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Abstract

Carbonaceous adsorbents were synthesized from palm kernel shell and palm mesocarp fiber for the adsorption of phenan-
threne (PHE) and the highly carcinogenic-benzo(a)pyrene (BaP). The structure and properties of the activated biochar were
characterized using standardized analytical tools. The microscopic examinations carried out with SEM and BET results
revealed mesoporous structures and interstitial spaces in the activated samples (AB-PKS and AB-PMS). Powder X-ray
diffraction (PXRD) results showed that prepared sorbents are amorphous and that activation affected the amorphous cel-
lulose on the surface of the microfibrils which led to a decrease in the intensity of some peaks. Fourier-transform infrared
spectroscopy (FTIR) affirms the availability of surface moieties that may promote polycyclic aromatic hydrocarbon (PAH)
removal or decontamination of aqueous media. The sorption isotherm and effect of pH on the adsorption of PHE and BaP
onto the activated palm kernel shell (AB-PKS) and activated palm mesocarp fiber (AB-PMF) were investigated. The iso-
therm studies and error analysis (SSE and R?) confirm that the Freundlich model best fits experimental results for AB-PMF;
while, the Langmuir model best describes AB-PKS sorption of BaP and PHE, respectively. The optimal removal efficiency
for PHE was between 84 and 100% while that of BaP was between 68 and 87% with maximum adsorption capacity (g,
of 19.38-21.98 mg/g and 1.24-13.26 mg/g, respectively. The optimum pH condition for removing PHE is less than 7 and
above 7 for BaP. Therefore, the conversion of waste materials to useful sorbents, as well as preliminary adsorption test results
obtained suggests a cleaner and cost-effective pathway for waste management and water treatment.
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SEM Scanning electron microscope
TEM Transmission electron microscopy
WHO World Health Organization

XRD X-ray diffraction

ZnCl, Zinc chloride

Introduction

Water pollution is a growing global challenge that has detri-
mental implications for both human health and the environ-
ment. Furthermore, water is not readily available in certain
parts of the world as about 4 billion people are faced with
water shortage for a minimum of one month each year based
on the United Nations World Water Development Report in
2020 (Pltonykova et al. 2020). Based on projections, water
scarcity will increase to about 9.4—10.2 billion in 2050 as
a result of the growing global population (Boretti and Rosa
2019). Owing to this, access to safe water for everyone
regardless of their economic situation or social standing is
one of the main objectives of the World Health Organization
(WHO). Additionally, the Sustainable Development Goals
(SDGs) seek to address problems with water, such as water
pollution, flooding, and drought (Adeola and Forbes 2021).
It is, therefore, imperative to continuously design sustain-
able ways of treating and recycling polluted water and/or
wastewater.

Sewage, agricultural, and industrial waste, including
chemicals, grease, oil, and other harmful materials are the
leading sources of water pollutants (Priyadarshini et al.
2022). In recent times, there has been a notable increase
in the number of chemical products available to the global
market. Pharmaceuticals, polycyclic aromatic hydrocarbons
(PAHs), surfactants, and pesticides are among the bulk of
them. These substances are used in industrial and agricul-
tural processes and are eventually discharged into water
bodies, posing substantial environmental and health risks.
According to research, organic contaminants such as PAHs
can be found in a variety of aquatic settings (Sambo et al.
2022). Though numerous harmful chemicals are potentially
generated at such locations, PAHs are a pervasive group of
organic pollutants generated by human activities through
industrialization and urbanization (Kubheka et al. 2022).

PAHs like phenanthrene (PHE) and benzo(a)pyrene (BaP)
are organic pollutants that are hydrophobic, slightly vola-
tile, and environmentally ubiquitous. It can mostly be found
as mixtures in sediments, soil, air, water, and biota, which
is mostly caused by subsurface fuel pipeline leaks, effluent
discharge from the petroleum and petrochemical sectors,
and gasoline leaks from storage tanks (Jesus et al. 2022).
Through ingestion, inhalation, and skin contact, PAHs can
permeate the human body and eventually build up in epi-
thelial tissue, the liver, and the blood, thus posing severe
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health challenges (Dehghani et al. 2022). The United States
Environmental Protection Agency has designated 16 PAHs
(including PHE and BaP) as priority pollutants because they
have carcinogenic or mutagenic properties and are very per-
sistent in the environment. It is therefore important for PAHs
to be treated in environmental media.

