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Abstract—Green synthesis of metal nanoparticles using plant extracts as an effective bio-reducing reagent has
attracted considerable attention. Fe/Cu nanocomposites synthesized by extracts of sweet potato leaves served to remove
basic magenta (BM) from aqueous solution. The adsorption operation conditions of BM on Fe/Cu nanocomposites
were optimum by Box-Behnken design (BBD) model of response surface methodology (RSM). The adsorption equilib-
rium data were well described by the Sips and Redlich-Peterson models. The thermodynamic studies showed that the
adsorption process was endothermic and spontaneous. The maximum adsorption capacity from the Sips model was
235.92 mg/g at 298 K, which indicated that Fe/Cu nanocomposites had potential application in wastewater treatment.
As indicated by pseudo-second order kinetics model, the adsorption of BM onto Fe/Cu nanocomposites could be
achieved through the complexation, H-bonding, 77 adsorbate-adsorbent interaction, and electrostatic interaction at

different pH values.
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INTRODUCTION

Synthetic dyes are widely used in many industries, such as food,
paper; plastics, leather, and textiles [1-4]. It is estimated that more
than 7x10’ tons of dye are produced every year [5,6]. Most dyes
are teratogenic, carcinogenic and mutagenic, which has toxic effects
on animals and humans [7-9]. Hence, adequate treatment of dye
wastewater is of great significance to human health and environ-
mental quality.

Many technologies are applied to wastewater treatment, such as
adsorption [10], chemical oxidation [11], biodegradation [12], ex-
traction [13] and membrane filtration [14]. From the these tech-
niques, adsorption is considered as an economical method due to
high removal capacity, low cost and operational simplicity. BM is a
cationic dye which has higher brilliance and color intensity, it is
hard to remove and has a carcinogenic effect, so it is important to
remove basic magenta (BM) from wastewater. Nowadays, chitosan/
montmorillonite intercalated composite, activated carbon, and nano-
tubes as adsorbents are used to remove the dye in the wastewater
[15-17].

Nanoparticles as adsorbents are gaining great interest in waste-
water treatment. The advantages of nanoparticles used for envi-
ronmental remediation include high adsorption rate and stability.
The traditional synthesis methods are generally costly and involve
chemical substances, such as NaBH, and organic solvents, and the
chemicals are corrosive and flammable. The green synthesis method
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of metal nanomaterials using plant extracts is simple and eco-friendly
[18], because the plant extracts contain phenols and flavonoids which
can reduce metal ions without additional chemical reagent. Now,
several plant extracts such as garlic vine leaf, centella asiatica, grape
leaf and green tea have been successfully used in the synthesis of
metal nanomaterials [19-22].

In this work, the Fe/Cu nanocomposites were synthesized using
extracts of sweet potato leaf and used as an adsorbent to remove
BM from aqueous solution. The adsorption conditions of BM onto
Fe/Cu nanocomposites were optimized by response surface meth-
odology (RSM). The adsorption isotherms, kinetics and mecha-
nism were systematically investigated.

EXPERIMENTAL MATERIALS AND METHODS

1. Materials

Sweet potato leaves were collected from Zhengzhou in Henan
province, China. Ferric chloride hexahydrate (FeCl;-6H,0O), cupric
chloride dehydrate (CuCl,-2H,0), and citric acid monohydrate
(CeHsO,-H,0) were all purchased from Sinopharm Chemical
Reagent Co. Ltd. They were all analytical grade. The BM stock solu-
tion (500 mg/L) was prepared with deionized water and stored at
4°C in the refrigerator.
2. Preparation of Sweet Potato Leaf Extracts

Sweet potato leaves were thoroughly washed using deionized
water and exposed to the sun-dry until the quality no longer changed,
then the leaves were cut into small pieces. Subsequently, the dried
sweet potato leaves were added to deionized water at a concentra-
tion of 60 g/L, and the temperature was raised to 363 K for 150 min.
The treated extracts were centrifuged for 30 min at 4,200 rpm to
obtain clear supernatant. The supernatant was stored at 277 K in
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Fig. 1. Schematic illustration for the synthesis of Fe/Cu nanocomposites.

