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Abstract

In this work, the optimum condition for the adsorption of Reactive Blue 19 dye onto Fe;O, functionalized with hyperbranched
polyethylenimine (Fe @ HPEI) was determined using response surface methodology. The properties of synthesized magnetic
Fe @HPEI nanoparticles were ascertained using FTIR, SEM, TEM, VSM and zeta potential measurement. The experimental
adsorption data indicating the positive effect of adsorbent dose and contact time, and the negative effect of pH, initial dye
concentration and ionic strength on dye adsorption. At optimal condition; pH 3.4, contact time 25 min, adsorbent dose 0.4 g/L.
and initial dye concentration 113 mg/L, Fe @HPEI nanoparticles removed dye up to 99.27%. The maximum experimental
dye adsorption was near to the predicted value of 100%, which confirmed the reliability of the selected statistical model. The
dye adsorption data were fitted well to Langmuir isotherm and pseudo-second-order kinetic, and the maximum adsorption
capacity was 500 mg/g. Totally, Fe@HPEI as an effective superadsorbent can be repeatedly utilized for the adsorption of
dye from the aqueous environment.

Keywords Dye adsorption - Fe@HPEI - Central composite design - Modeling - Optimization

Introduction dyes are the most common dyes which are employed in tex-
tile industries [6, 7]. It has been estimated about 10-50%
of reactive dyes that have utilized in dyeing processes
enter the wastewater [8, 9]. Since the most of reactive dyes

have complex structure [10] and are resistant to biological

There are more than 10,000 commercial synthetic dyes [1,
2] which are widely applied in a wide range of industries
[3-5]. Synthetic dyes have different classes, but the reactive
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degradation, discharge of textile wastewater containing syn-
thetic dyes into the water bodies is harmful to the environ-
ment [11, 12]. Reactive Blue 19 (RB 19) dye [13], which is
widely employed in textile industries, has toxic and recal-
citrant nature [14]. Owing to the existence of two sulfonate
groups in the chemical structure of RB 19, it has anionic
character.

Among various wastewater treatment techniques which
have been utilized for dye removal, adsorption has advan-
tages including; easy to design and operate, economic
choice, and high efficiency for dye removal [15, 16]. In
recent years, magnetic nanoparticles due to the virtues such
as, biocompatibility [17], chemical stability, large surface
area [18], low cost, easy separation and versatility in surface
modification, have been modified with different chemicals
containing amine groups, such as aminoguanidine [19],
L-arginine [20], and lysine [21] and successfully employed
for dye adsorption. Hyperbranched polyethyleneimine
(HPEI) as an amine-rich polymer containing primary, sec-
ondary and tertiary amine groups in the approximate ratio of
1:2:1 has high cationic charge density [22, 23]. In previous
studies conducted by other researchers, polyethylenimine has
been applied for functionalization of different adsorbents,
such as oil palm empty fruit bunch fibres [24], anaerobic
granular sludge [25], polyvinyl chloride [26], and SiO, [27]
and favourably used for adsorption of different dyes. Till
now, no studies have been carried out on the application of
Fe @HPEI for RB 19 dye removal. Thus, this paper aimed
to study the efficiency of prepared Fe @ HPEI for RB 19 dye
adsorption. In parallel, the effect of different operational
parameters on dye removal was investigated using central
composite design (CCD), and a suitable statistical model
for prediction of dye adsorption in various condition was
presented.

Experimental
Materials

NH,OH (25%), FeSO,-7H,0, FeCl;-6H,0, HCI,
NaOH-NaCl, and [3-(2,3-epoxypropoxy)propyl] trimeth-
oxysilane (EPO) were provided from Merck (Germany).
Hyperbranched polyethyleneimine (HPEI, molecular weight:
60,000 g/mol) was supplied from Sigma—Aldrich. RB 19
was from CIBA. The chemical structure of RB 19 is pre-
sented in Fig. 1.

