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Abstract

This research study focuses on adsorption of lead ions from aqueous solution by PABF (para-amino benzoate ferroxane)/chi-
tosan nanocomposites. Response surface methodology (RSM) based on the three-variable-three-level Box—Behnken design,
was employed to optimize the influences of major operating variables. Three independent variables, namely, initial solution
pH (3-6), adsorbent mass (0.002-0.09 g), and initial Pb(II) concentration (50-150 mg/L) were consecutively coded as X,
X, and X; at three levels (— 1, 0 and 1). Regression analysis indicated good fit of the experimental data to the second-order
polynomial model with a coefficient of determination (R?) value of 0.986 and F value of 70.24. The highest lead removal
efficiency of 98.27% was found at optimum conditions of 5.99, 0.04 g and 74.48 mg/L, respectively, for initial solution pH,
adsorbent dosage and initial concentration of Pb(II) ions. Such a removal efficiency was in good coincidence with the model
prediction (99.93%). The PABF/chitosan nanocomposites were characterized by FTIR, DLS, and SEM analyses and final
Pb(II) concentrations were analysed using Inductively Coupled Plasma Atomic Emission Spectrometer. In addition, the
equilibrium data fitted well to the Langmuir isotherm.
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Highlights

— PABF/chitosan nanocomposites were synthesized and characterized

— Carboxylate ferroxanes nanocomposites were used as sorbents for lead removal

— Box-Behnken method was used to design the experiments and optimization the process
— The equilibrium data fitted well to the Langmuir isotherm

— The monolayer adsorption process was dominated

Keywords Nanocomposite - Adsorption - Response surface methodology - Chitosan - Carboxylate—ferroxane - Box—

Behnken design

Introduction

Environmental pollution from the release of toxic heavy met-
als due to the proliferation of industrial activities is reaching
dangerous levels (Amini et al. 2008). These dangerous lev-
els have occurred especially in lakes, marine, rivers, under-
ground water, and (un)treated industrial waste waters (Amini
et al. 2008; Soylak et al. 2008). Harmful effects of heavy
metals on the environment and public health are due to their
toxic nature, non-biodegradability, and carcinogenic effect.
Thus, it is vital to deplet heavy metals from the aquatic envi-
ronment (Abou-Shady et al. 2012; Mert et al. 2013; Celebi
et al. 2020). Among the heavy metals, Pb(Il) is one of the
most important metals in terms of health risks based on envi-
ronmental regulations (Dolgen et al. 2007; Tan et al. 2012;
Zheng et al. 2016; Yap et al. 2017). Various technologies
such as adsorption, chemical precipitation, electrochemi-
cal technique, etc., have been used for lead removal (Tan
et al. 2012; Gholami et al. 2014; Muiloz et al. 2016). The
adsorption is one of the most interesting and effective tech-
niques because of its accessibility of different adsorbents,
low cost, and easy operational condition (Mert et al. 2013;
Sener et al. 2014; Tekin et al. 2011; Hui and Ye 2016). A
wide variety of adsorbents such as basic oxygen furnace slag
(Kim et al. 2020), magnetic Fe;O,@MnO, core—shell (Yang
et al. 2020), mesoporous coral limestones (Nkutha et al.
2020), a-FeOOH/Cellulose/TiO, (Mahmoud and Abdelwa-
hab 2020), octylamine functionalized vermiculite (Ahmed
et al. 2020), melamine-grafted chitosan (Ge and Du 2020),
chitosan—-boehmite composite (Chen et al. 2020), magnetic
sporopollenin supported polyaniline, (Mosleh et al. 2022),
waste biomass based bioadsorbent (BahadurPal et al. 2022),
calcium carbonate (Fiorito et al. 2022), pistachio, peanut,
and almond shells (Kayranli et al. 2022), brewed tea waste
(Celebi et al. 2020), natural Walnut Shell (Celebi and Gok
2017), etc. for the removal of lead from the aqueous medium
have been studied. Among the various adsorbents, biopoly-
mers such as chitosan are known as noteworthy adsorbents
(Wan Ngah et al. 2011). Chitosan is a good adsorbent due
to its low cost, biocompatibility, biodegradability, poor

@ Springer

solubility in aqueous solutions and high content of NH, and
OH functional groups as active adsorption sites (Gerente
et al. 2007; Valderruten et al. 2014; Ogunlaja et al. 2014;
Kotodynska et al. 2017). Chemical modifications through
the formation of chitosan composites lead to increase in
chemical and mechanical features of reinforced chitosan
films. Hence, this modification method has received con-
siderable attention, greatly studied, and widely published in
the literature (Zheng et al. 2016; Chiou et al. 2004). Previ-
ous reports indicated that chitosan adsorption performance
could be improved using cross-linkers such as formaldehyde,
glyoxal, glutaraldehyde, isocyanates, etc. (Crini and Badot
2008). In addition, various chitosan-based composites have
been prepared using bentonite (Ngah et al. 2010), montmo-
rillonite (Wang and Wang 2007), polyurethane (Lee et al.
2009), perlite (Kalyani et al. 2005), activated clay (Chang
and Juang 2004), kaolinite, polyvinyl chloride, polyvinyl
alcohol (Zhu et al. 2010), and oil palm ash (Hasan et al.
2008). The results disclosed that the chitosan-based com-
posites exhibit a higher adsorption capacity and improved
acid resistance (Boddu et al. 2008). Tran et al. stated the
magnetite nanoparticles—chitosan composites are promising
adsorbents for the uptake of Ni(Il) and pb(II) (Tran et al.
2010).

