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Adsorption capacity of activated carbon prepared from spent tea leaves (STL-AC) for the removal of aspirin from
aqueous solutionwas investigated in this study. Preliminary studies have shown that treatment with phosphoric
acid (H3PO4) increased removal efficiency of STL-AC. Characterizations on STL-AC revealed excellent textural
properties (1200 m2·g−1, 51% mesoporosity), as well as distinctive surface chemistry (1.08 mmol·g−1 and
0.54 mmol·g−1 for acidic and basic oxygenated groups, pHpzc = 2.02). Maximum removal efficiency of aspirin
observed was 94.28% after 60 min when the initial concentration was 100 mg·L−1, 0.5 g of adsorbent used,
pH 3 and at a temperature of 30 °C. The adsorption data were well fitted to the Freundlich isotherm model
and obeyed the pseudo-second order kinetics model. The adsorption of aspirin onto STL-AC was exothermic in
nature (ΔHϴ = −13.808 kJ·mol−1) and had a negative entropy change, ΔSϴ (−41.444 J·mol−1). A negative
Gibbs free energy,ΔGϴwas obtained indicating feasibility and spontaneity of the adsorption process. The adsorp-
tion capacity of AC-STL (178.57 mg·g−1) is considerably high compared to most adsorbents synthesized from
various sources, due to the well-defined textural properties coupled with surface chemistry of STL-AC which fa-
vors aspirin adsorption. The results demonstrate the potential of STL-AC as aspirin adsorbent.
© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction

An important concern in the present dispensation is the quality of
drinking water especially in the developing nations. The case of under-
groundwater pollution is especially more serious, since it includes toxic
compounds such as dyes from textile industries, heavymetals, aswell as
recalcitrant organic compounds fromdomestic and industrial wastes. In
order to ensure the quality of drinking water, various treatment
methods have been studied and developed to remove these compounds
from domestic and industrial effluent prior to discharge to rivers and
streams. Researchers are also aware of certain compounds that are be-
lieved to be potential hazards, such as pharmaceutical wastes, to the en-
vironmental ecosystems and human body, yet their effects are not fully
understood, and their presence in water bodies is not regulated by any
water quality law. Although such chemicalsmight exist in very low con-
centration inwater bodies, bioaccumulation and biomagnification could
eventually lead to concentration of these compounds in animals and
human body, hence causes noticeable effects, which might be irrevers-
ible. Thus, the number of studies on hazardous effects and methods to
remove these chemicals, termed as emerging contaminants, is currently
rising tremendously [1,2]. PPcPs are categorized as emerging contami-
nants, as they are able to affect physiological functions, including the en-
docrine system, of animals and human. One of the difficulties in the
g Society of China, and Chemical Ind
treatment of PPcPs in wastewater lies in their ultra-low concentrations,
typically in nanogram per liter [3]. However, recent advancements in
measuring devices with high precision and sensitivity facilitate the
measurements of PPcPs in wastewater.

Several studies demonstrated satisfactory performance of adsor-
bents derived frombiowaste in removal of some commonPPcPs, includ-
ing oxytetracycline [4], paracetamol and caffeine [5], as well as
carbamazepine [6]. The used activated carbon can then be regenerated
for repeated usage, or incinerated to prevent the movement of pollut-
ants into environment [7].

However, up to date, not much attention is given to aspirin
(acetylsalicylic acid, ASA), which is a common over-the-counter drug to
reduce fever and to relieve pain. The available studies related to removal
of aspirin from wastewater focused on decomposition of the compound
through photodegradation [8], advanced oxidation process [9] and
microalgal–bacterial system [10]. Adsorption of aspirin from wastewater
is considered another potential strategy, due to its economic viability in
process design and operation. Applications of size-tunable molecularly
imprinted polymer [11], graphene nanoplatelets [12], nanocomposites
[13] and commercial activated carbons [14] as adsorbents for aspirin re-
moval from wastewater are explored by few research teams. Despite
the large amount of studies on conversion of biowaste to activated car-
bons [15–18], literature survey indicated only few reports on the use of
activated carbon derived from rice hull [19] and biochar derived from
southern yellow pine [20] for aspirin removal from simulated wastewa-
ter. In view of the potential hazards brought by aspirin as an emerging
ustry Press. All rights reserved.
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contaminant, there is a need to explore the potential of ACs synthesized
from cheaper sources of biowaste in removal of aspirin.

Tea is one of the most popular beverages in the world, especially in
Asia. Global tea consumption has increased from 2525 million tonnes
in 1995 to 5305 million metric tonnes in 2015 [21]. The term tea refers
to Camellia sinensis leaveswhich are dried duringproduction.During tea
preparation, hot water is used to extract the essence in tea leaves, and
spent tea leaves are then discarded. Such waste presents a great poten-
tial source for adsorbent preparation. This paper reports adsorption of
aspirin onto activated carbon (AC) derived from spent tea leaves via
chemical activation. Three ACs were prepared using different activating
reagents for screening purpose. The AC with the best performance was
used to study the effects of contact time, initial adsorbate concentration,
adsorbent dosage, pH and temperature of adsorption performance. Ad-
sorption isotherm, kinetic and thermodynamic were also evaluated.

