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Abstract—Discharge of antibiotics into the environment can cause problems like increase of the microorganisms'
resistance, disturbing the ecological balance and increasing the allergy in humans. In this research, an activated carbon
was produced from filamentous algae and then magnetized with Fe;O,. The adsorbent size was nano-scale and its
characteristics were studied using XRD, FT-IR, FE-SEM, BET and VSM techniques. The response surface method
(RSM) was employed to optimize the operating parameters and determine the best conditions for cephalexin removal
by novel composite of AC-Fe;O,. The various parameters in the process, such as reaction time, initial pH, adsorbent
dose, initial concentration of cephalexin and effect of cations and anions that could interfere in the adsorption of ceph-
alexin were evaluated in three levels. The proposed quadratic model was found to be best suggested model for the
adsorption process (R*=0.99094 and R?,;=0.9991). According to results, the parameters such as cephalexin concentra-
tion, the adsorbent dose, the reaction time and the pH value were found to be 28.16 mg/L, 2 g/L, 30.04 and 3.02,
respectively. Experimental results showed that the adsorption of cephalexin followed Langmuir isotherm (R*=0.9803).
Also, the results showed cephalexin adsorption on the composite fitted pseudo-second-order kinetics. The study
showed that the AC-Fe;O, adsorbent has high efficacy for eliminating cephalexin from aqueous solution.
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INTRODUCTION

The quality of available water resources has been changing due
to the large volume of pollutants discharged into the receiving waters
[1,2]. Discharge of toxic pollutants into the environment causes
adverse effects on human health, agricultural products, and natu-
ral ecosystems [3]. Today, the public consumption of drugs has in-
creased for various reasons, such as the spread of infectious dis-
eases, the progress of medical sciences and pharmacy, and medical
development [4]. Antibiotics are commonly employed for curing
contagious diseases in humans and animals. Some of the antibiotics
are used in agriculture to protect fruits against various infections. Iran
is considered to be among the 20 top countries and second in Asia
for drug consumption per capita. From the 1980, several pieces of
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evidence on the presence of drugs residues in natural water resources
have been reported [5]. The residues of antibiotics in the form of
parent compounds or metabolites enter into water steams [6].
Approximately 30-90% of the antibiotics consumed by human
beings and animals are not metabolized in the body and without
any change excreted out into sewerage. Drugs found in drinking
water include various types of analgesics, anti-seizure drugs, anti-
microbials, lipid regulators, non-steroidal anti-inflammatory drugs
and synthetic hormones [7]. The most important effects of antibi-
otics on the environment are the increased drug resistance of micro-
organisms, disturbance of environmental balance, and increased
allergies in human beings. Cephalexin (CEX) is one of the cephalo-
sporin families of beta-lactam species. This drug is one of the most
used antibiotics for the treatment of respiratory and urinary tract
infections. CEX is also widely used in veterinary medicine for treat-
ment of mastitis and other infectious diseases. The resistance of
bacteria to antibiotics has been reported in sewage, surface water,
drinking water, farmland and aquaculture [8]. The decomposition
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of these compounds due to their complex structure and their low
biodegradability is an important ecological challenge [9].

Various methods have been used to remove CEX from waste-
water, such as membrane processes [10], advanced oxidation pro-
cesses [11] and adsorption [12]. Some of the methods mentioned
above for the removal of CEX are highly complex and costly due to
the presence of a stable Naphthol ring (as the main structure) and
the toxicity of antibiotics for microorganisms and their low biode-
gradability [13]. Advanced oxidation processes can change the polar-
ity and functional groups in the pharmaceutical composition, which
may be more harmful as compared to their primary compounds
[14]. The cost of required chemicals and energy in advanced oxi-
dation processes is a problem to use it on a practical or industrial
scale [15]. In membrane processes, the operating costs and mem-
brane construction are high [16].

The adsorption method is promising for the eradication of phar-
maceutics from wastewater streams due to its high efficiency, low
energy consumption, simplicity and low costs of the process. Acti-
vated carbon [17], zeolite [18], clay [19] and chitosan [20] have been
examined for the removal of various pollutants including antibiot-
ics. Activated carbon, in comparison to other adsorbents, is one of
the most important adsorbents with regard to its high specific sur-
face area, high adsorption capacity, more porous structure, and selec-
tive adsorption capability [21]. Along with the benefits mentioned
for activated carbon, various studies reported several problems such
as difficulty in the recovery and separation of activated carbon from
the aqueous phase on an industrial scale [22]. Many studies have been
carried out to overcome this problem, including the use of magnetic
separation by iron oxide nanoparticles [23] and cobalt [24]. Iron
oxide nanoparticles have gained much more interest due to their
non-toxicity, rapid and simple separation process by an external mag-
netic field. Another advantage of using this kind of nano-material
is overcoming the problem of filters’ blocking [25]. However, their
adsorption capacity is lower because of their surface structure [26].