Characterization and Analysis
The images of adsorbent were taken by Field Emission scan-

ning electron microscope (Mira 3 Tescan, Czech Republic)
and transmission electron microscope (TEM). The Zeta

0 NH,

O N : .SO,CH,CH,0S03Na

Fig.1 The chemical structure of Reactive Blue 19 dye

potential of adsorbent (before and after dye adsorption) and
dye solution was determined using zeta potential analyzer
(Malvern, ZEN 3600, UK). A Fourier transformed infra-
red (FTIR) spectrometer (Perkin Elmer, USA) was utilized
to record the Infra-red spectrum of adsorbent. A vibrating
sample magnetometer (Magnetic Daghigh Daneshpajouh
Co, Iran) was used to determine the magnetic properties of
Fe;O, and Fe@HPEI. The RB 19 dye concentration was
measured at maximum absorption wavelength of 592 nm
using a UV-Vis spectrophotometer (Perkin Elmer, lambda
25, USA).

Preparation of Fe;0,

Fe;0, magnetite nanoparticles were prepared by the
chemical co-precipitation procedure [20]. Firstly, 0.6 g
FeSO,-4H,0 and 1.17 g FeCl;-6H,0 were poured into
50 mL deionized water. The mixture was stirred for 30 min
under nitrogen gas at 70 °C. Then, 10 mL NH,OH (25%)
was added to the mixture and stirred for 1.5 h. An external
magnet was used to separate the produced precipitates from
the solution. The final black product was washed with deion-
ised water five times and dried in an oven at 50 °C for 24 h.

Grafting of HPEI onto Fe;0,-(Fe@HPEI)

HPEI was grafted onto Fe;0, according to the following
steps. 2 g of HPEI was added to 200 mL dry toluene. Then,
0.63 g EPO was poured into the mixture and agitated for
24 h at 80 °C. Well-dispersed 2.5 g Fe;O, in 25 mL etha-
nol were then added, and the resultant mixture was stirred
at 80 °C for 24 h. The final black product was isolated by
an external magnet and washed with ethanol for five times
to remove unreacted chemicals. Finally, the prepared Fe@
HPEI magnetic nanoparticles were dried in an oven at 50 °C
overnight. The sequence of Fe@HPEI preparation is sche-
matically illustrated in Fig. 2.

Adsorption Procedure
In each adsorption test a predetermined dose of Fe @ HPEI
was added to a 100 mL Erlenmeyer flask containing a spe-

cific amount of dye and the pH was set to 3, 5,7, 9 or 11
by using HCI (0.1 M) or NaOH (0.1 M), and the solution
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Fig.2 Schematic illustration of synthesis processes for preparation of Fe @HPEI
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was agitated at rapid speed of 200 RPM for 2, 9, 16, 23 or
30 min. A permanent magnet was applied to separate adsor-
bent from the solution after shaking, and the RB 19 concen-
tration in solution was determined by spectrophotometer.

Design of Experiments

To investigate the effect of different operational parameters
on the adsorption of RB 19 dye, four parameters of adsor-
bent dose, pH, contact time, and initial dye concentration
with five levels for each one were chosen (Table 1). Design
Expert software (version 7, trial, Stat-Ease) was applied for
designing the experiments (based on CCD) and analysing
the obtained data. The response surface regression was uti-
lized for analysing the experimental results, and the optimal
condition for dye adsorption was approximated by a second-
order polynomial model as given by Eq. (1):

K K K
Y =0+ Z piX; + Z B Xi® + PiXiX; +¢€ (H
i=1 i=1 j=1

i=1 i=1 j

where Y is the predicted dye adsorption (%); P, is the model
constant coefficient, X; and X; are the coded variables. B;, B;;
and f; are the linear, quadratic and interaction model coef-
ficients, respectively.

Results and Discussion
Characterization of Fe@HPEI
FE-SEM and TEM Analysis

Field emission scanning electron microscope (FE-SEM) and
TEM were used to evaluate the morphology and size of pre-
pared Fe;0, nanoparticles functionalized by HPEL

As shown in Fig. 3a, all of Fe@HPEI magnetic nanopar-
ticles are almost the same size and shape. By analysing the
FE-SEM image, it could be understood that Fe @ HPEI nano-
particles have the average size of 20-35 nm. TEM image
(Fig. 3b) indicates that Fe;O, nanoparticles have favorably
been covered by HPEI.

