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Abstract: Presently, it is difficult to prepare inexpensive water pollutant adsorbents of
promising efficiency based on natural source-derived activated carbons (AC). This work
investigated the properties of agarwood-synthesised AC (agar AC) of high potential.
Displaying an expansive surface area, this carbon was examined in terms of its kinetics and
isotherms associated with adsorption of bisphenol A. The preparation of agar AC involved a
three-stage process of chemical activation, comprising carbonisation, treatment with
sulphuric acid and activation, with agarwood branch serving as precursors. The highest
BET surface area of the synthesised agar AC was 1092 m2/g, while the highest absorptivity
of the activated carbon under conditions of 50°C, three hours, pH 7 and 1 wt. % carbon
dosage was 430 mg/L. Exhibiting an endothermic and spontaneous character, adsorption
was observed to comply with the pseudo-second-order with Langmuir and Freundlich
adsorption isotherms. In the context of water purification, bisphenol A adsorption could be
adequately and inexpensively achieved with this agar AC, which can also be used again
following a renewal with great effectiveness of extraction.
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Water Quality.
INTRODUCTION

Water as essential resources for human and survival of all ecosystem. These resources are under
threat due to the introduction of Xenoestrogens (endocrine disrupting compounds) into the environment
via anthropogenic activities. This compound makes water unsafe for human consumption and dangerous
to aquatic organisms. The BPA is one of the endocrine disturbing compounds, widely used as raw
materials in the producing of PVC polymer, polycarbonate plastic, epoxy resins and food containers, with
annual production beyond 3.8*106 ton (Michatowicz, 2014). This plasticizer was found in the engineered
and natural environment (Wu 2019). BPA is classified as a substance of very high concern that poses
severe injury to the environment and public health according to the environmental protection agency
(EPA, US) (Lassouane et al., 2019). BPA is confirmed to be linked with various health problems like
reproductive disorder, breast cancer, obesity, neurological and cardiovascular diseases (Chen et al., 2018;
Shafei et al,, 2018). Hence, the need to constantly monitor this organic content in water and removed the
BPA in wastewater.

Biodegradation (Dai et al., 2016), osmotic and microfiltration (Zhu & Li, 2013), adsorption (Choi &
Kan, 2019), advanced oxidation (Pachamuthu et al., 2017) are reported techniques of BPA removal from
water. Amongst listed purification techniques, adsorption by activated carbons stands out as the most
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efficient method due to its design simplicity and easy exploitation. Nanomaterials including graphene,
fullerenes and carbon nanotubes have been applied as effective adsorbent materials for the uptake of
BPA. However, these nanomaterials are without shortcomings such as expensive production cost and
generation of toxic sludge. Hence, the urge to search for cheap and environmentally friendly carbon
source as an alternative. Choi and Kan (2019) studied the removal of BPA by adsorption onto
alfalfa-based biochar. The adsorption isotherm fitted well with the Freundlich model and Langmuir
adsorption capacity was 62.7 mg/g (Choi & Kan, 2019). Genc et al. used surfactant-modified natural
zeolite to remove the bisphenol-A from aqueous solution onto. The maximum BPA uptake was 86.21
mg/g at pH 7 (Geng et al, 2017). Though, the sorption capacity of these agro wastes and natural
adsorbents were found comparable to other bio-adsorbent but lower than adsorption capacity of
commerecial carbon.

The purpose of this study was to identify an efficient precursor for agarAC production to achieve the
adsorption of bisphenol inexpensively and effectively. Thus, AC synthesis via chemical activation was
undertaken with agarwood waste branch. Furthermore, consideration was given to the extent to which
the adsorption potential was affected by the parameters of original pH, adsorption time and temperature.
The outcomes of the experiment constituted a basis for the examination of how the agar AC was impacted
by the adsorption optimization, thermodynamics and kinetics of the bisphenol-A removal. The findings of
the present study can make a valuable contribution to the achievement of an inexpensive agar AC of high
efficiency to eliminate the issue of bisphenolA contamination and gain a detailed comprehension of
adsorption isotherms and Kinetics.

