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a b s t r a c t
Enhancing the adsorption capacity of natural tea waste towards Basic Blue 9 (BB9) was investigated 
by successive modification with Fe3O4 nanoparticles (NPs) and anionic surfactant, sodium dodecyl 
sulfate. The X-ray diffraction, energy-dispersive X-ray spectroscopy, transmission electron 
microscopy, Fourier-transform infrared spectroscopy and vibrating sample magnetometer analyses 
confirmed the introduction of super-paramagnetic Fe3O4-NPs with uniform shapes and sizes of 
10 ± 2 nm, –SO3

– and Fe–O functional groups. The main mechanisms involved in adsorption and 
transport of BB9 were ion exchange through –SO3

– group of surfactant molecules and film diffusion 
respectively. An optimized artificial neural network model with three layers and 14 neurons in 
hidden layer could successfully predict BB9 adsorption (R2 = 0.9959). Also, the relative importance 
of each studied variable ((BB9 initial concentration, initial pH of solution, contact time, temperature 
and adsorbent dosage) on the adsorption process was evaluated.

Keywords: Tea waste; Fe3O4 nanoparticle; Surfactant; Basic Blue 9; Adsorption; Artificial neural network

1. Introduction

Methylene blue or Basic Blue 9 (BB9) is one of the main 
organic dye pollutants possibly found in textile, paper and 
leather industry wastewaters; it has drawn significant atten-
tion, because of the extreme environmental impacts [1]. 
Currently, several treatment technologies such as coagu-
lation, membrane treatment, advanced oxidation process, 
biological treatment and adsorption have been applied for 
treatment of dye wastewater and their performance, features, 
advantages and disadvantages have been highlighted [2,3]. 
Despite the availability of the above mentioned processes 
for the removal of pollutants, adsorption could be consid-
ered a favorable alternative because of its efficiency, high 
selectivity, low cost, ease of operation, simplicity, availabil-
ity in a wide range of experimental conditions, among other 

advantages for treatment of dye wastewaters [4,5]. One of 
the key economic ways to treat wastewaters containing dyes 
is adsorption onto the natural plant solid wastes [6–10] like 
tea waste (TW) [11], which remains after the extraction of tea 
fresh leaves. Using such low-cost materials for adsorption 
of pollutants in comparison with commercial carbonaceous 
adsorbents has both advantages and disadvantages. The 
main drawbacks are the smaller adsorption capacity result-
ing from the lower surface area and the large probability 
of leaching of organic matters available in the biomass into 
the treating wastewater [12]. Many researchers [13–15] have 
studied increasing the adsorption capacity of biomass solid 
wastes using various chemicals. Coating of the biomass using 
surfactants and magnetic nanoparticles (NPs) is focused in 
the present work. The idea behind using surfactant treating 
comes from the developed application of this material in dye-
ing processes and the great affinities of dye molecules and 
surfactants [16].
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The presence of magnetic NPs on adsorbents enhanced 
the specific surface area, surface functional groups and 
improved the adsorption capacity [17–19]. Therefore, the 
immobilization of super-paramagnetic NPs such as Fe3O4 
onto the sorbents surface is a promising way to promote their 
adsorption capacity, and facilitate their recovery from treated 
medium [20,21].

The surfactant and magnetic NPs used in the present 
work were respectively, sodium dodecyl sulfate (SDS) as a 
low-toxic, anionic and biodegradable surfactant, and iron 
oxide (Fe3O4) NPs with easy surface coating, dispersibility, 
stability, and biocompatibility [22]. One of the main aims of 
the present work is applying a combination of two coating 
procedures on the TW and investigate the performance of 
the final sorbent to remove BB9 and its comparison with the 
TW in its unmodified form. In order to predict the removal 
percentages of the most efficient sorbent, artificial neural net-
work (ANN) modeling was applied. The procedure has been 
successfully used for modeling of dye adsorption [23].

The ANN models can create the nonlinear relationship 
between independent and dependent variables based on a 
set of experimental data. ANNs are parallel distribution pro-
cessing methods combined of neurons and weights based on 
the principle that a highly connected system of simple pro-
cessing elements that can train complex interrelationships 
between input(s) and output(s) variables. ANNs provide a 
platform for mapping relationships between input and out-
put parameters in removal processes [23,24].

