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with composite pore structures
made from peanut shell and areca nut fibers as
sustainable adsorbent material for the efficient
removal of active pharmaceuticals from aqueous
media†

Sujata Mandal, ‡*a Dayana Stephenab and Sreeram Kalarical Janardhanan a

The massive growth in the human population, along with an improved healthcare system, resulted in the

discharge of a large variety of active pharmaceuticals, including antibiotics, into the water stream leading

to genotoxic, mutagenic, and ecotoxicological effects on plants, animals, and human. In this study, cost-

effective and environmentally sustainable activated carbon adsorbents with composite pore structures

have been prepared from agricultural waste materials, peanut shells and areca nut fibers, through a facile

method. Phosphoric acid (H3PO4) of two different concentrations (20% and 40%) was used for preparing

the activated carbons. All the activated carbon samples showed reasonably high specific surface area

(SSA) ranging between 580–780 m2 g−1. The SSA of the activated carbon obtained from peanut shells

was higher than those obtained from the areca nut fibers. The adsorption characteristics of the prepared

activated carbons were assessed for the common active pharmaceuticals, paracetamol, amoxicillin, and

aspirin, in an aqueous medium. The rate of adsorption of the activated carbon was very high, and about

90% of the paracetamol was adsorbed within 5 min of contact. The adsorption kinetics followed

a pseudo-second-order kinetic model. The paracetamol adsorption capacity of the activated carbons

obtained from the Langmuir adsorption isotherm (monolayer) model was 67 mg g−1. Regeneration and

reuse of the adsorbent for the removal of paracetamol were also studied for up to 5 cycles. The present

research work ensures the “3 Rs” principle [reduce (waste), reuse and recycle] of environmental

sustainability.
Sustainability spotlight

Peanut shells and areca nut bers are wastes of the crops, peanut and areca nut. Since India is the largest and 2nd largest producer of areca nut and peanut,
respectively, we used these agricultural wastes for making activated carbon adsorbents through a facile method and applied for the removal of active phar-
maceuticals, paracetamol, amoxicillin, and aspirin from water as an efficient, cost-effective and sustainable water treatment strategy. The high adsorption
capacity and the ability to regenerate and reuse the adsorbent make the present research meet the UN sustainable development goals for clean water and
sanitation (SDG 6) and affordable clean energy (SDG 7), and it ensures the “3 Rs” principle [reduce (waste), reuse (as adsorbent) and recycle] of environmental
sustainability.
1 Introduction

Extensive use of pharmaceuticals in healthcare has injected
a considerable amount of these compounds into the water
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environment, in unutilized or in metabolized/partially metab-
olized forms.1,2 In recent years, pharmaceutical residues have
been discovered in all water sources at all levels including
groundwater, surface water, and wastewater, from all over the
world and have been classied as one of the emerging pollut-
ants.1,3 Because of the widespread occurrence of pharmaceuti-
cals in the aquatic environment and sometimes also in the raw
water of waterworks, a few cases surfaced where pharmaceuti-
cals were detected in drinking water.2,4,5 Though the detected
level of individual pharmaceutical compounds in the drinking
water is within the permissible level, the effects of short/long-
term intake of drinking water containing a complex mixture
© 2024 The Author(s). Published by the Royal Society of Chemistry
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of these compounds are not well explored. Moreover, the
detection of a very high level of antibiotics in the wastewater
treatment plant effluent imposes potential risks to aquatic and
human life in the form of ecotoxicological and pharmacological
effects and also leads to the development of antibiotic-resistant
micro-organisms.1,6 Moreover, the fact that antibiotics are
manufactured with the intention to cause biological effects has
raised concerns about the impacts of unintentional exposure to
pharmaceuticals on the health of human and ecological
communities.

Pharmaceutical compounds are a structurally diverse class of
emerging contaminants. The primary and secondary waste-
water treatment plants are usually incapable of removing these
pollutants, leading to their migration into surface water,
groundwater, and drinking water supplies. The inability of
conventional water treatment systems to remove pharmaceu-
tical pollutants from water necessitates advanced and tertiary
treatment processes. Advanced tertiary treatment options that
are typically considered for the removal of emerging contami-
nants from water include adsorption, advanced oxidation
processes, nanoltration, reverse osmosis, and biological
processes.7–11

However, the shortcomings of most of these methods are
high investment/maintenance costs, secondary pollution
generation, and complicated procedures. Conversely, the
process of adsorption has been found to be superior to other
techniques1,12 specically when the concentration of pollutants
is below the micro/nanogram level.13 Moreover, the process of
adsorption is also attractive in terms of its simplicity and cost-
effectiveness. Adsorbents like carbonaceous materials,14,15

natural/synthetic clays,16 silica-based materials,17 nano-
materials,18,19 and polymeric resins have been investigated for
the removal of pharmaceuticals from aqueous solutions.20

