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ABSTRACT: Diclofenac batch adsorption was investigated in a synthesized aqueous solution using
Activated Carbons (ACs) prepared from walnut shells with the chemical activation method. The use
of phosphoric acid as an activating agent for preparing of ACs has been studied. The ACs were yielded
at various concentrations 20,35,40,60,75 and 85%, respectively, which are termed AC20, AC35,
AC40, AC60, AC75 and AC85%. Adsorbent was characterized for its texture by Scanning Electron
Microscopy, Granulomere laser, Interferometric Microscopy, X-ray diffraction and Fourier
transform infrared spectroscopy-Attenuated total reflectance. The structure determined by the iodine
and methylene blue number, point of zero charge measurement and optimization of diclofenac
adsorption parameters. The adsorbate was determined by adsorption tests were performed
on diclofenac sodium by varying the mass of ACs, pHi, initial concentration, stirring speed, contact time
and temperature. The limits of pharmaceutical substance adsorption by prepared ACs were 99.66%
with AC35% at pH= 2, m35% = 2mg, at contact time of 60min for diclofenac sodium. The synthesis
results showed that the optimal physicochemical properties of the ACs were observed at 25°C,
optimal iodine and methylene blue adsorption of AC35% was 3784.6 mg/g and 1990.67 mg/g,
respectively. It was observed that the removal efficiency of Diclofenac sodium (DCF) was defined
by the reactivity with the adsorbent and the percentage of activating agent. The ACs elaborate are
an excellent adsorbent for the removal of the pharmaceutical substance studied.
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INTRODUCTION

Activated carbon is a porous carbon material with high
adsorption ability, it is extensively used in various
applications. These applications cover a vast range of
systems, including water and wastewater treatment,
separations, hazardous waste treatment, industrial
wastewater and gas treatment as an adsorbent due to its

large specific surface area, reactivation property, desired
porous structure, good chemical resistance and various
oxygen-containing functional groups on its surface.
Nowadays, AC can be produced from a huge number
of accessible and inexpensive materials containing high
carbon content and low inorganic content, such as apricot
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stones, coconut shell, cherry pit, rice husk, peanut shell,
walnut shell [1-5]. The main production process of
activated carbon is focused on the activation and
carbonization of the raw material [6]. The activation of
precursor can be implemented -either physically or
chemically. A typical physical method consists of
a thermal treatment that is carried out in two steps: first is
carbonization of the precursor and the second is controlled
gasification (steam flow, temperature, heating rate, etc.)
of the raw material. In the chemical method, the feedstock
is impregnated with a chemical agent, such as KOH,
NaOH, KzCOa, ZnC|2, FeC|3, HzSO4, and H3P04, and the
mixture is heated to a temperature of 450-700 °C [7].
The chemical activation reduces the formation of tar and
other byproducts thus increasing the carbon yield.
The type and number of chemical agents used are important
to improve the quality and quantity of the activated
carbon obtained [8].

Activated carbons are of interest in many economic
sectors and concern many industries as diverse as food
processing, pharmaceuticals, chemical, petroleum,
mining, nuclear, automobile and vacuum manufacturing.

The physicochemical characteristics of activated carbon
depend on the type of raw material used and activation
conditions. Activated carbons are classified into one of
three types, such as powder, granular and fibers, according
to their size and shape, and each type has its specific
application. Raw materials for activated carbon are chosen
according to their purity, price, potential degree of
activation, and stability of supply. They derive their
adsorptive properties from an extensive internal porous
structure that has a high surface area available for adsorption
of molecular species. This high porosity is a function
of both the precursor and the activation scheme. The precursors
to activated carbons are either of botanical origin (wood,
coconut and nut shells) or degraded and charred plant
material (peat, lignite and all types of coal). Agricultural
wastes are considered very important raw materials due to
two facts: they are renewable sources and inexpensive
materials. In recent years, condensed research on activated
carbons from agricultural residues has been reported
(apricot pits, peach pits, cherry pits, date pits, wheat straw,
pecan shells, hulls of soybean and rice), walnut shells and
many others (grape seeds, plum stones, almond shells),
corncobs have received very little mention, even though
they are a cheap and abundant agricultural waste product
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with no economic value [9-11].

Phosphoric acid and zinc chloride are used for the
activation of lignocellulosic materials that have not been
previously carbonized, while metal compounds such as
potassium hydroxide are used for the activation of coal or
biochar precursors. Compared to zinc chloride, phosphoric
acid is most preferred because of the environmental
drawbacks associated with zinc chloride.

In addition, carbons obtained with zinc chloride cannot
be used in the pharmaceutical and food industries because
they contaminate the product [12]. Thus, the researchers
focused on the production of activated carbon from
biomass and renewable natural sources as an alternative to
fully utilizing these resources [13-19]. Diclofenac (DCF)
is an anti-inflammatory non-steroidal drug. Its sodium salt
has been widely used in medical care as an analgesic,
antiarthritic and antirheumatic reagent with a high
consumption rate [20]. High concentrations of diclofenac
in wastewater are a significant problem for the environment.
owing to incomplete removal of DCF by conventional
wastewater treatment processes [20-21]. The contamination
of water resources by DCF can cause poisoning and decline
in the population of birds, fish and aquatic creatures.
This poisoning effect can even increase when a mixture
of DCF with other pharmaceuticals is used [22]. It
has been confirmed as a persistent pollutant due to its
low biodegradability and sorption properties, can transform
into very toxic metabolites [23-24]. The study of
the environmental behavior of pharmaceuticals, some
technics such as membrane filtration [25], adsorption [26],
chemical treatment, and Advanced Oxidation Process
(AOP) [27], etc. They have been used to minimize the
concentration of DCF or other pollutants in water. Most
of these traditional techniques have some disadvantages,
such as expensiveness, need to advanced techniques
or equipment, remaining the pollutants because they
may transfer the concomitant from one phase to another,
etc. [28].

