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Abstract. In this work activated carbon (AC) was used
for the removal of cephalexin (CFX) from agueous
solution in a fixed-bed column. The breakthrough curves
of the adsorption process of CFX on the walnut shell AC
at different mass of the adsorbent, flow rate and initial
CFX concentration were determined.
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1. Introduction

Nowadays, a large amount of pharmaceuticals is
produced and used in the human and veterinary medical
practices, aguaculture and agricultural products. The
extensive use of pharmaceuticals has led to the continual
release of a wide range of pharmaceutical chemicals into
our environment. Major methods used in the removal of
pharmaceuticals from wastewater include adsorption [1],
ozonation and biomembrane [2], biological filtration [3],
and reverse osmosis [4]. Removal of pharmaceuticals
from wastewater is largely dependent on their physical
and chemical properties, their reactivity towards different
treatment processes and process control, such as solids
retention time, temperature and hydraulic retention time,
and treatment processes can therefore achieve some level
of removal [5]. In this regard, adsorption is a smple and
effective method that can be used as an efficient method
in removal of pharmaceuticals from aqueous solution.
Cephalexin (CFX) is the most widely used cephalosporin
antibiotic with an annual use of 3,000 tons and annual
sales revenue of $850,000,000 [6]. Due to the prevalence
of their respective antibiotic family usage, cephalexin was
selected. For the removal of CFX from aqueous solution,
activated carbon (AC) [7-10], bentonite [11], and
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polymeric resins [12] were applied. Natural adsorbents
due to being inexpensive are widely used as the precursor
of AC. In thiswork, walnut shell as alow-cost material is
used to produce AC by using physical activation. Other
natural adsorbents such as amond shell [13], pam shell
[14], rice husk [15], and rice husk [16] have also been
proposed for the production of AC. In this study, the
performance of the walnut shell AC for the removal of
CFX in a fixed-bed column is investigated. Then, the
modeling of the fixed-bed adsorption dynamics is
presented and the model parameters are cal culated.

2. Experimental

2.1. Materials

Cephalexin  monchydrate [(7R)-7-(D-a-amino-a-
phenylacetamido)-3-methyl-3-cephem-4-carboxylic  acid
hydrate] (purity >99.8 %) as an adsorbate was obtained as
a gift sample from LOGHMAN Pharmaceutical &
Hygienic Co., Tehran, Iran. Its chemical formula is
CieH17N30,S (MW = 347.6 g/mal), and Ama = 263 nm.
The molecular structure of CFX isillustrated in Fig. 1.

2.2. Preparation and Characterization
of AC

The adsorbent was prepared from physica
activation of walnut shell that described by P. Nowicki et
al. [17]. It was found that the specific surface area,
average pore diameter and total pore volume of the walnut
shell AC were 161.3n%g”, 1.94nm and 0.14 cm’g?,
respectively. The SEM analysis of prepared AC, before
and after adsorption, isshownin Fig. 2.
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Fig. 1. The chemical structure of cephalexin (CFX)
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Fig. 2. The SEM analysis of walnut shell AC before (a) and after (b) adsorption

2.3. Experimental Setup

The column experiments were conducted in a
Pyrex glass tube with an internal diameter of 1.4 cmand a
height of 20 cm. The adsorbent was supported by glass
wool on the top and also the bottom of the bed to ensure
good liquid distribution in the column. The column was
packed with 6, 8 and 10 g of walnut shell AC (equivalent
to 12, 16 and 20cm of the bed height) at 303K and
pH = 6. The CFX solution of known concentration (30, 70
and 100 mg/l) was channeled into the column using a
peristaltic pump at the favorite flow rate (4.5, 6 and
7.5 ml/min). The CFX solution at the outlet of the column
was collected at regular time to determine the remaining
CFX concentration using a UV-vis spectropho-
tometer  (UNICAM, 8700 seriess, USA) a
Amax = 263 nm.

