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Abstract: Given the increasing risks that antibiotic abuse poses to microecology and human health, it
is imperative to develop incredibly powerful adsorbents. This study investigated the use of environ-
mentally sustainable polymeric nanocomposite based on gum arabic (GA) and magnetic nanoparti-
cles (MNPs) synthesized via co-precipitation method to form gum arabic magnetitic nanoparticles
(GA-MNPs) as an efficient adsorbent for ciprofloxacin (CIP) removal from aqueous solution. The
physicochemical properties and morphology of the synthesized GA-MNPs were characterized by
Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and Energy
Dispersive X-Ray Analysis (EDX). The experiment was designed by response surface methodology
(RSM) and the Central Composite Design (CCD) was utilized to optimize the operating variables:
contact time (0-120 min), pH (3-10), adsorbent dosage (0.10-0.40 g/L), and concentration of ad-
sorbate (5-100 mg/L). Results showed that 96.30% was the maximum percentage of CIP removed.
The adsorption effect of the CIP molecule on the surface of the GA-MNPs was investigated using
regression analysis and analysis of variance. Furthermore, Freundlich Isotherm and Pseudo Second
order kinetic equations have the highest consistency with experimental investigations suggesting
double-layer adsorption. This implies that chemisorption was the mechanism involved. In addition,
the calculated thermodynamic parameters were postulating an exothermic and spontaneous method
in nature. Owing to its adsorption selectivity and recyclability, GA-MNPs could be classified as an
environmentally friendly, less expensive, and highly efficient promising adsorbent for remediation of
CIP from aqueous solution.

Keywords: adsorption; central composite design; ciprofloxacin; gum arabic magnetite; response
surface methodology; wastewater

1. Introduction

Water is the most abundant and compulsory component required for the existence
of living organisms on the planet [1]. The accessibility of potable water remains a great
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challenge for over a decade due to the global discharge of environmental effluents caused by
the increase in unprecedented population growth, urbanization, and industrialization [2,3].
Thus, to achieve one of the targets of the Sustainable Development Goal (SDG 6) set by the
United Nations General Assembly by the year 2030, outstanding techniques and materials
need to be established to guarantee access to clean water for all [4].

The increased health risk caused by the random disposal of pharmaceuticals in aque-
ous medium has caused serious problems owing to their negative impacts on the envi-
ronment [5,6]. This is because pharmaceuticals are only partly metabolized in the human
body after ingestion, with 20-80% of the unmetabolized residues being discharged into
the environment in a pharmacologically active form. Numerous pharmaceutical active
compounds are directly or indirectly released into the environment [7,8]. However, domes-
tic waste, hospital waste, pharmaceutical industry by-products, and human urine are the
main sources of drug contamination [9,10]. The vital antibacterial agents utilized in human
and veterinary medicine are fluoroquinolone antibiotics [11-14]. Ciprofloxacin (CIP) is a
wide antibiotic spectrum that is extensively used to prevent post-operative infection follow-
ing intra-abdominal surgery [15,16], the characteristics of which are presented in Table 1.
A wide range of approaches have been used for the removal of CIP from various water
sources. These include: photodegradation [17,18], ozonation, photo-Fenton [19], Fen-
ton oxidation process [20], and adsorption. Antibiotics can be effectively removed from
the aqueous solution via an adsorption process [13,21]. To date, various adsorbents for
CIP removal such as titanium carbide [22], humic acid coated magnetic biochar [23],
nano-hydroxyapatite [24], multiwall carbon nanotube [25], activated carbon, montmo-
rillonite [26], and Graphene oxide [27] have been recorded. However, some of these
adsorbents are highly expensive, toxic, and difficult to regenerate after use. Therefore, an
ecofriendly, less expensive, easy to recover, biocompatible, and less toxic adsorbents need
to be produced. Natural supporting adsorbents from plant sources such as Gum Arabic
(GA) can be explored.

Table 1. CIP physical composition and chemical structure [21].

Parameters CIP

OH

Molecular structure /\
N N
% K/ NH

Formula C17H18FN303
Family Fluoroquinolone
Molecular weight (g/mol) 331.346
pKa 5.76-8.68
LogP —0.81

GA is a natural polysaccharide produced from Acacia Senegal and Acacia Seyal exu-
dates [28,29]. It is an inexpensive, hydrophilic, non-toxic, biocompatible, fully biodegrad-
able polymer [30-32]. GA mostly comprises a polysaccharide with several branches con-
taining rhamnose, arabinose, and galactose, a lesser fraction of arabinogalactan—protein
complex, and the minimum fraction of glycoprotein [33-35]. Recently, GA has gained great
attention as an appropriate biomaterial candidate owing to its biological, chemical, and
physical characteristics [36,37]. GA special features enables it to be a promising material in
a variety of fields in recent years [38]. It has been highlighted as an important dispersion
for carbon nanotubes as well as for removing copper ions from aqueous solutions using a
nano-adsorbent coating material [39,40]. Moreover, it has been proven that GA can stabilize
iron oxide nanoparticle dispersions in aqueous media [38]. As an active base, it may be used
to create stable colloidal nanoparticles that have external reactive functional groups [41].
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Similarly, it has been applied to stabilize and functionalize nanoparticles [8]. Recently,
it was revealed that GA-modified magnetite nano-adsorbents could produce magnetic
hyperthermia and were very successful at removing lead from wastewater [42,43].