Preparation of comercial activated carbon has high cost, so
researchers are looking for low cost material for production of acti-
vated carbon. Filamentous algae are considered as agricultural wastes
that grow in an agricultural stream. Farmers should remove this
type of aqueous plant from the streams to facilitate passing of water
to irrigation land. Filamentous algae have smooth and wooly struc-
ture, which makes it a promising raw matter for preparing acti-
vated carbon due to its availability. RSM, which is one of the eftective
methods for designing the experimental conditions, is a statistical
technique based on the fit of a polynomial equation to the experi-
mental data that must define the behavior of a data set with the
objective of making statistical previsions. It can be well applied when
a response or a set of responses of interest are influenced by several
variables. The objective is to simultaneously optimize the levels of
these variables to attain the best system performance [27]. Another
benefit of this method is the ability to perform analysis of vari-
ance (Anova) to determine the final formula for pollutant removal
and optimal theoretical conditions. The Box-Behnken method is a
design based on three-dimensional factorial [28]. In this study, RSM
using the Box-Behnken model design was used to find the opti-
mized conditions and also to evaluate their effects on response
function (CEX removal efficiency). The novelty of this study is pre-

Table 1. Chemical structural and main characteristics of CEX anti-

biotic
Chemical structure Q
S
NH2 N = —
HO' ‘O
pKal 2.56
pKa2 6.88
Molecular formula C,¢H;N;0,S
(Molecular weight) (g/mol) 347.38
Aonax 261

paring activated carbon from filamentous algae for first time with
chemical activation method. In this study; activated carbon prepared
from filamentous algae in combination with Fe;O, nanoparticle
(AC-Fe;0, nanocomposite) was used as a new adsorbent for CEX
removal from water streams.

MATERIALS AND METHODS

1. Materials and Solutions

This study was performed in a batch system. All materials used
in this study were purchased from Merck in analytical grade. CEX
was purchased from Sina Darou Co., Iran for preparing synthetic
polluted samples. The general characteristics of CEX are presented
in Table 1 [29]. Solutions of 0.1 M H,SO, or NaOH were used for
adjusting pH. The stock of CEX solution was made by mixing 1 g
CEX powder in 1,000 mL of distilled water (1,000 ppm). Then, solu-
tions with the required concentrations of CEX were prepared by
diluting the stock solution.
2. Preparation of Activated Carbon from Filamentous Algae

The filamentous algae were collected from streams surrounding
Ardabil city, Iran, then rinsed with distilled water to remove con-
taminants and impurities. The algae were then placed at room tem-
perature for 12 hours and then in an oven at 70 °C for 12 hours.
Finally, the algae were powdered by a convenient crusher (lab mill
model: OML-1, Osaka chemical co.) and passed through a sieve
with a mesh size of 30. A certain amount of sieved algae was soaked
in ZnCl, solution with a specific ratio of 1:1 w/w. ZnCl, impreg-
nated algae were homogenized by an ultrasonic apparatus at 60 °C
for 30 min. The prepared algae were stirred and heated to form
slurry mixture. The slurry was dried in an electric oven at 105 °C
for 24 hours. The dried material was placed in an electric furnace
with a heating rate of 5°C min ", under nitrogen gas at 800 °C for
2 hours. Sufficient time was given to the prepared activated carbon
for cooling in electric furnace and then the samples refluxed with
diluted hydrochloric acid for 2 hours. The prepared activated car-
bon was rinsed with distilled water to reach a neutral pH. Eventually,
this sample was dried at 110 °C for 12 hours and used for produc-
tion of activated carbon-Fe;O,.
3. Synthesis of Fe;O, Nanoparticles

Iron oxide nanoparticles were prepared by co-precipitation -
chemical method. According to this method, an appropriate amount
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Table 2. Range and levels of the variables for designing by the Box-Behnken

Levels
Factor Unit Coded symbol -
Low (-1) Central (0) High (+1)
pH - A 3 6 9
Adsorbent dose g/L B 1 1.5 2
CEX concentration mg/L C 25 50 75
Contact time min D 30 60 90

of iron chloride (IIT) and iron chloride (IT) (2: 1 ratio) was homog-
enized in a three-headed balloon (contain 100 mL distilled water)
under nitrogen gas inside the ultrasonic apparatus. During homoge-
nization in an atmosphere of nitrogen gas, 20 mL of ammonia solu-
tion was added until the solution pH reached to around 9. A black
deposit containing magnetite nanoparticles was formed at pH 9.
The precipitate was homogenized for 45 min, then rinsed with dis-
tilled water to flush out impurities. Finally, using a 1.2 Tesla mag-
net, the magnetized Fe;O, nanoparticles were separated and dried at
70 °C for 12 hours at the oven and stored in dark containers [30].
4. Production Magnetic Adsorbent of Activated Carbon-Fe;O,

The AC-Fe;0, nanocomposite was synthesized according to a
procedure reported in the literature [31]. Prepared activated carbon
and Fe;O, nanoparticles with the weight ratio of 10: 1 were added to
200 mL of distilled water and homogenization was done at 70 °C
for 15 min in an ultrasonic bath. The mixture was placed on the stir-
rer at 300 rpm for 2hours to process the magnetic nanoparticle
loading onto the activated carbon. The composite was rinsed with
distilled water and then separated by a Tesla 1.3 magnet and then
dried at 70 °C for 12 hours.
5. Characterization of the Adsorbent

