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a b s t r a c t
Mn–Fe2O4 nanoparticles loaded on activated carbon were applied for removal of purpurin dye of 
solution. The effects of the amount of nanoparticles, pH of the solution, concentration of purpurin, and 
contact time were studied. The experiments have been designed by response surface methodology. 
The optimality conditions in the present study were 24 mg L–1 of purpurin concentration, 0.027 g 
adsorbent mass, pH value of 4.0, and 3.0 min of contact time. The artificial neural network model 
was employed for data prediction with Levenberg–Marquardt algorithm, purelin or a linear transfer 
function at output layer, and tansig or a tangent sigmoid transfer function in the hidden layer with 
15 neurons. Remarkably, the experimental data and the pseudo-second-order kinetics fitted well. The 
isotherm analysis revealed that the equilibrium data were well fitted to the Langmuir isotherm model 
with the highest adsorption capacity of 60 mg g–1 of the adsorbent for removal of purpurin.
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1. Introduction

Discharge of wastewater from textile industries into the 
environment is a serious environmental issue. Blanching 
of their high color and organic concentrations is laborious 
[1]. Since early antiquity, purpurin (1,2,4-trihidroxy 
anthraquinone) has been utilized in anthraquinone dyes 
like alizarin and purpurin which are released specifically by 
textile industries in the aquatic ecosystems and are intractable 
and persistent pollutants [2]. Coagulation–flocculation [3], 
aerobic or anaerobic treatment [4], electrochemical treatment 
[5], membrane filtration [6], and adsorption methods [7] are, 
by and large, used for treating dye wastewater. However, 
adsorption, owing to its effectiveness and the simplicity 
of the process, is the most well-liked among the methods. 
Moreover, a useful conjunction of adsorption methods with 

other effective processes like nanostructure and ultrasound 
are proved in increasing the efficiency and decreasing the 
cost of pollutant adsorption [8–10].

Different potential adsorbents have been utilized for 
the removal of specified organics from water samples. In 
this regard, magnetic nanoparticles have extensively been 
applied as novel adsorbents with large surface area, high 
adsorption capacity, and small diffusion resistance. As an 
illustration, they have been used for separation of chemi-
cal species like environmental pollutants, dyes, metals, and 
gases [11–15]. Applying spectrophotometry as the com-
monest approach for dye monitoring suffers from accuracy 
with overlapping peaks in the mixtures [16,17]. Therefore, 
derivative spectrophotometry has attracted the attention as 
an effective technique for overcoming this limitation and 
analyzing the dye concentration [18,19]. The wearisome and 
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exorbitant traditional optimization protocol by changing 
each single variable and investigating response suffers from 
the limitations of not providing suitable information about 
variable interaction and a distinct equation which results in 
response correlation to a significant term [20,21]. Because of 
the abovementioned drawbacks, statistical simultaneous opti-
mization in response surface methodology (RSM) and in cen-
tral composite design (CCD) as high-quantity tools have been 
chosen to provide such requirements [19,22–24]. Recently, 
the studies by the research groups have brought to light the 
fact that sonication has a significant contribution in decreas-
ing the adsorption time and increasing the contact of samples 
with the adsorbent which can bring better mass transfer to the 
internal and external area and porosity of adsorbent [25,26]. 
Both RSM and the artificial neural network (ANN) have 
extensively been utilized in several fields for optimization 
of variables [27–32]. It is noteworthy that ultrasonic-assisted 
adsorption is a well-liked technique owing to its advantages 
over other conventional techniques [33]. In the adsorption 
of marked compounds from wastewater, ultrasonic-assisted 
adsorption method has extensively been applied [34]. This 
method demonstrates several considerable improvements 
in the adsorption process as it first necessitates much lower 
amount of adsorbent, then reduces adsorption time, and 
then increases adsorption efficiency [25,35]. Accordingly, the 
current study is based on the use of Mn–Fe2O4 nanoparticles 
loaded on activated carbon (Mn–Fe2O4–NPs–AC) under dis-
parate operating conditions like adsorbent mass, pH, and 
sonication time for successful removal of purpurin. By using 
CCD under RSM, the parameters for maximum adsorption 
efficiency were optimized. By X-ray diffraction (XRD) and 
field emission scanning electron microscopy (FE-SEM), the 
structure and properties of the adsorbent were examined. 
Additionally, investigations on the adsorption kinetics and 
isotherms of dye removal of this sorbent were also performed. 
Furthermore, at optimum operational conditions, adsorp-
tion follows Langmuir with satisfying adsorption capacity 
and equilibrium data to describe the leading interactive 
mechanisms of the adsorption process.

