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Impact of H,PO,-activated carbon from pine fruit shells for paracetamol
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ABSTRACT

The synthesis of activated carbon (AC) from pine fruit shells (PFS) biomass (BM) is described
in this paper. AC was made from BM by gradual pyrolysis at 600°C. AC was also chemically acti-
vated with H,PO, (BC-H,PO,) and pyrolyzed at 600°C. BM, BC, and BC-H,PO, adsorbents were
characterized by Fourier-transform infrared spectroscopy, X-ray diffraction, scanning electron
microscopy, thermal gravimetric analysis, and elemental analysis. The batch system was used to
apply the BM, BC, and BC-H,PO, to the adsorption of paracetamol (PCM) from aqueous solution.
Adsorption was evaluated in relation to adsorbent dosage, ionic strength, initial pH solution, con-
tact time, and temperature. Based on their coefficient of determination (R?), chi-square (x?) and error
function (F,_ ) values, equilibrium and kinetic PCM adsorption data revealed that the process
obeys the Langmuir, Dubinin-Radushkevich, and pseudo-second-order kinetic equations, respec-
tively. According to the Langmuir model, the highest adsorption capacity for PCM by BM, BC, and
BC-H,PO, was 99.010, 166.667, and 256.10 mg/g, respectively. Thermodynamic analysis revealed that
PCM adsorption by the adsorbents is spontaneous and exothermic.
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1. Introduction

In recent years, more pharmaceuticals have been found
in sewage wastewater, surface water, and groundwater
due to the widespread use of various drugs. Many of these
pharmaceutical compounds are commonly used as an
anti-inflammatory, analgesic, antibiotic, preservative, and
disinfectant [1].

Paracetamol (PCM), named as 4-acetamidephenol,
4-hydroxyacetanilide or acetaminophen, is commonly used
as an antipyretic and analgesic for human consumption
and veterinary usage for the treatment of headaches, fever
and other minor pain worldwide [2-4]. PCM discharges
into the aqueous environment from different waste water
types, such as municipal wastewater and pharmaceutical
processing facilities. As a consequence, it has been listed
as one of the most common organic contaminants found
in various bodies of water [5].

PCM is toxic to organisms living in water and land,
even at very low concentrations. In addition, it has been
found to have an endocrine-disrupting effect on some fish
and crustacean species. This contributes in some cases to
disturbance in the production of offspring, developmental
defects, changes in sex hormones, and increasing mortality.
In domestic sewage [6] and hospital wastewater [7], PCM
concentrations reach 338 ng/L and 150 g/L, respectively. The
greatest concentration of PCM recorded in surface water
in African countries, many of which lack wastewater treat-
ment plants, was 215 times greater than that reported in
European surface waters, according to a recent study [8].
To limit the occurrence of pharmaceutical toxins in these
settings, it is essential to develop effective treatment pro-
cesses to limit the presence of pharmaceutical pollutants in
these environments.

Ozonation [9], hydrogen peroxide-based oxidation [10],
sonolysis [11], photo-Fenton method [12], photocatalysis
[13], and electrochemical oxidation on stainless steel have
all been tested for PCM treatment due to its stability under
conventional treatment processes [14]. Recently removal of
aqueous PCM by biodegradation electrochemical, and photo-
catalysis has been reported for degradation of PCM [15].

Activated carbon is a solid carbon material with an
amorphous structure produced from agricultural biomass
(wood, peat, bones, cellulose, and any other agricultural
wastes) through a pyrolysis process. The main advantage
of using activated carbon to remove pharmaceuticals is
that it does not generate toxic or pharmacologically active
products. According to the literature, extremely high sur-
face area, porosity, and other surface properties make
activated carbons a versatile and universally acclaimed
adsorbent [16].

Activated carbon has many applications in industry
and medical fields such as refining processes, gas masks,
wastewater treatment [17], air cleaning, silage agent [18] and
an antidote for many types of drug poisoning [19].

The ability of wastes (mainly agricultural residues) has
actually been demonstrated as precursors of low-cost acti-
vated carbons and the effective use of these materials for
the removal of aqueous solution contaminants [20-23].
Activated carbons are made from materials rich in carbon
through carbonization and an activation process. A porous

structure and its adsorption properties can be obtained in
carbonaceous materials via either physical or chemical acti-
vation. Physical activation involves pyrolysis of the source
material at 600°C-800°C to produce charcoal. This is then
followed by activation using steam, carbon dioxide (CO,)
or oxygen (O,). Chemical activation involves the impregna-
tion by a chemical activating agent such as phosphoric acid
(H,PO,) of the precursor material, accompanied by activation
at a certain temperature under a minimal atmosphere of oxy-
gen or nitrogen. H,PO, is commonly used as an activating
chemical agent. Activating chemical agents affect the decom-
position of pyrolytes and prevent tar and volatile matter
formation, thus increasing the activated carbon yield [24,25].

Several studies have been carried out on the prepa-
ration of activated carbon from waste from pine trees. For
example, for the removal of inorganic or organic pollut-
ants such as nickel, copper, and lead, pine cone shell, pine
cone powder, pine fruit shell was used [26,27], textile dyes,
phenol [28-31], and pine cone activated carbon to remove
lead, hexavalalent, phenol and methylene blue [32,33] from
aqueous solutions. Since this waste is available in large
amounts in the Mediterranean region and is of no commer-
cial value, the shell of the pine cone may be a promising
low-cost biomaterial adsorbent.