Among all, carbon-based materials, being well known for their
capacity to adsorb organic molecules, have been explored
largely for the removal of pharmaceuticals from water by
adsorption.21 Different forms of carbonaceous materials-based
adsorbents like activated carbon, granular carbon, carbon
nanotubes (SWCNT/MWCNT), and biochar have been investi-
gated for the removal of pharmaceuticals from aqueous
medium.14,15,22–28 However, the preparation of activated carbon
adsorbents from areca nut bers and peanut shells, and their
application to remove pharmaceuticals from water is the least
explored among various agricultural wastes. Since India is the
largest and 2nd largest producer of areca nut and peanut
(groundnut), respectively, the waste produced from these crops
needs reasonable attention in terms of reuse/recycling/disposal
for environmental sustainability.29,30

The objective of the present research is to develop a low-cost
environment-friendly sustainable adsorbent for the removal of
active pharmaceuticals from water/wastewater. The article
presents a systematic investigation of the preparation of acti-
vated carbon from agricultural waste materials, peanut shells
and areca nut bers, their characterization, application for the
removal of common active pharmaceuticals from aqueous
solutions, and regeneration potential of the adsorbents for
reuse.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2 Materials and methods
2.1. Materials

Peanut shell and Areca nut ber were collected from Chennai
and Salem (local area) districts of Tamil Nadu, India. Phos-
phoric acid was from Sigma-Aldrich. N-Acetyl-para-amino-
phenol (APAP), common name paracetamol or acetaminophen,
was from Sigma-Aldrich, Amoxycillin trihydrate (IP 500 mg),
and Aspirin [Acetysalicylic acid, IP 350 mg], were obtained from
Cipla Limited. A closed stainless-steel (grade SS 316) vessel was
used for the preparation of activated carbon. Double distilled
water was used in the adsorption experiments, and to prepare
the standard solutions.

2.2. Preparation of activated carbon

Activated carbons were prepared by phosphoric acid activation,
which is the most effective chemical for activation of lignocel-
lulosic biomass.31 The raw materials, peanut shell (PS) and
areca nut bre (AF) were washed thoroughly with water to
remove unwanted matter and dried in the oven at 100 °C for
12 h. The dried rawmaterials were crushed in a mixer grinder to
reduce the size and were sieved through mesh no. 10 (ASTM).
The powdered raw material was taken in a glass beaker, mixed
with phosphoric acid in a 1 : 2 ratio (w/v), and kept for 18–20 h
with intermittent stirring/mixing followed by drying at 100 °C in
an air oven. Aer drying, the phosphoric acid-treated raw
material was lled in a stainless-steel container, the lid closed
tightly, and kept in amuffle furnace at 500 °C (heating rate of 5 °
C min−1) for 2 h, followed by cooling down to 30 °C tempera-
ture. The carbon thus obtained was washed thoroughly with
distilled water, till the pH of the washing was between 6 and 7,
followed by drying at 100 °C in an air oven. The dried carbon
thus obtained was nely powdered. Two different activated
carbon samples were prepared from each raw material using
two different concentrations (20% and 40%) of phosphoric acid.
The activated carbon samples thus obtained from peanut shell
and areca nut bre using 20% phosphoric are named PSPA-20
and AFPA-20, respectively, and those obtained using 40%
phosphoric are named PSPA-40, and AFPA-40, respectively.

2.3. Characterisation techniques

The morphology and elemental composition of the activated
carbon samples were studied using a scanning electron micro-
scope (SEM) coupled with EDX from FEI Quanta 200 SEM. Zeta
potential and particle size analyses were performed by using
Zetasizer NanoZS from Malvern Instruments, UK. The miner-
alogical phase was determined by taking an X-ray diffractogram
(XRD) in a Rigaku Miniex Desktop X-ray diffractometer using
CuKa radiation. Fourier transform infrared spectroscopy (FTIR)
spectroscopic analyses were performed by the KBr pellet
method and the spectra were recorded in an FTIR spectrometer,
model 4700, from JASCO, Japan. The specic surface area (SAA)
and porosity of the adsorbents were measured by the Brunauer–
Emmett–Teller (BET) technique by nitrogen adsorption–
desorption at 77 K using a surface area analyzer (model: Mini II,
BEL instruments, Japan). The Raman spectroscopic analyses
RSC Sustainability, 2024, 2, 3022–3035 | 3023
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were performed in a LabRAM FT-RAMAN spectrometer model:
HR Evolution, using a laser source of 532 nm wavelength. The
solid-state 13C Nuclear Magnetic Resonance (NMR) spectro-
scopic measurements were performed by cross-polarization
magic angle spinning (CPMAS) technique using Bruker 400
MHz NMR spectrometer (Avance-III HDWB) operating at 400.07
MHz for 1H and 100.61 MHz for 13C frequencies. Analysis of
pharmaceuticals in the water was performed using UV-visible
Spectrophotometer model Cary 100, Agilent Technologies,
USA. The pH at a zero-point charge (pHZPC) of the adsorbents
was determined using the pH dri technique following the
methodology described by Xie et al.32
2.4. Adsorption experiments

Adsorption experiments were performed in batches. In a typical
batch adsorption experiment, 100 ml of the prepared adsorbate
(pharmaceutical) solution was taken in a 250 ml stoppered
conical ask, a xed amount of the activated carbon adsorbent
was added to the solution and placed in a thermostatic water
bath shaker at 28 °C. Aer a xed time, the solution was ltered
using a Whatman qualitative lter paper (Grade 1) and the
residual adsorbate concentration in the solution was measured
using a UV-visible spectrophotometer at the characteristic
wavelength of maximum absorption (lmax) (Table 1).
Table 1 Properties of the pharmaceuticals tested in the study

