven distribution of Ti on the carbon surface, with some points having high 
Ti concentrations. Impurities can be seen in the EDX spectra, most notably aluminum (Al), 
while the presence of Si corresponds to the Dabai nutshell element. Mopoung et al. (2015) 
researched the preparation of KOH-activated carbon using tamarind seeds, which included 
both elements.

3.4 � Atomic adsorption spectrometry (AAS) analysis for heavy metal

Even in small amounts, the discharge of heavy metals into the water bodies causes seri-
ous environmental issues because of their toxic nature (Briffa et al., 2020; Jagaba et al., 
2020). It causes not only environmental problems but also impacts humans. Lead and zinc 
are examples of heavy metals found in the POME sample that must be removed before 
the POME is discharged into the water. Figure 6 depicts the final heavy metal content in 
the POME solution after treatment using different AC/TiO2/MMT clay compositions, as 
recorded in Table 2. The initial Zn concentration is 2.4 ppm, while the initial Pb concentra-
tion is 3.5 ppm.

According to the observations, the highest concentration of Zn is found in sample 3, 
with 0.7949 ppm. The highest concentration of Pb is found in sample 8 with 0.37082 ppm, 
where the AC/TiO2/MMT composition ratios are 5:0.1:0.5 and 5:1:2, respectively. 
On the other hand, the samples with the lowest Zn and Pb concentrations are sample 7 
(0.3192 ppm) and sample 1, 6, 9, 15, 16, 17, which all have the same Pb concentration 
of 0.0945 ppm. Therefore, samples 1, 9, 15, 16, 17 all have an equal amount of AC/TiO2/
MMT composition. Adeleke et  al. (2017) stated that increasing the amount of activated 
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carbon will increase heavy metal removal. Adeleke et al. (2017) also reported that at 20 g 
of adsorbent dosage, Zn adsorption from POME solution could achieve up to 94.68%. This 
statement supported the findings that 5wt% AC with 1wt% TiO2 and 0.5wt% MMT in sam-
ple 7 can reduce up to 86.7% of Zn ion from POME at 6.5 g of adsorbent dosage. Mean-
while, when adsorbents from samples 1, 6, 9, 15, 16, and 17 are applied to the POME solu-
tion, a 97.3% reduction in Pb is achieved.

This high adsorption capacity is due to the presence of many pore spaces on the surface 
of activated carbon, which allows heavy metal ions to attach. The particle distribution on 
the developed nanocomposite sample after POME treatment can be observed in Fig. 3. In 
addition, Osman et al. (2020) and Adeleke et al. (2017) studied other factors influencing 
heavy metal uptake from POME samples: treatment temperature and contact time. Accord-
ing to Chikirida et  al. (2019), Abu-Danso et  al. (2019), and Akhbarizadeh et  al. (2018), 
combining MMT clay with biocomposite increases heavy metal adsorption capacity from 
an aqueous solution.

3.5 � Measurement of turbidity and pH

Turbidity is a measurement of sample cloudiness caused by suspended particulates such 
as inorganic and organic matter (Bozorg-Haddad et al., 2021; Scholz, 2016). The POME 
sample has an initial turbidity concentration of 658 FAU with a pH of 4.4. Treatment is 
performed on 17 AC/TiO2/MMT clay samples with varying composition values, as tabu-
lated in Table 2. The developed nanocomposites are applied to POME samples to study 
the effectiveness of their performance in POME treatment with a contact time of 48 h at 
180 rpm, where the result is tabulated in Fig. 7. Based on the observation, the lowest tur-
bidity value of POME is 155 FAU by sample 5, with a composition ratio of 1:0.1:0.5.

In comparison, sample 8, with a composition ratio of 5:1:2, has the highest turbidity 
value of 533 FAU. Sample 5 nanocomposite reduces turbidity concentration by approxi-
mately 91.6%. The dosage of nanocomposite powder has significantly influenced the tur-
bidity of POME, as evidenced by the result of sample 8. Clouded POME solution reduced 
light penetration in TiO2 photocatalyst, thereby affecting the production of highly reactive 
radical species of superoxide (O2