Shape, morphological characteristics, and the size of the com-
posite were analyzed by field emission scanning electron micros-
copy (FE-SEM). FE-SEM images of the samples were obtained on
a MIRA3 TESCAN at an accelerating voltage of 30kV. X-ray dif-
fraction (XRD) analysis of the magnetic adsorbent was done with
a Philips X-ray diffractometer (4=1.5406 A, 40kV, 30mA) in 2 theta
range of 2-80° at a scanning rate of 1°/min. The magnetic proper-
ties of the adsorbent were evaluated using a vibrating sample mag-
netometer (VSM). The nitrogen adsorption/desorption isotherms
were conducted by BET analysis (I BELSORP mini) at 77K to
determine the pore volume and specific surface area of the AC-
Fe;0, nanocomposite. Finally, for the characterization of functional
groups, FT-IR spectra of the samples were taken using a Bruker-
Tensor 27 model FT-IR spectrometer in the range of 450-4,000
cm’". For determination of pH at the point of zero charge (pH,,),
0.01 M NaCl was prepared and its pH was adjusted in the range of
2-12 by adding NaOH or H,SO,. 100 mL of NaCl (0.01 M) was
added to the solutions and then 0.5 g/L of the AC-Fe;O, nanocom-
posite added to these solutions. The flasks containing solutions were
kept for 48 h, and the final pH of the solution was measured by
using pH meter. Graphs were then plotted for pHy, vs. PHyiian
6. Optimization of Adsorption Process by RSM Method

RSM based on the Box-Behnken was used to evaluate the effect
of independent variables on the response function (CEX removal
efficiency). Independent variables included pH, adsorbent dose,
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CEX concentration, and contact time at three levels (—1, 0, +1) as
presented in Table 2. The number of experiments was calculated
using the equation N=2K (K—1)+C, where N is the frequency of
samples, K is the frequency of variables, and C is the frequency of
central points, and a total of 27 tests were calculated for the experi-
ments. The function of the response in general, which is a function
of the encoded variables, is represented by the following quadratic
polynomial equation:

Y=by+b,A+b,B+b,C+b,;A’+b,B’+b5;C+b,,AB+b;;AC+b,,BC+e (1)

The coefficients of the polynomial model are expressed as b, (con-
stant expression) and by, b,, b; (linear effects), by, by, bs; (second
order effects) and by,, bys, by; (interactive effects). The significance
of each of the sentences in the regression equation was investigated,
and significant expressions were identified in the model by Anova
for each response. The R* and R’,,.; were used to determine the
efficiency and validity of the model. The statistical model of Anova
was used as a method for analyzing the responses.

CEX adsorption studies were performed on activated carbon
regarding the effect of pH, the amount of adsorbent, CEX concen-
tration, and reaction time. After completion of the reaction time, the
samples were separated using a magnet and the residue of CEX in
the solution was measured using a Lambda25 spectrophotometer
apparatus, Perkin Elmer, at a maximum absorbance wavelength of
261 nm [32]. The efficiency of CEX removal (%) was calculated as
[33-35].

Cephalexin Removal (%)= C”g Ce %100 ()

where C, and C, are the initial and equilibrium concentration of
CEX in the solution (mg/L), respectively. Then adsorption capacity
(q» mg/g) was calculated by the following mass balance relationship:

(Co_CB)XV

Vi ®

Adsorption capacity, q,=

where q, is the amount of CEX adsorbed per unit mass of the
adsorbent (mg/g); V is the volume of the solution (L) and M is the
adsorbent mass (g). Excel and design experiments software (Ver-
sion 7) were used to analyze the results.

RESULTS AND DISCUSSION

1. Characterization of the Adsorbent
1-1. FTIR Analysis

The FTIR spectra of Fe;O, and AC-Fe,;O, are shown in Fig. 1.
In the FTIR spectra of Fe;O, and AC-Fe,O,, the presence of Fe;O,
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nanoparticles can be confirmed by the appearance of strong ab-
sorption bands at 583, 636, and 584 cm™". The broad and strong
absorption peaks over 3,200-4,000cm ' and at 1,634cm™" are at-
tributed to O-H stretching vibration and H-O-H bending vibra-
tion of H,O absorbed by the Fe;O, and AC-Fe;O, nanocompos-
ite, respectively. The other absorption bands can be attributed to
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Fig. 1. FT-IR spectra of pure Fe;O,, AC and AC-Fe;O, nanocom-
posite.
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the stretching vibration of C=C at 1,591 cm™’, the stretching vibra-
tion of C-O at 980 and 916 cm™" and stretching vibration of C-H
at 870 cm™' [36,37].
1-2. XRD Analysis

Fig. 2 illustrates the XRD patterns of the AC-Fe;O, in the range
of 26=10-80°. In the AC-Fe;O,, the characteristic diffraction peak
at 28.8° is assigned to activated carbon. For Fe,O,, the peaks ob-
served at 30.8°, 35.7°, 43.43°, 53.03°, 56.67° and 62.6° can be indexed
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Fig. 2. XRD pattern of the AC-Fe;0,.
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Fig. 3. FE-SEM images of (a) pure Fe;O,, (b) AC-Fe;O, nanocomposite and (c) pristine AC.
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Fig. 4. Magnetization hysteresis loops at room temperature of the
AC-Fe,0,.

as the cubic inverse spinel structure of Fe;O,. The results of XRD
analysis indicated that magnetic materials were synthesized and
coated onto the activated carbon successfully.
1-3. FE-SEM Analysis

Fig. 3(a) clearly shows that nanoparticles were formed. The mor-
phology of nanoparticles is spherical and a number of nanoparti-
cles were stacked together and formed coarse particles. As seen in
Fig. 3(b), activated carbon has a ripple surface and also has many
pores that are clearly visible in Fig. 3. In Fig. 3(a) the diameter of
Fe,O, particles is in the range of 10-25 nm. As seen from Fig. 3(b),
Fe;O, nanoparticles are deposited in cluster form on the AC side-
walls. Pristine AC before modification is provided in Fig. 3(c) for
better comparison. The FE-SEM analyses confirmed the formation
of the AC-Fe;O, nanocomposite [38].
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Fig. 5. The separation of the AC-Fe,O, from the solution: (a) is solu-
tion before separation of AC-Fe;O,, (b) solution after separa-
tion of AC-Fe;0, and (c) external magnetic.