2. Material and methods

2.1. Sorbent preparation

The TW was collected from the Faculty of Fouman 
Cafeteria, washed using boiled water and distilled water to 
remove any dirt. Then, it was oven dried for 48 h at 60°C, 
and finally was ground and sieved within the size range of 
100–500 μm. The material was labeled as TW (natural and 
untreated sorbent). The Fe3O4-coated TW (FTW) was pre-
pared according to the method previously proposed [25,26]. 
For this purpose, 2.1 g of FeSO4·7H2O (Merck No. 103965, 
Germany) and 4.1 g of FeCl3·6H2O (Merck No. 103943, 
Germany) were dissolved in 80 ml of double distilled water 
with vigorous stirring. The solution was heated to 80°C and 
10 ml of ammonia solution (25 wt.%) was added drop-wise. 
Then, 10.0 g TW was added to the solution and stirring was 
done at the same temperature for 30 min. Finally, the sus-
pension was cooled to room temperature and then washed 
using 50 ml of double distilled water. For surfactant coat-
ing of the TW and FTW samples, a suspension containing 
10.0 g of sorbent and 100 ml of SDS (Merck No. 8.22050, 
Germany) solution (2 × 10–3 mol L–1) was stirred at 30°C for 
3 h. Then, the SDS decorated FTW and TW were filtered, 
washed with deionized water, oven dried for 24 h at 80°C 
and finally labeled as STW and SFTW, respectively. Detailed 
data can be found elsewhere [27].

2.2. Characterization

The X-ray diffraction (XRD) patterns of the samples 
were recorded using the X-ray detractor (Siemens, D5000, 

Germany) with Cu Kα radiation as the X-ray source. The 
morphology of the sorbents was investigated using a field 
emission scanning electron microscope (FE-SEM, Vegall-
Tescan Company, Republic of Czech) equipped with energy 
dispersive X-ray. A transmission electron microscopy (TEM) 
device (Philips CM30 300 kV, Netherland) was also applied 
to study the microstructure of the most efficient sample. N2 
adsorption-desorption tests were performed on the out-
gassed samples (under the conditions of 100°C and vacuum 
lower than 5 m bar) using a Quantachrome Autosorb-1-MP 
(Micromeritics, Norcross (Atlanta) Georgia, USA). The mag-
netic property of samples was measured on a vibrating sam-
ple magnetometer (VSM, Meghnatis Daghigh Kavir, Iran) at 
a maximum magnetic field of 10 kOe at room temperature. 
The Fourier-transform infrared (FT-IR) spectroscopy (FT/
IR-4600, Jasco, Japan) was applied to recognize the surface 
functionalities. The pHpzc of the sorbents was also determined 
by contacting 50 mL electrolyte solutions of NaCl (0.01 mol L–1) 
(the initial pH range: 2–11) with 0.1 g adsorbent, remaining 
the suspensions for 72 h and then measuring the final pH.

2.3. BB9 adsorption experiments

Several BB9 adsorption test in the batch mode to 
determine the optimal dosage and pH of adsorption were 
performed in addition to kinetic and equilibrium experi-
ments. The pH adjustments were carried out by adding 
0.01 mol L–1 of HCl and/or NaOH solution. After centrifugal 
separation of spent adsorbents, the filtrates were analyzed to 
measure the remaining BB9 concentrations at the wavelength 
of maximum absorbance, 666 nm, utilizing a double beam 
Rayleigh UV-2601 UV/Vis spectrophotometer. All the 
adsorption experiments were carried out in duplicate and the 
mean values were reported.

Using the optimized values of dosage and pH, the kinetic 
adsorption tests were conducted by shaking suspensions for 
the predetermined intervals (3–120 min). The consistency 
of kinetic experimental data with the most popular reactive 
models (the pseudo-first-order rate Lagergren [28] and the 
pseudo-second-order rate presented by Ho and McKay [29] 
were studied at the initial minutes of contact. In order to esti-
mate the rate-controlling diffusional mechanisms involved 
in the adsorption, the kinetic data were further analyzed 
using the Boyd model [30]. Equilibrium tests were carried 
out by shaking the optimized dosages of adsorbents in BB9 
solutions (25–500 mg L–1). The experiments were repeated 
at three different temperatures: 20 (room temp.), 30°C and 
40°C for thermodynamic investigations. The Langmuir and 
Freundlich isotherm models were applied to predict the 
equilibrium behavior of sorbents.

3. ANN modeling

ANNs represent powerful computational tools inspired 
by structural and functional aspects of biological neural 
networks. Hence, an ANN is a computing adaptive system 
consisting of interconnected groups of artificial neurons 
capable of processing the information. An artificial neuron 
is a computational processing unit involving a summing 
junction operator and a transfer function [31]. The adsorp-
tion behavior of SFTW (the sample with the best efficiency) 
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was studied using ANN modeling. Input variables to the 
model were the affecting adsorption conditions including 
BB9 initial concentration, initial pH of solution, contact 
time, temperature and adsorbent dosage; the removal per-
centage was considered as the output. The neural network 
code of MATLAB (R2015a) was used to predict the removal 
percentage of BB9 by SFTW. To develop a neural network 
model with reasonably good performance, it is necessary to 
have enough number of available experimental data. The 
total number of the adsorption runs in the present work 
for the selected sorbent (SFTW) was 72. The ranges of oper-
ating conditions corresponding to the experimental data 
used to train and test the model are given in Table 1. After 
optimization, it was determined that 70% of 72 data is bet-
ter to be used for training, 15% for validation and 15% for 
testing.