2. Materials and Method

2.1. Synthesis of activated carbon from spent tea leaves (STL-AC)

STL used in this studywere obtained from a local restaurant in Johor,
Malaysia. STL were boiled repeatedly until the filtered water was clear,
then dried in oven for 24 h at 60 °C. The dried STL were then immersed
in chemical activating agents at room temperature before dried in oven
at 110 °C for 24 h. Three activating agents (K2CO3, ZnCl2 and H3PO4)
were used to study their effects on the AC prepared, and the mass
ratio of chemicals to STL was 1:1. After that, the impregnated STL
were carbonized at 600 °C for 1 h in an oven. Then, the activated carbon
derived from spent tea leaves (STL-AC)was cooled to room temperature
and rinsedwith distilledwater until the pH became neutral (i.e. pH 6.5–
7.5). The rinsed STL-AC was then dried at 110 °C, ground and sieved to
obtained adsorbent in the size of ~500 μm.

2.2. Adsorption of aspirin from aqueous solution using STL-AC

2.2.1. Production of aspirin stock solution and calibration curve
The aspirin stock solution was prepared by mixing aspirin with

methanol and distilled water. Analysis of aspirin solutions at 25–
500 mg·L−1 using a UV–VIS Spectrophotometer (Aquamate v4.60) re-
vealed several characteristic peaks of aspirin, and a calibration curve
that relates concentration of aspirin solution to the absorbance at
281 nmwas constructed (Supplementary Materials, Fig. S1).

2.2.2. Screening of chemical treated activated carbons
A preliminary study on aspirin removal by chemical activated carbons

was performed. For eachAC, 0.1 g of the samplewasmixedwith 50ml as-
pirin solution (100 mg·L−1) in 125 ml conical flasks. The mixtures were
agitated for 60 min at 200 r·min−1. After 60 min, the adsorbent was fil-
tered (MN 617, No.4 filter paper) and the concentrations of residual aspi-
rin in the filtered solutions were determined using a UV–VIS
spectrophotometer with the help of a calibration curve (Supplementary
Materials, Fig. S1). Percentage removals of aspirin by all chemically treat-
ed ACs as well as AC without chemical treatment were then calculated
using Eq. (1) [22]. The activated carbon with the higher removal perfor-
mance was selected for further investigation.

Percentage removal of aspirin ¼ Co−Ce

Co
� 100% ð1Þ

where Co and Ce denote the initial and equilibrium concentrations
(mg·L−1) of aspirin respectively.

2.2.3. Batch adsorption study
Effect of contact time on aspirin adsorption was performed by

mixing 50 ml aspirin solution (100 mg·L−1, 25 °C) with 0.1 g of STL-
AC in a conical flask. The mixture was agitated at 200 r·min−1 for
180 min. Samples were collected from the mixture for UV–Vis analysis
at every 5 min for the first 30 min, then every 10 min for the rest of
the experiment. The optimum contact time was then selected based
on adsorption data and used in the next set of experiment, where ad-
sorption study was performed using a series of conical flasks containing
aspirin solutions in a concentration range of 100–500 mg·L−1. After
that, the influence of pH on adsorptionwas studied by adjusting the ini-
tial pH value of aspirin solutions from 2 to 11 using 0.1 mol·L−1 NaOH
and 0.1 mol·L−1 HCl, while adsorption thermodynamics was studied
by conducting the experiment at 30 °C, 40 °C and 50 °C. The amount
of aspirin adsorbed to STL-AC adsorbent at equilibrium, qe (mg·g−1),
was calculated using Eq. (2), while aspirin adsorbed at time t, qt
(mg·g−1) was calculated using Eq. (3) [5].

qe ¼
Co−Ceð ÞV

W
ð2Þ

qt ¼
Co−Ctð ÞV

W
ð3Þ

where

Co is the initial concentration of aspirin, mg·L−1,
Ce and Ct are the concentration of aspirin at equilibriumand at time t,
respectively, mg·L−1,
V is the volume of aspirin solution, L, and
W is the mass of STL-AC adsorbent used, g.

2.3. Characterizations of STL-AC

Several characterization tests were carried out on fresh and used
STL-AC. A nitrogen adsorption–desorption test was carried out on the
samples using Micromeritic Pulse Chemisorb 2705 at 77 K according
to the multi-point BET method to determine the surface area and pore
size distribution of the adsorbents. Field Emission Scanning ElectronMi-
croscopy (SUPRA™ 35VP Carl Zeiss GEMINI®) was used to study the
morphologies of the samples. The samples were coated with an ex-
tremely thin gold–palladium layer to create an electrically conductive
film prior to the analysis.