1-4. VSM Analysis

Fig. 4 shows the VSM analysis for the synthesized composite at
room temperature (25 °C) in the range of the magnetic field of +10
(KOe) and at the saturation magnetization range of 8 + emu/g. The
results of this analysis show that the highest amount of saturation
magnetization for the composite is 7.36 emu/g. As seen in Fig. 5,
the composite has a significant magnetic property to be separated
by magnets.
1-5. BET Analysis

Fig. 6(a) and (b) shows the nitrogen adsorption/desorption iso-
therms and pore size distribution of the AC-Fe;O, nanocompos-
ite and AC. The measurement of pore size distributions (PSDs) of
adsorbents is based on the interpretation of gas adsorption meas-
urements through adsorption equilibrium models. In this study,
the specific surface areas (Sgzr) and pore size distribution of adsor-
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Fig. 6. (a) N, adsorption - desorption isotherm and (b) the pore size distribution.

Table 3. Specific surface area (Szz), micropore specific surface area (S,,,.,), mesopore specific surface area (S,,,,), total pore volume (Vy,,),
micropore volume (V,,;,,) and mesopore volume (V,,,) of AC and AC-Fe;O,

Mater lal SBET (m2/ g) Smicro (mz/ g) Smesu (mZ/ g) VTutul (CmS/ g) Vmicro (CmS/ g) Vmeso (Cma/ g) D P (nm)
AC 149.56 86.65 62.91 0.3561 0.1224 0.2337 2.34
AC-Fe;,0, 168.36 98.25 70.11 0.3899 0.1411 0.2488 2.34
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bents were calculated by the multipoint Brunauer-Emmett-Teller
(BET) and Barrett-Joyner-Halenda (BJH) methods. According to
IUPAC dlassification, the isotherms can be classified as type-IV,
which indicates that the AC-Fe;O, nanocomposite and pristine AC
are porous and mesoporous, respectively. As Fig. 5 shows, the AC-
Fe,0, nanocomposite has BET higher than the AC. The specific
surface area (Sgzr) and pore volume of adsorbents are compiled in
Table 3. The AC-Fe;O, nanocomposite and AC show an average
pore diameter of 2.34 nm, which can allow ions to penetrate eas-
ier into their pores [39,40].
2. Analysis of the Central Composite Design
2-1. Response Surface Method

The response surface method investigates the relationship between

Table 4. Design matrix and levels based on the Box-Behnken

the experimental and predicted results [41]. Box-Behnken design
was used to achieve the most appropriate model for the optimiza-
tion of the operational parameters at three levels. Box-Behnken
matrix for the experimental and predicted results of the removal
of CEX by the AC-Fe,O, adsorbent is presented in Table 4. All
experiments were designed to determine the optimal conditions
and to investigate the effect of operating parameters on CEX re-
moval. The predicted values were obtained by fitting the model with
Design-Expert software, and the results indicate that the predicted
values have a good correlation with the experimental values. Data
fitting was performed using various models such as linear, qua-
dratic, and cube models to obtain regression equations. As shown
in Table 5, a quadratic model is the most suitable model for remov-

Run pH Concentration Dose Time Removal Removal Capacity
(mg/L) (g/L) (min) actual (%) predicted (%) adsorption (mg/g)
1 3 50 1 60 48.46 47.39 24.23
2 3 75 1.5 60 53.41 52.8 26.71
3 3 25 1.5 60 82.80 82.48 13.80
4 9 75 1.5 60 28.21 41.64 14.11
5 6 25 1.5 90 89.68 86.87 14.95
6 3 50 1.5 30 59.64 60.77 19.88
7 9 50 2 60 65.70 63.63 16.43
8 9 50 1.5 30 46.76 46.89 15.59
9 6 75 2 60 62.07 64.19 23.28
10 6 50 1 30 41.20 42.37 20.60
11 6 75 1.5 90 57.12 60.94 28.56
12 3 50 1.5 90 69.40 71.2 23.13
13 9 25 1.5 60 59.40 69.93 9.90
14 6 25 1.5 30 72.28 71.39 12.05
15 3 50 2 60 83.74 83.64 20.94
16 9 50 1.5 90 60.92 61.55 20.31
17 6 50 2 90 82.88 82.92 20.72
18 6 25 1 60 65.28 65.09 16.32
19 6 75 1.5 30 45.76 45.43 22.88
20 6 50 1 90 48.46 54.57 24.23
21 6 50 1.5 60 63.28 62.71 21.09
22 6 50 2 30 71.58 70.2 17.90
23 9 50 1 60 55.74 43.7 27.87
24 6 75 1 60 3547 35 26.60
25 6 50 1.5 60 62.66 62.71 20.89
26 6 50 1.5 60 63.50 62.71 21.17
27 6 25 2 60 89.68 92.07 11.21
Table 5. Anova for the proposed model
Source Sum of Squares Df Mean square F value P-value (Prob>F) Remarks
Linear 223.31 20 11.17 19.26 0.0505
2FL 141.01 14 10.07 17.37 0.0557
Quadratic 56.66 10 5.67 9.77 0.0963 Suggested
Cubic 30.09 2 15.05 25.95 0.0371 Aliased
Pure error 1.16 2 0.58 - -