Magnetic nanoparticles (MNPs) are a new class of nano-adsorbents that comprises
magnetic elements, such as nickel, iron, and cobalt [36]. MNPs modified surface chemistry
using natural or synthetic polymers have been widely used in several fields [44]. The
fundamental properties of nanoparticles such as a high surface area to volume ratio, small
size, and absence of internal diffusion resistance, gives outstanding adsorption kinetics of
the contaminants from aqueous solutions. MNPs have the advantages of both magnetic
separation techniques and nano-sized materials, which can be recovered easily or removed
with an external magnetic field [45,46]. Several coating agents have been employed to
develop biocompatible, monodisperse, and stable MNP suspensions [47]. A few literature
studies have discussed the use of GA-MNPs for the adsorption of certain wastewater
contaminants. Saeed et al. [48] reported the removal effects of GA-coated MNPs for the
removal of Pb ions from aqueous solutions. A study by Movasaghi et al. [49] reported
the use of Gum MNPs as an eco-friendly adsorbent for the removal of lead (II) Ions from
aqueous solutions with a maximum adsorption capacity of 50.5 mg/g. Moreover, in
another research study, the removal of methylene blue dye using GA /MNPs from synthetic
wastewater achieved the maximum adsorption capacity of 38.5 mg/g [50].

In this study, the synthesis and characterization of stable and porous GA-MNPs for
efficient CIP removal in an aqueous medium was explored. The central composite design
(CCD) in the response surface methodology (RSM) was utilized to produce experimental
models suitable for design, prediction, and validation to generate optimum runs that
are significant for determining CIP adsorption/desorption. Subsequently, the langmuir,
freundlich, temkin, and dubinin-radushkevich isotherm models were used for data analysis.
More so, the pseudo-first order, pseudo-second order, intraparticle diffusion, elovich, kinetic
models, and thermodynamic parameters were studied.

2. Materials and Methods
2.1. Materials and Reagents

Ciprofloxacin (97-100% purity) was acquired from Sigma-Aldrich (Darmstadt, Ger-
many). Gum Arabic, Irion (III) Chloride hexahydrates, Ammonium iron (II) sulfate hexahy-
drate, ethanol, Ammonia solution (28%) were utilized for the study. All other chemicals
were used without further purification and obtained as analytical grade products [51].

2.2. Instrumentations

GA, GA-MNP functional groups, and morphology were studied using FTIR and
SEM/EDX techniques. The Thermo Scientific, Waltham, MA, USA (NICOLET iS10) was
used to acquire the FTIR functional groups of the samples in the region of 4000-400 cm !
at room temperature. The SEM/EDX method was used to analyze the morphology of GA
and GA-MNP (FESEM Model SU 8220, Hitachi, Japan). The UV-VIS spectrophotometer
coupled with 10 mm quartz cuvettes was used for the quantification of CIP.

2.3. Synthesis of Gum Arabic Magnetite Nanoparticles (GA-MNPs)

A one-step process with numerous improvements was adopted for the synthesis of
GA coated Fe30y as illustrated in Figure 1 [46]. 100 mL of deoxygenated water was used as
a solvent to dissolve 2.0 g FeCl,.4H,0 and 5.2 g FeCl3.6H,0. 2.0 gL ~! GA was dissolved in
50 mL deionized water and added to the mixture with continuous stirring at 80 °C under
N, stream. Subsequently, ammonium hydroxide (28%) was drop-wise into the reaction
mixture until pH 10. After maintaining the mixture at 80 °C for 60 min, it was allowed to
cool down. The GA-MNPs was finally separated magnetically and washed with absolute
ethanol and distilled water for several time.
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Figure 1. Synthesis of Gum Arabic Magnetite and the adsorption study process.

2.4. Batch Adsorption Experiment

20 mg of GA-MNPs adsorbent was added to 20 mL of aqueous solution that contained
10 mg/L of CIP. Then, the mixture was shaken using an orbital shaker at 250 rpm at
25 °C for 30 min. After adsorption, an external magnet was subjected to separate the
adsorbents from the solution. The mixture undergoes a quantitative analysis using a
UV-VIS spectrophotometer at 227 nm. The effect of variables such as pH, contact time,
temperature, adsorbent dosage, and CIP initial concentration were studied. Equations (1)
and (2) were adopted to obtain the removal (R%) and adsorption capacity (q) of the CIP,
respectively [24,50]:

. (Co - Cf)
Removal efficiency (%) = e % 100 1)
0

. [(Co—cy) xo] o

w

From the equations, the initial CIP concentration is represented with Cy (ppm), C;
(ppm) represents the CIP equilibrium concentration, v (L) represents the quantity of adsor-
bent, and v (L) is the solution volume.

The material has been regenerated, washed with deionized water and methanol, and
dried in an oven for six hours prior to reuse.

2.5. Response Surface Methodology (RSM)

RSM is a multivariant statistical and mathematical procedure that can be applied to the
model to understand and give an experimental insight when a response of significance is
determined by multiple variables. The target is to optimize the response. The CCD requires
fewer experimental runs but produces the same set of data as the 3n complete factorial
design. The CCD is surrounded by axial points, a two-level factorial design with a center
point that corresponds to the middle level of the factors, and axial points (2n). The number
of axial points (2n) depends on the number of parameters linked to the desired features
of the design [52]. Due to the location of the axial points, the CCD may be divided into
three groups: CCC (circumscribed central composite), CCI (inscribed central composite),
and CCF (face centered composite). Comparing the region of operability with the region
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of interest is crucial when choosing the proper type of CCD. CCD is the most widely
used technique for creating second-order response models for environmental applications.
It offers sequential strategic experiments and can be effectively employed for up to five
parameters using parallel experiments. Additionally, it can significantly forecast the effects
of linear and quadratic interactions and optimize a huge number of variables.

