¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2023.29566

294 (2023) 202-212
May

Artificial neural network for modeling adsorption of ciprofloxacin onto Fe,O,/

maifan stone composite

Shijie Chen***, Nan Chen?, Jinlong Li**, Yan Zhuang?, Guozhe Sui*®, Ying ying Huang®",
Huishu Zhang?, Renjiang Lv**, Guohua Dong**, Dong xue Sun?, Shuang Sui®

“College of Chemistry and Chemical Engineering, Qiqihar University, Qigihar 161006, China, Tel./Fax: +86-452-2742575;

emails: csj060@163.com (S.]. Chen), chennan@qqhru.edu.cn (N. Chen), jinlong141@163.com (].L. Li), 62777812@qq.com (Y. Zhuang),
gzhsui@qqhru.edu.cn (G.Z. Sui), 402963101@qq.com (Y.Y. Huang), zhanghuishu0214@163.com (H.S. Zhang), lvrenjiang123@163.com
(R.]. Lv), dongguohuaone@163.com (G.H. Dong), 2197716717@qq.com (D.X. Sun), 1739264271@qq.com (S. Sui)

Heilongjiang Provincial Key Laboratory of Catalytic Synthesis for Fine Chemicals, Qigihar University, Qigihar 161006, China

Received 31 December 2022; Accepted 17 April 2023

ABSTRACT

Novel Fe,O,/maifan stone composite were prepared by a simple solvothermal method. Physicochemical
properties of the novel Fe,O,/maifan stone composite were analyzed using energy-dispersive X-ray
spectroscopy, X-ray diffraction, scanning electron microscopy, transmission electron microscopy,
N, adsorption, Fourier-transform infrared spectroscopy and X-ray photoelectron spectroscopy. The
Fe,O,/maifan stone composite were used for the adsorption of ciprofloxacin (CIP) antibiotic removal.
This paper represents an artificial neural network (ANN) based approach for modeling the adsorp-
tion process of the adsorption of CIP onto Fe,O,/maifan stone composite in batch adsorption experi-
ments. The ANN model was trained and validated with the adsorption experiments data where pH,
adsorbent dosage, and initial CIP concentration were selected as the variables for the batch study,
whereas the removal efficiency was considered as the output. The ANN model was first developed
using a three-layer back-propagation network with the optimum structure of 3-3-1. The model
employed tangent sigmoid transfer function as input in the hidden layer whereas a linear transfer
function was used in the output layer. The comparison between modeled data and experimental
data provided high degree of correlation (R? = 0.99942) which indicated the applicability of ANN
model for describing the adsorption process with reasonable accuracy. The kinetics of the adsorp-
tion of CIP onto Fe,O,/maifan stone composite was better fitted with the pseudo-second-order
kinetics model, and thermodynamic parameters of the adsorption of CIP onto Fe,O,/maifan stone
composite were calculated. This Fe,O,/maifan stone composite adsorbent can be easily separated.

Keywords: Adsorption; Fe,O,/maifan stone; Solvothermal; Artificial neural network (ANN) modeling;
Ciprofloxacin

1. Introduction

Antibiotics are persistent in various water bodies due
to ineffective biological degradation and are usually in
an active state. It is possible to induce antibiotic resistance
genes even in trace amounts in the environment [1-5].

* Corresponding author.

Up to now, a variety of treatment technologies, such as
biological treatment technology, advanced oxidation technol-
ogy, photocatalytic degradation and so on, have been stud-
ied for the removal of antibiotics from environmental media
[6-8]. In comparison, the advantages of adsorptive antibiotic
removal technology are simple and economical [9-12].