During the training and testing processes, the structure, 
learning algorithm and other parameters of the ANN model 
should be optimized for the specific problem under inves-
tigation; after optimizing, it can be used to predict satisfac-
tory responses for any new sets of the input data. There is no 
exact rule recommending a special type of ANN architecture 
and training algorithm to solve a given problem; the best 
architecture and algorithm are obtained based on trial and 
error [32]. In the present study, a three-layered feed-forward 
back propagation ANN architecture was applied shown 
schematically in Fig. 1. The selected algorithm for training 
of the network was Levenberg-Marquart algorithm (LMA) 
to provide faster (second-order) convergence rate and keep 
relative stability [33].

In the applied model architecture in the present study, 
the number of neurons in the input layer was five equal to the 
number of input variables. The transfer function of the hid-
den layer was tangent sigmoid (tansig), and the optimized 
number of neurons was obtained equal to 14 after many 
repetitions. There is only one neuron in the output layer cor-
responding to the removal percentage, and a linear transfer 
function (purelin). If the used transfer function in the hidden 
layer is sigmoid, all samples must be normalized in the range 
of 0.1–0.9. So all of the data sets (Xi) were scaled to a new 
value xi as follows:

x
X X
X Xi

i=
−
−









 +0 8 0 1. .min

max min

  (1)

where xi is the normalized value of Xi, the Xmax and Xmin are 
the maximum and the minimum value of Xi, respectively.

The network performance was evaluated based on the 
match of the experimental data and the predicted values by 
the model, according to the mean square error (MSE) (Eq. (2)) 
and the correlation coefficient (R2):

MSE predict= −( )
=
∑1 2

1N
y yi i

i

N

, ,exp  (2)

where N is the number of data points, yi,predict is the network 
prediction and yi,exp is the experimental values of the ith 
data [34].

Table 1
Ranges of operating conditions of the experimental data used to train and test the ANN model

Input variables Range Average, Rem. % Standard deviation, Rem. %

Initial concentration (mg L–1) 25–500 85.544 11.313
pH 2–12 98.803 0.889
Contact time (min) 3–120 81.807 12.350
Temperature (°C) 20–40 85.544 11.313
Dosage (g) 0.05–0.5 91.675 11.849

Fig. 1. Artificial neural network structure.



A. Sohrabi et al. / Desalination and Water Treatment 171 (2019) 379–396382

4. Results and discussion

4.1. Characterization results

4.1.1. XRD and FT-IR analyses

As shown in the phase structure of the prepared samples 
provided by XRD analysis (Fig. 2), no crystal structure was 
detected for TW meaning an amorphous structure resulting 
from the existence of large amounts of organic and volatile 
substances. According to Fig. 2b, SDS introduction did not 
have any influence on the amorphous structure of the base 
material. In contrast, in the XRD patterns of FTW and SFTW, 
there are several characteristic diffractions at 2θ = 30.2°, 35.6°, 
43.5°, 54.3°, 57.4°, and 63.1° that can be indexed to the reflec-
tion of cubic spinel structured of the Fe3O4. These results 
are consistent with those reported in JCPDS card number 
19–0629 [35]. Using the Scherrer’s relation (Eq. (3)), the high-
est intensity diffraction peak (311) at 2θ = 35.6° was used to 
determine the crystal size (D) of Fe3O4 [36]:

D K
=

λ
β θcos

 (3)

where D is the Fe3O4 mean crystal size in nm, λ the X-ray 
wavelength (1.54056 Å), K is a coefficient (0.89), β the dif-
fraction full width at half maximum (FWHM) (radian), and 

θ is the diffraction angle at the peak maximum. The mean 
crystal size of Fe3O4 was estimated to be 10.446 and 8.356 nm 
for FTW and SFTW, respectively.