It is clearly indicated that use of nanoparticles in the pol-
ymeric structure of nanocomposites eliminates the major
drawback of nanoparticle in water treatment applications;
from this point of view secondary pollution due to nano-
particle dispersion can be completely controlled (Liu et al.
2008).

As mentioned above, many adsorbents have been inves-
tigated to remove lead from water/wastewater. However, the
introduction of new adsorbents continues in this field and
researchers are looking for adsorbents to solve the draw-
backs and defects of previous adsorbents. It is desirable for
an adsorbent that, in addition to good adsorption perfor-
mance, cannot cause secondary pollution in water, its sepa-
ration is easy from water after the adsorption process, can
show good adsorption performance in the neutral pH range,
and its synthesis is facile (especially on a large scale), to be
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prepared from available materials, etc. According to these
points, many previously introduced adsorbents such as nano-
particles are difficult to separate from water due to their easy
dispersibility in water. They are synthesized from expensive
materials that make their use on a large scale challenging.
They do not have chemical stability in the range of pH 2—4.
However, in this study, an adsorbent has been introduced to
solve the problems mentioned above as much as possible. In
the present study, attention is paid to a new nanocomposite
for lead adsorption from aqueous solutions. To this end, para
aminobenzoate ferroxane (PABF) nanoparticles thanks to
the existence of the NH, functional group on the surface of
nanoparticles have been selected, prepared and utilized as a
reinforcing agent to promote the adsorption characteristics
of chitosan film. Coexisting of various functional groups in
a united adsorption structure made the nanocomposites into
a high potential adsorbent. The effects of various param-
eters viz. initial solution pH, nanoparticle mass, and initial
concentration of Pb>* jons were probed by Box—Behnken
design methodology. In addition, the optimum parameters
were found to attain the highest adsorption efficiency. Exper-
imental data were analyzed by adsorption isotherms includ-
ing Freundlich and Langmuir models.

Experimental Procedure
Chemicals and Materials

Low molecular weight chitosan powder was procured
from Sigma-Aldrich (USA). Analytical-grade caustic soda
(NaOH), nitric acid (HNO;), iron (II) chloride tetrahy-
drate, hexamethylenetetramine, sodium nitrate, acetic acid
(CH;COOH), ethanol, 4-Aminobenzoic acid, and lead stock
solution (NIST Pb(NO;), in HNO; 1000 mg/L) were pro-
vided from Merck (Germany). All the required solutions
were prepared by dissolving the chemical reagents in deion-
ized (DI) water.

Fabrication of PABF/Chitosan Nanocomposites

Lepidocrocite, the precursor of PABF, was first prepared
through the reaction of FeCl,-4H,0, NaNO;, and hexameth-
ylenetetramine (Moattari et al. 2014). The ferroxane nano-
particles used in this research were prepared according to a
previously published method (Moattari et al. 2014). Briefly,
4.82 g (0.042 mol) lepidocrocite and 6 g 4-Aminobenzoic
acid were mixed with 500 ml deionized water in a 1000 ml
flat-bottomed flask. The formed suspension was exposed to
ultrasound waves for 20 min in a bath-type sonicator. The

suspension was then refluxed for 20 h at its boiling tempera-
ture after which it was cooled at ambient temperature and
centrifuged for 30 min at 4000 rpm. To remove unreacted
4-Aminobenzoic acids, the separated precipitate was washed
several times with 200 ml of ethanol. The wet precipitate
was centrifuged, dried in an oven at 80 °C, ground and
sieved through the mesh No. 60. Afterwards, the modified
PABF/chitosan adsorbent nanocomposites were synthesized
by the solution-casting method. The PABF/chitosan solu-
tions were provided as described below: 0.2 g of chitosan
powder and a certain quantity of PABF were dissolved in
1% (v/v) acetic acid solution. The ultrasound waves were
propagated to the obtained suspension for 10 min to ensure
complete dissolution of the solutes. Table S1 presents the
synthesis details of nanocomposites.

The prepared solution was incubated at 180 rpm and room
temperature for 24 h and then pre-heated in an oven at 50 °C
for 48 h to release the trapped air bubbles. Afterwards, proper
films were prepared by knife-casting the resulting solution on
some glass plates and allowed to dry at room temperature.
To neutralize the excess acid and also minimize the water-
solubility of the films, the films were submerged in 1 M NaOH
alkaline solution for 1 h. Later, they were exhaustively rinsed
with DI water and then left to dry at ambient temperature for
24 h.

