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ab s t r ac t
In this study, the performance and effectiveness of magnetic CaFe2O4 nanoparticles prepared by simple 
chemical route were evaluated for the adsorption of toxic azo dye Congo Red (CR) from aqua matrix. 
The prepared CaFe2O4 nanoparticles were characterized by X-ray diffraction, scanning electron micros-
copy, transmission electron microscopy, Fourier transform infrared spectroscopy, vibrating sample 
magnetometer, point of zero charge, and Brunauer–Emmett–Teller surface area measurements. Batch 
mode adsorption experiments were performed to study the effect of various experimental parameters 
namely solution pH (4.0–10.0), contact time (2–120 min), adsorbent dose (0.25–1.5 g/L), and initial CR 
dye concentration (20–150 mg/L) on the adsorption process. Maximum CR dye removal of 99.01% was 
achieved at solution pH 4.0 and maximum adsorption capacity of 241.16 mg/g was reported at opti-
mum experimental condition. The adsorption equilibrium data strictly follows Langmuir isotherm 
model and adsorption kinetics was well described by pseudo-second-order model. A three layered 
artificial neural network (ANN) was applied for the accurate prediction of percentage of CR dye 
removal by the CaFe2O4 nanoparticles. The Levenberg–Marquardt backpropagation algorithm with 
“tansig” and “purelin” transfer function in hidden and output layer was used for model development. 
Optimal ANN architecture (4–9–1) shows high R2 value (R2: 0.995) and very low mean squared error 
value (0.00042866), confirming the accurate prediction ability of CR dye removal efficiency in this 
adsorption process. 
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1. Introduction

Nowadays, aquatic ecosystems are disturbed to a level 
of no rejuvenation due to indiscriminate disposal of toxic 
chemical compounds to the aquatic environment through 
industrial effluents. Many industrial effluents contain toxic 
organic dyes which are a major water pollutant and have 
created concern among government and environmentalists 

since past few decades. Dye loaded wastewater is mainly 
generated from industries such as textile, leather, paper, 
printing, and plastic [1,2]. Dyes have become the center of 
discussion as a water pollutant due to its peculiar proper-
ties like (i) resistance to fading on exposure to light, (ii) an 
aesthetic pollutant whose presence interfere with light pen-
etration in waterbody [3], (iii) inert to biological degradation 
[4,5], (iv) significantly affect the physicochemical properties 
of freshwater, and (v) hazardous in nature which exhibit 
toxic effect to microbial’s and carcinogenic to human being 
[6]. Therefore, these toxic dyes must be removed before 
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getting discharged into water systems, to decrease their toxic 
effects on all forms of life. Among azo group of dyes, Congo 
Red (CR) dye is a well-known carcinogen which forms benzi-
dine after metabolization [7], is considered as a model dye in 
this research. CR possess a great threat due to its high water 
solubility and self-assembling capacity in water which pro-
duces supramolecular entities stabilized by π–π interactions 
between aromatic rings and its complex structure makes it 
highly resistant toward biological degradation [8]. Many dif-
ferent treatment methods have been developed to remove 
dyes which are arguemented to be adapted under various 
conditions like strength of pollutant, economics, technical 
assistance, flexibility, etc. Some of them are electrocoagulation 
[9], photocatalytic oxidation [10], ion-exchange, chemical oxi-
dation, nanofiltration, and adsorption [11,12]. Among these 
methods, adsorption has been widely used for dye removal 
from wastewater for its simplicity, high efficiency, adsorbent 
versatility, low operating cost, and less sludge production 
[13]. A wide variety of adsorbents like activated carbon [14], 
extracellular polymeric substances [15], zero-valent iron 
nanocomposite [16], biosorbents [17], other natural adsor-
bents, and waste materials from agricultural waste industries 
[18,19] have been studied in the recent past for efficient 
removal of dye from contaminated water. However, these 
adsorbents possess few drawbacks like low adsorption capac-
ity, high cost for their preparation, difficulties in disposal, and 
regeneration. With the advent of nanotechnology, nanoscale 
adsorbents have gained momentum these days which have 
overcome the above disadvantages and proving to be quite 
promising for removal of wide variety of water pollutants. 
Particularly, nanoscale adsorbents with magnetic proper-
ties have made a difference from other metallic nanoadsor-
bents due to their size in nanorange, superparamagnetism, 
easy synthesis, coating or modification, low toxicity, chem-
ical inertness, biocompatibility [20,21], and most evidently 
easy separation under external magnetic fields [22]. Some 
of the magnetic nanoparticles (MNPs) which have already 
been reported as potential adsorbents are mesostructured 
silica magnetite, magnetic iron–nickel oxide, montmorillon-
ite-supported MNPs, polyethylenimine-coated Fe3O4 MNPs, 
δ-FeOOH-coated γ-Fe2O3 MNPs, flower-like iron oxides, 
hydrous iron oxide MNPs, amino-modified Fe3O4 MNPs, 
magnetic Ni0.5Zn0.5Fe2O4 nanopowders, MgFe2O4 nanopar-
ticles, etc. [21,22]. Out of several magnetic metal ferrites, 
CaFe2O4 nanoparticles have wide applications over other 
MNPs due to its biocompatibility, low toxicity, adjustable 
magnetic property [23,24], and it also has considerable appli-
cation in other areas such as cancer therapy, magnetic refrig-
eration systems, heat transfer applications, drug targeting, 
magnetic cell separation, enzyme immobilization catalysis, 
etc. [24]. 