According to relevant reports, the commonly used
adsorption materials currently include natural mineral
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materials, synthetic metal oxides, and porous carbon mate-
rials [13-15]. In recent years, the removal of fluoroquinolo-
nes (FQs) antibiotics by adsorption has yet been reported.
Biomass-based activated carbon, such as palm leaflets,
Trapa natans husk removes FQs from aqueous environments
[16-19]. Due to the high specific surface area and satisfac-
tory pore controllability of the above-mentioned adsorption
materials, they have attracted the interest of many research-
ers. However, these adsorption materials from micro- to
nanoscale exhibit high implementation costs and low
adsorption as well as easily being prone to secondary pollu-
tion of water, which limited their practical application [20].

The success of adsorption reactions greatly depends
on the selection of absorbent materials [21-23]. Among the
various adsorbent materials, magnetic adsorption materials
are promising adsorbents for removing antibiotics owing
to their high surface area and large pore volume [24-26].
Firstly, magnetic adsorption materials have received consid-
erable attention due to their unique magnetic properties and
potential applications in water treatment. Subsequently, mai-
fan stones is a natural, non-toxic. The maifan stones has the
advantages of large specific surface area, uniform pore-size
distribution, good chemical stability and strong adsorption
capacity, low cost and so on. For the convenient regenera-
tion of the maifan stones from the aqueous solution, Fe,O,
are used to ensure the magnetism of maifan stones. All the
advantages of Fe,O,/maifan stones as mentioned above sug-
gested its great potential in improving the interfacial com-
patibility and adsorption capacity of Fe,O, /maifan stones.

Artificial neural network (ANN), as a major artificial
intelligence tool with self-learning and adaptive capabil-
ities, is commonly used to predict the removal process of
pollutants in wastewater. ANN is composed of multiple
artificial neurons and their connections, and a layered arti-
ficial neural network generally includes multiple hidden
layers. The multilayer feed-forward net is a parallel inter-
connected structure consisting of input layer and includes
independent variables, number of hidden layers, and out-
put layer [27-32]. Adsorption methods have also widely
applied ANN models in wastewater treatment modeling.
Researchers have also conducted many studies using ANN
models to reduce reagent dosage and energy input. Momina
and Kafeel [33] employed ANN tool for the prediction of
the behaviour of adsorption of Methyl orange using poly-
aniline/magnetic oxide nanocomposite. Fagundez et al.
[34] reported a new methodology was proposed to fit the
adsorption data of ions Ag', Cu*, and Co*" onto zeolites
Zeolite ZSM-5, Zeolite Y in its acid form (HY) and Zeolite 4a
(4A), in four different temperatures. Ahmad et al. [35] rep-
resents an ANN based approach for modeling the adsorp-
tion process of sunset yellow onto neodymium modified
order mesoporous carbon (OMC-Nd) in batch adsorption
experiments [35]. Khandanlou et al. [36] represent the ANN
modeling of adsorption of Pb(II) and Cu(Il) was carried out
for determination of the optimum values of the variables
to get the maximum removal efficiency [36].

In the present study, the Fe,O,/maifan stone compos-
ite were prepared by a simple solvothermal method. The
physiochemical properties of the novel Fe,O,/maifan stone
composite were analyzed. Based on the experimental data
obtained from batch adsorption experiments, a three-layer

ANN model was applied to forecast the removal efficiency
of ciprofloxacin (CIP) using Fe,O,/maifan stone composite
as an adsorbent. To investigate the effects of the adsorp-
tion performance of the as-synthesized Fe,O,/maifan stone
composite, the adsorption isotherm kinetics of CIP from
aqueous solution on the Fe,O,/maifan stone were studied.
The novel Fe,O,/maifan stone composite showed excellent
magnetic response.

2. Experimental set-up
2.1. Materials

A standard product of ciprofloxacin was pur-
chased from China National Institute for the Control the
Pharmaceutical and Biological Products. Anhydrous fer-
ric chloride (FeCl)), glycol, anhydrous sodium acetate
(CH,COONa) were used as the starting materials. Other
chemicals were of analytical grade.