Characterizations

Fourier transform infrared (FTIR), dynamic light scatter-
ing (DLS), and scanning electrom microscopy (SEM) tech-
niques were applied to characterize the PABF/chitosan nano-
composites. FTIR spectra were taken at wavenumbers of
400-4000 cm™! using KBr technique at ambient temperature
(Bruker alpha, German). A DLS analyzer (Malvern Instru-
ments, UK) was employed to obtain particle size distribution
of nanoparticles. To perform a DLS analysis, 5% W/V (nano-
particle/water) samples were prepared. Microstructures of all

Table 1 Synthesis details of PABF/chitosan nanocomposite Variables
and their levels for Pb(II) adsorption by PABF/chitosan nanocompos-
ites

Variable Level

Lower Central Upper
pH 3 4.5 6
C, (g 0.002 0.046 0.09
C, (mg/L) 50 100 150

@ Springer



101 Page4of18

Int J Environ Res (2022) 16:101

samples were observed using Philips XL-30S FEG and LEQ
1450 VP, scanning electron microscopy.

Adsorption Tests

The required lead solutions with appropriate concentrations
were provided by adding DI water to the standard lead solution
(1000 mg/L). 0.002 g adsorbent was poured into 25 ml of the
specified concentration of Pb(Il) solutions in a 100 ml Erlen-
meyer flask. The adsorbent-solution mix was then agitated at
180 rpm for 24 h at ambient temperature to reach adsorption
equilibrium conditions. Based on preliminary removal experi-
ments, the effect of contact times of 30 min to 30 h were evalu-
ated on the removal efficiency. The results showed a contact
duration of 24 h was enough to reach equilibrium. Therefore,

all adsorption tests were performed under a constant contact
time of 24 h. The pH of the solutions were adjusted using 1 M
HNO; and 1 M NaOH. The nanocomposite adsorbent was then
separated from aqueous solutions by a vacuum filtration sys-
tem. The supernatants were analyzed utilizing an inductively
coupled plasma atomic emission spectrometer (ICP-OES
simultaneous—Varian VISTA-PRO Model). The Lead removal
efficiency was determined according to Eq. (1) and adsorbent
capacity was calculated according to Eq. (2):

_ CO_CI,
R%—< c >><100 (1)
(Cy—CH)xV
g =——"" )
m

Fig.1 FTIR spectra of PABF
nanoparticle, pure chitosan and
PABF/chitosan nanocomposite
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where R% is removal efficiency, q, is the quantity of
adsorbed lead (mg/g) at a specified time t. C, and C, stand
for the initial and final Pb(II) ion concentrations (mg/L) in
the solution, respectively. m and V stand for the dosage of
the adsorbent (g) and volume of solution (L), respectively.

Box-Behnken Design of Experiment

Response surface methodology (RSM) is a beneficial mul-
tivariate technique that can achieve to an optimized process
trought a response function and it proposed to solve the dis-
advantages of one-factor-at-a-time approach (Tavares et al.
2009; Bandaru et al. 2006; Dil et al. 2017). In this work,
Pb(II) uptake by PABF/chitosan nanocomposite was exam-
ined by applying three-variable-three-level Box—Behnken
design (BBD) from the RSM. The BBD is known as a quad-
ratic design approach in which each independent variable
is placed at one of three equally spaced values (Ay et al.
2009; Rahimi et al. 2015). Table 1 presents experimental
variables including initial pH, nanoparticle amount (C,),
initial concentration of Pb** ions (Cy) and their levels. Vari-
ous parameters such as initial concentration, solution pH,
adsorbent dose, contact time, stirring speed, temperature,
etc. affect the adsorption amount. To select the most influ-
ential parameters, a screening pretest was performed with
the Plackett—-Burman method. The results showed that the
initial concentration, solution pH, and adsorbent dose were
the three most effective parameters, and therefore they were
chosen for further study and optimization of the adsorption
process by the BBD method. The software Design Expert
8 trial version was utilized for the experimental design, the
data analysis, determination of the coefficients, and the
graph plotting.

Three three-level independent variables denoted as
X,, X, and X; were considered for statistical calculations.
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Fig.2 Particles size distributions of the PABF nanoparticles by

dynamic light scattering and molecular structure of the PABF nano-
particles

Three levels were coded at values of — 1, 0 and+ 1. The
effects of X;, X, and X; on the lead removal efficiency were
investigated.

The reason for choosing the concentration range was
because the effluent of some industries is in the range
of 50-150 ppm. Therefore, to check the applicability of
the adsorbent introduced in this study, the same concen-
tration range was selected. The reason for choosing the
pH range was that first, lead precipitates at pHs above 7
and it is impossible to check the removal through adsorp-
tion. Secondly, many industrial effluents containing lead
do not have a pH lower than 2. As a result, pH 3 to 6
was selected for the study. The reason for choosing the
introduced range for the adsorbent dose was that, firstly,
nanoabsorbents do not need high doses due to their high
specific surface area. Secondly, choosing higher doses
creates an economic challenge in the adsorption pro-
cess. Third, in the preliminary tests, doses outside the
introduced range were also tested, which either had a
weak response or did not show much difference from the
selected range.