FTIR Analysis

Figure 4 depicts the FTIR spectra of the Fe @HPEI. As illus-
trated in this figure, the band at 584 cm~! is due to Fe-O
bond. The peaks at 1022—1114 cm™" are assigned to Si—-O-H
and Si—O-Si groups [28]. The band at 1457 corresponds to
the aliphatic C—H bending vibrations; while the peaks at
2834, and 2951 cm™! are related to asymmetric and symmet-
ric stretching vibrations of -CH,— in the structure of HPEIL
The strong band at 3419 cm™! can be attributed to N—-H

Table 1 Levels of variables

T N Variable Unit Coded Levels
stu(.hed in central composite symbol
design —a -1 0 1 +a
pH - A 3 5 7 9 11
Adsorbent dose g/L B 0.1 0.2 0.3 0.4 0.5
Time min C 2 9 16 23 30
Dye concentration mg/L D 20 65 110 155 200

Fig.3 a SEM, and b TEM
images of Fe @HPEI

200 am

Fe;04@PEI
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Fig.4 The FTIR spectrum of Fe @HPEI

stretching vibration [29]. These peaks demonstrate that the
HPEI has been successfully coated on Fe;0,.

VSM Analysis

According to Fig. 5, the specific saturation magnetization of
the Fe;0, and Fe;0,@HPEI is about 59.16 and 32.1 emu/g,
respectively. Furthermore, no remanence and magnetic hys-
teresis loop confirm the superparamagnetic character of the
synthesized adsorbents. Due to the existence of polyethyl-
enimine, which has no magnetic properties, on the surface
of Fe;0,, Fe;O,@HPEI has less specific saturation mag-
netization than Fe;0,. Our results indicated that Fe;O, and
Fe @HPEI nanoparticles can be removed from the solution
using a permanent magnet in short times of 15 and 25 s,
respectively.

Central Composite Design

In current work, based on the CCD, thirty-nine experiments
were determined for studying the influence of different
parameters on dye adsorption by Fe @HPEI. In Table 2, the
level of parameters, and experimental and predicted results
of the RB 19 dye adsorption by Fe@HPEI are given. Table 2
and Fig. 6 show the predicted results were in good corre-
spondence with the experimental results, which confirms the
selected quadratic model is acceptable for the forecasting of
dye adsorption. The internally studentized residuals against
run numbers are shown in Fig. 7. This figure confirms the
data values are pointed in the favorable range of 3 and —3
[30], and the residuals are randomly distributed close to the
center line. These data indicate the normal distribution of
errors and the suitability of the model.
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Tab!e 2 Cel?tral composite Run order pH Level of variables Response Residual q, (mg/g)

design matrlx for RB 19 dye (Dye adsorption%)

adsorption

Adsorbent Time (min) Dye con- Experimental Predicted
dose (g/L) centration
(mg/L)

1 9 02 23 65 67.61 69.76 -2.15 219.75
2 7 05 16 110 98.21 94.26 3.95 216.07
3 7 03 16 110 84.96 80.94 4.02 311.52
4 9 04 23 65 96.39 93.69 2.7 156.63
5 7 03 16 110 83.95 80.94 3.01 307.81
6 7 03 16 110 79.82 80.94 -1.12 292.7
7 5 04 23 65 99.78 107.56 -17.78 162.14
8 9 04 9 65 93 90.29 2.71 151.12
9 7 03 16 110 84.27 80.94 3.33 308.9
10 7 03 16 110 83.33 80.94 2.39 305.56
11 11 03 16 110 58.2 60.45 -2.25 213.4
12 5 02 23 65 89.06 85.09 3.97 289.44
13 7 03 16 200 50.13 49.33 0.8 3342
14 5 02 9 65 79.1 76.74 2.36 254.08
15 5 04 9 65 96.83 98.39 —1.56 157.34
16 7 03 16 110 80.11 80.94 -0.83 293.6
17 5 02 23 155 55.12 59.27 —4.15 427.07
18 5 02 9 155 47.15 49.18 -2.03 365.44
19 7 03 16 110 76.87 80.94 -4.07 281.8
20 9 02 23 155 42.54 40.31 223 329.69
21 7 03 16 110 83.04 80.94 2.1 304.5
22 5 04 9 155 78.21 77.51 0.7 303.07
23 3 03 16 110 90.54 87.51 3.03 331.99
24 7 03 16 20 99.64 99.66 -0.02 66.42
25 7 03 16 110 82.12 80.94 1.18 301.1
26 7 03 16 110 78.54 80.94 -24 288
27 7 03 2 110 68.14 70.65 -2.51 249.85
28 9 04 9 155 62.49 65.78 -3.29 242.16
29 7 03 16 110 84.44 80.94 35 309.6
30 7 03 16 110 82.45 80.94 1.51 302.3
31 9 02 9 65 66.19 67.17 —0.98 215.13
32 7 03 30 110 87.43 84.15 3.28 320.59
33 9 02 9 155 42.31 35.98 6.33 327.87
34 7 03 16 110 75.04 80.94 -59 275.2
35 5 04 23 155 90.07 88.42 1.65 349.02
36 7 03 16 110 78.51 80.94 -24 287.85
37 7 0.1 16 110 38.82 42 -3.18 427.05
38 9 04 23 155 67.11 70.92 -3.81 260.04
39 7 03 16 110 76.68 80.94 —4.26 281.16

