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ab s t r ac t
Fe3O4 magnetic nano-particles functionalized by sodium dodecyl sulphate (SDS) were used for sep-
aration and efficient removal of Brilliant Green (BG) dye from aqueous solutions in a batch system. 
Adsorption process of dye was optimized by means of a multivariate approach, such as response 
surface methodology. Box–Behnken design was performed to evaluate the influences of various exper-
imental factors for instance: pH, adsorbent dose (m) and initial dye concentration (Cd), on the removal 
percent (R%) and uptake capacity (q). The optimum conditions for BG adsorption by nano-Fe3O4–SDS 
were found to be: pH = 4; nano-Fe3O4 = 8 mg; SDS = 10.8 mg and Cd = 600 mg /L. Simultaneous 
 optimization of both responses R% and uptake capacity (q) was also performed through applying a 
desirability function approach. The results obtained for simultaneous optimization of R% = 64 and 
q = 440 mg/g with 99% overall desirability (D = 0.99) are: pH = 4; Cd = 600 mg/L; nano-Fe3O4 = 8.8 mg 
and SDS = 10.9 mg. Under optimum conditions, pre-concentration of water sample was achieved by 
containing BG with the enrichment factor of 63 and DL = 3.0 µg/L and RSD = 2.1% (n = 9) for 21.14 µg/L. 
Isotherm modelling and thermodynamic studies for further information about BG behaviour with 
nano-Fe3O4–SDS adsorbent were investigated. The morphology and properties of the magnetite 
nano-particles produced was determined by scanning electron microscopy, X-ray diffraction, vibrat-
ing sample magnetometer, Fourier transform infrared spectroscopy and thermogravimetric analysis. 
As a result of this study, functionalizing Fe3O4 magnetic nano-particles considerably improved the 
efficiency of the adsorption process of BG.
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1. Introduction

Dyes used in industries such as paper printing and tex-
tile colouring generate serious concerns for the environment 
and biota [1–7]. It is known that significant amount of the 
total world production of dyes is wasted during the dye-
ing process and is disposed as effluents [2–4]. Discharging 
dyes into water resources is quiet unfavourable, since water 
quality, its physical, and chemical and biological properties 
dramatically change [3–5]. Alongside its colouring function 

as biological stain, Brilliant Green (BG) is used with medi-
cal and clinical applications [5–7]. However, most of the 
applied dyes used in paper printing, textile industries and 
clinical use generate serious health concerns for organisms, 
humans and the environment [7]. Knowing that most dyes 
are not degradable or removable through the ordinary treat-
ment processes, new approaches are increasingly sought 
by researchers [1–8]. Among dye-removal techniques, 
adsorption has a unique features, due to its several advan-
tages: for instance, simplicity, high efficiency, and being an 
inexpensive and environmentally friendly method [8]. It is 
an equilibrium-based process which has flexibility, easily 
designable, and also involves relatively simple operational 
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characteristics [8]. Since the development of an adsorption 
process requires a new proper adsorbent, which enhances 
efficiency, selectivity and value for money, researchers have 
been stimulated to design and prepare a new class of adsor-
bents [1–8]. In recent decades, beyond the conventional and 
low-cost adsorbents [1–9], a new class of nano-sized mate-
rials has been developed [10–17]. Among the nano-particles 
material especially nano-oxides (e.g., Fe2O3, Fe3O4, TiO2, SiO2, 
Al2O3, MgO, CeO2 and Fe–Zn bimetallic nano-particles), 
magnetic nano-particles have several advantages over the 
conventional nano-sized adsorbents [10–19]. Not only they 
have a high surface area, which can impart a higher adsorp-
tion capacity, but also they possess powerful superparamag-
netic properties that lead to rapid extraction–separation by 
employing a strong external magnetic field [10–19]. Thus, it is 
used as a novel adsorbent for the pre-concentration of an ana-
lyte from large-volume samples in the solid-phase extraction 
(SPE) method used for the separation, elimination and 
determination of chemical species [16–23]. Several research 
studies have been published on the application of a variety 
of nano-magnetic particles for the treatment and remedi-
ation of pollutants in the environment [10–30]. However, 
nano-oxide adsorbents, besides their several benefits, have 
limitations such as low selectivity, affinity and efficiency, in 
relation to several various pollutants [16,17,25,26]. In order 
to overcome these problems the functionalization and mod-
ification of nano-oxides as new adsorbents is reported as a 
new invention [16,22–28]. Surfactants are among the vari-
ous compounds that have been widely used for enhancing 
and improving both affinity and efficiency of adsorbents in 
adsorption process [16,22–33]. The head group of surfactants 
(both cationic and anionic forms) appear via an electrostatic 
attraction adsorbed on a charged nano-oxide surface through 
a well-known admicelles and hemimicelles formation mech-
anism, as described previously [16,29–33]. In this study 
nano-Fe3O4, which has a high surface area and strong mag-
netic property, is functionalized by sodium dodecyl sulphate 
(SDS). It is employed to improve the adsorption capacity 
and its affinity and selectivity towards dyes, and eludes the 
time-consuming enrichment process of loading large-volume 
samples through the rapid isolation of Fe3O4 with an external 
magnet [10–24]. The capability of adsorbents to remove pol-
lutants is forcefully influenced by some factors, such as initial 
pH, initial concentration of the pollutant and sorbent amount. 
Multivariate optimization through response surface meth-
odology (RSM) due to its several benefits, rather than using 
the “one-at-the-time” method is implied to investigate the 
influential effects of factors, modelling them with responses 
(R%: removal percent and q: uptake  capacity) and  finding 
 optimum adsorption and SPE conditions [4,6,23,25,26]. 
However, the main goal of this study is to functionalize 
nano-Fe3O4 through SDS (nano-Fe3O4–SDS) as a new efficient 
adsorbent for pre-concentration, and the removal of BG from 
aqueous solutions [27–33]. The Box–Behnken design (BBD), 
as a multivariate optimization approach, is applied for the 
adsorption process of BG; it also enables visualization by 
means of responses showing effective factors, interactions 
and the yielding of optimum conditions. The adsorptive 
behaviour of nano-Fe3O4–SDS by several surface analysis 
techniques was investigated, such as X-ray diffraction (XRD), 
scanning electron microscopy (SEM), along with Fourier 