2. Experimental

2.1. Reagents

Purpurin (Colour Index Number: 58205) was purchased 
from Acros Organics (Geel, Belgium). Sodium hydroxide, 
hydrochloric acid, FeCl3·6H2O, active carbon, and MnCl2·4H2O 
were purchased from Merck, Darmstadt, Germany. Prepa-
ration of a stock solution of purpurin was done by dissolving 

10 mg of purpurin in distilled water to achieve a concentration 
of 100 mg L–1 (100 mL) solution. All the characterization 
applied in this research for the adsorbent prepared were fully 
described in our previous publication [36].

2.2. Apparatus

For recording the visible spectra and absorbance 
measurements (λmax = 470 nm), A ultraviolet visible 
(UV-Vis) spectrophotometer model Pharmacia Ultraspec 
4000, equipped with a 1-cm quartz cell, was employed. 
FE-SEM (Hitachi S-4160, Japan) was also employed. The 
XRD measurements were carried out on an XRD Bruker D8 
Advance. On a Shimadzu Fourier transform infrared (FTIR) 
8000 spectrometer, the FTIR spectra were recorded. A pH 
meter (Metrohm model-728) was adjusted for the pH mea-
surement. Ultrasonic Homogenizer (UHP-400), which was 
made in Ultrasonic Technology Development Company, 
Iran, was utilized for the ultrasound-assisted adsorption. All 
measurements were carried out at ambient temperature.

2.3. Statistical analysis

With the help of STATISTICA 10.0 software (State-Ease Inc., 
Minneapolis, USA), the experimental results of the CCD were 
investigated. Also for modeling and optimizing the impact of 
initial purpurin concentration (X1), pH (X2), amount of adsor-
bent (X3), and contact time (X4) on the ultrasonic-assisted 
adsorption of purpurin by Mn–Fe2O4–NPs–AC, RSM was 
employed. In Tables 1 and 2, the R% of purpurin for four inde-
pendent variables which were set at five levels is shown. In 
order to assess the main and effective terms for modelling, the 
response based on F-test and P-values, analysis of variance 
(ANOVA) was performed [37,38].

2.4. Batch sorption experiments

In order to evaluate the impact of sonication time, 
adsorbent mass, pH, and initial purpurin concentra-
tion under RSM-based CCD on purpurin adsorption, 
0.015–0.035 g Mn–Fe2O4 nanoparticles loaded on acti-
vated carbon were added into 50 mL purpurin solutions 
with different concentrations and pH for a predetermined 
sonication time at 25°C. In order to study these factors, 
sonication time in the range of 2.0–6.0 min, pH in the range 
of 2.0–10.0, and initial concentration of purpurin in the 
range of 10–30 mg L−1were considered. To investigate the 
maximum adsorption of purpurin, 0.027 g adsorbent with a 