Results and Discussion
Characterization of Adsorbents
Identification of Chemical Bonds by FTIR Analysis

Figure 1 depicts the FTIR spectra of pure chitosan, PABF
nanoparticle, and PABF/chitosan nanocomposite. The
absorption bands at 3455 cm™! are assigned to the vibration
of H,0 molecules. As seen in the PABF spectrum, the two
index absorption bands at 1404 and 1500 cm™! are related
to the symmetric and asymmetric stretching vibrations of
carboxylates. The emergence of such bands indicates the car-
boxylate bonding between the carboxylic acid groups with
the surface of the lepidocrocite nanoparticles. The band at
1605 cm™! also corresponds to the stretching vibrations of
the aromatic C=C bonds that broadening this absorption
band at 1640 cm™! belongs to the bending vibrations of the
amine N-H groups. The band at 3370 cm™! is related to the
stretching vibrations of NH groups. (Moattari et al. 2014).
No evident differences are observed between the two
spectra of chitosan and PABF/chitosan nanocomposite.
As a matter of fact, at the low concentrations of PABF in
nanocomposite (PABF/chitosan), the intensity of index
bands for PABF decreased and covered by index bands of
chitosan. Only the intensity and position of some absorp-
tion bands have changed a little and at the wavenumber of
475 cm™! (the strongest band of PABF), a difference can be

@ Springer
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Fig.3 The PABF/chitosan [
nanocomposite structure made
from chitosan biopolymer and
PABF nanoparticles

NH,

Chitosan

seen between chitosan and PABF/chitosan nanocomposite
spectra.

DLS Analysis of PABF Nanoparticles

Particle size distribution of PABF nanoparticle determined
by DLS is depicted in Fig. 2. The average particle size of
PABF was obtained 260-520 nm. The PABF particles pro-
vide numerous surface active bonding sites that can cause
to the tendency of agglomeration and therefore, the DLS
technique cannot determine the size of the single particles.

SEM Analysis

Figure 3 illustrates the PABF/chitosan nanocomposite struc-
ture fabricated from chitosan and PABF nanoparticles, sche-
matically. PABF nanoparticles with NH, and OH groups on
their surface, link the chains of chitosan biopolymer through
the chemical interaction (covalent bonds) and physical

@ Springer

interaction (hydrogen bonds). In fact, these nanoparticles
play the role of adsorbent as well as the reinforcing agent in
chitosan matrix.

An SEM image of the PABF nanoparticles is shown in
Fig. 4. As can be seen, agglomerates of different sizes of
300-500 nm are formed. The main morphology is in the
form of particles with rounded corners. The PABF nanopar-
ticles have agglomerated due to the existence of strong inter-
actions (hydrogen bonding) between the functional groups.
The average particle size of PABF nanoparticles is about
43 nm and their surface is covered by NH, groups.

Figure 5 presents the SEM images of surface and a cross
section of PABF/chitosan nanocomposite. An approximate
thickness of 470 um was obtained for the chitosan film. The
SEM micrograph indicates the uniform distribution of PABF
nanoparticles and agglomerates through the surface of the
chitosan polymeric film.
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Fig.5 SEM image of the surface and cross sectional PABF/chitosan nanocomposite
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Tablg 2 Complete design Run Independent variables Removal efficiency (%)
matrix with observed and
predicted experimental response pH, X, Nanoparticle dose, X, Initial concentration, X,
values
Coded  Actual Coded  Actual(g) Coded  Actual (mg/L) Observed Predicted
1 1 6 0 0.046 -1 50 98.856 99.787
2 1 6 1 0.090 0 100 92.799 93.128
3 0 4.5 1 0.090 -1 50 91.950 89.890
4 -1 3 -1 0.002 0 100 65.029 64.931
5 0 4.5 0 0.046 0 100 89.283 86.820
6 0 4.5 -1 0.002 -1 50 82.790 84.735
7 1 6 0 0.046 1 150 88.877 89.925
8 0 4.5 1 0.090 1 150 72.653 72.306
9 -1 3 0 0.046 1 150 59.861 59.161
10 -1 3 0 0.046 -1 50 85.284 84.467
11 1 6 -1 0.002 0 100 95.771 93.925
12 0 4.5 -1 0.002 1 150 67.152 67.151
13 0 4.5 0 0.046 0 100 85.272 86.820
14 0 4.5 0 0.046 0 100 86.367 86.820
15 -1 3 1 0.090 0 100 73.960 76.038
Table 3 Sequential model fitting for the lead adsorption on PABF/chitosan nanocomposite
Source Sequential model sum of squares
Sum of squares Degree of Mean square F value p value>F Comment
freedom
Mean vs. Total 101,800 1 101,800 — — —
Linear vs. Mean 1733.44 3 577.81 25.86 <0.0001 -
2FI vs. Linear 98.40 3 32.80 1.78 0.2285 -
Quadratic vs. 2FI 123.16 3 41.05 8.48 0.0209 Suggested
Cubic vs. Quadratic 15.61 3 5.20 1.21 0.4822 Aliased
Residual 8.60 2 4.30 - - -
Total 103,800 15 6920.64 - - -
Source Lack of fit tests
Sum of squares Degree of Mean square F value p value>F Remark
freedom
Linear 237.17 9 26.35 6.13 0.1481 -
2FI 138.76 6 23.13 5.38 0.1650 -
Quadratic 15.61 3 5.20 1.21 0.4822 Suggested
Cubic 0.000 0 - - - Aliased
Pure Error 8.60 2 4.30 - - -
Source Model Summary Statistics
Std. Dev R? Rz,ddj Predicted R? PRESS Remark
Linear 4.73 0.8758 0.8420 0.7700 455.24 -
2FI 4.29 0.9255 0.8697 0.7545 485.90 -
Quadratic 2.20 0.9878 0.9658 0.8641 269.04 Suggested
Cubic 2.07 0.9957 0.9696 - - Aliased
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Table4 ANOVA f(?r response Source Sum of squares Degree of Mean square F value p value>F