According to Hoang et al. (2022), the adsorption tech-
nique has demonstrated greater performance in water and
wastewater treatments compared to other technologies
in terms of process cost, flexibility, user-friendly design,
ease of operation, and high sensitivity threshold to harm-
ful pollutants. Also, the use of the adsorption technology is
advantageous because no harmful compounds are created
during the process of treatment. Due to the availability of
agricultural waste, the utilization of biomass and agricultural
waste as adsorbent stands out as it has proven to be suit-
able, simple, and cost-effective. It provides a useful method
for managing waste because it enables the transformation
of “waste to wealth” (Sambo et al. 2022). Research has
reported the adsorption of PAHs in water using agricultural
wastes like rice husk (Guo et al. 2018), wood waste-derived
biochar (Zhou et al. 2022), sunflower husk (Minkina et al.
2022), and corn straw biochar (Guo et al. 2020). Biomass
is usually converted to either biochar or activated carbon
before its application in adsorption processes. When biochar
is activated, either using gaseous agents like H,O or CO,,
or chemical agents like KOH, Hy;PO, or ZnCl,, the surface
area will be significantly increased, enhancing its ability to
adsorb pollutants. However, the activation procedure fre-
quently requires high-temperature processing, chemicals
with high concentrations, and specialized equipment, all of
which raise energy consumption, waste, and capital costs,
respectively (Ibrahim et al. 2021). It is therefore essential to
research a strategy to enhance biochar’s surface characteris-
tics using current technology that uses less energy and pro-
duces less secondary waste. Palm oil is a global commodity,
and with high demand comes the burden of large production
and its associated solid wastes. We thus want to gain valu-
able insight into sorbents generated from the fibrous parts
of the plant and waste generated from its fruits (palm kernel
shells). The chemistry of carbon materials is often influ-
enced by the nature of their precursors. Furthermore, we
chose two 3-ringed PAH (phenanthrene) and 5-ringed PAH
(benzo(a)pyrene) to investigate the role of difference in the
molecular weight and structure may have on the adsorption
capacity of the synthesized biomass-based sorbent.

This work aims to determine the adsorption of PHE and
BaP in water by palm kernel shell and palm mesocarp fiber
that is activated using nitric acid in an autoclave. There-
fore, this study was conducted using a low concentration
of HNO;, and a quick and facile procedure compared to
other surface functionalization procedures that were pre-
viously reported. The nitric acid was used to improve the
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Scheme 1 Schematic representation of preparation process of biochar and activated biochar from palm kernel shell and palm mesocarp fiber

characteristics of the biochar; while, an autoclave was
employed to improve and speed up the activation process.
The role of pH, dosage, and initial concentration of PHE
and BaP on the adsorption capacity of the two adsorbents
(namely palm kernel shell-activated biochar (AB-PKS) and
palm mesocarp fiber-activated biochar (AB-PMF)) were
investigated to determine the optimal conditions for effec-
tive water purification.

Materials and method
Preparation of adsorbents

The batch study of the adsorption of PHE and BaP was con-
ducted using AB-PKS and AB-PMF. Raw palm kernel shell
and palm mesocarp fiber were collected from United Oil
Palm Industries Sdn. Bhd, Penang, Malaysia. The samples
were washed multiple times using distilled water to remove
dirt and surface impurities. The washed samples were then
oven-dried at 105 °C for 24 h after which they were allowed
to cool at room temperature. The samples were separately
pulverized and sieved through a 2 mm membrane. To create
palm kernel shell biochar (B-PKS) and palm mesocarp fiber
biochar (B-PMF), 50 g of each sample were pyrolyzed in a
furnace at a rate of 15 °C/min until it reached 450 °C then
it was left in the furnace for 30 min. The samples were then
rinsed with 0.1 M HCI and ultra-pure water until a pH of 6-7
was achieved, after which it was oven-dried at 75 °C for 24 h.
To functionalize the biochar surface, 5 g of B-PKS and B-PMF
were separately weighed into an Erlenmeyer flask, and 100 mL