The effect of the pyrolysis temperature on the prepa-
ration of activated carbon from pine fruit shells has been
recently reported by us [34]. The optimum temperature of
600°C was selected in light of the results of this analysis. In
this work, this sample was chemically activated with H,PO,
to study the influence of chemical activation.

The main objective of this study is therefore to prepare
pine fruit shell activated carbon by chemical activation using
H.PO, followed by pyrolysis at 600°C in order to obtain
abundant low-cost activated carbon, green and environmen-
tally healthy agricultural by-products. They were used for
the removal of PCM from aqueous solution as adsorbents.
To understand the adsorption process, the kinetic data and
equilibrium data on batch adsorption studies were carried
out. There are also study of the effects of adsorption para-
meters such as dosage effect, initial pH, contact time and
temperature.

2. Materials and methods
2.1. Materials and instruments

Pine fruit shells (PFS) collected from The University of
Jordan trees in Amman. PCM drug in powder form taken
from Dar Al Dawa Company in Jordan (purity > 99.9).
H,PO,, NaOH, HCl and NaCl were obtained from Sigma
Aldrich Chemicals Company (Saint Louis, MO, USA 63178)
with purity higher than 99% and used without further puri-
fication. A Protherm-PC 402 tube furnace model (Turkey)
was used to prepare activated carbon. The Precisa 410AM-
FR analytical balance (CH-8953 Dietikon, Switzerland) was
used to weigh the samples. Elemental analysis was carried
out using an elemental analyzer (Euro Vector) to determine
the elemental composition (C, H and N) before and after
pyrolysis and activation. Fourier-transform infrared spec-
troscopy (FTIR) analysis was performed in the solid state to
determine the surface functional groups. This was obtained
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using an infrared spectrometer: Thermo Nicolet NEXUS
670 Fourier transform infrared spectrometer (Waltham, MA
USA 02451). Using a PANalytical X'Pert PRO X-ray diffrac-
tometer (Eindhoven, Netherlands), X-ray diffractograms
were acquired to identify the extent of crystallinity or amor-
phous nature of the samples. The experiment was carried
out with a Cu-Ka radiation source and a diffraction angle
(20) range of 4°-60°. Morphological studies were obtained
using a scanning electron microscope (SEM): FEI inspects
F50 (Tulsa, OK 74145), accelerating voltage and beam cur-
rent 30 kV. The thermal gravimetric analysis (TGA) of the
dried samples was studied using NETZSCH STA 409 PG/
PC Thermal Analyzer (Leipzig, Germany) in the tempera-
ture range (25°C-600°C), at a heating rate of 10°C/min.
The GFL 1083 shaker was used to collect the samples. The
thermostat-equipped GFL 1083 shaker was used for the
shaking. PCM concentration was measured using a UV-Vis
Cary Varian spectrophotometer (UK).

The samples” pore structure and activated carbon sur-
face area were determined using a Nova 2200 e sSurface
area and pore size Analyzer (Quantachrome Corp., Boynton
Beach, FL, USA) after nitrogen gas adsorption/desorption
isotherms were measured at 77 K. At 105°C, each sample was
degassed for 8 h. The Brunauer, Emmett, and Teller (BET)
equation was used to get the specific surface area, and total
pore volume (V, ) was derived using the near saturation
uptake (P/Po = 0.99). The average pore diameters (D,,) were
estimated from the SA __ and V__ assuming an open-ended

BET total
cylindrical pore model without pore networks [35].

2.2. Preparation of BC and BC-H,PO,

PFS was manually separated from the fruit seeds, and
extensively washed with water to get rid of any dirt or
impurities from the surface, dried at 105°C for 24 h and then
grounded to <1 mm size. Three samples were taken from
the dried PFS. The first one is a biomass (BM) was used
without any further modifications. The second sample was
placed in covered crucibles and heated in a tube furnace
at 600°C under oxygen-limited conditions for duration of
3 h and labeled as BC. The third part was chemically acti-
vated with H,PO,. Chemical activation was accomplished
by soaking for 24 h in 30% ortho-phosphoric acid (H,PO,)
with impregnation ratios of 1BM:4H PO, (w/w). The sample
was then filtered with a vacuum pump and dehydrated in
a 105°C oven overnight. The dried sample was then pyro-
lyzed for 3 h at 600°C in order to activate it. The material
was allowed to cool to room temperature after the activa-
tion. The activated carbon was then labeled as BC-H,PO,
and washed with 1.0 M NaOH before being rinsed with hot
distilled water and then cold distilled water until the fil-
trate achieved a pH of 6-7. The sample was then dried for
24 h at 105°C in an oven. The three samples were further
crushed and sieved to get the particles size of 200-300 pm
and stored in air tight desiccators for further uses.

2.3. The pH at point zero charge (pH,,, )

PZC
The pH of the BM, BC and BC-H,PO, adsorbents at point

zero charge (pH,,.) was calculated by solid addition [36]
by moving 50 mL KNO, to a series of 100 mL conical flasks.

The initial pH (pH,) of this solution was modified roughly
from 2 to 10 with either 0.1 M HCl or 0.1 M NaOH solutions.
pH, of the solution was correctly observed and 0.1 g of BM,
BC and BC-H,PO, was applied to each flask. The flasks were
allowed to be balanced for 24 h with occasional manual
shaking. The final pH values of the supernatant liquid were
observed (pH,). The differentiation of pH, and pH, values
was plotted against pH.. As pH_ ., the intersection point of
the resulting curve noted the difference between pH = 0.0.