the refrigerator prior to being used.
3. Synthesis of Fe/Cu Nanocomposites

The synthesis process of Fe/Cu nanocomposites is shown in
Fig. 1. Citric acid monohydrate (0.002 mol) was added to 500 mL
beaker which already contained 160 mL sweet potato leaf extract.
Subsequently, 80 mL CuCl, and FeCl; mixed solution (0.12 mol/L)
at a molar ratio of 1: 1 was added dropwise to the extract solution
under continuous stirring for 180 min at ambient temperature. The
resulting product, namely Fe/Cu nanocomposites, was separated
by centrifugation at 4,200 rpm for 30 min and subsequently the pre-
cipitate was washed with deionized water three times. Finally, the
sample was dried in the oven at 333 K for 480 min.
4. Adsorption Experiments

The adsorption capacity of BM on Fe/Cu nanocomposites was
studied by several batch experiments. The effects of the time, ad-
sorbent dosage and pH on the adsorption capacity were investi-
gated. First, a certain amount of Fe/Cu nanocomposites was put
into a 50 mL Erlenmeyer flask, and then 20 mL BM solution with
the desired concentration was added. The pH value of the BM
solution was adjusted by 0.1 mol/L HCI or NaOH. The flasks were
sealed with plastic wrap and placed in air batch shaker at 130 rpm

for the preselected time intervals. In each adsorption experiment,
the concentration of BM was measured using UV-Vis spectropho-
tometry at 542 nm (TU-1810, CN).

The equilibrium adsorption capacity q, (mg/g) of BM is calcu-
lated using the following equation:

C,—-C)V
qe:( 0 e) (1)

m

where C, (mg/L) and C, (mg/L) are the initial and equilibrium con-
centrations of BM, respectively. V (L) is the volume of BM solution,
and m (g) represents the mass of Fe/Cu nanocomposites.
5. Characterization

The characteristics of Fe/Cu nanocomposites were determined
by scanning electron microscopy (SEM, FEI Quanta 200), energy
dispersive X-ray spectroscopy (EDS, FEI Quanta 200), X-ray pho-
toelectron spectroscopy (XPS, Thermo ESCALAB 250XI), Fourier
transform infrared spectroscopy (FTIR, PE-1710, USA). Nitrogen
adsorption/desorption isotherms were measured at 77 K by sur-
face area analyzer (JW-BK132E, CN). Specific surface areas were
calculated according to the Brunauer-Emmett-Teller (BET) equa-
tion.
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Fig. 2. SEM micrograph and EDS spectra of Fe/Cu nanocomposites.
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RESULTS AND DISCUSSION

1. Characterization of the Fe/Cu Nanocomposites

The Fe/Cu nanocomposites were sputtered with gold before
SEM observation. The SEM and EDS images of Fe/Cu nanocom-
posites are shown in Fig. 2. It is clear that Fe/Cu nanocomposites
were granular and most of them were spherical. The average parti-
dle sizes of Fe/Cu nanocomposites ranged from 150 to 500 nm. Nota-
bly, the Fe/Cu nanocomposites had a certain agglomeration pheno-
menon. It was probably due to the sweet potato leaf extract being
a mixture of various natural compounds, and the polyphenols and
flavanols may affect the aggregation of the material during prepa-
ration [23]. The EDS spectrum contains the peaks of C, O, Fe, Cu
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and N etc., proving the presence of Fe and Cu on the nanocom-
posites. The C and O signals mainly stem from the polyphenol
groups and other C, O-containing molecules. Therefore, the poly-
phenols contained in sweet potato leaves played a crucial role in
the synthesis of Fe/Cu nanocomposites.

XPS spectra of Fe/Cu nanocomposites are shown in Fig. 3. There
were three distinct peaks in the C 1s curves, the peaks at 284.5,
286.3 and 288.6 eV can be considered as C=C, C-OH and C=0,
respectively. These signals may come from polyphenol groups and
citric acid in the Fe/Cu nanocomposites [22]. Signals at around
531.4 and 532.8 eV (Fig. 3(b)) represent the presence of Fe-O/Cu-
O and O=C-OH functional groups, respectively [24]. The pres-
ence of Cls and Ols in the sample means that some biological
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Fig. 3. XPS survey spectrum (a) C 1s; (b) O 1s; (c) Fe 2p; (d) Cu 2p; and (e) survey spectrum.
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molecules formed a strong cap on the surface of the Fe/Cu nano-
composites through chemical bonding. The two peaks located at
711.2eV and 7242V are attributed to Fe 2p3/2 and Fe 2pl/2,
respectively, which may belong to iron oxides [25]. In addition, Cu
2p3/2 and Cu 2p1/2 were located at 933.2 and 953.3 €V, respec-
tively, which may be due to Cu** in CuO [24]. From Fig. 3(e), the
Auger electron peaks of C and O were also observed besides pho-
toelectron peaks. Overall, XPS results indicate that the adsorbent
surface was covered with biomolecules and citric acid, further con-
firming that the Fe/Cu nanocomposite was successtul synthesized
as shown in Fig. 1.

