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a b s t r a c t
In this study, decolorization of Acid Red 42 (AR 42) by zero-valent iron nanoparticles (nZVI) was 
investigated in a batch system. Surface composition of nZVI was characterized by scanning electron 
microscopy, electron dispersive X-ray spectrometer and X-ray diffractogram methods. Three main 
decolorization mechanism steps that surface reactions including sorption and chemical reaction con-
trolled decolorization of the azo dye were proposed as (i) the cleavage of the azo bonds by reduction 
of anionic dye, (ii) adsorption of anionic dye on the iron oxides and (iii) decolorization of the azo chro-
mophores by hydrogen peroxide formed in the presence of dissolved oxygen. The response surface 
methodology was applied in designing the dye removal experiments for evaluating the interactive 
effects of independent variables and determining the optimum condition. Four independent variables 
such as nZVI concentration, initial dye concentration, temperature and pH were coded with low and 
high level and dye removal (%) was obtained as response. The results showed that while the increase 
in the nZVI concentration and temperature showed positive effects, the increase in pH and initial dye 
concentration showed negative effect on dye removal efficiency. The interactive effects of whole vari-
ables were also investigated. 
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1. Introduction

The extensive use of dyes in many applications and high 
amount of production for different features, colors and forms 
have generated severe health problems and water pollution 
in the world [1]. Because of synthetic origin and complex 
chemical structure, majority of textile dyes are very stable to 
light and oxidation, highly toxic and their biodegradability by 
microorganisms is very difficult [2,3]. Besides, dye pollution 
in receiving water has a lot of serious health problems such 
as mutations in humans, cancer, dermatitis, skin irritation 
and allergy [3,4]. To eliminate these hazards, dye wastewaters 
should be treated before leaving the receiving environment.

A considerable amount of literature has reported the 
decolorization of dyes by using various materials, but there is 
still a need to search new materials and methods to increase 
removal efficiency. In recent years, new nanomaterials have 
been extensively synthesized and investigated in terms of 
removal efficiency for contaminants [5]. Zero-valent iron 
nanoparticles (nZVI) have received most of the attention 
because of low cost and high reactivity [6,7]. nZVI have a 
core-shell structure which consists of a metallic iron core and 
a thin iron oxide shell of a few nanometers. While the iron 
core serves as an electron source and exerts a reducing char-
acter, iron oxide shell surrounds the core and promotes the 
adsorption of contaminants via electrostatic interactions and 
surface complexation [8]. As a material, nZVI have been used 
for the removal/degradation of a wide range of contaminants 
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such as azo dyes, nitro aromatic compounds, halogenated 
organics, heavy metals, phosphorus, nitrate and toxic inor-
ganic ions [9–14].

The main aims of the present study were to synthe-
size and investigate the efficiency of nZVI for AR 42 dye 
removal. AR 42 is an anionic azo dye which is commercially 
used in the textile industry. More than 50% of all the pro-
duced dyes worldwide are azo dyes [15]. Azo dyes gener-
ally possess one or more azo bonds (–N=N–) [16], and both 
the azo dyes and their degradation products (e.g., aromatic 
amines) are quite toxic and cause mutagenic and carcino-
genic effects for organisms and also environmental pollu-
tion [15]. Textile industry is one of the largest polluters in 
the world [3]. Hence, the treatment of textile wastewaters 
that especially contain azo dyes require well-designed and 
efficient methods.

Response surface methodology (RSM) is usually used 
for the experimental design including reduction of variabil-
ity and improving product and process performance which 
have a different design method [17]. The Box–Behnken 
design (BBD) of Design Expert 10.01 program was used for 
the RSM in the experimental design where each factor takes 
only three levels. This design is more efficient and econom-
ical according to the other 3k designs, especially for a large 
number of variables [18,19]. In a treatment process, a meth-
odology is needed to identify and optimize the interacting 
parameters that affect the treatment. Since RSM is a method 
using for evaluating the simultaneous effect of operating 
and optimum conditions for desirable responses with less 
time [20,21], we used this method to optimize and explain 
the decolorization of an anionic dye, AR 42. So, it is possible 
to achieve maximum dye removal in real wastewaters by 
using the BBD combined with RSM and optimization.

2. Material and methods

2.1. Materials

All chemicals were obtained in high purity and used 
as received, including FeCl3 6H2O (99%, Merck KGaA, 
Darmstadt, Germany), NaBH4 (98%, Merck), hexadecyl-
trimethylammonium bromide (HTAB [99%], Sigma-Aldrich 
Chemie GmbH, Munich, Germany) and C2H5OH (98%, 
Merck). Acid Red 42 (AR 42, CAS Number 6245-60-9) tex-
tile dye was supplied by Dystar Group Singapore Pte Ltd., 
Singapore, firm and used as received. The characteristics and 
structures of dye and HTAB are summarized in Table 1.

