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Ibuprofen is a widely used non-steroidal anti-inflammatory, anti-pyritic, and analgesic drug with

occurrence in the aquatic systems of 47 countries. The presence of ibuprofen in aquatic systems poses

a threat to flora and fauna. Therefore, this study developed walnut shell activated biochar (WSAB) using

H3PO4 immersion and 450 �C pyrolysis as a 3-dimensional adsorbent for aqueous ibuprofen

remediation. WSAB was characterized using elemental analysis, ATR-FTIR, XRD, SEM, SEM-EDX, TEM,

BET surface area and pore size measurements. The SBET surface area, pore volume, and pore density of

the WSAB were 686 m2 g�1, 0.38 cm3 g�1 and 0.87 g cm�3, respectively. Batch sorption studies were

performed from pH 2 to 10 at ibuprofen concentrations from 10 to 120 mg L�1 and temperatures from

25 to 45 �C. Maximum sorption (80%) occurred at pH 4 at an IBP concentration of 50 mg L�1 and

a WSAB dose of 1.0 g L�1. Sorption followed second order kinetics well (R2 ¼ 0.999). The sorption

isotherms remained almost constant with an increase in temperature as shown by Langmuir adsorption

capacities [Q�
25�C ¼ 69.7 mg g�1, Q�

35�C ¼ 68.0 mg g�1, and Q�
45�C ¼ 66.9 mg g�1]. WSAB provided an

efficient ibuprofen sorption capacity (30.08 mg g�1) in fixed-bed sorption studies (column parameters:

initial Ibuprofen concentration ¼ 7.5 mg L�1; pH ¼ 4.0; WSAB dose ¼ 2.0 g; bed length ¼ �4 cm;

hydraulic flow rate ¼ 2.5 mL min�1). Sorption of ibuprofen to WSAB involves H-bonding, pore filling with

complexation and hydrophobic p–p donor–acceptor attractions likely participating. An estimated cost

of US$ 6.93 kg�1 together with excellent sorption capacity makes WSAB an efficient low-cost adsorbent

for ibuprofen removal. Thus, this study describes a sustainable waste walnut shell management strategy

as well as treatment of ibuprofen contaminated water.
Environmental signicance

The widely used, non-steroidal anti-inammatory, anti-pyritic, and analgesic drug, ibuprofen, has been chosen as the model for pharmaceutical removal owing
to its worldwide presence in aquatic systems. Thus, walnut shell activated biochar (WSAB) was prepared as a 3-D adsorbent for aqueous ibuprofen remediation.
The ability of the engineered biochar to treat ibuprofen from natural water samples was successfully demonstrated. For the rst time, in-depth mechanisms
including hydrogen bond formation and p–p donor–acceptor and electrostatic interactions were explored and demonstrated using chemical reactions for
ibuprofen removal. Sorption efficiency of WSAB has a higher ibuprofen sorption than most biochars/adsorbents so far reported. Thus, this study provides
sustainable waste walnut shell management as well as ibuprofen contaminated water treatment.
1. Introduction

Pharmaceuticals are a very important and widely discarded
class of chemicals used daily worldwide. Pharmaceuticals have
rapidly become an emerging class of contaminants due to their
continuous use.1,2 During the last 2 decades, the presence of
lal Nehru University, New Delhi, 110067,
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te University, Mississippi, MS 39762-14

mation (ESI) available. See

–545
pharmaceuticals in the environment has increased enor-
mously.2–5 Pharmaceutical manufacturing effluents contain
high quantities of pharmaceutical residues up to the 100 mg L�1

level.2,6–9 Continuous manufacturing site discharges, human
and veterinary usage, disposal and excretion caused this
increase in aquatic pharmaceutical pollution.2,5 The most
common pharmaceutical categories that contaminate aqueous
systems are anti-inammatories, analgesics, antidepressants,
antiepileptics, antibiotics, antacids, antipyretics, beta-blockers,
tranquillizers, and steroids.2,10 Ibuprofen is a non-steroidal anti-
inammatory drug (NSAID) with analgesic and antipyretic
properties. It is widely used for fever, pain, inammatory
© 2022 The Author(s). Published by the Royal Society of Chemistry
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problems and rheumatic disorders. Ibuprofen is one of the
most commonly used and consumed pharmaceuticals and has
a high mobility in aquatic environment systems.1,5,11 To date,
ibuprofen has been reported in the waterways of 47 countries1

and undoubtedly exists in far more.
Conventional wastewater treatment plants are unable to

remove pharmaceuticals completely, leading to their presence
in rivers, lakes, streams and oceans.12 Advanced treatments
used to remediate pharmaceuticals include ozonation, photol-
ysis, Fenton oxidation, electrochemical degradation, ultrasound
irradiation and membrane ltration. However, these methods
are cost-intensive and generate toxic transformation products
and sludge.2,5 In contrast, adsorption is suitable for pharma-
ceutical removal from aquatic systems as it is economical and
does not generate toxic products.13 Activated carbon, biochar,
nanocomposites and mesoporous silica adsorbents have been
used by many researchers for the pharmaceutical adsorp-
tion.11,13–17 We now describe a low-cost and sustainable walnut
shell-activated biochar and its successful use for aqueous
ibuprofen uptake. Global walnut production exceeded 3.8
million tons in 2017.18 Walnut shells comprise �67% of the
total mass. About 2.5 million tons of walnut shells were
produced in 2017. In India, 299 710 tons of walnuts were
produced in 2017.19

The large production of these shells with little use (except for
burning which causes air pollution) makes walnut shells
a perfect precursor for biochar development.18,19 Thus, walnut
shell use for activated biochar development followed by
ibuprofen removal proves to be a “double edged sword” for
environmental protection where both edges are useful.