2.4. Moisture and ash content
The yield of activated carbon was calculated based on

the weight of BM on a dry basis from the following equation:

Yield% = weight of activated carbon

, : x 100 1)
weight of biomass

Moisture and ash content were calculated according to
ASTM D1762-84 standards by measuring weigh loss differ-
ence for samples dried at 105°C for 24 h after being cooled
in desiccators for about 15 min using the following equa-
tions [37,38]:

wet weight — dry weight «

Moisture content% = - 100 (2)
dry weight
mass of ash(g)
Ash content% = x 100 3)
dry mass of sample(g)

2.5. Adsorption experiment and procedures
2.5.1. Batch experiment

A batch adsorption experiment was conducted with a
solution containing 50 mg/L of PCM as the beginning con-
centration. In 250 mL Erlenmeyer flasks containing 0.10 g
BM, BC or BC-H,PO,, the experiment was carried out.
The flask was shaken for 24 h in an electric shaker, and
then the contents were centrifuged at 3,000 rpm for 6 min
to ensure that the PCM solution and the adsorbent were
separated, and the flask was filtered using 0.22 pum filters.
Concentration of PCM was calculated using UV-visible
spectrophotometer at 242.48 nm. The amounts of PCM
(9, mg/g) and the percentage removal of adsorption (%R)
adsorbed by the BM, BC and BC-H,PO, were calculated
using the following equations:

Cc -C)V
%27( =€) )
m
(c.-c)
%R ==t~ x100 ()

o

where g, (mg/g) is the amount of PCM adsorbed by the
BM, BC and BC-H,PO,, C, and C, (mg/L) are the initial and
equilibrium concentration of PCM, respectively, V (L) the
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initial volume of PCM solution and m (g) the weight of the
adsorbent.

2.5.2. Effect of adsorbent dosage

Different solutions from BM, BC and BC-H,PO, with
different weights of 0.01, 0.02, 0.03, 0.04, 0.05, 0.075, 0.100,
0.15, 0.20 g were mixed separately with 50 mL of 50 mg/L
PCM solution, placed in a water bath shaker at 25°C and
kept overnight, the supernatants were filtered using
0.22 pm filters.

2.5.3. Effect of pH

Adsorption of paracetamol via BM, BC and BC-H,PO,
surfaces was measured at concentrations of 50 mg/L PCM.
pH value for the solutions was adjusted from 2-10 using
HCI (0.1 M) and NaOH (0.1 M) solutions.

2.5.4. Effect of ionic strength

NaCl solutions with different concentrations of 0.01,
0.05, 0.10, 0.15 and 0.20 M were added separately to solu-
tions containing 0.50 g of adsorbent and 50 mg PCM/L NaCl
proper concentration solution at 25°C, the above-mentioned
protocol of filtration was applied.

2.5.5. Adsorption isotherm

Ten PCM solutions with different concentrations of 10,
20, 30, 40, 50, 60, 70, 80, 90 and 100 mg/L were prepared
from PCM stock solution (1,000 mg/L) and added sepa-
rately to 0.15 g of adsorbent in a stopper Erlenmeyer flask.
The solutions were placed in a water bath shaker at differ-
ent temperatures of 25°C, 35°C, 45°C for 24 h. Solutions
were allowed to settle down, centrifuged and filtered using
micro filters. Adsorption was measured at the corresponded
A (24248 nm) and C, value was obtained from the cali-
bration curves.

The results were fitted to Langmuir, Freundlich and
Dubinin—-Radushkevich (D-R) isotherm models [39-41]:

Langmuir equation:

q, = ZmiKLCe (6)
+K,C,

where g, is the quantity of PCM absorbed by the adsor-
bents (mg/g), g, is the monolayer capacity of the adsorbent
(mg/g), K, is the Langmuir binding constant (L/mg). The
dimensionless separation factor (R;) of Langmuir is used
to predict the affinity between the PCM solution and the
adsorbents. R, can be calculated by the following equation:

1
" 1+CK,

@)

where C is the highest initial PCM concentration in the
solution (mg/L). This is often used to judge whether adsorp-
tion process is a thermodynamically favorable process

or not: R, > 1 it is an unfavorable adsorption; R, = 1, indi-

cates a linear adsorption; when 0 < R, < 1, adsorption is

favorable; when R, =0, it is an irreversible adsorption [42].
Freundlich equation:

9. =K. C" ®)

where K, is the Freundlich constant [mg/g(L/mg)¥"] indi-
cating the adsorption capacity, n is the empirical constant
indicating the adsorption intensity,

D-R equation:

2
9, =9,...exp| —Kyx {RTln(l + gﬂ =q_. exp(—KDRgz) 9)

e

where ¢ is the polanyi potential equivalent to RT In(1 + 1/
C), K, is the mean free adsorption energy per adsorbate
molecule, R, and T are the gas constant (8.314 J/mol K) and
temperature (K), respectively. E . (kJ/mol) is the mean free
adsorption energy per adsorbent molecule when trans-
ported from infinity to the solid surface in the solution,
which provides chemical or physical adsorption data, which

may be calculated using the equation:

EDR = (ZKDR )_1/2 (10

2.5.6. Kinetic studies

The study of adsorption kinetic was achieved by pre-
paring a PCM solution of 50 mg/L followed by mixing with
0.15 g of adsorbent over a time period of 0, 5, 10, 20, 30, 40,
60, 90, 120, 150, and 180 min, these solutions were placed
in a water bath at 25°C.