2.2. Synthesis of HTAB-stabilized zero-valent iron nanoparticles

The synthesis of nZVI was carried out in a batch reactor 
by the reduction of ferric iron ions with borohydride method 
with applying an inert atmosphere by using N2 gases follow-
ing the process described by Wang and Zhang [22]. While the 
FeCl3 6H2O solutions were prepared freshly with absolute 
ethanol to prevent the oxidation of nZVI, NaBH4 and HTAB 
solutions were also prepared with ultra-pure water with 
18.2 MW. The initial concentration of 0.05 M ferric iron and 
0.2 M NaBH4 reacted with 1:1 volume ratio of Fe3+ : BH4 by 
using 0.0001 M HTAB as stabilizer.

Because of direct interparticle interactions such as Van 
der Waals forces and magnetic interactions, agglomeration 
takes place at magnetic nanoparticles that reduces the spe-
cific surface area, interfacial free energy and as result of par-
ticle reactivity [23]. If a stabilizer is present in the reaction 
medium, it gets adsorbed to the surface of particles likely 
slowing particle growth and blocking certain growth sites 
on the particles resulting in a layer of negative charges [24]. 

Table 1
The characteristics and structure of AR 42 and HTAB

Material Nature  Molecular formula Structure

Acid Red 42 (AR 42) Anionic  
dye

C22H16N3NaO6S2 

 

SO2

N=N

SO3Na

HO

NH2

 

Hegzadecylcetil trimethyl  
ammonium bromide (HTAB)

Cationic  
surfactant

C19H42BrN

N+

CH3

CH3
CH3

Br-
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Many stabilizer compounds have been used for the synthesis 
of nZVI. In this study, HTAB molecules were used as a stabi-
lizer to stabilize the nZVI which is an amine-based cationic 
quaternary surfactant. Ferric chloride solution was mixed 
with HTAB solution and agitated for 15 min to produce 
Fe–HTAB complex. Then the NaBH4 solution was added at 
1.0 rpm rate with Longer BT-100J peristaltic pump into the 
Fe–HTAB complex solution at a vigorous stirring (~400 rpm) 
and nZVI were synthesized according to following reaction:

2 6 18 2 6
6 21

3 4
0

3 2

FeCl NaBH Fe NaCl+ + → +
+ +

H O
B OH H

2

( )
 (1)

After the addition of all NaBH4 solution, the solution was 
mixed for extra 20 min period. The synthesized black iron 
nanoparticles were harvested using SIGMA 3-30 K cooling cen-
trifuge at 13,000 rpm. The iron nanoparticles were then washed 
three times with absolute ethanol, dried at 65°C for 4 h in a 
vacuum oven and stored in a nitrogen medium for analyses.

2.3. Characterization methods of the nZVI

The scanning electron microscopy (SEM) image and 
energy dispersive X-ray (EDX) chemical analysis of nanopar-
ticles were recorded with a Zeiss Supra 55VP field emission 
SEM. The analysis was performed by mounting nZVI sam-
ples onto pin type SEM stubs using carbon/platinum adhe-
sive tabs and was coated with carbon/palladium by electro 
deposition under vacuum prior to analyses to enhance the 
surface conductivity.

The mean hydrodynamic diameter of the nZVI was deter-
mined using dynamic light scattering (DLS). The particles 
were dispersed in water with Sigma 3-30 K model ultrasound 
equipment and then measured at 25°C using a Malvern 2000 
Zetasizer Nano ZS instrument at an angle of 90° (internal He–
Ne laser, wavelength of 633 nm). The analysis of sample was 
repeated at least six times for 1 mL suspension of sample at 
0.1 g Fe0/L. The DLS data were evaluated with the Malvern 
Zetasizer 7.1 software package CW380 to yield the volume 
weighted size distributions that assume the particles to be 
in spherical shape. Volume distribution is frequently used 
to determine the modal particle diameter because it contains 
most of the particle volume. The zero-point charge (pHzpc) of 
nZVI was also measured with zeta potential measuring by 
preparing a series of suspensions having adjusted pH val-
ues in the range 2–12. The measurements were conducted for 
0.1 g/L nZVI concentration using the same apparatus.

X-ray diffractogram (XRD) of nZVI was obtained using a 
Rigaku SmartLab model XRD at Cu-Kα radiation (λ = 1.54 Å). 
The analysis of dried nZVI was carried out at continuous 
scans from 10° to 100° at 2° scan rate at 2θ min−1 in ambient air.

Fourier transform infrared spectroscopic (FTIR) analyses 
of AR 42 dye and nZVI, before and after dye treatment, was 
recorded using a Perkin-Elmer Model FTIR Frontier spectro-
photometer with attenuated total reflection technique in the 
4,000–450 cm–1 region.