Korean J. Chem. Eng.(Vol. 37, No. 1)
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Table 6. Analysis of Anova for CEX removal using the AC-Fe,O,

Source Degrees of freedom Sum of squares Mean square F, P-value Status

Model 14 5940.73 424.34 88.07 <0.0001 Significant

A 1 421.54 421.54 87.49 <0.0001 Significant

B 1 2366.58 2366.58 491.17 <0.0001 Significant

C 1 2520.20 2520.20 523.05 <0.0001 Significant

D 1 465.75 465.75 96.66 <0.0001 Significant

AB 1 66.59 66.59 13.82 0.0029 Significant
AC 1 0.47 0.47 0.098 0.7592 Not significant
AD 1 4.84 4.84 1.00 0.3360 Not significant
B.C 1 1.21 1.21 0.25 0.6253 Not significant
B.D 1 0.068 0.068 0.014 0.9077 Not significant
CD 1 9.12 9.12 1.89 0.1940 Not significant
A’ 1 40.29 40.29 8.36 0.0135 Significant

B’ 1 0.75 0.75 0.16 0.7002 Not significant
c 1 16.30 16.30 3.38 0.0908 Not significant
D’ 1 0.17 0.17 0.035 0.8542 Not significant
Residual 12 57.82 4.82

Lake of fit 10 56.66 5.67 9.77 0.0963 Not significant
Pure error 2 116 0.58

Core total 26 5998.55

ing CEX by adsorption using the AC-Fe;O, adsorbent (suggested
model by software). The coefficients of R’, adjusted R’, and the fit-
ting weakness are used for model validation. The closer R* value
to 1 shows the power of the model fitness in describing response
variations as a function of the independent variables [42]. Accord-
ing to Table 4, the regression coefficients, R’, and adjusted R’ rep-
resent a good fit model. The values of R* and adjusted R” are high,
indicating that the model is statistically appropriate [43].
2-2. Quadratic Polynomial Model and Anova Analysis

Based on the Box-Behnken design, the empirical equation be-
tween input variables and experimental results is presented by a qua-
dratic polynomial. The resulting equation based on encoded fac-
tors is:

Y=+62.71-593A+14.04— 1449+6.23D—4.08AB+0.34AC+1.1AD
+0.55BC+0.13BD-1.51CD-2.75A>-0.37B*+1.75C*+0.18D*>  (4)

where Y is CEX removal (%) and A, B, C, and D are encoded
variables that represent pH, adsorbent dose, initial CEX concen-
tration, and reaction time, respectively. In addition, the accuracy of
this quadratic model and determination of the most influential
parameters in the CEX adsorption process were evaluated; the evalu-
ation of the simultaneous effects of the operational parameters in
the adsorption process was also evaluated by Anova. The results of
the analysis of degrees of freedom (DF), the sum of squares (seq
SS), mean square (adj MS), significant level (P-value) and Fisher
test (F-Value) are shown in Table 6. The data obtained from Anova
show that the proposed model has a statistically significant relation-
ship with linear conditions according to one-way Anova (p<0.001).

According to Table 6, the effects of main operational parame-
ters (reaction time, pH, the initial concentration of CEX, and adsor-
bent amount) on CEX removal are very significant (P<0.001), and
the simultaneous interaction of some parameters (reaction time
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Table 7. Correlation coefficients for the proposed quadratic model

Parameter Value Parameter Value
Standard deviation 220  R-squared 0.9904
Mean 62.18  Adj R-squared 0.9791
C.V.% 353  Pred R-squared 0.9452
PRESS 328.97  Adeq precision 34.882

and pH) also has a significant effect on CEX removal (P<0.001).
A significant level (P-value) plays the most crucial role in determin-
ing whether the interaction of variables is significant or not. Also,
if the P-value is less than 0.001, the significance of the model and
the variable is high [44]. The F-value parameter is a standard devi-
ation of the mean value. The F value for this model was 88.08,
which indicates that the variance of each variable is significant as
compared to the error variance and the model is entirely signifi-
cant. F-values indicated that the effect of different parameters on
the process follows the following sequence: Initial concentration>
adsorbent dose>reaction time>pH. The initial concentration with
F=523.05 is the most effective factor in the removal of CEX with
this adsorbent. R’, adjusted R’, and predictable coefficients for the
model are presented in Table 7. The adjusted correlation coeffi-
cient (adjusted R’ is equal to 0.9919 and the correlation coeffi-
cient, R’, is equal to 0.9904 for adsorption of CEX, which is quite
indicative of the high accuracy of the selected model. Difference
between the adjusted R* and the predicted R’ value should be less
than 0.2, which in this study was less than 0.2.
2-3. Examination of the Accuracy and Validity of the Proposed
Model

Different analyses were carried out to investigate the validity of
the proposed statistical model. Fig. 7(a) shows the experimental
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data versus the predicted data by the statistical model that the val-
ues are uniformly distributed along a straight line and are highly
correlated. Statistical analysis for verifying normal distribution of
empirical data is necessary [45,46]. Fig. 7(b) shows a normal dis-
tribution of data and accordingly the data are very close together
along the line.
2-4. Determination of Optimal Conditions for the Adsorption Pro-
cess