In comparison with TW (Fig. 3a), the FT-IR spectrum 
of STW (Fig. 3b) exhibited a new peak between 2,400 and 
2,600 cm–1 attributed to the –CH2 groups of SDS molecule. 
The peak observed near 1,400 cm−1 could also be related to 
the –SO3

– stretching vibration. The –OH bonds of hydroxyl 
groups has led to a broad peak around 3,400 cm–1 (Fig. 3a) 
which can be observed clearly in the spectrum of TW. The 
intensity of this peak (3,400 cm–1) decreased after treatment 
in modified samples, especially in SFTW, represents 
the probability of coating or substitution of hydroxyl 
functionalities with the new groups. The difference of Figs. 
3c and d with Figs. 3a and b, is a sharp peak at 600 cm–1 that 
is related to Fe–O bond [37].

4.1.2. FE-SEM/Energy-dispersive X-ray spectroscopy and 
TEM analyses

Fig. 4a indicates the smooth surface morphology and 
macroporous structure of TW in the FE-SEM images. As 
shown in Fig. 4b, the surface of STW is rougher to some 
extent. The images of FTW and SFTW show that the par-
ent material is completely covered with Fe3O4 NPs creating 
a cage-like porous structure. Thus, the porous structure of 
Fe3O4-coated samples is expected to be more developed than 
the non-modified or SDS-treated ones.

Elemental mapping (Fig. 5) shows the uniform disper-
sion of C, S, O and Fe elements over the testing area. Note 
that the hydrogen atoms cannot be detected by energy-dis-
persive X-ray spectroscopy (EDX). The EDX spectra and 
surface composition of the samples are shown in Fig. 6. The 
presence of Fe3O4-NPs on the TW biomass could increase the 

Fig. 2. XRD patterns of (a) TW, (b) STW, (c) FTW and (d) SFTW. Fig. 3. FT-IR spectra of (a) TW, (b) STW, (c) FTW and (d) SFTW.
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weight percentage of Fe significantly; however, increasing  
S content after SDS introduction was negligible.

Fig. 7 shows the TEM images of the SFTW at different 
magnifications. On the surface of the sample, there are many 
well-dispersed and nano-sized particles, with the diameters 
within 8–10 nm. The NPs size ranges are consistent with 
the crystal size estimated based on the XRD data using the 
Scherrer’s equation.

4.1.3. Magnetic and porous properties of the Fe3O4-coated 
sorbents

Fig. 8 shows that the superparamagneticity of FTW 
and SFTW at room temperature; however, the Ms value of 
the Fe3O4-coated sorbents was much smaller than the pure 
Fe3O4-NPs. It is related to the lower concentration of Fe3O4 
NPs on the surface of the coated samples. This property was 
also decreased after coating the surface of FTW with SDS; 

Fig. 4. FE-SEM micrographs of (a) TW, (b) STW, (c) FTW and (d) SFTW.
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however, no considerable change was observed in the coer-
civity. The sorbents can be separated easily from solution 
under an external magnetic force due to excellent magnetic 
properties.

Fig. 9 presents N2 adsorption-desorption isotherms of 
the samples. The results show that TW and STW samples 
belong to the macro- or non-porous materials and SDS 
introduction does not have any influence on the porosity of 
the base adsorbent. For both cases, applying the Brunauer–
Emmett–Teller (BET) equation on the adsorption curve (p/
p0 = 0.03–0.3) resulted in SBET = 0.0; so no further calculations 
were done for these nonporous materials. In contrast, for the 
NPs-loaded sorbents, FTW and SFTW, the isotherms shifted 
a little towards higher adsorbed volumes indicating the 
higher surface area (7.87 and 6.17 m2 g–1) and total pore vol-
ume (0.047 and 0.032 cm3 g–1) compared to TW and STW. The 
isotherms of Fe3O4-coated sorbents belong to the type IV of 
International Union Pure and Applied Chemistry classifica-
tion. The appearance of hysteresis loops indicates the creation 
of some mesoporous in the structure of the raw adsorbent 

after Fe3O4-NPs loading [38]. The smaller surface area and 
total pore volume of SFTW rather than STW may be associ-
ated with the pore blockage by the surfactant molecules.

4.2. BB9 adsorption results

4.2.1. Effect of adsorbent dosage

Fig. 10 shows increased removal percentage at higher 
adsorbent dosages, resulting from the more active sites 
available for adsorption [39]. After achieving a special value 
of dosage called the optimized dose, the increasing trend 
was stopped and usually a plateau was obtained. In these 
circumstances, the application of larger amounts of adsor-
bent could not increase the removal percentages. The opti-
mized dosages were obtained equal to 0.4, 0.3, 0.2 and 0.2 g 
in 100 ml solution, respectively, for TW, STW, FTW and 
SFTW samples. The surface-treated samples requiring less 
amounts of adsorbent for treating a constant volume of solu-
tion are preferred economically.