The FTIR spectra of the BM and the Fe/Cu nanocomposites
before and after adsorption BM are given in Fig. 4. For BM, the
peak at 3311.12 cm" was ascribed to N-H stretching vibration [26].
Sharp peak at 1,586.14 cm™" was represented to aromatic rings of
BM. The peak at 3,189.59 cm™ and 1,368.34 cm™" corresponded to
C-H stretching vibration [27]. As Fig. 4(b) suggested, the band at
3,354.40 cm resulted from the O-H stretching vibration or adsorbed
water [28]. The peak at 2,935.07 cm™' related to C-H vibration of
aliphatic hydrocarbons [23]. At 1,714.48 cm™ was identified C=O
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Fig. 4. FTIR spectra of (a) BM, adsorbent (b) before and (c) after
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Fig. 5. Nitrogen adsorption-desorption isotherm and the pore size
distribution of Fe/Cu nanocomposites.

stretching vibrations of carboxylic acid [29]. A band at 1,632.46
cm" was the C=C stretching vibration in the benzene ring, which
may be related to the presence of polyphenols in the sweet potato
leaf extract [26]. A peak at 619.33 cm™' can be related to Fe-O/Cu-
O. From the spectra after BM adsorbed on Fe/Cu nanocompos-
ites, the appearance of new peaks at 3,330.71 and 321236 cm ™'
indicates that BM molecules were adsorbed on the surface of Fe/
Cu nanocomposites. Band at 1,368.83 cm™' was corresponding to
C-N stretching vibration for aromatic amines [23]. These changes
reveal that the BM was successfully adsorbed on Fe/Cu nanocom-
posites.

Nitrogen adsorption-desorption isotherm and the pore size dis-
tribution of Fe/Cu nanocomposites are shown in Fig. 5. The iso-
therm can be defined as type IV isotherm. There was a hysteresis
loop at a relative pressure of 0.4-1.0, which indicates that the pres-
ence of mesoporous structure [30]. The specific surface area and
average pore diameter of the Fe/Cu nanocomposites were 18.49
m’/g and 14.44 nm, respectively.

2. Model Design of Experiment and Results
2-1. Model Design

The response surface method (RSM) is a practical technique to
optimize process conditions [31]. To determine the optimal adsorp-
tion conditions and the interaction between various factors, the
Box-Behnken Design (BBD) was employed to evaluate the factors

Table 1. Coded levels and values of experimental variables

Coded levels and values

Experimental variable Unit

-1 0 +1
X,: Adsorption time min 300 420 540
X,: Adsorbent dosage gL 0.4 0.5 0.6
X;: pH 4 5 6

Table 2. Experimental design matrix for adsorption BM

Factors Adsorption capacity
Run X, X, X; Observed Predicted Residual
1 300 04 5 151.92 151.27 0.65
2 540 04 5 154.15 153.98 0.17
3 30 06 5 126.22 126.39 -0.17
4 540 06 5 131.98 132.63 -0.65
5 300 05 4 129.07 129.29 -0.22
6 540 05 4 134.41 134.14 0.27
7 300 05 6 135.53 135.8 -0.27
8 540 05 6 140.12 1399 0.22
9 40 04 4 146.78 147.22 —-0.44
10 420 06 4 127.02 126.64 0.38
11 420 04 6 155.5 155.89 -0.39
12 420 06 6 130.68 130.24 0.44
13 420 05 5 143.39 142.3 1.09
14 420 05 5 141.8 1423 -05
15 420 05 5 143.23 142.3 0.93
16 420 05 5 140.69 142.3 -1.61
17 420 05 5 142.37 142.3 0.074