transform infrared (FT-IR) spectroscopy, thermogravimetric 
analysis (TGA) and vibrating sample magnetometer (VSM). 
Isotherms and thermodynamics studies of the adsorption of 
BG onto nano-Fe3O4–SDS, were also scrutinized.

2. Materials and methods

2.1. Materials

FeCl2·4H2O and FeCl3·6H2O were purchased from Merck 
(Darmstadt, Germany). The anionic surfactant SDS, BG dye 
(chemical formula = C27H34N2O4S, FW = 482.62) was  purchased 
from Merck (Darmstadt, Germany; Fig. 1). An accurately 
weighed quantity of the dye was dissolved in  double-distilled 
water to prepare a stock solution (1,000 mg/L). Experimental 
solutions of the desired concentrations were obtained by suc-
cessive dilutions with double-distilled water.

2.2. Preparation of magnetic (Fe3O4) nano-particles

Fe3O4 nano-particles were prepared by mixing FeCl2·4H2O 
(2.0 g), FeCl3·6H2O (5.2 g) and 0.85 mL hydrochloric acid in 
25 mL of deionized water, degassed with nitrogen beforehand. 
This mixture was added to a stirred 250 mL NaOH solution 
(1.5 M), while nitrogen gas was passed continuously through 
the solution during the reaction [13,19,28,34]. The produced 
magnetic nano-particles were rinsed with deionized water 
(three times with 150 mL) and then resuspended in deion-
ized water (250 mL). The generated magnetic nano-particles 
concentration was estimated to be about 10 mg/mL. Further, 
the magnetic nano-particles were characterized.

2.3. Characterization techniques

The FT-IR is used to record the spectra of the adsorbent in 
the range of 400–4,000 cm–1 by means of a UNICAM-Galaxy 
series FT-IR 5000 and to identify functional groups of adsor-
bents. In addition, XRD pattern of the sorbent was recorded 
using a Philips X-ray diffractometer XRD spectrum Bruker D8 
Advance. The XRD measurements were made over a range 
of 30°–50°, using a Phillips powder diffractometer model 
PW3040 with Cu Kα radiation at a scan speed of 1°/min. 
The surface morphology of magnetic Fe3O4 nano-particles 
was imaged using SEM (VEGA\\TESCAN). The scanning 
was performed at an accelerating voltage of 20 Kv. TGA was 

Fig. 1. Molecular structure of Brilliant Green.
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carried out with a thermogravimetric analyzer (NETZSCH 
TG 209 F1). The magnetization plots of samples were mea-
sured with a VSM (VSM 3886 Kashan, Iran).

2.4. Batch experiment

All experimental considerations of adsorptive removal 
of BG with magnetic nano-particles functionalized by SDS 
(nano-Fe3O4–SDS) were conducted as batch experiments 
at room temperature. In a typical run, 25 mL of the fresh 
BG solution was used, and a planned amount of sorbent 
(Tables 1 and 2) was added to each sample solution. The pH 
of the solution was adjusted with HCl or NaOH (Metrohm, 
model 744) before adding the sorbent. The mixture was 

stirred at 300 rpm, at a known temperature, for 5 min and 
collected by an external magnetic field.

2.5. Analytical measurement

The concentration of the remaining BG dye in the solu-
tion was determined by finding the absorbance at the char-
acteristic wavelength using a UV–visible spectrophotometer 
(Analytik Jena SPECORD 250, Germany). Standard solutions 
of the dye were taken, and the absorbance was determined 
at wavelength λmax = 629 nm, and its calibration plot was 
obtained (y = 0.125x – 0.009, R2 = 0.9990, x (mg/L)), which 
showed a linear range from 0.5 up to 15 mg/L concentra-
tion. However, the dye removal and equilibrium adsorption 
capacity (q) was determined according to Eqs. (1) and (2), 
respectively:
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where C0 is the BG initial concentration (mg/L); Ce is the 
equilibrium dye concentration(mg/L); V is the volume of 
solution (L); and m is the sorbent mass (g).

2.6. Multivariate optimization via response surface methodology 

The RSM is an efficient method for optimizing the 
adsorption process for a multivariable approach with a min-
imum number of experiments using a set of designed exper-
iments [35,36]. The BBD is among RSM, which is a spherical, 
rotatable or nearly rotatable second-order design. It is based 
on a three-level incomplete factorial design, which consists of 
a centre point and middle point of the edges from a cube. The 
number of experimental points is defined by the expression 
N = 2k(k – 1) + C0, where k is the number of variables, and C0 
is the number of centre points [35–38]. The most significant 
advantage of the BBD matrix is to avoid experiments per-
formed under extreme conditions, for which unsatisfactory 
results may occur [17,25,35–38].