In this research, walnut shells were used as a precursor
for the production of activated carbons by chemical
activation with phosphoric acid, due to its cost
effectiveness, it is used as an activating agent for
producing activated carbons. The effects of the different
concentrations of HsPO, on the properties of activated
carbons were investigated. They explored the effects
of physicochemical parameters of ACs prepared including
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Fig.1: The preparation process of activated carbon

pH, adsorbent dosage, and initial DCF concentration,
as well as the impacts of contact time and temperature
on DCF removal process in a batch system. Then, a comparison
of the diclofenac sodium absorption capacity of activated
carbon was performed to study the yield of removal.
In addition, the results of Fourier Transform InfrarRed
(FT-IR) spectroscopy, X-Ray powder Diffraction (XRD),
Scanning Electron Microscopy (SEM-EDS), particle size
distributions and interferometric microscopy were used
to characterize the structure and morphology of the
adsorbents in order to find the physicochemical properties
of ACs at different concentrations and its feasibility for
application in the adsorption of this drug residue were
investigated and discussed. The advantages of chemical
activation are low energy cost, since chemical activation
generally takes place at a lower temperature than that used
in physical activation, and the yields of chemical activation
are higher than those of physical activation [29,30].
Chemical activation also allows for better development of
a porous structure [31].

EXPERIMENTAL SECTION
Preparation of activated carbons

In this study, the walnut shells used were collected
from agriculture waste, and are originally from the area
of Cheliff Algeria. They were washed with water several
times to remove dust until clear water was obtained. Then,
the shells were rinsed with distilled water and dried
at 110°C for 24 hours. The dried samples were crushed
and sieved to a size of about 0.5 mm, this powder fraction
was used for the preparation of activated carbon.
The proximal analysis of the precursor according
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to the AC standards based on to SNI standards of
(06-3730-1995) have shown that these agricultural
wastes are considered good candidate for conversion
to activated carbon due to their relatively high carbon
content and low ash content [6].

The chemical activation of the powdered precursor
was performed using phosphoric acid (HsPO,) (Fig.1).
Thus, several aqueous solutions of H3PO, were
prepared at 20, 35, 40, 60, 75, and 85% by weight. 10g
of dried precursor was mixed with 20 mL of each
solution. The mixing was performed at 25°C for 24
hours. After mixing, the suspension was subjected to
vacuum drying (oven MEMMERT) at 110°C for 24
hours. The obtained samples were washed with hot
distilled water several times until the filtrate reached
a neutral pH. The resulting sample was dried at 110°C
for 24 hours. Finally, the chemically activated samples
were placed in a muffle furnace at 450°C at a heating
rate of 10°C/min for 2 hours.

Characterization of activated carbons

The physicochemical characteristics of the activated
carbon were determined by several techniques and
different analysis

Proximate analysis of carbon produced

The ACs were subjected to characterization in order to
test it for properties like moisture content, volatile matter,
ash content, and fixed carbon. The ash content was determined
in accordance using the procedure of ASTM D2866-94
(2000), moisture content was determined according
to ASTM D3173-00 while the volatile matter according to
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ASTM D1762-84 (2007), and Fixed carbon is a measure
of the amount of non-volatile carbon remaining in a coal
sample. It is a calculated value determined from other
parameters measured in approximate analysis, rather than
through direct measurement (ASTM method D3172-07a,
American Society for Testing and Materials, 2013,
p. 492-493). Fixed carbon is the calculated percentage of
material lost in the moisture, volatile matter, and ash tests
from the following formulas:

Moisture content % = (Weight reduced/Weight be

foreheating at oven) * 100%. (1)
Volatile Matter % = (Weight reduced/ Weight of furnace-
dried samples) * 100%. 2
Ash % = Weight of Ash/Weight of furnace-dried samples)
*100%. 3)
Fixed cabon % = 100%-(Moisture%+Volatile
Matter%+Ash%). 4

Point of Zero Charge pH (pHpzc) measurement

The pHpzc value characterizes surface acidity.
When oxide particles are introduced in an aqueous
environment, their surface charge is positive if pH
(solution)is <pHpzc and it is negative if pH (solution) is
>pHpzc. The pHpzc (the pH value at which the surface
has zero net charge) was determined by the so-called pH
derivative method [32]. The pH of aqueous NaCl
solutions was adjusted to successive initial values
between 2 and 12 by adding either 0.1M of HCl or 0.1M
of NaOH. Mixtures were prepared by adding the
optimal mass of each activated carbon to each solution.
The final pH was measured and plotted against
the initial pH after 24 hours of stirring. The pHpzc
was determined at the value for which pHysing is equal
to pHinitial.

lodine number

The iodine number is the magnitude of iodine
absorbed by 1 g of carbon. The iodine number can be
acclimated to estimate the surface area and microporosity
of activated carbons with good precision which defines the
small pore (<2 nm) of an activated carbon and therefore
reflects its ability to adsorb small substances. To determine
the iodine number, a volume of HCI 5% by weight was added
to a quantity of activated carbon, swirled until the carbon
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was wetted, then the volume of 0.1 N iodine solution
was added and the content was shaken vigorously for a few
minutes then filtered. The 10 mL of filtrate was titrated
with sodium thiosulfate using starch as indicator
(ASTM 2006) [33].

The iodine number was calculated using the following
equation:

CNay$,03-VNay$,0
(Colp—Na25203 "NazSy 3)'M12'Vads

N (%) = L ®)

g mAC

Where, C,l,, is the initial concentration of the I,
solution,Cya, s, 0, is the concentration  of  sodium
thiosulfate solution (mol/L),Vyg, s,0, 1S the volume of
sodium thiosulfate solution (mL), V,,is the volume of
iodine dosed (mL), M, is the molar mass of iodine
(g/mol), V,4.is the adsorption volume (mL) and m,
is the mass of activated carbon(g).