The surface chemistry of STL-AC was studied using an FTIR Spectro-
photometer (Perkin-Elmer Spectrum ONE) in the region of 400–
4000 cm−1. The KBr method was applied in the sample preparation.
The spectrum of samples was comparedwith standard spectra from da-
tabase in order to identify the functional groups on the adsorbent. The
acidic and basic functional groups on STL-AC surface were determined
through Boehm titration according to the methods described by Tran
et al. [23] and Song et al. [24]. The underlying principle associated
with this method is that the acidic groups that present on the adsorbent
surface consist carboxylic, phenolic and lactonic groups. Among these
groups, NaHCO3 reactswith only carboxylic groups,while Na2CO3 reacts
with carboxylic and lactonic groups, and NaOH reacts with all acidic
groups. All the solutions used in this test were prepared using boiled
distilled water to minimize the effect of dissolved CO2 as discussed by
Goertzen et al. [25]. To begin the analysis, 0.5 g of adsorbent was
added to four conical flasks (50 ml), each containing 25 ml of
0.05 mol·L−1 NaOH, Na2CO3, and NaHCO3 solutions respectively. The
flasks were sealed with parafilm and shaken for 48 h at room tempera-
ture (25 °C). The adsorbents were then filtered off the solutions, and
10ml of aliquotswas obtained from each filtered solutions. The aliquots
were acidified by 20 ml of HCl solutions (0.05 mol·L−1) on aliquots of
the reaction bases NaOH aswell as NaHCO3, while 30ml of HCl solution
(0.05 mol·L−1) was added to the aliquot of the reaction base Na2CO3.
Methyl orange indicator was used to determine the titration endpoint.
Point of zero charge (pHpzc) of STL-AC was determined according to
the solid addition method [26,27]. The test protocol involved prepara-
tion of NaCl solution (0.01 mol·L−1) from boiled distilled water to



Table 2
FTIR spectral characteristics of STL-AC before adsorption and after adsorption of aspirin in
aqueous solution

Frequency/cm−1 Functional group

Before adsorption After adsorption

3442 3442 Bonded\\OH group
1628 1631 C_O stretching
1381 1384 Symmetric bending of CH3
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minimize the influence of dissolved CO2. Then, six test samples contain-
ing 50 ml of NaCl solution in tightly closed bottles with an initial pH of
2–12 (adjusted using0.1mol·L−1 NaOHand 0.1mol·L−1 HCl solutions)
were prepared. This was followed by the addition of 0.15 g STL-AC to
each container, and the bottles were allowed to equilibrate through
mixing in a shaker set at 150 r·min−1. After 24 h, the final pH of each
sample was recorded. A graph of final pH against initial pH was plotted
for all samples, and the point of intersection between the plot with
straight line y = x represents pHpzc for STL-AC.
3. Results and Discussion

3.1. Effect of activating agents on the adsorbent performance

Chemical activation is preferred over physical activation in adsor-
bent synthesis due to simplicity and lower temperature requirement
[28]. The use of different chemical activating agents results in different
morphology and surface chemistry of the adsorbents, hence affecting
the adsorption performance, thus selection of suitable activating agent
is crucial. In this study, ZnCl2, H3PO4 and K2CO3 were used in the treat-
ment of STL prior to activation at 600 °C. A simple screening test was
conducted to determine the best chemical activating agent among the
chemical activated STL-AC, as well as STL-AC synthesized via physical
treatment only and rawSTL, based on the aspirin removal performances
from aqueous solution. The comparison, as shown in Table 1, revealed
the STL-AC synthesize via chemical treatments (31%–68%) possess
higher removal efficiencies than STL-AC without chemical treatment
(~13%) as well as raw STL (~5%). H3PO4 is the most suitable agent to
be used in chemical activation of STL-AC, as evidenced by 68.04% of ad-
sorption performance after the adsorption process for 60min. Thus, the
H3PO4 was selected as the chemical activating agent for the adsorbent.
Table 1
Screening test of raw spent tea leaves and different activated carbons in removal of aspirin
in aqueous solutions

Type of adsorbent Removal efficiency/%

Raw STL 5.79
STL-AC without chemical treatment 13.41
STL-AC treated with H3PO4 68.04
STL-AC treated with ZnCl2 49.83
STL-AC treated with K2CO3 31.29
3.2. Characterization of STL-AC

3.2.1. Fourier Transform Infrared (FTIR)
The FTIR spectra of the adsorbents are presented in Fig. 1 and

Table 2. The strong and broad band at 3442 cm−1 as shown in Fig. 1 is
Fig. 1. FTIR spectra of STL-AC before and after
attributed to the stretching vibration of the hydroxyl group [29]. The
peak at 1628 cm−1 was assigned to the asymmetric stretching vibration
of C_O [17], while the peak at 1381 cm−1 represents the symmetric
bending of CH3 [30,31]. A similar spectrum is observed for used STL-
AC after aspirin adsorption, with slight shift of the wavelengths ob-
served for the peaks.
3.2.2. Boehm titration and point of zero charge (pHpzc)
Information on oxygenated groups present on the adsorbent surface