Pharmaceutical (CAS no.) Chemical structure

N-Acetyl-p-amino-phenol or Paracetamol or
Acetaminophen (APAP) (CAS 103-90-2)

Amoxycillin trihydrate (CAS 61336-70-7)

Acetylsalicylic acid or Aspirin (CAS 50-78-2)

3024 | RSC Sustainability, 2024, 2, 3022–3035
The adsorption capacity (qe, mg g−1) of the adsorbent was
calculated by using the following equation:

qe ¼ ðCo � CeÞ � v

w� 1000
(1)

The percentage adsorption was calculated by using the
equation given below:

Percentage adsorption ¼ ðC0 � CeÞ
C0

� 100 (2)

where qe is the adsorption capacity at equilibrium (mg g−1), C0

is the initial adsorbate concentration (mg l−1), Ce is the nal
adsorbate concentration (mg l−1), w represents the weight of the
adsorbent (g), and v is the volume of adsorbate solution (ml).

To optimize the adsorbent dose, adsorption experiments
were performed with various adsorbent doses, 0.02, 0.05, 0.08,
0.1, 0.2, 0.5 and 1 g, keeping all other parameters constant
(Adsorbate vol. 100 ml and temp. 28 °C).

To optimize the contact time, adsorption experiments were
performed by varying the contact time between 5 and 360 min,
keeping all other parameters constant.

Adsorption equilibrium experiments were performed by
varying the initial APAP concentration between 5 and 500mg l−1

with the optimized adsorbent dose and contact time.
lmax

(nm)

Molecular
weight
(g mol−1)

243 151.2

272 418.5

294 180.159

© 2024 The Author(s). Published by the Royal Society of Chemistry
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To study the inuence of solution pH on the APAP adsorp-
tion, the pH of the APAP solution was varied between 2 and 10
with an initial APAP concentration of 50 mg l−1, and with an
adsorbent dose of 1 g l−1 and 30 min contact time.

To study the regeneration and reuse of the adsorbents,
100 ml of 50 mg l−1 APAP solution was contacted with 0.4 g of
the adsorbent for 30 min followed by ltration, and the solution
was analysed for residual APAP concentration. The adsorbent
was washed 4–5 times with double distilled water having pH 6.8
± 0.5 and at 28 °C. The washed adsorbent was kept in an air
oven at 50 °C for 16 h and reused for APAP adsorption. The total
volume of water used for washing the adsorbent aer each
adsorption cycle was 100 ml.
Table 2 The concentration of the elemental phosphorous, silicon,
and calcium obtained by SEM-EDX analyses of the activated carbons

Concentration (%) PSPA-20 PSPA-40 AFPA-20 AFPA-40

Phosphorous 1.37 3.88 0.64 4.58
Silicon 0.44 0.79 0.43 0.88
Calcium n.d. 0.28 n.d. 0.02
3 Results and discussions
3.1. Characterization of the adsorbents

The SEM images of the activated carbons PSPA-20, PSPA-40,
AFPA-20 and AFPA-40 are presented in Fig. 1(a–d). The SEM
images show the highly porous nature of the activated carbon
samples. The particle size in PSPA-40 and AFPA-40 are less than
PSPA-20 and AFPA-20, respectively, which indicates that an
increase in phosphoric acid concentration, decreased the
Fig. 1 SEM images of (a) PSPA-20, (b) PSPA-40, (c) AFPA-20 and (d) AFP

© 2024 The Author(s). Published by the Royal Society of Chemistry
particle size of the activated carbon samples. The morphology
(structural pattern) of peanut shell carbon (PSPA-20 and PSPA-
40) is visibly different from that of the areca nut shell bre
carbon (AFPA-20 and AFPA-40).

The concentration of phosphorous, silicon and calcium ob-
tained from SEM-EDX analyses of the activated carbon samples
is presented in Table 2. The phosphorous is due to the phos-
phoric acid treatment, while silicon and calcium are originated
from the starting materials, peanut shell and areca nut shell
bre.33,34 Moreover, the amount of calcium is more in peanut
shells than in areca nut shell bre, which is also in-line with the
literature reports.33,34 Since PSPA-40 and AFPA-40 are obtained
from the source that is treated with a higher concentration of
phosphoric acid (40%), the concentration of P in PSPA-40 and
A-40.

RSC Sustainability, 2024, 2, 3022–3035 | 3025
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AFPA-40 is more than that in PSPA-20 and AFPA-20. Similarly,
the concentrations of silicon and calcium are higher in PSPA-40
and AFPA-40 than in PSPA-20 and AFPA-20.