2.4. Fixed-Bed Data Analysis

The breakthrough curves are usually expressed by
the ratio of effluent CFX concentration to influent CFX
concentration (C/Co) as a function of time or volume of
the effluent for a given bed height. The effluent volume,
Ve (M), can be calculated by Eq. (1) [18]:

Vi = Qbia «y

where Q and tiy are the volumetric flow rate (mL/min)
and total flow time (min), respectively. The value of the
total mass of CFX adsorbed, g (Mg), can be calculated
from the area under the breakthrough curve that can be
written by Eq. (2).
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The amount of equilibrium CFX uptake or the
maximum capacity of the column, gy (MQ/g), in the
column is calculated as the following:

where W is the dry weight of adsorbent in the column, g.
The total amount of CFX (Mta) Sent through the column
is calculated from Eq. (4):
— COQttotaI 4
I’nlotal 1000 ( )
The removal percentage (Y) of CFX can be
obtained from Eq. (5):

y =Ge_900 ©)
Mot
The flow rate represents the empty bed contact
time (EBCT) in the column given as:

EBCT (min) = volume (ml)/flow rate (ml/min) (6)

3. Results and Discussion

3.1. Batch Study

50 ml of CFX solution of different initial
concentrations (40, 60, 80, 100, and 120 mg/l) were mixed
with 0.45g of walnut shell AC in 100 ml Erlenmeyer
flasks. The amount of CFX adsorbed onto walnut shell

AC (ge) can be calculated as below:
_ (G -GNV
C="N (7)

where Co and C, are the initia and the equilibrium concent-
rations of CFX (mg/l), respectively, V (1) isthe volume of the
solution, W (@) is the mass of adsorbent. The optimum
walnut shell AC dose was 0.45 g per 50 ml of CFX solution.
The adsorption equilibrium isotherm of CFX on the walnut
shdl AC was prepared; it is shown in Fg 3.
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Fig. 3. The equilibrium adsorption isotherm of CFX
on thewalnut shell AC

In Fig. 3, we can see agradual decreasein the slope
of adsorption isotherm, which can be ascribed to the fact
that the monolayer, sited in the surface of the adsorbent,
have been saturated. In the present work, the Langmuir
and Freundlich isotherm models, two classic adsorption
models, were used to describe the adsorption equilibrium.
The linear form of the Langmuir and Freundlich models
are given below, respectively:

C, _C, + 1

qe qm KL qm
Ing, =InK . +%InCe ©)

(8)

where g, is the theoretical maximum adsorption capacity
per unit mass of the adsorbent, mg-g™; K, and K are the
adsorption constants of the Langmuir and Freundlich
models, respectively, and n is the Freundlich linearity
index. The model parameters and the corrdation
coefficients are listed in Table 1. It can be seen that the
best fitting of experimental data was achieved by the
Freundlich isotherm model.

3.2. Fixed-Bed Breakthrough Curves at
Different Flow Rates

Fig. 4 shows the effect of flow rate on the
breakthrough curves at different flow rates (4.5, 6 and
75 ml/min) resulted from the adsorption of CFX on
walnut shell AC with the initial CFX concentration of
70 mg/l, and at a constant mass of the adsorbent of 8 g. As
can be seen from Fig. 4, in the case of 7.5 ml/min, amore
rapid removal of CFX in the initial step and the rate
decreased thereafter to finaly reach saturation. As
volumetric flow rate increased, the breakthrough curve
became steeper and reached saturation more quickly. This
means that the contact time between the walnut shell AC
and CFX is lower, leading to lower breakthrough and
saturation times [19]. The parameters in fixed-bed column
for CFX adsorption by walnut shell AC are presented in
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Table 2. The breakthrough time t, decreased from 6.7 to
28 min when the flow rate enhanced from 4.5 to
7.5 ml/min, which is due to the fact that the contact time
between CFX ions and adsorbent at higher flow rate of
CFX solution has decreased [20]. According to Table 2, as
flow rate increased from 4.5 to 7.5 ml/min, the value of
the total mass of CFX adsorbed dropped from 81.9 to
47.3 mg/g. The results are entirely in agreement with the
results of other studies given elsewhere[21, 22].
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Fig. 4. The breakthrough curve of CFX sorption
at different flow rates