Table 1
Process variables and their level for the purpurin adsorption by CCD

Factors levels Star point α = 2.0

Low (–1) Central (0) High (+1) –α +α
Purpurin concentration (mg L–1) (X1) 10 15 20 5 25
pH (X2) 5.0 6.0 7.0 4.0 8.0
Adsorbent mass (g) (X3) 0.0150 0.0225 0.0300 0.005 0.045
Sonication time (min) (X4) 3.0 4.0 5.0 2.0 6.0
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concentration of 24 mg L−1and pH of 4.0 was added to pur-
purin solutions and agitated at 25°C for 3 min. After being 
centrifuged at 3,000 rpm for 15 min, the final concentration 
of purpurin in the supernatant was determined by utilizing 
an UV-Vis spectrophotometer (V-530, Jasco, Japan) at a 
wavelength of 470 nm (maximum absorbance). The adsorp-
tion percentage of purpurin dye (R% purpurin) and also 
the capacity for the adsorption of purpurin dye (qi, mg/g) 
were calculated:

R
C C
C

e% =
−

×0

0

100  (1)

q
V C C

Mi
e=

−( )
×0 100  (2)

C0 and Ce in the formula are the initial and equilibrium 
concentrations of purpurin (mg L–1), V stands for the volume 
of the solution (L), and M is the mass of the adsorbent used (g).

2.5. Artificial neural network

Feed forward back propagation (FFBP) was utilized as the 
training algorithm in this ANN. The ultimate calculated data 
for FFBP were compared with the experimentally obtained 
results, and subsequently, the errors were calculated and 
propagated backward and then employed for adjusting each 
neuron weight. All through the adsorption process, the input 
variables purpurin concentrations, adsorbent amount, and 
contact time were studied, and in this respect, 30 experimen-
tal points were employed to feed the model. From training, 
test, and validation sets which contained 60%, 20%, and 20% 
data points, respectively, the data set was originated. Based 
on Eq. (3), all of the data points were normalized in the 
range of [0.1, 0.9] owing to the use of tan-sigmoidal transfer 
function as follows [35]:
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X in the formula is a variable, while Xmin is the minimum 
value and Xmax is the maximum value.

3. Results and discussion

3.1. Analysis of CCD

In order to design a systematic series of experiments (30 
runs) in five levels, CCD under RSM was employed. RSM 
made it feasible to model the experimental data nonlinearly 
[39–41]. Not only did the CCD avoid running unnecessary 
experiments but also was beneficial for understanding 
the synergies among the variables and supply value about 
interaction between the parameters.
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In this equation, the positive values corresponding to 
each term are indications of their positive effect on response 
while their negative values show a decrease in the response 
following raising their value. ANOVA as a statistical method 
partitions the total variation into its parts while each term 
has different source of variation. As the results are shown 
in Table 3, the estimation of interaction effects was easily 
done by usual ANOVA, while the estimation of factor effect 
and Fisher’s F-ratios and P-values were based on sum of the 
squares. The model F-value of 12.073 was considered statis-
tically significant and indicated that there was only 0.01% of 
the chance that “model F-value” could be due to the noise. 
The insignificant value of lack of fit (more than 0.05) rep-
resented validity of the quadratic model for explanation 
of experimental data of the current study [42]. In order to 
optimize the adsorption process, the profile for predicted 
values and desirability option (not shown) was employed. 
Profiling the desirability of response involved stating the 
desirability function for R% purpurin as dependent vari-
able by determining the predicted R% purpurin values. 
For obtaining a comprehensive function that should be 