We now describe a low-cost and sustainable walnut shell-
activated biochar and its successful use for aqueous ibuprofen
uptake. Ibuprofen sorption interactions with WSAB are
proposed and discussed in detail. A walnut shell activated bio-
char cost estimate was developed. Usually, the literature reports
batch removal studies for pharmaceuticals, while column
studies of pharmaceutical sorption are far less common. Thus,
both batch sorption studies and xed-bed column studies were
conducted in this study. Batch studies have several advantages
including ease of obtaining variables/parameter estimates at
the lab scale. However, batch sorption parameters are not
completely applicable for large scale treatment operations due
to different solid-to-liquid ratios, contact kinetics, hydrody-
namic factors, etc.20,21 Thus, batch sorption studies accompa-
nied by column operations provide a better understanding of
sorption. The xed-bed data were also tted by the Adams–
Bohart and Thomas models. Thus, this study provides a good
starting point for a more detailed development of walnut shell
activated biochar for aqueous ibuprofen removal. The main
objective of this study was to develop activated walnut shell
biochar for aqueous ibuprofen removal. Kinetic and isotherm
studies were undertaken to optimize the pH, initial ibuprofen
concentration, WSAB dose, and temperature for ibuprofen
sorption. The obtained column parameters will be useful for
implementing this adsorbent for commercial scale
applications.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2. Materials and methods
2.1. Apparatus and reagents

Analytical grade chemicals were used in this study. (�)
Ibuprofen [2-(4-isobutylphenyl)propionic acid]; purity
98%, M.W. 206.28 was procured from Calbiochem, an affiliate
of Merck KGaA, Darmstadt, Germany. All reagents used were
weighed using aMettler Toledo balance (model AB 265-S/FACT).
pH measurements employed a Thermo Scientic pH meter
(model Orion 5 Star). The pH adjustments were made with 0.1 N
HCl and 0.1 N NaOH. Batch adsorptions were performed in
a temperature-controlled water bath shaker (model Scientech
India). Ibuprofen solutions were prepared fresh for all experi-
ments (details in ESI section S1†). Ibuprofen concentrations
were determined by using a UV/Vis spectrophotometer (model
Lambda 35, PerkinElmer) at a lmax of 264 nm. Nylon syringe
lters (0.2 mm, SY25NN, MDI India) were used to lter the
samples.

2.2. Development of walnut shell activated biochar

Walnut shell activated biochar (WSAB) was prepared by acid
activation as reported previously for activated carbon.22 Walnut
shells were soaked in 50% H3PO4 at 1 : 1 (w/w) solution for 24 h
at room temperature. These shells (500 g per batch) were
pyrolyzed in a muffle furnace under N2 (ow rate ¼ 0.1 m3 h�1)
and heated initially to 170 �C for 0.5 h. Then, the pyrolysis
temperature was increased to 450 �C, held for 1 h and cooled
under a N2 ow. The activated biochar obtained was washed
multiple times with DDW until the biochar pH is stabilized
(�7.0). Then WSAB was dried for 24 h at 100 �C, sieved into
different mesh size fractions (>50, 50–100, 100–150, 150–200,
and 200–300) and stored in air-tight containers for further use.
The 100–150 mesh (150 to 106 mm) WSAB was used for both
batch and xed-bed sorption studies.

2.3. Characterization of activated biochar (WSAB)

A Quantachrome Autosorb-1 surface area analyzer was used to
obtain the N2 adsorption isotherms. WSAB (0.15 g) was out-
gassed at 250 �C for 12 h at <10�3 Torr. The specic surface
area (SBET) was evaluated as reported elsewhere.22 The density
measurements were performed using a Quantachrome Stereo-
pycnometer as reported previously.22 pHzpc of the WSAB was
estimated as previously reported.17 Ash content of WSAB was
evaluated according to the ASTM method D-1762-84.23,24 The
WSAB elemental composition was determined by an acid-
digestion method (EPA method 3052) and analyzed using ICP.
XRF (PANalytical Epsilon 5) was also used for elemental
composition analysis by preparing WSAB pellets.

SEM and TEM analyses were used to probe WSAB's surface
morphologies. SEM analysis was performed by employing
a Zeiss EVO40 SEM (accelerating voltage 20 000 volts; working
distance 10 000–10 500 mm). SEM WSAB samples were moun-
ted on a stainless steel stab using a double stick carbon tape
and coated under vacuum with gold. EDX analysis was per-
formed to determine the surface elemental composition (to a 2
mm depth). Energy dispersive analysis was carried out with
Environ. Sci.: Adv., 2022, 1, 530–545 | 531
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a Bruker EDX system tted to the Zeiss EVO40 SEM. WSAB was
dispersed in ethanol for TEM analysis followed by 10 min
ultra-sonication and xing on a carbon-coated copper grid.
TEM images were recorded with a JEOL JEM 2100F (Japan)
operated at 200 KeV.

An ATR-FTIR spectrometer (model FRONTIER, Perki-
nElmer) was used to record the ATR-FTIR spectra of WSAB
samples from 4000 to 600 cm�1. Walnut shell activated biochar
samples were directly analyzed by placing a few mg of the
sample in the ATR-FTIR spectrometer. A PANalytical X-ray
Diffractometer model X'Pert PRO was used to identify
mineral content and crystallinity in WSAB using Cu-Ka (l ¼
1.54 Å) radiation at 45 kV and 40 mA at a scanning speed of
2� min�1 from 10� to 90�.
2.4. Batch sorption studies

Batch sorption studies were used for equilibrium, kinetic and
pH sorption studies. The pH for optimum ibuprofen adsorption
was determined from pH 2 to 10 using 0.05 L of 50 mg L�1

aqueous ibuprofen with 0.05 g WSAB doses. The samples were
agitated for 24 h in a temperature-controlled water bath shaker
at a constant speed of 120 rpm. The solutions were then ltered
using 0.2 mm syringe lters and analyzed for post-sorption
ibuprofen concentration. The amount of ibuprofen sorbed
onto WSAB was estimated using eqn (1).