−) and hydroxyl (OH+) that are responsible for catalytic 
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oxidation of organic pollutants into CO2 and H2O (Bansal et al., 2019; Bui et al., 2019). 
Furthermore, the difficulty of light penetration into TiO2 has resulted in a reduction in 
charge carrier generation during photocatalytic reactions (Nguyen-Dinh et  al., 2021). 
Compared to other researchers’ results, the treatment is feasible, and the outcome is nearly 
identical to the POME turbidity treatment performed by Amosa et al. (2016). Amosa et al. 
(2016) investigated the efficacy of EFB in reducing POME turbidity under constant condi-
tions of 3.5  g powdered activated carbon/100  ml biotreated POME with a contact time 
of 45 min and agitation 150 rpm. Compared to Sia et al. (2016) research on the study of 
POME treatment with coconut shell AC (acid-washed), the application of the developed 
nanocomposites is far more applicable in decreasing POME turbidity. The synergistic effect 
of TiO2 and MMT clay facilitates the use of activated carbon in the degradation of organic 
pollutants and heavy metals from POME. The high surface area of fine-grained MMT clay 
and TiO2 offered more vacant active sites as the pores increased, further improving the sur-
face contact interaction between the active site of nanocomposite powder and pollutants. 
Deprotonation of charge on the surface of the nanocomposite powder occurred at an initial 
pH of 4.4, promoting more adhesion attraction of pollutants to deposit into the pores of the 
nanocomposite powder and improving the POME pH value.

The pH parameter is chosen as one of the components assessed under the Environmen-
tal Quality Act (EQA) 1974. Before being discharged into the river, the POME must meet 
the discharged limit established by EQA 1974, which states that the acceptable range for 
POME is between 5 and 9. According to the results shown in Fig. 8, the pH values for all 
samples are higher than the initial pH value of POME. The pH values indicate that the 
POME changes from acidic to neutral after POME treatment. As the pH value of POME 
approaches neutral, more contact interaction occurs between the pollutants and nanocom-
posite particles due to no repulsive forces between the neutral surface-charge adsorbent and 
pollutants (Azadi et al., 2020). Numerous OH ions are generated via oxidation at alkaline 
conditions which favor the formation of hydroxyl radical species in POME and enhance the 
rate of organic pollutant degradation. However, at high alkaline conditions, the adsorption 
rate will be reduced due to electrostatic repulsion between the adsorbent and organic mol-
ecules as the surface charge of the organic molecule changes from positive to negative (Bui 
et al., 2019). Therefore, it is safe to discharge into the river within the normal limit range. 
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According to Mohammed (2015), the pH value of the sample and the turbidity result are 
correlated. A high pH value results in high turbidity removal, as shown in Figs. 7 and 8. 
Koohestanian et  al. (2008) stated that high pH could initiate sedimentation due to con-
ductive alkali conditions. However, according to Kothari et  al. (2017), turbidity removal 
is not the primary influence because the two factors have very low insignificant positive 
correlations.

3.6 � Design of AC/TiO2/MMT clay nanocomposite powder based on COD and TSS 
analysis

For the optimization, tests are conducted on all the samples generated by the Design Expert 
software, as shown in  Table  2.  Table  7  depicts the developed composite samples with 
various material compositions tested on their ability to treat POME solutions. Seventeen 
samples are prepared and used to adsorb contaminants from the POME solution, and their 
COD and TSS values are determined.

3.7 � Effect of analysis of variance (ANOVA) on COD and TSS analysis

All samples are subjected to COD and TSS tests, and the results are inserted into the design 
expert software for further data analysis, including ANOVA. ANOVA is used to investigate 
the effect of parameter changes on COD and TSS, where a conclusion can be drawn based 
on the experimental data. The value of P, which is supposedly less than 0.05, illustrates the 
significance of the parameter to the model.

Table 7   Experimental design, responding chemical oxygen demand (COD), and total suspended solid 
(TSS)

Std Run Factor 1 A: 
KOH-AC (g)

Factor 2 B: TiO2 (g) Factor 3 C: Clay (g) Response 1 
TSS (mg/l)

Response 2 
COD (mg/l)

16 1 3 0.55 1.25 119 635
3 2 1 1 0.5 130 639
2 3 5 0.1 0.5 156 659
15 4 3 0.55 1.25 119 635
1 5 1 0.1 0.5 127 639
10 6 3 1.30681 1.25 135 642
4 7 5 1 0.5 115 631
8 8 5 1 2 167 687
13 9 3 0.55 1.25 119 635
9 10 6.36359 0.55 1.25 145 667
6 11 5 0.1 2 112 629
11 12 3 0.55 2.51134 91 609
5 13 1 0.1 2 40 500
7 14 1 1 2 103 615
14 15 3 0.55 1.25 119 635
17 16 3 0.55 1.25 119 635
12 17 3 0.55 1.25 119 635
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Based on Table 8, all P values are less than 0.05, indicating that all the AB, AC, BC, 
A2, B2, and C2 are significant to the model. The fit statistic design provided by the soft-
ware shows that the design has an R2 value of 0.9953, indicating that the model is well-fit 
to the experimental data. The adjusted R2 is 0.9893, and the predicted R2 is 0.8132. The 
predicted R2 of 0.8132 is in reasonable agreement with the adjusted R2 of 0.9893, where 
the difference between these values is 0.1761, showing that the model is excellent because 
the values are less than 0.2. Based on Daneshpayeh et al. (2016), increasing the number of 
independent variables in the model can improve R2, but the goodness of fit cannot be deter-
mined solely by the value of R2.