Optimum conditions were determined to achieve the maximum
removal of CEX using the AC-Fe;O, adsorbent. Derringer’s desir-
ability function was used to determine the optimal value of inde-
pendent variables. In the process mentioned above, the range of
removal efficiency was examined in the range 0 to 1, where 0 indi-
cates undesirable conditions, and the number 1 indicates the opti-
mal operating conditions [47]. To optimize the process of adsorption,
the main parameters including initial concentration of CEX (25,
50, and 75 mg/L), pH (3, 6, and 9), reaction time (30, 60, and 90
min), and adsorbent dose (1, 1.5, and 2 g/L) were investigated for
maximum desirability. Fig. 8 shows that in optimal conditions (initial
concentration of CEX 28.16 mg/L, the adsorbent dose of 2 g/L, pH
of 3.02, and reaction time of 30.04 min), the CEX removal rate is

T N |

3.00 9.00 2.00

T |

1.00

]

15‘.:00 Concentration .1,5.‘00 I

pH =3.02 Dose = 2.00 g/L.

3000 Time=30.04min  90.00
me e =28.16 mg/L
L 4
| Desirability = 1.000
$9.68

35.4667
Removal (%) = 89.68

Fig. 8. The optimum conditions for adsorption of CEX using the
AC-Fe;0, adsorbent.

89.68%, which is in the desirability condition equal to 1.
3. Effect of Different Parameters on the Efficiency of CEX
Removal
3-1. Effect of pH on the Efficiency of CEX Removal

The pH of the aqueous solutions plays an essential role in the
adsorption process. Fig. 9(a) shows the effect of the pH and the ini-
tial concentration of CEX on adsorption process. Solution pH influ-
ences functional groups of CEX and the AC-Fe,O,. On the other
hand, the adsorbent surface charge is influenced by the pH of the
solution. According to Fig. 9(a), the removal efficiency increases
by decreasing the pH from 9 to 3 and by decreasing the initial
concentration of CEX from 75 to 25 mg/L. According to Fig. 9(d),
the pH,,. value in the AC-Fe;O, nanocomposite was obtained at
7.38. The AC-Fe;O, has a positive charge at pH<pH,, and has a neg-
ative charge at pH>pH,.. At lower pH values, the density of positive
charges increases on the surface of the adsorbent, and therefore,
the electrostatic attractive force increases between the positively
charged adsorbent and CEX molecules. CEX has two functional
groups of hydroxide with a pKa of 2.56 and the amine group with
a pKa of 6.88 that is considered as an anionic molecule. Adsorp-
tion of CEX decreases with increasing pH value due to the increase
of OH' ions in the solution and the competition between hydrox-
ide ions and CEX anions to reach the positive surface of the ad-
sorbent. At higher values of pH, the number of sites at the surface
of the adsorbent with negative charges increases and the number
of the positively charged sites decreases, which results in an increase
in repulsive force, which is not promising for adsorption of CEX.
Legnoverde et al. [48] carried out a study to remove CEX using mes-
oporous silica and found that with increasing pH, the efficiency of
antibiotic removal decreased [48]. In another study, Pouretedal and
Sadegh [49] used grape wood to make activated carbon for the
removal of CEX, tetracycline, amoxicillin, and penicillin from aque-
ous solutions. They found that the efficiency of the removal of antibi-
otics increased at acidic pH, which is in good agreement with our
result [49].
3-2. Effect of Initial Concentration on the Efficiency of CEX Re-
moval

Fig. 8(b) shows the initial concentration of CEX versus adsorbent
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dose in the adsorption process (three concentrations of 25, 50, and
75mg/L). According to Fig. 8(b), with increasing the initial con-
centration from 25 mg/L to 75 mg/L, the efficiency of adsorption
was reduced. In low concentrations of CEX, the availability of anti-
biotic molecules to active sites in the adsorbent surface is high,
and as a result, CEX is adsorbed with higher efficiency on the sur-
face of AC-Fe,O,. However, by increasing the CEX concentration
in the solution, available active sites decrease. As a result, the ad-
sorption efficiency showed a decreasing trend [50]. On the other
hand, the adsorption capacity (q,) increased with increasing the ini-
tial concentration of adsorbate. The reason for this phenomenon
may be due to higher driving force in higher initial concentration
of adsorbate [51]. Homem et al. used almond shell ash to remove
amoxicillin from aqueous solution and found similar results [52].
Also, Miao et al. found a similar result in their study of removal of
CEX with alligator weed [53].
3-3. Effect of the AC-Fe;O, Adsorbent Dose on the Efficiency of
CEX Removal

Fig. 8(c) shows the changes in the CEX adsorption process with
variations in the adsorbent dose and reaction time. The results show
that by increasing the adsorbent dose and reaction time, the CEX
removal efficiency increases; however, the adsorbent dose has con-
siderable influence on the CEX removal efticiency compared to reac-
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tion time. Increasing adsorption efficiency by increasing the ad-
sorbent dose is due to the more available active sites and also the
creation of a higher contact chance between the pollutant and the
adsorbent. At lower doses, the adsorbent has fewer active sites for
CEX molecules, reducing the removal efficiency. However, accord-
ing to Eq. (3), with the increase of adsorbent dose the amount of
adsorbed CEX per unit mass of adsorbent (q,) decreases, because
more sites on the adsorbent surface remain vacant. As shown in
Fig. 8(c), with increasing reaction time, the chance of contact of
CEX molecules with the adsorbent increased, and the amount of
efficiency of CEX removal increased considerably at the beginning
of the process and over time. The CEX removal rate decreases and
eventually stays constant [54]. These results are consistent with the
findings of Wu et al. who examined the removal of CEX using modi-
fied bio-char supported Ag/Fe nanoparticles [55]. Similar results
were obtained by Babaei et al. on the removal of tetracycline with
multi-walled carbon nanotubes adsorbent [13].
4. Equilibrium Study

The study of adsorption isotherms is important for optimizing
the performance of wastewater treatment systems. In this study,
Langmuir and Freundlich models were used to evaluate the inter-
action between CEX and the adsorbent. The linear form of the Lang-
muir isotherm model is given below [56]:
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where q,, represents the maximum adsorption capacity; k; is the
Langmuir constant that can be obtained from plotting 1/q, versus
1/C..