Analysis of Variance adequacy, the P value [33], lack of fit and R? were consid-

The analysis of variance data for the adsorption of RB
19 dye is presented in Table 3. In this table, P value less
than 0.05 suggests the effect of parameters and models
items are significant [31, 32]. To judge about the model

ered [34]. The model P value 0.0002, R? 0.989, and lack
of fit higher than 0.05 demonstrate the high significance of
polynomial model for RB 19 dye adsorption by Fe @ HPEI.
Analysis of variance showed the significant influence of
all selected independent variables on dye adsorption (P

@ Springer
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Fig.7 Distribution of residual data for dye adsorption using Fe@
HPEI

value < 0.05) [35]. The highest F value of 244 which is
related to the effect of adsorbent dose on dye adsorption
indicating the adsorbent dose is the most effective variable
in dye adsorption. According to the results, the interaction
effect of independent variables was insignificant.

@ Springer

Table3 ANOVA data for RB 19 dye adsorption by Fe @HPEI

Source Sum of Degrees  Mean F value Prob>F
squares of free- square
dom

Model 9967.06 14 711.93 42.46 <0.0001
A 1098.37 1 1098.37 65.51 <0.0001
B 4097.18 1 4097.18 24438 <0.0001
C 273.24 1 273.24 16.3 0.0005
D 3799.66 1 3799.66 226.64 <0.0001
AB 2.16 1 2.16 0.13 0.7227
AC 33.29 1 33.29 1.99 0.1716
AD 13.18 1 13.18 0.79 0.3831
BC 0.66 1 0.66 0.039  0.8448
BD 44.62 1 44.62 2.66 0.1159
CD 3.03 1 3.03 0.18 0.6747
A? 100.22 1 100.22 598  0.0222
B’ 339.77 1 339.77 2027 0.0001
c? 26 1 26 155 02251
D’ 85.94 1 85.94 5.13 0.0329
Residual ~ 402.37 24 16.77

Lack of fit 257.03 10 25.7 248 0.0592
Pure error 145.34 14 10.38

Cor total  10369.43 38

R2=0.9612, Adjusted R?=0.9386

Based on the regression coefficients, the empirical rela-
tionship between the dye adsorption and independent vari-
ables is presented as follows:

Dye adsorption (%) = 80.46 — 6.76A + 13.07B + 3.37C
—12.58D — 1.77A% — 3.23B* — 1.64D”

(2)
where A, B, C, and D are the coded values of pH, adsorbent
dose, contact time and dye concentration, respectively.

Coefficients in Eq. 2 indicating the positive effect of
adsorbent dose and contact time, and the negative effect of
pH and initial dye concentration on dye adsorption.