MATERIALS AND METHODS

Preparation of Activated Carbons

Agarwood was first cleaned from the dust and the other impurities by washing with hot water,
followed by scrapping and rinsed with tap water for several times. The washed Agarwood were dried in
an oven at 100 °C for 48 hours to remove adhering water. Dry Agarwood was ground into a fine powder
by a milling machine. The powder was sieved through a metal sieve(200 mesh) and then calcined under
N2flow of 10 cc/min up to 700 °C ~1h at a rate of 10°C min-1; then, the calcination was increased to 750
°C under a COzflow at the rate of 5 °C min-! for 4 hours. The carbon was treated with H,SO4at 180 °C for
24 hours, followed by purification using copious amounts of deionized water until the pH of the solution
became neutral. The powder was subsequently dried at 100 °C for 12 hours. Then, the carbon was
calcined at 450 °C at the rate of 5 °C min-! for 3 hours under nitrogen gas. All chemicals and reagent used
are of analytical grade.

Characterization of Activated Carbon

The BET surface area analyser (V_sorb 4800P) was used to investigate the surface area and porosity of
the agar AC based on N; adsorption and under relative pressure of between 0.00 and 1.00. Prior to BET
analysis, the samples were subjected to degassing at 150°C for one day under vacuum. The functional
groups on the agar AC surface were identified by employing an FTIR Spectroscopy (Perkin Elmer
Spectrum 65 FT IR Spectrometer), with finely ground KBr comprising approximately 0.5 wt.% of the
activated carbon samples being used for infrared spectra transmission.

The KBr and the samples had been previously left to dry at 100°C for one day. In all cases, the
spectrograms represented the average of thirty scans, with wavelengths varying between 300 and 4000
cm-1.XRD (Shimadzu XRD-6000) was used to scientifically analyse the crystal configuration and the
physical qualities of the agar AC sample minerals. For this purpose, XRD was applied across the 20 range
5° to 80° and 2° per minute of scanning rate. Molecules can be effectively determined via Raman
spectroscopy. In the present case, this involved employing a laser micro Raman system (Horiba
JobinVyon, LabRam HR) with the diffusion of 488-nm monochromatic light to detect the graphitic
character of the synthesised carbon from the G, D and 2D band shift. The FESEM (HITACHI, Japan) was
employed to analyse the agar AC in terms of its surface morphology and structure. The sample was
burned in a muffle furnace at a temperature of 575°C for a period of five hours in order to find out the
overall quantity of ash that AC contained.

Adsorption Studies

Analytical grade bisphenol A solution in concentrations of 10, 25, 50, 100, 250 and 500 mg/L were
used to conduct bisphenol A adsorption studies on the synthesised agar AC. An HPLC helped to
approximate the bisphenolA concentration in the first and last solutions. Batch mode experiments
conducted in a glass tube with a volume of 50 ml enabled assessment of the efficiency of the synthesised
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agar AC for adsorbing bisphenol A. Attention was also paid to how the ability of agar AC to adsorb
bisphenol A was affected by contact time and original pH at an ambient temperature of 30°C.Agar AC
samples weighing 1 wt.% were employed under conditions of 30°C and 4.12 pH to assess how the
adsorption capability was affected by the original pH. The procedure involved the addition of ACs in 50 ml
bisphenol A with 250 mg/1 concentration at the original pH of 3, 7and 9. A pH meter (Sartorius) table-top
were used for the measurement of the pH of the samples, which was kept unchanged by enhancing the
original solution with solutions of 0.01 (N) HCl and 5% of NH4OH.To determine how the adsorption
capability was impacted by the temperature at a particular pH (pH=7) (the highest adsorption capacity is
attained at that pH) for an equilibrium time of 24 hours.

Kinetics and the Adsorption Equilibrium Studies

Batch experiments were conducted at ambient temperature, with 1 wt.% of activated carbon being
added to a specific volumeofbisphenol A solutions with different concentrations (10 to 500 mg/L) in a
100 ml falcon tube. A shaker was used to agitate the mixtures until equilibrium was attained. A range of
time frames was used to conduct the tests. The adsorption efficiency of agar AC was determined by using
HPLC to determine the left concentration of bisphenol-A in the solutions following adsorption.
Commercial AC was evaluated in an identical manner. To determine the percentage of BPA assimilation
equation (1) was applied:

C,-C,
%R = % X 100
? (1)
And to determine the BPA adsorption amount equation 2 was applied:
c -C
qe — V 0 4
W )

In the above, the original liquid-phase concentration of bisphenol-A, measured in mg/L, is denoted by
C,, while the equilibrium BPA liquid-phase concentration is denoted by C.; the quantity of adsorbed BPA,
measured in mg/g is denoted by ¢., while the solution volume, measured in L, and the weight of the
employed agar A Cadsorbent, measured in g, are respectively denoted by Vand W.