surface full quadratic model freedom
Model 1955.00 9 217.22 44.88 0.0003
X,-pH 1061.87 1 1061.87 219.37 <0.0001
X,-C, 53.15 1 53.15 10.98 0.0212
X5-C, 618.42 1 618.42 127.76 <0.0001
XX, 35.42 1 3542 7.32 0.0425
X\ X5 59.63 1 59.63 12.32 0.0171
X, X 3.35 1 3.35 0.69 0.4435
X2 0.23 1 0.23 0.048 0.8354
X,? 86.27 1 86.27 17.82 0.0083
X;? 45.34 1 45.34 9.37 0.0281
Residual 24.20 5 4.84 - -
Lack of Fit 15.61 3 5.20 1.21 0.4822
Pure Error 8.60 2 4.30 - -
Cor Total 1979.20 14 - - -
R*=0.9878, R*,;;=0.9658, R*,.=0.8641

Table5 ANOVA for response Source Sum of squares Degree of Mean square F value p value>F

surface reduced quadratic model freedom
Model 1951.42 7 278.77 70.24 <0.0001
X,-pH 1061.87 1 1061.87 267.55 <0.0001
X,-Cn 53.15 1 53.15 13.39 0.0081
X5-CO 618.42 1 618.42 155.82 <0.0001
XX, 3542 1 3542 8.92 0.0203
X X5 59.63 1 59.63 15.03 0.0061
X2, 86.09 1 86.09 21.69 0.0023
X%, 45.11 1 45.11 11.37 0.0119
Residual 27.78 7 3.97 - -
Lack of Fit 19.19 5 3.84 0.89 0.6037
Pure Error 8.60 2 4.30 - -
Cor Total 1979.20 14 - - -
R*=0.9860, R*,;;=0.9719, R*,,.=0.9208

BBD Method pH = adsorbent dose = Initial lead concentration Interactions

The BBD is a suitable approach to expand a polynomial
regression model for analyzing the interaction of variables
and finding the most effective variables on the adsorption
process. A three-factor, three-level Box—Behnken statisti-
cal design requires 15 experiments. Table 2 presents the
complete design matrix along with measured and predicted
response values. The experimental error is determined using
three replicates at the center point. The highest lead removal
efficiency was found to be 98.86%.

11.43%

2.69%

Fig.6 Percent contribution of various parameters on lead removal
efficiency by PABF/chitosan nanocomposite
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Regression Model and Statistical Analysis

To predict the optimum point, an empirical quadratic poly-
nomial model was derived using Eq. (3):

k k k-1 k
Y=by+ ) bX,+ D bXI+ D Y bXX, 3)
i=1 i=1

i=1 j=i+l

which Y as a response variable is removal efficiency (%);
b, is a constant coefficient; b; stands for the linear regression
coefficients; by; and b;; represent the square and interaction
coefficients, respectively. X; and X; are the coded notations
of experimental variables and k is the total number of the
independent variables (Abedi and Ebrahimzadeh 2013). The
BBD from RSM series was selected to assessed the influ-
ences of process variables such as nanoparticle dose, initial
pH, and initial Pb(II) concentration on the Pb(II) removal
efficiency. Interactive, Linear, quadratic, and cubic mod-
els were chosen to scrutinize the interaction effects of the
mentioned factors. Three different tests including lack of fit
(LOF) tests, sequential model sum of squares, and model
summary statistics were considered to determine the ade-
quacy of the models representing Pb(II) removal by PABF/
chitosan nanocomposite. Table 3 presents the adequacy
results.