2.4. Preparation of dye solutions and UV–Vis analyses

The stock solutions of AR 42 were prepared in 1.0 g/L 
concentration and used by diluting with deionized water 

for further experiments. Before experiments, desired pH of 
the solution was adjusted by Thermo Scientific Orion 4-Star 
digital pH meter with diluted H2SO4 or NaOH solutions. The 
UV–Vis spectra of dye solutions were recorded from 200 to 
800 nm using a UV–Vis Shimadzu UV1800 Spectrophotometer 
equipped with a quartz cell of 1.0 cm path length. The con-
centrations of samples were quantified by measuring the 
absorption intensity at maximum wavelength.

2.5. Batch experiments

The removal of AR 42 by nZVI was studied in a batch 
system. After adding a desired amount of nZVI, the solu-
tions were agitated with a thermostatically controlled shaker 
(Memmert Waterbath WHE-45) for 120 min at ample time. 
The dye removal efficiency was calculated using the follow-
ing equation:

Removal (%) =
−







×

C C
C

t0

0

100  (2)

where Removal (%) is dye removal efficiency, C0 (mg/L) is 
initial dye concentration, and Ct (mg/L) is the concentration 
of dye at t min.

2.6. Response surface modeling of variables

RSM was used to determine the optimal set of opera-
tional variables in experimental process. The independent 
variables were coded with low and high level in the BBD 
that nZVI concentration 0.2–1.5 g/L, initial dye concentration 
100–1,000 mg/L, temperature 25°C–55°C and pH 3–10, labeled 
as A, B, C and D, respectively. The removal percentage of AR 
42 was obtained as response YR(%) and is given in Table 2.

Optimization processes have been related to chosen fac-
tors by the quadratic models. This model is shown as follows:
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∑ ∑ ∑ ∑β β β β ε0

1 1

2

1 1 

 (3)

where k is the number of factors, xi and xj are coded vari-
ables; i and j are the index numbers for factor and ε is the 
residual error; β0 is the constant coefficient; βi, βii  and βij are 
the first-order, quadratic and interaction effects, respectively 
[17]. Model fitting and 3D graphical analyses were performed 
using the Design Expert 10 software. Accuracy of the fit was 
studied using F-test, p value, correlation coefficient (R2) and 
adjusted correlation coefficient (R2

adj).

3. Results and discussion

3.1. Characterization of zero-valent iron nanoparticles

The XRD results of nZVI before and after treatment with 
AR 42 were given in Fig. 1. The figure indicates that the char-
acteristic basic reflection at 2θ = 44.69° (PDF card number = 
01-071-6941) correspond to zero-valent iron (α-Fe) and a small 
signal for iron oxides at 2θ = 35.63° correspond to oxide layer. 
The main broad peak belongs to a chemically disordered crys-
tal structured zero-valent state iron. After treatment with dye, 
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additional peaks at about 2θ = 35.60° appear which belong to 
maghemite (γ-Fe2O3, 2θ = 35.68°) and magnetite (Fe3O4, 2θ = 
35.63°). When nZVI mixed with aqueous dye solution, iron 
oxide/hydroxides are formed by the oxidation of metal iron 
nanoparticles [8]. It can therefore be concluded that iron oxides 
formed during reduction of AR 42 by nZVI in an aqueous solu-
tion. These results are supported with the FTIR results.

Fig. 2 shows the particle size distribution (PSD) of the 
nZVI. The mean diameter (d.nm) of particles was deter-
mined as 13.7 nm (100% volume, standard deviation 
1.49 d.nm). Thereby, the PSD results showed that synthesized 
zero-valent iron particles were of nanoscale diameter.

The SEM images of particles indicate that the nZVI are 
composed of individual, spherical and chain-like structures 

and also of nanoscale range (Fig. 3). The EDX analysis results 
also show that the main element is iron, that is, 72.2% (Fig. 4).

The pHzpc of the nZVI is given in Fig. 5. The results indi-
cate that the pHzpc occur at pH 8.3. In literature, pHzpc of 
nZVI was given in the range of pHzpc 8.0–8.5 depending on 
the synthesis conditions and stabilizer type. The obtained 
pHzpc value higher than those of magnetite (Fe3O4) (~6.8) and 
maghemite (γ–Fe2O3) (~6.6) [25] imply that the sample is 
mainly at zero-valent state.