2.2. Preparation of the Fe,O /maifan stone composite

The schematic illustration of the preparation of the Fe,O,/
maifan stone composite is shown as Fig. 1. FeCl, (1 mmol)
were added into 80 mL glycol with strongly stirring followed
by 0.5 h ultrasonication. Next, (1 mmol) CH,COONa and
0.5 g maifan stone were added successively. The obtained
solution was transferred into a Teflon sealed autoclave
and maintained at 200°C for 8 h, The precipitate was col-
lected and washed several times with distilled water and
ethanol to remove any possible after drying at 60°C for 6 h.

2.3. Characterization

The sample crystallization behavior was examined
using an X-ray diffraction meter using a Cu K radiation
(A = 0.15418 nm) (D/max-IIIA, Rigaku Corporation, Japan).
The morphologies of the samples were characterized by scan-
ning electron microscopy (SEM) and EDS spectrum were
recorded with a field-emission scanning electron micros-
copy (Hitachi 5-4300, Japan) with primary electron energy
of 10 kV. Transmission electron microscopy were obtained
with H-7650 (Hitachi, Japan). N, adsorption-desorption
isotherms were measured using a chemisorption—phy-
sisorption analyzer (AUTOSORB-1, Kontakl Company,
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Fig. 1. Schematic illustration of the preparation of Fe,O,/maifan
stone composite.
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USA) at 77 K. The Fourier-transform infrared spectros-
copy were recorded using a Fourier-transform infrared
spectroscopy (FTIR) spectrometer (Nexus 670, Nicolet Co.,
Negoli Corporation of the United States).

2.4. Adsorptive removal

The adsorption of CIP on the Fe,O,/maifan stone com-
posite were investigated at room temperature by adding
100 mg of Fe, O /maifan stone composite into 200 mL CIP
aqueous solution of different initial concentrations. The
samples were continuously shaken for various contact times
and were separated immediately by a magnet. The sam-
ples after filtration were analyzed by using a UV-Visible
Spectrophotometer at 275 nm. The g, (mg/g) of CIP at equilib-
rium, was calculated by the following equation:

C -C )V
q;u 1)

m

where ¢, and ¢, (mg/L) are the initial and equilibrium con-
centrations of CIP solution. V is the volume of the solution
(L) and m is the weight of the adsorbent (g).

The kinetics experiment studies were performed follow-
ing initial concentration of 10 mg/L, adsorbent dose (0.5 g/L)
and initial pH of 6.5, and the samples were separated by
a magnet at fixed time intervals. The g, (mg/g) of CIP at
time t, was calculated by the following equation:

C,-C )V
-G @
m
where ¢, is the concentration of the adsorbate mg/L in
solution at time .

3. Results and discussion
3.1. Characterization

The SEM image and transmission electron microscopy
(TEM) image of the Fe,O,/maifan stone sample is shown in
Fig. 2. It can be concluded that Fe,O,/maifan stone is com-
posed of small nanospheres from SEM images (inset of
Fig. 2a) and TEM images (inset of Fig. 2b).

The measurement results of chemical composition of
the Fe,O,/maifan stone samples are shown in Fig. 3. The
result shows the Fe,O /maifan stone samples contained the
C, O, Na, Mg, A], Si, K, Ca and Fe elements. Fig. 4 shows
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the X-ray diffraction (XRD) patterns of the as-prepared the
Fe,O,/maifan stone sample. The standard Fe,O, structure is
further confirmed by the splitting of the peaks at 26 of 30°,
35°, 44°, 54°, 57° and 64°.

The nitrogen adsorption—desorption isotherms of the
tested the Fe,O /maifan stone materials presented in Fig. 5.
The Fe,O,/maifan stone materials showed the isotherms of
type IV and hysteresis loops of type H,, which were related
to their mesopores and macropores structure [37]. The aver-
age pore diameter about 161 nm suggests that the macrop-
ores are distributed very uniform. The Brunauer-Emmett-
Teller (BET) specific surface area (S,.,) of Fe,O,/maifan

BET:

s 5 Element | Mass(%)  Atom(%)

e 6.54 1254
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Fig. 3. Energy-dispersive X-ray spectrum of the Fe, O /maifan
stone sample.
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Fig. 4. The wide-angle X-ray diffraction patterns of the Fe,O,/
maifan stone sample.