The zeta potential values of the activated carbon samples
PSPA-20, AFPA-20, PSPA-40, and AFPA-40 are −6.8, −9.5, −0.3,
and −0.7 mV, respectively. While the negative zeta potential of
PSPA-20 and AFPA-20 indicates their negative surface charge,
the zeta potential values of PSPA-40 and AFPA-40 are very close
to zero, indicating their non-ionic nature. The average particle
size of the activated carbon samples PSPA-20, AFPA-20, PSPA-40,
and AFPA-40 are 942.7, 470, 933.6, and 1074 nm, respectively.
The particle size distribution of the samples is presented in
Fig. S1.†

The XRD patterns presented in Fig. 2(a and b) shows poor
crystallinity of all the activated carbon samples. However, the
crystallinity of PSPA-40 and AFPA-40 is more than that of PSPA-
20 and AFPA-20. The XRD patterns of all the activated carbons
show two broad peaks at 2q positions 24.2° and 42.8°, which are
due to 002 and 100 diffraction planes of hexagonal graphitic
carbon (JCPDS index, no. 75-1621).35 The broadness of these
peaks indicates the formation of turbostratic carbon crystallites
due to carbonization of the peanut shell and areca net shell
bers.36 The spike-like diffraction peaks observed in the XRD
spectra of PSPA-40 and AFPA-40 (*marked) are due to the silica-
phosphate compound formed due to the higher concentration
of phosphoric acid used for activation. AFPA-40 shows more
diffraction peaks due to silica-phosphate compound than PSPA-
Fig. 2 (a and b) XRD patterns, and (c and d) FTIR spectra of the activate

3026 | RSC Sustainability, 2024, 2, 3022–3035
40, indicating a higher concentration of silica in areca nut ber
than in peanut shell.37

The FTIR spectra of the activated carbon samples are pre-
sented in Fig. 2(c and d). The absorption band between 3500–
3100 cm−1 is characteristic of the –OH stretching vibration of
the hydroxyl functional groups due to cellulose and lignin in
both peanut shells and areca nut bers.38 All the spectra show
an absorption band at 1570–1630 cm−1 due to combined
stretching vibrations of conjugated C]O groups and aromatic
rings.38,39 The absorption bands between 1160 and 1180 cm−1

attributed to phosphorus and phosphor-carbonaceous
compounds.40,41 The peak between 1160–1180 cm−1 can be
assigned to the stretching vibration of hydrogen-bonded P]O
groups of phosphates.42 The sharp peak near 500 cm−1 is
attributed to the bending vibration of the O–Si–O linkage. The
prominent bands between 800–400 cm−1 in the AFPA-40, the
activated carbon obtained from areca nut bers (Fig. 2(d)),
indicate a reasonably higher concentration of silica than the
carbon obtained from the peanut shell. This result corroborates
the XRD results where more peaks for silica-phosphate
compounds are observed for AFPA-40.

Fig. 3(a and b) shows the N2 adsorption–desorption
isotherms of the activated carbon samples. According to the
IUPAC classication, these isotherms are mixed of Type I and
Type IV isotherms with H4-type hysteresis loop. A mixed Type I
and Type IV isotherm is typical of activated carbon indicating
a composite pore structure having both microporous and
d carbon adsorbents.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Nitrogen adsorption–desorption isotherms, surface area and porosity values of the activated carbon adsorbents obtained from (a) peanut
shells and (b) areca nut fibers.
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mesoporous pores. The initial region of reversible micropore
lling (up to P/P0 = 0.1) is followed by multilayer physisorption
and capillary condensation.43 The H4-type hysteresis loop is
oen associated with slit-like narrow pores; however, in this
case, Type I isotherm is indicative of microporosity.44 The
specic surface area, total pore volume and the average pore
diameters of the adsorbents obtained by BET analyses are pre-
sented in Table 3. The BET surface area of the adsorbents lies
between 586–778 m2 g−1 and the value increased with an
increase in phosphoric acid concentration. The specic surface
area values of the activated carbons follow the order PSPA-40 >
PSPA-20 > AFPA-40 > AFPA-20. Among the two, the lower surface
area of the areca nut ber-generated activated carbons (AFPA
samples) might be due to the presence of a higher concentra-
tion of silica as compared to the peanut shell carbons (PSPA).
The total pore volume of all the activated carbon adsorbents lies
in the range between 0.36 and 0.56 cc g−1, and the average pore
diameter lies between 2.47 and 3.27 nm.

The specic surface area of the activated carbon primarily
depends on the concentration of the activating agent, and on
the carbonization temperature. An increase in the specic
surface area of activated carbon with an increase in phosphoric
acid concentration has also been reported in the literature.45–47
3.2. Adsorption of paracetamol (APAP)

3.2.1. Inuence of phosphoric acid concentration. The
inuence of phosphoric acid concentration used to prepare the
activated carbon adsorbents on their APAP adsorption capacity
was studied and compared in Fig. 4(a). The adsorption of APAP
Table 3 The specific surface area and porosity of the activated
carbons obtained by BET analyses

Adsorbent
Specic surface
area (m2 g−1)

Total pore volume
(cc g−1)

Average pore
diameter (nm)

PSPA-20 689 0.56 3.27
PSPA-40 778 0.55 2.85
AFPA-20 586 0.36 2.47
AFPA-40 653 0.52 3.21

© 2024 The Author(s). Published by the Royal Society of Chemistry
in an aqueous medium by the activated carbons obtained from
peanut shells and areca nut bers using 20% phosphoric acid
(PSPA-20, AFPA-20) and 40% phosphoric acid (PSPA-40, AFPA-
40) are very close to each other (between 65% and 70%).
Therefore, keeping in view the economic aspect of the real-life
application of these adsorbents, activated carbons prepared
using lesser amounts (i.e. 20%) of phosphoric acid, PSPA-20,
and AFPA-20, are selected for further investigation.