3.2. Analysis of decolorization mechanism with UV–Vis analyses

Acid Red 42 is an azo dye containing two benzene 
and one naphthalene groups. Fig. 6 illustrates the UV–Vis 

Table 2
Experimental results of BBD

Run A nZVI concentration (g/L) B Dye concentration (mg/L) C T (°C) D pH YR(%) [AR 42 removal (%)]

1 0.2 300 40 6.5 21.863
2 1.5 300 40 6.5 75.534

3 0.2 1,000 40 6.5 15.081

4 1.5 1,000 40 6.5 63.528

5 0.85 650 25 3 41.709

6 0.85 650 55 3 55.576

7 0.85 650 25 10 45.659

8 0.85 650 55 10 43.441

9 0.2 650 40 3 23.461

10 1.5 650 40 3 68.089

11 0.2 650 40 10 11.301

12 1.5 650 40 10 60.659

13 0.85 300 25 6.5 52.141

14 0.85 1,000 25 6.5 39.176

15 0.85 300 55 6.5 58.895

16 0.85 1,000 55 6.5 37.232

17 0.2 650 25 6.5 16.113

18 1.5 650 25 6.5 59.974

19 0.2 650 55 6.5 9.211

20 1.5 650 55 6.5 63.708

21 0.85 300 40 3 61.365

22 0.85 1,000 40 3 46.022

23 0.85 300 40 10 55.021

24 0.85 1,000 40 10 44.771

25 0.85 650 40 6.5 46.211

26 0.85 650 40 6.5 43.901

27 0.85 650 40 6.5 45.005

28 0.85 650 40 6.5 44.332

29 0.85 650 40 6.5 39.871

30 0.85 650 40 6.5 41.592
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spectra of dye obtained before and after treatment with 
nZVI at different treatment time. It is seen that AR 42 has 
four absorbance peaks at 230, 242, 306 and 514 nm. The 
intensity of the all peaks was decreased with time after 
treatment. The observed strong absorbance peak at λmax = 
514 nm belongs to the azo bonds that the intensity of this 
peak implies dye concentration in the solution. The other 
three bands at 230, 306 and 242 nm in the ultraviolet region 

are ascribed to the benzene, naphthalene rings and –NH2 
groups, respectively [26]. It was observed that no new peak 
appeared but the peak at λmax became weaker with time 
that shows the cleavage of the azo bonds, and also –NH2 
group peak observed at 242 nm decreased and expanded 
with time. These results showed decomposition of AR 42 
in the solution.

Fig. 1. XRD results of nZVI (a) before reaction with AR 42 and 
(b) after reaction with AR 42 (nZVI = 0.4 g/L, C0 = 200 mg/L, 
pH = 3, T = 37°C).

Fig. 2. Particle size distribution of nZVI.

Fig. 3. SEM images of nZVI.

Fig. 4. EDX results of nZVI.

Fig. 5. Zeta potential of nZVI.

Fig. 6. The UV–Vis spectra of AR 42 obtained before and after 
treatment by nZVI at different time for 40 mg/L of initial dye 
concentration.
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3.3. Analysis of decolorization mechanism with FTIR

To examine the degradation in detail, FTIR analy-
ses of AR 42 were performed both in solid and solution 
forms. The FTIR spectra of nZVI and AR 42 dye, before 
and after treatment with nZVI were obtained in the range 
of 4,000–450 cm–1 (Fig. 7(a)–(b)). The spectra obtained in 
solid forms showed that by the nZVI interaction with AR 
42, degradation took place. Fig. 7(a) shows that the band 
around 1,445 cm–1 representing azo bond (N=N) and the 
benzene ring (at 1,400–1,600 cm–1) [27,28] of AR 42 became 
weaker and disappeared which is the evidence of the deg-
radation resulting in decolorization. Also, the structure 
of aromatic ring between 670 and 870 cm−1 existing in the 
dye was broken, which was supported by the absence 
of the characterized bands [28]. The intensity of band at 
1,032 cm−1 meaning C–NH2 became weaker in the AR 42 
treated nZVI spectrum that this result was supported by 
the UV–Vis spectrum of dye after treatment with nZVI 
(Fig. 6). The broad band observed at 3,300 cm−1 which was 
due to –OH stretching was also observed both before and 
after treatment [28]. The characteristic peaks at 1,143 and 
1,032 cm–1, attributed to the asymmetric stretching vibra-
tion of the –SO3Na group [29] also clearly decreased and 
disappeared, respectively [27]. 

In addition, when nZVI alone and nZVI after treated 
with AR 42 spectra were compared, the bands at 796, 991 
and 1,035 cm–1 corresponding to the FeAO stretch regard-
ing Fe2O3 and Fe3O4 were observed which supported the 
XRD results (Figs. 1 and 7) [30]. Similar changes were also 
observed in FTIR spectra of AR 42 by using solution form of 
dye (Fig. 7(b)).

As a conclusion, FTIR results showed that decolorization 
of AR 42 was confirmed by the cleavage of azo bond and 
dye molecule was transformed into lower molecular weight 
compound.