Methylene blue number

The Methylene Blue Number (MBN) is defined
as the maximum amount of dye adsorbed on 1g of
adsorbent. Adsorption experiments of methylene blue
molecules are easy and usually performed to
characterize activated carbon with the aim of obtaining
information about the adsorption capacity of materials.
According to the dimensions of the methylene blue
molecule, it is mostly adsorbed in mesopores, with the
pores having
a diameter of 20-500A, so is related to the macro- and
mesopore capacity of activated carbon [34].
The methylene blue number was calculated by the
following equation:

mg CoMB —Ce

MBN (7) = (DME=te) vy (6)

m

here, C,MB is the initial concentration of MB (mg/L),
Ce is the equilibrium concentration of MB (mg/L), M is
the mass of adsorbent (g) and V is the volume of
the solution (L).

FTIR Analysis

The surface functional groups were studied by Fourier
transform infrared spectrophotometer (FT-IR Perkin Elmer).
A scan range of 400-4000 cm™ was used to investigate
the presence of functional groups on the surface
of the prepared activated carbons.

2815



Iran. J. Chem. Chem. Eng.

4 )

ol

rH

e

L]

- /

Fig. 2: Chemical structure of Diclofenac Sodic (DCF)

X-Ray Diffraction (XRD)

An X-Ray diffractometer was used to study the
diffraction profiles of the activated carbons. Diffraction
profiles were recorded for all samples using EMPYREAN
PANALYTICAL with Ni filtered CuKa with radiation at
45KV and 40mA at a 0.02° step.

Scanning Electron Microscopy (SEM-EDS)

A scanning electron microscope was used to observe
the surface pore structure of the prepared activated
carbons. Micrographs of the morphology of the prepared
activated carbons were measured by environmental
scanning electron microscopy (Philips XL30 ESEM-FEG,
EDS), (Energy Dispersive Spectroscopy) with an
accelerating voltage of 20 kV.

Particle size distributions

Particle size distributions were measured using the
HORIBA LA-960 Laser Scattering Particle Size
Distribution Analyzer for Windows [liquid way] Ver8.00.

Interferometric microscopy or optical profilometer

The three dimensions of surface characteristics were
determined using the BRUKER Contour GT-KO optical
profilometer, Z-Scan range 0.1lnm to 10mm, and
maximum scan speed 28.1um/s.

Batch adsorption experiments

A standard stock solution of Diclofenac sodium (1000 mg/L)
was prepared by dissolving the congruous amount
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in distilled water. The stock solution was then diluted
to the desired concentration before the adsorption experiments.
Batch adsorption studies were performed to determine
the optimal mass of each activated carbon to determine
the optimal parameters for adsorption of Diclofenac
sodium. After stirring, the samples were centrifuged and
filtered through a filter paper. The pH measurements were
performed using HANNA instruments (HI 2211 pH/ORP
Meter) and the equilibrium concentration of Diclofenac
(Ce) was determined using a UV-Vis spectrometer
(JASCO V-630 Spectrophotometer) at a wavelength of
273nm. The amount of adsorbed drug residue gt (mg/g)
and removal efficiency R (%) by Ce were calculated
according to the following equations:

R% = (

qe (2) = (27) «v ®)

9

fﬂ%iii)*1oo 7)

0

Where C,DCF is the initial concentration of DCF (mg/L),
Ce is the equilibrium adsorbate concentration (mg/L), C;
is the concentration at a given timet (mg/L), V is the volume
of adsorbate solution (L) and W is the weight of adsorbent
(9). Fig. 2 shows the chemical structure of diclofenac sodic
(DCF).

RESULTS AND DISCUSSION
Raw materials analysis

The results of the analysis of the sampled biomass are
presented in Table 1.

The results of proximate analysis for different biomass
samples are given in Table 1.

It appears from the immediate analysis that the
moisture content which provides a lower value of 5%
is considered correct according to the standards of
activated carbons of the SNI n°06-3720-1995(table 2).
The average moisture content of different biomass shown
in Table 1, ranged from 2.69% to 10.92%. This shows that
all samples were well dried and stored before collection,
except for the typha briquettes which are outside the
correct moisture range according to EN 14961-2 which
should be below 10%. Charred walnut shells have the lowest
moisture content with 3.5% (less than 5%).

The ash is the solid mineral matter that remains after
the combustion of the walnut shell is of the order of 1.1,
a minimum value compared to others biomass cited
on Table 1, and according to the standard indicated
in Table 2 are lower than 10%.
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Table 1: Comparison of proximate analysis of Walnutshells with ACs prepared from various agricultural waste

/ Fuels Moisture (%) Volatile Matter (%) | Ash (%) Fixed Carbon (%) References \
Wood charcoal (W.C) 5.05 39.94 7.05 53.01 [35]
Bamboo charcoal (B.C) 2.69 25.38 5.23 69.39 [35]
Bamboo biocharcoal (B.Bc) 4.66 30.36 7.99 61.65 [35]
Typha biocharcoal 5.66 52.95 43.22 3.83 [35]
Bioterre (peanut shell + clay) 3.00 42.00 55.27 2.73 [35]
Jatropha residues (J.R) 8.84 77.73 5.25 17.02 [35]
Shea butter cake pellets (S.B.C.P) 9.27 74.22 10.36 15.42 [35]
Typha pellets 8.61 87.89 6.33 5.78 [35]
Wood Pellets 7.44 84.89 0.07 15.04 [35]
Typha Briquettes 10.92 82.21 5.61 12.18 [35]
Peanut shell 7.01 80.55 3.32 16.13 [35]
Rice husk 5.88 63.92 22.90 13.18 [35]
Jute Stick 4.8 11.9 11.9 14.8 [36]
The Cones of Iranian Pine Trees (Pinus eldarica) 10.94 64.86 6.47 17.73 [37]
Durian HuskWastes 30.34 76.70 4.25 21.10 [38]
Powdered palma shells (PPS) 9.6 51.2 15 24.2 [39]
\_ Walnut shells 35 1.97 1.1 96.92 This study /

Table 2: Quality standards of activated carbon according to
SNI (06 - 3730 - 1995)

/No Description Unit Requirements \
1 Water content % Max.15
2 Ash % Max.10
3 Volatile Matter % Max.25
4 Fixed Carbon % Min.60
5 Moisture content % Max. 15
\_6 lodine Adsorption mglg Min.750 /

The Volatile Matter (MV) of all biomass shows that
carbonized samples have the lowest MV rates, the case of our
walnut shell (less than 25%). Uncharred samples especially
densified ones have the best MV rates (above 80%).