However, BBD leads to a second-order model explain-
ing the adsorption responses (R% and q) through apply-
ing a multiple regression analysis to the experimental data 
[17,25,37,38].
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where x1, x2, ..., xk are the input factors that influence the 
response y; β0 is a constant; βi is the slope or linear effect of 
the input factor xi; βii is the quadratic effect of the input fac-
tor xi (i = 1,2, ..., k); βij is the linear by linear interaction effect 
between the input factors xi and xj (i = 1,2, ..., k; j = 1,2, ..., k) 
are unknown parameters; and ε is a random error. The β 
coefficients, which should be determined in the second-order 
model, are obtained by the least square method [33–36]. The 
MINITAB 17 statistical software was used for regression 
analysis of the obtained data and to estimate the coefficient 

Table 1 
Factors and their levels used in the BBD design

Factors –1.00 0.00 1.00

SDS (S), mg/L 0.1 0.6 1.1
Nano-Fe3O4 (N), mg/L 0.2 1.1 2
pH 4 5.5 7
CBG (Cd), mg/L 100 350 600

Table 2
BBD design and results obtained for both adsorption responses 
R% and q

Number run S N pH Cd (mg/L) R% q

1 0.1 0.2 5.5 350 16.0 466.7
2 1.1 0.2 5.5 350 57.0 356.2
3 0.1 2.0 5.5 350 55.0 229.2
4 1.1 2.0 5.5 350 79.0 216.1
5 0.6 1.1 4.0 100 89.0 127.1
6 0.6 1.1 7.0 100 65.0 92.9
7 0.6 1.1 4.0 600 48.0 411.4
8 0.6 1.1 7.0 600 31.0 265.7
9 0.1 1.1 5.5 100 62.0 129.2
10 11 1.1 5.5 100 92.0 100.0
11 0.1 1.1 5.5 600 32.0 400.0
12 1.1 1.1 5.5 600 53.0 345.6
13 0.6 0.2 4.0 350 43.0 442.6
14 0.6 2.0 4.0 350 74.0 244.3
15 0.6 0.2 7.0 350 29.0 298.5
16 0.6 2.0 7.0 350 50.0 165.1
17 0.1 1.1 4.0 350 42.9 312.8
18 1.1 1.1 4.0 350 85.0 323.4
19 0.1 1.1 7.0 350 37.4 272.7
20 1.1 1.1 7.0 350 50.0 190.2
21 0.6 0.2 5.5 100 61.0 179.4
22 0.6 2.0 5.5 100 92.0 86.8
23 0.6 0.2 5.5 600 27.7 488.9
24 0.6 2.0 5.5 600 46.9 265.7
25 0.6 1.1 5.5 350 59.4 297.0
26 0.6 1.1 5.5 350 60.5 302.5
27 0.6 1.1 5.5 350 60.50 302.5
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of regression equation. In the present study, by employ-
ing the BBD, the effect of the three independent variables 
on the removal percent (R%) and uptake capacity (q) was 
investigated.

3. Results and discussion

3.1. Effect of SDS

It is observed that magnetic nano-particles (Fe3O4) can-
not adsorb BG from an aqueous solution at all, while its 
SDS modified form adsorbed BG efficiently (Fig. 2). The 
effect of SDS modified magnetite nano-particles (Fe3O4) on 
the adsorption of BG was shown for the removal of BG in 
a 25.0 mL of 100.0 mg/L BG solution at pH = 4 in Fig. 2. The 
surfaces of metal oxides (Fe3O4 suspension) are generally 
covered by sulphate groups of SDS that vary its forms at dif-
ferent pHs. The adsorbent surface below the pH of zero point 
charge (pHzpc is around 6.5 for nano-Fe3O4–SDS) is positively 
charged and hydrophilic, while beyond this point it became 
negatively charged. Therefore, the adsorption of BG, which 
is a cationic dye (Fig. 1), onto the magnetic nano-particles 
(Fe3O4) does not take place (Fig. 2(a)). At a lower pH (≈4), an 
anionic surfactant, such as SDS molecules, will be adsorbed 
onto the surface of nano-Fe3O4 through an electrostatic 
attraction (Coulombic attraction) between negative and pos-
itive heads, and make the surface of adsorbent hydrophobic. 
Thus the monolayer adsorbed surfactant called hemimicelles 
can be formed. Functionalizing of nano-Fe3O4 by SDS also 
increases the stability of nano-Fe3O4 at pH = 4. As a result, the 
dye is trapped into the hydrophobic tails of hemimicelles of 
modified adsorbent (Fig. 3(b)) [23,25,26,30–32]. The effect of 
surface modification on the removal of BG is shown in Fig. 3, 
revealing that the removal percent of BG by nano-Fe3O4 is 
6%, while removal by SDS is improved up to a very high 
value (96%), as a result of its functionalization.

3.2. Structural characterization of nano-Fe3O4–SDS

3.2.1. FT-IR analysis

The FT-IR spectra of BG, nano-Fe3O4 and 
nano-Fe3O4–SDS were taken before and after BG loading in a 
range of 400–4,000 cm−1, as shown in Figs. 4(a)–(c). In the case of 
nano-Fe3O4, the broad absorption band at 3,340 cm−1 indicates 
the presence of surface hydroxyl groups (O–H stretching) and 
the bands at low wave numbers (≤700 cm−1) are related to vibra-
tions of the Fe–O bonds in Fe3O4 [17,19,24,39–42]. The phase 
identification nano-Fe3O4 can also be proven by the appearance 
of two strong absorption bands around 567.23 and 399.31 cm−1 
(Fig. 4(a)) [17,24,39–42]. In Fig. 4(b), SDS peaks at 2,920.41 and 
2,853.54 cm−1 due to the C–H stretching vibrations of CH, CH2 
and CH3 groups. The additional bands in Fig. 4(b) reveal the 
coating of nano-Fe3O4 with SDS. The comparison of spectra in 
Fig. 4 shows that some peaks are changed and new peaks are 
created. For example, the stretching vibration of OH group 
shifted from 3,440 to 3,444 cm−1 in the dye-loaded nano-Fe3O4–
SDS. A remarkable change occurs in the fingerprint region 
of the spectra that shows different patterns for unloaded (b) 
and loaded adsorbents (d). These results clarified how chem-
ical interactions between the dye and the sorbent hydroxyl 
groups occur on the surface. This comparison also shows the 

changing and shifting of many bands (for Fe–O: from 567 to 
615 cm–1), which confirms that functional groups presented in 
the nano-Fe3O4–SDS are involved with BG during the adsorp-
tion process [17,19,24,28,39–42]. However, the FT-IR analyses 
confirmed that the SDS was successfully coated on the surface 
of nano-Fe3O4.