Fig. 2. Scanning and transmission electron microscopy image of Fe,O,/maifan stone.
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Fig. 5. Brunauer-Emmett-Teller surface area and pore-size distribution curves. (a) N, adsorption-desorption isotherms of the
Fe,O,/maifan stone nanosheet composite. (b) Pore-size distribution of the Fe,O,/maifan stone nanosheet composite.

stone materials is as much as 34.86 m?/g. The advantages of
higher specific surface area and large void size of the Fe,O,/
maifan stone will have a good prospects in the treatment
of CIP for a magnetic adsorbent.

The chemical structures of Fe,O,/maifan stone sam-
ples were investigated using FTIR are shown in Fig. 6. The
absorption peaks of the samples were observed at 3,393.42
and 1,630.26 cm™, which are ascribed to the bending and
stretching vibrations by trace moisture [38]. The absorp-
tion bands of the Fe,O /maifan stone at 1,042.06 cm™ were
attributed to Si-O-Si stretching mode of SiO,, respectively.
There are some differences in the three curves of FeO,/
maifan stone sample at about 2,936.73 and 1,396.96 cm™,
which may be attributed to the CO, existed in the sample.
It is noteworthy that the bands at 585.37 and 434.08 cm™
exhibited in the FTIR spectra of Fe,O,/maifan stone sample
may be attributed to the vibrations of Si-O-Fe and Si-O-Si,
0-5i-O bonds. This shows that Fe,O, and maifan stone had
formed complexes.

The X-ray photoelectron spectroscopy (XPS) analysis
of the Fe, O,/maifan stone sample is performed in Fig. 7.
As shown in Fig. 7a, the Fe,O /maifan stone sample is com-
posed of C, O, Na, Mg, Al, Si, K, Ca and Fe elements. the
XPS of Fe 2p is shown in Fig. 7b, the peaks at 710.37, 712.05,
724.06 and 726.03 eV may correspond to Fe2pl/2 and
Fe2p3/2, respectively [39,40]. In addition, the peak positions
at 529.65 and 531.74 eV of Ols shown in Fig. 7c, respec-
tively, suggest that there are two different O species [39].

The separation ability of Fe,O,/maifan stone sample are
shown in Fig. 8. The magnetic Fe,O,/maifan stone materials
were attracted by a magnet within 2 min, which indicated
that the magnetic response of the synthesized material
was good.

Fig. 9 shows the repeated adsorption capacity of Fe,O,/
maifan stones under the same conditions. The adsorption
capacity was set based on the first adsorption, and the subse-
quent adsorption capacity was calculated based on the first
adsorption. After CIP was adsorbed, methanol was used as
the eluents for CIP desorption. In the second round of CIP
adsorption, the adsorption capacity of Fe,O,/maifan stones
for CIP was about 90% of the first adsorption capacity. With
an increase in the number of cycles to five, the adsorp-
tion capacity of Fe,O,/maifan stones to CIP was gradually
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Fig. 6. Fourier-transform infrared spectra of the FeO,/
maifan stone.

decreased by 15%. Therefore, Fe,O,/maifan stones showed
the satisfied advantage of repetitive absorption capac-
ity for the CIP, which could have certain practical value in
wastewater treatment.

