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ABSTRACT

Batch adsorption of cephalexin (CFX) by walnut shell activated carbon is studied both
experimentally and mathematically. Firstly, the adsorbent was prepared by chemical activa-
tion method in the presence of ZnCl,. Next, the values of adsorbent dosage and pH were
optimized. Then, the effect of initial CFX concentration and contact time was studied to
evaluate the kinetics and the equilibrium isotherm. It is found that the Freundlich and Toth
models provided the best fit to the experimental data. Dynamic characteristics of this pro-
cess are mathematically modeled. In the developed model, pore diffusivity is estimated
according to the experimental results. The model reveals good agreement with experiment.
The effective diffusivity of CFX in the walnut shell AC is estimated as 0.47 x 107" m?®s™".
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1. Introduction

Chemicals are used everyday in homes, industry,
hospital, and agriculture, and can be released to the
environment as wastewater effluents. These chemicals
include various materials such as human and veteri-
nary drugs. A vast array of pharmaceuticals—includ-
ing antibiotics, are being detected in the environment
and there is genuine concern that these compounds, in
the small concentrations that they’re at, could be caus-
ing impacts to human health or to aquatic organisms.
Due to the prevalence of their respective antibiotic
family usage, cephalexin (CFX) was selected as an
adsorbate for adsorption process in this work. The

*Corresponding author.

CFX is in a group of drugs called cephalosporin
antibiotics and is used to treat a number of infections
in the body. Some technologies like reverse osmosis
[1], ozonation and biomembrane [2], and biological fil-
tration technologies [3] can be applied to remove such
compounds during the wastewater treatment process.
However, they are very expensive and rarely used.
Adsorption is a simple and affordable method for the
removal of drug compounds from water and wastew-
ater. Drug adsorption has been studied by different
adsorbent such as silica [4], single-walled and multi-
walled carbon nanotube [5], kaolinite [6], bamboo
charcoal [7], and montmorillonite [8]. Activated carbon
(AC) [9-12] and polymeric resins [13] have been sug-
gested for the adsorption of CFX from aqueous solu-
tions. The cost of adsorption process strongly depends
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on the manufacturing cost of the adsorbent. ACs are
among classic adsorbents for the removal of a wide
range of contaminations. Nowadays, it is common
practice to prepare AC from low-priced material such
as agriculture waste [14-17]. In this regard, the perfor-
mance of the AC adsorbent obtained from walnut
shell, as an inexpensive precursor, has been studied
for the removal of CFX in a batch process. Adsorption
processes are studied mathematically using various
mathematical representations, each basically trying to
improve the predictions. External film diffusion
model, intraparticle diffusion model, film-surface dif-
fusion model, and film-pore diffusion model are all
examples of such attempts [18,19]. As a result of non-
linearity of the governing equations, explicit analytical
solutions are difficult or impossible to derive, except
for simplified cases such as linear isotherm [20-23].
Several solution methods have been specifically
applied to batch adsorption processes. The collocation
algorithm, finite difference algorithm, the matrix mul-
tiplicative weights update model (MMW), integral for-
mulation method, and the weighted arithmetic mean
method (WAMM) are among the numerical methods
that are frequently used [24,25]. If separation phenom-
ena are accurately described through the development
of mathematical formulations, such formulations will
be useful in the design and optimization of processes
in any operating units. In this regard, the knowledge
of the dynamic diffusion radius is of fundamental
importance for the mathematical modeling and engi-
neering design of adsorption process. The point is that
there is no known experimental method to obtain the
radius of diffusion dynamically. Our best literature
reviews demonstrate that there is no study regarding
the diffusion radius of antibiotics like CFX through
the AC pores. For the purpose mentioned above, i.e.
the dynamic modeling of diffusion radius, a pore dif-
fusion-based model was developed. In order to solve
the obtained differential equation, the implicit finite
difference method of line, a numerical method, was
applied. The advantage of this method is its simplicity
and accuracy at the same time. The purpose of this
research involved two sections. In the first section,
preparation of AC from the walnut shell for the batch
adsorption of CFX in an aqueous solution was investi-
gated. Afterwards, the kinetics and the equilibrium
isotherm of the process at the optimized values of ini-
tial solution pH and adsorbent dosage were obtained
at a constant temperature of 30°C. Then, the experi-
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mental equilibrium isotherm was modeled using the
Langmuir, the Freundlich, the Sips, and the Toth mod-
els. In the second section, for mathematical investiga-
tion of the batch adsorption process, a pore diffusion
model is developed. Implicit finite difference method
of line is applied to handle the mathematical problem.
Finally, the model is successfully used as a mean to
evaluate the effective diffusivity of CFX in the adsor-
bent. In this study, used rate equation was based on
the pore diffusion mechanism. Our recommendations
for future researches are: (1) to consider other mecha-
nisms like solid diffusion, parallel pore and solid dif-
fusion, and also diffusion in bidispersed particles and
(2) to employ the developed model in this study in
the adsorption of other similar antibiotics in structure
onto other similar adsorbents.