3.2.2. XRD, SEM and VSM analysis

In the XRD patterns, the peaks, positions and relative 
intensities for both nano-Fe3O4 and nano-Fe3O4–SDS are 
shown in Fig. 5. Comparative analysis of XRD patterns indi-
cates very distinguishable peaks for fine magnetite crys-
tals, which means that these particles have phase stability 
[19,28,40]. SEM images depict the surface of nano-Fe3O4 
(Fig. 6), which comprises nearly uniform mono-dispersed 
spheres. These spheres, with smooth surfaces, have a diam-
eter of about 76–81 nm [17,19,42]. The magnetic proper-
ties of nano-Fe3O4 and nano-Fe3O4–SDS show the hyster-
esis loops of superparamagnetic behaviour. As shown in 

Fig. 2. Removal of Brilliant Green dye from the sample solution 
by nano-Fe3O4 (a) and nano-Fe3O4–SDS (b).

Fig. 3. Effect of SDS-modified magnetite nano-particles on 
adsorption of BG removal (25.0 mL of 100.0 mg/L BG solution 
at pH 4).
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Fig. 7, the saturation magnetization values of nano-Fe3O4 
and nano-Fe3O4–SDS at high fields of up to ±8,500.0 Oe and 
magnetic saturation (Ms) of samples are changed from 52.3 to 
48.03 emu/g, respectively [19,24,42]. The results indicate that 
the prepared nano-Fe3O4 were superparamagnetic, and this 
property did not significantly change when the SDS-coated 
nano-Fe3O4 are separated from sample matrix by an external 

magnet. However, all evidences such as FT-IR spectrum, 
XRD, SEM and the VSM analysis confirmed the formation of 
phase of iron oxide nano-particles.

3.2.3. TGA analysis

To estimate the amount of surfactant deposited onto the sur-
face of nano-Fe3O4, the TGA of nano-Fe3O4 and nano-Fe3O4–SDS 
was conducted, and the result is shown in Fig. 8. Upon heat-
ing in TGA, the nano-Fe3O4–SDS losses weight about 1.0% at 
temperatures ranging from 70°C to 120°C, mainly due to the 
loss of physically adsorbed water on the material. The weight 
loss of nano-Fe3O4–SDS occurred in the temperature range of 
200°C–400°C was due to the decomposition of SDS. At tempera-
tures above 500°C the SDS was completely decomposed, and 
the residual weight should be the lonely the weight of Fe3O4. 
According to the TGA curves, the SDS content of nano-Fe3O4–
SDS was evaluated to be 20.3% by weight [19,28,40,42]. However 
all these evidences confirm that the nano-Fe3O4 is coated well 
with SDS and hemimicelles of nano-Fe3O4–SDS was formed.

3.3. Multivariate optimization strategy

3.3.1. Modelling via a Box–Behnken design approach

In this study the BBD methodology was used to deter-
mine the effects of the main operating variables on BG 
adsorption and to find the combination of variables resulting 

Fig. 4. FT-IR spectra of nano-Fe3O4 (a), nano-Fe3O4–SDS before (b),  
BG dye (c), and after BG loading (d).

Fig. 5. Analysis of XRD patterns of both nano-Fe3O4 (a) and 
nano-Fe3O4–SDS (b).

Fig. 6. SEM image of nano-Fe3O4.
 

 

Fig. 7. VSM magnetization curves of nano-Fe3O4 (a) and 
nano-Fe3O4–SDS (b).
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in maximum adsorption efficiency. Four independent vari-
ables, namely the nano-Fe3O4 dose (N) and surfactant amount 
(S), initial dye concentration (Cd) and initial solution pH, were 
chosen as the critical variables and are shown in Table 1. A 
27-run BBD with four factors at three levels, including three 
replicates at the centre point (N = 4 × 2 × 3 + 3), was used 
for finding a second-order response surface model. The three 
centre point runs were added to provide as a measure of pro-
cess stability and inherent variability (Table 2) [35–38]. By 
applying multiple regression analysis on the design matrix 
(Table 2), the following second-order polynomial equation 
was established and estimated effects and coefficients for the 
suggested second-order models (Tables 3 and 4) have been 
obtained to illuminate both the BG removal percent (R%) and 
absorption capacity (q) by nano-Fe3O4–SDS:

%R =  60.13 + 14.225 S + 13.603 N – 9.958 pH – 18.530 Cd 
–  2.318 S × S – 6.151 N × N – 4.443 pH × pH 
+ 2.474 Cd × Cd – 4.25 S × N – 7.38 S × pH – 2.25 S 
× Cd – 2.50 N × pH – 2.94 N × Cd 

(4)

q =  300.67 – 23.25 S – 85.44 N – 48.05 pH + 121.83 Cd 
+ 12.49 N × N – 24.08 pH × pH – 55.85 Cd 
× Cd + 24.32 S × N 23.26 S × pH – 6.30 S × Cd 
+ 16.22 N × pH – 32.64 N × Cd + 27.86 pH × Cd  

(5)

where q is the uptake capacity; R%: removal percent of BG, 
S: SDS, N: nano-Fe3O4, Cd = dye concentration.