reveals the possible interactions between adsorbent and adsorbate. In
general, acidic and basic groups co-exist on AC surface, and the differ-
ence in their abundance determines the net charge on the adsorbent
surface. Introduction of acidic oxygenated groups, including carboxyl,
lactonic and phenolic groups, onto AC via chemical activation using
acidic reagent is reported in many studies as indicated in Table 3. Acti-
vation of AC precursor at high temperature (N750 °C) is reported to
cause decomposition of acidic oxygenated groups leading to higher
number of basic oxygenated group compared to acidic ones [32]. STL-
AC synthesized in this study contains almost equal amount of lactonic
and phenolic, as well as basic oxygenated groups, as listed in Table 3.
The presence of phenolic group is in agreement with the\\OH groups
in Fig. 1. On the other hand, the presence of carboxylic group is not de-
tected according to titration result, the C_O group shown in FTIR spec-
tra could be assigned to only lactonic group [23]. The total amount of
acidic and basic functional groups on STL-AC is comparable to the ACs
prepared in other works. Nevertheless, the exact test procedure steps
used by all researchers are slightly different fromone another (especial-
ly on the stirring time and volume of aliquots used during titration) al-
though these procedures are created based on the same principle. Thus,
direct comparison on the amount of surface functional groups may not
reflect the true differences in surface chemistry of these adsorbents.
Among the acidic oxygenated groups, phenolics are able to form hydro-
gen bonding with aspirin molecules as indicated by Bernal et al. [33]. In
addition, basic oxygenated groups on STL-AC form electrostatic interac-
tion with anions formed by deprotonated aspirin molecules. Therefore,
the surface chemistry of STL-AC favors adsorption of aspirin in both neu-
tral and anionic forms.
adsorption of aspirin in aqueous solution.



Table 3
Amount of surface functional groups on ACs prepared from different precursors and methods

Precursor and preparation method Functional groups/mmol·g−1 pHpzc Ref.

Carboxylic Lactonic Phenolic Acid Basic

H3PO4-STL-AC 0.00 0.50 0.58 1.08 0.54 2.02 This study
Tea waste (CH3CO2K/800 °C, N2) 0.341 0.022 1.211 1.574 2.558 7.2 [35]
Tea waste (H3PO4, microwave/N2, 450 °C) 0.131 0.651 0.050 0.832 0.110 N.A. [36]
Spent tea leaves (H3PO4/600 °C, N2) 1.27 0.59 1.25 3.11 0.13 4.6 [37]
Tea waste (ZnCl2/N2, 700 °C) 0.98 0.57 0.95 2.50 – 6.5 [38]
Rice husk (300 °C/H3PO4/600 °C, N2) 0.45 0.43 0.44 1.32 0.43 N.A. [39]
Olive stone (H3PO4/380 °C, N2) 1.45 0.05 0.70 2.20 0.00 4.00 [26]
Weeds (500 °C, N2/HNO3) 0.610 0.724 0.940 2.274 0.578 4.00 [40]
Plantain fruit stem (400 °C/HNO3/400 °C) 0.09 0.08 0.03 0.20 1.62 N.A. [41]
AF fruit waste (700 °C, N2/750 °C, H2O) 1.34 0.21 0.15 1.7 3.3 N.A. [32]
Bamboo (H3PO4/500 °C, H2O+ N2) 1.454 0.210 0.140 1.804 – 2.41 [34]
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Another important property of adsorbents is the value of pHpzc, as
such property influences the adsorbent–adsorbate interaction under dif-
ferent pH, especially when ionization of adsorbate is significant. When
immersed in solution with pH less than pHpzc, the adsorbent is
surrounded with positive charge, and the reverse is true. Most of the ad-
sorbents synthesized in literature have pHpzc values slightly less than 7,
due to the higher quantity of acidic oxygenated groups on the adsorbent
surface. The same reasoning applies on STL-AC, which have pHpzc of 2.20,
due to the use of phosphoric acid as activating agent. Similarly, AC syn-
thesized from bamboo via phosphoric acid treatment by Santana et al.
[34] also exhibited very low pHpzc. However, more detailed studies are
needed to study on effects of activating agent and surface functional
groups on the pHpzc values of the adsorbents synthesized from biowaste.
3.2.3. Brunauer–Emmett–Teller (BET) analysis
BET analysis was conducted to determine the characteristics of STL-