RESULTS AND DISCUSSION
Materials Characterization

N2 adsorption/desorption isotherms were employed to analyse the specific surface area and porosity
of the carbon produced from agarwood through pyrolysis and secondary activation, as well as of the
commercial carbon (Figure 1a). Associated with type IV isotherms based on the definition by the
International Union of Pure and Applied Chemistry (IUPAC), the occurrence of hysteresis loop was
exhibited by the isotherm both prior to and after agar carbon was activated (El-aassar et al., 2016).
Pre-activation, agar carbon had a BET surface area of 669.72 m2/g, while post-activation, its BET surface
area was 1092 m?/g. Amorphous carbon with cylindrical pore channels that are clearly outlined is
classified by IUPAC as H1 histogram and is illustrated in Figure 2a. Furthermore, less amorphous carbon
with homogeneously sized rigid bulk particles (Chine et al.,, 2011) and weak interplays with Nzrepresents
the H3 histogram shown in Figure 2b.
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Figure 1: a) N; adsorption/desorption isotherms of carbon and b) Fourier-transform infrared
spectroscopy (FT-IR) analysis
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Figure 1b illustrates the FTIR analysis of the AC functional groups. Hydroxyl group, carboxylic group,
alkenes, alkynes and aldehydes were among the functional groups that were identified. BPA adsorption
from the liquid phase is based on the presence of such functional groups in agar AC. C-H stretching of
alkane at 2898-2912 cmand aldehyde 2826-2847 cm was displayed by every sample. Meanwhile,
robust O-H alcohol stretching or N-H stretching of R-NH; might explain the peaks that all ACs displayed at
3200-3550 cml. Furthermore, the peak at 1655-1691 cm'which is referred to C=0 stretching of
aldehyde. The robust O-H carboxylic acid group stretching might have been the reason for the marked
broad beak exhibited by the samples at 3300 cm! post-activation. Robust peak ofnitro compounds and
aromatic amines(N-O) stretching was suggested by the peaks displayed in the agar AC post-activation and
by commercial carbon at 1360-1368 cm-l. N-C=S represented a marked beak at 1590 cm! displayed by
the agar AC post-activation, while C-S and C=S respectively represented the marked peak at 743 cm! and
marked beak at 743 cm! displayed by agar AC following the second activation.

Figure 2illustrates the FESEM imaging of carbon. The action of sulphuric acid during pyrolysis led to
the formation of a heterogeneous surface (honeycomb-like structure) displaying porosity (micropore and
mesopore) in the agarpyrolyzed carbon with no ulterior activation. Besides pore formation, pyrolysis at
700°C caused the elimination of a considerable proportion of volatiles as well as the degeneration of
cellulose, hemicelluloses and lignin compound from the precursor. Moreover, the mesopore volume was
enhanced at the expense of the micropore volume as the pore was attacked by the acid when ulterior
activation with pure 98% sulphuric acid was performed (Figure 3a). As shown in Figure 3, agar AC had
well-defined pores on its surface. The agarACsurface exhibited visible pores with clear pore walls
(Alalwan et al., 2018; Idan et al, 2017). One reason for this may be the discharge of the elements
displaying volatility and the breakdown of sulphuric acid groups in agar AC as an outcome of the
integrated processes of pyrolysis, carbonisation and sulfonation. Furthermore, the latter could be
explained in terms of the powerful acid attack associated with sulfonation and causing additional volatile
substances to be released in agar AC. The relatively expansive BET surface area displayed by agarAC
might be the outcome of this. Conversely, micropores were exhibited by the commercial AC.
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Figure 2: FESEM micrographs (a) agarwood before activation (b) agar AC and (c) commercial AC.