The significance of the coefficients model, the independent 
variables and their interactions were tested and are shown in 
Table 5. Analysis of variances (ANOVA) was used to check the ade-
quacy and validity of the suggested models. As seen in Table 5, the 
ANOVA results of the regression models (Eqs. (4) and (5)) showed 
that the quadratic model was highly significant, which was an 
evident from the Fisher’s F-test. The larger F values of (152.67 and 
155.03, for R% and q, respectively) and smaller p values (<0.05) indi-
cate that the model terms are significant [25,26,38]. The “lack-of-fit” 
p values imply that it is not significant compared with experimental 
pure error. Besides of ANOVA, model adequacy was also checked 
by obtaining the coefficient of determination R2, the adjusted coef-
ficient of determination R2

adj and an analysis of residuals [35–38]. 

A higher value of R2 is desirable, as it is interpreted as the percent 
of variability in the response explained by the proposed models. 
The obtained values of R2 and R2

adj for the earlier mentioned mod-
els (for R%: R2 = 99.44%; R2

adj = 98.79%; for q: R2 = 99.45%; R2
adj = 

98.81%) are satisfactory. Furthermore, the model adequacy was 
also investigated by assessment of the residuals (e = Rexp – Rpred). 
The residual analysis outlines a good concordance between exper-
imental (Rexp) and predicted (Rpred) responses. Further, the normal 
probability plot shows that the distribution of residuals is normal 
and the model satisfies the assumptions of the ANOVA (figures not 
shown) [4,17,25,26]. The response surfaces plots clearly represent 
the effect of experimental variables and their mutual interactions 

Fig. 8. TGA curves of both nano-Fe3O4 (a) and nano-Fe3O4–SDS (b).

Table 3
Estimated effects and regression coefficients and statistical 
 parameters of the suggested model for R%

Term Effect Coefficient SE  
coefficient

T  
value

p  
Value

Constant 60.13 1.29 46.45 0.000
S 28.450 14.225 0.647 21.97 0.000
N 27.206 13.603 0.647 21.01 0.000
pH –19.917 –9.958 0.647 –15.38 0.000
Cd –37.060 –18.530 0.647 –28.62 0.000
S × S –4.637 –2.318 0.971 –2.39 0.034
N × N –12.301 –6.151 0.971 –6.33 0.000
pH × pH –8.887 –4.443 0.971 –4.58 0.001
Cd × Cd 4.949 2.474 0.971 2.55 0.026
S × N –8.50 –4.25 1.12 –3.79 0.003
S × pH –14.75 –7.38 1.12 –6.58 0.000
S × Cd –4.50 –2.25 1.12 –2.01 0.068
N × pH –5.00 –2.50 1.12 –2.23 0.046
N × Cd –5.88 –2.94 1.12 –2.62 0.022

Note: SE – standard error.

Table 4
Estimated effects and regression coefficients and statistical 
parameters of the suggested model for q

Term Effect Coefficient SE  
coefficient

T  
value

p  
Value

Constant 300.67 7.20 41.74 0.000
S –46.50 –23.25 3.60 –6.46 0.000
N –170.88 –85.44 3.60 –23.72 0.000
pH –96.10 –48.05 3.60 –13.34 0.000
Cd 243.66 121.83 3.60 33.83 0.000
N × N 24.99 12.49 5.40 2.31 0.039
pH × pH –48.16 –24.08 5.40 –4.46 0.001
Cd × Cd –111.70 –55.85 5.40 –10.34 0.000
S × N 48.63 24.32 6.24 3.90 0.002
S × pH –46.52 –23.26 6.24 –3.73 0.003
S × Cd –12.59 –6.30 6.24 –1.01 0.333
N × pH 32.44 16.22 6.24 2.60 0.023
N × Cd –65.27 –32.64 6.24 –5.23 0.000
pH × Cd –55.71 –27.86 6.24 –4.47 0.001

Note: SE – standard error.
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on responses. As can be observed from Fig. 9, the predicted model 
for q is visualized by the equation of responses as a function of two 
independent variables, while the third one is kept constant (at the 
middle point).

3.3.2. Simultaneous optimization of R% and q using 
desirability function

In the adsorption process two aspects were evident: the 
removal percent (R%) and uptake capacity (q) was obtained; 
and simultaneous optimization was more favourable from both 
environmental and economic viewpoints [38]. This is due to the 
more favourable results for the highest removal percent, with 
the least amount of adsorbent usage [38]. The high removal 
efficiency ensures that the adequate removal of dye and high 
uptake capacity leads to a lower usage of adsorbent and avoids 
excess waste production. Using Derringer’s desirability func-
tion for simultaneous optimization of obtained responses is a 
conventional and straightforward method [4,35,38,43]. In this 
approach, the global response, derived through Derringer’s 
desirability function, is to first convert the response into an indi-
vidual desirability function (di) that varies from 0 to 1 (lowest to 
highest desirability) and then combine these into overall desir-
ability function, D, by computing their geometric mean of dif-
ferent di values would reach 1 as maximum value [4,35,38,43]:

D d d dmm= 1 2 ...  (6)

where di indicates the desirability of the response, and m is the 
number of responses in the measure. Running the  statistical 
software of MINITAB17 enables simultaneous  optimization 
of multiple responses to be attained. These results for 
simultaneous optimization are: R% = 62 and q = 440 mg/g 

Table 5 
Analysis of variance (ANOVA) for both suggested model for adsorption responses R% and q