Fig. 5. Elemental mapping of (a) TW, (b) STW, (c) FTW and (d) SFTW.
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4.2.2. Effect of pH and involved mechanisms in BB9 adsorption

Investigating the influence of initial pH (2.0–12.0) on the 
removal percentages of BB9 (Fig. 11) showed an increasing 
uptake at higher pH. For all the adsorbents, the optimized 
pH was found near 6.5 to 7.0. Such trend can be justified con-
sidering the dominant form of solute and pHpzc of the sor-
bents. Similar values of pHpzc were obtained for TW, STW, 
FTW and SFTW, equal to 5.63, 5.95, 5.22 and 5.10, respec-
tively. BB9 having a small value of pKa is available mostly in 
the cationic form [40]. The strong competition of H+ ions with 
BB9 cations leads to the poor adsorption capacity at very 
low pH values. With pH increasing, the adsorbents’ surface 
would be more negatively charged, and so the desirability 
of BB9 cations was enhanced. The positive/negative charges 
of adsorbents with decreasing/increasing of the solution 
pH result from the deprotonation/protonation of oxygenate 
functional groups available on the surface of samples such 
as carboxyl, hydroxyl and the –OH groups on the magnetite 
surface (–Fe–O–(C=O)–(OH)n) [41–43].

The main mechanisms involved in the adsorption of 
BB9 were electrostatic and ion exchange interaction at 
pH > pHpzc; however, at pH < pHpzc, the weak physical forces 

such as hydrogen bonding and van der Waals’ interactions 
might be considered [41]. The SDS molecules by attaching 
to the solid surface via their hydrocarbon tails enhance the 
accumulation of hydrophilic polar groups (SO3

–) as new 
adsorbing sites for cationic BB9. However, in the reverse 
location, the free hydrocarbon tails have also the ability of 
adsorbing BB9 via hydrophobic interactions. The mecha-
nisms of SDS attaching to the surface and BB9 adsorption 
are illustrated in Fig. 12.

4.2.3. Adsorption kinetics studies and comparison of the sorbents

The kinetic experimental curves at different initial con-
centrations (50–200 mg L–1) are shown in Fig. 13. The time 
required to reach equilibrium in all sorbents was obtained 
less than 60 min; convenient and economical for use in large-
scale applications. The initial sorption rates for all cases are 
high and the removal percentages reach to approximately 
80% after only 20 min and increasing the mass transfer driv-
ing force at higher initial concentrations (50–200 mg L–1) leads 
to higher adsorption capacities and rates [44].

The quantitative evaluation of kinetic data and estima-
tion of the adsorption rate were carried out by applying 

Fig. 6. EDX spectra of (a) TW, (b) STW, (c) FTW and (d) SFTW.
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the kinetic models (the linear forms of the pseudo-first and 
pseudo-second-order models) on the experimental data at 
the initial times of contact prior to equilibrium (60 min in the 
current work). According to Simonin’s previous paper [45], 
using kinetic data with the fractional uptake of over 85% 
may lead to the selection of incorrect and unreliable kinetic 
models. To avoid prolongation of the paper, the plots are not 
shown here. For the first-order model, R2 values were in the 
range of 0.7822 to 0.9956 (Table 2); however, the great devia-
tion of the predicted capacities (qe,cal) from the corresponding 
experimental values (qe,exp) represents the weak and unreli-
able performance of the model.

Considering the extremely high R2 values (>0.99) and the 
proximity of qe,calc and qe,exp, the second-order model was the 
best-fit. The initial adsorption rate of BB9 (Table 2) showed 
a generally increasing trend with increasing the initial 

concentration, and enhancing the mass transfer driving force. 
Increasing/keeping the adsorption rates constant after sur-
face treating is considered as an advantage.

Fig. 14 shows the calculated Bt values vs. time (Boyd 
equation.). The linear plots passing through the origin repre-
sent the intraparticle diffusion as the main limiting step [46]. 
Such behavior was not observed for the TW sorbent and its 
modified forms; the large deviation from the straight lines is 
clear from the figure. The finding is reasonable because the 
applied adsorbents are almost non-porous, macroporous and 
to a small extent mesoporous. So, BB9 species are adsorbed 
by the active sites immediately after passing through the 
boundary layer film surrounding the particles and reaching 
the surface.

Table 2 represents that the highest affinity towards BB9 
belongs to SFTW, and after that FTW, STW, and TW show 

Fig. 7. TEM images of SFTW sample at various magnifications.
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smaller adsorption capacities (qe,exp). The surface coating of 
TW with super-paramagnetic Fe3O4-NPs creates a much bet-
ter adsorbent for BB9 with increasing the surface area and 
extending the porous network of the base material and the 
addition of many active negatively-charged sites. Due to the 
above-mentioned properties especially the latter, FTW is 
converted to a more suitable base for SDS attachment. Due to 
the strong electrostatic repulsion between SO3

– (anionic head 
of surfactants) and FTW surface, hydrocarbon tails face the 
surface mostly and so higher concentration of SO3

– groups 
would be free as adsorbing sites. Therefore, the combined 
procedure is a promising way to get the benefits of both 
methods.