As discussed earlier, in this research CaFe2O4 nanopar-
ticles were synthesized via a simple chemical route and its 
potentiality was studied as adsorbent for remediation of CR 
dye from aqua matrix. Batch mode adsorption experiments 
were conducted to analyze the impact of several experimen-
tal parameters like solution pH, contact time, initial CR dye 
concentration, and CaFe2O4 dose onto the CR dye uptake 
efficiency. Various kinetic models like pseudo-first-order, 
pseudo-second-order, and intra-particle diffusion model were 
studied to find the underlying mechanism for adsorption 

of CR on CaFe2O4 nanoparticles and isotherm models like 
Langmuir and Freundlich were also studied to understand 
the nature of equilibrium of the reactions. Furthermore, pop-
ular mathematical tool artificial neural network (ANN)-based 
predictive modeling was also performed so as to predict 
the CR dye removal efficiency accurately using batch mode 
adsorption data as inputs to the model. The above mentioned 
studies reveal that the CaFe2O4 nanoparticles can appear as 
a profound adsorbent for CR dye exploring the novelty of 
the work based on simplicity of its synthesis, larger effec-
tive surface area due to smallness in grain size, and crystal-
line nature. Furthermore, this work has the merits of additive 
free, and low-cost synthesis process of CaFe2O4 nanoparticles 
for faster adsorption of CR dye, confirming the applicability 
of synthesized adsorbent for environmental application.

2. Materials and methods

2.1. Chemicals and reagents

High purity chemicals were used in this research work 
without any refinement. CR dye, ferric chloride anhydrous 
(FeCl3), hydrochloric acid (HCl), sodium hydroxide (NaOH) 
pellets, and calcium chloride dihydrate (CaCl2.2H2O) were 
purchased from Merck (India), and all solutions were pre-
pared using deionized (DI) water (Millipore, 18 MΩ·cm) in 
total experimental procedure. 

2.2. Synthesis and characterization of adsorbent

A typical chemical precipitation process was employed 
for the growth of CaFe2O4 nanoparticles using CaCl2.2H2O 
and FeCl3 as the calcium and iron source, respectively, and 
sodium hydroxide as precipitating agent. The stepwise 
flowchart for CaFe2O4 nanoparticles synthesis is depicted in 
Fig. 1. To obtain CaFe2O4, 12.0 g of FeCl3 and same amount of 
CaCl2.2H2O were blended in 250 mL DI water in two separate 
beakers till the clear suspensions were obtained. These two 
solutions were then added to another beaker containing a 
homogenous solution of NaOH prepared by blending 20.0 g 
of NaOH pellets in 500 mL DI water. This mixing results to 
heavy brownish suspension which was separated by filtra-
tion and then dried. The dried materials were washed several 
times with DI water for removal of impurities and thereafter 
annealed at 200°C for 8 h to get the desired nanoparticles. 

Fig. 1. Flowchart showing the simple chemical route synthesis 
process of CaFe2O4 nanoparticles.
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The prepared CaFe2O4 nanoparticles were character-
ized by X-ray diffraction (XRD), scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), 
vibrating sample magnetometer (VSM), point of zero 
charge (PZC), Fourier transform infrared spectroscopy 
(FTIR), and Brunauer–Emmett–Teller (BET) surface area 
measurements. An SEM (FE-SEM, Hitachi, S-4800) and 
X-ray diffractometer (Bruker, D-8 Advance) were used 
to characterize the surface and anatomical property. The 
morphology of prepared CaFe2O4 nanoparticles was stud-
ied using TEM, JEOL TEM-3010, while FTIR measurement 
was carried out by FTIR (PerkinElmer-Spectrum 400). BET 
surface area of the prepared adsorbent was measured by a 
Quanta Chrome Nova-1000 instrument and PZC was mea-
sured using typical pH drift method using 0.01 M KCl solu-
tion as background electrolyte. At room temperature, VSM 
measurements were performed by a Lakeshore, Model: 
7410 series instrument. 