AC in terms of surface area, as well as pore volume and size. The N2 ad-
sorption and desorption isotherm at 77 K for STL-AC is shown in Fig. 2.
Type IV isotherm was observed according to the International Union of
Pure and Applied Chemistry (IUPAC) classification. Adsorbents with
type IV isotherm are characterized with mesoporous structure. At
lower pressure region, the adsorption isotherm is similar to Type II iso-
therm, which explains the formation of a monolayer followed by amul-
tilayer of adsorbates on the adsorbent. The presence of hysteresis loop
indicates capillary condensation in the mesoporous surface [42]. The
isotherm observed for this adsorbent is similar to those of commercial
activated carbons [43].
Fig. 2. N2 adsorption and desorption profile for STL-AC.
The BET surface area of STL-AC (1200 m2·g−1) is comparable to the
commercial activated carbon mentioned in Table 4. When compared
with AC derived from spent tea leaves prepared via microwave activa-
tion [44], ACwas found to be about twice the value for the BET total sur-
face area and total pore volume. Another distinctive feature of STL-AC is
the high porosity. The micropore and mesopore surface areas were
694.07 m2·g−1 and 362.29 m2·g−1, respectively. In addition, mesopore
volume (0.370 cm3·g−1) contributed to about 51% of its total pore vol-
ume, indicating the high mesoporosity of the adsorbent [45]. The aver-
age pore size for STL-ACmeasuredwas about 2.4 nm,whichwas slightly
larger than the micropore size (b2 nm). This is in contrast with other
chemical or physical activated tea waste or spent tea leaves listed in
Table 4, which have average pore sizes in between 2 nm and 3 nm.
Therefore, it is concluded that STL-AC synthesized via H3PO4 treatment
possesses superior textural properties due to pyrolytic decomposition
and cross-link structure between the phosphate and fragments present
in biomass [46].

3.2.4. Field emission scanning electron microscopy (FESEM)
The surfacemorphology of STL-AC adsorbent before and after aspirin

adsorption was investigated using FESEM. Fig. 3(a) clearly depicts the
irregularmacropores andmesopores in fresh adsorbentwhich are com-
posed of a tunnel porous shape. Non-homogenousmicropores were ob-
served on the inner surface of the porous tunnel. The outer surface of
the adsorbentwas rough and some cracks can be seen. The porous char-
acteristic was hardly observed on the used adsorbent (Fig. 3(b)), as the
pores were filled up. The significant changes observed indicated aspirin
was adsorbed onto STL-AC.

3.3. Effect of various parameters in adsorption

3.3.1. Effect of contact time
The effect of contact time on aspirin removal by STL-AC is shown in

Fig. 4. The aspirin adsorption rate rose sharply for the first 30 min and
then levels up at 60min onward. This is the result of concentration gra-
dient created between aspirin molecules in aqueous solution and the
adsorbent surface, as well as the presence of abundant active sites on
the surface of the adsorbent at the start of the adsorption process. As
timeprogresses, the remaining vacant sites on the adsorbent surface de-
creased, resulting in the observed reduction of adsorption rate. This is
due to repulsive forces between the solute molecules on the solid
phase and in the bulk liquid phase [50].

3.3.2. Effect of initial aspirin concentration
Fig. 5 reveals that the amount of aspirin adsorbed (qe) increased

with initial aspirin concentration, whereas the removal efficiency of as-
pirin showed an opposite trend. The amount of aspirin adsorbed in-
creased from 35 mg·g−1 to 119.56 mg·g−1 while the removal



Fig. 3. Field emission scanning electron microscopy image of STL-AC (a) before adsorption and (b) after adsorption of aspirin in aqueous solution.

Table 4
Comparison on textural properties of STL-AC with other adsorbents

Adsorbent BET total surface
area/m2·g−1

Micropore
surface
area/m2·g−1

Mesopore
surface
area/m2·g−1

Total pore
volume/cm3·g−1

Micropore
volume/cm3·g−1

Mesopore
volume/cm3·g−1

Average pore
diameter/nm

Ref.

H3PO4-STL-AC (1:1 ratio, 600 °C, 1 h) 1202.84 694.07 362.29 0.720 0.290 0.370 2.395 Present study
ZnCl2-AC-TW (1:2 ratio, 700 °C, 4 h) 706.00 629.00 77.00 0.369 0.324 0.045 2.090 [47]
ZnCl2-AC-TW (1:1 ratio, 700 °C, 4 h) 1066.00 641.00 425.00 0.580 0.337 0.243 2.180
K2CO3-AC-TW (1:2 ratio. 900 °C, 1 h) 609.00 – – 0.390 0.157 0.233 – [48]
K2CO3-AC-TW (1:1 ratio. 900 °C, 1 h) 1722.00 – – 0.946 0.570 0.376 –
K2CO3-AC-TW (2:1 ratio. 900 °C, 1 h) 1597.00 – – 0.975 0.416 0.559 –
Microwave activated tea waste
(5 min, 800 W, 2450 MHz)

537.40 – – 0.400 – – 2.827 [44]

Pristine AC from Sigma-Aldrich① 1265.00 698.00 567.00 1.100 0.220 0.820 – [49]
Bologna-based Polichimica AC① 1431.00 1096.00 335.00 0.840 0.260 0.490

