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A B S T R A C T

In this study, co-precipitation synthesis of the mesoporous triple-metal nanosorbent from Fe, Cu, Ni layered
double hydroxide (FeCuNi-LDH), on the basis of the data obtained from the TG analysis was carried out. The
FTIR spectroscopy and XRD results confirm the formation of CuO, NiO and Fe2O3 nanoparticles, while the EDX
analysis does not show significant variations on the surface in elemental composition. BET analysis shows that
FeCuNi-280 (FeCuNi-LDH calcinated at 280 °C) with mesoporous structure, has larger surface area compared to
FeCuNi-LDH and FeCuNi-550 (FeCuNi-LDH calcinated at 550 °C). The value of pHPZC of FeCuNi-280 is found to
be 8.66. Obtained FeCuNi-280 material showed the ability for efficient removal of dye Reactive Blue 19 (RB19)
from water, with a very high sorption capacity of 480.79 mg/g at optimal conditions: the sorbent dose of 0.6 g/
dm3, stirring speed of 280 rpm and pH 2. The kinetics results of the sorption process were well fitted by pseudo-
second order and Chrastil model, and the sorption isotherm was well described by Sips, Langmuir and
Brouers–Sotolongo model. FeCuNi-280 was easily regenerated with aqueous solution of NaOH, and reutilization
was successfully done in five sorption cycles. The present study show that easy-to-prepare, relatively inexpensive
nanosorbent FeCuNi-280 is among the best sorbents for the removal of RB19 dye from water solution and
wastewater from textile industry in wide range of pH.

1. Introduction

Environmental contamination by organic pollutants, as reactive textile
dyes, has severe and chronic effects on living organisms, and it is one of a
major problems that society faces today (Salleh et al., 2011). About 10,000
different types of dyes are used in many industries such as textile, paint, ink,
plastics and cosmetics. Some 10–20% of these dyes are discharged into the
wastewater stream after use in dyeing and finishing (Zubieta et al., 2008).
Dyes are chemically and photolytically stable and originally produced to be
resistant to the weather, light, water, and detergents. Reactive dyes are
highly soluble in water. As effluents they contain environmentally proble-
matic compounds and influence reduced water transparency and sunlight
penetration, thereby altering photosynthetic activity and gas solubility
(Bergamini et al., 2009). Reactive Blue 19 (RB19) or disodium salt of 1-
amino-2-sulfo-4-(3-sulfoxy-ethyl-sulfophenyl-1-ylamino)-5,10-anthraqui-
none is one of the very stable and resistant anionic dye: it may be mutagenic
and toxic because of the presence of electrophilic vinyl sulfone groups
(Moghaddam et al., 2010).

Numerous techniques such as biological treatments, membrane fil-
tration, electrochemical technology, advance oxidation processes and
sorption process are used for the removal of dyes from water. Among
them, sorption has been frequently used because of its high efficiency,
economic feasibility, and operational simplicity (Xiao et al., 2016;
Saeed et al., 2005). Many sorbents have been tested in attempts to re-
duce dye concentrations from aqueous solutions, such as carbon na-
notubes (Karimifard and Moghaddam, 2016), paper sludge activated
with potassium fluoride (Auta and Hameed, 2014), modified bentonite
(Özcan et al., 2007; Gök et al., 2010), hydrolytic and aerobic micro-
organisms (Wang et al., 2009), g-MnO2/MWCNT nanocomposite (Fathy
et al., 2013), magnetic Fe3O4 nanoparticles modified by pyrrole
(Shanehsaz et al., 2015), silica (Banaei et al., 2017a, 2017b), chitosan
(Nga et al., 2016), MgO nanoparticles (Moussavi and Mahmoudi, 2009;
Nga et al., 2013) and biosorbents (Çiçek et al., 2007; Shirzad-Siboni
et al., 2014; Zhang et al., 2003).