The RSM employed in this work was a CCD with five independent variables: a dose of
GA-MNPs, contact time, pH, CIP concentration, and temperature. Table 2 lists the variables
and their respective levels. The five-coded scale was used to evaluate the input values
(—«, low, center, high, and +«). CIP removal was the target of the experiments. Five
process variables that could effectively remove CIP were considered. A total of 50 sets of
trials were used with 2° full factorial designs. A total of 32 trials for factorial point design,
10 for axial point, and 8 for a facsimile of the midpoint were included in the CCD experimen-
tal set of 50 trials. Design Expert Software (11 trial versions, Stat Ease, Minneapolis, MN, USA)
was used to analyze the outcomes in more detail.

Table 2. RSM matrix for the optimization of CIP removal.

Independent Symbol Ranges and Codes
Variables K - Low Centre High +
pH k, 2 4 6 8 10
CIP con-
centration ky 20 40 60 80 100
(ppm)
Temperature - 25 35 45 55 65
(°O)
GA-MNPs ky 10 20 30 40 50
dose (g)
(Contact ke 24 18 72 9% 120
time (min)

The implications of the model were evaluated using analyses of variance (ANOVA)
attributed to the determination coefficient, Fischer’s value test (F-value), and the value
of probability (p-value). The ANOVA program from Design Expert was applied to fully
evaluate the outcomes. Based on the interaction between the levels of the five variables,
plots of three-dimensional and their corresponding contour plots were produced. The
model was described by Equation (3).

f(m) = po+ i Putiy + i i Buvmymy + < 3)
u=1

i=lv>1i

where m, and m, are independent variables, By; constant, §,,; linear coefficient and B,
interactive coefficient, u; linear coefficient, v; quadratic coefficient, y; predicted response

and ¢; noise or error detected in the reply.

2.6. Adsorption Kinetics

To determine the most effective kinetic model, the data for the batch adsorption
study were studied via pseudo-first order, pseudo-second order, Elovich, and intra-particle
diffusion, as indicated by Equations (4)—(7), respectively [53].

In(q —qt) = Inge — k1 4)

t t 1
P (mz) * <qe) ©
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t= = 11’1(0( ) + = Int (6)
=Pt

g = Kt'/2 4+ C @)

The amount of sorbent adsorbed g; (mol g~ 1) at time ¢, K; (min~!) and K; (g/mol/min)
are the sorption rate constants acquired from the slope and intercept of linear plots of
(9 — q¢) versus t and % versus t, while g, (mol g~ !) is the quantity of sorbent adsorbed at
equilibrium where & (mg g~! min~!) represents the initial sorption rate, f is associated
with the expanded surface covering and activation energy for chemisorption (mg g~!). For
intra-particle diffusion, the value of K (mg g~! min~1/2) is the constant rate for intraparticle
diffusion in the model, and C (mg g~!) is the intercept.

2.7. Adsorption Isotherms

The Langmuir, Freundlich, and Temkin models were used for the study of isotherms
fitting on the adsorption data, as shown in Equations (8)—(11), respectively [54]:

Ce 1 1
L e 8
e qm ¢ bLﬂm ®
1
Log ge=l0gKr + . log C, )
F
ge= Br InKr + BrIn C, (10)
Inge = Ingy — BE? (11)

The adsorption rate b (mg L~!) and the Langmuir constants for the adsorption capacity
gm (mg g~ 1) are derived from the linear plot % versus C, with 1/g,, slope and intercept

of 1/bgy. C. is the adsorbate equilibrium concentration (mg L~!). The intercept value of
log Kr and slope value of 1/nr were obtained by plotting log g, versus C.. K signifies
the adsorption intensity of the adsorbate on the adsorbent material as well as the bonding
energy constant. If the value of ng is greater than one, it shows that the adsorption
circumstances are favorable [48,49]. Derived from the plot of qe versus InC,, Kr signifies
the equilibrium binding constant (L mg~!), BT = RT/b is the Temkin isotherm constant
linked to the heat of adsorption, T is the temperature in kelvin, R gas constant, and b is
the Tempkin isotherm constant. The adsorption free energy per mole of the adsorbate
E ( mol™1), and (mol? J~2) is the Dubinin-Radushkevich constant related to free energy.

2.8. Thermodynamic Studies

Thermodynamic parameters (AH, AS, AG) are derived from Equations (12) and (13) to
explain the randomness, spontaneity, and nature of the sorption process:

AG = —RTInk, (12)
AS°  AH°

where R (8.31] mol~! K1) universal gas constant, T temperature in Kelvin, and
ks (m3 mol~1!) concentration of adsorbate to the adsorbent ratio in equilibrium. The
Van't-Hoff plot’s slope and intercept of In k; as a function of 1/T 103, from which AH® and
AS° were acquired.

3. Results and Discussion
3.1. Characterization of GA-MNPs
The FTIR spectra of GA and GA-MNPs are given in Figure 2. The spectrum of

GA in Figure 2a showed the peaks at 3339, 2881, and 1607 cm~! were attributed to the
—OH stretching, CH, stretching vibration, and C-O asymmetric stretching vibrations,
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respectively. The peak at 1404 cm ! is assigned to the wagging vibrations for -CH. The
C-O-C linkage appeared at 1062 cm~!, where the peak at 610 cm~! could be assigned
for the -C-H out-of-plane bending vibration. The spectrum of GA-MNPs in Figure 2b
showed increased intensity for the peak at 1620 cm~! with a very slight shift, indicating the
formation of hydrogen bonding between the GA and the MNPs. The absorption bands at
600 cm ! could be attributed to Fe-O bonds due to their stretching vibration mode in the
crystalline lattice of GA-MNPs [49]. Moreover, the peak at 1436 cm ™! showed an increase
in intensity, indicating the interaction between the carboxylic functional group of GA and
the hydroxyl group on the surface of MNPs [46]. The morphological characterization
of the synthesized GA-MNPs material was analyzed using SEM. The spherical shape of
the Fe3O4 nanoparticles—which exhibited rough and agglomerated morphology due to
magnetism and high surface energy—confirm the successful synthesis of MNPs as can be
seen in Figure 3a. However, the surfaces of GA and GA-MNPs were smooth as depicted
in Figure 3b,c. This suggests that the agglomeration decreased upon coating with GA.
Figure 4. shows clear EDX peaks of C (20.57%), Fe (66.58%), and O (9.90%) in the adsorbent.
This proves the successful formation of GA-MNPs and correlates with the FTIR results of
the nanoparticles.