3.2. ANN modeling

The neural network of MATLAB 2013b mathematical
software, was used to predict CIP adsorption removal. It is
known that the number of its layers, the number of nodes
in each layer and the nature of transfer functions determine
the topology of an artificial neural network. In the present
work, the initial pH, absorbent dose (g/L) and initial CIP
concentration (mg/L) were the input variables given to the
feed forward three-layered neural network. The removal
efficiency was selected as output variable. The correspond-
ing CIP removal was used as an output variable. Due to very
large or small weights and to avoid numerical overflows,
all inputs and target data were normalized between 0.1
and 0.9. The applied normalization equation is as follows:

X —X_.
y= 0.8 i min
X _xmi

max

+0.1 3)

n

where y is the normalized value of x, x__ and x_, are
respectively the maximum and minimum value of x,. Fig. 10
displays the schematic illustration of the optimized ANN
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Fig. 7. X-ray photoelectron spectra of Fe,O,/maifan stone sample.

Fig. 8. Magnetism demonstration of Fe,O,/maifan stone.
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Fig. 9. Reuse of the Fe,O /maifan stone or adsorption of cipro-
floxacin.

structure. Out of several data points generated, 17 experi-
mental sets were employed to feed the ANN structure. The
samples were divided into training, validation and test sub-
sets, which contained 13, 2 and 2 samples, respectively. The
mean square error (MSE), which was chosen as the func-
tion of error performance during the net training process,
had the minimum value at 3 neurons among the examined
neurons from 1 to 10. Due to the random initialization of
the weights, each topology was repeated three times to

Hidden
layer
Removal efficiency

Fig. 10. A back-propagation artificial neural network schematic
diagram.
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Fig. 11. Mean square error of neurons in the back-propagation
artificial neural network model.

avoid random correlation. Fig. 11 shows the relationship
between the MSE and the number of neurons in the hidden
layer. As can be seen, the lowest MSE was obtained with
3 neurons. Therefore, 3 neurons were found to represent
the best performance of the neural network model. Fig. 12
shows the schematic illustration of the optimized ANN
structure. The R? value (0.99942) of the back-propagation
artificial neural network model indicates that the trained
network performs accurately (Fig. 13). A comparison of the
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experimental data and calculated values of the CIP removal
efficiency is shown in Table 1. Table 2 shows the provided
weights by ANN in the present study. The effect of each
input variable on the output variable was calculated using
the neural weight data. The influence for each input vari-
able on the output variable was calculated by the Garson
equation [Eq. (4)] using the weight (Table 3). Where [, is
the relative importance of the jth input variable on the
output variable, N, and N, are respectively the numbers

Hidden

Output

Fig. 12. Recommended artificial neural network structure.
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Fig. 13. Experimental and predicted data of normalized decon-
tamination.

Table 1

of input and hidden neurons, W, are connection weights,
the superscripts ‘", ‘i’ and ‘0’ refer respectively to input,
hidden and output layers, and subscripts ‘k’, ‘m” and ‘n’
refer respectively to input, hidden and output neurons. The
results indicated that the absorbent dose (g/L) was the high-
est (51.6%), followed by initial CIP concentration (25.3%),
and pH (23.1%). The impact of factors on the removal
efficiency of CIP was also found to be in the following
order: absorbent dose > initial CIP concentration > pH.

D (71 e L R .
j: = m=Nj il =Ni il 0
S (walr i e wes)
Table 2
Weights and biases of back-propagation artificial neural net-

work in input-hidden layers (w, and b) and hidden-output
layer (w; and b)

mn

)x |Whu

Neuron w, b, w,, b,
1 -1.0422 0.1574 -1.2484 1.1494 0.8136 0.5089
2 1.3243 -3.6245 0.6465 0.8848 2.3437
3 0.1416  3.1898 0.5099 -2.4320 2.6711
Table 3
Relative influence of input variables
Input variables Relative significance (%) Order
Absorbent dose 51.6 1
Initial ci .
nitial c1pr?floxac1n 253 »
concentration
rH 23.1 3

Comparison between predicted ciprofloxacin removal efficiency by the artificial neural network model and experimental values