2.3. Methodology for CR dye adsorption 

Initially, stock solution of CR dye (500 mg/L) was pre-
pared and diluted to desired concentrations by successive 
dilutions with DI water. Concentration of CR dye in the 
solution after adsorption reaction was determined spec-
trophotometrically by UV/Vis spectrophotometer (Hach 
DR 5000) at its maximum absorbency at 498 nm. pH of 
the working solution was adjusted to desired values using 
0.1 M NaOH/HCl. The effect of experimental parameters 
was studied by varying one parameter at a time and keeping 
other constant. All the experimental parameters were varied 
in wide range namely adsorbent dose (0.25–1.5 g/L), initial 
CR concentration (20–150 mg/L), and initial pH (4.0–10.0) at 
different time intervals (2, 5, 10, 15, 20, 30, 40, 60, 80, 100, and 
120 min). After the completion of adsorption experiment for 
a predefined time, the adsorbent was separated by using 
an external magnet and supernatant was used for further 
analysis. 

3. Results and discussions

3.1. Characterizations of CaFe2O4 nanoparticles

Fig. 2(a) indicates the XRD pattern of prepared CaFe2O4 
nanoparticles. The diffraction pattern demonstrates several 
important peaks at 2θ = 29.29°, 31.65°, 32.91°, 45.38°, and 
56.44°, which corresponds to reflection from (310), (230), 
(320), (231), and (431) miller planes of CaFe2O4 nanoparti-
cles. The Scherrer formula was used to find the crystallite 
size of the prepared CaFe2O4 nanoparticles and was found 
to be 37 nm. Fig. 2(b) indicates the SEM image of CaFe2O4 
nanoparticles. From the SEM image, it is clearly evident that 
the prepared samples contain non-uniform distribution of 
particles with various sizes ranging from 50 to 200 nm or so. 
In addition to smallness in size, presence of voids could also 
be observed in the samples, which confirms the possibilities 
of having high surface area and pore volume as good and 
strong recommended requirement for efficient adsorbent. 
Fig. 3(a) displays the TEM image of CaFe2O4 nanoparticles, 
which displays that the particles are in quasi-spherical shape 
with grain size of 100–200 nm range. The FTIR spectrum of 
CaFe2O4 nanoparticles is shown in Fig. 3(b), which shows 
several important peaks. The broad range peak at ~3,454 cm–1 
is due to O–H stretching vibrations and the peak at 1,634 cm–1 
is due to O–H bending vibrations. The peaks at 875 and 
712 cm–1 are accredited to Fe–OH and O–Fe–O, however, 
the peak looked at 1,421 cm–1 may be due to C-H bending 
vibration. The peaks occurring at lower wavelength region 
(525 and 494 cm–1) can be ascribed to the metal oxygen vibra-
tional modes due to Ca–O stretching vibrations of CaFe2O4, 
and peaks at 624 and 566 cm–1 are ascribed to Fe–O bonds 
because of the occurrence of ferrite skeleton. BET surface area 
and pore volume of prepared CaFe2O4 nanoparticles were 
analyzed by N2 adsorption–desorption isotherm as shown 
in Fig. 3(c). The prepared adsorbent has shown high specific 
surface area of 230 m2/g and as well as high pore volume of 
0.144 cm3/g with average pore diameter of 2.53 nm, which 
confirm the potentiality of prepared nanoparticles as an 

Fig. 2. (a) XRD pattern and (b) SEM image of CaFe2O4 nanoparticles.
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efficient adsorbent for removal of organic dyes. VSM mea-
surement (Fig. 3(d)) revealed that the prepared nanoparticle 
is magnetically soft in nature and the presence of hysteresis 
is small at room temperature. As prepared CaFe2O4 nanopar-
ticles have shown saturation magnetization and coercivity 
of 1.83 emu/g and 77.22 Oe, respectively, which makes it a 
potential MNP for efficient separation from water within 30 s 
under external magnetic field. 

3.2. Influence of solution pH on CR dye adsorption

The influence of the initial solution pH of the CR solu-
tion on its adsorption efficiency by CaFe2O4 nanoparticles 
is shown in Fig. 4(a). It can be clearly seen that the adsorp-
tion process is highly pH dependent and maximum adsorp-
tion efficiency observed at solution pH 4.0. The adsorption 
efficiency decreased continuously with increase of solution 
pH in the range of pH 4.0–10.0. CR is an anionic dye which 