Source DF Seq SS Adj SS Adj MS F value p Value

R%
Regression 14 10,748.2 10,748.2 767.73 152.67 0.000
Linear 4 9,959.0 9,959.0 2,489.76 495.12 0.000
Square 4 407.3 407.3 101.83 20.25 0.000
Interaction 6 381.9 381.9 63.65 12.66 0.000
Residual error 12 60.3 60.3 5.03
Lack-of-fit 10 59.5 59.5 5.95 14.76 0.065
Pure error 2 0.8 0.8 0.40
Total R% 26 10,808.6
q
Regression 14 337,846 337,846 24,132 155.03 0.000
Linear 4 299,906 299,906 74,977 481.66 0.000
Square 4 24,835 24,835 6,209 39.89 0.000
Interaction 6 13,105 13,105 2,184 14.03 0.000
Residual error 12 1,868 1,868 156
Lack-of-fit 10 1,848 1,848 185 18.33 0.053
Pure error 2 20 20 10
Total (q) 26 339,714

Note: For R%: R2 = 99.44%; R2
adj = 98.79%; R2

pred = 96.81%.
For q: R2 = 99.45%; R2

adj = 98.81%; R2
pred = 96.85%. 

DF – degrees of freedom; Seq SS – sum of squares; Adj SS – adjusted sum squares; Adj MS – adjusted mean square; F – Fischer ratio; and  
p value – significance level.

Fig. 9. Response surface plots showing effective factors and their 
mutual effects on uptake capacity (q) of BG dye while the other 
variables are at center level: (a) the effect of SDS amount and nano 
amount; (b) the effect of SDS amount and pH; (C) the effect of initial 
BG dye concentration and  SDS amount; (d) the effect of nano amount 
and  pH; (e) the effect of nano amount and  initial BG dye concentra-
tion; and (f) the effect of  pH and  initial BG dye concentration.
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with overall desirability 0.99 in Cd = 600 mg/L, pH = 4, 
nano-Fe3O4 = 8.8 mg and SDS = 10.1 mg. While individual 
optimization takes place for a maximum of R% = 88 at Cd = 
376.6 mg/L, pH = 4, nano-Fe3O4 = 10.9 mg and SDS = 11.8 mg 
and a maximum q = 460 mg/g at Cd = 600 mg/L, pH = 4, nano-
Fe3O4 = 8.2 mg and SDS = 6 mg.

3.4. Solid-phase extraction

3.4.1. Pre-concentration procedure and regeneration studies

The nano-Fe3O4–SDS as mixed hemimicelles proposed 
and applied for pre-concentration of BG in environmental 
water samples through a SPE method [6,16,22,23,30–33]. 
Under optimized conditions the pre-concentration process 
was carried out. The nano-Fe3O4–SDS adsorbent was pre-
pared through the addition of 8.83 g nano-Fe3O4 with 10.8 g 
SDS in 250 mL filtered water; its pH was adjusted to about 4.0 
with 0.1 M HCl containing 5–300 µg/L BG. Then the sample 
solution was stirred by a mechanical mixture. By the rapid 
isolating of nano-Fe3O4–SDS through placing a strong mag-
net on the bottom of beaker, after 5 min the solution became 
clear and was decanted.

To evaluate the possibility of regeneration and reusabil-
ity of the nano-Fe3O4–SDS, desorption experiments were 
performed as following. A 2.5 mL acetic acid as a desorbed 
solvent was added to enriched nano-Fe3O4–SDS with BG 
(nano-Fe3O4–SDS–BG) in a beaker. The beaker was placed on 
the magnet, and the mixture was decanted again. The absorp-
tion of the solution separated from nano-Fe3O4 magneti-
cally and was measured spectrophotometrically at 629 nm. 
Desorption procedures were carried out with a quantita-
tive recovery above 95% of BG. The regeneration investiga-
tion was also performed according to the abovementioned 
manner, and it is found that adsorption capacity (qmax) and 
enrichment factor diminish from 480 to 390 mg/L and 63 to 
48, respectively.

It can be pointed out that previously desorption of BG 
from the nano-Fe3O4–SDS was examined with different 
organic solvents (acetonitrile, methanol‚ acetone‚ ethyl ace-
tate‚ ethanol‚ acetic acid) and acetic acid was the best choice 
as the desorption solvent [6,16,22,23,30–33].

3.4.2. Interference studies

In this study, separation‚ determination and the toler-
ance limit of BG were carried out in the presence of coexist-
ing ions and dyes, causing a change in maximum acceptable 
absorbance of less than ±5%. Under optimum experimen-
tal conditions, matrix effects due to the presence of some 
foreign ions and two dyes (toluidine blue, basic blue) on 
the determination and adsorption process of BG by the 
nano-Fe3O4–SDS were examined. For this purpose, a aliquot 
solution containing 10.0 mg/L BG and 0.02 g nano-Fe3O4 
along with 0.01 g SDS was examined (at pH 4.0), and the 
results are shown in Table 6. The table shows that tolui-
dine blue and basic blue are extremely interfered even at 
the same concentration as that of BG, whereas most of the 
investigated species did not interfere during the separation, 
elimination and determination.

3.4.3. Analytical parameters

The calibration curve was found through a regression 
model as y = 0.272 + 7.924x (y: absorbance; x: dye concen-
tration (µg/L)), with a linear range from 5 to 400 µg/L, and 
coefficient of determination R2 = 0.9999. Relative standard 
deviation for 21.4 µg/L was 2.1% (n = 9), and the limit of 
detection was 3.0 µg/L (S/N = 3). The enrichment factor of 
the pre-concentration method was estimated from ratio 
of slopes of calibration curves with (7.924) and without a 
pre-concentration steps (0.125) and found to be 63 [44].