of 1 M of HNO; was added to the flask and carefully covered
with foil paper to avoid spillover. The set-up was placed in an
autoclave at 121 °C at 100 kPa for 2 h. It was then allowed to
cool to 60 °C, and the treated biochar was washed with dis-
tilled water and 0.01 M NaOH until a pH of 6-7 was achieved.
The adsorbents (AB-PKS and AB-PMF) were then oven-dried
for 24 h at 75 °C and kept in a desiccator for characterization.
The biochar yield was calculated using the following:

weight of dry biochar

Biochar yield (%) = x 100 €]

weight of biomass

Characterization of adsorbents

The surface morphology of B-PKS, B-PMF, AB-PKS, and
AB-PMF were obtained from the scanning electron micros-
copy (Zeiss Ultra-Plus 55 field emission SEM, ZEISS, Ger-
many); while, the inner structures of the samples were deter-
mined using the transmission electron microscope (ZEISS,
Germany). The functional groups present in the samples were
determined from Fourier-transform infrared spectroscopy
(FTIR) (Bruker Optik GmbH, Ettlingen, Germany). Powdered
X-ray diffraction (PXRD) patterns were obtained using the
Bruker D8 Advance, Karlsruhe, Germany (Scheme 1).

Adsorption isotherm experiment
PHE standard (>97% purity) and BaP standard (>98%

purity) were purchased from Shanghai Macklin Biochemi-
cal Co., Ltd. Stock solution (100 mg/L) of PHE and BaP
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Table 1 Basic pr oper ties O,f the PAH Molecular Structure Molecular formula  LogK,, S, M, B
selected polycyclic aromatic P
hydrocarbons (PAH) Phenanthrene 6 C,Hyp 4.57 1.6 17823 332
Benzo(a)pyrene 0.0038 25232 495

“ CyoHis 591

Log K, octanol-water partition coefficient, S,: water solubility (mg/L), M, : molecular weight (g/mol),
B, boiling points (°C). Cited from PubChem

was prepared in water—methanol solution (80:20%) to facili-
tate complete dissolution of PAHs. The batch adsorption of
PHE and BaP was conducted in 20 mL of water for 48 h at
150 rpm at a temperature of 25+ 1 °C in amber containers
covered with foil paper. The isothermal studies were done
with initial PHE and BaP concentrations ranging from 5 to
35 mg/L and an adsorbent dose of 20 mg. The pH effect on
the adsorption was conducted using a pH in the range of
3-11. The pH was adjusted using 0.1 M NaOH or HCL

Quantification

The PHE and BaP concentrations were analyzed with the
aid of gas chromatography with a flame ionization detec-
tor (GC-FID). The helium carrier gas at a constant flow
mode, 32 cm/s at 40 °C. The column used was an Agilent
J&W DB-5 ms Ultra Inert, (30 m X 0.25 mm, 0.25 um). The
oven temperature was programmed at 40 °C (1 min); 30 °C/
min to 160 °C; 6 °C/min to 300 °C (5 min). The regression
coefficients (R?) of matrix-matched calibration curves were
established from the PHE and BaP concentration range of
5-30 mg/L. The equilibrium concentration (C,) and solute
adsorbed (g,) were determined using the equation below:

q. = (CO Ce)v (2)
m

where C, is the initial concentration (mg/L), C, is the equi-

librium solute concentration, m is the mass (mg) and V is

the initial volume of PAH solution (mL). Table 1 presents

the properties and structures of the target pollutants used in

this study.
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Table 2 Yield of biochar after carbonization

Sample  Mass of Biochar yield (g)  Biochar yield (%) pH
biomass (g)

B-PKS 50 16.29 32.58 7.68

B-PMF 50 11.32 22.65 8.1

Table 3 Yield after activation

Sample Mass of bio- Activated biochar  Activated
char (g) yield (g) biochar yield
(%)
AB-PKS 5 4.72 94.4
AB-PMF 5 4.93 98.6

Results and discussions
Yield of carbonization and activation

The yield of the B-PKS and B-PMF was 32.58% and
22.65%, respectively, after carbonization as shown in
Table 2. This result is similar to the report of previous
works with a range of 20-45% (Claoston et al. 2014; Idris
et al. 2015). After activation of 5 g of B-PKS and B-PMF,
the activated biochar produced was about 94-99% as
shown in Table 3. This loss in yield can be attributed to
the process of sample rinsing and transfer. It, therefore,
indicates that the activation process does not influence the
bulk structure of the biochar, but only influences the sur-
face of the biochar (Ibrahim et al. 2021).