contains negative sulfonic groups ( SO3
− ) [25]. At solution pH 

4.0, strong electrostatic attraction between anionic form of 
CR dye and positively charged surface of CaFe2O4 nanopar-
ticles is the main driving force. The positive surface charge 
of adsorbent at solution pH 5.0 or below can be explained 
with the view point of PZC of CaFe2O4 nanoparticles, which 
is shown in Fig. 4(b). PZC plot indicates that at solution pH 
below 5.15, the adsorbent surface will be positively charged 
(PZC = 5.15). The lower pH leads to an increase in H+ ion con-
centration and the adsorbent surface becomes more positively 
charged. On the other hand CR undergoes tautomerization 
due to acidic condition led to the formation of zwitterionic 
form of CR (protons are attached to the azonium group and 
the ammonium nitrogen of CR molecule) which is cationic in 
nature hence a very low adsorption was reported in the solu-
tion pH 2.0–4.0 [26]. As the solution pH increases, the number 
of positively charged sites decreases and negatively charged 
sites increases. These negatively charged sites do not favor 

Fig. 3. (a) TEM image; (b) FTIR spectrum; (c) N2 adsorption–desorption isotherm and (d) VSM plot of CaFe2O4 nanoparticles.
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the adsorption of anionic dye due to the electrostatic repul-
sion [27]. Hence, solution pH was optimized very carefully. 
The adsorption mechanism is therefore mainly based on the 
electrostatic attraction between protonated surfaces of adsor-
bent and anionic part of CR dye. The probable schematic 
diagram for the interaction mechanism between protonated 
CaFe2O4 nanoparticles surface and anionic CR dye molecule 
is shown in Fig. 5, where strong hydrogen bonding is shown 
due to conversion of – SO3

−  to –SO3H at lower solution pH. In 
view of above, solution pH was kept fixed at 4.0 throughout 
this study for analysis of other experimental parameters and 
also for equilibrium and kinetic studies [28,29].

3.3. Effect of initial CR dye concentration and contact time

The effect of initial CR dye concentration on the per-
centage removal and adsorption capacity of the adsorbent is 
shown in Fig. 6(a). It can be seen that the initial concentra-
tion of CR was varied from 20 to 150 mg/L, which led to the 
decrease in percentage removal of CR from 98.98% to 70.23%. 
This may be due to the reduction in the available adsorption 
site of the adsorbent due to the increase in concentration 
of adsorbate in the aqueous media. However, increase in 
adsorption capacity was observed from 19.79 to 105.34 mg/g 
with the increase of initial CR concentration from 20 to 
150 mg/L. It is very evident that the initial concentration of 
dye has a positive effect of overcoming the resistance between 
the dye from bulk liquid phase to the adsorbent solid phase 
and hence leading to the higher mass transfer to the surface 
of the solid phase later to its pores [30], which is validated 
too in this study. 

Fig. 6(b) shows the effect of contact time on the removal 
efficiency of the CR at fixed adsorbent dose, optimized pH of 
4.0, for different initial CR concentrations (20–150 mg/L). It 
can be observed that after 40 min the reaction was very near 
to equilibrium with maximum removal efficiency of ~90% 
and ~55% for initial concentration of 20 and 150 mg/L of CR, 
respectively, and at 60 min all CR dye solutions were reached 
to equilibrium. Different concentration of CR shows different 
percentage removal due to the effect of initial concentration 

and available active sites to be occupied by CR, but after 60 min 
due to the repulsive nature between adsorbed CR and CR left 
in aqueous media the reaction tend to reach equilibrium.

3.4. Effect of adsorbent dose

The effect of CaFe2O4 nanoparticles dose on the adsorp-
tion of CR dyes in aqueous solution was studied by varying 
the CaFe2O4 nanoparticle dose from 0.25 to 1.5 g/L at fixed 
solution pH and initial concentration of CR (Fig. 7). Fig. 7 
depicts that the removal efficiency of CR dye increases in a 
steady rate from 60.29% to 99.01% with the increase of the 
adsorbent dose from 0.25 to 1.5 g/L. This can be attributed to 
the fact that increase in CaFe2O4 nanoparticle dose increases 
the number of binding sites lead to the increase of CR 
removal efficiency [31,32] with constant initial concentra-
tion of CR. But adsorption capacity decreases steeply with 
increase in adsorbent dose might be due to the overlapping 
of active surface sites. The overlapping of active surface sites 
may result to increase in diffusion path length which reduces 
the adsorption capacity of CaFe2O4 nanoparticles at higher 
dose [23].