3.2.2. Inuence of adsorbent dose. The APAP adsorption by
the activated carbon adsorbents (PSPA-20, and AFPA-20) as
a function of the adsorbent dose has been performed (Fig. 4(b)).
For both the adsorbents, APAP adsorption increased sharply
upon increasing the adsorbent dose from 0.4 to 4 g l−1, and on
further increase in adsorbent dose beyond 4 g l−1 no signicant
increase in APAP adsorption takes place. It is possible to adsorb/
remove more than 80% of the APAP from 100 mg l−1 of APAP
solution using 4 g l−1 of either of the adsorbents, PSPA-20 or
AFPA-20. The study also indicates that complete removal of
APAP from water is possible using an appropriate dose of these
adsorbents.

Therefore, based on the above observations, the adsorbent
dose was optimized as 4 g l−1, and hereaer, all the adsorption
experiments (unless otherwise stated) were performed using the
optimum adsorbent dose.

3.2.3. Inuence of contact time and adsorption kinetics.
Fig. 5 shows the adsorption of APAP by the PSPA-20 and AFPA-20
as a function of time. The rapid adsorption of APAP on both the
activated carbon adsorbents is indicated (Fig. 5) and approxi-
mately 88–90% of APAP adsorption takes place in 5 min of
contact. A similar rapid adsorption of APAP on commercial
activated carbon has also been reported by Nguyen et al.48 The
adsorption kinetics models are investigated using a pseudo-
rst-order and a pseudo-second-order kinetic model. As there
is no reasonable increase in APAP adsorption beyond 30 min
therefore, the kinetic data up to 30 min are considered for
tting to the kinetic models. The linearized forms of the kinetic
equations for the Lagergren pseudo-rst-order kinetic model49

and the pseudo-second-order kinetic model proposed by Ho &
Mckay50 are presented as eqn (3) and (4), respectively.
RSC Sustainability, 2024, 2, 3022–3035 | 3027
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Fig. 4 Adsorption of APAP by the adsorbents (a) activated with 20% and 40% phosphoric acid, and (b) as a function of adsorbent dose (initial
APAP conc.: 100 mg l−1, contact time: 120 min, temp.: 28 °C, (a) adsorbent dose: 2 g l−1 and (b) adsorbent dose: 0.4 to 4 g l−1).

Fig. 5 Adsorption of APAP by the activated carbon adsorbents as
a function of contact time, and the values of kinetic constants and
correlation coefficients [adsorbent dose: 4g l−1, temp: 28 °C, initial
adsorbate concentration: 100 mg l−1, contact time: 0–360 min].

Fig. 6 Adsorption isotherms of APAP on the activated carbon adsor-
bents (initial concentration: 5–500 mg l−1, contact time: 30 min,
adsorbent dose: 4g l−1, temp: 28 °C).
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ln(qe − qt) = ln qe − k1t (3)

t

qt
¼ t

qe
þ 1

k2$qe2
(4)

where, t is time (min), qe and qt are the adsorption capacity at
equilibrium and at time t expressed in mg g−1, and k1 and k2 are
the pseudo-rst-order and pseudo-second-order rate constants
expressed in min−1 and g (mg−1 min), respectively. The rst-
order rate constant was calculated from the slope and inter-
cept of the linear plot of ln(qe − qt) versus t. The second-order
rate constant was calculated from the slope and intercept of
the linear plot of t/qt versus t.

The values of pseudo rst- and second-order rate constants
and the respective correlation coefficients are presented in the
inset of Fig. 5. The excellent tting of the pseudo-second-order
kinetic model is conrmed by the value of correlation coeffi-
cient (R2 = 1) while the same for the pseudo-rst-order kinetic
model is relatively low (R2 between 0.6–0.7). This implies that
the pseudo-second-order kinetic model is the appropriate
model to describe the kinetic behaviour of paracetamol (APAP)
adsorption on the activated carbon adsorbents. The suitability
3028 | RSC Sustainability, 2024, 2, 3022–3035
of a pseudo-second-order kinetic model for the adsorption of
organic pollutants, including pharmaceutical molecules, on
activated carbon adsorbents, has also been reported in the
literature.51,52

Based on the kinetic studies, the contact time was optimized
as 30 min and followed in all further experiments.