3.4. Decolorization reaction mechanisms of an anionic dye AR 42

Decolorization mechanism of AR 42 dye in aqueous solu-
tion using nZVI can be summarized in three different ways 
[23,29,31]:

(i) AR 42 dye is reduced by nZVI to –3 charges and also 
Fe0 is oxidized to Fe2+ in different ways (Eqs. (4)–(7)):

Fe AR Fe AR0 2 342 42+ → +− + −( ) ( )  (4)

Fe H O Fe H OH e0
2

22 2+ → + + ++ + − −  (5)

Fe Fe0 2+ → ++ + •H H  (6)

Fe Fe H0 2
22+ → + ↑+ +H  (7)

While nZVI directly react with dye molecules, it is oxi-
dized and dye molecules are reduced. By the reaction of Fe0 

with H2O or H+, H atoms and of H• radicals are generated. 
With the oxidation of Fe0 to Fe2+, the chromophore groups 
and conjugated systems of anionic dye are destroyed which 
leads to the decolorization of dye (Eqs. (8) and (9)) [32,33]:

R N N R H R NH HN R1 2 1 22 2− = − + + → − + −+ e  (8)

R N N R H R NH HN R1 2 1 2− = − + → − + −•  (9)

The generated H• radicals in an acid solution cleave the 
azo bond (–N=N–) and consequently the visible absorption 
peaks at 514 nm corresponding to azo bond decreases with 
time [34].

(ii) The adsorption of dye and intermediate product on 
the Fe0 (Fe2+, Fe3+) [8,23]:

Fe Fe e2 3+ + −→ +  (10)

Fe Fe FeOOH3
3 23+ −+ → → +OH OH H O( )  (11)

Dye O O O O+ → −Fe Fe Dye Fe Fe3 4 2 3 3 4 2 3/ /γ γ- -
(adsorption)

 (12)

By the oxidation of nZVI with oxygen in solution, 
iron oxides at different forms (Fe3O4, Fe2O3, Fe(OH)3 and 

Fig. 7. (a) FTIR spectra of solid (i) nZVI (ii) nZVI after treatment with AR 42 (iii) AR 42 (nZVI = 0.4 g/L, C0 = 200 mg/L, pH = 3, T = 37°C). 
(b) FTIR spectra of solution (i) AR 42 (ii) AR 42 after treatment with nZVI (nZVI = 0.4 g/L, C0 = 200 mg/L, pH = 3, T = 37°C).
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FeOOH) are produced at the surface of the particles as 
confirmed by XRD [30,35]. Dye molecules can be adsorbed 
by the formed passive iron oxides layers via the sulfonic 
group causing decolorization of the dye wastewater (Eqs. 
(10)–(12)) (34,36).

(iii) Producing hydrogen peroxide in reaction medium.
Although Fe0 is a mild reductant (E0

reduction = −0.44, vs. 
standard hydrogen electrode) under the anoxic condition 
[31] but in the presence of dissolved oxygen, iron corrosion 
can generate hydrogen peroxide (Eq. (13)). Hydrogen perox-
ide may also be produced by the reaction of ferrous iron and 
oxygen (Eq. (14)) [37]. Subsequently hydrogen peroxide and 
ferrous iron act as Fenton system that they can react with the 
Fe2+ (Eq. (15)) to produce a strong oxidant, hydroxyl radical 
(OH•) which can decolorize the azo chromophore. In this 
system Fe3+ can be reduced to Fe2+ by Fe0 (Eq. (17)) allowing a 
fast recycling of Fe3+ [32,37]:

Fe O H H O Fe0
2 2 2

22+ + → ++ +  (13)

2 2 22
2

3
2 2Fe O H Fe H O+ + ++ + → +  (14)

Fe H O Fe OH OH2
2 2

3+ + • −+ → + +  (15)

2 33 0 2Fe Fe Fe+ ++ →  (16)

Dye OH CO H O+ → + +• oxidized dye 2 2  (17)

The two research works of Chang et al. also showed that 
decolorization extent of two anionic azo dyes, Reactive Black 
5 [32] and Acid Black 1 [33] was much higher by the Fe0/air 
process than the Fe0/N2 process because of the formed strong 
oxidant. For this study, it is possible to say that the dye solu-
tion and nZVI can interact with oxygen from the air and 
aqueous medium containing dissolved oxygen. This third 
step, strong oxidant effect is also one of the possible mech-
anisms for decolorization. Thus, it can be concluded that 
surface reactions including sorption and chemical reaction 
controlled decolorization of the azo dye.

3.5. Assessment of experimental design with design expert 
software

Four independent process variables such as nZVI con-
centration (A), initial dye concentration (B), temperature (C) 
and pH (D) were defined to investigate their effect on decol-
orization. To calculate the number of required experiments, 
following formula is used: 

N k k Cp= − +2 1( )  (18)

where k is the number of factors and Cp is the number of 
central points. For these factors, a set of 30 experiments is 
required to optimize the removal percentage of AR 42 as 
shown in Table 2.