The kinetics of the adsorption were modeled using the
pseudo-first-order rate of Lagergren, pseudo-second-order
and Weber-Morris intraparticle diffusion kinetic models
[43-45]:

Pseudo-first-order:

g,=q,(1-¢™) (11)
Pseudo-second-order:

q, = l_lizkiltt 12)
Intraparticle diffusion:

q,= kimto'5 +C (13)

where g, (mg/g) is the quantity of PCM adsorbed at any
time, k is the pseudo-first-order constant (min™), k, is
the pseudo-second-order constant (g/mg min) and k,_, is
the intraparticle diffusion rate constant (mg/g min'?) and
C is a value of intercept constant.
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2.6. Statistical evaluation

The linear correlation coefficient (R*) was used to
express the conformity between the experimental data and
the model expected values. The best fit to the equilibrium
and kinetic models was determined by a relatively high R?
value (close or equal to 1). The R? was calculated according
to Eq. (14) [46].

z(qacal ~ 4, mean )2
> (Gos ~Tomen) + (T~ Tonp)

Furthermore, the applicability of each model for the
respective adsorption scheme is investigated by measuring

R?=

(14)

the chi-square (x*) and the error function (F___.) [47], as
shown by Egs. (15) and (16):
2
q@,ex _qc,cal
XZ _ Z( P ) (15)
qe,cal
2

F 100 N qe,exp - qr,cal

error % = X Z - / (N - P) (16)

i e,exp

In the present study we have also applied Akaike’s
information criterion (AIC) [48] to know the efficacy of the
models without seeing the effect of number of parameters
in the model. Accordingly, the model with least AIC value
would be the best model. In order to evaluate AIC, we need
to know error sum of squires (SSE). It is calculated based
on the sum of squires of difference between experimental
and calculated values. It can be expressed as

2
SSE = Z(qe,cxp - qe,cal) (17)
Mathematically AIC is expressed as
AIC=N ln(SSNEj +2P (18)

If the numbers of data set points are less 40 then we have

touse AIC_ .. Itis defined as follows.
2P(P+1)

AIC . ed =AIC+ ——- (19)
N-P-1

where g, (mg/g) is the equilibrium quantity of PCM

extracted from Eq. (4), 94, (mg/g) is the quantity of PCM
extracted from the models and g, (mg/g) is the mean of
q,.p values, N is the number of experimental information
points, P is the number of model parameters.

2.7. Thermodynamic studies

Thermodynamic properties were assessed by mixing
50 mg/L of PCM solution with 0.15 g of adsorbent at differ-
ent temperatures of 25°C, 35°C, and 45°C for 24 h.

3. Results and discussion
3.1. Characterization of adsorbents

The BM, BC and BC-H,PO, were characterized using
X-ray diffraction (XRD), SEM, TGA, FTIR, elemental analy-
sis (C, H, and N), pszc measurements, moisture content%
and ash content%.

3.1.1. Yield and physico-chemical properties of adsorbents

Table 1 summarizes the yield percentage, textural
properties and physico-chemical properties of BM, BC and
BC-H,PO,, including ash content percentage, moisture
percentage and elemental study. The results showed that
pyrolysis and H.PO, activation had a major effect on the
properties of BC and BC-H,PO,. The BC yield was much
higher than the BC-H,PO, yield. This can be due to the imple-
mentation of the content of the triggering agent H,PO, [24].
BC and BC-H,PO, possess greater carbon content relative
to the original BM. In addition, BC’s ash content is greater
than both BM and BC-H,PO,, which is consistent with the
literature [49]. This can be explained by the increase in
the percentage of inorganic matter in BM and BC-H,PO,.

According to the activated carbon textural properties,
as expected, the prepared activated carbon exhibited a high
porosity and total pore volumes. The SA_ (1,022.13 m?/g)
and V __ (0.566 cm®g) values of BC-H,PO, are higher
than this SA_ . (237.71 m%*g) and V__ (0.122 cm’/g) of BC
(Table 1). These results could be due to increasing micro-
pore and mesopore volume. Similar results were reported
by Nourmoradi et al. [50] and Wong et al. [51] they pre-
pared activated carbon from Quercus brantii (oak) acorn
and spent tea leaves for the adsorption of PCM, respec-
tively. The generated activated carbons with a large specific
surface area and well-developed internal pore structure

Table 1
Basic physico-chemical characteristics of the BM, BC and BC-
H,PO,

Analysis BM BC BC-H,PO,
Yield% 29.23 17.68
Ash% 3.67 14.03 7.17
Moisture% 0.07 0.06 1.71
Acid extractable content% 0.027 0.063 0.057
pHZPC 6.07 6.71 7.13
SA,. (m%/g) 237.71 1022.13
Vo (cm*/g) 0.122 0.566
Tger (NM) 1.605 1.108
D, (nm) 2.053 2215
C% 49.46 81.12 25.68
H% 6.88 2.53 4.73
N% 0.26 0.60 0.00
O% 43.40 15.75 69.59
H/C 0.139 0.031 0.148
(O+N)/C 0.883 0.202 2.710

‘calculated as=4V,__/SA

total BET"



298 1. Hamadneh et al. / Desalination and Water Treatment 264 (2022) 293-306

are expected to properly adsorb the PCM molecules in
solution via a pore-filling mechanism.