Regarding Table 4, one can see that quadratic model is
the most appropriate model for the Pb(II) removal by nano-
composite. The tests for adequacy of the model was evalu-
ated via analysis of variance (ANOVA).
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Analysis of Variance Study

ANOVA was performed to check the compatibility and
significance of the model (Da’na and Sayari 2011). The
ANOVA for the Pb adsorption quadratic model of nano-
composite is depicted in Table 4. The significance of the
terms in the regression models is not identical. The F' and
p values were calculated to determine the significance of
each coefficient. The lower the p-value and the bigger the F

—
Q
N

(%)
5

81.5

iciency

72.75

64

Removal E

0.09 600

B: C,

value, the more profound significance of the corresponding
coefficients. As presented in Table 4, the F value of 44.88
implied the model significant. Significant terms of the model
were found to be X, X,, X5 and interactions X;X,, X,X;,
X,* and X;°. Non-significant terms were found from the p
values > 0.050. Thus model reduction was applied to tailor
the model; for such a purpose X,? and X,X; were eliminated.
As a result, the model F value was 70.24 (Table 5). The
LOF is a special test to investigate the adequacy of a model
fit, and non-significant LOF is favorable. In the present
study the LOF is not significant compared to the pure error,

Removal Efficiency (%)

Fig.9 3-D surface plots for interactive effect of a pH and adsorbent dose, b pH and initial concentration

Removal Efficiency (%)

(a) 009

B: C,

3.00 360 420 480 540 600
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Fig. 10 Contour plots exhibiting the interactive effects between two
independent variables (other variables were held at their respective
center levels); a initial pH of solution (pH, X;) and nanosorbent dose

(b)

: C,

C

Removal Efficiency (%)

3.00 360 420 480 540 6.00

A: pH

(C,, X5), b initial pH of solution (pH, X,) and initial concentration of
Pb(l) ions (C,, X3)
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demonstrating a desirable response to the model. The corre-
lation coefficients R* and R2adj were calculated to inspect the
adequacy of the model. In statistical modelling, by eliminat-
ing the non-significant terms, the coefficient of determina-
tion is declined; therefore a high R-squared value does not
inevitably mean a good regression model. Hence, the R2adj
value is used to examine the goodness of fitting of a regres-
sion model (Habibi and Vahabzadeh 2013; Zhang and Zheng
2009). Statistical analysis was performed to investigate if
the regression models conform to experimental data. In
this work, a high R-squared value (0.986) elucidated a high
correlation and dependency between the experimental and
the predicted values of response. The value of R2adj (0.972)
showed that the independent variables had a 97% contribu-
tion to the total variation for Pb(II) removal efficiency and
only ~3% cannot be justified by the model. Equation (4) rep-
resents the Pb(II) removal response function:

Y =86.82 + 11.52X, +2.58X, — 8.79X; — 2.98X,
X, +3.86X,X; — 4.81X3 — 3.48X? @
Considering the coefficients in Eq. (4), it can be con-
cluded that removal efficiency is enhanced with the pH (X))
and C, (X,) and is declined with C (X3). It is obvious that
the initial pH (X;) has a greater impact on Pb(II) adsorp-
tion than nanoparticle dose (X,) and initial concentration
(X3), which is in coincidence with contribution percentages
depicted in Fig. 6.

The normality of the residuals is also analyzed as shown
in Fig. 7a. Proximity of data points to a straight line means
a normal distribution of model errors.

Figure 7b illustrates the actual and predicted values of
percentage removal of Pb ions. The points of all actual and
predicted responses fell in a 45° line, demonstrating a good
agreement between the experimental and the predicted
values.

The perturbation plot was utilized to investigate the influ-
ence of three factors concurrently on the lead adsorption
(Fig. 8). In the perturbation plot, removal efficiency was
plotted by altering only one factor over its range while hold-
ing all other factors constant at the coded zero level. As
depicted in Fig. 8, initial pH (A), nonabsorbent dose (B)
and initial concentration (C) are the influential factors for
attaining maximum lead removal efficiency. A steep slope in
solution pH curve displays that Pb(Il) removal percentage is
very pH-sensitive, whereas a nanosorbent dosage-insensitive
behavior was disclosed in the relatively flat curves for nano-
sorbent dosage. In addition, the related perturbation plot
reveals that the initial concentration (C) can significantly
affect the adsorption process; albeit this is not as effective
as pH.

Comparative Effects of Process Variables on Pb(ll)
Removal Efficiency

The 2D contours and 3D response surface plots that illustrate
the relationship between independent and dependent vari-
ables are very beneficial to perusal the interaction effects

6 A 1.4 1
51 /“m 1.2
Y s, 1T
2 2
= 508
N’ 3 - E
s ~ 0.6
- d'
£ 0.4
11 0.2 -
f 6 T T T T T ! 0 T T T T T )
-1 0 1 2 3 4 5 6 0 50 100 150 200 250 300
Ln (C) C, (mg/L)
Fig. 11 Freundlich (a) and Langmuir (b) isotherms for Pb(II) adsorption onto PABF/chitosan nanocomposite
Table 6 .Laflgmuir and Langmuir Freundlich
Freundlich isotherm model
parameters for adsorption O max (Mg/g) b (L/mg) R? Ry K; (mg/g) n (L/mg) R?
of Pb(II) on PABF/chitosan
212.76 0.2671 0.9996 0.009-0.0696 77.25 4.92 0.9307

nanocomposite
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Fig. 12 Mechanism of Pb(II) adsorption onto the PABF/chitosan nanocomposite, a complex formation mechanism and b ion exchange mecha-

nism

of the factors on the responses. These kinds of plots display
the influences of two factors on the response at a specified
time. Thus, in the current study, the model given in Eq. (4)
was used to visualize the measured responses in the form of
3D surface plots. The relationship between the independ-
ent and the dependent variables was further elucidated by
plotting contours. Figures 9 and 10 depict the 3D response
surfaces and the related contour plots as the functions of two
variables at the center points of other variables, respectively.