Run pH Absorbent dose (g/L) Ciprofloxacin (mg/L) Actual value (%) Predicted value (%) ARD (%)
1 10.5 0.25 6 86.29 86.35 0.01
2 3.5 0.75 2 76.12 76.19 0.09
3 7 0.75 6 91.32 90.15 1.28
4 10.5 0.75 2 82.74 82.80 0.07
5 7 1.25 10 91.67 91.74 0.08
6 7 0.75 6 89.42 90.15 0.82
7 3.5 0.25 6 82.66 82.52 1.69
8 7 0.75 6 90.09 90.15 0.01
9 7 1.25 2 85.15 85.21 0.07
10 35 0.75 10 91.38 91.45 0.08
11 7 0.25 2 77.68 77.84 2.06
12 7 0.25 10 83.71 83.76 0.06
13 7 0.75 6 90.27 90.15 1.33
14 7 0.75 6 89.88 90.15 0.30
15 10.5 0.75 10 81.17 81.23 0.07
16 10.5 1.25 6 85.96 85.03 1.08
17 3.5 1.25 6 87.25 86.32 1.07
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3.3. Adsorption studies

The adsorption ability of the Fe,O,/maifan stone from
different initial concentrations of CIP (pH = 6.5) are demon-
strated in Fig. 14. As can be seen, the Fe, O /maifan stone
showed higher adsorption capacities, which increased with
the rise of the time. Thereafter, with the increase of time, the
adsorption rate decreased gradually. The adsorption equi-
librium was basically achieved within 90 min. At the initial
concentrations of CIP of 5, 10, 20 and 40 mg/L, the removal
rates of CIP were 97.4%, 95.7%, 94.9% and 93.9% within
150 min, respectively.

Fig. 15 shows the adsorption kinetics of CIP on the
Fe,O /maifan stone. The experimental kinetics data were
fitted with pseudo-second-order models [41]:

LA S @)
qt kpsqez qz

where g, is the amount of CIP adsorbed at time ¢ (min), g,
is the amount of CIP adsorbed at equilibrium, k_  is the

50
==n=5 mg/L
1 =*=10 mg/L
wi 2() mg/L
40
0 w4 img/L v
v
v

&
L

4 6 8 10 12
Time(h)

Fig. 14. Effect of contact time on the adsorption capacity of
FeJOA/maifan stone at different initial concentrations of cipro-
floxacin.
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Fig. 15. Pseudo-second-order kinetics plots of ciprofloxacin
adsorption on Fe,O /maifan stone.

constant of adsorption (g/mg'min). The parameters using
pseudo-second-order models were calculated and pre-
sented in Table 4. According to the results, the pseudo-sec-
ond-order model were demonstrated better fitting under
four different concentrations CIP on the Fe,O,/maifan
stone. The pseudo-second-order model has a higher R The
g, derived from the pseudo-second-order model, and the
actual situation differed significantly. As a result, the pseu-
do-second-order was better suited to describe Fe,O,/maifan
stones adsorption behavior for CIP.

Fig. 16a shows the adsorption isotherm of CIP on Fe,O,/
maifan stone (pH = 6.5)f or 12 h. The result showed that
the amount of CIP on Fe,O,/maifan stone with the increase
of the CIP concentration. Langmuir model was fitted with
the experimental data of the adsorption isotherm of CIP
on Fe,O,/maifan stone. Langmuir model can be written as:

C, C 1
—- +
qmax KL

= ®)
qe qmax

where ¢, is the equilibrium concentration in liquid phase
(mg/L), g, is the equilibrium concentration on the solid
phase (mg/g), g, is the maximal adsorption capacity
(73.8 mg/g) and K, is affinity parameter related to the free
energy of the adsorption (0.267 L/mg), respectively. The
slope (1/g, ) and intercept (1/q_, K,) of the linear plot are
shown in Fig. 16b. Besides, the maximal adsorption CIP
capacity of the Fe,O,/maifan stones were compared with
the previously reported literature and displayed in Table 5.
The adsorption isotherm is used to analyze the interaction
between the adsorbent and the adsorbed molecule, as well
as the adsorption properties. The R? of the models was
higher than 0.90. It turns out that Langmuir model is fitted
the result well. Based on the basic assumptions of the mod-
els, it could be deduced that the adsorption of CIP on the
Fe,O,/maifan stones was monolayer.