The individual and interactive effects of the set four inde-
pendent variables on the removal % of dye in an aqueous solu-
tion were investigated using the BBD application with RSM 
and obtained results were given in Table 3. The experimental 

data evaluated with RSM of Design-Expert 10.01 showed 
that quadratic polynomial regression model was statistically 
significant because of the calculated F-value = 72.54 with a 
very low probability value (p < 0.0001). If the model has a 
high degree of adequacy to predict the experimental results, 
it is expected that the computed F-value should be greater 
than the tabulated F-value at a level of significance α. Thus, 
when the tabulated F-value (F0.05,df,(n – (df + 1))

 α = 0.05, degrees of 
freedom value is 14 and n = 30) is compared with calculated 
F-value, (Fmodel = 72.54) it is seen that the tabulated F-value 
(F0.05,14,15 = 2.48) is clearly less than calculated F-value [38].

The quality of fit of the quadratic model was also 
expressed by the determination of R2 and R2

adj values. The 
correlation coefficient, R2, explains the correlation between 
the experimental data and predicted responses, and also 
the adjusted coefficient R2

adj is suitable to compare the mod-
els with different numbers of independent variables. The 
obtained values of R2 and R2

adj from model were found as 0.930 
and 0.972, respectively. As indicated in Fig. 8(a), R2 regression 
line between the experimental and model predicted values of 
the response variable showed the excellent fit of the model. 
A plot of the normal probability of the residuals is shown in 
Fig. 8(b). According to this figure, the residuals trends line 
fits to normal range. In addition, trend of residuals to a nor-
mal distribution where the errors are normally distributed 
and independent of each other is shown at Fig. 8(b) and also 
error variance is homogenous. Furthermore, the ‘Adequate 
precision’ value which is the measure of the signal-to-noise 
ratio obtained as 31.51 indicates that for an adequate signal 
the value should be greater than 4. It is seen that model signal 
is in adequate amount in order to better design on the space. 
These statistical parameters are approximately close to one, 
there is relatively good agreement between the experimental 
and predicted value. 

Fig. 8(c) shows a plot of residuals vs. predicted response 
that provides handy diagnosis for non-constant variance. 
Also shows that the fitted value and residuals for all pre-
dicted data are in the reliable range. The normal plot of stan-
dardized residual vs. experimental run number is given in 
Fig. 8(d). By using this plot lurking variable can be checked 
that may have influenced the response during the exper-
iment. The plot should show a random scatter around the 
center line in the interval of ±4.00. These trends indicate that 
time related lurking variable in the background of the plot. 
There have not been explicit deviation at the observation 
order (±4.00). Furthermore, all the values lie within the range 
of –3 and +3 being acceptable limits.

The approximating functions of the AR 42 removal per-
centage YR(%) in terms of the coded variables obtained are 
shown as follows:

Y A B C D AB
AC AD

R(%) . . . . . .
. .

= + − + − −

+ + −

43 49 24 54 6 58 1 11 2 95 1 31
2 66 1 18 22 17 1 27 4 02
5 24 5 02 0 95 3 332 2 2 2

. . .
. . . .

BC BD CD
A B C D

+ −

− + − +

 (19)

Pareto analyses have given more information about 
significance level of variables and also single or syner-
gistic positive or antagonistic effects of variables on the 
studied response. The following formula was used for the 
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significance of each factor, the percentage effect of each term 
on the response [39,40]:

P ii
i

i

=
∑









× ≠

β
β

2

2 100 0( )  (20)

where Pi is the percentage effect of each factor and βi is the cor-
responding coefficient. According to Pareto analyses, the effect 
of nZVI concentration (94.32%) and initial dye concentration 

(6.79%) are more effective parameters than temperature 
(0.19%) and pH (1.36%) for the removal of AR 42 (Fig. 9). The 
interactive effects of these independent variables were also 
effective for dye decolorization. A positive sign of the inter-
active coefficients of the nZVI concentration–temperature, 
nZVI concentration–pH and initial dye concentration–pH sys-
tems indicated synergistic effect on removal efficiency, while 
interaction between the nZVI concentration–initial dye 
concentration, initial dye concentration–temperature and 
temperature–pH showed antagonistic effect. Sohrabi et al. 
[41] indicated that the optimization of Direct yellow 12 anionic 
dye removal by using zero-valent iron nanoparticles fits the 
quadratic polynomial model. Furthermore, independent vari-
ables of Pareto analyses show that nZVI dosage, pH and initial 
dye concentration were important parameters and removal 
percentage of this dye was 90.02% [41].