3.2.4. Adsorption equilibrium and adsorption isotherm.
The APAP adsorption isotherms of PSPA-20 and AFPA-20 (Fig. 6)
show a similar pattern. The isotherm pattern presented in Fig. 6
falls under the “L” or Langmuir type, specically the “L-2” type
curve, as per the detailed classication of adsorption isotherms
for the adsorption of solutes from solutions proposed by Giles
et al.53 The maximum adsorption capacity of PSPA-20 and AFPA-
20 for paracetamol (APAP) was 63.65 and 62.38 mg l−1, respec-
tively. The adsorption equilibrium data have been tted to the
standard Freundlich54 and Langmuir55 adsorption isotherm
models. The linearized forms of the Freundlich and Langmuir
isotherm models used in the present study are given as eqn (5)
and (6), respectively.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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ln qe ¼ ln kF þ 1

n
ln Ce (5)

Ce

qe
¼ 1

bVm

þ Ce

Vm

(6)

where Ce and qe have the same meaning as described earlier; n
and kF are the Freundlich isotherm constants representing
adsorption intensity and adsorption capacity, respectively; Vm
and b are the Langmuir isotherm constants representing
monolayer adsorption capacity and adsorption bond energy
respectively. The values of kF and n were calculated from the
slope and intercept of the plot of ln(qe) versus ln(Ce). The values
of b and Vm were calculated from the slope and intercept of the
plot of Ce/qe versus Ce. The values of isotherm constants and the
correlation coefficients are presented in Table 4.

The correlation coefficient values indicate a reasonably good
tting of the adsorption data to both the isotherm models.
However, the correlation coefficient values obtained for the
Table 4 The calculated values of the Freundlich and Langmuir
isotherm constants and correlation coefficients

Adsorbent

Freundlich isotherm
parameters

Langmuir isotherm
parameters

n kF R2 b Vm R2

PSPA-20 1.80 4.05 0.927 0.05 67.57 0.993
AFPA-20 1.80 4.05 0.880 0.04 67.11 0.993

Table 5 The specific surface area, porosity, and APAP adsorption capac
sources

Source material

Activation chemical,
calcination temperature,
and time

Surfa
area (

Orange peel ZnCl2 1069
500 °C
120 min

Residual pods of Erythrina speciose
plant

ZnCl2 795.1
800 °C
120 min

Cannabis Sativum Hemp H3PO4 —
450 °C
240 min

Banana peel No chemical, pyrolysis at
750 °C for 30 min under N2

atm

524

Tea leaves H3PO4 —

Olive stone H3PO4 990
500 °C
120 min

Peanut shell H3PO4 689
500 °C
120 min

Arecanut ber H3PO4 586
500 °C
120 min

© 2024 The Author(s). Published by the Royal Society of Chemistry
Langmuir isotherm model are very close to unity (R2 = 1) for
both the adsorbents, while those for the Freundlich isotherm
model are relatively less. Therefore, based on the correlation
coefficient value, the Langmuir isotherm model can be
considered the most suitable model (among the two) to explain
the adsorption of paracetamol (APAP) on the activated carbon
adsorbents. Moreover, the maximum adsorption capacity ob-
tained from the Langmuir isotherm constant (Vm) 67.57 and
67.11 mg g−1 for PSPA-20 and AFPA-20, respectively, are very
close to the respective experimental adsorption capacity of the
adsorbents (63.65 and 62.38). The low values of the Langmuir
isotherm constant ‘b’, which represents adsorption bond
energy, indicate there is physical interaction between the acti-
vated carbon adsorbents and the paracetamol (APAP) molecule
(adsorbate).

A similar observation about the better tting of the Lang-
muir isotherm models in terms of correlation coefficient and
the maximum adsorption capacity has been reported by Baccar
et al., for the adsorption ketoprofen on activated carbon
prepared from olive-waste cake.52 While González-Hourcade
et al. reported that Liu's model, a hybrid adsorption mecha-
nism (a combination of the Langmuir and Freundlich isotherm
models), is the most suitable isothermmodel for the adsorption
of paracetamol on nitrogen-doped biochar made from micro-
algae biomass.27

The APAP adsorption performance of the PSPA-20 and AFPA-
20 are compared with other activated carbon adsorbents re-
ported in the literature. Table 5 shows the specic surface area,
porosity and APAP adsorption capacity of activated carbon
ity of activated carbon adsorbents obtained from various plant-based

ce
m2 g−1)

Total pore
vol. (cc g−1)

Adsorption capacity
and the APAP conc. (range) Reference

1.29 118 mg g−1 56
20–150 mg l−1

1 0.422 65 mg g−1 57
175 mg l−1

— 16.18 mg g−1 58
5–25 mg l−1

0.249 57.3 mg g−1 59
0.5–200 mg l−1

— 59.2 mg g−1 60
—

0.91 98.4 mg g−1 61
0–20 mg l−1

0.56 67.57 mg g−1 Present study
5–500 mg l−1

0.36 67.11 mg g−1

5–500 mg l−1

RSC Sustainability, 2024, 2, 3022–3035 | 3029
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adsorbents obtained from various plant-based materials by
different activation methods/chemicals. Generally, the surface
area and porosity of the activated carbon play a signicant role
in the adsorption. Therefore, activated carbon with high surface
area and porosity exhibited high APAP adsorption. The specic
surface area, porosity and APAP adsorption capacities of the
PSPA-20 and AFPA-20 are at par with those presented in Table 5
(except in two cases). The high APAP adsorption capacities of
those obtained from orange peel and olive stone can be corre-
lated with their very high surface area and porosity.