BET analysis

AB-PMS and AB-PKS’s pore size distribution plot and
Brunauer—-Emmett-Teller (BET) isotherm are shown in
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Fig. 1 N, sorption isotherm curves of activated biochar (AB-PKS) and activated biochar (AB-PMF) with insets showing the pore size distribu-

tion

Fig. 1. The N, isotherm plots show a type IV isotherm that
is frequently connected to mesoporous materials; taking
into account the hysteresis loops with small variation in
the sorption reversibility of the AB-PKS and AB-PMF
(Bowker 2012). The pore distribution showed that both
sorbents are primarily mesoporous (between 2 and 50 nm),
with a BJH average pore diameter ranging between 35 and
40 nm, despite the presence of micropores (with sizes less
than 2 nm) (Pavlenko et al. 2022). According to the esti-
mates, the specific surface area (SSA) was 211.02 m2/g
(AB-PMF) and 134.70 m%/g (AB-PKS).

SEM analysis
The SEM images of B-PKS, B-PMF, AB-PKS, and AB-

PMF are shown in Figs. 2, 3. The images revealed a
smooth, compact, and non-fibrous structure which is due

Mag =

120 KX

to the presence of hemicellulose and lignin in the samples
(Nascimento et al. 2016). Considering Figs. 2a, 3a, acid
treatment may have removed some particulate matter from
the surface of the untreated biochar as shown in Figs. 2b,
3b. This particulate matter may include silica and other
minerals as previously reported by Nguyen (2021). This
was equally indicated by the development of mesopores
which were previously occupied by silica thereby reducing
the adsorption capacity. Natsir et al. (2021) confirmed that
silica must be eliminated during the pre-treatment phase to
facilitate hemicellulose penetration. In addition, the mor-
phology of the activated biochar became more arranged,
reflecting a honeycomb-like pattern with cylindrical holes
interconnected by some large holes. According to Feng
et al. (2021), biochar with its pore structures organized
properly has better adsorptive capacity and a high BET
surface area.

Fig.2 SEM images of (a) Biochar derived from palm kernel shell (B-PKS) and (b) activated biochar derived from palm kernel shell (AB-PKS)
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Fig.3 SEM images of (a) biochar derived from palm mesocarp fiber (B-PMF) and (b) activated biochar derived from palm mesocarp fiber (AB-

PMF)

XRD analysis

X-ray diffraction (XRD) analysis of B-PKS, B-PMF, AB-
PKS, and AB-PMF (Fig. 4) was performed to ascertain the
change in crystallinity as a result of the activation process.
The graphs show a similar dominant amorphous structure
with crystalline peaks that reflect higher cellulose content
(Ibrahim et al. 2018; Wan Isahak et al. 2013). From Fig. 4a,
the intensity of the graphitic peak at 29.1° significantly
decreased after activation. This scenario also played out in
Fig. 4b for peaks at 26.9°, 29.4° and 43.2". The activation by
HNO; affected the amorphous cellulose on the surface of the
microfibrils thereby leading to a decrease in the intensity of
the peaks (Nurhafizah et al. 2020). However, the intensity

of the broad amorphous peak at 22.9" (Fig. 6a) and 23.4°
(Fig. 4b) increased due to the increase in the amorphous
lignin that formed during activation (Saleh and Abdul
Samad 2022).