Korean J. Chem. Eng.(Vol. 38, No. 8)
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including adsorption time (X,), adsorbent dosage (X,) and pH The response variables acquired from 17 groups of experiments are
(X;) which affected the adsorption capacity of BM. Three vari- shown in Table 2. The mathematical relationship between response
ables with ranges were shown in Table 1. and experimental factor was established by the quadratic polyno-
2-2. Statistical Analysis mial model. The quadratic polynomial equation between adsorp-

Adsorption conditions were optimized by BBD model of RSM. tion capacity (q) and three variables (X,-X;) was used for regression

Table 3. Analysis of variance for adsorption of BM onto Fe/Cu nanocomposites

Sum of Degree of Mean P-value
Source F-value
squares freedom square Prob>F
Model 1,331.76 9 147.97 153.94 <0.0001 Significant
X, 40.14 1 40.14 41.76 0.0003
X, 1,068.38 1 1,068.38 1,111.42 <0.0001
X, 75.34 1 75.34 78.37 <0.0001
XX, 3.12 1 3.12 3.24 0.1149
XX, 0.14 1 0.14 0.15 0.7135
XX, 6.40 1 6.40 6.66 0.0364
Residual 6.73 7 0.96
Lack of fit 1.83 3 0.61 0.5 0.7035 Not significant
R-squared 0.995
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Fig. 6. Three-dimensional response surface plot of adsorption capacity versus (a) adsorption time and adsorbent dosage, (b) adsorption time
and pH, (c) adsorbent dosage and pH, (d) the relationship between the predicted and actual values for BM adsorption capacity.
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analysis, as follows:

q=142.30+2.41X,~ 11.56X,+3.07X5+0.88X,X,— 0.19X, X,
—1.26X,X;—3.22X3+1.99X;— 4.29X; )

The analysis of variance (ANOVA) was used to assess the appli-
cability of the model. The ANOVA result for BM adsorption is
shown in Table 3. The ‘Prob>F’ less than 0.05 and ‘F-value’ greater
than 5 indicates that the model was significant [32]. From Table 3,
the p-value of the model was less than 0.0001 and the value of F
was 153.94, indicating that the model was significant under selected
conditions. The determination coefficient R* reached 0.995, imply-
ing that the experimental result was consistent with the model.
The Tack of fit was not significant, which demonstrated that the
effect of experimental error could be negligible.

2-3. Response Surface Analysis

RSM was used to assess the relationship between a set of param-
eters and the observed response to the adsorption capacity of BM,
including adsorption time, adsorption dosage and pH. The influ-
ence of interaction factors on the response value is illustrated in
Fig. 6. According to Fig. 6(a) and (c), the adsorption capacity for
BM on per unit mass adsorbent decreased with the increasing ad-
sorbent dosage. The adsorption capacity increased first and then
decreased slowly with increasing initial solution pH value, which
can be seen from Fig. 6(b) and (c). The results show that the high-
est BM adsorption efficiency of 157.06 mg/g was obtained at the
contact time of 443 min, adsorbent dosage of 0.4 g/L and pH 5.5.
To verify the reliability of prediction conditions, five sets of parallel
experiments were performed under the optimal conditions. The
adsorption capacities were 152.89, 156.37, 160.26, 157.45 and 155.72
mg/g, respectively, which were consistent with the predicted val-
ues. The result indicated the good applicability of the model for
BM adsorption experiment. Fig. 6(d) was a random scatter plot of
the actual values and predicted adsorption capacity of BM onto
Fe/Cu nanocomposites; it can be found that the experimental data
of BM adsorption was close to the predicted data of the model,
indicating that the model can well reflect the experimental data.