2. Mathematical modeling

As previously mentioned, mathematical represen-
tation is based on the film-pore diffusion model. The
following assumptions are made to develop the
model:

(1) Constant temperature throughout the adsorp-
tion process.

Since stirring rate is high, the external mass
transfer resistance is assumed to be negligible
in comparison with pore diffusion one.

In the whole of adsorbent, pore concentration
is at total equilibrium with solid concentration.
All the particles are sphere.

)

3)

)

2.1. Equilibrium condition

Over time, the system approaches equilibrium
state. Overall mass balance at equilibrium state is
expressed by (Eq. (1)):

Cb’()v =CV + ch ¢))
where Cy,0 is the bulk phase concentration at initial con-
dition, C, and g, are the equilibrium concentration and
adsorption capacity, respectively. Also, V is the volume
of liquid solution and W indicates the adsorbent weight.
Ce and g, can be calculated by simultaneous solution of
Eq. (1) and the equilibrium isotherm. Eq. (2) can be
obtained by means of the Langmuir isotherm:
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where K; is the Scherrer constant. The more
complicated isotherm models can also be handled
numerically.

2.2. Solid phase

The Eq. (3) holds for an adsorbent grain based on
Fick’s law of diffusion and according to Fig. 1:

0C, 10
“ o~ Doy (
where ¢, is the adsorbent porosity, D, is the effective
diffusivity, C,, is the pore concentration in the liquid
phase, g is the adsorption capacity, r is the radial coor-
dinate for the grain, and t indicates the time. Also, ps
shows the skeletal density. In this model, the moisture
diffuses in the pores from the surface toward the cen-
ter and adsorbs gradually on the adsorbent. At any
radius, equilibrium is assumed to be instantaneously
established on the grain surface. The Eq. (3) can be
rearranged to form the following nonlinear equation

(Eq. 4)):

ac, oq

ac, D. 10 ( ac> @
i S (PR
ot |:8p + (1 78}))0%} r2or or

The term 9g/3C, is derived from equilibrium isotherm
and forms the nonlinear term of Eq. (4).

Boundary conditions can be expressed by the fol-
lowing equations (Egs. (5) and (6)):

%SS flux T

(r=1)

Fig. 1. Discretization of governing equation in a single
adsorbent grain.
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0C,(0,t)
Cp (Rpa t) = Cb(t) (6)

while the initial conditions read as (Egs. (7) and (8)):
Cp(r,00=0 (7)

Cp(0) = Cpyo 8)

2.3. Bulk liquid phase

Bulk concentration decreases as the adsorbate
adsorbs on the adsorbent particles. Establishment of
mass balance leads to the below equation (Eq. (9)):

v _ _nap, %R0

9
dt or ©)
where A is the external area of a grain and N is the
number of adsorbent grains and calculates as (Eq. (10)):