4.2.4. Isotherm modeling and thermodynamics

The equilibrium parameters are shown in Table 3; R2 
values show very good conformity of both models with 
all sets of data. However, the performance of Freundlich 
equation was better, especially for the adsorbents 

modified with Fe3O4 and SDS, which have more het-
erogeneous surfaces. The adsorption systems showing 
“n > 1” are intense and favorable (Table 3), and the inten-
sity would be enhanced at higher temperatures. Heating 
also enhances the multilayer capacity, which is shown by 
KF [47]. Comparison of Langmuir parameter shows that 
the samples with developed porosities (SFTW and FTW) 
possess higher Qmax. The other Langmuir parameter, KL 
(=kads/kdes.), showing the binding energy constant also 
increases with increased temperature. In other words, at 
higher temperature, breaking of the bonds occurs more 
difficultly; similar behavior has been observed for the 
Freundlich parameter ‘n’.

Performing the equilibrium experiments on each sorbent 
in the range of 20°C–40°C resulted in very similar equilib-
rium capacities shown in Fig. 15, confirms the negligible 
effect of temperature on the equilibrium capacities.

More detailed quantitative thermodynamic studies were 
also performed using the temperature-dependence of the 
equilibrium parameters. Using the Vant’s Hoff Eqs. (4) and 

Fig. 8. Hysteresis curves of (a) FTW, (b) SFTW and (c) Fe3O4.
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(5), the values ΔG°, ΔH° and ΔS° were calculated [48] and 
shown in Table 4.

ΔG° = –RT lnK (4)

where KD represents the dimensionless distribution 
 coefficient [48,49] and Eq. (5) can be rewritten as follows:

lnK H
RT

S
RD =

−∆ °
+
∆ °  (5)

The negative values of ΔG° indicate the spontaneous 
behavior of sorption and its feasibility. The positive values 
of ΔH° show the endothermic nature of process; however, 
the small values confirm the poor temperature-dependency 
of the process [49]. The positive values of ΔS° indicate 

that the degree of freedom of adsorbed BB9 is not too 
limited, approving the occurrence of a physical/multilayer 
adsorption; the finding is further confirmed by the relatively 
low values of ΔG°. Generally, it is accepted that for physical-
adsorption and chemisorption, the value of ΔG° should be 
in the ranges of –20 to 0 (kJ mol–1) and –400 to –80 (kJ mol–1), 
respectively [50].

4.2.5. Desorption and comparative adsorption studies

Desorption studies help recognize the adsorption 
mechanism. The percentage of adsorbate (dye) desorbed 
by water- and acid-wash could be considered as a criteria 
for adsorption via physical and ion-exchange bonding, 
respectively [51]. For this reason, each adsorbent was 
first saturated with BB9 under the equilibrium conditions 
(optimal dosage and pH, 100 mg L–1 BB9, 120 min and 20°C). 

Fig. 9. N2 adsorption/desorption isotherms of (a) TW, (b) STW, (c) FTW and (d) SFTW.
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Fig. 10. Influence of dosage on the BB9 removal percentage (Ci: 100 mgL–1, t: 120 min; m/V: 0.05–0.5 g/100 ml solution, T: 298 K).

Fig. 11. Influence of pH on the BB9 removal percentage (pH = 2–12, Ci: 100 mg L–1; m/V: the optimal value; t: 120 min; T: 298 K).
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Fig. 12. Schematic illustration of preparing (a) STW and (b) SFTW, and comparison of the mechanisms involved in BB9 adsorption.

Fig. 13. Kinetic experimental curves at different initial concentrations.
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Fig. 14. Plot of Bt vs. t (Boyd relation) for different initial concentrations of BB9 B q qt t e= ( ) − − −0 4977 1. ln / .