The produced agar AC samples were associated with a powder X-Ray diffractogram between the 20
values of 5-80° (Figure 3a). In the case of each sample, the diffractogram displayed the occurrence of wide
scattered peaks at about 20 = 20-28° and 20 = 42, 62 and 77°, which is classified as graphitic carbon
(Abdulkareem-Alsultan et al., 2019; Abdulkreem-Alsultan et al., 2016). Furthermore, unlike the marked
peaks associated with substances of high crystallinity, the wide and scattered peaks indicated that the
examined samples were poorly crystalline and amorphous. The reason is the pyrolysis temperature is
lower than that associated with graphite, which is more than 2700°C ( Abdulkareem- Alsultan, 2016).
(Abdulkareem-alsultan et al., 2018).
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The occurrence of abnormalities can be detected via Raman spectroscopy (Figure 3b), which was
therefore applied to assess whether the produced agar AC samples contained a graphene layer or
graphitic carbon. With regard to the identification of the morphological configuration of carbon materials,
Raman spectroscopy possesses high sensitivity, and every band within the Raman spectrogram is
associated with a specific vibrational frequency of a bond within the molecule. The D band was observed
at 1348.96 and 1348.55 cm! of agar AC after activation and commercial activated carbon, respectively.
The boarded of D band observed in commercial activated carbon compared to agar AC after activation,
which was 238.77 and 205.73 cm, respectively. This was suggested higher defection and disorder of
commercial activated carbon compare to agar AC after activation. In addition, the G band of commercial
activated carbon was observed at 1597.57 cml. The G band shows the width of commercial activated
carbon was ~ 128.64 cm'l. Furthermore, the Ip/I¢ ratio of commercial activated carbon was ~ 0.96. The
higher Ip/I; observed in the commercial activated carbon compare to agar AC after activation. This was
believed due to higher defection and low crystallinity as confirmed by FESEM images (ref Figure 3a).
Thus, the agar AC after activation shows higher crystallinity structure compare to commercial activated
carbon. This suggested the agar AC after activation present higher performance than commercial
activated carbon. Meanwhile, the commercial activated carbon shows the 2D band at 2919.64 cm-! with
width 836.64 cml. The boarded 2D band observed in commercial activated carbon compare to agarAC
after activation. This was suggested due to the thick layer of commercial activated carbon than agar AC
after activation. Thus, the agar AC after activation present higher crystallinity and good structure
compare to commercial activated carbon. Moreover, The structures of agar AC after activation and
commercial activated carbon were investigated by micro-Raman spectroscopy as shown in Figure 3b The
D band was observed at 1348.96 and 1348.55 cm! of agar AC after activation and commercial activated
carbon, respectively. This suggested the agar AC after activation present higher performance than
commercial activated carbon.

Batch Adsorption Experiments

The batch adsorption experiment by using agarAC was carried out and optimized using OVAT method
to investigate the effect of carbon dosage, contact time, pH and temperature. The effect of mass dosage of
agarAC was investigated in the range of 0.5-5 wt. % with other process parameters kept constant. The
obtained results are as shown in Figure 44, it can be seen that there is a significant sorption rate increase
that correlates with the dosage increase from 0.5 to 1 wt.% It is likely that this is due to an incremental
increase in surface area, which corresponds with an increase in the availability of active binding sites.
Interestingly, in this study, further loading of agar AC beyond 1 wt.% resulted in a notable decrease in the
adsorption of BPA. This is probably due to overlapping of adsorption sites resulting from overcrowding of
agarAC particles. The amount of BPA adsorbed increases by increasing the adsorbent dosage but, the
quantity adsorbed per unit mass decreases. There is a decrease in adsorption density with an increase in
adsorbent mass because of unsaturated adsorption sites during the adsorption process, whereas the
number of sites available for adsorption site increased by an increment in agarAC dosage. This
phenomenon was observed by Pathania, Sharma, and Singh (2017).