RSM has also been used to optimize the removal of heavy 
metals by using nZVI in a wide range. Gholinezhad et al. [42] 
have worked response surface modeling and optimization of 
chromium removal from aqueous solution using nZVI and 
they reported that nZVI dosage is the most important param-
eter. Fan et al. [43] also investigated the removal optimization 
of Pb(II) by using reduced graphene oxide–supported nZVI 
by applying BBD and they reported that design fit of the qua-
dratic polynomial model and also according to Pareto analy-
ses, temperature, pH and nZVI concentration are important 
parameters.

3.6. Effects of variables in the three-dimensional response surface 
plots

The three-dimensional response plots for the four vari-
ables were used to obtain the relationship between each other 
on the percentage of removal efficiency, organized based on 
quadratic polynomial model and results were presented in 
Figs. 10(a)–(f). 

Fig. 10(a) shows that when the initial dye concentration 
decreases, the efficiency of dye removal increases. For exam-
ple, when the initial dye concentration was decreased from 
350 to 300 g/L and also nZVI concentration was increased 
from 1.2 to 1.5 g/L, removal percentage improved from 60% 
to 85% at pH 3 and 46°C. Because of the low active sites, 
surface relation to high dye concentration removal value is 
low. On the other hand, as the nZVI concentration increases 
there has been high active sites available so all dye mole-
cules stick to nZVI surface thus the efficiency of removal 
increases.

(a)

(c)

(d)

(b)

Fig. 8. (a) The actual and predicted plot of AR 42 removal per-
centage (R2 = 0.930, R2

adj = 0.972). (b) The standardized residual 
and normal% probability plot of AR 42 removal percentage. (c) 
The fitted value (%) and standardized residual plot of AR 42 
removal. (d) The standardized residuals plot of AR 42 removal.

Fig. 9. Graphical Pareto analyses for AR 42 removal.
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The interaction effect of temperature and nZVI concen-
tration is synergistic. Fig. 10(b) shows that when the nZVI 
concentration and temperature values increase from 0.58 
to 1.5 g/L and from 35°C to 43°C, removal efficiency of AR 
42 increases from 48.75% to 81.25%, respectively. Fig. 10(c) 
also demonstrates the interaction effect of nZVI and pH. 
Whenever pH decreases along with an nZVI concentration 
increase, the removal efficiency of AR 42 increases. For exam-
ple, when pH decreases from 10 to 3 and also nZVI concen-
tration increases from 0.2 to 1.5 g/L, removal improves from 
44.38% to 85.24%. The initial dye concentration and tempera-
ture effect on removal efficiency was also investigated. It is 
seen in Fig. 10(d) that low initial dye concentration and high 
temperature conditions were effective parameters for AR 42 
dye removal. When the initial dye concentration decreases 
from 500 to 300 g/L and also temperature increases from 
37°C to 43°C, the removal efficiency of AR 42 increases from 
58.71% to 83.35%.

The ionization state of nanoparticles surface is affected 
by the pH value of the aqueous solution [26]. The obtained 
results showed that the degradation of AR 42 was pH 
dependent, with increase in pH value, the removal % val-
ues gradually decreased. Fig. 10(e) clearly indicates that 
as the pH decrease from 8 to 3 and initial dye concen-
tration decreases from 600 to 300 mg/L, the removal effi-
ciency improves from 51.33% to 72.75%. By the reduction 
reaction in the acidic solutions hydrogen gas is produced 
which attacks azo bond of dye molecules and reduces it to 
hydrogenated azo bond structure (Eqs. (8) and (9)) [14,44]. 
According to reduction potential of nZVI in acidic and 

basic medium, the AR 42 reaction with nZVI can be written 
as [32,45]:

Fe AR Fe AR0 2 2 442 42+ → + <( )− + −( ) ( ) pH 6  (21)

( ) ( )AR FeOH FeOH AR42 422− −+ → >( )pH 6  (22)

The decline in the degradation of dye at higher pH 
resulted from two processes. First, the oxide surface becom-
ing negatively charged if the solution pH higher than the 
pHzpc, led to repulsion of anionic dye. The nZVI’s pHzpc was 
found to be 8.5 (Fig. 5). Second, ferrous ions and ferric iron 
were produced by corrosion of Fe0 in an aqueous solution but 
precipitated as hydroxides at higher pH, which covered the 
surface of Fe0 and thus retarded the reaction [46,47].

Usually temperature is one of the main parameter effecting 
the chemical reaction and providing some insight into the reac-
tion mechanism [37]. Fig. 10(f) shows the interaction effect of 
temperature and pH. When temperature increases from 37°C 
to 45.7°C and pH decreases from 10 to 3, the removal efficiency 
is improved from 38.2% to 78.75%. The improved efficiency at 
high temperature is due to the increasing mobility of dye from 
the solution to nanoparticles’ surface and molecular kinetic 
energy increases as the temperature rises that the decoloriza-
tion was improved by the acceleration of degradation [36,48].