① Commercial activated carbon.
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efficiency decreased from71.89% to 47.23%. Increasing initial concentra-
tion led to larger mass transfer driving force of the adsorbate onto the
adsorbent, hence resulting in higher aspirin adsorption [51]. When the
initial concentration of aspirin used was 400mg·L−1, the amount of as-
pirin adsorbed, qe was slightly lower compared to that in 500 mg·L−1,
as saturation limit was achieved at the surface of adsorbent. The opti-
mum initial aspirin concentration used for further study was
100 mg·L−1 which is due to its higher removal efficiency.
Fig. 4. Effect of contact time on aspirin adsorption by STL-AC. (100 mg·L−1 aspirin in
solution, 0.1 g adsorbent, 180 min reaction time, room temperatures, pH 3.28 which is
the original pH of aspirin solution).
3.3.3. Effect of adsorbent dosage
Fig. 6 shows that the removal efficiency of aspirin increased by 20%

when the adsorbent dosage increased from 0.1 g to 0.5 g. Increasing
amount of adsorbent dosage provides more accessible binding sites.
However, the removal efficiency was the highest when 0.5 g of adsor-
bent was used (which is 90.59%), and further increase in adsorbent dos-
age had little improvement. This is probably due to agglomeration of
exchanger particles resulting in overlapping of active sites and reducing
Fig. 5. Effect of initial aspirin concentration on aspirin adsorption by STL-AC. (0.1 g
adsorbent, 60 min reaction time, room temperature, pH 3.4 which is the original pH of
aspirin solution).



Fig. 6. Effect of STL-AC dosage on aspirin adsorption by STL-AC. (100 mg·L−1 aspirin
solution, 60 min reaction time, room temperature, pH 3.37 which is the original pH of
aspirin solution).

Fig. 8. Effect of temperature on aspirin adsorption by STL-AC (100 mg·L−1 aspirin
solution, 0.5 g adsorbent, 60 min reaction time, pH= 3).
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the effective surface area on the adsorbent [52]. In contrast, the adsorp-
tion capacity decreased with adsorbent dosage, due to the increment of
surface vicinity and availability of active binding sites, thus some sites
were unoccupied [53]. Based on Fig. 6, 0.5 g of adsorbent was selected
as the optimum dosage for aspirin absorption.

3.3.4. Effect of pH
Fig. 7 conveys that the removal efficiency and amount of aspirin

adsorbed decreasedwith pHvalue. The highest aspirin removal efficiency
was recorded at pH 3 (about 94%). The adsorption performance reduced
with pH, and 68.62% removal efficiency was observed at pH 11. Such
trend is related to pHpzc of STL-AC (2.02). Thus, the adsorbent is negative-
ly charged below pH 2. On the other hand, aspirin is known as a weak
acid (pKa= 3.5), which undergoes partial deprotonation inwater to pro-
duce anions. Following the increase of pH, the adsorbent tends to bemore
negatively charged, hence adsorption of deprotonated aspirin species is
hindered due to the electrostatic repulsion force [33]. This translates to
higher energy requirement for the adsorbate–adsorbent interactions
[33]. In addition, there was also competition between hydroxide (OH−)
and the aspirin anions for the positively charged adsorption sites at
high pH [13]. In view of the above statements, adsorption is less favorable
above pH 2.02 if electrostatic attraction between adsorbates and adsor-
bents is the sole factor in mechanism. However, in view of the high ad-
sorption performance of aspirin at pH 3, it is reasonable to deduce that
the electrostatic attraction is not themost significant factor in adsorption
Fig. 7. Effect of pH on aspirin adsorption by STL-AC (100 mg·L−1 aspirin solution, 0.5 g
adsorbent, 60 min reaction time, room temperature).
mechanism(due to the lowdissociation of aspirinmolecules). Instead, in-
teractions between basic oxygenated groups as well as phenolic groups
(as explained in Section 3.2.2) on adsorbent surface and aspirin mole-
cules could be more important in this case.
3.3.5. Effect of temperature
Fig. 8 shows that the adsorption of aspirin by STL-ACwas insensitive

to temperature. Only a slight decrease in removal efficiency and amount
of aspirin adsorbedwas observed at elevated temperature. The same re-
sult was reported in the study investigated byMphahlele et al. [13]. The
decreased in amount of aspirin adsorbed at higher temperature is due to
the exothermic nature of the adsorption process.
3.4. Adsorption isotherm evaluation

The study on adsorption isotherm provides information on distribu-
tion of adsorbate molecules between liquid and solid phases at equilibri-
umstate. Selection of appropriate isothermmodel is crucial for design and
operation purposes [54]. Four adsorption isotherm models were used in
data fitting process. The Langmuir isotherm model assumes occurrence
of adsorption on homogeneous sites on the adsorbent surface, and only
a single adsorbate layer is formed [26]. On the other hand, the Freundlich
model is used to describe multilayer adsorption with non-uniform distri-
bution of adsorption heat and affinities over the heterogeneous surface
[55]. The Temkin model assumes that interactions between adsorbents
and adsorbates lead to reduction of the adsorption energy with surface
coverage [26], while the Dubinin–Radushkevich model is used based on
consideration that adsorption surface is heterogeneous, and micropore
filling takes place based on free adsorption enthalpy that is not constant,
and is able to affect free adsorption enthalpy [56]. The linearized Lang-
muir, Freundlich, Temkin and Dubinin–Radushkevich isotherm models
are expressed in Eqs. (4), (5), (6) and (7) respectively [22,57,58].