Sorption Isotherms

For explaining the interaction between sorbent and sorb-
ate, equilibrium isotherm is often assumed which gives
the capacity of a sorbent for a sorbate (Ho 2006). Freun-
dlich and Langmuir isotherm models are the most com-
monly isotherms. The Freundlich isotherm, assumes the
adsorption characteristics of the heterogeneous surface
with unrestricted adsorption sites of different adsorption
energies. Langmuir model, on the other hands, describes
that adsorption takes place on a homogeneous surface with
sorption sites of similar surface energies (Naeem et al.
2007; Wang et al. 2017; Shahzad et al. 2017; Lv et al.
2017). Equations (5) and (6) depicts the Freundlich and
Langmuir models, respectively:

Removal efficiency
98.85%

Capacity

Removal efficiency 61.78 (mg/g)

58.58%

Capacity
36.61 (mg/g)

OPure chitosan ~ OPABF/chitosan nanocomposite

Fig. 13 Comparison of the removal efficiency and capacity of pure
chitosan and PABF chitosan film

1

qe = Kfce n (5)
_ Qmaxbce
%= TebC, ©

where C, is the equilibrium concentration of adsorbate in
solution (mg/L), ¢, is the equilibrium sorption capacity
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Table 7 Results of recent research on Pb?* removal by other adsorbents

Researcher(s) Adsorbent Removal effi-  Experimental
ciency (%) conditions
The authors of the present work Para-amino benzoate ferroxane/Chitosan Nanocomposite 98.27 T=25°C
pH=6
Adsorbent dosage: 0.04 g
Conc. =75 mg/L
Jasim et al. (2022) Modified chitosan Schiff base @Fe/NiFe 97 T=25°C
pH=4
Adsorbent dosage: 0.05 g
Conc.=75 mg/L
Ghahremani et al. (2021) Modified silica aerogel 75 T=25°C
pH=4
Adsorbent dosage: 1.4 g/LL
Conc. =50 mg/L
Gao et al. (2020) Oxidized rape straw biochars 97.4 T=25°C
pH=2
Conc.=1 mol/L
Lakkaboyana et al. (2021) Indonesian Kaolin supported nZVI (IK-nZVI) 98 T=25°C
pH=4.5-6.5
Conc.=60 mg/L
Ma et al. (2021) Thermally modified waste concrete powder 93 T=25°C
pH=1-6
Adsorbent dosage: 50 g/L
Conc.=1000 mg/L
Sarojini et al. (2019) Polypyrrole—iron oxide—seaweed nanocomposite 97.25 T=40°C
pH=5
Adsorbent dosage: 1 g/L
Conc. =100 mg/L
Najaflou et al. (2021) Cellulose sulfate/chitosan aerogel 92 T=26 °C
pH=5
Adsorbent dosage: 2 g/LL
Conc. =300 mg/L
Table 8 Cost estimatior} of Cost description Consumed amount Cost*
nanoadsorbent preparation
Chitosan powder 02g 0.2x0.0015=0.0003 USD
Acetic acid 97¢g 9.7x%0.0007=0.0068 USD
FeCl,-4H,0 200¢g 20x%0.00031=0.0062 USD
NaNO; 70¢g 7x%0.0005=0.0035 USD
Hexamethylenetetramine 280¢g 28x%0.0017=0.0476 USD
4-Aminobenzoic acid 6.0g 6x0.005=0.03 USD
Mass of adsorbent synthesized 50g
Total cost of materials 0.019 USD/g adsorbent

Total cost of materials

0.019 USD/g adsorbent

*Calculated based on the price at 10 Sep, 2022

(mg/g sorbent), K; and n are the Freundlich constants related 1

to adsorption capacity and energy of adsorption, respec-
and b are the Langmuir constants representing
the adsorption capacity (mg/g) and energy of adsorption (L/
mg), respectively. The necessary characteristics of the Lang-
muir isotherm (R, ) are defined as

tively. O

max

@ Springer

R = —
L 1+ bc,
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This result indicated that the empirical Langmuir iso-
therm surpasses the Freundlich isotherm in explaining the
behavior of leads(Il) adsorption onto adsorbent, indicating
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a monolayer adsorption onto a surface containing a limited
quantity of identical sites (Fig. 11; Table 6).