3.5. Adsorption isotherms

The adsorption isotherms, through a description of 
adsorbate and adsorbent behaviour, provide a quantitative 
estimation of adsorption capacity or maximum removal 
capacity of pollutant per unit mass of sorbent. In this study, 
the Langmuir, Freundlich, Dubinin–Radushkevich (D–R) 
sorption isotherms were investigated [45–53]. Through this, 
both linear and non-linear curve analysis of various iso-
therms were examined. Following this, statistical error anal-
ysis was used as a significance criterion for non-linear fitting 
of the isotherms to the equilibrium experimental data. Thus, 
the coefficient of determination (R2), normalized standard 
deviation (Δq), and Chi-square (χ2) statistics were calculated 
as follows [7,18,26,47–49]:

R q q q q q qe e e e e e
2 2 2 2= − − + −∑ ∑( ) / [( ) ( ) ]exp exp exp. .cal . .cal . .cal  (7)
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q q q
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where n is the number of data points; qe,exp is the equilibrium 
adsorption uptake capacity from the experiment (mg/g); and 
qe,cal is the equilibrium capacity calculated according to the 
dynamic model (mg/g). A small value of χ2 indicates that 
data from the model is similar to the experimental value 
[18,47,49]. The Langmuir isotherm is investigated first, 
assuming that the adsorbate is removed from the aqueous 
phase on the homogeneous surface by monolayer sorption 
without interactions between sorbate molecules, and the 

Table 6
Effect of coexisting ions on adsorption of BG onto nano-Fe3O4–SDS

aForeign ion Tolerance limit (mg/L)

Ag+, Na+, No3
–, Cl–, F–, Mg2+, Zn2+, 

Cu2+, Ni2+

600

K+, Al3+ 400
Co3

2– 100
Toluidine blue and basic blue 10

aAll cations were prepared from nitrate salts, and anions were 
prepared from sodium and potassium salts.
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adsorption of each dye molecule onto the surface has equal 
adsorption activation energy. Graphically, a plateau charac-
terizes the Langmuir isotherm. Therefore, at equilibrium, a 
saturation point is reached where no further adsorption can 
occur (Fig. 10). Once a dye molecule occupies a site, no fur-
ther adsorption can take place at that site [41,43–47], while 
the Freundlich isotherm is an empirical equation proving 
that the adsorption process takes place on heterogeneous 
surfaces with a non-uniform distribution for heat of adsorp-
tion over the surface, and a multilayer adsorption can be 
expressed [45–53].

The non-linear and linear isotherms of Langmuir and 
Freundlich are represented by the following equations 
(Eqs. (10)–(13)), respectively:

q
q bC
bCe

e

e

=
+
max

1
 (10)

C
q bq

C
q

e

e

e= +
1

max max

 (11)

q K Ce F e
n= 1/  (12)

ln ln lnq
n

C Ke e F= +
1   (13)

where qmax is the maximum adsorption capacity (mg/g); 
qe is the adsorption capacity at equilibrium (mg/g); b is the 
Langmuir isotherm constant (L/mg) that indicates site energy 
factor, representing adsorption affinity. The higher b is the 
higher the affinity of the sorbent for the sorbate; Ce is the 
equilibrium concentration of sorbate in the solution (mg/L); 
KF is the Freundlich isotherm constant ((mg/g)(L/mg)1/n); and 
1/n is adsorption intensity. 1/n values indicate the type of iso-
therm to be irreversible when 1/n equals 0, favourable (0 < 
1/n < 1), or unfavourable (1/n > 1) [43,45–49,52,53]. The max-
imum monolayer adsorption of BG onto nano-Fe3O4–SDS 
was found to be 480 mg/g; adsorption affinity b was equal 
to 0.13 L/mg; and the Freundlich constant was obtained 

as 28.5 mg/g. The 1/n obtained was equal to 0.51, which 
means the dye adsorption is chemically favourable [45,46]. 
The experimental equilibrium data is better fitted to both 
linear Langmuir (R2 = 0.9927) and Freundlich (R2 = 0.9926), 
but non-linear isotherm fitting shows the better criteria for 
Freundlich (R2 = 0.990, χ2 = 12.6, Δq = 2.38) than Langmuir (R2 
= 0.988; χ2 = 26.25; Δq = 5.26), and overall, it is depicted that 
the monolayer adsorption is the predominant manner of dye 
coverage on the adsorbent [18,47,48].

Further information about the adsorption behaviour of 
BG was also examined with D–R isotherm model, which 
is more general than Langmuir. The D–R model is often 
applied to estimate the characteristic porosity and apparent 
free energy of adsorption. The D–R equation is generally 
expressed as follows [43,45–49]:

q q B RT
Ce
e

= − +max exp( ( ln[ ]) ) 1 1 2  (14)

where B is a constant related to the adsorption energy; R 
(8.314 J/mol K) is the gas constant; and T (K) is the absolute 
temperature. The constant B (mol2/kJ2) gives the mean free 
energy E (kJ/mol) of sorption per molecule of the sorbate 
(BG) when it is transferred to the surface of the solid (nano-
Fe3O4–SDS) from infinity in the solution, and can be calcu-
lated using the following relationship:

E = 1 2 1 2/ ( ) /β  (15)

This parameter (E) imparts information about chemical 
or physical adsorption. If the magnitude of E lies between 8 
and 16 kJ/mol, the adsorption process follows chemical ion 
exchange, while for the values of E < 8 kJ/mol the adsorp-
tion process turns to a physical nature [43,45–49]. The mean 
free energy of BG adsorption was found to be 12.8 kJ/mol, 
which indicates that the adsorption process of BG onto 
nano-Fe3O4–SDS may occur via a chemical interaction. This 
is confirmed by the n value obtained from the Freundlich 
isotherm (0.51), which implies that chemisorption has 
taken place [45,46].

