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Heavy metal contamination ruins the ecosystem and water quality. The 
adsorption method for heavy metal remediation is preferred because of its 
low cost and high efficiency. This work created eco-friendly ground biochar 
(GB) biomass-based derivatives reinforced polylactic acid (PLA) with 
titanium dioxide (TiO2). The composites improved palm oil mill effluent 
(POME) conditions, and H2SO4 activation increased pores by 80%. PLA 
and TiO2 altered GB characteristics, according to FTIR analysis. A 
significant adhesion interaction showed that GB, PLA, and TiO2 particles 
were compatible. Ball milling's shear force increased surface area, 
according to Brunauer-Emmett-Teller (BET) research. Particle size 
reduction increased GB porosity. Scanning electron microscopy (SEM) 
was used to study the porous structure of GB and the synergistic effect of 
PLA and TiO2 on POME during treatment. The SEM showed several 
components on the composite surface, demonstrating its efficacy. Atomic 
absorption spectroscopy (AAS) showed that sample C's composite, which 
had the most GB, decreased POME heavy metals by 94.4% manganese 
(Mn), 88.4% cadmium (Cd), and 94.4% zinc (Zn). The resulting POME met 
the Malaysian Department of Environment's POME discharge limit by 
reducing chemical oxygen demand (COD), total suspended solids (TSS), 
turbidity, and pH. 
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INTRODUCTION 
 

Based on the current global production volume, Malaysia is the second largest palm 

oil producer, with one-third of the world's palm oil (Hirschmann 2022; Shahbandeh 2022). 

The increased demand for palm oil has increased the generation of palm oil mill effluent 
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(POME). There are several challenges regarding the discharge of POME to water bodies. 

Such effluents often do not comply with the Environmental Quality Act 1974 (EQA 1974) 

discharge limit (Zahari et al. 2017; Kamyab et al. 2018; Mosunmola and Olatunde 2020; 

Mohammad et al. 2021). Although POME is classified as a non-toxic industrial effluent, 

raw POME contains a high level of chemical oxygen demand (COD), biochemical oxygen 

demand (BOD), organic and inorganic contaminants, as well as suspended solids, which 

can pollute the environment and harm the aquatic ecosystem (Lim et al. 2020; Mohammad 

et al. 2021). In Malaysia, most POME treatments use the traditional ponding system 

because it has low capital and operating costs. However, this method raises concerns about 

the low treatment effectiveness and the required large surface area (Kaman et al. 2017). 

Biodegradable and sustainable adsorbents have the potential to reclaim a higher 

quality of treated POME. The carbonaceous adsorbent is an eco-friendly material that has 

a great pore structure with a large surface area, allowing them to remove high percentages 

of organic and inorganic contaminants (Ahmad and Azam 2019). Jahromi and Ghahreman 

(2019) discovered that acid pre-treatment improves adsorption properties by increasing 

adsorbent porosity and surface area. One of the advantages of carbonaceous adsorbent is 

that it offers regeneration and reuse for multiple cycles in adsorption processes (Alsawy et 

al. 2022; Baskar et al. 2022). The regeneration and reuse approach of adsorbents plays a 

vital role in improving the cost-effectiveness and sustainable approach that aligns with the 

Sustainable Development Goals (SDGs). Although the concept of adsorbent regeneration 

and reusability appears promising, more research and validation are required to assess the 

economic feasibility of adsorbent regeneration, especially on the operational cost and 

energy requirements. In addition, there must be a plan for how to deal with concentrated 

brines collected during the regeneration process. Studies have considered the effect of the 

regeneration cycle on the adsorbent properties and potential savings compared to using 

new adsorbents before assessing the overall performance of adsorbent regeneration 

(Moosavi et al. 2020; Alsawy et al. 2022; Santos et al. 2022).  

The search for effective natural-based adsorbent materials has consistently been a 

vibrant field of study. Several studies have demonstrated the effectiveness of 

carbonaceous-based composites as adsorbents in removing heavy metals (e.g., cadmium 

(Cd), lead (Pb), chromium (Cr), mercury (Hg), arsenic (As), zinc (Zn), iron (Fe)) from 

industrial effluent via adsorption (Gul et al. 2021; Kumar et al. 2021; Mahesh et al. 2022). 

However, the existing studies still show a lack of information regarding the adsorption of 

various heavy metals from POME using composites derived from polylactic acid (PLA) 

and titanium dioxide (TiO2) with ground biochar-adsorbent to overcome the limitation of 

conventional adsorbents where the interaction between the process parameters has been 

restricted. This research aims to create ground biochar (GB) carbonaceous adsorbent from 

pine sawdust via a pyrolysis process and sulphuric acid (H2SO4) activation. The ball 

milling process is performed to reduce the particle size of the adsorbent for better porosity 

development and a larger surface area. The synergic effects of GB-adsorbent-reinforced 

PLA with TiO2 photocatalytic behaviour were examined by looking at the efficacy of the 

adsorption process. PLA was chosen due to its biodegradable derived properties, while 

TiO2 can help minimize the brittleness, fading, and cracking that can occur in plastics and 

other materials as a result of light exposure. TiO2 also has high heavy uptake, chemical 

stability, wide bandgap, high refractive index, nontoxic, and high catalytic activity. The 

analyses included Fourier transform infrared spectroscopy (FTIR), scanning electron 

microscopy (SEM) with energy dispersive X-ray spectroscopy (EDX), and the Brunauer-

Emmett-Teller (BET) method. Together, these methods made it possible to observe the 
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functional groups, morphology, elemental composition, and porosity of the composite. 