The Effect of Independent Variables on Dye
Adsorption

Figure 8 illustrates how the independent variables affect RB
19 dye adsorption. Figure 8a, d, e reveals, by raising Fe@
HPEI dose from 0.1 to 0.5 g/L, dye removal was enhanced
and the maximum dye removal efficiency was attained at
the adsorbent dose of 0.5 g/L and acidic pH of 3. When the
adsorbent dose grows due to the existence of more available
adsorption sites dye removal enhances [36].

Based on Fig. 8a, b, c, raising pH from 3 to 11 lead to
decreasing dye adsorption. This result can be explained by
studying the zeta potential of adsorbent and dye solution.
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Fig.9 Zeta potential of the solutions containing RB 19, Fe@HPEI,
and Fe@HPEI-RB 19

Figure 9 shows the zeta potential of the dye solution
and the zeta potential of Fe @HPEI before and after dye
adsorption. The zeta potential of dye solution containing
113 mg/L RB 19 was found to be —38.4 mV that indicates
RB 19 has the negative charge. The zeta potential of Fe@
HPEI was +28 mV at pH 3.4, while after dye adsorption
it reduced to +6.36 mV.

Higher dye removal at lower pH can be described by the
fact that, at lower pH because of the existence of higher
amounts of H* ions in the solution more amine groups
are protonated and the protonated amines on the surface
of Fe@HPEI which have positive charge can effectively
adsorb negatively charged RB 19 dye molecules contain-
ing sulfonate groups by electrostatic interaction. The simi-
lar interaction has been suggested for the adsorption of
an anionic dye (Reactive Brilliant Red K-2BP) by amine
functionalized walnut shell [37].

Figure 8c, e, f shows that an increase in dye concentra-
tion from 20 to 200 mg/L lead to a dramatic decline in dye
adsorption. In a specific dose of adsorbent, the number of
active adsorption sites is limited [38]. Thus, with increas-
ing dye concentration the number of active sites for the
adsorption of all dye molecules is not enough and eventu-
ally the percentage of dye adsorption decreases.

According to Fig. 8b, d, f increasing contact time from
2 to 30 min cause the rise of the RB 19 dye adsorption. It
has been established that sufficient contact time provides
an opportunity for interaction between the adsorbate and
the adsorbent. So, contact time has a positive effect on
dye adsorption. The similar trends have been reported for
the adsorption of anionic dye congo red onto modified
hectorite [39], and arsenate adsorption onto MWCNT/
MnO, [40]. In regards to the ANOVA results, the interac-
tion effect between the whole independent variables was
statistically insignificant.

@ Springer

Fig. 10 Effect of ionic strength on dye adsorption (dye concentration:
113 mg/L, adsorbent dose: 0.4 g/L, pH 3.4, contact time: 25 min)

Optimization

The main goal of optimization was to find out the optimal
conditions to attain the highest dye adsorption. The contact
time 25 min, pH 3.4, adsorbent dose 0.4 g/L, and the initial
dye concentration of 113 mg/L were suggested by Design
Expert software as the optimal values to reach the highest
dye adsorption efficiency of 100%, while the independent
variables were adjusted to the studied range. According
to our results, the average experimental dye adsorption of
99.27%, which is resulted from the performing of experi-
ments in triplicate at optimum conditions is near to the pre-
dicted value of 100% affirms the validity of the model. In
optimum conditions, the efficiency of dye removal by the
Fe @HPEI was compared to Fe;O, and the results revealed
the Fe@HPEI was 3.6 times more efficient than that of
Fe;0,.

Influence of lonic Strength

Textile wastewaters commonly contain a high concentration
of salts and have high ionic strength, which can influence
the adsorption of pollutant molecules on the adsorbent. In
order to assess the effect of ionic strength on dye adsorp-
tion efficiency, NaCl that is the most commonly used salt in
textile industries [41] was added to the colored solution at
various concentrations of 1000, 3000, 10,000, 40,000 and
80,000 mg/L, similar to salt concentration in real textile
wastewater. Figure 10 shows a decrease in dye adsorption
by increasing the salt concentration from 0 to 80,000 mg/L.
These results can be explained by this fact that the salt
molecules can occupy adsorption sites onto the adsorbent.
Moreover, chloride anions existed in the solution may also
compete with negatively charged dye molecules for adsorp-
tion onto the adsorbent surface, which leads to a decrease in
dye adsorption [41].
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Reusability of Fe@HPEI

In view of economic aspect, it is very important for an adsor-
bent to be reusable [36] and for its regeneration process to
be easy. In regeneration process, the pollutants which are
adsorbed onto the adsorbent desorb from the adsorbent and
release into the solution.