Table 2
The design matrix and the response

Run X1 X2 X3 X4 R% purpurin

1 20 8 0.03 5 100.0
2 30 4 0.02 5 98.36
3 25 6 0.015 4 97.84
4 25 6 0.025 2 99.76
5 20 4 0.03 5 100.0
6 30 8 0.02 3 97.0
7 25 6 0.025 4 99.52
8 25 6 0.025 6 100.0
9 25 6 0.025 4 100.0
10 25 2 0.025 4 100.0
11 20 4 0.02 3 100.0
12 25 6 0.025 4 100.0
13 30 4 0.03 5 100.0
14 20 8 0.02 3 99.0
15 20 4 0.03 3 100.0
16 20 4 0.02 5 99.58
17 25 6 0.025 4 99.19
18 30 4 0.03 3 100.0
19 15 6 0.025 4 100.0
20 20 8 0.02 5 100.0
21 25 6 0.025 4 99.0
22 30 8 0.03 3 98.0
23 25 6 0.025 4 98.65
24 30 4 0.02 3 98.5
25 35 6 0.025 4 97.0
26 30 8 0.02 5 97.64
27 20 8 0.03 3 100.0
28 25 6 0.035 4 100.0
29 30 8 0.03 5 99.21
30 25 10 0.025 4 98.39
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maximized based on the efficient selection and optimization 
of designed variables, the scale in the range of undesirable 
(0.0) to very desirable (1.0) was employed. Based on the CCD 
design matrix results (Table 1), the maximum and minimum 
of R% purpurin were 100.00% and 65.00%, respectively. 
Concerning this range, the optimum condition at which 
the highest response can be attained was obtained. The 
maximum restoration of 99.50% was acquired at optimum 
conditions regarding these calculations and desirability 
score of 1.0. For the factors including purpurin concentra-
tion, adsorbent dosage, pH, and sonication time, the optimal 
values were estimated to be 24 mg L–1, 0.027 g, and 4.0 min, 
respectively. By providing these conditions, 99.48% was 
predicted to be obtained for R% purpurin with desirabil-
ity of 1.0. Additionally, by performing three experiments at 
similar conditions, the validity of the predicted response at 
optimum conditions was inspected. Notably, the obtained 
experimental response was 99.30%, which was in excellent 
consistency with the predicted value.

3.2. Modeling of ultrasonic-assisted adsorption process by ANN

The three functions of weight (training), net input, and 
transfer (tansig) governed the performance of the network. 
A mean square error (MSE) of 0.0815 was detected at epoch 
numbers 7 for removal of purpurin dye. At this point, 
training was stopped and weights have been frozen for the 
network undergoing testing phase. In Fig. 1, the MSE versus 

the number of epochs for optimal ANN model is shown. It is 
observed that the training was stopped after epoch numbers 
7 for ultrasonic-assisted removal of purpurin dye. Also in 
Fig. 1, the reduction of the MSE throughout the training 

Table 3
The results of ANOVA for the response surface quadratic model of purpurin adsorption.

Source of variation Df Purpurin dye

Sum of square Mean square F-value P-value

Model 4 24.932 1.7808 12.073 <0.0001
X1 1 10.494 10.494 71.145 <0.0001
X2 1 3.2340 3.2340 21.925 0.00029477
X3 1 5.4626 5.4626 37.034 <0.0001
X4 1 0.31970 0.31970 2.1674 0.16163
X1X2 1 1.2266 1.2266 7.7982 0.013664
X1X3 1 1.1503 1.1503 0.54105 0.47334
X1X4 1 0.079806 0.079806 4.2372E-005 0.99489
X2X3 6.2500E-006 6.2500E-006 4.9271 0.042274
X2X4 1 0.72676 0.72676 0.0071609 0.93368
X3X4 1 0.0010563 0.0010563 8.1761 0.011937
X1

2 1 1.2060 1.2060 0.24016 0.63118
X2

2 1 0.035424 0.035424 2.0379 0.17390
X3

2 1 0.30060 0.30060 3.4047 0.084845
X4

2 1 0.50220 0.50220
Residual 15 2.2125 0.14750 0.23715 0.97465
Lack of fit 10 0.71181 0.071181
Pure error 5 1.5007 0.30015
Correlation total 29 27.144
Standard Deviation 0.38 R2 0.9185
Mean 99.22 Adjusted R2 0.8424
Coefficient of Variation (%) 0.39 Predicted R2 0.7693
PRESS 6.26 Adequate precision 13.117