Furthermore, the study also employed atomic absorption spectroscopy (AAS) to observe 

the performance of the composites in eliminating the pollutants from raw POME. In 

addition, in-depth analysis and comparison are also performed to validate the performance 

of the prepared composites against other results. 

 

 
EXPERIMENTAL 
 

Materials 
The poly(lactic) acid (CAS Number: 26100-51-6), titanium (IV) oxide (CAS 

Number: 13463-67-7), sulphuric acid (CAS Number 13813-19-9), and sodium bicarbonate 

(NaHCO3) (CAS Number 144-55-8) were supplied by Sigma-Aldrich Sdn (Petaling Jaya, 

Malaysia). The pine sawdust was provided by Vyatka State University, Kirov, Russia. The 

POME was obtained from FELCRA, Kota Samarahan, Sarawak.  

 

Methods 
Figure 1 displays a flowchart outlining the various steps taken during the 

experiment. The subsequent elaboration of each step is described on the following page.  

 

Pine sawdust adsorbent preparation  

The pine sawdust was imported from Russia by Vyatka State University, Kirov, 

Russia. It was washed thoroughly with deionized water to remove excess dirt and 

impurities. Next, the samples were kept in an oven at 50 °C overnight. Later it was stored 

in an airtight container. The sample was ground and sieved to reduce the particle size 

between 0.38 to 0.3 mm to improve the activation reaction (Senturk and Yildiz 2020). 

 

Pre-treatment of pine sawdust 

First, 20 g of sample was pre-treated and activated with 200 mL of H2SO4 acid 

solution in a 500 mL conical flask. The mixture was then heated in a muffle oven at 150 

°C for a period of 24 h. Once the carbonization was completed, the sample was washed 

with deionized water and soaked overnight in a 1% NaHCO3 solution to reduce the sample 

acidity (Senturk and Yildiz 2020). The sample was filtered using vacuum filtration to 

obtain the residue and then washed using deionized water several times until it reached pH 

7. The residue was distributed evenly on a plate to ensure equal heat distribution from the 

oven. The operating conditions were the same as before. 
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Fig. 1. Overview of the experimental steps 

 

Carbonization of pine sawdust 

Upon carbonization, the sample was first placed into a ceramic bowl wrapped with 

aluminium foil and then covered with a layer of clay before putting it in LT Furnace 

(Selangor, Malaysia). The temperature was ramped from room temperature to 200 °C, then 

increased to 400 °C at a heating rate of 10 °C/min for 2 h, during which the carbonization 

process occurred. After the carbonization process, LT Furnace was cooled at a cooling rate 

of 6.16 °C/min until it reached room temperature. The sample was collected the next day 

and further sieved using a 300 µm sieve. The sample was labelled as biochar sample. 

 

Preparation of ground biochar (GB) via ball milling process  

Approximately 10 g of biochar were ground for 10 min at a speed of 250 rpm using 

a grinder. The biochar was poured into a half-capacity cylindrical steel ball mill jar. Ten 

stainless-steel balls weighing 0.5 g each were used to reduce the particle size of biochar in 

the Planetary Ball Mill (PM 400) jar. The process took about 30 h at a speed of 600 rpm, 

and the sample was removed for testing at regular intervals to ensure it reached the 

nanoscale. The sample was labelled as ground biochar (GB) sample. 
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PLA/TiO2/GB composites preparation  

The PLA, TiO2, and GB were mixed based on the composition weightage tabulated 

in Table 1. 

 

Table 1. Composites Weightage Factors 

Sample Component 1 
PLA (g) 

Component 2 
TiO2 (g) 

Component 3 
GB (g) 

A 97 2 1 

B 96 2 2 

C 95 2 3 

 

Application of PLA/TiO2/GB composites with POME via solution mixing  

The POME was collected from Felcra Samarahan Jaya Palm Oil Mill, Kota 

Samarahan, Sarawak, and the initial conditions of POME, such as pH, COD, turbidity, and 

TSS, were evaluated. In each conical flask, 100 mL of POME was poured and added to the 

sample. Each conical flask was labelled as samples A, B, and C. The samples were placed 

in the auto-shaker for 48 h of contact time at 180 rpm at room temperature. After the end 

of the contact time of 48 h, the samples were removed from the auto-shaker and were 

filtered using 0.55 µm filter paper with a vacuum pump to obtain the residues for further 

analysis. 

 

Characterizations 
Fourier transform infrared (FTIR) spectroscopy  

The functional groups of the samples were examined using an IRAffinity-1 FTIR 

spectrophotometer (Shimadzu, Kyoto, Japan) via the observation of IR spectrum bands 

with 32 scannings ranging from 400 to 4000 cm-1. First, a sample pellet for FTIR 

spectroscopy was made using a 1:5 ratio of the specimen to potassium bromide (KBr) 

powder on a small pestle. The pelletized sample was extracted and placed inside the FTIR 

spectroscopy sample holder. The FTIR analysis was carried out following ASTM E1252-

98 (2021) and ASTM E168-16 (2016) standards. 