Qe ¼ (Co � Ce)V/W (1)

Here, Co and Ce are initial and equilibrium ibuprofen
concentrations in mg L�1; V is the volume of ibuprofen solution
used in liters; W is the amount of WSAB in grams.

Kinetic studies examined the effect of the contact time,
WSAB dose and ibuprofen concentrations on sorption. WSAB
doses (0.5, 1.0 and 2.0 g L�1) were used to determine the effects
of adsorbent dose on kinetics and the optimum dose for
ibuprofen adsorption. The initial ibuprofen concentration
effect on the rate was evaluated at 25, 50, and 100 mg L�1. This
kinetic data were tted to pseudo-rst order25 and pseudo-
second order26 rate equations (summarized in Table S1†). All
kinetic and sorption equilibrium studies were carried out at an
optimum pH of 4.0.

Sorption isotherm studies were performed at 25, 35 and
45 �C over the 10–120 mg L�1 ibuprofen concentration range.
This concentration range was higher than environmental
concentrations and was used to estimate the adsorbent effec-
tiveness and to evaluate its maximum adsorbent capacity. The
isotherm data were tted into Freundlich27 and Langmuir28

isothermmodels. The equations and their parameters are listed
in Table S1.†
2.5. Column studies

Fixed bed studies are important in industrial contaminant
removal applications.29 Design parameters obtained from xed
bed column studies can easily be utilized for large scale
commercial applications. Thus, xed bed column studies were
performed as reported previously.29–39 The xed bed column was
532 | Environ. Sci.: Adv., 2022, 1, 530–545
operated under gravity in the down ow mode with glass wool
as the column support. A distilled water slurry of 2 g WSAB
(100–150 mesh BSS mesh) was fed slowly into an acrylic column
(diameter ¼ 2 cm; length ¼ 40 cm). The adsorption column bed
length was �4 cm, and a hydraulic ow rate of 2.5 mL min�1

was maintained. An ibuprofen solution (7.5 mg L�1) eluted
through the WSBC-loaded column. An effluent sample was
collected and analyzed every 30 min. Column parameters
including breakpoint and exhaustion capacity, breakpoint and
exhaustion volume, percent saturation and empty-bed-contact-
time (EBCT) were calculated.30,31,33,34,36,37

Weber's mass transfer model was used for designing the
xed-bed adsorption column.29 The expression of an ideal
breakthrough curve in terms of ibuprofen effluent concentra-
tion (Cf) and total ibuprofen-free water mass ( Ve) passing
through WSAB's per unit cross sectional area depends upon:

(i) Total ibuprofen effluent mass per unit WSAB area at
breakpoint (Vb) and

(ii) Curve's nature between (Vb) and (Vx) where (Vx) is total
ibuprofen effluent's mass per unit WSAB area, when WSAB is
approaching towards the saturation. (Cb) and (Cx) are the
ibuprofen effluent concentrations at (Vb) and (Vx), respectively.
The constant zone length (d) is the part of the WSAB bed, when
the ibuprofen concentration decreased from (Cb) and (Cx). All
parameters of this mass transfer model are shown in eqn (2)–
(10) below.

The total time taken by primary adsorption zone ¼ tx ¼ Vx

Fm

(2)

where (Fm) is the mass ow rate which is dened as the mass
per unit cross-sectional area of the bed.

The time (td) required for the primary adsorption zone (PAZ)
to move down to its own length in the glass column

td ¼ Vx � Vb

Fm

(3)

The ratio of WSAB bed depthðDÞto the time ¼ d

D
¼ td

tx � tb

(4)

where tb and tx are time duration up to the breakpoint and
exhaustion point (in mins), respectively

The fractional capacity ¼ f ¼ 1� tb

td
(5)

The length of the PAZ (d)

d ¼ D

�
td

tb þ tdðf � 1Þ
�

(6)

where D is the biochar bed depth.
The percent saturation is determined using eqn (7).

Percent saturation ¼ D� dðf Þ
D

� 100 (7)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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The breakthrough capacity and the total column capacity
were calculated by dividing the area between the effluent and
inuent to the breakthrough point and the total area under the
breakthrough curve by the weight of the WSAB used. In addi-
tion, other parameters including the empty-bed-contact-time,
bed volume, and WSAB usage rate are determined using eqn
(8)–(10).29

Bed volume ¼ Weight of biocharðkgÞ
Biochar bulk density

�
kg

m3

� (8)

Empty bed contact time (EBCT)

EBCT ¼ Bed volume

Flow rate
(9)

The biochar usage rate

Walnut shell activated biocharðWSABÞusage rate

¼ Weight of biochar in columnðgÞ
Breakthrough volumeðLÞ (10)

Further, Adams–Bohart40 and Thomas41 models were also
applied to the dynamic sorption data. The Adams–Bohart model
is used to describe the initial part of the breakthrough curve.40,42

The Adams–Bohart model establishes the relationship between
Ce/Co and time (t) in a dynamic system as shown in eqn (11).
Here,

ln
Ce

Co

¼ KABCot� KABNo

Z

F
(11)

where Co and Ce (mg L�1) are the inuent and effluent
ibuprofen concentrations, KAB (L mg�1.min) is the Adams–
Bohart constant, and F (cm min�1) is the linear velocity. F is
calculated by dividing the ow rate by the column cross section
area. Z (cm) is the xed-bed column's bed depth and No (g L�1)
is the column's ibuprofen concentration at saturation. A linear
plot of ln(Ce/Co) against time (t) and the values of KAB and No

were determined from the intercept and slope of the curve
(Fig. S6†).