3. Isotherm Studies

Adsorption equilibriums are significant for the study of adsorp-
tion process, which explored the effect of different temperatures and
concentration on adsorption. Sips [33], Langmuir [34], Redlich-
Peterson [35] and Freundlich [36] models are utilized to study the
isotherm data. The equations are expressed as follows:

K.C,)"
Sips isotherm model: _ M )
1+ (Ksce)
ir i _ Klqmce
Langmuir isotherm model: =1 e @
ARC
Redlich-Peterson isotherm model: Q.= R¥e )
1+BCS
Freundlich isotherm model: q.=K;C 1n ©

where C, (mg/L) and q, (mg/g) are the equilibrium concentration
and equilibrium adsorption capacity, respectively. q,,, (mg/g) is the
saturation adsorption capacity of Sips model and q,, (mg/g) rep-

resents the maximum monolayer adsorption capacity of Lang-
muir model, respectively. K (L/mg) and m are the Sips constants.
K; (L/mg) is the Langmuir constant. Az, B; and g are the constants
of R-P isotherm. K;: ((mg/g)(L/mg)"") is Freundlich constant. 1/n
between 0 and 1, reflects the favorability of adsorption and degree
of heterogeneity of the adsorbent surface.

The deviation between experimental data and model data is
tested by chi-square. The lower y* implied difference is not signifi-
cant. Non-linear chi-square is calculated by Eq. (7):
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Fig. 7. Nonlinear fitting of experimental data with isotherm mod-
els (t=420 min, adsorbent dosage=0.4 g L', pH=5.3).

Table 4. Parameters of adsorption isotherm for BM on Fe/Cu nano-

composites
Parameters 298 K 308 K 318K
Langmuir isotherm
Qn (mg g™ 18684 19395  203.32
K, (L mg™") 0.31 0.43 0.48
R’ 09249 09233 0.9181
Ve 12.27 11.28 1342
Freundlich isotherm
K; (mg g )(L/mg)"") 75.55 81.92 87.71
1/n 0.18 0.17 0.17
R’ 0.9509 09447  0.9445
Va 12.73 17.21 19.11
Redlich-Peterson isotherm
Ap 135.57 17098  205.13
B 1.26 1.46 1.68
g 0.89 0.90 0.90
R 09997 09985  0.9978
Ve 0.03 0.72 1.52
Sips isotherm
Qs (Mg g ") 23592 24315  256.73
Ks (L mg™) 0.11 0.14 0.15
m 0.48 0.47 0.47
R? 0.9953 0.9903 0.9904
Va 0.87 231 2.49

Korean J. Chem. Eng.(Vol. 38, No. 8)
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e, exp
where q, ., (mg/g) is the experimental adsorption capacity; q,
(mg/g) is calculated BM adsorption capacity of each model.

The plots of q, versus C, for the adsorption of BM onto Fe/Cu
nanocomposites at 298, 308 and 318 K are shown in Fig. 7. The
parameters of adsorption isotherm for BM on Fe/Cu nanocom-
posites are presented in Table 4. With the temperature from 298 to
318K, the adsorption capacity increased at the same adsorption
condition, indicating that the adsorption process may be endo-
thermic.

As for the Redlich-Peterson isotherm model, the values of param-
eters Ay and B; both increased with increasing the temperature.
Furthermore, the values of g were all lower than 1. The R’ values
of Redlich-Peterson isotherm were higher than 0.99 and the
values were lower than 1.52. All the parameters manifested that
the Redlich-Peterson isotherm model provided a satisfactory fit
for the BM adsorption process. R* obtained from Sips model was
higher than 0.99 and »* were lower than 2.37. The maximum ad-
sorption capacity of BM at 298 K, 308 K and 318 K was 235.92
mg/g, 243.12 mg/g and 256.73 mg/g, respectively. The results sug-
gest that the adsorption process was well represented by Sips iso-
therm model. But the Langmuir model and Freundlich model
were not suitable for the adsorption of BM due to the lower R’
and the higher y*.

The comparison of adsorption capacity of BM on various ad-
sorbents is shown in Table 5. Results show that Fe/Cu nanocom-
posites prepared from sweet potato leaf extract had higher adsorp-
tion capacity for BM and could be considered as a promising ad-
sorbent for the removal of BM.