144

N 10
%RR3PS(1 - 8P) 10

3. Numerical analysis of the model

As mentioned before, numerical solution is based
on the implicit finite difference method of line. A
MATLAB (MathWorks Inc., Natick, MA) code was
developed to perform the calculations. Eqgs. (4) and
(9), were fully discretized. For elaboration, these
equations are discretized as:

dGoi) _ Q Gt —2Cm) + Coiion
dt @ or?
2Q¢) (Cp.irn) — Cpii-)
+ T < 20r (11)
dC, NAD, (Cy, —Cp )
_ , 12
dt |4 ( or (12)

where 0, is the increment in r-direction. Eqs. (11) and
(12) are obtained by the central differentiation scheme
for the internal nodes. For boundary nodes, boundary
conditions are utilized together with either a forward
or backward differentiation scheme. A system compris-
ing I (number of discretized nodes) ODEs is formed.
Utilizing the fourth-order Runge-Katta algorithm for
each one of them implicitly formed a system of I
nonlinear algebraic equations. The nonlinearity of the
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system can be handled by a trial-and-error loop. Since
the grain concentration gradient is declining, varying
time increments (Jt) were used at different stages of
simulation. They started from 0.01 to 5s. The number
of nodes was also chosen 50.

4. Materials and methods
4.1. Materials

In this study, walnut shell was used as the raw
material. Its chemical analysis (% by weight) is listed
as: cellulose = 38.7, Lignin = 24.7, hemicellulose = 18.4,
extractable material=7.5, ash=26, and mois-
ture = 8.1. Zinc chloride (ZnCl,) was also supplied by
Merck Company. The CFX antibiotic (supplied by
LOGHMAN Pharmaceutical & Hygienic Co., Tehran,
Iran) of purity 99.8% was used as an adsorbate. Table 1
shows the properties of CFX.

4.2. Preparation of walnut shell AC

Walnut shell was perfectly washed with distilled
water for several times, dried, and then sieved to the
particle size of 251-354 nm. For the production of AC,
ZnCl, was dissolved in water and walnut shell (5 g) was
added to the solution at 1-1 impregnation ratio (defined
by the weight ratio of ZnCl, to walnut shell) and was
stirred for 6 h. Then, the sample was put in an oven at
105°C until completely dried (24 h). The prepared
sample was placed in a vertical stainless steel reactor
(with length 100 cm and internal diameter 2.4 cm).
Under high purity nitrogen (99.99%) flow rate of
300 cm® min~', the sample was heated to a final temper-
ature of 450°C with heating rate of 5°C min~"'. The sam-
ple was activated at the final temperature during 60-min
holding time and then the sample slowly reached room
temperature. Walnut shell AC dried completely in an
oven at 105°C, then the sample was thoroughly washed
with a 0.05 M HCl solution in order to remove the resid-
ual ZnCl,. The sample was washed with distilled water
until it reached the pH value between 6 and 7. Finally,
the sample was dried in an oven at 105°C for 24 h [26].

Table 1
Properties of CFX

G. Nazari et al. | Desalination and Water Treatment 57 (2016) 27339-27348

4.3. Characterization methods

The textual characterization of the walnut shell AC
was carried out by N, adsorption at 77 K. The surface
area was calculated from the isotherms using the
Brunauer-Emmett-Teller (BET) equation. Total pore
volume using nitrogen vapor adsorption data in the
relative pressure of 0.95 and an average pore diameter
using the Barrett-Joyner-Halenda (BJH) equation were
determined. To study the surface functional groups in
the spectral range 400-4,000 cm™!, the Fourier trans-
form infrared (FTIR) spectroscopy was used. Scanning
electron microscopy (SEM) was applied for the mor-
phological study of the samples.