FTIR analysis

Figures 5a and b shows the FTIR spectra peaks for B-PKS,
B-PMF, AB-PKS, and AB-PMF. Notwithstanding the gen-
eral resemblance in the spectra, certain distinctions can be
noticed after the activation process. In Fig. 5a, the O-H
stretch was observed at 3396.64 cm™! and this can be attrib-
uted to the presence of cellulose and hemicellulose. Two
peaks at 2918.30 cm™! and 2862.36 cm™! for B-PKS and

(a) —JAB-PKS|| (b)
. ——B-PKS
5 S5
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g g
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Fig.4 XRD patterns for (a) Biochar (B-PKS) and activated biochar (AB-PKS) derived from Palm kernel shell and (b) biochar (B-PMF) and

activated biochar (AB-PMF) derived from Palm mesocarp fiber
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Fig.5 FTIR spectra peaks for (a) biochar (B-PKS) and activated biochar (AB-PKS) derived from palm kernel shell and (b) biochar (B-PMF)

and activated biochar (AB-PMF) derived from palm mesocarp fiber
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around 2924.09 cm™! for AB-PKS are the C—H vibrational
stretch of the aliphatic group. This peak was reduced in AB-
PKS after the acid treatment and this favors the removal
of PAH (Roy et al. 2021). Bands that are associated with
carboxylic groups (C=0) (e.g., ketones, esters, carboxyl) are
seen in B-PKS at 1694.43-1847.81 cm™! but are not seen
in the spectra of AB-PKS (Jouiad et al. 2015). The band
associated with aromatic C=C stretching at 1571.99 cm™!
was also reduced in AB-PKS which indicates the removal of
lignin (Ibrahim et al. 2018). Finally, at 1111 cm™", the band
can be assigned to C-O stretch from organic alcohols or
esters. Figure 5b also displays a similar scenario for B-PMF
and AB-PMF. The broad and strong peaks at 3373.50 cm™!
correspond to the O—H stretching. The C—H vibrational
stretch of the aliphatic group was at 2918.30 cm™! and
2920.23 cm™! for B-PKS and AB-PKS, respectively. Finally,
the C-O stretch from organic alcohols or esters appeared at
1105.21 cm™!. This peak was greatly reduced after the acid
treatment in AB-PMF.

It was also observed that sorbent—sorbate interaction
caused peak alteration of some functional groups (peak
shape and enhanced intensities) and peak shift in the spec-
tral after PHE and BaP uptake as demonstrated in Fig. 6,
respectively. PHE and BaP are aromatic hydrocarbons, com-
posed mainly of C—H, C=C, and C—C bonds, also present in
the biomass-derived carbonaceous adsorbents used in this
study; hence, the justification for the non-appearance of new
peaks, but enhancements and alteration of peak shapes and
intensities due to changes in vibrational interactions on the
surface of the materials after adsorption. Although the key
functional groups captured in Fig. 5 remain present. Peak
shifts and enhancements have also been reported by other
studies as post-adsorption effects (Pathak et al. 2020; Saleh
et al. 2021).

(a) 40 Phenanthrene v
354 -'8-- AB-PKS (Experimental) ¥
o AB-PKS (Freundlich) ¢
— A- AB-PKS (Langmuir) &
30 |y~ AB-PMF (Experimental)
— 4— AB-PMF (Langmuir) b
D 254 |-« - AB-PMF (Freundlich) i3
=) LA
£ 5] v Pt
@ o 1
o /’j.’—""
154 P '—./_,,.:A
M
104 v e ¢
e ¢
51 £
0 T T T T T T T T
00 05 10 15 20 25 3.0 35
Ce (mg/L)

Adsorption isotherm

At sorption equilibrium, sorbent—sorbate interactions can
be better understood using adsorption isotherm models
(Zhang et al. 2014). The sorption isotherms of PHE and
BaP on AB-PKS and AB-PMF are shown in Fig. 7. The
models discussed below were used to fit the adsorption
experimental results. These models included the Freun-
dlich, Langmuir, and Linear isotherm models. The Fre-
undlich model (FM), is often used to describe the sorp-
tion equilibria of hydrophobic organic compounds, such
as PAHs (Eq. 3). The Langmuir model (LM) explains the
site-limiting sorption equilibrium (Eq. 4), and the linear
equation (Eq. 5) can also be used to explain the parti-
tioning behavior of the chosen PAHs between the sorb-
ent—solution interphase. We used the Sum of Squared
Errors (SSE) (Eq. 6) to verify every sorption model.