For conducting desorption process, RB 19 dye loaded
Fe @HPEI was mixed with 50 mL deionized water containing
0.1 M NaOH for 30 min, and this process repeated three times.
To eliminate excess NaOH, the regenerated nanoparticles were
washed with deionized water for three times. The regener-
ated Fe @HPEI was employed for several times in the adsorp-
tion/desorption processes, and the data are given in Fig. 11.
According to the figure, after five runs the dye adsorption
efficiency declines from 99.27 to 76.1%. These data confirm
that the prepared Fe @HPEI as an efficient adsorbent can be
repeatedly used for the adsorption of dye.

Adsorption Kinetic

To understand the rate of adsorption [42], a lot of kinetic
models have been proposed. The results obtained from kinetic
studies would be necessary for designing an adsorption sys-
tem [36]. The kinetics of dye adsorption on Fe @HPEI were
tested using the most practiced models which are pseudo-first-
order, pseudo-second-order, and intraparticle diffusion models
(applicable model is shown in Fig. 12).

The pseudo-first-order kinetic is expressed by the following
equation [43, 44]:

kit

log(g, — q,) = loggq, — 7303 3)

100
90 -
80 A

70

60 -
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40 T T T
0 1 2
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(93]
S

Fig.11 Reuse of Fe@HPEI nanoparticles (dye concentration:
113 mg/L, adsorbent dose: 0.4 g/L, pH 3.4, contact time: 25 min)
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Fig. 12 Plot of Pseudo-second-order kinetic for RB 19 dye adsorption
on Fe@HPEI (dye concentration: 113 mg/L, adsorbent dose: 0.4 g/L,
pH 3.4)

where q. (mg/g), q, (mg/g), k, (min~") and t (min) are the
amount of adsorbed dye on adsorbent at the equilibrium, the
amount of adsorbed dye at time t, the pseudo-first-order rate
constant and time of reaction, respectively. K, and g, were
calculated from the slope and intercept of the linear plot of
log (q, —q,) versus time of reaction, respectively.

The adsorption data were tested using pseudo-second-
order model. This model is given as follows [45, 46]:

t 1 t

= + —
9 ka2 q. @

where k, (g/mg min) is the pseudo-second-order rate con-
stant. The slope and intercept of the linear plot of t/q, versus
t were used to determine q, and k,, respectively.

The adsorption kinetic was also described by intrapar-
ticle diffusion model. This model assumes that film dif-
fusion is negligible and intraparticle diffusion is the only
rate-controlling step in the adsorption process [47]. During
the intraparticle diffusion process, the adsorbate species
are transferred from the solution into the solid phase. The
intraparticle diffusion model is shown by the Eq. (5):

g, =kigt'” + C )
where k;; (mg/g min'’?) is the intraparticle diffusion rate
constant. k;; and C were determined from the slope and
intercept of the linear plot of g, against t'/2. The value of
C describes the thickness of the boundary layer [48]. The
larger intercept, the greater boundary layer effect.

In Table 4, the kinetic data for dye adsorption onto Fe@
HPEI are listed. Based on the highest correlation coeffi-
cient, the adsorption data were fitted well with the pseudo-
second-order model (R>=0.997).
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Table 4 The values of kinetic constants for the adsorption of RB 19
dye on Fe@HPEI

Table 5 The values of Isotherm parameters for the adsorption of RB
19 dye on Fe@HPEI

Kinetic Kinetic constant Value
Pseudo-first-order k, (min™") 0.07
q. (mg/g) 38
R? 0.18
Pseudo-second-order k, (g/mg min) 0.0045
q. (mg/g) 285.7
R? 0.997
Intraparticle diffusion k;, (mg/g min'?) 43.4
C (mg/g) 87.02
R? 0.69

The value of q, experimental was 281.5 mg/g. Thus, the
value of q, computed using pseudo-second-order model is
close to g, obtained from experimental data.