 

Scanning electron microscopy (SEM) 

The morphological images of the samples, especially the pore structure, were 

evaluated via a Hitachi analytical tabletop SEM (benchtop) (TM-3030, Hitachi High 

Technologies, Mannheim, Germany). The specimens were mounted on aluminium stubs 

and were fine-coated using auto fine coater JFC-1600 (Jeol, Tokyo, Japan). The 

morphological images of the sample were captured using a field emission gun with an 

acceleration voltage of 5 and 15kV. The procedure for the SEM analysis was conducted 

following the ASTM E2015-04 (2014) standards. 

 

Energy X-Ray Dispersive Spectroscopy (EDX/EDS)  

EDX analysis (Quantax75TM Series Energy Dispersive X-Ray Spectrometer by 

Hitachi Ltd., Tokyo, Japan) was used to determine the elementary material composition 

present on the surface of the samples, which was correlated with SEM images produced 

for the respective sample.  
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Brunauer-Emmett-Teller (BET)  

The BET analyzer was used to measure the specific surface area of each sample 

based on the ASTM D6556-14 (2014) standard. The degassing condition of the sample was 

1 to 3 h at 300 °C. Several repeated tests were carried out to obtain the most representative 

outcomes. The micropore volume was calculated using the Dubinin-Radushkevich (DR) 

equation, while the pore volume was calculated using the plotted graph of N2 adsorption 

isotherms of biochar and ground biochar. The equations are as follows (Tran et al. 2017).  

Total pore volume (VTotal) is given by Eq. 1, 
 

VTotal = 
𝑄0.99

647
                                                                                              (1) 

 

Average pore diameter (L0), is given by Eq. 2, 
 

L0= 
4 𝑋 𝑉𝑇𝑜𝑡𝑎𝑙

𝑆𝐵𝐸𝑇
 𝑋 1000                                                                                 (2) 

 

The Dubinin-Radushkevich (DR) equation for characteristic adsorption energy (E0) is 

presented as Eq. 3, 
 

E0=
10.8

𝐿0
 𝑋 11.4                                                                         (3) 

 

Gaussian distribution (
𝑉𝑀𝑖𝑐𝑟𝑜  

𝑉𝑇𝑜𝑡𝑎𝑙 𝑚𝑖𝑐𝑟𝑜
) for micropore volume estimation is given by Eq. 4, 

𝑉𝑀𝑖𝑐𝑟𝑜  

𝑉𝑇𝑜𝑡𝑎𝑙 𝑚𝑖𝑐𝑟𝑜
 = exp {− (

𝐸

𝐸0
)

2
}                                                       (4)  

 

where E= RT ln (
𝑝

𝑝0)                                                                         (5)      

 

In the foregoing equations, VTotal is the total pore volume (cm3g-1); Q0.99 is the quality 

absorbed volume (cm3g-1STP) at 0.99 of the relative pressure (
𝑝

𝑝0); 𝑆𝐵𝐸𝑇 is the BET specific 

surface area (m2g-1); 𝐿0 is the average pore diameter (nm); E0 is the characteristic 

adsorption energy (kJmol-1); 𝑉𝑀𝑖𝑐𝑟𝑜 is the Micropore volume (cm3g-1); 𝑉𝑇𝑜𝑡𝑎𝑙 𝑚𝑖𝑐𝑟𝑜 is the 

total micropore volume (cm3g-1); and E is based on the Polanyi equation (Buttersack et al. 

2016). 

 

Atomic absorption (AAS) spectroscopy  

The heavy metal concentrations (Mn, Cd, Zn, Fe) in raw and final POME were 

investigated using a flame AAS ‘AA-7000’ spectrometer (Shimadzu, Japan). The 

calibration solution was obtained from Sigma-Aldrich Sdn (Petaling Jaya, Malaysia). The 

observations were made according to the electromagnetic radiation wavelength emitted by 

the light source produced by the equipment. The test was done according to the ASTM 

D7740-20 (2020) standard. 

 

Chemical oxygen demand (COD) 

A total of 2.0 mL of POME solution and distilled water were added to two different 

vials. The distilled water was spared as a “blank sample”. The caps of the vials were closed 

tightly, and both were shaken gently to mix the samples. The vials were placed in a COD 

digester (DRB200 Reactor) for heating. 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. 
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The COD values were measured using HACH DR900 and recorded. It is noted that 

potassium dichromate (K2Cr2O7) in combination with boiling sulfuric acid (H2SO4) has 

been commonly used as an oxidant in COD assays. This test was done according to ASTM 

D1252-06 (2020). 

 

Total Suspended Solid (TSS) and Turbidity Test 

First, 10 mL of deionized water was poured into a sample cell and served as a blank 

sample to calibrate the TSS and turbidity reading to 0.00 mg/L and 0.00 FAU. After 

calibration, 10 mL of raw POME was poured into a sample cell. Before inserting the sample 

cell into the cell holder, it was thoroughly cleaned. The “read” button was pressed to 

measure the TSS and turbidity value of the sample. This procedure was repeated for all 

treated POME samples. This test was done according to ASTM D5907-18 (2018). 