According to model optimization (Figs. 10(a)–(f)), three 
optimal experimental conditions were determined and pro-
posed for the most AR 42 removal % and the results were 
numbered as 1, 2 and 3, respectively, as given in Table 4. 

 

Fig. 10. Three-dimensional surface plots based on BBD showing the interaction effects of (a) nZVI concentration and initial dye con-
centration (T = 46°C, pH 3), (b) nZVI concentration and temperature (C0 = 300 g/L, pH 3), (c) nZVI concentration and pH (C0 = 300 g/L, 
T = 46°C), (d) temperature and initial dye concentration (nZVI = 1.5 g/L, pH 3), (e) initial dye concentration and pH (T = 46°C, 
nZVI = 1.5 g/L) and (f) pH and temperature (C0 = 300 g/L, nZVI = 1.5 g/L).
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The highest removal % of AR 42 was obtained as 85.24% at 1.5 
g/L nZVI concentration, 301.09 mg/L initial dye concentra-
tion, pH 3.16 and 45.86°C temperature condition as indicated 
in italics in Table 4. As a result, the application of the BBD 
combined with the response surface modeling and optimiza-
tion will help to achieve the optimal solution of reaching the 
maximum dye removal in real wastewaters by using nZVI.

4. Conclusion

nZVI were synthesized with mean particle diameter of 
13.7 nm and used for the decolorization of Acid Red 42. 
The XRD results of nZVI showed that the main material 
was zero-valent iron, after treatment of nZVI with dye, the 
iron oxide forms were also determined. The results of UV–
Vis and FTIR spectra showed that decolorization of AR 42 
was confirmed by the cleavage of azo bond of the molecule. 
Three main steps were proposed for the decolorization 
mechanism of AR 42 by using nZVI: (i) the cleavage of the 

azo bonds by reduction of anionic dye/oxidation of Fe0, (ii) 
adsorption of anionic dye on the iron oxides, (iii) hydro-
gen peroxide formed in the presence of dissolved oxygen 
that is a strong oxidant decolorized the azo chromophores.

RSM was applied in designing the dye removal experi-
ments with low and high level of independent variables such 
as nZVI concentration, initial dye concentration, temperature 
and pH and dye removal % was also obtained as response. 
The high F, R2 and R2

adj value are 72.54, 0.930 and 0.972, respec-
tively, showed that the quadratic polynomial model was suit-
able for modeling of the decolorization process. According 
to Pareto analyses, nZVI and initial dye concentration were 
the most effective parameters. The interactive effects of these 
independent variables were also effective for AR 42 dye 
decolorization. As a result, the optimum conditions for AR 
42 removal % was determined as 1.5 g/L nZVI concentration, 
301.09 g/L initial dye concentration, pH 3 and 45.86°C tem-
perature. According to the optimum conditions mentioned, 
the maximum AR 42 removal % is 85.24%.

Table 3
ANOVA results of quadratic model

Source Sum of  
squares

df Mean  
square

F value p value
Probability > F

Model 8,509.27 14 607.81 72.54 <0.0001
A-nZVI concentration 7,225.66 1 7,225.66 862.39 <0.0001
B-dye concentration 520.20 1 520.20 62.09 <0.0001
C-temperature 14.72 1 14.72 1.76 0.2048
D-pH 104.25 1 104.25 12.44 0.0030
AB 6.82 1 6.82 0.81 0.3811
AC 28.28 1 28.28 3.38 0.0861
AD 5.59 1 5.59 0.67 0.4267
BC 18.91 1 18.91 2.26 0.1537
BD 6.48 1 6.48 0.77 0.3929
CD 64.68 1 64.68 7.72 0.0141
A2 188.36 1 188.36 22.48 0.0003
B2 172.95 1 172.95 20.64 0.0004
C2 6.22 1 6.22 0.74 0.4026
D2 75.94 1 75.94 9.06 0.0088
Residual 125.68 15 8.38
Lack of fit 98.40 10 9.84 1.80 0.2673
Pure error 27.28 5 5.46
Corrected total 8,634.95 29

Standard deviation 2.89 R2 0.986
Mean 44.35 Adjusted R2 0.972
C.V.% 6.53 Predicted R2 0.930
PRESS 606.08 Adequate precision 31.509

Table 4
Optimum conditions derived by BBD

Number nZVI Conc. (g/L) Dye conc. (mg/L) Temperature (°C) pH AR 42 Removal (%) Desirability

1 1.50 301.09 45.86 3.16 85.24 1.000
2 1.48 301.70 45.84 3.10 85.06 1.000
3 1.50 343.76 46.00 3.05 83.31 0.661
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