3.2.5. Inuence of solution pH. The inuence of solution
pH on the adsorption APAP by the activated carbon adsorbents
has been studied in the solution pH range between 2 and 10.
Fig. 7(a) shows the adsorption of APAP on the activated carbon
adsorbents as a function of solution pH and Fig. 7(b) shows the
pHZPC of the adsorbents by pH dri technique. Fig. 7(a) shows
that the APAP adsorption remains unaffected (∼55%) in the
solution pH between 2 and 8.5. However, the APAP adsorption
decreased with an increase in solution pH beyond 9. At a solu-
tion pH 10.1, the APAP adsorption by both PSPA-20 and AFPA-20
was ∼38.5%. A similar adsorption pattern for paracetamol
(acetaminophen) on commercial activated carbon in a solution
pH between 2 and 10 has also been reported by Nguyen et al.
(2020).48

The pHPZC and pKa of the adsorbate are critical factors while
investigating the inuence of solution pH on the adsorption.
The point of zero charge of PSPA-20 and AFPA-20 are 3.8 and 3.6,
respectively [Fig. 7(b)], while the pKa of APAP is 9.38.1 This
means at a pH below 3.6/3.8, the adsorbent surface is positive,
and the adsorbent surface charge becomes negative at a pH >
3.6/3.8. On the other hand, APAP remains an un-dissociated
molecule at a solution pH below 9.38 and becomes anionic as
the solution pH goes higher than 9.38. In the present study, the
APAP adsorption remains unaffected throughout the solution
pH between 2 and 9, which implies the non-electrostatic nature
of the adsorption process, as APAP molecules are neutral in this
pH range. A similar observation has been mentioned by Saied
et al. (2024) for the adsorption of paracetamol on orange peel-
derived activated carbon.56 However, at a pH above 9.38 (pKa

of APAP), the electrostatic repulsion between the anionic APAP
Fig. 7 (a) Adsorption of APAP on the activated carbon adsorbents as a f
30 min, adsorbent dose: 1g l−1, temp: 28 °C), and (b) pHZPC of the adsor

3030 | RSC Sustainability, 2024, 2, 3022–3035
and the negative surface charge of the adsorbents resulted in
a decrease in APAP adsorption.

3.2.6. Regeneration and reuse of the adsorbents. The
present study is an endeavour towards developing environ-
mentally sustainable adsorbent for water/wastewater remedia-
tion. Therefore, a low-chemical and low-energy regeneration
process that involves washing the adsorbent with water fol-
lowed by drying has been explored.

The inuence of regeneration and reuse of the adsorbents on
the APAP adsorption capacity of the adsorbents was studied up
to 5 regeneration cycles (Fig. 8). Fig. 8 shows that the adsorption
of APAP (>90%) is not affected up to the 2nd regeneration cycle.
However, from the 3rd cycle, both the adsorbents show a slow
but steady decrease in adsorption. Aer the 5th cycle, the APAP
adsorption by the regenerated PSPA-20 and AFPA-20 were
73.17% and 69.35%, respectively. The decrease in adsorption
capacity on repeated regeneration and reusemight be due to the
fact that the facile regeneration methodology used in the
present study (washing with water and drying at 50 °C) is not
capable of removing the APAP molecules from the adsorbent
completely.

Regeneration of phenolic compounds adsorbed activated
carbons by simple water wash had also been reported by
Mourão et al. (2008).62 Mourão et al.62 also reported an increase
in adsorption in the 2nd cycle followed by a decrease in the
subsequent cycles, as observed in the present study (Fig. 8). The
non-electrostatic nature of the adsorption and the very short
adsorbent–adsorbate contact time (30 min) are the two key
points for water-based regeneration up to four cycles, aer
which the adsorption decreases reasonably due to the fact
mentioned above.
3.3. Adsorption mechanism

To understand the adsorption mechanism of paracetamol
(APAP) on the activated carbon adsorbents, the APAP-loaded
adsorbents are separated from the solution by ltration,
washed (2 times) with distilled water, and characterized by
solid-state 13C NMR spectroscopy and Raman spectroscopy. The
adsorbents PSPA-20 and AFPA-20, thus obtained aer adsorp-
tion, are named PSPA-20AA and AFPA-20AA, respectively.
unction of solution pH (initial concentration: 50 mg l−1, contact time:
bents by pH drift technique.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Adsorption (%) of APAP by the fresh (R0) and the regenerated
activated carbons (initial APAP concentration: 50 mg l−1, contact time:
30 min, adsorbent dose: 4 g l−1, temp: 28 °C).
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The CPMAS solid-state 13C NMR spectra of all the activated
carbon adsorbents before and aer adsorption are shown in
Fig. 9(a and b). The NMR spectra are entirely dominated by
a single broad peak centered at ∼128 ppm, which is charac-
teristic of sp2-hybridized carbon in condensed aromatic rings.63

Peaks in the range of 100–135 ppm are for the bridgehead
carbons. Peaks in the range of 135–150 ppm are for the alkylated
Fig. 9 (a and b) CPMAS SS 13C NMR spectra, and (c and d) Raman spec
cetamol (APAP).