The Freundlich isotherm model assumes that adsorption takes
place at a heterogeneous adsorbent surface, and the amount of ad-
sorption depends on the equilibrium concentration of the adsor-
bate in the solution. According to this equation, by increasing the
surface coating, the absorption energy is reduced logarithmically,
due to the heterogeneity of the surface [57,58]. The Freundlich iso-
therm model is given below:

Table 8. The parameters of Langmuir and Freundlich models

1
logq,=logK,+ nlogce (6)

where n and K} indicate the adsorption intensity and the adsorp-
tion capacity, respectively; that can be calculated from the plot of
log q, versus log C,. Isotherms equations were obtained at differ-
ent concentrations of CEX (10, 25, 50, 75, 100, 150, and 200 mg/L)
at the optimum pH of 3.02, adsorbent dose of 2 g/L and 45 min of
equilibrium time.

In Fig. 10 and Table 8 the CEX adsorption onto AC-Fe;O, fol-
lows the Langmuir isotherm model with a regression coefficient of
0.9803. According to Table 9, the g, obtained from this study was
found to be 38 mg/g. As provided in this table, g, that resulted
from the Langmuir isotherm in this study was compared with re-
sults of similar studies. g,,,,, shows the adsorption capacity of adsor-
bate in mass unit of adsorbent. Higher value of g, shows more
capability of adsorbent to remove pollutants. As shown in Fig. 10(b),
increasing the concentration leads to increased amount ge in the
model. Experimental results showed that with increasing the CEX
concentration from 25 to 200 mg/l, the amount of adsorbed CEX
on adsorbate increased. The more concentration of CEX in fixed
condition such as fixed dose of adsorbent results in increasing of
driving force surrounding fixed mass of adsorbent and q, will be
higher. In addition, the value of R; was between 0 and 1, which
confirms that CEX adsorption by the AC-Fe,O, is favorable. On
the other hand, in the Freundlich model, the value of n is greater
than 1, which indicates that the adsorption of CEX on the adsor-
bent is a favorable physical process. The results of the isotherm model
of this study are consistent with the obtained results of other stud-
ies (in term of finding best model) that examined the removal of
cephalexin from aqueous solution [53,59,60].

5. Study of Adsorption Kinetics

Kinetics models are used to determine process controlling fac-
tors, such as the speed of chemical reactions and the mass transfer
mechanism. In the present study; the pseudo-first-order and pseudo-
second-order kinetics were examined at different concentrations
under optimum conditions at different times. In the pseudo-first
kinetic, changes in the adsorption rate depend on the number of
unoccupied sites at the adsorbent surface.

The linear form of the pseudo-first-order kinetic model is pre-

Langmuir Freundlich

qn (mg/g) R’ K R, K, [(mg/g) (mg/L) ) n R’

38.61 0.9803 0.272 0.127 11.74 3.39 0.9428
Table 9. Maximum sorption capacity of different adsorbents used for the adsorption of medical drugs

Adsorbent pH Concentration (mg/L) Qe (ME/E) Reference

AC from dende and babassu coconut 2-11 50 65-74 [51]

AC from bituminous coal (commercial) 2-10 10 34 [61]

AC (commercial) and biochar 3.5-10.5 1 20.6-37.5 [62]

AC from mung bean husk 2-12 100 26.5 [63]
AC-Fe;O, 3-11 30 38.61 This study

Korean J. Chem. Eng.(Vol. 37, No. 1)
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Table 10. Kinetics parameters of CEX adsorption under optimal conditions and different concentrations

Pseudo-first-order

Pseudo-second-order

Co (mg/L) Q.o (Mg/g) Qo> cat (Mg/) k; (1/min) R} Q> (MG/) k, (g/mg-min) R
10 5.1 4.038 0.015 0.2779 5.05 294 1
25 12.55 4.90 0.022 0.8287 12.37 0.0026 0.998
50 23.85 11.64 0.023 0.8998 23.69 0.009 0.9976
75 304 18.08 0.027 0.9252 30.48 0.005 0.9955
sented by following equation [64]: calculated adsorption capacity compared to the real data in the
et pseudo-first kinetic, but in the pseudo-second-order kinetic, this
log(q,—q,)=logq,- (53165) %) difference is negligible, which indicates that the data are fitted to

where ¢, is the adsorption capacities at time t and k; is the con-
stant coefficient of the pseudo-first-order kinetic.

The pseudo-second-order kinetic model is based on solid phase
adsorption. q, and k, are obtained by drawing a plot of t/q, versus
t. The linear form of the model is expressed in Eq. (9) [65]:

LS. S (l)t ®)

Qe (kyq,) 4

where k; is the constant coefficient of the pseudo-second-order
kinetic.