(a)
A
A
_— Ao 1607 1404
2 2881
8 3339 ~_ 610
= 1062
b =}
£ [(b)
n
c
S
-
2132
\
600
AN
2909 v f
3413 _ 1620 1436 1087

N 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Figure 2. FTIR spectra of (a) GA and (b) GA-MNPs.
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Figure 3. SEM images for (a) Fe304, (b) GA, and (c) GA-MNPs.
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ElementWt% [l Spectrum 1
C 20.57
(0] 9.90
S 2.44
Cl 0.51
Fe 66.58
100.00

Figure 4. EDX analysis for GA-MNPs.

3.2. Effects of Interactive Variables during Process Optimization by RSM

The CCD-RSM was used to illustrate the experimental and anticipated adsorption
capacity of GA-MNPs onto CIP. Following the design matrix shown in Table 3, the effects
of optimizing and simultaneously interacting with the key adsorption parameters on the
response were investigated. Equation (14) represents the quadratic model derived from the
coded components.

Using the RSM model, the equation variables were signified as pH (A), CIP concentra-
tion (B), temperature (°C), GA-MNPs dose (D), and contact time (E).

CIP adsorption capacity (mg/g) = + 92.08 + 0.2027A + 1.22B + 1.40C +
0.6107D — 0.2113E 4 0.0784AB + 0.4566 AC — 0.9791AD + 0.8859AE—
2.66BC + 0.0491BD — 0.6634BE + 0.6003CD — 1.54CE — 0.0184DE+
0.3523A2 — 2.44B2 4 0.6586C2 + 0.51361D2 + 0.6461E2

(14)

The equation stated in accordance with coded factors allows one to predict the reaction
for certain concentrations of each ingredient. The high levels of the components were by
default expressed as +1 and the low levels as —1. The coded equation may be used to
compare the factor coefficients and estimate the relative significance of the components.

Table 3. Design matrix for CIP removal.

Factors Contaminant Removal
CIP Concentration Temp. GA-MNPs Contact Time o
Run pH (ppm) €0) Dose (mg) (min) CIP Removal (%)
1 10 60 45 30 72 95.24
2 6 60 45 30 72 90.51
3 8 40 35 40 96 91.73
4 4 40 55 20 48 96.04
5 6 60 45 10 72 94.43
6 8 80 35 40 48 93.57
7 6 60 45 30 72 92.18
8 4 40 35 20 48 81.42
9 8 40 35 20 96 80.65
10 6 60 45 30 120 97.14
11 4 40 35 20 96 82.29
12 6 60 45 30 72 96.74
13 4 80 35 20 48 92.01
14 2 60 45 30 72 93.23
15 4 40 35 40 96 97.54
16 4 80 35 20 96 95.93
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Table 3. Cont.

Factors Contaminant Removal
Run pH CIP Concentration Tczmp. GA-MNPs Contac't Time CIP Removal (%)
(ppm) ©Q) Dose (mg) (min)
17 6 60 45 30 72 95.07
18 6 60 45 30 24 93.68
19 6 60 45 30 72 82.92
20 6 60 45 30 72 82.15
21 6 60 45 30 72 98.64
22 6 20 45 30 72 83.79
23 8 40 55 20 96 97.84
24 4 80 55 20 48 93.11
25 8 80 55 40 48 94.33
26 4 80 55 40 48 98.64
27 4 80 35 40 48 97.03
28 8 80 35 20 96 96.17
29 6 60 65 30 72 94.78
30 8 40 35 20 48 84.02
31 4 40 55 40 96 83.25
32 4 40 55 40 48 99.74
33 4 40 35 40 48 84.89
34 6 60 25 30 72 96.14
35 8 80 55 40 96 91.41
36 8 80 35 40 96 92.63
37 6 60 45 30 72 96.94
38 6 60 45 50 72 95.33
39 4 40 55 20 96 94.47
40 8 80 55 20 96 93.08
41 6 100 45 30 72 82.32
42 8 40 35 40 48 81.55
43 8 40 55 20 48 98.04
44 4 80 55 20 96 83.19
45 4 80 55 40 96 94.54
46 4 80 35 40 96 89.81
47 8 80 55 20 48 91.03
48 8 80 35 20 48 95.34
49 8 40 55 40 96 93.73
50 8 40 55 40 48 92.87