The fixed carbon content varies widely among
the above biomass. Bioterre has the lowest content (2.73%)
and walnut shell charcoal has the highest content
(96.92%). Our sample has a carbon content higher than
25%, the particularity is that our sample is only coal.

The low ash content may justify that the precursor is
mainly organic matter and therefore has a high fixed
carbon content. The rate volatile matter content of
1.97%has the advantage that the activated carbon has
a high number of functional groups [40]. These results
therefore suggest that walnut shells are suitable for
the production of good activated carbon [41].

Material characterization

lodine number
The adsorption capacity of iodine was affected
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by activated carbons produced at different concentrations
of HsPO, (Table 3). The results show that the iodine
number of AC35% is much higher than the other
concentrations of the activating agent. The higher
iodine number of the activated carbon was attributed
to the presence of a high micropore content which may
have resulted from the reactivity of precursor material
with theH3POg4activating agent.

Methylene blue number

The methylene blue index of the ACs at different
concentrations of H3sPOy is presented in Table 3, it shows
that the methylene blue index of AC35% is slightly higher
than other activated carbons, this variation in the
methylene blue index value is due to the different
concentration of HsPO,. The higher methylene blue index
of activated carbon was attributed to the presence of a large
structure of mesopore and macropore which could be due
to the reactivity of the activating agent HsPO,. It is clear
that the uptake of methylene blue decreased by increasing
surface area and % micropore volume but increased
by increasing % mesopore volume. This indicates that the
mesopore volume is more important than the micropore
volume in this type of adsorption. According to Union
of Pure and Applied Chemistry (IUPAC) the porous
structures are divided based on pore diameter into
micropores with a diameter < 2 nm, mesopores with
diameters in the size of 2-50 nm, and macropores
with diameters > 50 nm.
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Table 3: lodine and methylene blue numbers of Activated Carbons

4 Samples AC20% A C35% AC40% AC60% ACT75% AC85% )
lodine number (mg/g) 2692.4 3784.6 2032 1981.2 1828.8 1016
\_ Methylene blue number (mg/g) 1972.2 1990.67 1895.1 1904.68 1894.54 1819.31 J
Table 4: pHzpc values of activated carbons
Raw Walnut Shell
(Samples AC20% | AC35% | AC40% | AC60% | AC75% Acssoa W

kazpc 5.6 4.9 2.2 2.2 2.2 4.4 J

I Vethylene Blue N.

[ Iodine N.

4000 —+ 3784.6

3500 -

= 3000 -

malg

~ 2500 -

Concentration
BN
o o
o o
o o
1 1

1016

20% 35% 40% 60% 75% 85%

Activated Carbons

Fig.3: Comparison of iodine and methylene blue number

20%

Fig. 4: Experimental determination of pHpzc of activated
carbons at different concentrations of HzPOa.

Fig.3 shows the comparison of both the iodine number
and methylene blue number for the activated carbons at
different concentrations of H3;POs It has been
demonstrated how the iodine index and the methylene blue
index can be used to estimate the surface area, micropore
volume, and mesopore volume of activated carbon
samples, so the highest values of both iodine value and
methylene blue are observed in the AC35%.

Zero point charge pH (pHzrc)

The pH of zero-point charge (pHzpc) of different
activated carbons with H3PO, at different concentrations
was obtained by constructing a graph of the difference
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Fig.5: The FT-IR spectra of raw walnut shell compared with
prepared activated carbons at different concentrations of H3POs

between the initial and final pH of the solution (ApH)
as a function of the initial pH, as shown in Fig.4.

According to the methodology proposed by Noh and
Schwarz (1989) [42], the pHpzc corresponds to the region
of the graph where the ApH is zero. We note that for all
samples the pHpzc value, which happens to be the point
of intersection with the abscissa, represents an acidic
value.

The pHpzc value has a profound effect on how the pH
of a solution can affect the adsorption process.

It can be seen in Table 4 that ACs contain similar acidic
groups. These acidic groups comprise the phenol, lactone,
and carboxylic groups. These results confirm that
ACs exhibit acidic tendencies, as shown in Fig. 4.
The pHpzc of activated carbons. The surface of activated
carbons with pH values above pHpzc was protonated by
the excess of H* ions, and the surfaces with pH values
below pHpzc were deprotonated by the presence of OH"
ions in the solution. Thus, the groups on the surface
of our CAs have an acidic character. This result was
in fact predictable because the activating agent used is
H3PO, [43,44].

FT-IR analysis
FT-IR spectra of ACs derived from walnut shell
at different concentrations of HsPO, are shown in Fig. 5.
The raw walnut shell showed a complex FT-IR
spectrum (Fig. 5), similar to lingo-cellulosic materials [45].
The strong broad band at 3368 cm ™! indicates O-H
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stretching vibration of hydroxyl groups. The band
nearly at 2973c¢cm™ can be assigned to C-H sp3
stretching bond of Alkane [46]. The bands at 1709 and
1585 cm ™! at the walnut shell spectrum can be attributed
to the C=C stretching vibration of aromatic carboxyl
groups [47]. The bands in the region between 1350 and
1380 cm™! indicated C-O stretching in alcohol,
carboxylic acid, esters, and ether [48]. Finally, the band
at 553 cm™! is described as O—H band [49].