4. Thermodynamic Properties

To study the influence of temperature on the adsorption pro-
cess, thermodynamic parameters were calculated, which could pre-
dict the feasibility, orientation and spontaneity of the adsorption
process. The thermodynamic parameters included Gibbs free energy
(AG), enthalpy change (AH) and entropy change (AS). Three param-
eters were calculated using the following equations [40]:

180 |
A -A--A_-A_-A__A4A
160 - a-0_-0_-0 -8 -3
e -@p-®--"--W--4
. 140 |
o120 F
) a 208K
< 1007 o 308K
80 L A 318K
— Pseudo-first order
60 - - - Pseudo-second order
40 L— ' ' ' ' :
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¢ (min’")
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Table 5. Comparison of adsorption capacity of BM with different

adsorbents
Adsorbent q. (mggh References
H,Ti,0, titanate nanotubes 68.60 [17]
modified sugarcane bagasse  0.04 mmol/g(13.51) [37]
modified luffa sponge 88.32 [38]
Al-MCM-41 23.81 [39]
Fe/Cu nanocomposites 23592 This study
Cad
Ke= C. ®)
AG=-RTInK, ©)
AS AH
anC_ E - ﬁ (10)

where C, and C,, are the BM concentration in solution at equilib-
rium and the concentration of BM adsorbed at equilibrium, respec-
tively. T represents the temperature in Kelvin, R represents the
universal gas constant (8.314 J/(K mol).

The values of AG for BM were —12.90, —14.01, —14.94 kJ/mol
at 298, 308, 318 K, respectively. The negative values of AG revealed
that the BM adsorption onto Fe/Cu nanocomposites was feasible
experimentally and spontaneous. The value of AH was 17.36 k]/
mol confirmed BM adsorption onto Fe/Cu nanocomposites was
endothermic and manifested that higher temperature was positive
for the adsorption process. The value of AS was 0.10 J/(K mol)
suggested that the solid-liquid interface chaotic degree was increasing.
5. Kinetics Studies

Kinetics of adsorption is an important parameter in characteriz-
ing adsorption efficiency. To understand the characteristics of the
adsorption process, the pseudo-first order [41], the pseudo-sec-
ond order and intra-particle diffusion model were used to define
the kinetic behavior [42,43]. The three model equations are as fol-
lows, respectively:

Pseudo-first order model: it

q;=q.(1-e ) (11)

180 - (b)
F L{*g‘-k‘*’i
160
140
120
100
I e 308K
or A 318K
ol ¥ —— Intra-particle diffusion
40 i 1 1 1 1
0 5 10 15 20 25
t1/2 (minl/Z)

Fig. 8. Regression curves of experimental data for BM adsorption with (a) pseudo first-order, pseudo second-order and (b) intra-particle dif-
fusion kinetic models (adsorbent dosage=0.4 g L', BM concentration=100 mg L', pH=5.3).
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Table 6. Parameters of adsorption kinetic for BM

Model 298 (K) 308 (K) 318 (K)
Pseudo-first-order equation
k, (min ") 0.0577 0.0612 0.0723
Qe (Mg g™") 146.82 157.22 165.31
R’ 0.9359 0.9338 0911
Pseudo-second-order equation
k, (g (mg min) ™) 5.90x10™* 5.95x10™* 6.70x10™*
Qe (mg g™") 154.51 165.06 173.12
Qup (mg g™) 152.41 162.68 171.71
R? 0.9955 0.9963 0.9943
Intra-particle diffusion model
k, (mg g min"?) 18.38 18.94 19.34
C, 12.9946 18.6725 27.7399
R 0.9981 0.9943 0.9622
k, (mg ¢! min'?) 5.45 5.50 5.61
G, 84.1134 93.6186 100.8062
R 0.9919 0.9542 0.9609
k; (mg g min"?) 0.85 0.86 0.88
(0N 133.6363 143.8972 152.4694
R 0.9868 0.9552 0.9519
Pseudo-second order model: q,= kz_qit (12)
" 1+k,q.t 160 -
1 e . an - " . "
Intra-particle diffusion model: q,=k,;t""+C (13) sol i -
where k; (1/min) and k, (g/(mg min)) are the rate constants of
pseudo-first order model and pseudo-second order model, respec- T:D ol
tively; g, (mg/g) and q, (mg/g) are the BM adsorption capacity at on
equilibrium and time t (min), respectively. k,; (mg/(gmin'?)) is the g/m
intra-particle diffusion rate constant and C (mg/g) is the constant = of "
associated with the boundary layer.
The regression curves of kinetic models are illustrated in Fig. 8 120 L
and the parameters are given in Table 6. From Fig. 8(a), the ad-
sorption capacity of the Fe/Cu nanocomposites for BM increased
and then tended to equilibrium with the extension of time. From W,

Table 6, the correlation coefficient R* of the pseudo-first order
model was less than 0.94, and the q,,, value did not obey the q.,,
value, which implied that the pseudo-first model was not suitable
for the adsorption process. It was clear that the values of q,,, agreed
with the values of q,,; calculated from the nonlinear plots of the
pseudo-second order kinetic model, the value of R* was greater
than 0.99, indicating that the BM adsorption on Fe/Cu nanocom-
posites was consistent with the pseudo-second-order model.