Fig. 1. Evolution of training, validation, and test errors as a 
function of the number of training epochs during ANN for the 
purpurin removal by Mn–Fe2O4–NPs–AC.
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process is demonstrated. In addition, in Fig. 2, the plot of 
error histogram for adsorption process is demonstrated 
indicating that the errors in this removal process are very 
low. During the net training process in this study, the 
MSE based on the function of error performance showed 
minimum value at 5 neurons. A 4–5–1 ANN model with 
four input layers (viz., initial purpurin dye concentration, 
adsorbent dosage, pH, and ultrasonic time) based on the 
output layers (removal of target compounds) was found to 
be adequately accurate for predicting and estimating the 
purpurin removal with MSE of 0.0528, 0.1517, and 0.0973 for 
train, test, and validation, respectively, and the correlation 
coefficients (R2) of 0.9689, 0.9057, and 0.9708 for train, test, 
and validation, respectively (Table 4), for ultrasonic-assisted 
removal of purpurin dye.

3.3. Three-dimensional response surfaces and contour plots

In order to show the combined effects and discern the 
major interactions between variables on R% of understudy 
purpurin, the 3-dimensional (3D) response surface plots were 
employed. In the current study, two 3D response surface 
plots are demonstrated in Fig. 3. The removal percentage 
versus the adsorbent dosage is shown in Fig. 3(a), the pur-
purin removal percentage and adsorbent mass, a positive 
increase is observed. At lower amount of Mn–Fe2O4–NPs–AC, 
the significant reduction in removal percentage is ascribed to 
higher ratio of purpurin molecules to the vacant sites of the 
adsorbent. In Fig. 3(b), the impact of contact time on the purpu-
rin removal percentage is demonstrated. As it is observed, the 
highest purpurin adsorption could be obtained in short soni-
cation time, which strongly confirms the greater contribution 
of ultrasound power in mass transfer and accordingly the 
greater efficiency for the adsorption of purpurin.

3.4. Adsorption isotherms

Based on the assumptions displayed in Table 5, the 
studied experimental equilibrium data of adsorption of 
purpurin dye were fitted to conventional isotherms like 
Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich 
[43–46]. According to this table, the appropriateness of 
Langmuir model in interpreting the experimental data indi-
cated that the adsorption of purpurin dye under study was 
limited to monolayer coverage and the surface was relatively 
homogenous in terms of interaction of functional groups 
with purpurin molecule. The maximum adsorption capacity 
for purpurin on the Mn–Fe2O4–NPs–AC was 60 mg g–1.

3.5. Kinetic study

The prediction of adsorption kinetics is crucial since the 
rate and mechanism of adsorption can be determined based 
on kinetic studies. The correlation of experimental kinetic data Fig. 2. The plot of error histogram for removal process.

Table 4
Comparison of 1–15 neurons in the hidden layer for purpurin dye removal by ANN model development with the Levenberg–
Marquardt algorithm