Small absorption bands for ACs 20, 35, 40, 60, and
75% at 3669cm™? and a wide band for AC85% with
a maximum of 3326 cm are attributed to bonded
hydroxyl OH groups (alcohols, phenols, and carboxylic
acids), or on the surface of ACs and of adsorbed water.
An absorption band at 2973 and 2889 cm Mainly
resulting from aliphatic symmetric

and symmetricaliphatic C-H stretching vibrations
in the Aromatic methoxy groups in the methyl and methylene
groups in the sidechains, respectively. The peak at 1709cm*
absorption band is attributed to the C=0 stretching vibration
of aryl, ketone or carboxyl groups [50,51]. The absorption
band at 1585 cmis attributed to the C=C stretching
vibration of the aromatic benzene type. The absorption
bands at 1448 cm* and 1411 cmare attributed to the =C-H
and C=C elongation vibration of aromatic benzene type, and
to the =C-H in-plane deformation of the alkenes or O-H of
phenol, respectively. An absorption band at 1268 cm? is
attributed to the C-O-C asymmetric elongation of
carboxylic acids, esters, or aryl class anhydrides. The bands
at 1300 and 550 cm™* are described in oxidized carbons and
they are attributed to the elongation of C-O in acid, alcohol,
phenol, ether, and ester groups but these bands are also
characteristic of phosphorus and phosphor carbon compounds
present in orthophosphoric acid activated carbons [52].
The absorption band at 1084 ¢cm* an of C-O-C symmetric
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elongation of carboxylic acids, esters, or aryl class
anhydrides and assigned to the stretching mode of P=0,
O-C in P-O-C bonds and to P=OOH, is usually described
and appears more intense when high concentrations of ACs
are used [53-54]. The band detected at around1043 cm™
is attributed to the ionized chemical bond P*-O in acid
phosphate esters [55-56] and to symmetric vibrations
in P-O-P (polyphosphate) chains, to the vibrations of aliphatic
P-O-C elongation or aromatic asymmetric elongation and
P-OH deformation. The 878cm™ band is attributed to C-P
in phosphorus derivatives [57].

Nevertheless, the presence of all the functional
groups of the different constituents is noted in each
sample. As it can be seen, the most important changes
in the activated carbons from walnut shells are due to
the increase in the concentration of the activating agent.
The development of the carbonyl groups and the
increase of the content of phosphorous groups (1084,
1043, and 878cm™t) which results in the intensification
of the bands related to the phosphorous groups for AC
85% were clearly identified.Fig.6. Shows the FT-IR
spectrum of AC after adsorption of DCF.

In order to determine the functional groups involved
in the adsorption of (DCF) on CA, a comparison
between FT-IR spectra before Fig. 5 and after
adsorption Fig. 6 of DCF was made. The FT-IR spectra
confirmed the changes in the functional groups and
surface properties of the biosorbent. We observe the
appearance of the same functional groups for both
species before and after adsorption except for the FT-IR
spectrum (B) after adsorption the appearance of N-H
adsorption bands which confirms the successful
incorporation of diclofenac groups. The absorption
bands 3438cm correspond to N-H free groups amide
or amino. The stretching band and N-H wagging band
are present at 1279 and 743 cm?, respectively, which
confirms the successful incorporation of the NH;
groups. The peaks at 953, 743, and 580 cm™ of both
materials (AC and DCF) are due to the vibrational group (CH)
aromatic amine group (-NH). The FT-IR spectra of both
materials are preserved.

XRD analysis

X-Ray Diffraction (XRD) patterns of all ACs show
two broad humps revealing an amorphous structure.
The crystalline structure for all samples is displayed
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Table 5: EDS analysis of ACs

lements C [¢) Na Mg SiK S P Ca Fe Total I
ACs (Wito%) (Wit%) (Wit%) (W1t%) (Wt%) (Wito%) (Wit%) (Wito%) (Wt%)

20% 64.44 24.98 3.14 0.81 3.77 2.39 0.48 100.00

35% 67.12 29.33 1.08 0.32 0.99 0.70 0.46 100.00

40% 68.63 28.15 1.03 0.29 0.17 - 1.04 0.68 - 100.00

60% 65.38 28.83 1.23 0.31 0.66 2.57 1.03 - 100.00

75% 70.22 27.10 0.93 0.35 0.06 0.65 0.42 0.26 100.00
S 85% 57.46 30.08 4.01 1.43 0.38 3.75 2.62 0.29 100.00/

Lii)

Fig.7: X-ray diffraction analysis of activated carbons

in Fig.7. Apparently, there are two wide humps, which
are centered at about 23° and 43°. These two humps are
belonged to (002) and (100) plane reflections of
graphite, respectively [58]. The XRD patterns of all
ACs samples reveal the absence of sharp and strong
peaks, indicating the amorphous structure of activated
carbons. The structures obtained in Fig. 7 have at most
amorphous character. These characteristics permit to testing
of the adsorption potential of ACs [59,60].

SEM-EDS analysis
Surface Morphology of activated carbons

The porous structure of the ACs shown in Fig. 8. The
image shows the morphology of activated carbons
at different concentrations of H3;PO.. The surface
morphology has a distinctive role in determining the
adsorption zones, thus high surface areas increase the contact
efficiency between the contaminants in solution and
the ACs [61].

Considerable pores are distributed on the surface of
all samples. It is clear that the pores were formed during
the activation and carbonization steps. All images
showed important porosity which increased by
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increasing the concentration of HsPO, .The external
surface of ACs is full of cavities and pores, the pores are
formed and have different sizes and shapes with
different amounts of the chemical agent HsPO4. These
cavities were obtained by the vaporization of H3PO4
during the carbonization, leaving spaces that were occupied
by the chemical agent [62-63].

The EDX spectrum of ACs samples by HsPOsshows
in Fig. 9 intensity as a function of the energy (volt),
the presence of a relatively large peak of C, which
comes from the activated carbons EDX spectrum,
indicates the presence of carbon, oxygen, sodium,
magnesium, phosphorus, calcium, sulfur and iron.