Layered double hydroxides (LDH), known as anionic clays or hy-
drotalcite clays, have been investigated because of their tunable charge
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density and wide application prospects. LDH have been widely used as
catalysts, drug delivery materials, sorption and flame retardants. LDH
provide the possibility of a high sorption capacity because of the large
surface area, easy manipulation of sorption sites, morphology/pore
structure and interlayer ion exchange (Cai et al., 2018). LDH as sorbents
are characterized by high sorption capacity, low cost and non-toxicity.
After calcination, LDH may be converted into mixed metal oxides.
Likewise, the calcined product can be reconstructed into original
layered structure in the aquatic environment (Lei et al., 2017; Lv et al.,
2006). LDH materials can be represented by the general formula:
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In this study, a novel process of synthesis of a mesoporous triple-

metal nanosorbent, has been developed. The structural characteriza-
tions of LDH (FeCuNi-LDH) and the nano-triple-metal nanosorbents
have been performed through different techniques such as: Brunauer-
Emmett-Teller (BET) method, x-rays diffraction (XRD), thermogravi-
metric analysis (TGA) for the thermal analysis, Fourier transform in-
frared spectroscopy (FTIR) to confirm the formation of nanosorbents,
scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) to explore the surface morphology, size of the
particles and elemental composition. The effect of different variables,
including pH, temperature, sorbent dose, contact time and initial dye
concentration was evaluated. The experimental results of RB19 sorption
on nanosorbent FeCuNi-280 were analyzed using pseudo-first, pseudo-
second-order, intra-particle diffusion and Chrastil's kinetic models and
Langmuir, Freundlich, Sips and Brouers–Sotolongo isotherm models.
The thermodynamics of the sorption was also evaluated. Regeneration
and reusability of sorbent was studied. In order to confirm the effi-
ciency of triple-metal nanosorbent FeCuNi-280 in real conditions, re-
moval of RB19 from wastewater was carried out.

2. Materials and methods

2.1. Reagents

All chemicals were of reagent grade and used without further re-
finement. HNO3, NaOH, NaCl, Na2CO3, FeCl3·H2O, FeCl2·4H2O,
NiCl2·6H2O, CuCl2·2H2O, RB19, acetic acid and sodium salt of dode-
cylbenzene sulfonic acid were purchased from Merck (Darmstadt,
Germany). Gleiton P was purchased from Polycoating GmbH (Brühl,
Germany). All solutions were prepared with deionized water (18MΩ).

2.2. Preparation of the nanosorbent

Nanosorbent was prepared by the novel hydrothermal process, using
6.76 g FeCl3·6H2O, 4.97 g FeCl2·4H2O, 4.26 g CuCl2·2H2O and 5.92 g
NiCl2·4H2O, dissolved in 50ml of 0.1M HCl solution, respectively. The
solution was heated to 80 °C with a reflux condenser and mixed by agitating
and ultrasonication (the power of ultrasound was 100W/dm3 and agitation
speed 400 rpm), in period of 1 h. Then, 2M NaOH solution was added
dropwise, with the monitoring of the pH. The co-precipitation reaction was
carried out at 80 °C with vigorous stirring and agitating with ultrasonication
with refluxing. A brown colored precipitate was obtained at pH of about 10.
After that, the suspension was continuously stirred and agitated with ul-
trasonication for 1 h. Following this, the mixture was allowed to settle for
2 h without stirring, ultrasonication and heating. The precipitate was wa-
shed several times with hot deionized water over a Büchner funnel. Finally,
the prepared precipitate was dried at 90 °C for 24 h and abbreviated as
FeCuNi-LDH. In the second step, the obtained FeCuNi-LDH was calcined in
a furnace by being heated from room temperature to 280 °C and 550 °C with
the gradient of 7 °C/min for 1 h. After calcination, the layered hydroxide
structure was destroyed and changed into the triple-metal nanosorbent.
Finally, the obtained solid aggregates of the triple-metal nanosorbent were
crushed into powder and stored in an airtight plastic container for further
use. The prepared triple-metal nanosorbents were abbreviated as FeCuNi-
280 (calcinated at 280 °C) and FeCuNi-550 (calcinated at 550 °C).