In order to further understanding the adsorption
behavior CIP on Fe,O /maifan stone, the adsorption ther-
modynamics CIP on Fe,O,/maifan stone were investigated.
Parameters including the Gibbs energy (AG°), enthalpy
(AH®) and entropy (AS°) changes are calculated according to
the following equations [42]:

q
K =—¢ 6
=T (6)
AG®°=-RTInK_ 7)
Table 4

Adsorption kinetic parameters of ciprofloxacin adsorption on
Fe,O,/maifan stone

Concentration of q, (mg/g) k. (g/mgh) R?
ciprofloxacin (mg/L)

5 4.93 1.1000 0.9996
10 9.68 0.5312 0.9996
20 18.99 0.1562 0.9975
40 37.95 0.0904 0.9989
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Fig. 16. Adsorption isotherm curve (a) and Langmuir plot of the isotherm (b) of Fe,O,/maifan stone.

Table 5
Comparison of ciprofloxacin adsorption capacity of Fe,O,/
maifan stones with other ciprofloxacin reported in the literature

Formulation Antibiotics g, (mg/g) References
FeSOA/maifan stones Ciprofloxacin 73.8 This work
v-Fe,0,/MFe,0,/CNTs Ciprofloxacin 44.54 [21]
Aging PLA Ciprofloxacin 1.256 [45]
Aging PE Ciprofloxacin  0.9786 [45]
Aged biodegradable  Ciprofloxacin 46.913 [46]
plastic PLA
3.54
3.04
i 2.5
I
2.04
15 T v T T T v T
0.00320 0.00325 0.00330 0.00335
K
Fig. 17. A plot of InK_vs. 1/T.
AG°=AH°-TAS° 8)
InK = AS° AH ©)
R RT

where K is the distribution coefficient, g, and c, are the equi-
librium amount of CIP adsorbed on Fe,O,/maifan stone,
and the equilibrium concentration of CIP in the solution,
respectively, R is the gas constant (8.314 J/mol-K) and T is

zeta potential/mV

&
T

Fig. 18. Zeta potential of the Fe,O,/maifan stones.

Table 6
Thermodynamic parameters of ciprofloxacin adsorption on
Fe,O 4/rnaifan stone

Temperature  AG® AH° AS° R?

X) (kJ/mol)  (kJ/mol)  (J/molK)

298 2.897

303 2483 -76.96 —231.57 0.9995
308 2.007

313 1.456

the temperature in Kelvin. AH® and AS° can be regarded
as almost constant in temperature range (298 to 313 K) [37].
According to Eq. (7), the slope and intercept of the plot of
InK  are plotted against 1/T is shown in Fig. 17. The adsorp-
tion thermodynamic parameters CIP on Fe,O /maifan stone
are listed in Table 6. These results suggested that the adsorp-
tion of CIP on the Fe,O/maifan stones was an exother-
mic and spontaneous process. The low negative change of
entropy values meant that the randomness on the interface
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Fig. 19. Adsorption mechanisms.

of adsorbents decreased during the adsorption process. This
suggested that the CIP adsorption the Fe,O,/maifan stones
was controlled by physisorption [43].