3.5. Kinetic modeling

The kinetic studies were performed to understand the 
mechanism by which the adsorption occurs and also to know 
about the rate-limiting step. Moreover, kinetic studies will 
provide important information for the design of dynamic 
adsorption system for field application. Pseudo-first-order, 
pseudo-second-order, and intra-particle diffusion mod-
els were used to analyze the batch experiment data for this 
kinetic study. Table 1 depicts the linear forms of three kinetic 
models including all kinetic parameters for comparing pseu-
do-first-order, pseudo-second-order, and intra-particle dif-
fusion models in terms of correlation coefficients. It is very 
evident that pseudo-second-order model has higher correla-
tion coefficient than pseudo-first-order model and also the 
calculated adsorption capacity Qe of pseudo-second-order 
model was much more closer to the experimental adsorption 

Fig. 4. (a) Effect of solution pH on the adsorption of CR dye, (b) point of zero charge measurement of CaFe2O4 nanoparticles.
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capacity Qe(exp) for various CR concentrations, confirming 
better applicability of pseudo-second-order model com-
pared with pseudo-first-order model. The very good fit-
ting of adsorption experimental data with linear form of 
pseudo-second-order kinetic model is depicted in Fig. 8(a). 
Thus, it indicates that the adsorption of CR dye onto CaFe2O4 
nanoparticles is a chemisorption process [33,34]. 

Weber–Morris model was also studied to ana-
lyze the contribution of intra-particle diffusion in this 

adsorption process. The plot of qt (mg/g) vs. t0.5 for three 
different initial CR concentrations (20, 40, and 60 mg/L) is 
shown in Fig. 8(b). Weber–Morris model is always charac-
terized with multi-linearity which explains the three stages 
of adsorption through intra-particle diffusion where diffu-
sion adsorption is the first stage followed by intra-particle 
diffusion at the pores available and ended by the equilibrium 
stage where no more adsorbate can be accommodated [35]. 
The plot (Fig. 8(b)) clearly indicates that experimental data 

Fig. 5. Schematic diagram showing the electrostatic attraction between anionic CR dye molecules toward protonated CaFe2O4 
nanoparticles.
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can be fitted with two linear portions but none of them passes 
through the origin, that is, intra-particle diffusion is not the 
sole rate-limiting step [30]. Hence, external mass transfer 
might also play an important role in controlling the adsorption 

rate. All the correlation coefficient values from Weber–Morris 
model (Table 1) are in the range of 0.910–0.984, which is lower 
than that of second-order kinetic model (0.999–1.000). Hence, 
adsorption kinetic of CR dye onto CaFe2O4 nanoparticle was 
found to strictly follow pseudo-second-order model and the 
intra-particle diffusion was not the sole rate-limiting step, 
while the external mass transfer might also play an import-
ant role in controlling the adsorption rate in this adsorption 
process [30,36].

3.6. Isotherm modeling

Isotherm studies also play a major role in designing the 
application part of any adsorbent in terms of adsorption 
capacity and favorability of the adsorption process. It gives 
the detail about the adsorption capacity (mg of adsorbate/g 
of adsorbent) of an adsorbent at equilibrium. In isotherm 
modeling studies, various initial CR dye concentration 
(20–60 mg/L) with different CaFe2O4 nanoparticles doses 
(0.25–1.0 g/L) at optimized solution pH 4.0 and at room 
temperature were considered. Linear forms of conventional 
isotherm models like Langmuir and Freundlich were used 
to fit the equilibrium data and the corresponding isotherm 
parameters with their linear form are presented in Table 2. 
The comparison between the models with respect to the cor-
relation coefficient yielded that the Langmuir model have 
better fitting (R2: 0.981–0.993) compared with Freundlich 
isotherm model (R2: 0.881–0.969). The favorability factor 
of Langmuir isotherm (RL) was also calculated, which was 
in the range of 0.013–0.076, indicates the highly favorable 
nature of CR adsorption onto CaFe2O4 nanoparticles. In case 
of Freundlich isotherm, the parameter, KF (mg(1–1/n) L1/n g–1) 
represents the adsorption capacity of adsorbent and the 
parameter “1/n” is a dimensionless factor which indicates 
the adsorption intensity. In this case, 1/n values for all con-
sidered doses of adsorbent were found to be less than unity, 
which also implies the favorability of this adsorption process. 
Hence, CR dye was adsorbed onto CaFe2O4 nanoparticles as 
a monolayer in a homogenous favorable system rather on a 
heterogeneous energy system and having maximum adsorp-
tion capacity of 241.16 mg/g for CR dye. 

3.7. Comparison with other adsorbents

A performance comparison in terms of adsorption capac-
ities of similar type of adsorbents used for CR dye removal 
is drawn with our prepared adsorbent and is presented in 
Table 3. It can be seen that the adsorbent reported in this 
study in comparison with all of the other adsorbents are 
preferable or comparable in terms of its adsorption capacity. 
Hence, CaFe2O4 nanoparticles with high adsorption capacity 
toward CR dye along with easy magnetic separation ability, 
high surface area, and availability of more active adsorption 
sites makes it as preferable and superior one for dye removal 
from aqueous solution. 