 

 

RESULTS AND DISCUSSION 
 
Infrared Spectral Properties  

The FTIR analysis presented in Fig. 2 shows the presence of functional groups in 

both biochar and ground biochar (GB), representing their complex characteristics. A strong 

and sharp peak was observed at 3741.9 cm-1, indicating strong O-H stretching bands in 

both biochar and ground biochar samples (Nyuk Khui et al. 2020, 2021). According to 

Senturk and Yildiz (2020), this finding was indeed due to the presence of O-H groups in 

lignocellulosic materials. It corresponded to water molecules containing O-H hydroxyl 

groups in corn stalk biomass, characterizing peaks between 4000 cm-1 and 3584 cm-1 

(Salema et al. 2017). The medium peaks appearing at 2956.9 cm-1 (biochar), 2951.1 cm-1 

(GB), 2544.1 cm-1 (biochar), and 2549.9 cm-1 (GB) showed the presence of CH stretching 

vibration in the methyl and methylene groups. This finding was supported by the rising of 

symmetric and asymmetric peaks at 2850 cm-1 and 2918 cm-1 in the FTIR analysis of 

Leucaena leucocephala bark, which refers to the methoxyl groups of lignin (Salim et al. 

2021).  

Senturk and Yildiz (2020) and Wijaya and Wilharto (2020) stated that the alkane 

functional groups of cellulose, hemicellulose, and lignin introduced C-H bending 

vibrational modes giving rise to absorbances between 2500 and 3000 cm-1. The peak of 

1591.3 cm-1 observed in both samples indicated the presence of lignin in pine sawdust, in 

line with the observations of Wijaya and Wilharto (2020) in cocoa shell pyrolysis and Abel 

et al. (2021) in biochar samples. 

The peaks at 1255.7 cm-1 (GB) and 1207.4 cm-1 (biochar) represented the 

depolymerization and dehydration of hemicellulose and cellulose in the respective 

samples. The C≡C stretching vibration that specified the alkyne was identified at peaks of 

2166.1 and 2164.1 cm-1 of biochar and GB. The peaks between 1400 cm-1 and 1750 cm-1 

presented the features of C=C and C=O of an aromatic ring, which also appeared at 1442 

cm-1 (Feng et al. 2014) and 1587 cm-1 (Alfattani et al. 2022). Carboxylic acids, esters, and 

alcohol have been introduced by absorption bands at 1255.7 and 1207.4 cm-1, 

distinguishing the C-O functional groups. Senturk and Yildiz (2020) explained that these 

groups were generally found in the molecular structures of the biochar that had been 

activated by H2SO4. Previous researchers mentioned that the formation of peaks between 

1250 and 1020 cm-1 can also be attributed to the C-N stretching vibration indicating the 

presence of amines in the samples (Bilal et al. 2013; Salim et al. 2021).  
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According to Salim et al. (2021) and Ali and Latip (2020), the cyclic nature of the 

ether by forming an aliphatic C-O stretching band at 1030 cm-1 has been identified for both 

samples at an intensity of 1033.8 cm-1. The absorbance band appears between 675 cm-1 and 

1000 cm-1, corresponding to the C-H stretching vibration of alkenes, while the bands 

between 550 cm-1 and 730 cm-1 represent the C-Cl bending stretching. The results in Fig. 

2 indicated that the study of biochar and GB did not reveal any significant changes, as the 

spectra patterns appeared the same regardless of their transmittance intensities. This result 

was predicted by Nyuk Khui et al. (2020) due to the formation of new pores and increased 

surface area after the ball milling process. However, the ball milling does not affect the 

presence of functional groups in the sample, which shows similar effects to the chemical 

pre-treatment analysis. 

 

 
Fig. 2. IR spectra of biochar (black-line) and GB (red-line) 

 

Figure 3 depicts the FTIR spectra of titanium dioxide (TiO2) and polylactic acid 

(PLA), while Fig. 4 illustrates the FTIR spectra of three different GB/ TiO2 /PLA 

composites labelled as samples A, B, and C. The addition of TiO2 and PLA to GB was 

found to influence band intensity characteristics. The functional groups present in the 

region of 695 to 760 cm-1 of Fig. 4 were the features of C=O in PLA. PLA contains C=O 

groups because it was derived from lactic acid, which has a high carbon chain (Shaharuddin 

et al. 2019). However, the findings of Naayi et al. (2018) contradicted that interpretation, 

defining the adsorption peak between 430 cm-1 and 781 cm-1 as the Al-O stretching 

vibration band in alumina. It was detected in all samples at weak absorbance bands of 

678.9, 761.9, and 763.8 cm-1, as shown in Fig. 4. 