q. = KfCy 3)
_ qmaxKLCe

1= T+K,C, @

de = KdCe (5)

Z(qe,cal - qe,exp)l‘z (6)

i=1

where ¢, is the solid-phase concentration (mg/g), and C,
is the liquid-phase equilibrium concentration (mg/L). Ky is
the sorption capacity-related parameter, K; is the Langmuir
constant, K, is the partition coefficient/adsorption capacity,

(b) Benzo(a)pyrene
35 4 --m- AB-PKS (Experimental)] ¢
—&— AB-PKS (Freundlich) 1
- A--AB-PKS (Langmuir) i
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AB-PMF (Freundlich)
25 4
Iy
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54
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Fig.7 Plots of nonlinear fit of isotherm models for PHE and BaP onto AB-PKS and AB-PMF (Best-fit models appear in dotted lines). Error

bars +relative standard deviation (RSD), n=3
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N is the isotherm nonlinearity index, and g,,,,, is the maximal
sorption capacity (Zou et al. 2021).

Table 4 and Fig. 7 show the parameters and isotherm
regression graphs for the Freundlich, Langmuir, and linear
models. The Freundlich isotherm model best fits the data
for BaP and PHE adsorption by AB-PMF sorbents based on
the SSE and R? values obtained from linear and nonlinear
regression and error analysis. On the contrary, The Lang-
muir isotherm model best fits the data for BaP and PHE
sorption onto AB-PKS sorbents based on the SSE and R’
values obtained. This suggests that while the monolayer
adsorption mechanism dominated the adsorption pattern of
AB-PKS, the multilayer mechanism prevailed in the sorption
process of AB-PMS (Nnaji et al. 2021). The heterogeneous
adsorption pattern observed further stresses how variation in
sorbent physicochemical properties may influence different
compounds’ adsorption mechanisms, even if they belong to
the same class of chemicals (like in the case of the PAHs
used in this study).

The role of electron transfer z — x interactions cannot be
ruled out as in the case of most carbonaceous adsorbents
used for PAH sorption (Wang et al. 2014; Adeola and Forbes
2021). The creation of new adsorption sites results in an
increase in the adsorption capacity; hence, the Freundlich
constant “N” captures the heterogeneity index of the adsor-
bent’s surface and the intensity of the adsorption thereof.
This suggests why the maximum adsorption capacity (g,
is lower for activated biochar from palm kernel shell (AB-
PKS) when compared with values obtained for palm mes-
ocarp fiber (AB-PMF) (Table 4). The higher adsorption
capacity of AB-PMF can also be attributed to its tendency
to adsorb PAHs in multiple layers (Freundlich), as well as
its higher surface area and availability of interstitial spaces
(Figs. 1, 2, 3), which could enhance the entrapment of the

respective PAHs (Zhang et al. 2014). Overall, the adsorp-
tion capacities for PHE (K, K and g,,,,) are higher than
what was obtained for BaP, which could be attributed to the
physicochemical properties of compounds and sorbents (i.e.,
the lower molecular size of PHE which may facilitate sorb-
ent pore-filling mechanisms) (Akpomie et al. 2022; Zhang
et al. 2014).

The selection of an adsorbent for use in water treatment
applications depends on several variables, including effec-
tiveness, non-toxicity, material accessibility, flexibility, etc.
Table 5 reveals that the adsorbents derived from two different
palm wastes are comparatively effective and suitable for the
removal of hydrophobic organic pollutants, such as PAHs,
from contaminated water. Acidic treatment of biomass
increases the acidic characteristic of activated carbon, elim-
inates mineral components, and enhances the hydrophilic
nature of the carbon surface. The Brunauer—Emmett—Teller
(BET) surface area of the activated carbon will also be
improved after treatment with HNO; as research has shown
an increase of over 4.93% (Tan et al. 2017). AB-PMF and
AB-PKS are very porous and have a very high volume-to-
mass ratio (low density). These characteristics make them
suitable materials that can be used as packing materials and
polishing tools in water treatment applications.