Table 5 shows the elemental analysis of ACs,
indicating the weight percentage of carbon, oxygen,
sodium, magnesium, phosphorous, calcium, sulfur, and
iron of the different activated carbons. These results
contain the same elements as these studies' indifferent
percentages [64-65]. Remarkably, the phosphorous
in samples AC20, AC60, and AC 85% represents a high
concentration and the shape of the spherical particles
(Table 5)

Particle size distributions

Fig. 10 shows the particle size distribution of activated
carbons, which was obtained by the laser diffraction
particle sizer analyzer. The results show that all particles
have average sizes between 3 and 50um illustrated
in Table 6 and a specific surface area between 1724.9 and
19375 cm?/cm?.

Table 6 shows the specific surface area and average
diameter of all ACs, the lowest average diameter was
3.69um for AC20% and the greatest average diameter
was 49.77um for AC35%, the greatest specific surface
area 19375(cm?/cm?) for AC 85% and the lowest specific
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Table 6: Granular characteristic of activated carbons prepared at different concentrations of Hz3POa4.

/ Samples Average diameter (um) Sp ecific Surface (cm?/cm?®) \
AC20% 37 17063
AC35% 49.77 2799.1
AC40% 5.72 12116
AC60% 46.63 1724.9
ACT75% 5.3 13327
AC85% . 19375

A & i
t Magn Det WD Exp 0 pm AccV Spot Magn Det WD Exp —— 10mm
3200x BSE 96 1 3 20.0 kV 3.0 3200x BSE 95 1 35%
&

Det WD Exp 0 pum agn Det WD Exp p——m 10 pum
BE 1 200X BSE 96 1

SAccV  Spot Magn Det WD Exp AccV Spot Magn Det WD Exp A 10um
20 0 kV 3.0 3200x BSE 96 1 200 kV 3.0 3200x BSE 96 1 85%

-

Fig. 8: SEM |mage of ACs W|th HsPOas at different concentrations (20,35,40,60,75 and 85%)

surface area was 1724.9(cm?/cm?®) for AC 60%. macropores. The peak in fig. 10 present [0-100um]
These results show the pore size distribution of region indicates the mesopore and macropore region.
the carbon samples, indicating that the samples have A pore size distribution pattern is obtained in all
a broad pore size distribution, large mesopores and samples.
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Fig. 9: EDS spectrum of all ACs, intensity as a function of the energy (volt)
, i . Interferometric microscopy
J‘-"., T Rp— The interferometric Microscopy is an important
1 :f - method for surface characteristics that can measure and
J-i 35* image surface characters in three dimensions, for a very
= ] f 1 = broad range of surfaces, from nanoscale roughness
g = - . .
= { | £ to millimeter-scale elevations. Fig. 11 shows the
- f | E interferometric images of the different ACs prepared
15 1 - from walnut shells at different concentrations of HsPO,.
Mo — T It is evident that the surface of all ACs were irregular,
Bl T . . | .
T P o P o with a roughness greater than 90 pm. The table 7 shows

Particle =dre {pm}

Fig. 10: Particle size distribution of AC35%
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the variations of the roughness for the different ACs and
table 8 represents Roughness parameters of ACs.
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Table 7: Variation of roughness for all ACs withHzPOas at different concentrations

4 ACs (%) AC20 AC35 AC40 AC60 ACT5 AC85
Mean height (um) 195.1 155.6 90.83 179.8 259.1 184.8
Minimum height (um) 0.5245 0 0 0.08075 425 0.09485
Maximum height (m) 7326 736 568.5 7117 844.1 848.1
\_ Range (Min-Max) (um) 732.1 736 568.5 7116 801.6 818
AC20% AC35%

Fig.11: Optical profilometer of all ACs

The mean values of the six ACs area roughness are
summarized in Table 7

We notice important values of the roughness up to
259.1 um for AC75% this big value is due to the
different concentrations of H3PO. and the different
diameters for each ACs. The roughness variation and
3D images clearly indicated the reactivity with the
activating agent, and it is quite remarkable that the high
particle height of all ACs. with increasing the concentration

Review Article

of activating agent until reaching a maximum height for
AC85% is 848.1um.

Roughness parameters

Obtaining a parameter that statistically represents all
surface height differences is difficult and there are
several parameters currently in use (root mean square
variations, skewness, kurtosis and others). The roughness
parameters for ACs according to the standard I1SO 25178
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Table 8 : Roughness parameters of ACs

4 Sp (um) Sv (um) Sz (um) Sa (um) Sq (um) Ssk sku )
AC20% 537.5 194.5 732.1 149.1 170.9 0.7953 2.735
AC35% 580.4 155.6 736 135.9 167.6 1.455 4.408
AC40% 4777 90.83 568.5 93.57 122.4 1.864 5.299
AC60% 531.9 179.7 7116 158.1 179 0.7718 2.298
ACT75% 585 216.6 801.6 122.2 149.4 1.57 4.461

\__ AC85% 663.3 184.7 848 191.3 219.2 1.005 2878 )

70 T 0% =m35% = Ime AC20% pKa is equal to 4.2, Many studies have used adsorption

a0 LA Casee| meove=Tope to remove diclofenac from aqueous solutions [68].
I A C40%

= [ ]AC60%

se B A C75%

2 . B A C85% Effect of mass

. 40%6=m75%%= 6mg The study of the influence of the activated carbon

¢ §5%= dme mass allows us to determine the most appropriate mass

Z0 . . . -
for an efficient adsorption in a range taken between
1 1-70mg. The results of the effect of the mass of

o 10 20 30 40 50 &0 TO
Mass (mg)

Fig. 12: Effect of which mass on the adsorption of
Diclofenac at different concentrations of HsPO4.(Co =
70mg/L, mACs = 1-70mg, T = 298k, Agitation speed= 300rpm,
pH =5.5,t=1h)

Height are: Sp, Sv, Sz, Sa, Sq, Ssk and Sku. Three
amplitudes (Sa, Sz, Sq), in this regard, the definitions of
these parameters are: Sa is the arithmetic mean of the
absolute values of the surface departures above and
below the mean plane within the sampling area and
represents an overall measure of the surface texture. Sq
is similar to Sa and is the Root Mean Square (RMS)
roughness. Sz maximum height is defined as the
average value of the absolute heights of the five highest
peaks and the depths of the five deepest pits or valleys
within the sampling area. Sp is the maximum peak
height, Sv is Maximum pit height, Ssk is the Skewness
and Sku is Kurtosis [66].