2.3. Analysis and characterizations

RB19 concentration in the samples was determined using the
UV–vis technique by the spectrophotometer Shimadzu UV–vis 1650 PC
(Shimadzu, Japan), after filtration through a 0.45 µm membrane filter
(Agilent Technologies, Germany). The infrared spectrum of nanosor-
bent FeCuNi was obtained by using a Fourier transform infrared spec-
trometer (Bomem Hartmann & Braun MB-100 spectrometer). The
morphology of the nanosorbent surface was analyzed by SEM (Hitachi
SU8030). EDS analysis (Thermo Scientific NORAN System 7, USA)
provides elemental information via the analysis of X-ray emissions from
the sorbent surface. Elemental composition was analyzed by the Perkin
Elmer series II CHNS/O System Analyzer 2400. The specific surface
area was measured by a nitrogen adsorption using the Micromeritics
Gemini 5 Surface Area Analyzer, USA. Data were collected with a
Bruker D8 Advance X-ray Diffractometer (Bruker, Germany) in theta-
theta geometry in reflection mode with Cu Kα. TG analysis was per-
formed using TGA Q5000 (TA Instruments, USA).

2.4. Batch sorption experiments

A stock solution of RB19 was prepared by dissolving an accurate
quantity of dye in deionized water. The working standard solutions
were prepared just before use by the appropriate dilution of the stock
solutions. The sorption study was carried out using various RB19 con-
centration (20–700mg/dm3) at pH 2 and the temperature of 20 °C. The
effect of pH on the RB19 sorption was studied in the pH range of
2.0–10.0. The pH of each solution was adjusted to the required value
with 0.1/0.01mol/dm3 NaOH/HNO3 solutions using a pH-meter
(H260G, HACH, USA). The effects of FeCuNi-280 concentration on the
removal of RB19 were studied by varying the dose of FeCuNi-280 from
0.125 to 1.0 g/dm3 at 200mg/dm3 of the RB19 concentration, at pH 2
and the temperature of 20 °C. The temperature was held at 20.0 °C
(± 0.2 °C) by thermostated bath Julabo F12-ED (Refrigerated/Heating
Circulator, Germany). All experiments were conducted in triplicate.

The sorption capacity qt (mg/g) and the removal efficiency (RE %)
was determined by using the Eqs. 1 and 2:

=
− ×q c c V

m
( )

t
t0

(1)

=
−

×RE c c
c

% 1000 t

0 (2)

where c0 and ct are the initial and final concentrations of the dye in
solution (mg/dm3), V is the solution volume (dm3) and m is the mass of
the sorbent (g).

2.5. Desorption of RB19 and reused of triple-metal nanosorbent

In order to investigate the reusability performance of the triple-
metal nanosorbent, five successive sorption–desorption (regeneration)
cycles were performed. In adsorption test, 0.15 g of FeCuNi-280 was
loaded with 250 cm3 of RB19 solution with concentration of 200mg/
dm3 and stirred for 180min. After that, FeCuNi-280 was separated by
centrifugation at 4000 rpm for 5min and concentration of RB19 was
determined in filtrate. To regenerate the adsorbent, the used FeCuNi-
280 was contacted with 250 cm3 of desorption solutions (0.1M NaOH
and 1M NaCl), with stirring for 1 h. The sorption–desorption process
was repeated for five times. The desorption efficiency (DE %) was
calculated as follows:

= ×DE
m

m
%

[mg]
[mg]

100desorbed RB19

previously sorbed RB19 (3)
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2.6. Data analyses