3.2.1. Analysis of Variance (ANOVA)

The model significance was investigated by using the ANOVA presented in Table 4.
The F-value of 1.44 for the model recommends that it is vital. Moreover, 18.34% of the
time is noise capable of producing an F-value this high. When model terms have p-values
under 0.0500, they are considered significant. In this case, the key model terms are BC and
B2. If the value is more than 0.1000, the model terms are not important. According to the
F-value for the lack of fit, which is 0.57, model reduction may be helpful if your model
contains many unnecessary words (except those needed to maintain hierarchy). The lack
of fit is not significant in comparison to the pure error. There is an 85.37% likelihood that
noise is the root cause of a high Lack of Fit F-value. We seek a slight lack of fit because
the model needs to be fit. Interactions between the optimal variables from the statistical
ANOVA data are regarded as vital when the p-value is lower than 0.05. Thus, the most
notable interactions are contact time and CIP concentration, GA-MNPs dose and pH, as
well as CIP concentration and pH.
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Table 4. ANOVA by RSM for CIP removal efficiencies.
Source Sum of Squares df Mean Square F-Value p-Value
Model 777.01 20 38.85 1.44 0.1834 significant
A-pH 1.64 1 1.64 0.0607 0.8071
B-CIP concentration. 59.56 1 59.56 2.20 0.1488
C-Temp. 78.43 1 78.43 2.90 0.0994
D-GA-MNPs dose 14.92 1 14.92 0.5512 0.4638
E-Contact time 1.79 1 1.79 0.0659 0.7992
AB 0.1969 1 0.1969 0.0073 0.9326
AC 6.67 1 6.67 0.2464 0.6234
AD 30.67 1 30.67 1.13 0.2959
AE 25.12 1 25.12 0.9278 0.3434
BC 226.05 1 226.05 8.35 0.0072
BD 0.0770 1 0.0770 0.0028 0.9578
BE 14.08 1 14.08 0.5203 0.4765
CD 11.53 1 11.53 0.4260 0.5191
CE 75.68 1 75.68 2.80 0.1053
DE 0.0109 1 0.0109 0.0004 0.9841
A? 3.97 1 3.97 0.1467 0.7045
B2 190.94 1 190.94 7.05 0.0127
2 13.88 1 13.88 0.5127 0.4797
D? 8.44 1 8.44 0.3118 0.5809
E2 13.36 1 13.36 0.4934 0.4880
Residual 785.07 29 27.07
Lack of Fit 503.05 22 22.87 0.5676 0.8537 not significant
Pure Error 282.02 7 40.29
Cor Total 1562.08 49

3.2.2. D Surface Plots

The contour and 3D surface plots in Figure 5a—f show the link between the independent
variables, real and anticipated values of CIP adsorption capacity (mg/g). The effect of the
interaction of CIP concentration and GA-MNPs dose is illustrated in Figure 5a,b. The quan-
tity of adsorbent needed to reach the best adsorption capacity was 20 mg. The adsorption
capacity did not change significantly with further adsorbent addition. This pattern sug-
gested that CIP can be effectively removed by using a little amount during the adsorption
process [53,55]. The common interaction between CIP concentration (20-100 ppm) and con-
tact time (24 to 120 min) is shown in Figure 5c,d with all other parameters being held at their
optimal values. The effectiveness of CIP adsorption rose with contact time and diminished
with an increase in CIP concentration [55]. This is because all the CIP molecules were readily
bonded to the GA-MNPs active sites at lower doses [56]. Because the GA-MNPs are porous
in nature and have both active and unoccupied adsorption sites, quick equilibration was
accomplished with only 24 min of contact time. The adsorption equilibration time is reached
in 48 min and remains unchanged for the remaining 72 min [57]. To comprehend the surface
charge of the adsorbent and the degree of ionization of the adsorbate molecule, the effect
of pH variations ranging from 2 to 10 as illustrated in Figure 5e,f was investigated. The
aqueous solution was switched to the anionic form at low pH values (2 to 6), becoming
negatively charged because of deprotonation and producing a positively charged GA-MNPs
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surface. At pH 4, the aqueous solution had a negative charge whereas the surface of the
adsorbent had a positive charge. Due to the potential for electrostatic contact, there is a
large increase in the capacity for adsorption [54,58]. The deprotonated surface charge of the
adsorbent and molecule at high pH changed the chances of electrostatic contact. As a result,
the electrostatic repulsion caused the adsorption capacity to diminish. This could be based
on the CIP molecules and -OH intense battle for active empty sites [59]. Additionally, higher
pH levels caused several functional groups, such as carbonyl and hydroxyl, to be in their
protonated cationic form which slows down effective adsorption [60]. Thus, the greatest
adsorption conditions are described as contact time 48 min, CIP concentration 60 ppm, 20 g
GA-MNPs dosage, pH 6, and temperature 35 °C.

Ciprofloxacin removal (%)

[CY I (b)

35

30

D: GA-MNPs dose (mg)

25

Ciprofloxacin removal (%)

B: Ciprofloxacin conc. (ppm)

50
20

40 50 60 70 80

D: GA-MNPs dose (mg) 20 40

B: Ciprofloxacin conc. (ppm)

Ciprofloxacin removal (%)
(d)

E: Contact time (min)

Ciprofloxacin removal (%)

40 50 60 70 80

B: Ciprofloxacin conc. (ppm)

(e) (L)

Ciprofloxacin removal (%)

80

72

E: Contact time (min)

56

Ciprofloxacin removal (%)

A: pH E: Contact time (min)

Figure 5. Contour plots and 3D response surface plots of CIP removal reveal the interactive effects of
(a,b) CIP conc. and GA-MNPs dose, (¢,d) CIP conc. and contact time, (e, f) pH, and contact time.
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Externally Studentized Residuals

3.2.3. Normal and Predicted Plots

Figure 6 depicts the link between actual and predicted values. The experimental
and predicted response values have a favorable association. Figure 7 demonstrates the
association between externally studentized residuals and CIP removal. It also demonstrates
a strong link between the variables.

Normal Plot of Residuals

Predicted vs. Actual

Normal % Probability
WE[E.
Predicted

75 80 85 90 95 100

T T T T T T T
-3.00 -2.00 -1.00 0.00 1.00 2.00 3.00 Actual

Externally Studentized Residuals
(a) (b)

Figure 6. Design-expert plots of (a) normal probability curve of the residuals and (b) relationship
between actual values and predicted values for CIP removal.