Adsorption Isotherm

The relationship between the amount of pollutant adsorbed
onto the adsorbent and equilibrium concentration of the pol-
lutant in solution at a specific temperature is defined as the
adsorption isotherm. The adsorption capacity of each and
every adsorbent can be calculated by the use of an appropriate
adsorption isotherm [49]. In the present work, the adsorption
isotherms were described by the Langmuir, Freundlich and
Temkin models (applicable model is presented in Fig. 13), and
adsorption parameters are presented in Table 5. The adsorption
isotherm experiments were carried at the optimal conditions
which were the initial adsorbent dose of 0.4 g/L, time 25 min,
pH 3.4 at various initial dye concentrations of 40, 80, 113, 150

0.012 -

0.010 R? = 0.996
0.008
£ 0006
0.004

0.002

0.000 . ; ;
1/C,

Fig. 13 Plot of Langmuir isotherm for RB 19 dye adsorption on Fe@
HPEI (adsorbent dose: 0.4 g/L, pH 3.4, contact time: 25 min)

@ Springer

Isotherm Isotherm parameter Value
Umax (ME/L) 500
Langmuir b (L/mg) 1.66
Ry 0.8
R? 0.996
K (mg/g) (L/mg)'"™ 240.43
Freundlich n 3.49
R? 0.8
b (kJ/mol) 108.96
Temkin A (1/g) 45.43
R? 0.92

and 200 mg/L. The applicability of the isotherm equations to
the equilibrium data were judged by the value of the correla-
tion coefficients (R?).

The Langmuir isotherm model assumes that the monolayer
sorption takes place onto a homogeneous adsorbent surface
with a limited number of identical sites [50, 51]. The linear
form of Langmuir isotherm is given by the following equa-
tion [52]:

I I 11
P + Q)

qe B dmax  bgmax C.

where q, (mg/g) and C, (mg/L) are the mass of dye adsorbed
per unit mass of adsorbent and the equilibrium concentration
of dye, respectively. q,,,, (mg/L) is the maximum monolayer
sorption capacity at equilibrium, b (L/mg) is the Langmuir
constant. The b and q,,,,, can be determined from the plot of
1/C, against 1/q,.

The following equation represents the Langmuir separation
factor that is a dimensionless constant:

o
Ro=17% bCy) O

where C; (mg/L) and b (L/mg) are the highest initial dye
concentration and the Langmuir constant. The R, value
shows the nature of adsorption. The value of R; > 1, R =1,
0<R; <1 or R =0 suggests that the adsorption process is
unfavorable, linear, favorable, or irreversible, respectively
[53].

The Freundlich isotherm describes the multilayer coverage
of adsorbate on heterogeneous adsorbent surface sites with
different binding energies [49]. The linear form of Freundlich
isotherm can be written as follows:

1
1 =logk; + —logC
ogq, = logh; +~ log C, ®)
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where K; (mg/g) (1/mg)"™ is the Freundlich adsorption
capacity constant, n (dimensionless) is the Freundlich
adsorption intensity parameter. K; and n can be evaluated
from the intercept and slope of the linear plot of log q, ver-
sus log C..

In order to judge about the affinity of the adsorbent surface
toward pollutant, the Temkin model was used. The linear form
of Temkin isotherm is given by the Eq. (9) [54]:

RT RT
qe—71HA+71an 9)
where R (8.314 J/mol K) and T (°k) are universal gas con-
stant and temperature, respectively. A and b which are Tem-
kin isotherm constants can be obtained from the intercept
and slope of the linear plot of g, versus In C,, respectively.

From Table 5, the highest correlation coefficient of 0.996
which corresponds to Langmuir isotherm suggests that the
adsorption of RB 19 onto Fe @HPEI is monolayer and homog-
enous [55].

Moreover, the R; value of 0.8 which is between 0 and 1
affirms that the dye adsorption process onto Fe@HPEI is
favorable [56].