Ce

qe
¼ 1

qmKL
þ Ce

qe
ð4Þ

lgqe ¼ lgK F þ 1
n

� �
lgCe ð5Þ

qe ¼ B lnKT þ B lnCe ð6Þ
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lnqe ¼ lnQ s−Be2 ð7Þ

where

Ce (mg·L−1) is the equilibrium concentration of adsorbate,

qm (mg·g−1) is the maximum adsorption capacity per unit mass of
adsorbent,
qe (mg·g−1) is the adsorption capacity at equilibrium,
KL (L·mg−1) is the Langmuir constant,
KF (mg·g−1·L−1/n·mg−1/n) is the Freundlich constant,
n (dimensionless) is the Freundlich intensity,
B (J·mol−1) is a constant related to heat of adsorption, and
KT (L·g−1) is the equilibrium binding constant.

The linearized plots for Langmuir, Freundlich, Temkin and Dubinin–
Radushkevich are shown in Fig. S2 (Supplementary Materials). The cal-
culated constants in the four isotherm equations alongwith the respec-
tive R2 values are listed in Table 5. The R2 value for the Freundlich
isotherm model is the largest among all the fitted plots, therefore the
experimental data is better fitted to the Freundlich isotherm, andmulti-
layer adsorption takes place during the process. Similar results were
also reported by Rakic et al. [14] and Mphahlele et al. [13]. The magni-
tude of the exponent (1/n) indicates the favorability of the heteroge-
neous adsorption. The adsorption is favorable when n N 1 [59]. In the
present study, the value for n is 1.75 as shown in Table 5, indicating
the favorability of the adsorption of aspirin onto STL-AC.
Table 5
The adsorption isotherm parameters for adsorption of aspirin onto STL-AC

Isotherm model Parameter Value

Langmuir isotherm Qmax/mg·g−1 178.57
KL/L·g−1 8.44
R2 0.9763

Freundlich isotherm KF/mg·g−1 5.40
n 1.75
R2 0.9813

Temkin β 38.382
R2 0.9761

Dubinin–Radushkevich (D–R) kd 8 × 10−10

Qm 79.82
E 25000.00
R2 0.01
3.5. Adsorption kinetic examination

The adsorption kinetic of aspirin onto STL-AC was evaluated using
pseudo-first order, pseudo-second order and intraparticle diffusion ki-
netic models (Supplementary Materials, Fig. S3), and the linearized
models are shown in Eqs. (8), (9), and (10) [5,22]. The value of correla-
tion coefficient, R2 and other parameters acquired form the plots are
tabulated in Table 6.

lg qe−qtð Þ ¼ lg qe−k1t ð8Þ
Table 6
Adsorption kinetic parameters for the adsorption of aspirin

Kinetic model Parameter Value

Pseudo-first order model k1/min−1 0.126
qe/mg·g−1 12.64
R2 0.8190

Pseudo-second order model k2/g·mg−1·min−1 0.0279
qe/mg·g−1 36.23
R2 0.9999

Intraparticle diffusion model kint 0.7869
C 30.283
R2 0.722
t
qt

¼ 1
k2qe2

þ 1
qe

� �
t ð9Þ

qt ¼ kintt
0:5 þ C ð10Þ

where

qe and qt (mg·g−1) are the adsorption capacities at equilibrium and
at time t respectively,
k1 and k2 (min−1) are pseudo-first and pseudo-second order rate
constants respectively, and
kint (mg·g−1·min0.5) is the rate constant of adsorption capacity.

From Fig. S3(a), the R2 value for the pseudo-first order kinetic model
is 0.819, and a large difference is observed between experimental equi-
librium adsorption capacity (qe = 35.526 mg·g−1) and theoretical
value obtained from the model. These findings indicate that the
pseudo-first order kinetic model is poorly fitted to the experimental
data. On the other hand, good fitting of adsorption data to the pseudo-
second order model is observed in Fig. S3(b), as evidenced by an R2

value of 0.9999. The theoretical qe value obtained via this model
(36.23 mg·g−1) is also closer to the experimental value. These evi-
dences suggest that the experiment data are well represented by
pseudo-second order kinetics. Therefore, it can be said that the adsorp-
tion is dominated by chemisorption as discussed inmanyworks in liter-
ature [60], although more studies are needed to obtain conclusive
evidence on relationship between the pseudo-second order model and
chemisorption process [61]. Adsorption process defined by the
pseudo-second order model is also characterized by an increase in the
adsorption rate with initial aspirin concentration, due to increasing
driving force at high concentration [56,62].

In order to gain insight on the mechanism and rate controlling step
affecting the adsorption kinetic, it is necessary to fit the experiment
data to the intraparticle diffusion model (Eq. (10)). The value of inter-
cept (C) obtained from the plot reflects the boundary layer thickness,
thus the larger the intercept value, the greater the contribution of the
surface sorption in the rate-controlling step. On the other hand, the ad-
sorption process is said to be controlled solely by intraparticle diffusion
if the linear plot passes through the origin, which means the intercept
value equals to zero. In this study, the linear plot does not pass through
the origin [SupplementaryMaterials, Fig. S3(c)], thus intraparticle diffu-
sion is not the only rate controlling step.