Residuals vs. Run

4.00 |
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-3.67391

-4.00 |

1 8 15 22 29 36 43 50
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Figure 7. Probability plot of externally studentized residuals vs. Run Number for CIP removal.
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The CCD-RSM multiple regression analysis yielded a substantial prediction, with
values acquired during the model comparison and fit statistics shown in Table 5. The
model confidence level was set at 95%. This demonstrates a strong relationship between R?
and Adjusted R?. According to a low Predicted R?, the mean might be a more interesting
predictor of your reaction than the present model. In certain cases, a higher order model
may also provide more accurate predictions. The signal-to-noise ratio is defined by Adeq
Precision. The ideal ratio is larger than 4. According to the signal-to-noise ratio of 5.2332,
the signal seems satisfactory. Thus, this model is useful for navigating the design space.

Table 5. Model comparison and fit statistics for CIP removal.

Model Comparison Statistics Fit Statistics
PRESS 2165.67 Std. Dev. 5.20
—2 Log Likelihood 279.58 Mean 91.86
BIC 361.73 CV. % 5.66
AlICc 354.58 R? 0.4974
Adjusted R? 0.1508
Predicted R —0.3864
Adeq Precision 5.2332

Assuming that all other variables remain the same, the coefficient estimates in terms
of coded factors provided in Table 6 indicate the expected change in response for each unit
change in the factor value. The average reaction of overall runs in an orthogonal design
are the intercept. The coefficients alter the factor settings produced around that average.
When the factors are orthogonal, VIFs are 1, VIFs exceed 1, and the severity of the factor
correlation rises with rising VIF values. VIFs under 10 are often acceptable.

Table 6. Coefficients in terms of coded factors for the responses (CIP removal).

Coefficient Estimate df Standard Error 95% C1 Low 95% C1 High VIF
Intercept 92.08 1 1.80 88.39 95.77
A2212 pH 0.2027 1 0.8227 22121.48 1.89 1.0000
B2212 CIP concentration 122 1 0.8227 2212 0.4623 2.90 1.0000
C2212 Temp. 1.40 1 0.8227 2212 0.2823 3.08 1.0000
D2212 GA2212 MNPs dose 0.6107 1 0.8227 22121.07 2.29 1.0000
E2212 Contact time —0.2113 1 0.8227 —1.89 1.47 1.0000
AB 0.0784 1 0.9198 —1.80 1.96 1.0000
AC 0.4566 1 0.9198 —1.42 2.34 1.0000
AD —0.9791 1 0.9198 —2.86 0.9021 1.0000
AE 0.8859 1 0.9198 —0.9952 2.77 1.0000
BC —2.66 1 0.9198 —4.54 —0.7767 1.0000
BD 0.0491 1 0.9198 —1.83 1.93 1.0000
BE —0.6634 1 0.9198 —2.54 1.22 1.0000
CD —0.6003 1 0.9198 —2.48 1.28 1.0000
CE —1.54 1 0.9198 —3.42 0.3433 1.0000
DE —0.0184 1 0.9198 —1.90 1.86 1.0000
A? 0.3523 1 0.9198 —1.53 2.23 1.0000
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Table 6. Cont.

Coefficient Estimate df Standard Error 95% C1 Low 95% Cl High VIF
B? —2.44 1 0.9198 —4.32 —0.5615 1.0000
C? 0.6586 1 0.9198 —-1.22 2.54 1.0000
D? 0.5136 1 0.9198 -1.37 2.39 1.0000
E2 0.6461 1 0.9198 —-1.24 2.53 1.0000
3.3. Sorption Kinetics
The adsorption kinetic models are used to study adsorbents’” interaction with adsor-
bates [61]. Adsorption efficiency is the primary factor used to measure absorption efficiency
and is defined as a change in adsorption per unit of time [62]. Figure 8a—-d depicts the
linear fitting results for pseudo-first order, pseudo-second order, elovich, and intraparticle
diffusion for the sorption rate of CIP on GA-MNPs. The kinetic parameters that correspond
with the correlation coefficients of kinetic models are described in Table 7. The sorption
mode is shown to be better described by pseudo-second order model in comparison to
pseudo-first order model with R? values 0.9984. This suggests chemisorption adsorption
processes as the ge a1 Of the model was nearer to the experimental value qe exp [54,63].
(a) 1409 (b) 30
° 120 55 | °
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Figure 8. (a) pseudo-first order, (b) pseudo-second order, (c) Elovich, and (d) Intraparticle diffusion
kinetic models for the adsorption of CIP on GA-MNPs.

Table 7. Kinetic models for the CIP removal by GA-MNPs.

Pseudo-First-Order Pseudo-Second-Order Elovich Intraparticle Diffusion
Je exp 4.929 Je cal 4.8473 Jecal  19.6405
e cal 1.3799 K 0.3118 B 3.7693 C 4.1065
Ky 91.0905 h 7.3266 o 0.7007 K 0.0844

R? 0.1936 R? 0.9984 R? 0.7939 R? 0.6099
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3.4. Adsorption Isotherm

The effective adsorption properties between adsorbent and absorbate are explained
using sorption isotherms, which are defined by certain constants values that reflect the
properties of the adsorbent surface and the equilibrium affinity of the sorbent sorption [64].
Figure 9. demonstrates the linear plots of Langmuir, Freundlich, Temkin, and Dubinin—
Radushkevich isotherm models. Table 8 shows the important parameters that were deter-
mined using the isotherm model’s linear plots. The maximum adsorption capacity value
(q max) was derived from a plot of the Langmuir (54.6449 mg g~ '), The Freundlich isotherm
model fits the experimental findings with R? value (0.9836). The Freundlich isotherm
model characterizes that the adsorption method occurred on heterogeneous surfaces [65].
Furthermore, the constants # for the Freundlich model were larger than 1, indicating the
favorability of adsorption [66].
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Figure 9. (a) Langmuir, (b) Freundlich, (c) Tembkin, and (d) D-R isotherm models for the adsorption
of CIP on GA-MNPs.