The absorbance bands between 869.9 and 889.2 cm-1 were attributed to the ring 

formation and deformation of C-H out-of-plane of lignin. A wide and broader peak of 

symmetric and asymmetric -CH3 vibrations was revealed at peaks 2902.9, 2883.6, and 

2933.7 cm-1 in all samples. These peaks at 2995 and 2947 cm-1 represent the alkyl 

stretching vibrations of C-H in the PLA polymer chain. A strong O-H stretching vibration 

was found at peaks of 3211.5 to 3493.1 cm-1 in sample A, including 3498.9 to 3414 cm-1 

in sample B, indicating the presence of alcohol compound in the mixtures. In addition, the 

peaks at 3425.6 and 3498.9 cm-1 also seem to be visible in sample C. Datta et al. (2016) 
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stated that the peaks were caused by the increasing TiO2 content in the prepared 

composites, as evidenced by the additional band at 3370 cm-1 in their research. Another 

observed band at 1377.17 cm-1 implies that the carboxylate compound occurred with 

medium vibration of stretching -C-O, as described by Sayuti et al. (2021). The medium 

vibrations at 3226.91 cm-1 in sample A and 3234.62 cm-1 in sample C were attributed to 

the stretching bond of N-H, which arise in the same region of alcohol O-H, similar to 

the previous findings by Kowalczuk and Pitucha (2019). A weak vibration found at peak 

intensities of 1728.25 cm-1 and 1971.25 cm-1 shows the aromatic compound properties of 

PLA. The existence of 1635.64 cm-1 in sample C indicates a strong C=O vibration of 

aldehyde groups where a strong adhesion interaction between the activated carbon and 

PLA and TiO2 particles has been observed. Table 2 provides the IR spectra summary of 

the relevant information obtained from the analysis of the samples.  

  

 
(a) 

 
(b) 

Fig. 3. IR spectra of (a) TiO2 and (b) PLA 

 

 
Fig. 4. IR spectra of samples A, B, and C composites. 
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Table 2. IR Spectra Table by Frequency Range 
 

Wavelength (cm-1) Functional group Characteristics Compounds 

4000 - 3200 O-H Stretching Acid, methanol 

3000 - 2500 C-H Stretching Alkane 

2900-2800 C-H Stretching Aldehyde 

2260 – 2160 C≡C Stretching Alkyne 

2000-1650 C-H Bending Aromatic compound 

1750-1735 C=O Stretching Aromatic ring 

1760 - 1630 C=O Stretching Aldehyde group 

1640 – 1535 C=C Stretching Conjugated alkene 

1400 C=C Stretching Aromatic ring  

1390-1310 O-H Bending Carboxylic acid 

1310 - 1250 C-O Stretching Aromatic ester 

1250 - 1020 C-N Stretching Amine 

1000 - 675 C-H Bending Alkene 

900-700 C-H Bending Aromatic hydrogen 

760-695 C=O Stretching Carbonyl group 

730-550 C-Cl Bending Halo compound 

 
Morphological and Porosity Properties 

SEM was used to examine the samples to determine the surface morphologies of 

both biochar and ground biochar (GB). The SEM image of biochar shown in Fig. 5(a) at 

400x magnification displayed multiple microfibrils with irregular sizes, showing open 

pores with diameters ranging from 15 to 20 µm, whereas Fig. 5(b) shows numerous 

appearances of small particulates, but they are too small to be seen clearly in the 

micrograph due to the micro-nano scales pores after ball milling. The outcome of the SEM 

analysis shown in Fig. 5(b) shows more pronounced particles' deformation at 30 h of 

milling times, changing the sample morphology due to the shear force applied by the 

metallic balls on the surface of biochar particles in the mono planetary stainless-steel jar. 

This result followed other researchers who showed significant particle size reduction after 

periods of ball milling (Phanthong et al. 2018; Lyu et al. 2018; Qanytah et al. 2020). 

However, the particle size remained constant after 30 h of milling, as no further changes 

were observed. The result was similar to findings by Shan et al. (2016), who reported that 

coconut shell-based activated carbon particle size remained the same even after increasing 

the milling time. Qanytah et al. (2020) added that a longer milling process reduces the 

sample crystallinity, producing an amorphous sample, as displayed in Fig. 5. This may 

initiate agglomeration of biochar to form large particulates. Despite the disadvantage of a 

longer milling time, this approach can increase the adsorption capabilities of biochar by 

creating numerous pores on its surface (Hu et al. 2019), leading to an increase in reactivity 

as the volume ratio of the sample increases (Qanytah et al. 2020). Besides, it also increases 

the contact surface area and leaves numerous vacant pores (Qanytah et al. 2020; Abbas et 

al. 2021). The BET analysis in Table 3 reflected this assertion. 
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                    (a) 

 
                      (b) 

             
Fig. 5. SEM images at x400 magnification for a) biochar and b) GB 

 

Table 3 shows the specific surface area, total pore volume, micropore volume, and 

average pore diameter of samples that were obtained from the N2 adsorption isotherms 

graph in Fig. 6. According to the results, GB was fivefold higher in surface area than 

biochar, rising from 5.09 m2g-1 to 25.8 m2g-1. This result demonstrated the efficiency of 

ball milling in reducing particle size from the micro to the micro-nano scale (Nyuk Khui 

et al. 2020). Based on the comparison, GB particles have a higher specific surface area 

than biochar particles, indicating a better porosity of the composite material. The specific 

surface area of the sample was calculated using the amount of adsorbate gas corresponding 

to a monomolecular layer on the surface. The results showed that the GB sample had a 

significant micropore volume, accounting for approximately 90% of the total pore volume. 