4.4. Batch adsorption tests

The experiments were carried out in a set of
100-mL Erlenmeyer flasks where 50 mL of CFX aque-
ous solution was shaken with walnut shell AC at
200 rpm and at a constant temperature of 303 K. The
initial pH of the solution was adjusted around 6.5 by
the addition of a few droplets of 0.1 M HCl and 0.1 M
NaOH solution. After equilibrium, the suspension was
centrifuged and the concentration of CEX in liquid
phase was determined by using a UV-vis spectropho-
tometer (UNICAM, 8700 series, USA) at a maximum
wavelength of 263 nm. The amount of CFX adsorbed
onto walnut shell AC was calculated as:

(Co—CV

qr = W (13)

5. Results and discussion
5.1. Effect of adsorbent dosage

The optimum amount of adsorbent dosage was
investigated using different amounts of the adsorbent
(0.005-0.04 g) with 50 mL of 100 mg L' CFX solutions
at an initial pH of 6.5 for 20 h. As illustrated in Fig. 2,
the optimum walnut shell AC dose was evaluated to
be 0.03g of the adsorbent in 50 mL of the CFX

Chemical structure

Molecular formula

Molecular weight (g mol™")

OH

S Ci6H17N3045

347.6
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Fig. 2. Effect of adsorbent dosage on the removal efficiency
of the CFX (T = 30°C and Cy = 150 mg L™).

solution. The increase in CFX uptake by increasing the
adsorbent dose is attributed to many reasons, such as
availability of solute, electrostatic interactions, and
interference between binding sites. Thus, the adsorp-
tion sites remain unsaturated during the adsorption
process due to a lower adsorptive capacity utilization
of the sorbent, which decreases the adsorption effi-
ciency [27]. As a result, the removal efficiency did not
change dramatically after increasing the adsorbent
dosage above 0.03 g.

5.2. Effect of initial solution pH

The initial solution pH study was carried out by
contacting 0.03 g of walnut shell AC with 50 mL of
150 mg L™' CFX solutions at different values of initial
solution pH ranging from 1.5 to 8.5 for 20 h. As illus-
trated in Fig. 3, the maximum removal efficiency of
the walnut shell AC occurs at an initial solution pH of
6.5. This trend can be justified by the pHp,. of the
adsorbent (the pH value at which the surface charge
density is zero). The pH,,. of the adsorbent was found
to be 6.67 based on the method described by Reddy
et al. [28]. The molecular structure of CFX and its ionic
forms as a function of pH is shown in Fig. 4. At pH
values less than 2.56, physisorption is thought to dom-
inate the adsorption process. The reason can be the
positively charged surface of the adsorbent at pH val-
ues less than the pHp,.. The zwitterionic form of CFX
molecules is predominant at pH values ranging from
2.56 to 6.88. As the pH value increases, the concentra-
tion of negatively charged CFX species in the solution
bulk rises up. Therefore, both the chemi- and
physisorption control the adsorption of CFX and the
maximum adsorption capacity occurs at pH 6.5 as

27343
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Fig. 3. Effect of pH on the removal efficiency of the CFX
(T=30°C and Cyp =150 mg L™").

21925mgg . At pH values higher than 6.88,
physisorption may be responsible for the adsorption
of CFX because the surface of walnut shell AC at pH
values higher than the pHy,,. is negatively charged.

5.3. Adsorption kinetics

The effect of contact time on the adsorption of CFX
onto walnut shell AC was independently studied by
contacting 0.03 g of the walnut shell AC with CFX solu-
tions at different initial concentrations of 100, 125, 150,
175, and 200 mg L™ and an initial solution pH of 6.5
during 20 h. The adsorption capacity of the walnut shell
AC for all initial concentrations is shown in Fig. 5. The
maximum adsorption capacity of CFX 243.13 mg g~ '
was obtained at 200 mg L™ initial concentration.

5.4. Adsorption isotherm

Fig. 6 shows the adsorption equilibrium isotherm of
CFX onto walnut shell AC. The equilibrium data are fit-
ted by two-parameter model of the Langmuir and Fre-
undlich isotherm [29,30] and three-parameter model of
the Sips and Toth isotherm [31,32] by using MATLAB.
The validity of these models was evaluated using root
mean square error (RMSE) which is defined as:

n

Z (%,exp - Qe,cal)z

RMSE = \| =1 (14)

n

where n is the number of experimental data. The
parameters, accuracy coefficient value, and RMSE for
adsorption of CFX onto the walnut shell AC are pre-
sented in Table 2. As shown in Table 2, the best fitting
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pH < 2.56