The elemental analysis showed that BC’s carbon con-
tent increased from 49.46% (BM) and 25.68% (BC-H,PO,) to
81.12%. The polarity index (O+N)/C ratios increased to 2.71%
for BC-H,PO, is an indication of the surface polar functional
groups induced by activation with H,PO,. On the other
hand, the decrease in the H/C ratio provided an indication
of the degree of carbonization and aromaticity, indicating
that the BC progressively became more carbonaceous and
aromatic with pyrolysis and activation as a result of the pro-
gressive dehydration and decarboxylation reaction [52,53].
The BM, BC and BC-H,PO, had shown various acid extract-
able content%. It can be seen that pyrolysis and activation
conditions had significant influence on the presence of basic
cations in the adsorbents. During adsorption, these cations in
the BC and BC-H,PO, ash can be released and more vacant
sites are developed and hence, the adsorption capacity is
increased [9].

3.1.2. FTIR spectra

This technique is useful in confirming the existence of
certain functional groups in an adsorbent originally pres-
ent, pyrolysis or added by chemical activation [54]. For
comparison, Fig. 1 shows the FTIR spectrum of BM, BC and
BC-H,PO, which have the following absorption bands:

The bands seen at 3,507-3,586 cm™ indicate the pres-
ence of alcohol, phenol, and carbonyl groups, as well as the
OH stretching vibration. The bands at 1,600 cm™ are caused
by aromatic C=C and C=O stretching modes in conjugated
ketones and quinones, whereas the band at 1,422 cm™ is
caused by aromatic C-C stretching vibrations in the aromatic
ring. Because H,PO, can be effectively removed by washing
with water, the entire bands at 1,156; 1,146 and 1,139 cm™
for BC-H,PO, indicate u  stretching vibrations in alcohols,
phenols, and ether groups and can also be assigned to vibra-
tions of hydrogen bonds P-O to C-O to that of vibrations
of bonds P-O-C (aromatic) and P-OOH or P-O-P resulted
from the interaction of the H,PO, with the molecule of the
BC [55]. The weak bands for BC-H,PO, at 1,058; 1,037 and
1,072 cm™ may be related to chemical bonding of ionized

*~O- in acid phosphate esters and symmetric vibrations in

T%

BC-H3PO4

3550 3050 2550 2050 1550 1050 550

Wave number (cm'")

Fig. 1. FTIR spectra of BM, BC and BC-H,PO,.

strings of P-O-P (polyphosphate) [56] or to the presence of
R-OH groups [57].

3.1.3. X-ray diffraction analysis

The crystalline structure of the BM, BC and BC-H,PO,
is presented by XRD patterns in Fig. 2. XRD pattern
for BM shows a typical feature for crystalline cellulose
(monoclinic structure) as characterized by the existing
three peaks at 20 = 16.5° with (110), 20 = 22.5° (200) and
20 = 34.6° (004) these results are in good match with [58].
However, unknown peaks were also existed at 20 = 37.78°
and 20 = 43.94°. After thermal treatment at 550°C, dramatic
changes occurred in the BC sample, with the above-men-
tioned peaks disappearing and being replaced by an amor-
phous structure. Furthermore, thermal treatment raised
the peak intensities for 37.78° and 43.9°, since increasing
temperature causes small holes to collide with one another,
resulting in larger pores. This finding is consistent with
previous research [59]. After acid activation (BC-H,PO,), all
the peaks were disappeared and an amorphous structure,
with a broad peak formation at 20 ranged from 8.0°-30.0°
was observed. This change is expected due to the etching
process to the internal and external surfaces that lead to
irregular and distorted structure for BC-H,PO,.

3.1.4. Scanning electron microscopy

In Fig. 3a the SEM micrograph of BM shows a smooth
surface with a layered-like structure and very few gaps
and pores observed. More folds and pores (observed in the
layered structure of BC are shown in the surface structure
(Fig. 3b). After acid activation, which is supposed to increase
the inner surface area, Fig. 3c shows a large number of pores,
which indicates that the porous nature of BC-H,PO, is a
desired feature for adsorption.

3.1.5. Thermal gravimetric analysis

Fig. 4 shows the SEM images of the BM, BC and
BC-H,PO,. The TGA thermogram for BM indicates three
big drops with the entire weight loss is more than 70% as a
function of temperature, the first drop lies at temperatures
between 40°C-100°C which is due to the adsorbed water, the
second one lies between 100°C-200°C which is due to the

R
M

3 8 13 18 23 28 33 38 43 48 53 58
20 (Degree)

Intensity

Fig. 2. XRD pattern of BM, BC and BC-H,PO,.
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Fig. 3. SEM micrograph for (a) BM, (b) BC and (c) BC-H,PO,.
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Fig. 4. TGA thermogram for BM, BC and BC-H,PO,.

loss of crystallinity (trapped within the cellulose fibers), and
the third drop lies between 220°C—400°C which is due to the
decomposition of cellulose into carbon dioxide and water.
The thermogram of BC clearly shows a stable thermogram,
and a small change in weight loss (5%). However, the weight
loss (45%) was observed when a BC sample was chemically
activated with H,PO, and expected to have high porosity
materials.