3.8. Prediction modeling by ANN 

ANN is a very popular modeling tool inspired by human 
brain and nervous systems that are known for their high 
capability to learn and classify data. The neural networks 

Fig. 6. Plot showing the (a) effect of initial concentration of CR 
dye onto its removal efficiency and (b) effect of contact time on 
the CR adsorption efficiency.

Fig. 7. Plot showing the effect of adsorbent dose on the adsorption 
of CR dye.
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are constituted of different simple elements like input layer, 
hidden layer, and output layer with numbers of neurons in 
each layer which are operating in parallel. An ANN can be 
trained by altering the weight values in between neurons of 
two subsequent layers [45] and the main objective of train-
ing is to obtain the desired output for known inputs [46,47]. 
Hence, the training of network continued until the network 
output shows good agreement with the target. Although 
ANNs have wide applicability in all field of research since 
last two decades or so, recently this technique is also widely 
used for predicting the efficiency of various chemical mod-
eling processes including predicting adsorption efficiency of 
an adsorbent in solid–liquid interaction in adsorption system 
[48]. In the present study, a three layer feed forward back-
propagation ANN model was developed with solution pH, 
CaFe2O4 nanoparticles dose, contact time, and initial CR dye 
concentration as input variables and the CR dye removal effi-
ciency obtained from batch experiments were considered as 
target of the model. The typical ANN architecture used in this 
study is shown in Fig. 9(a). The experimental data obtained 
at different values of experimental parameters such as solu-
tion pH (4.0–10.0), contact time (2–120 min), adsorbent dose 
(0.25–1.5 g/L), and initial CR dye concentration (20–150 mg/L) 
were used for ANN modeling. Prediction of the removal 
efficiency of CR dye was performed using Neural Network 
Toolbox of MATLAB (R2014a) mathematical software. A total 
of 159 data points were used for ANN model training and the 
data points were randomly separated into three categories 
(70% for training, 15% for testing, and 15% for validation). 
Hence, 111, 24, and 24 data points were used for training, test-
ing, and validation of the ANN models, respectively. All the 
experimental data for inputs and output were normalized in 
the range of 0–1 using Eq. (1) to avoid numerical overflows on 
account of introduction of exceptionally high or low weights: 

Y
X X
X Xi

i=
−( )
−

min

minmax

 (1)

Table 1
Kinetic parameters for CR dye removal onto CaFe2O4 nanoparticles (dose: 1.0 g/L) over initial CR dye concentrations of 20-60 mg/L

Models Linear form Parameters CR dye concentration (mg/L)
20 40 60

First-order kinetic log( ) log
.

Q Q Q
k

te t e
f− = −

2 303
kf 0.035 0.044 0.039
Qe 2.535 9.462 26.303
R2 0.946 0.959 0.959

Second-order kinetic t
Q k Q Q

t
t s e e

= +
1 1

2
ks 0.047 0.015 0.004
Qe 21.27 40.01 61.50
R2 1.000 0.999 0.999
h 21.26 24.01 15.13

Intra-particle diffusion Q k t ct = +id
1 2/ kid1 0.979 2.774 3.475

R1
2 0.984 0.980 0.972

c2 18.494 35.808 40.812
kid2 0.122 0.328 1.699
R2

2 0.942 0.940 0.910

Experimental value Qe (exp) 19.796 39.26 58.554

Fig. 8. (a) Linear fitting of pseudo-second-order kinetic model, 
(b) multi-linear fitting of intra-particle diffusion model for CR 
dye adsorption onto CaFe2O4 nanoparticles.
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where Yi is the normalized value of Xi, Xmax, and Xmin are 
the maximum and minimum values of Xi, respectively [49]. 
While developing the neural networks, popular tangent sig-
moid transfer function (tansig) was used in between input 
and hidden layer and linear transfer function (purelin) was 
used in between hidden and output layer. It is very import-
ant to select a suitable algorithm and training function in 
order to get the desired output. In this work, backpropa-
gation algorithm “Levenberg–Marquardt” with 1,000 itera-
tions was used for training the neural network considering 
the wide applicability of this algorithm in chemical model-
ing. Optimization of the ANN architecture was performed 
by changing the number of neurons in the hidden layer in a 
range of 1–20 and subsequently 20 different networks were 
developed. In order to study the potentiality of the 20 dif-
ferent models for predicting the CR dye removal efficiency, 
two important criteria such as mean squared error (MSE) and 
coefficient of determination (R2) were used [49] as mentioned 
in Eqs. (2) and (3), respectively:

MSE Prd Exp= −( )
=
∑1

1

2

N
Y Yi i

i

N

, ,  (2)

R
Y Y

Y Y

i i
i

N

i
i

N
2 1

1

1= −
−( )
−( )

=

=

∑

∑

Prd Exp

Prd mean

, ,

,

 (3)

where YPrd,i represents the model predicted value, YExp,i rep-
resents the experimental value used for modeling, N indicates 
the number of data points, and Ymean represents the arithmetic 
mean value of all experimental data points. 