3.3. Fixed-Bed Breakthrough Curves
at Different Influent CFX Concentrations

The effect of influent CFX concentration on CFX
adsorption by the walnut shel AC was investigated at
different initial CFX concentration (30, 70 and 100 mg/l).
The results are shown in Fig. 5. As demonstrated in Fig. 5,
the breakthrough curves became dseeper as the initid
concentration increases. The breakthrough time t, decreases
from 15.3 to 3.8 min when the initial concentration increases
from 30 to 100 mg/l. The reason can be a quick saturation of
the available binding sites for CFX. The dow transport of
CFX onto walnut shell AC is due to lower concentration
gradient leads to a dower breakthrough curve [23]. The pa-
rameters in fixed-bed column for CFX adsorption by walnut
shell AC are presented in Table 2. As shown in Table 2, the
removal efficiency of CFX ions had an increasing trend in
column with the decrease in the influent CFX concentration.
With the increase in influent CFX concentration from 30 to
100 mg/l, the uptake and corresponding total CFX adsorbed
were found to increase from 1.78 to 2.17 mg/g and 25.3 to
33 mg, respectively (Table 2). This trend may be due to
higher driving force gradient in the higher influent CFX
concentration to overcome the mass transfer resistance [24].
The highest removal efficiency (Y = 56.5 %) was obtained
for theinlet CFX concentration of 30 mg/l. Accordingly, ad-
sorption antibiatic is more favorablein lower concentration.
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Table 1

The Langmuir and Freundlich adsor ption isother ms parameters

Langmuir Freundlich

O Mg-g” ke, I-mg” R K, I-mg” n R
37.3 2.673 0.9881 24.76 571 0.9931
Table 2
Operation conditions and results
for the fixed-bed column experiments(T = 303K and pH = 6)

Comg/g | Q,ml/min m, g t,, Min Ve, Ml Mo, MY | Grotaly MY 0. Mg/g Y, % EBCT
30 6 8 153 840 25.3 14.3 1.78 56.5 21
70 6 8 55 480 29.4 16.1 201 54.8 21

100 6 8 3.8 330 33.0 17.4 217 52.7 21
70 45 8 6.7 1170 81.9 59.4 7.42 725 2.8
70 6 8 55 1140 79.8 57.0 7.12 714 21
70 75 8 2.8 675 473 33.2 415 70.2 17
70 6 6 55 660 46.2 174 2.90 37.7 15
70 6 8 8.6 840 58.8 23.2 2.90 39.6 21
70 6 10 133 930 66.1 27.8 2.78 42.1 2.6
1.0 1.0
0 4 800000QwwY
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Fig. 5. The breakthrough curve of CFX sorption
at different concentrations

3.4. Fixed-Bed Breakthrough Curves at
Different Mass of the Adsorbent

The adsorption of CFX in the fixed-bed column is
largely dependent on the mass of the adsorbent, directly
proportional to the quantity of walnut shell AC in the
column. Fig. 6 shows the breakthrough curve of CFX
sorption at different mass of the adsorbent. The
parameters in fixed-bed column for CFX adsorption by
walnut shell AC are presented in Table 2. From Fig. 6, it
is observed that as the mass of adsorbent increased, both
the exhaustion time and effluent volume Vg increased.
With the increase in the mass of adsorbent, the Vg
increased, which might be due to the more contact time

Fig. 6. The breakthrough curve of CFX sorption
at different mass of the adsorbent

between the adsorbent and the adsorbate [24]. As
observed in Table 2, when the mass of adsorbent was
enhanced to 10 g, exhaustion time increased. The EBCT
also increased from 1.5 to 2.6 min with the mass of
adsorbent increasing from 6 to 10g. These results
indicated that the lower mass of adsorbent (6 g) offered an
optimum breakthrough curve. The total surface area was
increased with increasing the mass of the adsorption.
Despite this, the maximum capacity ge of CFX on the
walnut shell AC adsorption sites was low because not all
the surface walnut shell AC were accessible to CFX
molecules [25]. Accordingly, a relatively low mass of the
adsorbent was beneficia to antibiotics adsorption, which
agrees with the result obtained by Chen et al. [21].
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3.5. Breakthrough Curve Modelling

Breakthrough curves unveil the concentration
profiles in a fixedbed column. Several simple
mathematical models have been developed for describing
and analyzing the column experimental data. In this study,
four mathematical models have been proposed to predict
the breakthrough curves. The suggested models are
presented as follows [26]:

Moddl (1): c& =1+(C, +Ct%) exp(- C,1)
0

(10)

Model(2): = =1+(C, +C+C)exp- C) (1D
0

=1+(C, +Ct+Ct%) exp(- C;t) (12

e

Mode (3):