The influence of contact time on BPA adsorption onto agarAC was studied (figure 4b). This to
investigate contact time effect on adsorption process and establish equilibrium time required for
maximum BPA uptake and adsorption process kinetics. The extent of BPA adsorbed at varied contact time
were obtained by keeping agarACdosage, initial BPA concentration and temperature constant at 1 wt.
%,pH=7 ,Temperature 50 °C.and250 mg/L respectively, and the results obtained were presented in
Figure 4. The BPA removal was found to significantly increase by increasing the time from 30 to 350 min.
Thus, the optimum or equilibrium time was taken to be 350 min. The higher the reaction time, the
stronger the adsorbate-adsorbent bonds and the higher the adsorption efficiency. The significant steady
desorption rate was due to the fact that large surface areas of agar AC carbonwere available at the
beginning for BPA sorption (Akazdam et al., 2017). Contaminant sorption in water also depends on pH,
which can impact not only the sorbent surface charge but the dominant sorbate form as well (Wang et al.,
2017, Pathania, Sharma & Singh, 2017). Figure 4c shows how BPA adsorption on AC is impacted by pH; it
can be observed that the levels of BPA adsorption on AC were increased as the pH increased from 3 to 7,
but they declined quickly in the pH range 7-11. Surface deprotonation is the likely reason for the
reduction in AC surface charge with pH increase, given the hypotheses formulated by Pathania, Sharma
and Singh (2017). Moreover, at a pH lower than 8, BPA manifests in its neutral or molecular form, while at
pH 8 or higher, it starts to undergo deprotonation to a form with a negative charge (Wang et al., 2017;
Fang et al,, 2018). Therefore, at a pH greater than 7, the bisphenolate anion and the agar AC surface with
negative charge can have a repulsive electrostatic interaction, which would diminish the adsorption
capability of BPA, as shown in the present study (Figure 4c).
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Figure 4d shows the outcomes of the investigation of how bisphenolA adsorption on agarAC was
affected by temperature, under conditions of varying temperature (30 to 50°C) and fixed dosage and time.
The increase in temperature from 30 to 50°C led to enhanced adsorption of BPA and the exothermic
nature of the adsorption was suggested by the fact that the maximum adsorption capacity (Qm) was
obtained at 50°C. Thus, temperature increase may improve adsorption capacity and therefore enhance
the adsorptive forces among bisphenol A and agarAC surface active sites (Ifelebuegu et al., 2015, Park et

al,, 2010), Hence, 50°C was taken as the optimum temperature for adsorption of BPA to agar AC in all
subsequent experiments (Figure 4d).
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Figure 4: Optimization study for BPA on agar activated carbon: a)Effect of carbon content, b) Effect of
contact time, c) Effect of initial solution pH on BPA adsorption and d) Effect of temperature on BPA
adsorption
Adsorption Isotherm Study

Isotherms studies area helpful tool in the designing of an accurate model for the removal of
contaminants from liquid media. It is resourceful to predict the adsorbent effectiveness towards a given
pollutant in wastewater. Precise representation of equilibrium data for design purpose by various
isotherms models is essential. Adsorption isotherm study was performed at varying initial BPA
concentrations and other variables kept constant as; 1 wt. % activated carbon load, pH 7, 24 hours
contact time and 50 °C. Langmuir and Freundlich are the most widely accepted two-parameter isotherm
models. These two cited adsorption isotherm models were employed to obtain fit to BPA adsorption by
H,SO0,4 treated agar AC and the result presented in Figure 5.
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Figure 5: Langmuir and Freundlich Isotherm
The plot for Langmuir and Freundlich adsorption isotherms were presented in Figure 5, respectively
to the BPA uptake data. The average value of separation factor Ry, (an important parameter for Langmuir)
was between 0.0002 and 0.043 suggested favourable adsorption of BPA-agarAC system. The value of

n (1.78) indicated that physical process and multilayer adsorption are favourable according to Li and
Gondal(Li & Gondal, 2014).
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These results suggested that both Langmuir and Freundlich isotherms fit well for the equilibrium data.
The maximum sorption capacity of prepared agar AC is 439 mg/g. Based on the correlation coefficient

(Rz) values (Table 1), both isotherm models suitably described the BPA adsorption process. It implied
that BPA is chemically adsorbed to agar AC at fixed well-defined sites as well as heterogeneous surface
interactions between BPA species (Bhatnagar & Anastopoulos, 2017; Kim et al., 2011; Sadaf et al,, 2015).
Besides, the adsorption capacity of agar AC towards BPA was the highest than other adsorbent reported
according to Table 2