Table 8. Isotherm models for the adsorption of CIP using GA-MNPs.

Langmuir Freundlich Temkin Dubinin-Radushkevich
Jmax 54.6449 Kr 6.982 Kt 3.196 Jmax 25.2065
Ry 0.1007 ng 1.542 b 275.24 E 4.7114

R? 0.9026 R? 0.9836 R? 0.9025 R? 0.8613
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3.5. Thermodynamics Studies

Table 9 summarizes the thermodynamic parameters obtained from the Van’t-Hoff
plot as can be seen in Figure 10. The negative AG® values showed that CIP adsorption on
the GA-MNPs was a spontaneous process. When the absolute value of AG® was between
80 and 200 KJ mol !, the adsorption might be attributed to chemical adsorption, while those
between 2.1-20.9 KJ mol~! suggests physical adsorption present. Lower negative AG®
values with higher temperatures indicate that CIP adsorption was thermodynamically more
advantageous in lower temperature [51]. Therefore, CIP absorption on GA-MNPs might be
explained as physical adsorption enabled by the electrostatic effect. The exothermic nature
of the adsorption with a negative value of AH (—40 KJ/mol), aligns with the physical
adsorption. The negative value of AS exhibited that the randomness of CIP adsorption was
lowered [5,67].
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Figure 10. Van't-Hoff’s plot for adsorption of ENR using GA-MNPs.

Table 9. Thermodynamic parameters for the adsorption of CIP GA-MNPs.

T () Enthalpy, Entropy, Gibbs Energy,
AH (k] mol—1) AS (J mol-1 K-1) AG (kJ mol—1)
298 —2945.0376
308 —2764.2747
318 —2079 —59:21 2241324
328 —1102.7939

3.6. Adsorption Mechanism

Figure 11 showed the proposed mechanism for the adsorption of CIP on GA-MNPs.
The anticipated interactions present are electrostatic interaction, m—m stacking, and hy-
drogen bonding. Numerous functional groups such as -NH, -OH, and -COOH were
widely present on the surface of GA-MNPs and CIP. Moreover, CIP also contains benzene,
and F-based groups, which can be involved in the adsorption process between CIP and
GA-MNPs [4].
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Figure 11. Mechanism for CIP adsorption onto the GA-MNPs.

3.7. Comparison of the GA-MNPs with Other Reported Adsorbents

The maximum adsorption capacity qmax achieved in this study was compared with
those reported in literature as shown in Table 10. This is to assess the CIP adsorption
efficiency of the GA-MNPs. Based on the findings, the qmax value of the current study is
better than other reported adsorbents such as magnesium oxide nanoparticles, halloysite
nanotubes, schorl, and activated carbon. GA-MNPs were also able to remove the CIP in
a short time. Therefore GA-MNPs could be used as a sorbent’s alternative for the CIP
contaminants removal from aqueous solutions.

Table 10. Comparison of reported adsorbents with GA-MNP used for CIP removal.

Isotherm Kinetic Percentage _1 Equilibrium
Adsorbent pH Models Models Removal (%R) ¢ (mg ™) Time Ref
Schorl 55  Freundlich pseudo- - 8.49 720 min [66]
second-order
Magnesium Oxide 57  Langmuir pseudo- 85 3.46 60 min [68]
Nanopartices second-order
Oat hulls 7 Freundlich pseudo- - 83 - [51]
second-order
Aluminum-Pillared Kaolin . pseudo-first- .
Sodium Alginate Beads 4 Langmuir order ) 68.36 1440 min [671
magnetic ) pseudo-first- ) .
Nanocomposite/membrane 7 order %6 80 min [6]
Multiwall carbon nanotube - Freundlich psel;;tl;ilrst- 91.84 1.7446 120 min [25]
Freundlich seudo-first-
Birnessite 6 and p - 72 1440 min [11]
. order
Langmuir
Biochar 8  Freundlich pseudo- - - 1440min  [70]
second-order
Activated carbon - Freundlich pseudo- 93.39 0.4680 200 min [26]
second-order
Langmuir pseudo- ) .
Wheat bran 3 and D-R second-order 159 60 min [71]
Halloysite Nanotubes 6 Langmuir pseudo- - 1.0172 90 min [72]
second-order
GA-MNPs 7 Freundlich pseudo- 96.34 54.6449 60 min This

second-order

study
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3.8. Adsorbent Regeneration and Reusability

To reduce the cost of the adsorption process, reusability of an adsorbent material is an
ultimately important parameter to be considered for practical and commercial application
of the material in real samples [73]. Thus, a good adsorbent material should be easily
regenerated and reused. Acid and alkali treatment helps the recoverability and regeneration
of the adsorbents. However, it could damage the body of the adsorbent resulting in a
decrease in its adsorption capacity after each regeneration cycle. Thus, the choice of good
acid/alkali and their concentration becomes paramount.

In this work, the percentage removals of CIP were determined at seven (7) successive
cycles. After the adsorption of CIP, the adsorbed and saturated GA-MNPs was dispersed
in a 40% methanol solution, agitated for 6 h at room temperature, and washed three times.
Subsequently, the regenerated GA-MNPs was again used to absorb CIP. The desorbed
samples were then collected using the suction filtering technique and rinsed with distilled
water. To reuse the samples in the next round of adsorption studies, they were finally dried
in an oven at 70 °C. Figure 12 shows the effect of the number of regeneration cycles on the
CIP adsorption capacity of GA-MNPs. High removal percentage was maintained by the
adsorbent until the third cycle (91.73%). Subsequent removal trials in the fourth, fifth, sixth,
and seventh cycles showed a slight decline in the adsorption of CIP by (5.74, 7.53, 10.26,
and 12.41%), respectively. This can be due to the loss of a slight amount of adsorbent during
the recycling process. Despite the slight reduction in the removal of CIP, the GA-MNPs still
retained >80% removal efficiency after the seventh cycle.