The Thomas model uses second-order kinetics and the
Langmuir isotherm for equilibrium.41 The Thomas model
assumes plug ow behavior in a xed-bed and is suitable for
sorption processes where external and internal diffusion limi-
tations are absent.41,42 Thomas model's linearized form is
shown in eqn (12).

ln

�
Co

Ce

� 1

�
¼ KThqow

Q
� KThCot (12)

where KTh (mL min�1 mg�1) is the Thomas rate constant, qo (g
g�1) is ibuprofen sorption capacity, Co and Ce (mg L�1) are the
inuent and effluent ibuprofen concentrations, Q (mLmin�1) is
the ow rate,W (g) is the WSAB mass in the column and t (min)
is the total ow time. The linear plot of ln[(Co/Ce) � 1] against
time (t) provides KTh and qo values from its intercept and slope
(Fig. S7†).
© 2022 The Author(s). Published by the Royal Society of Chemistry
2.6. Cost estimation

Cost estimation for adsorbent preparation is crucial for water
treatment at a commercial scale.43,44 Adsorbent feasibility
depends, in part, upon its overall preparation cost. Adsorbent
cost analysis becomes especially important in low and middle
income countries.45 Estimating adsorbent costs requires adding
the preparation step's costs, including adsorbent precursor/raw
material collection and processing (including cleaning, drying
and size reduction), activation/modication, carbonization,
washing and drying. Precursor availability, the number of
treatments, processing required and electricity costs are
important considerations.43,44 Commercial adsorbent selection
depends highly upon its preparation cost.45 Few adsorbent cost
estimates exist for pharmaceutical adsorptions.46,47

A possible approach to evaluate total adsorbent preparation
cost (modied from previously reported methods by Chakra-
borty and colleagues)43,44 is suggested and summarized below:

COSTBC ¼ COSTP + COSTPro + COSTA/M

+ COSTC + OTHER COSTS

where COSTBC ¼ total cost of adsorbent preparation, COSTP ¼
cost of precursor procurement, COSTPro ¼ cost incurred during
precursor processing (including washing, drying, and sizing).
COSTA/M ¼ cost of chemicals used in biochar activation; COSTC

¼ cost of biochar preparation, i.e. pyrolysis (mainly includes
electricity cost for pyrolysis). OTHER COST includes costs
incurred during the biochar preparation along with 10% offset
costs for any mass loss occurred during the entire process. All
costs were initially calauclated in Indian rupee (₹). These were
nally converted and reported in US$ (1 US$ ¼ ₹ 79.62 as on
August 15, 2022).

3. Results and discussion
3.1. Characterization of activated biochar

The surface area (SBET) of WSAB from the nitrogen adsorption–
desorption isotherm (Fig. S1†) was 686 m2 g�1 (Table 1). The
macro-, meso-, andmicro-pore volumes of WSAB were 0.07, 0.12
and 0.38 cm3 g�1, respectively (Table 1). The WSAB bulk density
or apparent density was 0.87 g cm�3; however, its solid or
skeletal density is 1.04 g cm�3 (Table 1). The WSAB ash content
was 2.38% (Table 2). The pHzpc of WSAB was �2.0 (Table 2);
thus at a pH above 2.0, WSAB becomes negatively charged.
Proximate analysis showed carbon (45.0%) oxygen (45.34%) and
hydrogen (6.25%) as the main constituents of the walnut shell
activated biochar (Table 2). Elements were reported as oxides
[Al2O3 ¼ 1.08%; SiO2 ¼ 0.87%; K2O ¼ 0.20%; Na2O ¼ 0.28%;
CaO ¼ 0.15%; Fe2O3 ¼ 0.17%] by convention in walnut shell
activated biochar (Table 2). Chloride (Cl ¼ 0.60%) and silica
(SiO2 ¼ 0.87%) were determined through XRF analysis.

The surface morphology of WSAB from SEM imaging at
different magnications [Fig. 1a and b] exhibits an irregular
surface morphology with both meso- and macro-porous struc-
tures. This correlates with the porosity data (Table 1). These
structures give a large surface area (686 m2 g�1), which
enhanced ibuprofen sorption. The presence of surface carbon,
Environ. Sci.: Adv., 2022, 1, 530–545 | 533
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Table 1 Surface areas, pore volumes and densities of walnut shell activated biochar (WSAB)a

Sample
SBET
(m2 g�1)

Vma-p

(cm3 g�1)
WO

(cm3 g�1)
Vme-p

(cm3 g�1)
VT
(cm3 g�1)

rHg

(g cm�3)

Skeletal
densityb

(g cm�3)

Apparent
density
(g cm�3)

Bulk density
(g cm�3)

Walnut shell activated biochar (WSAB) 686 0.07 0.38 0.12 0.57 1.73 1.04 0.87 0.87

a N2 isotherm at �196 �C; SBET (the specic surface area, BET equation, p/p0 ¼ 0.05–0.35, and am ¼ 16.2 Å2), W0 (micropore volume; the Dubinin–
Radushkevich equation). Mercury porosimetry: Vme-p (mesopore volume), Vma-p (macropore volume), density measurement: VT (total pore volume)¼
1/rHg � 1/rHe, rHe ¼ helium density and rHg ¼mercury density. b Skeletal density: the ratio of the mass of biochar to the sum of the volumes of the
biochar and closed pores within the material.