The batch mode adsorption experimental data obtained 
under different operating conditions was used to train and 
test the neural network model for CR dye prediction model-
ing in this work. A total of 20 different models were devel-
oped by changing the number of neurons in the hidden layer 
and the best model was chosen based on the minimum value 
of MSE and maximum value of R2 value of training, testing, 
and validation data set. The variation of R2 and MSE values 
for training, testing, and validation data set due to change 
in neuron number in the hidden layer is depicted in Table 4. 
Moreover, the variation of MSE with number of neurons at 
hidden layer is shown in Fig. 9(b), which clearly shows that 
for the network with nine neurons in the hidden layer the 
MSE reaches its lowest value and thereafter increasing 
trend in MSE value was observed with 10 or more number 
of neurons. The network with nine neurons at the hidden 
layer with an MSE value of 0.00042866 for validation data set 
was chosen to be the best one. The potentiality of the opti-
mal network with nine neurons at hidden layer is conformed 
for accurately predicting the CR dye removal efficiency on 
account of its very small MSE value and very high R2 value 
for validation data set. The test outputs showed little devi-
ation from the experimental data in terms of normalized 
uptake efficiency with an average value of 0.00042866. The 
variation of MSE with number of epochs for optimal net-
work is shown in Fig. 9(c), which shows that training was 
stopped only after 41 epochs as the best validation perfor-
mance was obtained at that epoch, indicating high converg-
ing efficiency of the model. Hence, ANN model with four 
inputs (pH, adsorbent dosage, contact time, and initial con-
centration of CR solution), nine neurons at hidden layer and 

Table 2
Adsorption isotherm constants for adsorption of CR dye onto CaFe2O4 nanoparticles

Isotherm Linear form Parameters CaFe2O4 nanoparticle dose (g/L)

0.25 0.5 0.75 1.0

Langmuir C
Q Q b

C
Q

e

e m

e

m

= +
1 Qm (mg/g) 241.16 173.25 123.26 90.91

b (L/mg) 0.653 0.758  0.923 1.236
RL 0.076-0.025 0.066-0.022 0.054-0.018 0.040-0.013
R2 0.993 0.989 0.981 0.985

Freundlich
ln ln lnQ K

n
Ce F e= +

1 1/n 0.4504 0.4608 0.4975 0.5494
KF (mg(1–1/n) L1/n g–1) 17.027 9.125 6.352 3.039
R2 0.883 0.915 0.8815 0.969

Table 3
Comparison between the present study and other adsorbents in 
terms of adsorption capacity for CR dye adsorption

Adsorbent Adsorption 
capacity (mg/g)

Reference

CoFe2O4 nanoparticles 93.74 [20]
Ni0.5Zn0.5Fe2O4 nanopowders 204.82 [21]
Ni0.6Fe2.4O4 nanoparticles 72.73 [35]
Gadolinium-doped cobalt 
ferrite nanoparticles

263.16 [37]

Nanocrystalline Fe2O3 203.66 [38]
MnFe2O4 nanoparticles 92.40 [39]
Zinc oxide nanorods loaded 
on activated carbon

142.90 [40]

Palladium nanoparticles 
loaded on activated carbon

76.9 [40]

Chitosan 320.00 [41]
Maghemite nanoparticles 208.33 [42]
Bentonite 158.70 [43]
Bimetallic Fe–Zn 
nanoparticles

28.56 [44]

CaFe2O4 nanoparticles 241.16 In this study
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CR dye removal efficiency as the output becomes the opti-
mum one with architecture of 4-9-1. Thereafter the optimal 
model was utilized for prediction modeling and a regression 
analysis of the model predicted normalized values with nor-
malized experimental values were performed. The graphical 
representation of regression analysis between normalized 
ANN outputs vs. normalized experimental data is shown 
in Fig. 10(a), which exhibits very close agreement between 
them. The weights and bias values for the optimal network 
were also obtained and are depicted in Table 5, which were 
used further for sensitivity analysis. 

3.9. Sensitivity analysis

In order to evaluate the influence of four input param-
eters onto CR removal efficiency a sensitivity analysis was 

performed using the neural weight data (Table 5) employing 
the technique of connection weight partitioning methodol-
ogy using Eq. (4) [50]: 

R

IW

IW
LW

IW

IW

ij

kjk

m jj

h

ij

kjk

m

=






































=

=

=

∑
∑

∑

1

1

1



































== ∑∑ LWjj

h

j

m

11

 (4)

where R represents the relative importance of four input 
variables, m and h indicates the number of neurons in input 
and hidden layer of the optimal network, respectively. 