Table 2
Kinetic parameters for the adsorption of BB9 onto the prepared samples

Sorbent
C0  
(mg L–1)

qe,exp  
(mg g–1)

Pseudo-first-order ln (qe - qt) = ln qe - k1t Pseudo-second-order t/qt = 1/k2qe
2 + t/qe; h = k2qe

2

k1  
(L min–1)

qe,cal  
(mg g–1)

R2 h  
(mg g–1 min–1)

k2  
(g mg–1 min–1)

qe,cal  

(mg g–1)
R2

50 12.325 0.0633 2.378 0.9804 11.034 0.0708 12.484 0.9999
TW 100 24.626 0.0374 4.721 0.8871 19.128 0.032 24.449 0.9999

200 48.701 0.0473 17.748 0.9354 16.831 0.0068 49.751 0.9995
50 16.541 0.058 4.043 0.9741 10.704 0.0379 16.806 0.9999

STW 100 32.581 0.0344 6.617 0.7822 23.308 0.0224 32.258 0.9999
200 63.238 0.0571 30.231 0.9947 14.666 0.0033 66.666 0.9997
50 23.75 0.027 7.432 0.9959 9.3 0.0176 22.988 0.9981

FTW 100 44.766 0.0436 24.746 0.9948 5.881 0.0024 49.504 0.9966
200 83.254 0.0389 29.68 0.9115 29.445 0.0041 84.745 0.9996
50 24.47 0.0348 5.091 0.8103 17.514 0.0293 24.449 0.9998

SFTW 100 46.983 0.0393 16.398 0.9096 17.566 0.0076 48.077 0.9998
200 92.601 0.0387 33.572 0.9108 32.039 0.0036 94.339 0.9996
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Table 3
Isotherm parameters of BB9 adsorption onto the prepared samples

Isotherm model Sample Qmax (mg g–1) KL (L mg–1) R2

Langmuir 

q
Q K C

K Ce
L e

L e

=
+

( )
( ) max

1

TW 293 124.3 0.0669 0.9757
303 116.2 0.1242 0.9829
313 117.9 0.1615 0.9776

STW 293 156.25 0.0744 0.9728
303 147.1 0.0942 0.9636
313 133.1 0.2087 0.9607

FTW 293 172.41 0.0453 0.9288
303 169.49 0.0561 0.9401
313 168.3 0.0548 0.9267

SFTW 293 192.3 0.0246 0.9048
303 185.18 0.0308 0.9125
313 175.43 0.0389 0.9126

Temperature (K) n KF (mg g–1).(L mg–1)–1/n R2

Freundlich 
q K Ce F e

n=  1/
TW 293 2.175 15.69 0.9865

303 2.356 19.52 0.9543
313 2.472 22.97 0.9385

STW 293 2.146 18.74 0.9930
303 2.459 24.3 0.9950
313 2.782 30.18 0.9788

FTW 293 1.874 11.17 0.9655
303 2.014 13.58 0.9622
313 2.173 15.95 0.9621

SFTW 293 2.304 18.05 0.9723
303 2.508 21.81 0.9674
313 2.462 20.94 0.9651

Fig. 15. Effect of temperature on the adsorption capacity at different initial concentrations.
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Then, neutral distilled water was utilized for the elution of 
BB9 from the adsorbents’ surfaces followed by extraction 
with HCl (0.1 mol L–1). Table 5 indicates the percentages of 
desorption calculated in each case. Very small desorption 
percentage obtained by water washing and, in contrast, 
the larger percentage corresponding to HCl extraction 
recommend the key role of ion exchange.

Industrial wastewaters usually contain many pollutants 
simultaneously. To observe the performance of sorbents 
under more realistic conditions, the comparative adsorption 
of BB9 with methyl orange (MO) was performed. For this 
purpose, a mixed solution of BB9 and MO (containing 50 ml 
of each solution with the concentration of 100 mg L–1) was 
prepared and treated under the optimal dosage and pH for 
120 min. According to Fig. 16 showing the UV-Vis absorption 
spectra, it can be observed that the peak related to BB9 dis-
appeared quickly after being treated with the sorbents; how-
ever, the peak related to MO remained almost unchanged 
after the treatment. The lower affinity of adsorbents towards 
MO is related to its anionic structure; it confirms again the 
important role of electrostatic forces in the adsorption by the 
prepared sorbents.

4.2.6. ANN modeling results

As it was explained in section 3, the optimization of the 
number of neurons in the hidden layer was performed after 
many repetitions and the value of 14 was the optimal number 
to reach the highest correlation coefficient (R2 = 0.99) and the 
least MSE (6.51 × 10–4). Then, the test data were used to evalu-
ate the validity of the formulated ANN model. Fig. 17 shows 
the model-predicted normalized removal percentages of test-
data sets versus the corresponding normalized experimen-
tal data. The calculated correlation coefficient (R2 = 0.9959) 
of the line shows very good performance of the designed 
ANN model in the prediction of experimental data. It should 
be noted that the data used for comparison (test data) have 
not been previously used in the training and/or evaluating 

processes, so the correct prediction means that the network 
is reliable and usable.