Table 2 Proximate and elemental analyses of the walnut shell acti-
vated biochar

Elements/compounds Weight (%)

Proximate analysisa

Carbon 45.03
Hydrogen 6.25
Nitrogen 0.96
Sulfur 0.04
Oxygen 45.34
Ash content 2.38
pHZPC �2.0

Elemental analysis (reported as oxides by convention)b

Al2O3 1.08
BaO 0.05
CaO 0.154
Fe2O3 0.172
K2O 0.20
MgO 1206 ppm
Na2O 0.27
SiO2

c 0.87
SrO 0.04
TiO2 0.28
Clc 0.60

a Ash content was determined by incinerating (air-treating) about 1 g of
the sample at 650 �C for 12 h in an electric furnace. b The samples were
dissolved in lithium metaborate fusion and run on a PerkinElmer
Optima 5300 ICP. c Estimated through XRF analysis.
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silicon and oxygen on WSAB was conrmed by the SEM-EDX
spectra (Fig. 1c). Since SEM-EDX only shows the surface (up to
2–3 mm) elemental content of the WSAB, the SEM-EDX results
can differ with bulk elemental composition.48 The TEM images
presented in Fig. 1d–f also reveal the irregular shapes and
amorphous nature of walnut shell activated biochar. The TEM
images of WSAB show thin sheet-like structures.

WSAB peaks observed by ATR-FTIR (Fig. 2a) correspond to
hydroxyl, lactones, and aromatic and aliphatic functional
groups. The broad peak between 3800 and 3500 cm�1 corre-
sponds to non H-bonded organic and possible inorganic –OH
stretching.49–51 Surface-bound water can also be present. The
pair of peaks at 2988 and 2905 cm�1 belong to the asym-
metric and symmetric stretching of sp3-hybridized C–H
groups in WSAB.51 The 1712 cm�1 peak is due to C]O
stretching.22,31 The 1560 cm�1 peak is attributed to
534 | Environ. Sci.: Adv., 2022, 1, 530–545
conjugated aromatic ring breathing modes,31,49 while that at
1453 cm�1 corresponds to –CH2 bending vibrations in the
WSAB.51,52 The peaks at 1225 cm�1, 1160 cm�1 and 1060 cm�1

correspond to aromatic and aliphatic ether C–O stretching
vibrations in the activated biochar.51 Sharp peaks at 875 and
665 cm�1 are assigned to out-of-plane C–H bending modes of
the aryl ring.51

The WSAB XRD pattern (Fig. 2b) exhibits a single broad peak
around 2q ¼ 24�, representing the (0 0 2) graphitic basal plane
reections53 of amorphous aromatic carbon.22 This broad peak
also exhibits a strong small angle scattering, indicating the
amorphous nature of WSAB carbonaceous structures with high
porosity.54,55 Small broad peaks of (1 0 0) and (1 1 0) near 42� and
79� indicate that WSAB contains some small ordered graphene
sheet domains.53

3.2. Sorption studies

3.2.1. Kinetic studies and modeling. WSAB dosage and
initial ibuprofen concentration effects on adsorption are shown
in Fig. S2 and S3,† respectively. A signicant increase in the
adsorption occurred (from 70 to �98%) as WSAB dosage
increased from 0.5 to 2.0 gL�1 (Fig. S2†). However, the percent
ibuprofen removal declined with increase in the initial
ibuprofen concentration from 25, 50 and 100 mgL�1 (Fig. S3†).

Pseudo-rst order and pseudo-second order rate parameters
for ibuprofen sorption on WSAB at different doses and
concentrations are shown in Table 3. Pseudo-second order ts
were far better with R2 values of 0.998, 0.999 and 0.999,
respectively, for 0.5, 1.0 and 2.0 g L�1 WSAB doses. Also, second
order correlations maintained high R2 ¼ 0.995, 0.999 and 0.997
for 25, 50 and 100 mg L�1 ibuprofen concentrations, respec-
tively [Fig. 3a and b]. The linear pseudo-rst order dose and
concentration kinetic plots are given in Fig. S4.† Ibuprofen
sorption equilibrium is achieved in less than 24 h (Fig. S3†). The
maximum removal efficiency increases from 76.0% at 0.5 g L�1

WSAB dose to �98% at 2.0 g L�1 WSAB dose at 50 mg L�1

ibuprofen concentration. The maximum removal efficiency also
increased with a drop in the ibuprofen concentration. The
removal efficiency at 1.0 g L�1 WSAB dose increased from 63.0
to 100% as the ibuprofen concentration dropped from 100 to
25 mg L�1.

3.2.2. Sorption isotherms and modeling. The batch sorp-
tion isotherm data, obtained at 25, 35 and 45 �C at an optimum
adsorbent dose of 1.0 g L�1 (Fig. S5†), were tted to Freundlich
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM micrographs (A) at 500� and (B) at 2000�, (C) SEM-EDX spectra, and (D–F) TEM micrographs of WSAB.

Fig. 2 (a) FTIR and (b) XRD spectra of walnut shell activated biochar.

Table 3 Pseudo-first order and pseudo-second order kinetic parameters for ibuprofen sorption at 25 �C at different WSAB doses and initial
ibuprofen concentrations

Experimental qe (mg g�1)

Pseudo-rst order Pseudo-second order

qe (mg g�1) k1 (h
�1) R2 qe (mg g�1) k2 (g mg�1 h�1) R2

At different WSAB doses (g L�1)
0.5 75.83 20.17 0.07 0.782 76.34 0.01 0.998
1.0 42.98 8.19 0.06 0.560 43.48 0.03 0.999
2.0 24.25 3.1 0.03 0.447 24.21 0.08 0.999

At different initial ibuprofen concentrations (mg L�1)
25 24.46 4.10 0.006 0.389 24.33 0.05 0.995
50 42.98 8.19 0.01 0.560 43.48 0.03 0.999
110 69.64 15.00 0.01 0.776 70.92 0.02 0.997

© 2022 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Adv., 2022, 1, 530–545 | 535
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Fig. 3 Pseudo-second order kinetic plots (a) dose kinetics at 0.5, 1.0
and 2.0 g L�1 WSAB; (b) ibuprofen conc. kinetics at 25, 50, and
100 mg L�1 [temp. 25 �C, pH 4.0].