N
HN

CFX, cationic form

2.56= pH < 6.88

CFX, zwitterionic
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pH ~6.88

CFX, anionic form

Fig. 4. Molecular structure of CFX and its ionic forms as a function of pH.
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Fig. 5. Effect of contact time on adsorption of CFX on the
walnut shell AC.

of experimental data for two and three-parameter iso-
therm models is achieved by the Freundlich and Toth
models, respectively. The maximum adsorption capac-
ity (max) of the walnut shell AC toward CFX was
found to be 233.1mgg ' based on the Langmuir
model. As it is shown in Table 3, the g,.x Obtained in
this study is comparable with those reported in the lit-
erature for the adsorption of CFX and other pharma-
ceuticals onto different adsorbents.

5.5. Adsorbent characterization

It is found that the specific surface area, average
pore diameter, and total pore volume of the walnut
shell AC are 1,452.1m? gfl, 197 nm, and
0.7151 cm® g, respectively. The SEM analysis of the
walnut shell AC adsorbent before and after CFX
adsorption is illustrated in Fig. 7. This figure depicts a
dramatic change in the structure of walnut shell AC
after adsorption where the surface is covered with the
CEX molecules. For determination of bonds in the syn-
thesized adsorbent, before and after adsorption, the
FTIR analysis was used. The FTIR spectrum of walnut

240 A

220 A

ge (mg/g)

180 -

160 4, v v : . ’
1] 10 20 30 40 50 60
Ce (mgl/L)

Fig. 6. Equilibrium data for adsorption of CFX on the wal-
nut shell AC (T =30°C and Cy = 150 mg L™).

Table 2
Isotherm model parameters, regression coefficients, and
RMSE values for adsorption of CFX onto walnut shell AC

Isotherm model  Expression Parameters

_ qubCe
— 1+0bC,

Im (mg g~ =233.1
b (L mg ") =135
R*=0.8328
RMSE = 15.17
KF( <1/( rr%/gg>)"/"
n=_8772
R*=0.9913
RMSE = 3.459
K, (Lg™") =17229

as (Lmg™") =0.1141

gm (mg g™ =1,510

fs =0.1322

R*=0.9912

RMSE = 4.272

KiCe Kr (mg g ") =155.1

ar (mg g_]) =11x10"1?
t=1.129

R?*=0.9913

RMSE = 3.459

Langmuir e

Freundlich ge = Ke CV/" ) —155.2

ge = K.Cl
¢ ]+15C£”

Sips

Toth
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Table 3
Comparison of gmax for the adsorption of CFX and other pharmaceuticals using different adsorbents
Adsorbent Adsorbate Activator pH Gmax (mg g ") Refs.
Graphene oxide Tetracycline - 3.6 313.00 [33]
Cattail fiber-carbon Norfloxacin H;PO, - [34]
Walnut shell AC Cephalexin ZnCl, 6.5 233.10 This study
Activated carbon Ciprofloxacin H;PO, 5.0 231.00 [35]
Commercial-carbon Cephalexin Steam 7.0 230.88 [10]
Commercial-carbon Cephalexin Steam 3.0 222.33 [13]
Graphene oxide Oxytetracycline - 3.6 212.00 [33]
A.L. seed pods-carbon Cephalexin KOH 7.0 137.02 [9]
K,CO;, 7.0 118.08
Carbon xerogel Ciprofloxacin - 5.0 112.00 [35]
Lotus stalks-carbon Cephalexin Cu(NO3), 7.0 78.12 [12]
Fe(NO3), 8.5 75.12
H3PO, 6.5 66.22
Animal hairs-carbon Acetaminophen H;PO, - 61.80 [34]
Cattail fiber-carbon Acetaminophen HsPO, - 59.90 [34]
Amberlite XAD7-resin Cephalexin - 3.0 33.02 [13]
(A) S
100
—_ 98
®
% -4
8
£ =
E
w
c 92 1
g
’_
o
33 -4
86 T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (1/cm)
(B)wz
100 -

Fig. 7. SEM micrograph of walnut shell AC before (A) and

after (B) CFX adsorption.