Effect of pH and sorbent dosage

pH can alter the net charge of the adsorbent and adsorb-
ate; hence, it is crucial for the adsorption of hydrophobic
organic molecules (Elwakeel et al. 2017; Kubheka et al.
2022). Since the pH of aqueous environmental systems is
not static and varies depending on the nature and compo-
sition of the aquatic system, the effect of pH was deter-
mined between pH of 3—11 for the adsorption of PHE and

Table 4 Coefficients obtained

8 X Isotherm model Parameter PAH
from three different sorption
isotherm models for PHE Phenanthrene Benzo(a)pyrene
and BaP by the biomass-
derived adsorbent and their AB-PMF AB-PKS AB-PMF AB-PKS
: : 2
correlation coefficients (R ) Linear K, 6.8253 5.2347 0.2211 0.2158
and sum of squared error (SSE) i
(experimental conditions: initial R 0.8985 0.7291 0.7314 0.9412
concentration: 5-35 mg/L; SSE 0.0788 0.4983 0.9021 1.1650
%Osza;o’ei 120Cmg per 20 mL; Freundlich N 2.36 1.35 3.43 2.88
1 25+ 1 °C; agitation rate:
150 rpm; contact time: 48 h; Kp 3.19 2.68 212 1.69
pH: 6.8 0.2 for PHE and R’ 0.9732 0.5424 0.9478 0.8087
6.5+0.2 for BaP) SSE 0.0554 0.0978 0.6450 0.0437
Langmuir Gonax (Mg 271 21.98 19.38 13.26 1.24
K; 4.10 0.86 0.78 0.14
R’ 0.9603 0.9493 0.9327 0.9812
SSE 0.0565 0.0890 1.1648 0.0389

The bold is for emphasis on the most important data of interest. Captures the best fit model following the
values following the correlation coefficient and error squared values
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Table 5 Comparison of different biomass-based materials and their adsorption capacity of phenanthrene or benzo(a)pyrene

Biomass-based adsorbent Dosage (g/L) Contact time Removal efficiency (%) Adsorption capacity Reference
(mg g™

Magnetically modified rice 0.2 1h - 97.6 (PHE) Guo et al. (2018)
husk biochar

Wheat straw biochar 0.6 4h 92.2 (PHE) - Ding et al. (2022)

Persulfate activated by corn 1.6 30 min 93.2 (BaP) - Guo et al. (2020)
straw biochar

Activated carbon from rice  0.01 lh 98-99 (PHE) Hidayat et al. (2019)
husk

Activated carbon from 0.02 80 min - 217.39 (PHE) Gupta and Gupta (2016)
banana peel

Activated carbon from 0.1 1h 99.91 (PHE) 20.22 (PHE) Zhang et al. (2012)
coconut shell

Sunflower husk biochar 0.5 ng mL™! 1h 77-81 (BaP) Minkina et al. (2022)

Fe-impregnated biochar 0.01 96 h 97.2 (BaP) Liet al. (2022)
coupled with ammonium
persulfate

Green oxide nanoparticles 0.09 150 min 99 (BaP) Hassan et al. (2018)
synthesized with pome-
granate peel

Anthracite-based and coco- 1.25 30 days 88 (BaP) Amstaetter et al. (2012)
nut shell-based activated
carbon

Activated biochar derived 04 48 h 84-100 (PHE), 68-87 19.38-21.98 (PHE), This study

from palm kernel shell (BaP)

and palm mesocarp fiber

1.24-13.26 (BaP)

—— AB-PKS (PHE)
224 —— AB-PMF (PHE)
- —— AB-PKS (BaP)
_ —— AB-PMF (BaP)
5 18-
£
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Fig.8 Effect of pH on phenanthrene and benzo(a)pyrene adsorp-
tion onto the various biomass-derived adsorbents (experimental
conditions: concentration=20 mg/L, dosage=20 mg per 20 mL,
T=25+1."C, agitation rate=150 rpm, contact time=48 h). Error
bars +relative standard deviation (RSD), n=3

BaP onto AB-PKS and AB-PMF. Figure 8 showed a slight
increase in the adsorption for the lower molecular weight
PAH (PHE) for both biomass-based adsorbents. The effect

@ Springer

of pH was more prominent in the heavier PAH (BaP) for
both adsorbents. Furthermore, adsorption is favored at
acidic pH for PHE, and deprotonation of the surface of
the adsorbent at basic pH may have slightly facilitated
electrostatic attraction between the PHE and the activated
biochars.