Table 4 Langmuir and Freundlich isotherm constants for ibuprofen
sorption on WSAB at 25, 35, and 45 �C

Isotherms Parameters

Temperature (�C)

25 35 45

Freundlich KF (mg g�1) 22.5 20.0 18.1
1/n 0.31 0.37 0.40
n 3.23 2.72 2.53
R2 0.86 0.94 0.94
SEE 8.85 6.24 5.91

Langmuir Q� (mg g�1) 69.7 68.1 67.0
b (L mg�1) 0.29 0.15 0.14
R2 0.79 0.92 0.95
SEE 10.84 7.26 5.36

Environmental Science: Advances Paper
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and Langmuir isotherm equations (Fig. 4). Maximum Langmuir
capacities were 69.73, 68.05 and 66.98 mg g�1 at 25, 35 and
45 �C, respectively (Table 4). The maximum adsorption capac-
ities remained almost constant with temperature (Table 4). Both
models have high correlation coefficient (R2) values (Table 4),
which suggests that monolayer and multilayer sorptions occur
simultaneously. This also supports diverse sorption processes
Fig. 4 Ibuprofen isotherm plots at 25, 35, and 45 �C; (a) Langmuir and (

536 | Environ. Sci.: Adv., 2022, 1, 530–545
(Schemes 2–6) proceeding simultaneously. Walnut shell acti-
vated biochar's sorption efficiency (�70 mg g�1 at 25 �C) is
higher than those of most biochars and modied biochars re-
ported in the literature (Table 5).

3.2.3. Effect of the initial solution pH. The initial solution
pH played a very signicant role in ibuprofen adsorption (Fig. 5)
both by inuencing the surface properties of WSAB and by
altering ibuprofen's speciation. Ibuprofen adsorption is higher
in acidic pH with the maximum adsorption at pH 4. Lowering
pH below 4 or increasing pH above 4 causes ibuprofen uptake to
fall (Fig. 5). The decrease in ibuprofen sorption with a drop in
pH from 4.0 to 2.0 is due to the presence of only the neutral
form of ibuprofen, and at pH 2, the net surface charge on WSAB
drops to zero (pHzpc of WSAB ¼ 2.0). As the pH increases from
2.0 to above 4.0, the WSAB surface becomes net negatively
charged, and ibuprofen is increasingly ionized to its carboxylate
form. This decreases sorption by electrostatic repulsion (Fig. 5,
Scheme 5). Similar trends for ibuprofen adsorption were also
reported in several studies.5,11,13–17,56

3.2.4. Ibuprofen adsorption mechanism onto WSAB.
Ibuprofen (pKa ¼ 4.9) contains one aliphatic carboxylic group
(–COOH) which can deprotonate to (–COO�). Scheme 1 shows
the deprotonated and neutral forms of ibuprofen. Ibuprofen is
predominately deprotonated at pH > 4.9 (pH > pKa), while it
exists mostly as neutral at pH < pKa. At pH 4.0, the activated
biochar surface has a net negative charge (pH > pHzpc), but
ibuprofen will be mostly neutral (COOH). This neutral form will
b) Freundlich [initial pH 4.0, WSAB dose 1.0 g L�1].

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Ibuprofen protonation-deprotonation showing both neutral and deprotonated forms.

Scheme 2 Proposed hydrogen bonding between neutral ibuprofen and WSAB's phenolic groups.

Scheme 3 Hydrogen bonding between neutral ibuprofen and
carboxylic functional groups of WSAB.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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H-bond strongly with deprotonated surface oxygen sites on the
WSBC net negative surface. However, at pH > 4.9 (pH > pKa),
ibuprofen is largely in its carboxylate form, resulting in the drop
in ibuprofen adsorption on WSAB due to electrostatic repulsion
(pHzpc � 2.0). The carboxylate form experiences repulsion from
the negatively charged WSAB surface. Electrostatic attraction
plays a minor role in adsorption because ibuprofen never
becomes protonated (positively charged) at a pH where the
WSAB surface becomes negatively charged (pH > 2). H-bonding,
van der Waals forces and pore diffusion serve as sorption
attractions.2,17 Ibuprofen's aromatic ring might also engage in
p–p donor–acceptor stacking with electron decient aromatic
sites on the WSAB. The two p-aliphatic substituents on this ring
have branched structures which might sterically hinder such
interactions, but they also enrich the p-electron density on the
ring favoring the p-stacking shown on the upper le of Scheme
Environ. Sci.: Adv., 2022, 1, 530–545 | 537
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Scheme 4 WSBC hydrogen bonding from ibuprofen (pH < pKa) and to ibuprofen (pH > pKa).
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6. Ibuprofen's water solubility increases as pH increases, and it
becomes completely ionized to its carboxylate form. This will
alter the change in free energy experienced going from the
solution to the adsorbed state in complex ways that involve both
the DH and TDS terms of DG. The hydrophobicity of the
carboxylate form is much less than that of the neutral carboxyl
form. Contribution to favoring the sorption versus the solution
state of both ibuprofen forms is a very complex topic. The Gibbs
free energy was negative (�28.4, �27.7 and �28.4 kJ mol�1) for
sorption at 25, 35 and 45 �C, respectively. Ibuprofen sorption
was spontaneous on WSAB, and sorption remains almost
constant with temperature changes. Possible ibuprofen/WSAB
interactions are shown in Schemes 2–6. H-bonding contribu-
tors aremore easily discussed, but other major contributors and
the role of entropy (DS) are really impossible to clarify in
molecular terms.