100

Removal efficency %
H (=2 [
o o o
1 1 1

N
o
1

1 2 3 4 5 6 7
Reusability cycles

Figure 12. Reusability of the GA-MNPs for the removal of CIP.

Interestingly, after the GA-MNPs chelator was subjected to seven (7) sorption-
regeneration cycles, the adsorption capacity was still 82.99% of the initial capacity which
shows the excellent life cycle of the developed adsorbent. The changes in mass before and
after adsorption was observed to be negligible, especially in the last three cycles. Findings
also showed a trivial increase in adsorbent capacity loss with a decrease in adsorptive
efficiency after seven adsorption/desorption cycles as evidenced by Figure 11. This obser-
vation can be attributed to the fact that there is a decrease in active sites of GA-MNPs. The
decline in efficiency is less than 3% which indicates that the GA-MNPs has a high recycla-
bility and nearly maintains a constant regeneration efficiency after 7 cycles. Consequently,
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the result implied that GA-MNPs could be successfully regenerated. Thus, the stability
of the GA-MNPs in relation to the effective removals of the pollutants after considerable
number of repeated uses could be employed as a measure of their potentiality as effective
and economical adsorbing material for removing CIP from contaminated solution.

The results of this study are comparable to many reported studies on the regen-
eration of adsorbents as highlighted in Table 11 below. The adsorbent developed by
Sharma et al. [4] demonstrated 67% of its initial adsorption capacity after six sorption
regeneration cycles. Duran et al. [74], on the other hand, estimated a 10% capacity loss
after four sorption-regeneration cycles. Baloo et al. [75] estimated that their two adsorbents
showed 27.21 and 60.11% of their initial adsorption capacity after five sorption-regeneration
cycles. In another study, the modified resin by Afolabi et al. [76] showed 77.2% of its orig-
inal capacity after five cycles. This demonstrates the effectiveness and reusability of our
developed adsorbent.

Table 11. Comparison for different adsorbents on regeneration cycles.

Maximum

No. of Re- Adsorption Initial Final o
Contaminant Adsorbent generation P Removal Removal ° Ref.
Capacity . . . . Loss
Cycles Efficiency Efficiency
(mg/g)
Poly saccharide derivative
Boron functional hollow silica 4 2174 88 63 25 [74]
sphere (HSGUM)
Fe304@TATS@
Pb(II) ATA 4 205.2 91 78 13 [14]
Crystal violet Gum
y d arabic-cl-poly(acrylamide) 6 90.90 79 67 12 [4]
ye: nanohydrogel
Pb(II) UiO-66-NH, modified by 5 238.80 84 80.53 3.47 73]
Cdr) Glycidyl methacrylate (GMA) 208.45 90 83.67 6.33
Boron Polymeric chelator containing 5 257 98.94 951 373 [23]
glycidol moiety
Methylene bl
€ )(;egse ue Oil palm wastes-derived 5 54.00 98.09 72.21 25.88 [75]
Acid OZan 10 activated carbon
& 36.75 78.58 60.11 18.47
dyes
This
CIP GA-MNPs 7 54.64 96.34 82.99 13.35
study

4. Conclusions

The study synthesized and subsequently utilized GA-MNPs for the adsorption of
CIP. The GA-MNPs was characterized by FTIR, SEM, and EDX analysis to determine
its morphology and physicochemical properties. Optimization by RSM based on CCD
was conducted to determine the optimum conditions for the most efficient adsorption
capacity through the simultaneous interaction of adsorption parameters using 50 runs.
R? 0.9409 showed that the model was relevant for CIP removal. Model terms are symbolic,
as shown by the model’s F-value of 1.44 and low probability value (Prob. > F 0.0001).
Different initial concentrations were varied against time to study the adsorption kinetics.
Findings revealed that the kinetic results followed the pseudo-second order model that
indicated high adsorption capacity of 54.6449 mg/g was achieved at a contact time of
48 min, CIP concentration 60 ppm, 20 g GA-MNPs dosage, pH 6, and temperature 35 °C.
The isotherm fit best with the Freudlinch multilayer model, and the adsorption displays a
spontaneous process and exothermic nature for the calculated thermodynamic parameters
with increased randomness at the liquid—solid interface. This suggests double-layer adsorp-
tion and designate that a heterogeneous surface was obtained for the adsorption of CIP on
GA-MNPs. The GA-MNPs adsorbent achieved 96.30% CIP removal from aqueous solution.
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The interaction and binding mechanism showed the presence of hydrogen bonding, elec-
trostatic interaction and 7-7t interaction between the GA-MNPs and CIP. The reusability of
the adsorbent was studied for seven adsorption-desorption cycles and the GA-MNPs dis-
played good reusability performance with a slight decline from 96.45% to 82.99% occurring
after seven repeated experimental cycles. The ease of regeneration makes them suitable for
repeated and large-scale applications with effective performance in terms of CIP removal.
Comparison with other previously reported adsorbents showed the superiority potential
of GA-MNPs in terms of surface area, adsorption capacity, equilibration time, regeneration
capability, and impact during environmental clean-up. GA-MNPs is an outstanding ad-
sorbent for efficient application in CIP removal from contaminated effluents. Thus, it can
be concluded that the cost of GA-MNPs production is viable for commercial production.
Future studies should intensify research efforts by investigating the use of GA-MNPs with
other pharmaceutical active compounds and pesticide residue in a different matrix such as
food and beverage. More so, the commercial exploitation of this adsorbent must focus on
production routes that are cost-effective in the synthesis procedure.
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