Garson [52] has proposed an equation based on partition-
ing of connection weights of ANN:

I
W W W
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 (6)

where Ij is the relative importance of the jth input vari-
able on the output variable, Ni and Nh are the numbers of 
input and hidden neurons, respectively, Ws are connection 
weights, the superscripts ‘i’, ‘h’ and ‘o’ refer to input, hid-
den and output layers, respectively, and subscripts ‘k’, ‘m’ 

Fig. 16. UV-Vis absorption spectra of the mixed solution contain-
ing BB9 and MO before and after adsorption.

Table 4
Thermodynamic parameters for the adsorption of BB9 onto the prepared samples

Sample ∆G° (kJ mol–1) ∆H° (kJ mol–1) ∆S° (J mol–1 K–1)

293 K 303 K 313 K

TW –4.385 –4.841 –5.314 9.243 46.441
STW –4.001 –4.212 –4.465 2.794 23.168
FTW –1.787 –1.854 –1.924 0.218 6.844
SFTW –1.720 –1.818 –1.902 0.948 9.114

Table 5
BB9 desorption percentage from the exhausted samples using water and HCl solution

Sample %Adsorption % Des. in H2O % Des. in HCl (0.1 mol L–1)

TW 97.35 0.075 8.505
STW 96.93 0.063 8.727
FTW 94.30 0.471 11.919
SFTW 94.85 0.585 13.025
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and ‘n’ refer to input, hidden and output neurons, respec-
tively. The relative importance of each input variable (BB9 
initial concentration, initial pH of solution, contact time, 
temperature and adsorbent dosage) on the removal per-
centage was calculated by Eq. (6). The weight of the contact 
time has the highest effect on the removal percentage with 
about 31%. The BB9 initial concentration, initial pH of solu-
tion and adsorbent dosage had less effect on the removal 
percentage including about 21%, 17% and 17% of the total 
effect, respectively. The results showed that the tempera-
ture had the least effect on the removal percentage of BB9 
with about 12%.

5. Conclusions

TW was used as a base-material for the adsorption 
of BB9 from aqueous solutions. BB9 adsorption capacity 
and its strength were enhanced by the introduction 
of supermagnetic Fe3O4-NPs and/or SDS. The highest 
maximum monolayer capacity (192 mg g–1 at 20°C) 
belonged to the sample decorated with both SDS and 
Fe3O4 NPs, the sample with the more extended surface 
area and new-formed mesopores. The reason of the 
better performance of this sorbent compared to the other 
ones was investigated. Considering the Boyd equation’s 
results, film-diffusion was identified as the dominant 
mechanism to transport BB9 from solution to adsorbent. 
Multilayer physical adsorption via Van der Waals forces, 
complexation, especially ion exchange via electrostatic 
forces were the governing mechanisms of BB9 adsorption 
onto the SDS/Fe3O4-treated sorbents. The three-layered 
ANN model with 14 neurons in the hidden layer was 
designed to predict the removal percentages and the 
test-data set responses were predicted with R2 = 0.9959. 
The relative importance of the five independent 

variables decreased in the order: contact time > BB9 
initial concentration > adsorbent dosage ≈ initial pH 
of solution > temperature. The experimental data and 
relative importance resulting from ANN model confirmed 
the temperature had the least effect on BB9 adsorption.
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Symbols

1/n —  Constant of Freundlich model related to 
strength of adsorption, –

Ce — BB9 concentration at equilibrium, mg L–1

Ci — Initial concentration of BB9, mg L–1

Ct — BB9 concentration at time t, mg L–1

H = k2qe
2 — Initial rate of adsorption, mg g–1 min–1

k1 —  Rate constant of the pseudo-first-order kinetic 
model, min–1

k2 —  Rate constant of the pseudo-second-order 
kinetic model, g mg−1 min−1

KD = qe/Ce — Dimensionless distribution coefficient
KF —  Constant of Freundlich model related to the 

capacity of adsorption, mg g–1 (L mg–1)–1/n

KL — Constant of Langmuir model, L mg–1

m — Mass of adsorbent, g
m/V — Adsorbent dosage, g L–1

qe — Adsorbate loading at equilibrium, mg g–1

Qmax —  Constant of Langmuir model representing the 
monolayer adsorption capacity, mg g–1

qt — Adsorbate loading at time t, mg g–1

R = 8.314 — Universal gas constant, J mol–1 K–1

T — Absolute temperature, K
t — Time, min
V — Volume of BB9 solution, mL
ΔG° —  Gibb’s free energy change during  adsorption, 

kJ mol–1

ΔH° —  Enthalpy change during adsorption, kJ mol–1

ΔS° —  Entropy change during adsorption, J mol–1 K–1
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