WSAB contains oxygen-containing surface functional groups
such as carboxyls, quinones, lactones and phenols that play
important roles in adsorption.2,57 The elemental analysis, FTIR
and EDX data conrmed that these oxygen functional groups
exist on the WSAB surface. These functional groups allow
walnut shell activated biochar to act both as an H-bond donor
and acceptor. These groups can form H-bonds with ibuprofen
538 | Environ. Sci.: Adv., 2022, 1, 530–545
under various conditions as shown in Schemes 2–4. At pH 4.0,
the point of maximum adsorption, ibuprofen is mostly in the
neutral state. Its main H-bonding interactions are with
phenolic, lactonic, carboxylic and ether groups (Schemes 2–4).
Here, ibuprofen's –COOH group acts as a strong H-bond donor
and as an H-bond acceptor. Chelation of ibuprofen with acti-
vated biochar may also happen in a similar fashion (Scheme 3).

At pH > 4.91, ibuprofen sorption is reduced. Ibuprofen is
present in both its neutral and carboxylate forms. WSAB is now
net negatively charged, resulting in more electrostatic repul-
sions (Scheme 5), lowering adsorption as pH increases. Pore
diffusion and p–p-interactions also enhance ibuprofen sorp-
tion on WSAB.2,17,33,48,58 Ibuprofen's aromatic ring could interact
with electron rich or electron decient aromatic WSAB sites via
p–p electron-donor attractions. Phenolic hydroxyl groups
increase aromatic ring electron density (and even more so upon
their deprotonation to phenolate sites). This favors p–p elec-
tron donation to neutral ibuprofen (Scheme 6). Such p–p

electron donation to neutral ibuprofen by carbonaceous
adsorbents was previously invoked as a possible sorption
interaction.2,16,17,44 WSAB's large surface area (686 m2 g�1) and
porosity promote ibuprofen sorption through pore diffusion.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 At high pH (pH > both pHzpc and pKa), both ibuprofen and WSAB are negatively charged, leading to charge–charge repulsions, thus
decreasing the overall adsorption.

Scheme 6 p–p electron donor–acceptor attractions between neutral and deprotonated ibuprofen with aromatic rings on the WSAB surface.
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3.2.5. Column studies. Fixed-bed column studies were
performed to optimize the sorption process for use in future
large-scale applications. Fixed-bed ibuprofen sorption was
© 2022 The Author(s). Published by the Royal Society of Chemistry
performed, and the column parameters (Cb, Cx, tb, tf, tx, td, Vb,
Vx, d, f, column capacity, breakthrough capacity, and percent
saturation) were obtained (Table 6) from ibuprofen's xed-bed
Environ. Sci.: Adv., 2022, 1, 530–545 | 539
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sorption graph (Fig. 6). Section 2.6 provides the background
on these terms, and Table 6 also denes these parameters. The
increase in the effluent ibuprofen concentration is less steep,
indicating the less efficient utilization of the biochar xed-
bed. Thus, only an 89% column saturation at the exhaustion
point is achieved (Table 6). The column capacity was 30.08 mg
g�1, and the breakpoint capacity was 15.6 mg g�1. Low column
capacity might be due to the presence of a wide mass transfer
zone.34 The column almost cleaned 5 L of ibuprofen contam-
inated water before reaching to the breakthrough point
(Fig. 6). The slower saturation and delay in breakthrough are
due to the larger surface area of the WSAB, which increased
the number of surface active sites for excellent ibuprofen
sorption.59 The breakthrough point occurs when the effluent's
adsorbate concentration started increasing due to a decrease
in the mass transfer zone. An adsorbent with excellent sorp-
tion capacity (WSAB with a maximum Langmuir capacity of
�70 mg g�1) gave a delay in the time to breakthrough due to
complete ibuprofen sorption during the initial phase. Low
column capacity (30.08 mg g�1) versus batch capacity (�70 mg
g�1) for WSAB was obtained. The empty bed's contact time
with the contaminated water of 21.2 min is much shorter (�70
times shorter) than the batch equilibrium time of 24 h. Thus,
the column takes a long time to reach equilibrium and
breakthrough.

The experimental column data were also tted to the Adams–
Bohart and Thomas models described in section 2. The Adams–
Bohart and Thomas tting gures are provided in S6 and S7,†
respectively. The data obtained from Adams–Bohart and
Thomas model tting are provided in Table 6. Both models
showed high correlations (R2¼ 0.88) with the sorption data. The
column saturation concentration (No) obtained through the
Adams–Bohart model is 29.5 mg L�1. Equilibrium ibuprofen
uptake per gram WSAB (qo) obtained by the Thomas model is
35.9 mg g�1. This is reasonably close to an experimental column
capacity of 30.08 mg g�1, supporting the applicability of the
Thomas model to column data.

Usually, the pharmaceutical concentrations in natural
systems are in the ng L�1 to mg L�1 range.2 However, in indus-
trial effluents, concentrations are in mg L�1 and occasionally
increases to the 1 mg L�1 range.2 Assuming a maximum
1 mg L�1 environmentally relevant concentration, one-gram
WSAB can treat approximately 30 L ibuprofen contaminated
water under ideal column conditions. This shows high appli-
cability for WSAB. Sorption decontamination would most likely
be applied to point emissions to the environment such as
factories, hospitals and similar effluents or specic streams in
wastewater treatment plants. Studies of low ibuprofen concen-
trations were not yet performed.
3.3. Cost estimation

The preparation cost of walnut shell activated biochar (WSAB)
can be estimated using equations provided in section 2.6.

COSTBC ¼ (COSTP + COSTPro + COSTA/M + COSTC) +

OTHER COSTS
Environ. Sci.: Adv., 2022, 1, 530–545 | 541
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Fig. 5 Effect of the initial pH on ibuprofen sorption using WSAB
[temperature 25 �C, initial ibuprofen concentration 50 mg L�1, and
WSAB dose 1.0 g L�1].