3.2. Effect of adsorbent dosage

Different experiments ranging from 0.01-0.20 g/50 mL
adsorbent dosages given in Fig. S1 were performed to opti-
mize the dosage of BM, BC, and BC-H,PO,. Paracetamol per-
centage removal has been shown to increase as the quantity
of BM, BC, and BC-H,PO, rises to 0.15 g/50 mL. It can be
understood that with the increased amount of adsorbents,
the percentage removal increases due to the increasing
amount of binding sites of the BM, BC, and BC-H,PO, for
the PCM molecule [60]. Increasing further the dosage was
found to have no significant effect on the % removal of the
PCM. The optimum quantity of BM, BC and BC-H,PO, for
PCM removal was calculated to be 0.15 g/50 mL based on
these findings, and this quantity was used in subsequent
experiments.

3.3. Effect of solution pH and ionic strength

In general, two essential parameters influence the
adsorption mechanism of an adsorbent: solution pH

30
-
25 T I I
I I3 I T
+ I T—* I T
20 + I

qe (mg/g)

10 ‘-\‘\-D—H—k.\._'
5
——BM —e—BC BC-H3PO4
0
0 2 4 6 8 10 12

pH

Fig. 5. Effect of pH on the adsorption of PCM onto BM, BC
and BC-H,PO,. Initial PCM concentration 50 mg/L; adsorbent
dosage 0.15 g/50 mL; temperature 25°C.

and ionic strength. This is due to the fact that these two
parameters have a significant impact on the properties of
the adsorbent’s charge surface and the species of adsor-
bate. Within the pH range of 2.1-11.3 and ionic strength
of 0.01-0.20 M NaCl, the effects of initial pH and ionic
strength on the amount of PCM adsorption using BM, BC,
and BC-H,PO, adsorbents were investigated (Figs. 5 and
52). Over the pH and ionic strength range a slight change
in PCM adsorption was observed. Since BM, BC, and
BC-H,PO, have an amphoteric aspect, its charge surface
is often changing in response to the pH solution and its
pH point zero charge (pH,,.). The pKa values of PCM
obtained by the Raman spectroscopic technique and the
potentiometric process, according to Elbagerma et al. [61]
were 11.08 and 10.96, respectively. This means that the
PCM will exist uncharged within the pH range of 2.1 to
11.3 in the studied solution. As a result, electrostatic attrac-
tion is ruled out in this review, which is in line with pre-
vious research [62]. As a result, the adsorption capacities
of PCM onto the prepared BC, and BC-H,PO, are insig-
nificantly different (Figs. 5 and S2). This characteristic is
crucial from the standpoint of removal, since it eliminates
the need for pH modifications when utilizing BM, BC,
and BC-H,PO, adsorbents to remove paracetamol. This
result supports previous research that suggests the adsorp-
tion process is not electrostatic (pH , in Table 1), as descri-
bed in the literature for PCM with various adsorbents
[50,63-65].
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3.4. Isothermal models

From Table 2 and Fig. S3, it can be seen that the regression
coefficient (R? x* F ., AICand AIC__ . ) of the Langmuir
and D-R equations ((R* > 0.9964, x> < 0.476, F_ . < 1.81,
AIC < 3.148 and AIC__ , , < 16.117) is more fitted when
compared with that of the Freundlich equation (R? > 0.8384,
X2<5.239,F,_, <8328 AIC<47.393 and AIC___ <52.193)
reveals that Langmuir and D-R isotherms is efficient in cor-
relating the isotherm data. These results implying that the
adsorption of BM, BC, and BC-H,PO, models on heteroge-
neous surfaces involves a complicated mechanism compris-
ing both monolayer and multilayer adsorption. The data in
Table 2 indicate that the maximum adsorption capacities q,__
estimated from Langmuir isotherm model at 25°C for parac-
etamol were 99.010, 166.667 and 256.10 mg/g onto BM, BC
and BC-H,PO,, respectively. The Langmuir equation was
further examined using a dimensionless constant known as
the Langmuir separation factor (R,) [Eq. (7)], which reflects
the adsorption’s favorability. The R, values in this investi-
gation were between 0 and 1 (0.037-0.128) (Table 2), show-
ing that PCM adsorption onto BM, BC, and BC-H,PO, was
favorable. The n values calculated from the Freundlich
isotherm model are greater than 1.00, suggesting that the
adsorption of PCM onto adsorbents is favorable.

adsorption capacities g, and the adsorption free
energy (E_.) are calculated using D-R isotherm model for

Table 2

Isotherm parameters for PCM adsorption on BM, BC and BC-
H,PO,. Initial PCM concentration 10-100 mg/L; pH = 7.0; adsor-
bent dosage 0.15 g/50 mL; temperature 25°C

Isotherm  Parameter BM BC BC-H,PO,
model
9, (M8/8) 99.010 166.667 256.410
K, (L/g) 0.119  0.259 0.068
. 0.078 0.037 0.127
Langmuir _”
R? 0.9964 0.9995 0.9996
X2 0.087  0.003 0.025
- 1.45 0.24 0.49
AIC 3.148 2917 2522
AIC_ .. 7948 16.117 5.052
K, [(mg/g)(L/mg)""] 2.864 8.410 6.034
n 3.634 6.309 3.233
Freundlich R? 0.8896 0.8412 0.9301
x> 3.024 2.621 5.239
o 8.38 5.59 7.25
AIC 35.074 39.452 47.393
AIC 39.874 44252 52193
9, (M8/8) 87.243 156.413 209.474
E (kJ/mol) 2222  3.084 1.936
D-R R? 0.9971 0.9982 0.9977
X2 0.042 0.025 0.746
- 1.81 0.58 1.56
AIC 1.229 1.544 2.790
AIC 6.029 3.255 3.703

corrected

the PCM removal from the aqueous phase by BM, BC and
BC-H,PO, and are listed in Table 2. The difference in q___
between the Langmuir and D-R models could be due to
various definitions of g___in the two models. The D-R rep-
resents the maximum PCM adsorption at the adsorbent’s
entire unique microspores volume, whereas q___represents
the maximum PCM adsorption at monolayer coverage in
Langmuir. As a result, the value of g4, obtained from the
Langmuir model is greater than the value obtained from
the D-R model [65].