This finding implies that the GB sample contained numerous micropores and some 

mesopores, which is similar to the findings of Hidayu et al. (2013).  

 

Table 3. Specific Surface Area (SBET), Total Pore Volume, Micropore Volume, 
and Average Pore Diameter of Samples 

Sample SBET (m2g-1) Total Pore vol 
(cm3 g-1) 

Micropore Vol 
(cm3 g-1) 

Average 
Pore 

Diameter (Å) 

Pine sawdust-
biochar  

5.093 0.0355 0.001 27.8814 

Pine sawdust-
ground biochar 

(GB) 

25.779 0.0695 0.0625 10.7839 
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The nitrogen adsorption/desorption isotherms at 77 K on both biochar and GB at a 

degassing temperature of 300 °C are shown in Fig. 6. The trend line of the isotherm curves 

generated by the BET was determined by the pore characteristic and size presented on the 

surface of the adsorbent (Phothong et al. 2021). Although the adsorbents seem porous, the 

BET analysis result of biochar exhibited Type V isotherms, specifying a not common and 

weak interaction between absorbate-absorbate. In comparison, the GB trend line showed 

a gradually increasing trend to the end of relative pressure, displaying the characteristics 

of both Types I and V isotherms of microporous and mesoporous materials. In addition, 

the findings illustrated the hysteresis loop of Type H4 at relative pressures greater than 5, 

showing the formation of slit-like pores on the surface of GB. This discovery implies that 

the GB sample has been linked to capillary condensation in well-formed mesoporous 

structures (Allwar 2012). 

 
 

Fig. 6. N2 adsorption isotherms of biochar and ground biochar (GB) 
 

The morphological images in Fig. 7 present the distribution of PLA/TiO2/GB 

composites on the surface of each sample. As per observations, all samples had scattered 

and irregular shape particles with small white flakes referring to TiO2 nanoparticles. The 

TiO2 nanoparticles and GB particles on the PLA matrix clumped together and blocked the 

pores of the mixture composites because of poor dispersion issues. The high surface energy 

and excessive TiO2 loading also prompted agglomeration problems (Zain et al. 2021; Xing 

et al. 2016). It is said that TiO2 nanoparticles were easier to trap in the pores of activated 

carbon due to their small size (Matteis et al. 2020). Saffar et al. (2014) added to the 

previous statement that aggregation was also initiated by the O-H hydrophilic groups 

adhering to each particle via the network of hydrogen bonds. 

Additionally, the hydrophobic property of PLA affected the compatibility of 

mixtures due to the weak interaction. Similar circumstances were encountered by Raquez 

et al. (2013), where poor mixture dispersion was noticed when adding TiO2 nanoparticles 

with PLA. However, according to Kaseem et al. (2019), chemically functionalizing TiO2 

nanoparticles or treating surfaces with alkyl amine and propionic acid can enhance 

homogeneous dispersion. 
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The morphological images of the composites shown in Fig. 8 have been evaluated 

after a 48-h continuous POME adsorption procedure. All sample surfaces shown in Fig. 

8 contain impurities, which means that the sample micropores and macropores have been 

adsorbate-filled. 

 

 

 
 

Fig. 7. SEM images at x1000 magnification for samples A, B, and C before POME treatment 
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Fig. 8. SEM images at x1000 magnification for samples A, B, and C after POME treatment 

 

Elemental Composition Properties 
 EDS/EDX analysis 

The EDX spectrum results displayed in Figs. 9, 10, and 11 show the presence of 

elements on the surface of the composites. The comparison of the elemental compositions 

for each sample based on the EDX peaks has been summarized in Tables 4, 5, and 6. 

 

  
 

Fig. 9. EDX diffraction spectra of sample A (a) raw unused sample, (b) treated POME 
 

  
 

Fig. 10. EDX diffraction spectra of sample B (a) raw unused sample, (b) treated POME. 
 
 

c) 
 

a) 

 
b) 

 

a) 

 

b) 
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Fig. 11. EDX diffraction spectra of sample C (a) raw unused sample, (b) treated POME. 

 

Three main elements were identified in all samples, namely carbon (C), oxygen 

(O), and titanium dioxide (TiO2). Similar to the findings of other researchers, carbon (C) 

had the highest appearance percentage on the surface composite, followed by oxygen (O). 

Alam et al. (2021) recorded 83% of C and 13% of O in the EDX analysis of activated 

carbon derived from Paulownia Tomentosa wood, indicating that C and O were the 

predominant elements in the respective sample. The results in Table 5 also revealed the 

presence of Al, which may have represented the impurities in raw sample B that resulted 

from ambient contaminants during sample preparation. The Al may have represented the 

impurities in raw sample B that resulted from ambient contaminants during sample 

preparation. This finding is reflected in the FTIR analysis of GB/TiO2/PLA, where the 

appearance of Al-O stretching vibration has been observed. The AAS analysis provides 

additional insight into the synergistic impact of adsorption and photocatalytic degradation 

of the organic pollutants. By looking at the comparison of EDX outcomes tabulated 

in Tables 4, 5, and 6, it has been possible to identify the contaminants adhering to the 

samples’ pores shown in Fig. 8 of the SEM result after POME treatment. The C and O 

made up the highest element but at lower rates after POME treatment. As more pollutants 

were deposited, the percentages of C and O fell from their initial values, as recorded by all 

samples. The EDX results were comparable to those from Zain et al. (2021), demonstrating 

the decrease in C content due to particulate deposition on the surface of the composite. It 

signifies sample C’s superiority over samples A and B in removing pollutants from raw 

POME.  