Thermodynamic Study

To assess the influence of solution temperature on dye removal
and evaluate the feasibility of RB 19 dye adsorption onto Fe@
HPEI the thermodynamic study was carried out at tempera-
tures ranged from 280 to 323 °K (Fig. 14a). Thermodynamic
parameters, such as enthalpy change (AH®), Gibbs free energy
change (AG®) and entropy change (AS°) were computed
according to the following equations [57]:

AG® = RTInK, (10)
AS°  AH°
Ink, = -
nk; R RT (1
(a) 100
~ 95 1
3
E
g2 90
=
o
=
B 85 -
80 T T T \ T
270 280 290 300 310 320 330
Temperature (°K)

where K|, R (8.314 J/K mol) and T (°K) are equilibrium dis-
tribution constant, universal gas constant and temperature,
respectively. AH® and AS° were calculated from the slope
and intercept of In K, against 1/T (Fig. 14b) [58].

From Table 6, the negative values of AG® in all temper-
atures confirm the spontaneous nature of dye adsorption
onto the adsorbent [52, 59]. An increase in dye removal
with increasing temperature indicates the endothermic
nature of adsorption. Furthermore, the positive value of
AH® implies that the adsorption process is endothermic
[57, 60]. The positive value of AS® reflects the affinity of
Fe @HPEI for RB 19 dye [61].

Comparison of Fe@HPEI with Other Adsorbents

The efficiency of Fe @HPEI for RB 19 dye adsorption was
compared with other adsorbents and the results are repre-
sented in Table 7. The data in Table 7 indicate that acidic
pH is the most favorable pH for the adsorption of RB 19.
Compared to activated carbon and other adsorbents, Fe @
HPEL in term of adsorption capacity, has a higher poten-
tial to remove RB 19 from aqueous solution.

Table 6 Thermodynamic parameters for dye adsorption by Fe @ HPEI

Parameter Tem- AG?® (kJ/mol) AH?° (kJ/mol) AS° (J/mol k)

perature
(°K)
Value 280 —-6.35 92.28 355
288 —~10.95
208 —14.44
308 -17.03
323 —-22.19
(b) 9
o
75 4
“w..,
6 ."9
- R2=0.977
% 45 | e, @
=
S .
3 ] %
15 1
0 ‘
0.003 0.0032 0.0034 0.0036
UT

Fig. 14 a Influence of temperature on dye removal, and b plot of In K, versus 1/T
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Table 7 Comparison of various adsorbents for RB 19 adsorption

Adsorbent Maximum adsorp- pH  Applicable kinetic model ~ Applicable iso- References
tion capacity (mg/g) therm model
Furnace slag 60 2 Pseudo-first-order Langmuir [62]
Wheat bran 117 1.5  Pseudo-second-order Langmuir [63]
Modified bentonite with a cationic surfactant (DTMA)  206.5 1.5  Pseudo-second-order Langmuir [64]
Seawater neutralized red mud 416.7 4 Pseudo-second-order Langmuir [65]
Coconut shell based activated carbon 2.2 6.2  Pseudo-second-order Langmuir [52]
Diethylenetriamine functionalized magnetic chitosan 109.14 2 Pseudo-second-order Langmuir [66]
Polypyrrole-coated magnetic nanoparticles 112.36 3 Pseudo-second-order Langmuir [67]
Fe;0,@Lv-arginine 125 3 Pseudo-second-order Freundlich [20]
Fe @HPEI 500 3.4  Pseudo-second-order Langmuir This study

Conclusion

Fe @HPEI nanoparticle as an appropriate super adsorbent
was synthesized, characterized, and repeatedly utilized for
RB 19 dye adsorption in different operational conditions.
The statistical analysis indicated adsorbent dose and con-
tact time had a positive effect on dye adsorption, while
pH and initial dye concentration showed a negative effect.
The optimum conditions to reach the highest predicted dye
adsorption of 100% were suggested to be pH 3.4, contact
time 25 min, the adsorbent dose of 0.4 g/L and the initial
dye concentration of 113 mg/L. At optimal condition the
maximum dye adsorption 99.27% was attained. The RB 19
dye adsorption data were fitted well to the pseudo-second-
order kinetic and the Langmuir isotherm, and the nature of
adsorption was endothermic.
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