The study’s findings showed that the optimum pH con-
ditions for removing PHE are <7 and above pH 7 for BaP,
respectively. At basic pH, a weak electrostatic repulsion
between the negatively charged surface of the adsorbent
and the electron-rich & systems of BaP cannot be ruled
out, which would reduce the adsorption performance. The
neutrality of the multiple-ringed structure of BaP could be
altered by basic OH™ ions, creating negative charges around
the BaP molecules and leading to electrostatic repulsion
between the negatively charged surface of the material
and BaP molecules under basic conditions. Nonetheless,
the impact of pH on low molecular weight PAHs’ overall
adsorption efficiency (i.e., PHE) by biomass-based adsor-
bents is negligible, similar to previous studies (Adeola and
Forbes 2019). The optimum dosage was established by vary-
ing the amount of AB-PKS and AB-PMS between 0.1 and
0.5 g. As shown in Fig. 9, PHE and BaP removal increased
considerably with increasing amounts of sorbents, reaching
between 81 and 100% for PHE and 68%% and 87% for BaP,
an adsorbent amount of 0.4 g/L. It was further noted that
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Fig.9 Effect of sorbent dosage on the adsorption of the selected PAHs. Error bars +relative standard deviation (RSD), n=3
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Fig. 10 Reusability test of AB-PKS than AB-PMS for PHE adsorp-
tion (experimental conditions: 25 °C; sorbent dosage: 0.4 g; PHE
concentration: 500 mg/L, acetone/water volume: 10 mL (1:1), error
bars +relative standard deviation (RSD), n=3)

there were no significant improvements in removal perfor-
mance to warrant further increment in adsorbent dosage.

Regeneration and reusability tests

AB-PKS and AB-PMS were regenerated via a facile
approach of mild rinsing with DI water and acetone. The
sorbents were filtered and washed using vacuum filtration
and reused in five successive adsorption cycles of PHE as a
representative PAH. The sorption efficiency of AB-PMS was
in the range of 99.4-85.5% and AB-PKS was between 95.7
and 80.6% over the five cycles of adsorption—regeneration as
shown in Fig. 10. Irreversible pore deformation and changes

in the thermodynamic state and morphology of the material
due to desorption/regeneration cycles, as well as sorbate or
solvent-induced alteration of the sorbent, are several factors
that may be responsible for the decline in PHE removal and
stability concerns over several cycles. However, the regen-
eration and reusability test showed that AB-PMS can be
adopted for the treatment of PAH-contaminated water for
at least five cycles due to relatively better stability. Sorbent
recovery was more complex for AB-PKS sorbent due to its
dispersibility; hence, loss of adsorbent between cycles was
higher for AB-PKS than AB-PMS.

Conclusion

The results of this study are highly significant for poten-
tial industrial and environmental uses of adsorbents made
from oil palm waste for the removal of aromatic chemi-
cals from an aqueous medium in the context of green
and sustainable chemistry. The g,,,, of the adsorbents for
PHE and BaP obtained from Langmuir isotherms were
19.38-21.98 mg g~ ! and 1.24-13.26 mg g™, respectively,
which was among the highest values for PHE and BaP
reported in the study. This study shows that the removal
efficiency of PAHs from the simulated contaminated aque-
ous medium is 84 — 100% for PHE and 68-87% for BaP. It is
recommended that the optimum pH conditions for removing
PHE and BaP are <7 and > 7 respectively, and an optimum
sorbent dosage of 0.4 g/L for 48 h will be best suited for
these biomass-derived sorbents. The sorption efficiency of
AB-PMS was in the range of 99.4-85.5% and AB-PKS was
between 95.7-80.6% over the five cycles of PHE adsorp-
tion and sorbent regeneration. This reveals that the removal
of PAHs from contaminated water can be effectively car-
ried out using these carbonaceous materials (AB-PKS and

@ Springer
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AB-PMF) and that the material can be utilized in water treat-
ment plants as a polishing tool.
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