 

Table 4. EDX Comparison Analysis for Sample A 

Sample Elemental Mass (%) 

C O Ti Sc Mn K Si Mg 

A (raw) 62.4982 43.2898 2.2974 - - - - - 

A (treated) 60.6372 38.2131 - 0.0075 0.0075 3.19 2.0363 1.6765 

 
  

a) 

 
b) 
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Table 5. EDX Comparison Analysis for Sample B 

Sample Elemental Mass (%) 

C O Ti Al Sc Mn 

B (raw) 54.4128 60.0801 21.5051 4.7274 - - 

B (treated) 50.1992 42.8830 - 1.1470 0.0014 0.0014 

 
Table 6. EDX Comparison Analysis for Sample C 

Sample Elemental Mass (%) 

C O Ti K N Mg Cl Ta P S 

C (raw) 45.310 37.202 4.484 - - - - - - - 

C 
(treated) 

33.993 29.820 - 4.695 2.468 1.936 1.84 0.562 0.418 0.351 

 

AAS analysis 

An AAS study was used to investigate the effectiveness of the developed PLA/TiO2 

/GB composites by assessing the uptake of heavy metals in POME to meet the regulatory 

discharge limit stated in the Environmental Quality Regulations 1977 (Prescribed Premises 

for Crude Palm Oil), as shown in Fig. 12. Several heavy metals, such as Mn, Cd, Zn, and 

Fe, were investigated to observe the developed composites’ efficiency in removing the 

highest percentage of heavy metals. The initial and final concentrations of heavy metals in 

the respective POME are shown tabulated in Table 7. The findings revealed that sample C 

achieved the highest removal percentage of Mn, Cd, and Zn with efficiencies of 94.4%, 

88.4%, and 94.4%, respectively. In comparison, sample B showed the most significant 

reduction of Fe with 56.4%. Based on the comparative studies, the reduction percentage of 

Mn by sample C was 1.9% higher than using alum, as shown by Jagaba et al. (2020). This 

achievement refutes the assertion that bio-sorbents necessarily have a low adsorption 

capacity (Jagaba et al. 2020). However, Pertile et al. (2021) stated that the low ability of 

bio-sorbent adsorption only applies to untreated biosorbents, not chemically modified 

biosorbents. 

Furthermore, the heavy metal adsorption rate distinction was also influenced by the 

industrial effluent used and its concentration. Not much difference was found for the 

reduction of Zn from POME either by using sample C or activated carbon derived from 

coconut shells and cow bone powder (Adeleke et al. 2017). Adding a high dosage of ground 

biochar pine sawdust during sample preparation provides more potential for treating POME 

as a higher tendency of heavy metal ions adhered to the free pore sites, allowing a greater 

adsorption rate. However, a few researchers have argued that further increasing the weight 

percentage of adsorbent will not further influence the removal percentage of heavy metals 

as it has already reached saturation (Pertile et al. 2021; Sreedhar and Reddy 2019; Gupta 

et al. 2021). Adeleke et al. (2017) demonstrated this claim by observing a decreasing 

pattern of heavy metal uptake as activated carbon content increases. Sreedhar and Reddy 

(2019) also noticed a similar decreasing trend of adsorption capacity when the adsorbent 

dosage was increased. The effect is probably due to the concentration gradient and 

increased blockage of available active sites caused by the agglomeration of GB particles 

that reduces the specific surface area of the sample. Furthermore, the repulsion between 

free metal ions in POME and adsorbed ions reduced additional heavy metal adsorption 

(Taha et al. 2016). Other factors that affect the elimination of contaminants from POME 
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are such as contact time (Aziz et al. 2021), agitation speed (AlMoharbi et al. 2019), and 

initial pH (Abbar et al. 2017; Khamis and Jalil 2021). 

 

Table 7. The Initial Concentration of POME 

Heavy 
Metal 

Initial 
Concentration 

(ppm) 

Final Concentration (ppm) Percentage Absorption (%) 

Sample 
A 

Sample 
B 

Sample 
C 

Sample 
A 

Sample 
B 

Sample 
C 

Manganese 
(Mn) 

2.7059 0.7680 0.4189 0.3146 34.72 76.39 94.44 

Cadmium 
(Cd) 

0.0720 0.0047 0.0017 0.0004 71.62 84.52 88.37 

Zinc (Zn) 1.4915 0.1346 0.1018 0.0832 90.98 93.17 94.42 

Iron (Fe) 1.8230 0.8192 0.7949 0.8271 55.06 56.39 54.62 

 

 
 

Fig. 12. Heavy metals removal effectiveness by three different compositions of developed 
composite PLA / TiO2 / GB 

 

COD, TSS, and turbidity properties 

Figure 13 and Table 8 distinguished the removal percentages of COD, TSS, and 

turbidity in POME after applying samples A, B, and C. Certain studies have found that 

composite dosage significantly influences the adsorption ability of pollutants (Zha et al. 