If E is less than 8 (k]J/mol), chemical ion exchange if
E_ is between 8-16 (kJ/mol), and particle diffusion if E_ is
larger than 16 (kJ/mol), the adsorption is driven by physi-
cal forces [66,67]. The experimental E_, values were found
to range from 0.118 to 2.505 kJ/mol, demonstrating the
physical adsorption of PCM onto BM, BC, and BC-H,PO,
surfaces.

The maximum adsorption capacity (g, mg/g) is crit-
ical for determining which adsorbent has the best effi-
ciency and is useful for scaling up considerations. For PCM
adsorption, some studies use different activated carbon
prepared from agriculture waste. Table 3 shows that BM,
BC and BC-H,PO, has a higher or comparable adsorption
capacity to the adsorbents mentioned in the literature
[50,62,64,68-71], indicating that it is suitable for removing
PCM from aqueous solutions.

3.5. Effect of contact time and adsorption kinetic

The effects of contact time on the PCM’s adsorption
capability are shown in Fig. 6. Due to the large number of
unoccupied sites available on the surface of the adsorbent,
the adsorption of PCM was quickly increased at the start of
the process up to 30 min, as shown in Fig. 6. As the adsorp-
tion progressed, the PCM molecules occupied more active
sites, increasing the resistance of PCM aggregation to dif-
fuse deeper into the adsorbent and lowering the adsorption
rate. As a result, the removal rate was gradually increased
over time until it reached equilibrium after 120 min, suggest-
ing that the adsorption sites on BM, BC and BC-H,PO, had
been saturated [72]. The adsorption performance demon-
strated in this study is similar to that reported by Dutta
et al. [73] and Mukoko et al. [74], who found that when tea
waste and rice hull generated activated carbon were uti-
lized, adsorption of PCM reached equilibrium in less than
60 min.

The experiment data were fitted to three generally used
models to analyze the kinetic adsorption process: pseudo-
first-order (Eq. 11), pseudo-second-order (Eq. 12), and intra-
particle diffusion (Eq. 13) [62]. Fig. S4 shows the adsorption
kinetic parameters for PCM removal, which are listed in
Table 4. In comparison to the pseudo-first-order model
(R*>0.6135, x> <256.289, F ., <235.61, AIC < 108.745 and
AIC_  q < 112.174), the pseudo-second-order model had
the highest correlation coefficient R* (R* > 0.9987) and pro-
vided the lowest x* F__ ., AIC and AIC__ . () < 0.290,
F o < 1.09, AIC < 16.079 and AIC___ . < 19.507). As a
result, the pseudo-second-order model is more suited to
describe the adsorption kinetics. The fact that the g, value
derived using the pseudo-second-order is closer to the
experimental g, value supports this. This discovery is in line
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Table 3
Comparison between the maximum monolayer adsorption capacity (g, ., mg/g) of PCM on various adsorbents
Adsorbent Conditions q,... (Mg/g) Reference
pH T/°C
Grape stalk 6.0 20 2.18 [62]
Spent tea leave/H,PO, 7.0 25 59.2 [64]
Oak fruits/H,PO, 7.0 25 45.45 [50]
Pine wood/K,CO, 7.0 30 2439 [68]
Peach stones 5.8 30 113.0 [69]
Pre-treated cork/KOH 7.0 30 118.6 [70]
Spherical pomelo peel wastes 7.0 25 286.0 [71]
Non-spherical pomelo peel wastes 147.0
BM 7.0 25 19.46
4121 This work
BC 7.0 25 47.67
This work
55.48
BC-H,PO, 7.0 25 34.96 This work
300 Table 4
Kinetic parameters for PCM adsorption onto BM, BC and BC-
%0 | 1+ or T T 1 I 1 I H,PO,. Initial PCM concentration 50 mg/L; pH = 7.0; adsorbent
gt T4 * . . . dosage 0.15 g/50 mL; temperature 25°C
200
3 . $ $ $ $ $ System BM BC BC-H,PO,
£ 150
;100 q, e (M8/8) 99.010 166.667 256.410
@ ¥ “ ® * Pseudo-first-order
0 —e—BM —e—BC BC-H3PO4 G, (M8/8) 89.586 159.050 223.632
0 k, (1/min) 0.033 0.036 0.027
0 50 100 150 200 R? 0.7534 0.6685 0.6135
Time (minut) X2 25.625 121.226 256.289
99.46 182.36 235.61
Fig. 6. Effect of contact time on the BM, BC and BC-H,PO, adsorp- errore
tion efficiency for PCM. Initial PCM concentration 50 mg/L; AIC 77.101 96.930 108.745
pH = 7.0; adsorbent dosage 0.15 g/50 mL; temperature 25°C. AlC_ cved 80.438 100.359 112.174
Pseudo-second-order
with the findings of a number of study groups, including q,., (mg/g) 96.154 162.414 253.902
Ferreira et al. [75,76]. k, (g/mg min) 0.004 0.009 0.008
The intra-particle diffusion kinetic model C values R 0.9988 0.9994 0.9987
(80.145, 163.650, and 235.410 for BM, BC, and BC-H,PO,, ) 0.118 0'093 0'290
respectively) did not cross from the original point (C#0), X ’ ’ ’
as shown in Table 4. As a result, it can be stated that intra- error% 1.09 0.59 0.33
particle diffusion was not the only rate-limiting step in the AIC 4.779 9.554 16.079
adsorbents removal of PCM. AlC e 8.208 12.982 19.507
Intraparticle diffusion equation
3.6. Effect of temperature
ffect of temp k., 1221 0.744 0.828
The thermodynamics of PCM adsorption onto BM, C 80.145 163.650 235.410
BC and BC-H,PO, were investigated using an calculated R? 0.9989 0.9995 0.9999
change in standard Gibbs free energy change (AG®), enthalpy X2 0.102 0.070 0.031
change (AH°) and entropy change (AS°). The thermody- 0.97 0.59 0.33
namic parameters are calculated based on the laws of ther- AeimCr/ 4102 6.749 1676
modynamics using the Van't Hoff equation as defined in i ) '
AIC 7.530 10.177 5.105