Adsorption Mechanism onto PABF/Chitosan
Nanocomposite

Removing cations from the aqueous medium is an intricate
process; there are various types of mechanisms such as ion
exchange, complexation or chelation, adsorption (physisorp-
tion or chemisorption), micro-precipitation, etc. For this pur-
pose, it is beneficial to realize a deep understanding of the
functional groups present on the surface of nanocomposite,
surface texture and the elemental analysis of materials.

Figure 12 schematizes the Pb(II) adsorption mechanism
onto the PABF/chitosan nanocomposite. Adsorption may
occur through both complex formation (Fig. 12a) and ion
exchange (Fig. 12b) mechanisms. Complex formation occurs
since Pb>* has been chelated by active functional groups
(OH, NH,) but ion exchange occurs partly, since amine
(NH,) or OH groups on the surface of nanoparticles can
easily lose H" ions and adsorb lead. However, this is more
probable that both of these mechanisms have concerted
effect on the adsorption process.

Optimizing Variables for Pb(Il) Removal

To find the optimum values of the opted experiment varia-
bles, it is necessary to solve the Eq. (4) and also interpret the
response surface contour plots. In this way, the optimal vari-
ables were obtained 5.99 (X, =0.99) for initial solution pH,
74.48 mg/L (X, =—0.51) for the initial Pb(II) concentration,
and 0.04 g (X;=—10.04) for nanoparticle dosage with a pre-
dicted Pb(II) removal efficiency of around 99.93%. Verifying
adsorption experiment was later performed to examine the
predicted result. A good coincidence was revealed between
the experimental value (98.27%) and the predicted one.

Adsorption of Ph(ll) onto Pure Chitosan Film

Adsorption of Pb(I) onto pure chitosan film was con-
ducted under conditions of C,=50 mg/L, pH =6, contact
time =24 h, an stirring speed of 200 rpm at room tempera-
ture. The adsorption capacity and the removal efficiency
were 36.61 mg/g and 58.58%, respectively; whereas the
adsorption capacity and the removal efficiency of PABF/
chitosan nanocomposite in the same conditions (C,=0.046)
were 98.85% and 61.78 mg/g, respectively. A comparative
look at these data confirms Pb(II) uptake improvement by
ferroxane nanoparticles-incorporated chitosan film (Fig. 13).

Comparative Study

Many adsorbents have been used to remove lead from aque-
ous solutions, each of which has its own advantages and
drawbacks. In order to make a reasonable comparison, it is
necessary to consider adsorbents whose experimental con-
ditions are similar or close to the experimental conditions
of the adsorbent used in this study. Table 7 provides such a
comparison between the current adsorbent and some recent
adsorbents in the field of lead removal from aqueous solu-
tions. From the data in Table 7, it can be concluded that
the adsorbent synthesized in this study showed better lead
removal efficiency. This better efficiency has been achieved
in conditions of pH, dosage, and in some cases, the tem-
perature of the aqueous solution, which makes it possible
to use it on a large scale. In addition, the adsorbent used in
this study was synthesized from more available and cheaper
raw materials.

Cost Estimation

Table 8 shows the cost estimation of the synthesis of 1 g
of composite adsorbent used in this study, which is based
on the price of raw materials. There is little information
in the literature on estimating the cost of producing an
adsorbent for water/wastewater treatment. The total cost
of producing an adsorbent depends on various param-
eters such as operating conditions, availability of raw
materials, and process requirements. It is meaningful to
include the mentioned parameters in the pilot and larger
scales, and since the adsorbent synthesis in this study
was performed on a laboratory scale, the cost of adsor-
bent production was estimated only based on the price
of starting materials. From Table 8, it can be concluded
that the production cost of 1 kg of adsorbent is about 19
USD, which is lower compared to commercial activated
carbon (more than 20 USD). Meanwhile, it shows a better
performance in removing lead compared to many com-
mercial adsorbents.

Conclusions

The present study has demonstrated the use of
Box-Behnken design approach from RSM to achieve
the maximum aqueous Pb(II) uptake by PABF/chitosan
nanocomposites. The functional groups on the nanopar-
ticles via being crosslinked with chitosan polymer chains
improved the adsorption properties. The effect of different
parameters including adsorbent amount, initial solution
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pH, and initial Pb>* concentration was studied. There was
a very good agreement between the regression equation
and the experimental data. An initial solution pH, an initial
Pb concentration of 74.5 mg/L, and an adsorbent mass
of 0.04 g were obtained as the optimum conditions. A
removal efficiency of 98.27% was measured at optimum
conditions, exhibiting a good coincidence with the pre-
dicted value (99.93%). The Langmuir isotherm exhibited
a better fit compared to Freundlich model, confirming the
occurrence of monolayer adsorption.

In the present research, the use of chitosan as an envi-
ronmentally friendly natural polymer, facile nano-adsorbent
synthesis process, easy separation of the adsorbent from
water after the adsorption process, and a high adsorption
efficiency at pH=6 (very close to the pH of drinking water)
are the most important engineering aspects.
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