3.6. Adsorption thermodynamic analysis

Thermodynamic analysis was performed to study the spontaneity of
the adsorption process (ΔGo), aswell as its nature of enthalpy (ΔHo) and
entropy change (ΔSo). Eqs. (11) and (12)were utilized to determine the
magnitude of thermodynamic parameters such as changes in standard
Gibbs free energy (ΔGo), standard enthalpy (ΔHo), and standard entro-
py (ΔSo) [63,64]. Using the experimental data in the study of tempera-
ture effect on adsorption process, a graph of ln Keq was plotted against
1/T (SupplementaryMaterials, Fig. S4). Based on the slope and intercept
of the plot, the enthalpy and entropy changes are calculated and listed
in Table 7.

ΔGo ¼ −RT lnKL ð11Þ
Table 7
Thermodynamic parameters for adsorption of aspirin in aqueous solution onto STL-AC

Pharmaceutical
compound

Enthalpy change,
Hϴ/kJ·mol−1

Entropy
change,
Sϴ/J·mol−1

Gibbs free energy,
ΔGϴ/kJ·mol−1

303.15 K 313.15 K 323.15 K

Aspirin −13.808 −41.444 −1.259 −0.795 −0.433
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lnKL ¼ ΔSϴ

R
−

ΔHϴ

RT
ð12Þ

where

R is a gas constant, 8.314 J·mol−1·K−1,

T (K) is the absolute temperature, and
KL is an equilibrium constant.

From Fig. S4, the enthalpy change (ΔHo) for aspirin adsorption
is −13.808 kJ·mol−1. The negative value of ΔHo indicates the
exothermic nature of the adsorption process, which explains the
decrease in adsorption capacity at higher temperature. The entropy
change (ΔSo) of the adsorption process calculated from the plot
was −41.444 J·mol−1. This negative value indicated a decrease in
randomness at the STL-AC/aspirin solution interface. Moreover, the
negative value indicated that the aspirin adsorption onto STL-AC
may be attributed to the decrease in the degree of freedom of aspirin
molecules. The negative value of ΔGo obtained indicated that the
adsorption of aspirin onto STL-AC is feasible and spontaneous. The
Gibbs energy value (ΔGo) decreases with temperature as shown in
Table 7, which is related to higher adsorption capacity [12].

3.7. Adsorption performance of STL-AC compared to other adsorbents

Asmentioned in the Introduction section, there are very few reports
on the adsorption of aspirin from simulated wastewater. As shown in
Table 8, the adsorption capacity of AC-STL synthesized in this study is
far higher than most adsorbents synthesized via different sources and
methods, and is comparable to AC derived from rice hull. The high per-
formance of STL-AC is most probably due to the excellent textural prop-
erties (high surface area, aswell as pore volume and diameter) together
with the presence of surface oxygenated groups that interact with the
adsorbate molecules via hydrogen bonding and electrostatic attraction
(especially at low pH). The comparison also illustrates the superior
property of AC synthesized from biowaste in aspirin adsorption. Com-
bined with lower cost related to precursor as well as simpler prepara-
tion method compared to other types of adsorbents, there is a huge
potential of AC from biowaste to be applied in wastewater treatment
process.
Table 8
Comparison of adsorption results with other adsorbents in literature

Adsorbents Adsorption
capacity/mg·g−1

Reference

AC derived from rice hull (H3PO4/500 °C) 178.89 [19]
AC derived from spent tea leaves (H3PO4/600 °C) 178.57 This study
Fe/N-CNT/β-cyclodextrin nanocomposites 71.9 [13]
Graphene nanoplatelets 12.98 [12]
Size-tunable molecularly imprinted polymer 0.03 [11]
4. Conclusions

Adsorption of aspirin from aqueous solution onto STL-AC was inves-
tigated. The AC synthesized via H3PO4 activation presented the best ad-
sorption performance among the potential adsorbents. Such adsorbent
is characterized by high surface area and pore properties, aswell as con-
siderable amount of acidic and basic oxygenated groups. The highest re-
moval efficiency of aspirin observed was 94.28% after 60 min when the
initial concentrationwas 100mg·L−1, 0.5 g of adsorbent used, pH 3 and
at a temperature of 30 °C. Adsorption isotherm analysis revealed that
the adsorption experiment data fitted well to the Freundlich isotherm
model with n value greater than 1. This indicates that the adsorption
process is favorable. For the kinetic study, adsorption of aspirin onto
STL-AC fitted well to the pseudo-second order kinetic model. Thermo-
dynamic analysis showed that the adsorption is exothermic in nature.
The negative entropy value (ΔSo) indicated a decrease in randomness
at the STL-AC/aspirin solution interface during the adsorption process.
Lastly, the negative value ofΔGo obtained, indicated that the adsorption
of aspirin onto STL-AC is feasible and spontaneous. Based on the charac-
terization results on STL-AC andmodeling result on adsorption data, the
excellent adsorption property of aspirin onto STL-AC is most likely at-
tributed to the adsorbent surface and pore properties together with in-
teractions between surface oxygenated groups with the adsorbate
molecules.
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