O

0

Model (4): C& =14 (C,+Ct +C%)exp(- Ct%) (13)
0

The mentioned models include the multiple of a

multivariable function and an exponential function for the
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adsorption processes. This type of modelling of the
breakthrough curves has been reported and used by other
researchers [27]. For validation of these models the
correlation  coefficient (R%), adjusted coefficient of
determination (AR?) and the residual sum of squares (RSS)
were used. The mathematical formula of RSSis:

RSS=4 (¥, - F(X))

wherey; isthe ™ value of the variable to be predicted, x; is
the i value of the explanatory variable, and F(x) is the
predicted value of y;. The correlation and modelling
constants have been determined with respect to O.L.S.
method by using Eviews software and are presented in
Tables 3-5. It can be seen from Table 3 that the model (2)
has high values of R? adjusted-R? and the minimum of
RSS for the fixed-bed adsorption column at different flow
rates. The model (2) and (4) were the best models that
fitted the experimental column data at various influent
concentrations (Table 4). It can be seen from Table 5 that
al of the models except model (1) were appropriate for
describing the adsorption behavior for the adsorption of

(14)

purpose of enabling the models predicting the CFX onto walnut shell AC in a fixed-bed column at
breakthrough curves of the axialy-dispersed plug flow different mass of the adsorbent.
Table 3
The parameter s of the adsor ption dynamic modelsfor various flow rates
Modd Q, ml/min C C, Cs C, G Cs R AR RSS

Modd 1 45 7.53 -8.47 -0.0005 0.0147 - - 0.9470 | 0.9440 | 0.2593
Modd 1 6.0 26.48 -27.35 -0.0003 0.0178 - - 0.9160 | 0.9079 | 0.1832
Modd 1 75 27.80 -28.78 -766*10° | 0.0434 - - 0.9599 | 09564 | 0.1137
Modd 2 45 -1.07 0.0111 -0.0001 0.0153 - - 0.9947 | 09944 | 0.0259
Modd 2 6.0 -1.04 0.0155 -0.0002 0.0229 - - 0.9913 | 0.9904 | 0.0189
Modd 2 75 -1.04 0.0148 -3.0510° | 0.0404 - - 0.9959 | 0.9955 | 0.0115
Modd 3 45 -1.1115 | -0.9670 1.0033 0.9932 | 0.0091 - 0.9916 | 0.9909 | 0.0409
Modd 3 6.0 -1.067 -1.2917 1.3388 0.9927 | 0.0145 - 0.9879 | 0.9863 | 0.0263
Modd 3 75 -1.0913 | -2.3485 24154 0.9940 | 0.0231 - 0.9918 | 0.9908 | 0.0231
Modd 4 45 -114.40 | -0.3567 21.211 03992 | 44122 | -0.0039 | 0.9866 | 0.9853 | 0.0652
Modd 4 6.0 -94.405 | -0.1927 32.167 02571 | 40700 | -0.0059 | 0.9813 | 0.9781 | 0.0406
Modd 4 75 -0.9208 | -2.2847 2.3527 0.9943 | -0.1203 | 0.0091 | 0.9891 | 0.9858 | 0.0593

Table4

The parameter s of the adsor ption dynamic modelsfor different influent CFX concentration
Modd Co, Mg/l C C, Cs C, G Cs R AR RSS