Fig. 9. Plot showing the (a) three layer optimal ANN architecture obtained for this study, (b) dependence between MSE with number 
of neurons at hidden layer for determining optimal ANN architecture, and (c) variation of MSE with epochs during optimization of 
ANN architecture.
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The result of sensitivity analysis is shown in Fig. 10(b), 
which clearly depicts that the solution pH is most critical 
input parameter (41%) after that CaFe2O4 dose (29%) and 
initial CR dye concentration (24%). However, the input 
parameter contact time has minimum impact on the CR 
removal efficiency. The results of the sensitivity analysis 
are in agreement with the experimental results (Figs. 4(a) 
and 6(b)), which depicts high dependency of this adsorption 
process onto solution pH and relatively insignificant effect 
of contact time on CR dye removal efficiency after 20 min of 
contact time or so. 

Table 5
The weight and bias values of hidden and output layer for optimal ANN architecture

Hidden layer weights Output layer 
weights

Hidden layer 
bias

Output layer 
bias

2.01 1.4088 0.27041 –1.7216 1.5659 –0.59903 –1.1936
–1.9502 0.47662 0.27008 –1.472 0.48536 –0.76197
0.86534 1.1968 0.45572 –1.6287 –1.9015 –0.010699
2.6751 0.95007 0.25694 –1.0699 –1.2954 0.57444

–0.72812 –0.44115 –3.3272 0.094577 –0.16198 –0.52389
1.6704 1.4169 –0.099241 –2.072 1.4312 0.60728

–0.32785 0.16538 0.69956 2.522 0.33852 –1.4178
–0.18063 –0.051981 –3.1184 –0.005008 –2.0042 –4.0877
0.74577 0.87744 2.6996 –1.2388 0.17933 2.0752

Table 4
The variation of MSE and R2 values during optimization of ANN 
architecture

Network 
number 

Training 
(R2)

Testing 
(R2)

Validation All 
dataR2 MSE

1 0.944 0.947 0.946 0.0042656 0.944
2 0.970 0.988 0.972 0.0024352 0.972
3 0.987 0.975 0.989 0.0010486 0.985
4 0.988 0.956 0.993 0.00096033 0.984
5 0.990 0.990 0.992 0.00070889 0.991
6 0.980 0.978 0.990 0.00078254 0.981
7 0.994 0.985 0.987 0.00093406 0.992
8 0.985 0.970 0.990 0.0008523 0.982
9 0.995 0.994 0.992 0.00042886 0.995
10 0.993 0.991 0.982 0.0012128 0.991
11 0.992 0.989 0.991 0.000573 0.991
12 0.991 0.984 0.990 0.00059656 0.990
13 0.984 0.969 0.991 0.0033085 0.988
14 0.990 0.985 0.967 0.002321 0.986
15 0.991 0.989 0.994 0.0004362 0.996
16 0.988 0.981 0.990 0.0010185 0.987
17 0.992 0.985 0.987 0.0010609 0.990
18 0.990 0.990 0.991 0.00068623 0.990
19 0.991 0.991 0.991 0.00076564 0.991
20 0.991 0.963 0.979 0.0015858 0.983

Fig. 10. (a) The linear regression between ANN model 
predicted data vs. experimental data and (b) the influence of 
input experimental parameters on CR removal as obtained by 
sensitivity analysis.
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4. Conclusion

The CaFe2O4 nanoparticles synthesized by simple 
precipitation method showed a high adsorptive efficiency 
toward toxic CR dye with maximum adsorption capacity 
of 241.16 mg/g at optimum condition. The adsorption pro-
cess performance was highly pH dependent and maximum 
CR dye uptake efficiency of ~99% was reported at solution 
pH 4.0. The adsorption process of CR dye onto CaFe2O4 
nanoparticles was governed by pseudo-second-order 
kinetic model, and intra-particle diffusion is not the only 
rate-limiting step. CR was adsorbed as a monolayer in a 
homogeneous system which is justified by isotherm stud-
ies having a better fit with Langmuir isotherm model. 
Optimum ANN model with nine neurons in the hidden 
layer (4-9-1) and Levenberg–Marquardt backpropagation 
algorithm with “tansig” in the hidden layer and “purelin” 
in the output layer was most suitable to predict the CR dye 
uptake efficiency. Results obtained from the neural model, 
showed that the values of the determination coefficient (R2) 
and the MSE were found to be 0.995 and 0.00042866, respec-
tively, for CR dye adsorption. Thus, it can be concluded 
that the CaFe2O4 nanoparticles are a viable and potential 
adsorbent for removal of CR dye from dye contaminated 
wastewater and could be tried with other threat possessing 
water pollutants.
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