The mean values of the roughness parameters are
summarized in Table 8, the most representative
parameter is Sz of the ACs. However, since these are
deterministic surfaces with very large amplitudes, and
considerable peak and pit heights [67].

Optimization parameters

Diclofenac (DCF) is a pharmaceutical nonsteroidal
anti-inflammatory drug and is used in human medical care
as an analgesic compound. Its chemical formula is
C14H11CI2NO,, its molar mass is 296.148 g/mol and its

2824

the different samples on the adsorption of Diclofenac
are presented in Fig. 12.

We find that for each sample, the maximum
adsorption capacity increases to the maximum
equilibrium concentration. This is due to the fact that
the amount of adsorbate fixed must be in agreement
with the dose of adsorbent in the solution to ensure an
equivalent number of adsorption sites. Above a certain
mass, a decrease is observed which may be due to
another type of interaction between the adsorbate and
the adsorbent. It could be a competition between the
fibers retaining fractions of the pollutant and the free
fibers of the adsorbent which attract it, making it return
to solution [69].

Effect of pHi

The estimation of the pH of the most favorable medium
for the adsorption of the different ACs has been evaluated
and is presented in Fig. 13. We observe that for all the
samples, the adsorption capacity of DCF decreases with
the increase of the pH of the medium. This allows us
to conclude that the adsorption of Diclofenac is favorable
in acidic medium and for a maximum adsorption at pH = 2.
These results can be explained by the London dispersion
interactions that

predominate due to the non-dissociation of the
adsorbate and the positive species on the adsorbent
surface. However, at basic pH values, adsorption
decreases due to electrostatic repulsions between the negative
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pHi

Fig.13: Effect of pHi on the removal efficiency of Diclofenac
by activated carbons prepared from walnut shells. (Co =
70mg/L, T = 298k, Agitation speed = 300rpm, t = 1h, mcas = 2-
70mg, pH =2-10).
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Fig. 14: Effect of initial concentration on the removal efficiency of
Diclofenac by ACs prepared at different concentrations of HsPO..
(Co =50-70mg/L, T = 298k, Agitation speed= 300 rpm, t = 1h,
mcas = 2-70the range of experiments at pH=2

charges of the surface functions of the activated carbon and
the anionic form of Diclofenac, as well as between the
negatively charged ions of the active ingredient. The basic
conjugated forms are the most important [69,70].

Effect of the initial concentration on the adsorption of
Diclofenac

In all water treatment processes, the influence of the
initial concentration of pollutants is of major importance.
The results show in Fig. 14. that the amount of adsorbate
attached increases with the increase of Diclofenac
concentration in solution. This can be explained by the fact
that the increase in concentration induces the elevation
of the driving force of the concentration gradient, and thus
the increase of the diffusion of the molecules in solution
through the surface of the adsorbent [71].
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Fig. 15: Effect of stirring speed on the removal efficiency
of Diclofenac by ACs prepared from walnut shells. (Co =
110mg/L, T =298k, Agitation speed=100-600rpm, t = 1h,
mcas = 2-70mg, pH = 2).

Effect of stirring speed on the adsorption of Diclofenac

The effect of stirring speed is an important
parameter of the liquid phase adsorption process.
The effect of increasing the stirring speed of the solution
for each sample from 100-600 rpm is plotted in Fig. 15.
We can observe that the increase in turbulence has little
impact on the adsorption capacity from 100 to 400 turns/min
and then increase significantly at 500 rpm. This can be
explained by the fact that the diffusion rate of drug
molecules from the solution to the surface of the
activated carbon increases due to the increase in
turbulence leading to the decrease of the boundary layer
around the adsorbent. This effect can also be explained
by the fragmentation of the adsorbent particles making
the surface more accessible [72]. However, we note
a significant decrease in the adsorbed concentration
of the pollutant by increasing the agitation speed to
600 turns/min. Indeed, authors have reported in their
work that the adsorption increased with the increase
of the stirring speed to a certain limit. In some cases,
as here, the decrease in adsorption capacity is due to
the fact that the kinetic energies of the adsorbate
molecules and the adsorbent particles increase to the
point where they collide, causing their detachment [73].

Effect of contact time on the adsorption of Diclofenac

The results of the adsorption of Diclofenac on
activated carbons as a function of contact time are
shown on fig.16. The experiments were performed to
detect the time required for adsorption of Diclofenac
sodium by ACs to reach equilibrium in time (0-140)
min. The results showed higher adsorption in 60 min
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Table 9: Percentages of removal of Diclofenac

Vol. 42, No. 9, 2023

Vs

A
Times Cs AC20% AC35% AC40% AC60% AC75% AC85%
t=5min 96.71% 96.8% 97.18% 96.9% 96.96% 96.82%
t=15min 94.59% 95.09% 94.31% 94.74% 94.55% 95.1%
t =60 min 99.47% 99.66% 98.11% 99.22% 98.19% 99.14% )
—::V/‘ﬁ’)’—/&: —
100 +
80 20%
35% -
= 40%
= e 75% & = 3 o
IS 85% '\t
40 =
b
20 1 ] fw(
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o R ) ALE
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Fig. 16: Effect of time on the removal efficiency of
Diclofenac by ACs prepared from walnut shells. (Co =
110mg/L, T =298k, Agitation speed=500 rpm, t = 05-140
min, mcas = 2-70mg, pH = 2).

and equilibrium was at 5-140 min. In contrast, the
highest adsorption of DCF by AC35% occurred in 60 min,
(99.66%) [74]. The adsorbed concentration of
Diclofenac increases between 15 and 30min and drops
slightly at 45min to increase significantly for all CAs,
and reaching a maximum peak at 60 min of contact
time. Indeed, the molecules adsorb first on the easily
accessible sites. A diffusion of these molecules will take
place as the agitation proceeds toward the less accessible
adsorption sites. A slight decrease in the adsorption
capacity is noticeable after a contact time higher than
the maximum reached at 60 min until reaching a stability
level. Prolonged agitation leads to the desorption
of molecules weakly bound to sites on the surface
of the activated carbons [75].