2018; Ng et al. 2019; Upender and Kishore 2021). The initial pH of the raw POME in this 

study was 4.4, with its COD, TSS, and turbidity recorded at 2584 mg/L, 545 mg/L, and 

1876 NTU, respectively.  
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Table 8. Comparison between the Initial and Final Condition of POME 

Parameters POME Initial 
Condition 

Standard 
discharge limit 
based on the 
Malaysian 
Department of 
Environment  

POME Final Condition Removal (%) 

Sample A Sample B Sample C Sample A Sample B Sample C 

Chemical oxygen 
demand (mg/L) 

2584 - 1648 1552 1567 36 40 39 

Total suspended 
solids (mg/L) 

545 400 540 452 376 1 17 31 

Turbidity (NTU) 1876 - 946 837 723 40 55.38 61.5 

pH 4.4 5-9 5.78 6.40 6.68 - - - 
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Similar to Ng et al. (2019), the presence of high levels of organic compounds and 

suspended solids in the POME resulted in increased turbidity and an unpleasant dark colour 

solution. The combination of TiO2 and GB demonstrated a synergistic effect. The 

photocatalytic characteristic of TiO2 in each sample aids in improving the colour of POME 

to light yellowish from dark brown caused by the degradation of organic contaminants such 

as lignin in the POME after 48 h of contact time. Utami et al. (2019) investigated the effect 

of TiO2 dosage on COD, TSS, and turbidity levels. They discovered that a high dosage of 

TiO2 nanoparticles with a large surface area could enhance the degradation process of 

organic pollutants due to the increased possibility of direct contact between TiO2 and 

pollutants. Figure 13 shows that a significant reduction in TSS and turbidity concentrations 

were observed with increasing GB dosage, as demonstrated by samples A, B, and C. 

According to Zamawi et al. (2018), increasing the content of GB improves the total active 

site presence, allowing more Van der Waals interaction between pollutants and GB 

surfaces. As a result, more contaminants will be attracted to the surface of GB, increasing 

the diffusion rate between impurities and the TiO2 surface. Additionally, the TiO2 could 

initiate the oxidation of pollutants and increase total degradation (Maneerung et al. 2016). 

Based on the comparison of samples A, B, and C in Table 8, the application of sample A 

resulted in the lowest reduction percentages of COD, TSS, and POME turbidity, indicating 

that it was less efficient than samples B and C. Figure 13 displays the results of sample A, 

which remained at the highest levels of COD, TSS, and turbidity concentration. This could 

be due to the inadequate adsorption sites in GB of sample A, limiting the formation of 

bridges between adjacent particles and resulting in the re-stabilization of pollutants (Teh et 

al. 2016).  

 

 
 
 

Fig. 13. Effect of the developed composites on COD, TSS, and turbidity of POME 

 
Sample C accounted for the highest TSS reduction of 31% compared to samples A 

and B, although not much TSS removal was recorded. The content of GB also aided in 

lowering the turbidity, where the cloudiness of the POME has been improved compared to 
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their initial. As stated by Casalini et al. (2019), the negative charge of PLA particles has 

allowed it to neutralize the cations present in the POME, causing deposition of 

contaminants on the adsorbent and increasing the adsorption rate of organic molecules 

from POME. Another factor that influenced the degradation of organic compounds was the 

pH value of POME (Arutanti et al. 2020). Aruntanti et al. (2020) and Farraji et al. (2017) 

stated that lignin degradation in POME was observed with the formation of intermediate 

products. This result is reflected in the FTIR analysis presented in Fig. 3, where the 

benzene ring of lignin deformation was observed.  

 
 
CONCLUSIONS 
 
1. There were functional groups such as carbonyl (=C=O), hydroxyl (-OH), amide (N H2), 

and phenolic (Ph-OH) in the ground biochar (GB) sample. These functional groups 

improve the adsorption properties.  

2. The Fourier transform infrared (FTIR) results of composites prepared with poly(lactic 

acid), titanium dioxide, and GB (PLA / TiO2 / GB) revealed the degradation of lignin 

in palm oil mill effluent (POME), which indirectly improves the quality of effluent.  

3. The H2SO4 acid reagent has several advantages. The chemical activation increased the 

surface area of the ground biochar activated carbon. The development of the 

pores resulted in more active sites for adsorbate molecules.  

4. Sample C demonstrated the highest adsorption efficiency with a reduction of 94.4% 

Mn, 88.4% Cd, and 94.4% Zn from untreated POME.  

5. There was a higher removal of chemical oxygen demand (COD), total suspended solids 

(TSS), and turbidity of POME due to the high weightage of GB compared to samples 

B and C.  

6. The results were correlated with the outcomes of the ball milling process and the use 

of PLA and TiO2. In addition, the application of sample C in treating the POME 

improved the pH level of POME to nearly neutral, from 4.4 to 6.68.  
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