Transmittance (%)
4

500 1000 1500 2000
Wavenumber (1/cm)

2500 3000 3500 4000

Fig. 8. FTIR spectra of walnut shell AC before (A) and
after adsorption (B).
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shell AC is demonstrated in Fig. 8. This figure shows
peaks at 1,044 cm™' (-C-O stretching), 1,525 cm™!
(-N-O stretch (strong, two bonds) nitro), 1,742 cm ™!
(-C=0 stretch and stretch (strong)), 2,355 cm ' (-C=C
stretching), 2,924 ecm ! (-CH stretch (strong)),
3,451 cm™ ! (-OH stretch, H-bonded), 3,742 cm™! (-NH,
stretching), and 3,853 cm ! (NA) that are shifted to
1,050, 1,024, 1,748, 2,353, 2,926, 3,440, 3,741, and
3,846 cm respectively, after adsorption [26,36]. The
peaks at 467 cm™' (-OH bending), 710 cm ' (-C-H
bending and C-Cl stretch (strong)), 891 cm ' (-C-H
out-of-plane bending), 1,630 cm ! (the olefinic v(C=C)
absorptions), and 1,696 cm™' (-C=O stretch (strong)
amide) disappeared, while some new peaks are also
detected at 683cm™' ((O-H) and C-Cl stretch
(strong)) and 1,378cm™' (-N-O stretch (strong))
[36,371.

5.6. Results of the model

The Toth equilibrium isotherm was exploited in the
model. Physical properties, namely porosity and skele-
tal density were measured 0.59 cm® cm ° and 2 g cm ™
for the modified adsorbent, respectively. For estimation
of the model parameter, effective diffusivity, compar-
ison of the model and experiment was employed for
the purpose of minimization of absolute average rela-
tive deviation (AARD). The value of 0.18 x 10" m* 5"
is the best value that fits the experimental data. The
diffusion coefficient of CEX in pure water has been pre-
viously reported as 0.46 x 10~ m? s™* [38]. Correspond-
ing diffusivity for the case of CFX in pure water can be
calculated using the simple equation given by Wakao
and Smith [39] which is:

De = SﬁD AB (15)
The pertinent effective diffusivity for the case men-
tioned in this study corresponds to the value of
0.16 x 107" m?s™". This value is slightly less than the
evaluated value from the experimental one which may
be either a result of the inherent underestimation of
the Eq. (15) or simplifying assumption of spherical
adsorbent with uniform sizes (average size in the
mentioned mesh was used). The model and experi-
mental results are compared in Fig. 9. The adsorption
decay curves are converging to the marked horizontal
asymptotes, which indicate the equilibrium state
described in Section 2.1. This convergence to equilib-
rium state validates the accuracy of the numerical
procedure. The pore and solid phase concentration
profiles are demonstrated for the case of
Co =150 mg L™" in Fig. 10(A) and (B), respectively.
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(T =30°C and Cp =150 mg L™").
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6. Conclusion

The present study has been conducted in two
experimental and modeling sections. In the first step,
AC was prepared from chemical activation of walnut
shell in the presence of ZnCl,. Then, the adsorptive
performance of the walnut shell AC in the removal of
CFX from aqueous solution was investigated. In the
next section, a model was developed to simulate the
dynamics of the adsorption process. The main results
based on the experimental and theoretical studies, can
be summarized as follows:

(1) The maximum CFX adsorption capacity at the
adsorbent dosage of 0.6gL™" and the initial
pH value of 6.5 was 233.1 mg g~' based on the
Langmuir model. Moreover, the kinetics shows
that a contact time of about 20 h is sufficient
enough to reach the equilibrium state.

(2) It was found that the Freundlich and Toth
models provide the best fit to the experimental
data among two and three-parameter models,
respectively.

(3) Using the experimental data, effective macrop-
ore diffusivity was estimated. The value of
0.18 x 107" m?s™" is the best value that fits the
experimental data. This value appears to be
slightly more than the value predicted by
Wakao and Smith equation. The model showed
perfect agreement with experimental data.
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