It is fact that solution pH is an important factor
influences he surface charge properties and the adsorption
behavior of the Fe,O,/maifan stones. The pH-dependent
adsorption of CIP on the Fe,O,/maifan stones could be rea-
sonably explained by zeta potentials of the adsorbent com-
bining with the dissociation state of CIP molecule in aque-
ous solution. As is shown in Fig. 18, the surface charge of
as-prepared Fe,O,/maifan stone was highly dependent on
solution pH and the point of zero charge (PZC) of Fe,O,/
maifan stone was about 6.0. Therefore, below this pH, the
particle surfaces were positively charged, and above this
value, the particle surfaces were negative. In addition, CIP
have proton-binding sites (carboxyl and piperazinyl group)
with reported pK  (6.09) and pK , (8.74). At a pH of 6.5
between pK | (6.09) and pK , (8.74), the main species of CIP
are zwitterions, which contain a positive charge and a neg-
ative charge concurrently, whereas the Fe,O,/maifan stones
is negatively charged. That is, at pH < pH,, the adsorbent
was positively charged due to the protonation of amino
groups of chitosan and the positive charges increased with
decreasing pH. Thus, the removal of CIP in this pH region
was mainly attributed to the electrostatic attraction between
positively charged adsorbent and negative groups of CIP. At
pH > pH,,., the adsorbent was negatively charged ascrib-
ing to the deprotonation of amino groups of chitosan and
the hydroxyl group of the Fe, O /maifan stones. Thus the
strong electrostatic repulsion between negative adsorbent
and anionic CIP molecules as well as the competitive effect
from hydroxyl ions would lead to decreased removal of CIP.

3.4. Adsorption mechanisms

Figs. 3, 6 and 7 show energy-dispersive X-ray spec-
troscopy (EDS), FTIR and XPS measurements to further
elaborate the mechanism of CIP adsorption on the Fe,O,/
maifan stone. The FTIR spectra in Fig. 6, reveal the inten-
sity of O-H (3,393.42 cm™) and C=0O (1,630.26 cm™) stretch-
ing vibration peaks showed a decreasing trend the Fe,O,/
maifan stones, indicating that hydrogen bonding and m—-mt
conjugate bonding played a vital role in adsorption [44].

ion exchange

electrostatic interactions

The intensity of CH, (2,936.73 cm™), C-H (1,396.96 cm™),
Si-O-Fe (585.37 cm™), Si-O-5i, O-Si-O (434.08 cm™)
stretching vibration peaks increased after the adsorption
of CIP for the Fe,O,/maifan stone, indicating that hydro-
gen bonding and m-m conjugate bonds determined their
adsorption processes. The EDS and XPS spectra in Figs. 3
and 8 further reveal the mechanism of CIP adsorption by
Fe,O,/maifan stone. The Fe,O,/maifan stone contains many
kinds of metal ions, such as, Na*, Mg*, AI**, K*, Ca* and Fe*
and Fe® etc. This observation suggests that ion exchange
and electrostatic interactions are important in the mecha-
nism of CIP adsorption by Fe O,/maifan stone. In summary,
the adsorption of CIP on Fe,O,/maifan stone is a mix of
chemical and physical interactions. Chemical interactions
included hydrogen conjugation, m—-m bonding, and ion
exchange. Electrostatic interactions and electrostatic repul-
sion were examples of physical interactions (Fig. 19).

4. Conclusions

The magnetically novel Fe,O,/maifan stone compos-
ite materials was successfully prepared by solvothermal
method. Physicochemical properties of the novel Fe,O,/mai-
fan stone composite were analyzed using EDS, XRD, SEM,
TEM, N, adsorption, FTIR and XPS. The ANN model used
a multilayer feedforward neural network consisting of one
input layer with 3 neurons, one hidden layer with 3 neurons,
and one output layer. The ANN model and experimental
results showed similar patterns for all the parameters. The
adsorption isotherm was best fitted with the Langmuir model
employing a monolayer adsorption capacity of 73.8 mg/g.
The results shows small nanospheres of the Fe,O,/maifan
stone has good adsorption ability for CIP. Furthermore,
Fe,O, /maifan stone have better magnetic separation ability.
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