As shown in Fig. 8(b), the adsorption process had three stages.
In the first stage, the adsorption rate was relatively high and the BM
molecules were transferred to the external surface of Fe/Cu nano-
composites. The second stage was the intra-particle diffusion pro-
cess, and the adsorption rate was slow. The third stage was the
adsorption equilibrium process. Notably; the k;, of the first stage was
much higher than the other two stages, and the C,<C,<C;. It was
clear that the three lines did not pass through the origin, indicat-
ing that the adsorption process was controlled by intra-particle
diffusion and boundary layer diffusion.

pH

Fig. 9. Effect of pH on adsorption of BM on the Fe/Cu nanocom-
posites (adsorbent dosage=0.4g L', BM concentration=100
mgL™).

6. Effects of Solution pH

The pH of the working solution is an important factor affect-
ing the dye adsorption process because it influences surface active
sites and surface charge of the adsorbent. The adsorption capacity
of BM at different pH is shown in Fig. 9. With the pH from 3 to 5,
the adsorption capacity increased significantly. When the pH>5,
the adsorption almost reached equilibrium. The point of zero charge
(pH,..) [44] of the Fe/Cu nanocomposites was about 3.6. When
the pH was below the pH,,, the surface charge of Fe/Cu nano-
composites was positive. On the other hand, the surface charge of
Fe/Cu nanocomposites was negative, when the solution pH was
above the pH,,... The schematic diagram of the adsorption mecha-
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H-bonding

H-bonding

7-T interaction

Fig. 10. Schematic diagram of BM adsorption on Fe/Cu nanocomposites.

nism is shown in Fig, 10. When pH<pH,,,, BM adsorption occurred
mainly via hydrogen bonding between the amino group of the
BM and the hydroxyl of the Fe/Cu nanocomposites as well as via
bonding between the amino group of BM and the carbonyl oxy-
gen of the Fe/Cu nanocomposites. In addition, electrostatic repul-
sion existed between adsorbent and adsorbate. When pH>pH,,,
the surface potential of anion on the adsorbent increased, the elec-
trostatic attraction between Fe/Cu nanocomposites and BM mole-
cules enhanced the adsorption capacity. During the whole BM
adsorption process, the 77 interaction and complexation between
BM and Fe/Cu nanocomposites also played an important role.
7. Stability

Stability is an important property of adsorbents. The stability of
the Fe/Cu nanocomposites was evaluated by comparing the adsorp-
tion capacity of fresh and aged samples (Fig. 11). The result showed

150 |

100

ge (mg g™

50

1 3 5 7 14 21 28

days

Fig. 11. BM adsorption capacity of Fe/Cu nanocomposites stored
openly for 1-28 days.

August, 2021

Electrostatic
repulsion

@ C
@ H
o NN

Electrostatic
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NH,*Cl

: :.\11:

basic magenta

HN

that the adsorption uptake of all samples remained at around 155
mg/g, indicating that the Fe/Cu nanocomposites were stable over a
long period of time.

CONCLUSION

Fe/Cu nanocomposites were synthesized by the green method
using sweet potato leaf extracts. The experimental equilibrium data
were well described by the Redlich-Peterson model and Sips model,
and the maximum monolayer adsorption capacity of Fe/Cu nano-
composites for BM reached 235.92 mg/g at 298 K. By calculating
the thermodynamic parameters, the adsorption process was spon-
taneous and endothermic. The pseudo-second order model proved
to be consistent with adsorption kinetic data. The adsorption pro-
cess of BM onto Fe/Cu nanocomposites was not only controlled
by the intra-particle diffusion, but the boundary layer may also have
had an effect on the adsorption process. The adsorption of BM
was influenced by electrostatic interaction, H-bonding, 7= inter-
action and complexation. This work promotes the application of
renewable resources in the synthesis of new adsorbents and pro-
vides a simple and convenient method for the treatment of dye
wastewater.
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