Fig. 6 Ibuprofen uptake onWSAB fixed-bed column. A graph showing
the breakpoint and saturation at the exhaustion point (initial ibuprofen
concentration 7.5 mg L�1, pH 4.0, and column bed length �4 cm;
hydraulic flow rate of 2.5 mL min�1; WSAB dose 2.0 g).
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COSTBC ¼ US$ 0.44 + US$ 1.26 + US$ 3.14 + US$ 1.46 + US$

0.63 ¼ US$ 6.39 kg�1

� COSTP ¼ Precursor cost + transportation cost + packing
and storage cost ¼ US$ 0.44 kg�1

- Precursor cost [precursor procurement] ¼ US$ 0.19 kg�1
Table 6 Fixed-bed column parameters obtained for ibuprofen sorp-
tion on WSAB

Parameters Results

Weight of WSAB 2.0 g
Bed depth 3.5 cm
Bed volume 11.0 cm3

Flow rate 2.1 mL min�1

EBCT (empty-bed-contact-time) 21.2 min
Biochar usage rate 0.0004 g L�1

Column capacity 30.1 mg g�1

Breakpoint capacity 15.6 mg g�1

Initial concentration (Cₒ) 0.0075 mg mL�1

Ibuprofen concentration at the
exhaustion point (Cx)

0.005 mg mL�1

Ibuprofen concentration at the
break point (Cb)

ND

Exhaustion volume (Vx) 48.5 mg cm�2

Break point volume (Vb) 15.9 mg cm�2

Total time to reach the exhaustion point (tx) 7340 minutes
Total time to reach the break point (tb) 1878 minutes
Percent saturation 99.8
Primary adsorption zone length (d), cm 2.60
Fractional capacity (f) 0.88

Adams–Bohart model
KAB (g min L�1) 0.067
No (g L�1) 29.53
R2 0.88

Thomas model
KTH (g min L�1) 0.067
qo (g g�1) 35.93
R2 0.88

542 | Environ. Sci.: Adv., 2022, 1, 530–545
� Transportation cost + packaging/storage etc.¼ US$ 0.23 + 2
¼ US$ 0.025 kg�1 ¼ US$ 0.255 kg�1 (this cost will be reduced for
large scale precursor procurement) COSTPro ¼ (cleaning cost +
drying cost + labor cost for precursor size reduction)¼ (US$ 0.19
+ US$ 0.20 + US$ 0.87) ¼ US$ 1.26 kg�1

- (Cleaning cost ¼ precursor cleaning using tap water fol-
lowed by distilled water ¼ US$ 0.19 kg�1)

- Drying cost ¼ sun drying + oven drying (sun drying ¼ US$
0.0 kg�1) + (oven drying for 2 h for ensuring complete drying of
the precursor ¼ 2 � 1 KW ¼ 2 KW ¼ 2 � 8 (tariff rate) ¼ US$
0.20 kg�1), (note: this cost will be less for large scale operations)
¼ total ¼ US$ 0.20 kg�1

- Labor cost for precursor sizing ¼ US$ 0.87 (unskilled labor
cost �@ US$ 6.91/8 h) (this cost will be reduced for large scale
operations involving grinding/sizing machines)

� COSTA/M ¼ activation cost (procurement of o-phosphoric
acid used for biochar activation) ¼ US$ 3.14 kg�1

� COSTC ¼ (pyrolysis + nitrogen gas cost) ¼ US$ 1.49 kg�1

- (Total furnace running time � power consumption per hour
� tariff rate) ¼ (2 h � 4.4 KW � 8) ¼ US$ 0.88 kg�1

- (Nitrogen usage ¼ total ow � cost) ¼ US$ 0.23 kg�1

Total gas ow ¼ 0.1 m3 per hour � 3 ¼ 0.3 m3

Cost ¼ US$ 0.075 per m3

Biochar washing ¼ US$ 0.35 kg�1 (distilled water was used;
its approximate cost is based on the electricity usage and water
tariffs)

� OTHER COSTS ¼ 10% offset (including wastewater recy-
cling and waste disposal) ¼ US$ 0.63 kg�1

Biochars can be inexpensive or have negligible cost due to
less expensive production techniques and waste utilization for
biochar preparation.46 In this study, walnut shells were ob-
tained from a local market free of cost, but US$ 0.18 kg�1 was
included based on the market cost. The total preparation cost of
WSAB is estimated to be US$ 6.93 kg�1. This cost can further be
reduced by scaling up the biochar production for commercial
purpose. The approximate cost of WSAB (US$ 6.93 kg�1) is
© 2022 The Author(s). Published by the Royal Society of Chemistry
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comparable or lower than those of chitosan (US$ 16 kg�1),
chitosan based adsorbents (US$ 8–10 kg�1), commercial acti-
vated carbons (US$ 20–22 kg�1), and ion exchange resins (US$
150 kg�1) used for the pharmaceutical removal.47
4. Conclusions

Waste walnut shells were successfully used to prepare walnut shell-
activated biochar (WSAB). This activated biochar was characterized
and successfully applied for aqueous ibuprofen removal. The
maximum ibuprofen sorption was achieved at pH 4.0. An excellent
Langmuir adsorption capacity of 69.7 mg g�1 was achieved;
highlighting WSAB's potential for removing ibuprofen. This may
extend tomany organic pollutants and emerging pharmaceuticals.
WSAB has a higher ibuprofen sorption than most biochars re-
ported in the literature. Column studies gave a promising sorption
capacity of 30.1mg g�1. This workmandates a broad general study
of WSAB for adsorption of pharmaceuticals and organic contam-
inants in general. Sorption interactions include H-bonding,
hydrophobic interactions, van der Waals forces, p–p attractions
and pore diffusion for ibuprofen adsorption. The approximate
production cost of US$ 6.93 kg�1 indicates WSAB as a low-cost
adsorbent. Together with its easy availability and high sorption
efficiency, WSAB is a sustainable sorbent for remediating
ibuprofen from contaminated water.
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