Meanwhile, the adjusted R2 only increases when there is a strong correlation between 
the dependent variables. Predicted R2 shows how well the model generates responses for 
new findings and the complexity of the model. As a result, adjusted and predicted R2 
are more desirable parameters for the goodness of fit in statistics. The R2 values in this 
design are close to one, indicating that the developed models are very significant. Equa-
tions  (1)  and  (2)  are generated based on the analysis and coded factors of + 1 for high 
level and −1 for COD and TSS. These equations are used to calculate the predicted values 
in Table 9. Figures 9 and 10 depict the residual plots of experimental values versus COD 
and TSS. The data showed a straight line with a normal distribution, implying that the data 
were reliable.

3.8 � Analysis of response surface and determination of optimal value

Optimization minimizes the materials used during the experiment while maximizing the 
COD and TSS results. This approach is intended to reduce costs and time while achieving 
high treatment results to meet the objectives. Figures 11 and 12 display the plotting of the 

(1)
COD = 634.97 + 26.42A + 17.92B − 17.33C − 10.63AB

+ 23.62AC + 25.12BC − 4.05A2−7.84B2 + 1.46C2

(2)TSS = 118.33 + 18A + 9.98B − 14.03C − 6.50AB + 15.25AC + 19.5BC

Table 8   ANOVA results for COD analysis

Source Sum of squares Mean square F value P value

Model 23,356.29 2595.14 165.58  < 0.0001
A-KOH-AC 6005.35 6005.35 383.15  < 0.0001
B-TiO2 2763.28 2763.28 176.30  < 0.0001
C-Clay 2581.45 2581.45 164.70  < 0.0001
AB 903.13 903.13 57.62 0.0001
AC 4465.12 4465.12 284.88  < 0.0001
BC 5050.12 5050.12 322.21  < 0.0001
A2 114.93 114.93 7.33 0.0303
B2 429.86 429.86 27.43 0.0012
C2 14.82 14.82 0.9457 0.0363
R2 = 0.9953 Adjusted R2 = 0.9893 Predicted R2 = 0.8132
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3D response surface, which shows the influence of the variables (independent), specifically 
the KOH-AC, TiO2, and clay (MMT). Based on the findings, the optimal values of KOH-
AC loading of 1wt%, 0.628wt% of TiO2 load, and 2wt% clay load to achieve the lowest 
COD and TSS values of 547.074 and 77.289 mg/L in POME. Extending the number of 
materials beyond these values will raise costs, resulting in lower profitability.

4 � Conclusion

To conclude, Dabai can successfully produce a nanocomposite material for the adsor-
bent application. It is due to the presence of functional groups such as hydroxyl, phe-
nolic, amide, and carbonyl on the surface of its nutshell, which provides strong adsor-
bent properties. Apart from good adsorbent properties, biodegradable material can also 
reduce solid waste production once it has reached its lifespan. When the developed 
nanocomposites are applied to the samples, the turbidity and pH values of POME are 

Fig. 9   Residual normal probability plot for COD



3610	 A. A. James et al.

1 3

reduced from their initial values. COD and TSS analyses confirmed the effectiveness 
of the nanocomposites powder, and the optimal composition of AC/TiO2/MMT clay is 
designed using the Design Expert software, which indicates that using 1wt% KOH-AC, 
0.628wt% TiO2, and 2wt% clay loads will give the greatest COD and TSS reduction. 
Based on the result obtained from AAS analysis, the concentration of heavy metals 
such as Zn and Pb in POME has been successfully reduced by 86.7% and 97.3%. It is 
concluded that the composition of nanocomposites is a crucial factor that influences 
composites. The pore structure, adsorption capacity, and formation of active sites on 
the nanocomposite are believed to have an excellent result in minimizing environmen-
tal problems caused by POME discharge. Thus, the aim and objectives of the research 
are achieved, and the outcome has proved that Dabai-based activated carbon has great 
potential in treating POME.

Fig. 10   Residual normal probability plot for TSS
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