the Egs. (20)—(22) [77].

corrected
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Thermodynamic parameters for PCM adsorption on BM, BC and BC-H,PO,

Adsorbent T/K Van't Hoff equation InK, —AG° (kJ/mol) —AH?° (kJ/mol) —-AS° (J/K mol)
298.15 5 642 4x + 11,905 6.906 17.119
y=5,642.4x .
PCM/BM 308.15 6.581 16.861 46.911 99.144
/ R?>=0.9854
318.15 5.710 15.104
298.15 12.861.0x + 37,308 5.884 14.585
y=12,861.0x .
PCM/BC 308.15 R? = 0.9980 4.315 11.055 106.926 310.112
318.15 3.176 8.401
PCM/ 298.15 Y= 11,798.0x + 33.190 6.346 15.731
Nl s ’ 171 13.24 . 275.942
BC-HLPO, 308.15 R? = 0.9974 5 3.249 98.89 5.9
318.15 3.856 10.200
AG® = —RTInK (20) order model. The analysis result revealed the influence of
¢ intraparticle diffusion, however it was not the rate-limit-
ing phase, and the adsorption process involves more than
AG°® = AH° -TAS® (21)  one phase. The adsorption of PCM molecules at the solid/
liquid interface proceeded spontaneously (AG° < 0) and
AHC  AS® was exothermic in nature (AH® < 0), with the organization
InK, =- RT + R (22) of PCM molecules at the interface becoming more orderly

The equilibrium constant K, is estimated at each tem-
perature as a dimensionless parameter by multiplying the
Langmuir constant (K,) by the atomic mass of PCM (151 g/
mol), and then by 55.55 (the number of moles of pure water
per liter) [78], where R (8.314 J/mol K) is the gas constant,
T (K) is the absolute temperature, and T (K) is the absolute
temperature. The values AS° and AH® can be determined
from the slopes and intercepts of a graph of InK_vs. 1/T.

Since the Gibbs free energy (AG°®) for the entire stud-
ied solution temperature range is negative, the measure-
ment results (Table 5) indicated that the adsorption process
occurred spontaneously. Furthermore, the exothermic nature
of PCM adsorption onto the BM, BC, and BC-H,PO, is shown
by the negative value of the enthalpy transition (AH®). This
corresponds to the K, constant in Table 5; the equilibrium
constant’s value decrease as the temperature increase. The
adsorption of PCM onto porous carbonaceous materials,
according to some studies [63,64], is an exothermic process
(AH®). Furthermore, the entropy change (AS°) is negative,
meaning that during the adsorption process, PCM organiza-
tion at the adsorbents/solution interface gets more ordered.

4. Conclusions

BC-H,PO, from PFS wastes was successfully produced
via chemical activation with H,PO, and was subsequently
used to remove PCM from aqueous solution in this investi-
gation. As indicated by nitrogen adsorption-desorption anal-
yses and SEM micrographs, H,PO, treatment resulted in the
creation of high surface area and pore volume in BC-H,PO,.
Within 60 min, the process for removing PCM from solution
using BM, BC, and BC-H,PO, had reached a rapid equilib-
rium state. BM, BC, and BC-H,PO, had maximum Langmuir
adsorption capacities of 99.010, 166.667, and 256.10 mg/g
toward PCM, respectively. Adsorption kinetics analysis
revealed that the data is well-fitted to the pseudo-second-

during the adsorption process (AS° <0).
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Fig. S1. Effect of BM, BC and BC-H,PO, dosages. Initial PCM

concentration 50 mg/L; pH = 7.0; temperature 25°C.
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Fig. S3. Equilibrium isotherm for PCM adsorption on BM, BC
and BC-H,PO, adsorbents, using nonlinear regression method.
Initial PCM concentration 10-100 mg/L; pH = 7.0; adsorbent

dosage 0.15 g/50 mL; temperature 25°C.
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Fig. S4. Kinetic models for PCM adsorption on BM, BC and BC-H,PO, adsorbents, using nonlinear regression method. Ini-
tial PCM concentration 50 mg/L; pH =7.0; adsorbent dosage 0.15 g/50 mL; temperature 25°C.
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