Modd 1 30 14.472 -15.482 -6.03E-06 | 0.0120 - - 09691 | 09662 | 0.0784
Modd 1 70 14.534 -15.420 -0.0004 0.0190 - - 09218 | 09128 | 0.1529
Modd 1 100 -0.9882 -0.1342 0.3855 0.0612 - - 0.9738 | 09709 | 0.06%4
Modd 2 30 -1.0691 0.0042 -4.03E-05 | 0.0124 - - 0.9848 | 09834 | 0.0384
Modd 2 70 -1.0503 0.0152 -0.0002 0.0243 - - 0.9908 | 0.9897 | 0.0179
Modd 2 100 -1.1092 0.0441 -0.0005 0.0025 - - 0.9865 | 0.9839 | 0.0621
Modd 3 30 -0.95%4 -0.0740 -1.62E-10 | 5.7339 | 0.0514 - 09781 | 09753 | 0.0555
Modd 3 70 -0.9811 -0.0909 -1.87E-09 | 5.8037 | 0.0844 - 0.9599 | 09534 | 0.0785
Modd 3 100 -0.9851 -0.1534 -1.08E-08 | 5.8019 | 0.1236 - 0.9978 | 0.9975 | 0.0056
Modd 4 30 -6.7334 | 5313003 | -757786.2 | 1.1695 | 12356 | 0.1014 | 0.9881 | 0.9861 | 0.0302
Modd 4 70 -5.8550 | 5313200 | -757781.2 | 11247 | 12316 | 01054 | 0.9931 | 0.9916 | 0.0134
Modd 4 100 -34528 | 5109360 | -767755.7 | 1.3582 | 12525 | 0.1256 | 0.9821 | 0.9665 | 0.0739
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Table 5
The parameter s of the adsor ption dynamic models
for different mass of the adsor bent
Modd | W,g C. C, Cs Cs Cs Cs R AR RSS
Modd 1 6.0 -1.0579 0.1010 0.3961 0.0129 — — 0.959 | 0.9535 | 0.0693
Modd 1 8.0 -1.0798 0.0372 0.5185 0.0152 — — 0.9695 | 0.9664 | 0.0893
Modd 1 10.0 -1.0750 0.0015 0.8096 0.0144 — — 0.9852 | 0.9839 | 0.0505
Modd 2 6.0 -1.0527 0.0135 -0.0002 0.0271 — — 0.989%6 | 0.9880 | 0.0178
Modd 2 8.0 -1.0923 0.0127 -9.61E-05 0.0149 — — 0.9898 | 0.9888 | 0.0296
Modd 2 10.0 -1.0880 0.0110 -4.19E-05 0.0056 — — 0.9901 | 0.9893 | 0.0337
Modd 3 6.0 -1.0650 -8.4810 8.5260 0.9989 0.0149 — 0.9850 | 0.9818 | 0.0257
Modd 3 8.0 -1.1246 -6.5263 6.5656 0.9989 0.0077 — 0.9843 | 0.9821 | 0.0462
Modd 3 10.0 -1.0959 -6.5424 6.5494 0.9998 0.0134 — 0.9858 | 0.9840 | 0.0486
Modd 4 6.0 -134.50 -1.4162 20.247 0.5527 | 4.69906 | -0.0023 | 0.9842 | 0.9898 | 0.0271
Modd 4 8.0 -139.181 -1.753 16.123 0.633 4.676 -0.003 0.9900 | 0.9883 | 0.0293
Modd 4 10.0 -4.6521 -5.8786 6.0385 0.9955 1.3803 -0.0060 | 09912 | 0.9898 | 0.0299

4. Conclusions

Adsorption in a fixed-bed column was conducted
to study the effect of influent adsorbate flow rates and
concentration and also the mass of the adsorbent on the
adsorption process. On the basis of the experimental
results, walnut shell AC was a good adsorbent for the
removal of CFX from aqueous solutions in a fixed-bed
adsorption column. The removal efficiency was increased
with increasing the mass of adsorbent, but decreased with
increasing the influent concentration and flow rate. Four
mathematical models were applied to the experimental
data analysis. The resultsindicated that the two out of four
models could properly predict the adsorption
breskthrough curves (R? > 0.98).
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AJICOPBIISA HEPAJIEKCHUHY B HEPYXOMOMY
IIAPI HA AKTUBOBAHOMY BYTI'ULJII
HIKAPAJIYIIN BOJIOCBKOI'O I'OPIXA

Anomauin. Ilposeoeno euoanenns yegpanexcuny (D) 3
B00HO20 PO3UUHY 3 BUKOPUCIMAHHAM AKMUBOBAHO2O0 BY2I/LISL 8 KONOH-
yi 3 HepyxomMum wapom. Busnaueno xpusi npockoxy npoyecy ao-
copbyii L{® Ha akmueosanomy 8yeili wKapaiynu 8010CbK020 20-
pixa 3a pisHoi macu aocopboenmy, wWeUoKocmi 1 noYamKo8ol KoH-

yenmpayii 1{D.

Knrouoei cnosa. aocopbyis yeganexcuny, Kouowka 3
HEPYXOMUM  UWAPOM, WKAPATIYRA BONOCHKO20 20pixa, @izuuna
akmueayis, akmueosame y2iuiA.