Neurons MSEtrain MSEtest MSEvalidation MSE R2
train R2

test R2
validation R2

1 0.06931206 0.52012881 0.4743308 0.240479 0.93866424 0.728123187 0.839175753 0.863305996
2 0.65350843 0.74526249 0.1374893 0.568655 0.840447912 0.648034347 0.96153333 0.793319504
3 0.26667503 0.38386246 0.64599 0.365976 0.835721699 0.960104303 0.76722858 0.818855689
4 0.17726547 0.50510765 0.8745432 0.382289 0.856185694 0.848476671 0.781798966 0.814418096
5 0.05286432 0.15178964 0.0973904 0.081555 0.968934752 0.905759435 0.970842175 0.956236076
6 0.17658055 0.50096734 1.1470838 0.435559 0.943115283 0.656829902 0.597838293 0.767555068
7 0.11429439 0.16724061 0.161999 0.134425 0.940216966 0.962671443 0.912749932 0.932584422
8 0.05371092 0.64326218 0.5231746 0.265514 0.96670086 0.71191955 0.844184164 0.844742146
9 0.13121151 1.02121596 0.34684 0.352338 0.943469998 0.278532772 0.689112276 0.80094537
10 0.56968275 0.55756652 0.4521265 0.543748 0.785908891 0.768153736 0.790835006 0.756822379
11 0.09675521 0.21257808 0.3219143 0.164952 0.957438366 0.720331592 0.482669922 0.906576313
12 0.37861645 0.37437045 0.3134466 0.364733 0.790741377 0.81013843 0.79945335 0.790001939
13 0.03133704 0.66415528 0.7204729 0.295728 0.984205216 0.661397183 0.13584398 0.82317805
14 0.31295234 1.63317924 0.1869746 0.551802 0.746142687 0.03849139 0.940179736 0.686838269
15 0.29738354 0.3510409 0.5058606 0.34981 0.900472129 0.316197183 0.159898651 0.786608016
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of purpurin with pseudo-first and second orders, Elovich, and 
intraparticle diffusion [47–50] was estimated at different soni-
cation time (0.5–5 min). In Table 6, the summary of properties 
and equation of each model are provided. In comparison with 
the pseudo-first-order equation, the regression coefficient (R2) 
from pseudo-second-order rate equation for adsorbent was 
higher. These results revealed that the kinetics of purpurin 
onto adsorbent exhibited best fit to the pseudo-second-order 
equation for purpurin dye by Mn–Fe2O4–NPs–AC.

4. Conclusion

The influences of important variables like initial purpurin 
dye concentration, pH, adsorbent dosage, and sonication 
time on the efficiency of removal process were investigated 

 

(a)

(b)

Fig. 3. Response surfaces for the CCD: (a) sonication time – 
purpurin concentration and (b) sonication time – adsorbent dosage.

Table 5
Various isotherm constants and their correlation coefficients calculated for the adsorption of purpurin onto Mn–Fe2O4–NPs–AC

Isotherm Equation parameters Value of parameters 
for purpurin

Langmuir q
q bC
bCe

m e

e

=
+( )1

Qm (mg g–1) 120.0
Ka (L mg–1) 0.240
R2 0.999

Freundlich ln ln lnq K
n

Ce F e= +










1 1/n 0.639
KF (L mg–1) 4.950
R2 0.980

Tempkin q B K B Ce T e= +1 1ln ln
B1 30.28
KT (L mg–1) 5.390
R2 0.978

Dubinin–Radushkevich (DR) ln lnq Q Be s= − ε2

Qs (mg g–1) 70.19
B × 10–7 –1.000
E (kj mol–1) 2,272
R2 0.973

Table 6
Kinetic parameters for the adsorption of purpurin onto Mn–
Fe2O4–NPs–AC

Model parameters Value of parameters 
for purpurin

Pseudo-first -
order kinetic

k1 (min–1) 0.677
qe (calc) (mg g–1) 9.183
R2 0.972

pseudo-second -
order kinetic

k2 (min–1) 0.124
qe (cal) (mg g–1) 45.45
R2 0.999

Intraparticle 
diffusion

kdiff (mg g–1 min–1/2) 3.72
C (mg g–1) 35.07
R2 0.974

Elovich β (g mg–1) 0.375
α (mg g–1 min–1) 65
R2 0.972



M. Kiani et al. / Desalination and Water Treatment 152 (2019) 366–373372

by CCD. The ANN model was used for building up an 
empirical model, and the obtained results revealed that the 
ANN model was a powerful tool for prediction of under-
study dye adsorption by Mn–Fe2O4–NPs–AC. Eventually, 
it was observed that the equilibrium of adsorption process 
followed the Langmuir isotherm. Based on the Langmuir 
isotherm, at optimum conditions, the highest monolayer 
capacity (qmax) was estimated to be 60 mg g1 for purpurin 
removal onto Mn–Fe2O4–NPs–AC. In addition, the kinetic 
models to describe experimental data points at various initial 
concentrations of adsorbate show that can be successfully fit-
ted to the pseudo-second-order kinetic model. The optimized 
method was successfully applied to real wastewater samples.
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