Table 1: Parameters of the Langmuir and Freundlich adsorption models for BPA molecules
Adsorbent  Langmuir model Freundlich model

2 , 2
Do mgrg)  Krmg R Krgmgonumgn  n R
Agar AC 439 1.041 0.9992 10.66 1.78 0.9992
Comparison between agarwood ACvs Commercial Activated Carbon

The surface charge for agar AC and commercial AC samples varied as depicted in Figure 6. At acidic
medium (pH 3), the zeta potentials were -19.5 mV and -18.4 mV respectively for agar AC and commercial
AC. Although, agar AC observed more negatively charged than commercial AC. The zeta potential values of
the two samples become more negatively charged with an increase in pH values from acidic medium to an
alkaline condition. In addition, the point zero charges for agar AC and commercial AC were not detected at
all tested pH ranges (3 to 9), which indicates that the surfaces were negatively charged irrespective of pH.
This is similar to Fahmi et al., report, no point zero charge detection for modified oil palm fruit bunch
biochar(Fahmi et al., 2018).
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Figure 6: Zeta potential of (a) AgarAC and (b) commercial AC at different pH.

As presented in Figure 7, the agar AC has BPA adsorption capacities comparable to the commercial
activated carbon. Adsorption efficiency increases as the BPA concentration increased and correlation
factor R? almost unity for prepared agar. This suggests that the agar AC carbon is a good alternative to
expensive commercial activated carbons.
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Figure 7: Adsorption capacity of (a) agar AC and (b) commercial AC towards BPA
BPA Adsorption Kinetics

The data on the dependence of adsorption capacity with time was used for kinetic analysis. Pathania,
Sharma and Singh (2017) utilised this method on their study on FCBAC adsorption of methylene blue.
They reported that the adsorption of methylene blue onto FCBAC were applied to pseudo-first and
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second-order kinetic models. In their study, they found that the correlation coefficient of the
second-order kinetic model was greater than that of the first-order kinetic model. As such, they claim that
this confirms that chemisorption is the rate-limiting step as this uses valence forces via the exchange or
sharing of electrons. Figure 8 a and b, respectively, show the tests of pseudo-first-order and
pseudo-second-order kinetic models:
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Figure 8: BPA adsorption kinetic; (a) Pseudo-first-order and (b) pseudo-second-order

Table 2 shows the outcomes of data fitting to the kinetic parameters of the pseudo-first-order and
pseudo-second-order models, as well as the correlation coefficients R2. When the empirical data were
fitted with the Pseudo-first-order and pseudo-second-order kinetics, acceptable correlation coefficient R?
exceeding 0.653 and 0.6245 respectably, were achieved (Table 2). Moreover, there was good
compatibility between the determined g. values and the empirical data. It could thus be concluded that a
pseudo-second-order kinetic model provided a more adequate characterisation of BPA adsorption by
agar AC, while chemisorption was the dominant regulator of the process of adsorption.

Table 2: Coefficient of empirical kinetic models

time k(min log(ge-qt) (m t/ge(min.g/m
30 0.500413 2.127105 0.344828
60 0.567953 2.097778 0.626632
180 0.598356 2.084576 1.809045
360 0.606622 2.080987 0.358209
CONCLUSION

Agarwood branch was used for the production of the ideal surface area AC of 1092 m?/g and overall
pore volume of 0.41 cm3/g. The highest capacity of bisphenol A (439 mg/g) was achieved by batch
adsorption studies of BPA on agar AC under conditions of 50°C, pH 7 and three-hour time frame. Chemical
adsorption was implied from the fact that the optimal characterisation of the empirical data was provided
by the pseudo-second-order model (R2correlation coefficient = 0.9994) and Elovich model (R? correlation
coefficient =0.9999). The Langmuir and Dubinine-Radushkevich (D-R) adsorption models confirmed both
the chemical and physical adsorption on AC. Furthermore, by comparison to commercial AC, agar AC
showed promising adsorption capability. According to the results of the present study, it can be
concluded that efficient adsorption of BPA assimilated from water and wastewater can be successfully
achieved by using AC obtained from agarwood.
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