It was observed that all ACs prepared to achieve
a good removal yield of Diclofenac greater than 94%.
Fig. 17 presents the removal percentage of this drug
fluctuant from which the lowest value was attributed to
AC40% with 94.31% at time 15min and the greatest value
was attributed to AC35% at time 60 min with 99.66%.

Table 9 shows the initial, lowest, and highest
removal efficiency of diclofenac by ACs at different
concentrations of HsPO, with contact time varying between
5and 140min, the adsorption of Diclofenac starts at
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Fig. 17: Removal yield of Diclofenac by ACs with H3POs at
different times

about 96.71% for AC20% at time 5min to decrease
10 94.31% for AC40% at time 15 min and then increases
to reach maximum adsorption at time 60min for
AC35% with 99.66%.

Effect of temperature on the adsorption of Diclofenac

Increasing the temperature is known to increase
the diffusion rate of adsorbate molecules through
the outer boundary layer and into the interior of the adsorbent
particles, due to the decrease in the viscosity
of the solution [76]. Fig. 18 illustrates the effect
of temperature on the adsorption capacity of Diclofenac.
This Figure shows that the adsorbed quantity of DCF
decreases with the increase in the temperature and the
concentration of the activating agent. Therefore,
areduction of the adsorption capacity of Diclofenac. All
samples show a minimum of adsorption capacity
followed by a non-negligible increase of the adsorption
capacity at low temperatures. According to adsorption
theory, the adsorption decreases with increasing
temperature and molecules adsorbed earlier on a surface
tend to desorb from the surface at higher temperatures [77].
These results are consistent with the theory of
adsorption. The decrease in adsorption capacity
with increasing the temperature indicates that the process
is exothermic, and would lead under these conditions
to physical adsorption [78].
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Table10: Comparison between the removal efficiency of this ACs with another adsorbent

(Precursors Agent activato rs Pollutants and yield Ref. )
Rice Husk Residue H3PO, Landfill leachate over 90% [79]
high removal of TN 84%
COD 82%
NH4*~N 100%
Apricot stone HCI 4-bromoaniline (4BA) 79% [1]
Cherry stones physical activation T= 600° C, at 4h | Congo Red (CR) ionic azo 99% [80]
Sugarcane bagasse (SB) dried in an oven at 60 °C for 24 h Ciprofloxacin (CPX) 78% [81]

-Phoenix dactylifera rachis (PRAC)

eliminate a commercial reactive dye

- Ziziphus jujuba stones (JSAC) H3PO, BEZAKTIV Red S-Max (BRSM) 48h
Palm rachis PRAC 89.4%
Palm rachis JSAC 73.6% [82]
Commercial AC KOH 86.5

KOH 47.5

16.2

Opuntia ficus indica NaOH p-nitrophenol, greater than 94% [83]
Carbon fiber La-OH doped Phosphate 87% [84]
Argan Nut Shell H3PO, Bisphenol 93% [85]
Vitis vinifera leaf litter H3PO, Aqueous phenanthrene 58.4% [86]

ZnCI2 47.08%

\ Walnut shells H3PO, Diclofenac sodium (DCF) 99.66% This study )

—=— AC20%
—— AC35%
—— AC40%
—— AC60%
AC75%
AC85%
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Fig. 18: Effect of temperature on the removal efficiency of
Diclofenac by activated carbons prepared from walnut
shells.(Co=110mg/L, T = 283-318Kk, Agitation speed=300 rpm,
t=1h, mcas = 2-70mg, pH = 2).

Table 10 shows the comparison between the removal
efficiency of ACs from walnut shells with other adsorbents.

CONCLUSIONS

The impact of increasing concentrations on the pore
structure and surface chemistry of activated carbons
derived from walnut shells with the chemical activation
method using phosphoric acid (HsPO4) as the activating
agent for adsorptive removal of Diclofenac was studied.
The Activated Carbons (ACs) were produced using
different concentrations 20,35,40,60,75 and 85%,
respectively, which are referred to as AC20, AC35, AC40,

Review Article

AC60, AC75 and AC85%. It was found from the results
that a low concentration of 35% in HzPO, promotes high
adsorption of iodine index and methylene blue with 3784.6
and 1990.67mg/g, respectively, thus a maximum removal
efficiency of DCF. However, the physicochemical
characterization confirm that the prepared activated carbon
has a large heterogeneous specific surface area and better
adsorption capacity. The adsorption study was tested on
pharmaceutical substance which is diclofenac sodium. The
optimal condition of Diclofenac corresponds to the mass
of AC35% of 2 mg, a maximum concentration of 110 mg/L,
taken as the initial concentration in this work, pHi equal to
2, stirring speed of 500 rpm, contact time of one hour, and
at room temperature. The results also showed that the
percentage of DCF removal by ACs prepared from walnut
shells, is in the order of more than 94% for all the samples
of which AC35% in H3PO4, takes the lead with a yield of
99.66%and minimum with 98.11% for AC40%. The point
of zero charge of all ACs had a distinct neutrality in acidic
conditions, a factor that favors adsorption of cationic
species within this pH range. The ACs prepared also had
a high level of carbon content with low mineral content,
making it ideal for application in water treatment or
pharmaceutical wastewater treatment. The results of this
study indicated that walnut shells can be turned into
a useful product for drug release, this would specifically
help to reduce the environmental cost of waste disposal.
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