Regarding the kinetic constants and the correlation coefficients
(R) presented in Table 10 and Fig. 11, as well as the comparison
of experimental data with the calculated data, it can be stated that

the kinetics of the adsorption follows the pseudo-second-order model.
The results show that there are remarkable differences between the
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Fig. 11. Pseudo-first-order kinetic (a) and pseudo-second-order ki-
netic (b) for the adsorption of CEX.
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the pseudo-second-order kinetic. In addition, the pseudo-second-
order kinetic model has the highest correlation coefficient, so this
kinetic model was considered as the best-fitted kinetic model. Al-
Khalisy et al. [19] showed that adsorption of CEX from aqueous
solutions by bentonite and activated carbon followed the pseudo-
second-order kinetic model [19].
6. Reusability of the Adsorbent

Regeneration of AC-Fe;O, nanocomposite was studied using by
washing and drying (at 105 °C) process for adsorption of CEX. The
recovered samples after washing with distilled water and then dry-
ing were examined in optimum condition again for studying removal
efficiency of CEX by regenerated adsorbent. As shown in Fig. 12,
the generation process was carried out for five times. Generally,
the nanocomposite capacity for removal of CEX was reduced with
increasing number of regeneration cycles. The value of removal
efficiency by regenerated adsorbent was 87.68% for the first regen-
eration. The trend of regenerations shows that the decrease in re-
moval efficiency was relatively clear, and after the fifth cycle, the
absorption capacity decreased to 47.6%. The results of regenerations
showed that this nanocomposite has promising performance in
primary steps for removal of CEX; however, the performance was
reduced almost half after five cycles in regenerated conditions.
7. Effect of Cation and Anions

In this study; the effects of cation (Li*', K*', Mg™, Ca™, Ni** and
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Fig. 12. Regeneration of adsorbent AC-Fe;O, in four cycles.
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Fe™), and anions (SO % NO™, HCO;') were examined that can
interfere with the adsorption of CEX on AC-Fe;0,. The results of
the experiments are shown in Fig. 13. As reported in previous papers,
the concentration of anions and cation in surface waters is usually
less than 1 mM; therefore, 1 mM of above mentioned anions and
cation was examined to evaluate its effects on CEX adsorption.
One of the reasons for the decrease in the adsorption of CEX in the
presence of anions and cation can be a competition between ions
and CEX molecule for adsorption at active sites of adsorbents. The
results showed that Ni*’, K*' and Fe" had highest interference for
adsorption of cefalexin on AC-Fe;0,. According to the result the
removal efficiency decreases from 89.68 to 78.34 for presence of
Ni*, from 89.68 to 79.34 for presence of K" and from 89.68 to
79.44 for presence of Fe™. The reduced percentage removal of cef-
alexin due to the presence of other anions and cations was found
to be less than 10%. The reason for a higher reduction in removal
efficiency in the presence of mentioned cations can be due to the
tendency of these ions to adhere to active adsorbent sites in com-
petition of cefalexin.

Other studies have reported the most reduction of adsorption
efficiency in the presence of Ni*’, K and Fe" ions. Takdastan et al.
studied the adsorption efficiency of activated carbon for removal of
tetracycline antibiotic and reported that the removal efficiency de-
creases significantly in the presence of Ni** and Fe"* [17]. Zhao et
al. studied the removal of tetracycline by goethite in the presence
cations and humic acid. They reported that the presence of some
ions such as Li"', Na"', K", Ca®, and Mg"” had little effect on re-
moval efficiency [66]. Results of this study showed that cations com-
pared have more effect on adsorption of antibiotic on AC-Fe;O,.
The removal of CEX was also studied in real wastewater media.

8. Real Wastewater Study

Actual wastewater containing antibiotics has many impurities
that may interfere with the adsorption process. The results of removal
efficiency of CEX were found to be 66.43% and 89.68%, in real and
synthetic wastewater by AC-Fe,0, nanocomposite, respectively. As

expected, the removal amount is lower in real wastewater com-
pared to synthetic wastewater. This efficiency decrease might be
attributable to different pH ranges and the presence of organic
materials and ions in real wastewater [67]. Additional costs may be
required to remove some impurities before the absorption process.

CONCLUSION

AC-Fe;0, nanocomposite was prepared by filamentous algae.
Results showed the remarkable efficiency of the AC-Fe;O, nano-
composite for the adsorption of CEX from aqueous solutions. The
Box-Behnken model was used to study the effective parameters of
the process separately and simultaneously. The increase in contact
time and the amount of adsorbent makes increases in the process
efficiency and, in contrast, the increase in pH and initial concen-
tration of CEX reduces the adsorption efficiency. The fittest weak-
ness model showed that the proposed model (quadratic) is quite
promising for the adsorption of CEX on the AC-Fe;O,. Under opti-
mal conditions (initial concentration of CEX 28.16 mg/L, the ad-
sorbent dose of 2 g/], the reaction time of 30.04, and pH=3.02), the
process efficiency was 89.68% with a desirability level of 1. Equi-
librium and kinetic studies indicated that the adsorption was fit-
ted with Langmuir isotherm and kinetic model of pseudo-second-
order. In addition, the regeneration of the AC-Fe;O, nanocompos-
ite showed that this adsorbent has promising capacity in five regen-
eration cycles for removal of CEX. The effect of cations and anion
showed the decreasing effects on antibiotic removal efficiency. Due
to high adsorption capacities and reusability; AC-Fe;O, nanocompos-
ite has a high potential for use in the treatment process for aqueous
solution containing various pharmaceutical contaminants.
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