However, the linear Langmuir model exhibits the best fit-
ting to the experimental data, which may be deduced from 
its highest R2 (0.9927) (Table 7). Therefore, the adsorption of 
BG on nano-Fe3O4–SDS can happen by homogeneous and 
monolayer, with a significant value for uptake capacity of 
471 mg/g.

3.6. Thermodynamic parameters

It is well known that the temperature in the adsorption 
process has a crucial effect on the adsorption of sorbate. 
The thermodynamic parameters calculated using Gibbs free 
energy change are related to the equilibrium constant by 
using the following equations [7,44–47]:

∆G RT K° = −   ln  (16)

where K is the equilibrium constant [48,49].

Fig. 10. Non-linear Isotherms Langmuir, Freundlich, and 
Dubinin–Radushkevich model considered for removal of 
Brilliant Green by nano-Fe3O4–SDS.
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K
C
C
b

a

=  (17)

where Ca and Cb are the equilibrium concentration of BG in 
the solution and on the sorbent. According to thermodynam-
ics, the ΔG° change is also related to entropy change, and 
heat of adsorption at constant temperature and wide range 
of temperature variation causes a change in thermodynamic 
parameters that could be estimated by the following equa-
tion [7,17,18,46–53].

ΔG° =ΔH° – T ΔS° (18)
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where ΔG° is the Gibbs free energy change (J/mol); ΔH° the 
change in enthalpy (J/mol); ΔS° the entropy change (J/mol K); 
T the absolute temperature (K); and R the universal gas con-
stant (8.314 J/mol K). The ΔH° and ΔS° could be determined 
by the slope and intercept of the linear van’t Hoff plot, i.e., 
as lnK vs. (1/T) (figure not shown). ΔH° = 16.2 kJ/mol and 
ΔS° = 48.9 J/mol K are found, due to changes of ΔG° from 
20°C to 50°C. ΔG° is equal to 1.8 kJ/mol at 20°C. The positive 
Gibbs energy values indicate the non-spontaneous nature of 
the adsorption process, and ΔH° > 0 shows that the process 
is endothermic. A positive ΔS° value indicated an increase 
in the degrees of freedom of the adsorbed species, and the 
positive value of ΔS° suggests an accidental increase at the 
solid/solution interface, with structural changes in the BG 
and adsorbent [7,18,19,25,26,45–53].

However, according to the results obtained in this study, 
the chemisorption has a predominant portion on the adsorp-
tion mechanism. This observation can be justified with the 
following argument: FT-IR spectra analysis shows that func-
tional groups of nano-Fe3O4–SDS involved in adsorption, 
along with better fitting experimental data to the linear 
Langmuir isotherm (R2 = 0.9927); it can be an indication of 
the chemical coverage of sorbent, accompanied by a better 
description by D–R isotherms results [45,46].

As a final point, comparison of the adsorption capacity 
of BG by other adsorbents is shown in Table 8. These results 
showed that the nano-Fe3O4–SDS has an excellent potential 
(480 mg/g) for the removal of dyes from an aqueous solution 
[6,7,25,54–58].

4. Conclusion

The nano-Fe3O4–SDS is introduced as a novel and effi-
cient adsorbent for removal and SPE of BG from aqueous 
solutions. The effective factors, e.g., pH, sorbent dosage 
(m) and initial concentration of BG (Cd) were considered in 
terms of removal efficiency (R%) and uptake capacity (q). 
RSM involving BBD was employed to optimize the relation-
ship between effective factors and responses. According to 
the results, using Derringer’s function, the simultaneous 
optimization of both responses was reported, and the val-
ues were obtained as R% = 62% and q = 440 mg/g, with an 
overall desirability of 0.99 in Cd = 600 mg/L, pH = 4, nano-
Fe3O4 = 8.8 mg and SDS = 10.1 mg. The Langmuir isotherm 
model matched better with the equilibrium data than oth-
ers, with a maximum monolayer of BG 480 mg/g. The ther-
modynamic evaluation of the current adsorption system 
revealed that the adsorption procedure is spontaneous 
and endothermic in its nature. It is used as an efficient sol-
id-phase extractor of BG from aqueous water with a signif-
icance enrichment factor of about 63. The morphology and 
properties of the produced magnetite nano-particles was 
determined by SEM, XRD, VSM, FT-IR and TGA. All results 
show that chemisorption is likely to be a predominant por-
tion of the adsorption process. Based on the entire conclu-
sion, nano-Fe3O4–SDS shows high potential to be used for 
removal of BG from aqueous mediums.

Table 7
Constant parameters and different criteria calculated for both linear non-linear fitting of various adsorption isotherms

Isotherm model Parameters Errors Criteria

Langmuir qmax (mg/g) B (L/mg) R2 χ2 Δq
Non-linear 471 0.11 0.988 26.25 5.26
Linear 480 0.13 0.9927
Freundlich KF ((mg/g)(L/mg)1/n) 1/n
Non-linear 36.59 0.482 0.990 12.67 2.38
Linear 28.5 0.51 0.9926
D–R qmax (mg/g) B (mol2/kJ2)
Non-linear 221.37 0.003 0.966 110.81 35.12
Linear 344.21 0.002 0.76

Table 8
Adsorption capacity (qmax) of Brilliant Green with some different 
adsorbents

Adsorbent qmax (mg/g) Reference

Zinc oxide nano-particles 142 [6]
Rice husk ash 26 [7]
SDS-modified alumina 168 [25]
Kaolin 65 [54]
NaOH-treated saw dust 58 [55]
Red clay 125 [56]
Bagasse fly ash 133.3 [57]
Diatomite-attapulgite composite 100 [58]
Nano-size nano-Fe3O4–SDS 480 This study
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