© 2024 The Author(s). Published by the Royal Society of Chemistry
aromatic carbons.64 The intensity of the peak is increased aer
the adsorption of APAP for both the adsorbents, which is due to
the aromatic carbons of the adsorbed n-acetyl-para-amino-
phenol (paracetamol, APAP) molecules on the adsorbent.

The micro-Raman spectra of the adsorbents before and aer
adsorption of paracetamol, presented in Fig. 9(c and d), show
the characteristic sharp bands typical of graphitic carbon at
1602 cm−1 and 1352 cm−1, also called G band and D band
respectively.65 The G band, the rst-order Raman band, is
a result of in-plane vibrations of the sp2 hybridized carbon
representing ordered graphitic structure, while the D band is
due to out-of-plane vibrations attributed to the structural
defects in the graphitic lattice. The D/G intensity ratio (ID/IG) is
an important parameter that represents the degree of graphi-
tization of carbon samples, and the lower the ID/IG ratio, the
higher the degree of graphitization.27 The ID/IG value of both the
adsorbents before adsorption is 0.98, indicating a more ordered
chemical structure of the activated carbon adsorbents than the
defects.66,67 Aer the adsorption of APAP, the ID/IG ratio of both
the adsorbents is slightly reduced (0.95 and 0.89). The relative
decrease in the ID/IG value aer adsorption indicates increased
graphitization due to the adsorbed paracetamol molecules
present on the surface of the adsorbents that promote graphi-
tization of the carbon.68 González-Hourcade et al., also reported
that nitrogen doping decreased the ID/IG value of biochar from
2.19 to 1.79.27
tra of the PSPA-20 and AFPA-20, before and after adsorption of para-
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Fig. 10 The adsorption of amoxicillin and aspirin by the activated
carbon adsorbents (initial conc.: 100 mg l−1, adsorbent dose: 2 g l−1,
contact time: 2 h, temp.: 28 °C).
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The adsorption of paracetamol (APAP) on the activated
carbon samples primarily takes place through surface adsorp-
tion (non-electrostatic) with monolayer formation, which is
conrmed by the excellent tting of adsorption equilibrium
data to the Langmuir isotherm model. The uptake of para-
cetamol by the activated carbons is also through the pore-lling
mechanism, as indicated by the CPMAS SS 13C NMR and Raman
spectra (Fig. 9).

3.4. Adsorption of other pharmaceuticals

The adsorption capacities of the activated carbons are tested for
two other pharmaceuticals namely, amoxicillin and aspirin
(Fig. 10). Adsorbents PSPA-20 and AFPA-20 show similar
adsorption capacity for amoxicillin while for aspirin, AFPA-20
shows remarkably higher adsorption as compared to the
PSPA-20. The amoxicillin adsorption capacities of the PSPA-20
and AFPA-20 were 18.51 and 18.21 mg g−1 with percentage
adsorption of 44.39 and 43.68, respectively. The aspirin
adsorption capacities of the PSPA-20 and AFPA-20 were 32.60
and 41.58 mg g−1 with percentage adsorption of 62.54 and
79.88, respectively. The higher adsorption of aspirin on both the
activated carbons compared to amoxicillin is due to the smaller
molecular size of aspirin compared to amoxicillin,69 which
again establishes the pore-lling mechanism as one of the
adsorption pathways of these activated carbons.

This study establishes the efficacy of the developed activated
carbon adsorbents for the adsorption of pharmaceutical mole-
cules in an aqueous medium.

4 Conclusions

The study showed that phosphoric acid-activated carbons
prepared from agricultural waste materials by a facile method
can effectively be used to remove a number of pharmaceuticals
from water. The outcomes of this work advance the knowledge
in the areas of the structural characteristics of the activated
carbon materials obtained from peanut shells and areca nut
3032 | RSC Sustainability, 2024, 2, 3022–3035
bers, the physico–chemical interactions between the activated
carbon and pharmaceutical molecules, and the regeneration
potential of the adsorbents for reuse for real-life application in
large-scale water treatment systems. All the activated carbons
showed high adsorption for all the studied pharmaceuticals,
paracetamol, amoxicillin, and aspirin, in an aqueous medium.
The adsorption of paracetamol was very fast, and the equilib-
rium was achieved within 30 min of contact. The adsorption
kinetics followed a pseudo-second-order kinetic model. The
adsorption isotherm followed the Langmuir monolayer model.
The adsorption of paracetamol on the activated carbon adsor-
bents was not affected by the solution pH between 2 and 9. The
adsorption of pharmaceutical molecules on the activated
carbons is attributed primarily to the surface area and porosity
of the adsorbent and to the chemical structure of the pharma-
ceutical molecule.

The present study strongly established that phosphoric acid-
activated carbon prepared by a facile method can be effectively
used for the removal of a number of pharmaceuticals from
water. A complete removal of the pharmaceutical molecules can
be achieved by using an appropriate adsorbent dose, based on
the initial concentration of the pharmaceutical compound in
the water. The developed activated carbon adsorbents from
agricultural waste materials could be perceived as a promising
low-cost, eco-friendly adsorbent for the removal of active
pharmaceuticals from water in advanced/tertiary water treat-
ment systems, ensuring the “3 Rs” principle [reduce (waste),
reuse and recycle] of environmental sustainability.
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