In order to investigate the sorption mechanism of RB19 on triple-
metal nanosorbent FeCuNi-280, confirm the efficiency of the sorption
process and predict the rate, a kinetics investigation was conducted.
The kinetics results were examined using two reaction-based kinetics
models: pseudo-first-order (Eq. (4)) (Lagergren, 1898) and pseudo-
second-order (Eq. (5)) (Ho and McKay, 1998) in their non-linearized
forms, and a diffusion-based model: linearized intra-particle diffusion
model (Eq. (6)) (Weber and Morris, 1963) and non-linearized form
Chrastil's model (Eq. (7)) (Chrastil, 1990):
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where qt (mg/g) is sorption capacity in time (t), qe,cal (mg/g) is equi-
librium sorption capacity of the sorbent, and k1 (1/min) is the pseudo-
first order reaction rate equilibrium constant, k2 (g/mg min) is the rate
constant of second order sorption, Kid (mg/g min1/2) is the internal
diffusion coefficient, C is the intercept and the foregoing parameters
can be determined from a plot of qt versus t1/2 (the values of intercept
give us an idea about the thickness of the boundary layer), kc is a rate
constant (dm3/g min), which depends on diffusion coefficients and the
sorption capacity of the sorbent, A0 is the dose of the sorbent (g/dm3)
and n is the heterogeneous structural diffusion resistance constant,
which range from 0 to 1. When diffusion resistance is small, n tends to 1
and the reaction is of first order. If the system is strongly limited by
diffusion resistance, n is small. In addition, when n > 1, a consecutive
reaction order may be expected (Witek-Krowiak, 2012).

Isotherm models provide fundamental physicochemical data to as-
sess the sorption capacity and distribution of dye molecules between
the liquid and solid phases. The collected sorption data were examined,
employing several isotherm models, such as: Langmuir (Langmuir,
1918), Freundlich (Freundlich, 1906), Sips (McKay et al., 2014) and
Brouers–Sotolongo (Brouers et al., 2005). The non-linear forms of the
Langmuir (Eq. (8)), Freundlich (Eq. (9)), Sips (Eq. (10)) and
Brouers–Sotolongo (Eq. (11)) models are represented below:
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where qe is equilibrium sorption capacity of the sorbent (mg/g); ce is
the concentration (mg/dm3) of RB19 at equilibrium time in solution; qm
is the maximum sorption capacity of the sorbent (mg/g); KL is Langmuir
constant related to the energy of sorption (dm3/mg), KF is the
Freundlich equilibrium constant (mg/g) (dm3/mg)1/n and n is the ex-
ponent; bS (dm3/mg) in Sips model is the affinity constant for sorption;
KW is Brouers–Sotolongo isotherm constant (dm3/mg) and α is the
Brouers–Sotolongo model exponent.

RL is the separation factor or equilibrium parameter determined
from the Langmuir isotherm for predicting whether a sorption system is
favorable or unfavorable, can be estimated with Eq. (12):

=
+

R
K c

1
1L

L i (12)

The best fitting model was selected based on the determination
coefficient values (r2) determined after non-linear and linear regression
analysis in the software OriginPro 2016 (OriginLab Corporation, USA)
and the relative deviation of calculated qe values from experimental qe
values was calculated by following equation:

=
−

⋅
q q

q
Relative deviation % 100e m

e

,exp e or ,cal

,exp (13)

where qe,exp is experimental sorption capacity in equilibrium (mg/g),
qe or m,cal (mg/g) is sorption capacity in equilibrium and calculated from
the corresponding kinetic and isotherm model.

The relationship between kinetic parameters and sorption tem-
perature (T) can be explained using Arrhenius's (Eq. (14)) (Mahmoud
et al., 2012):

= − +k Elog
2.303RT

constant2
a

(14)

where k2 is the second-order rate constant, Ea is the activation energy,
T is temperature (K) and R is universal gas constant (8.314 J/mol K).

The enthalpy change can be calculated using the Eq. (15) (Kumar
et al., 2012):

= ° +E ΔH RTa (15)

3. Results and discussion

3.1. Characterization of materials

The TGA results shows the presence of an endothermic peak cor-
responding to the weight loss of about 18% in the temperature range,
25–250 °C (FeCuNi-LDH turns into FeCuNi-280). This peak can be at-
tributed to the desorption of the surface water and may be due to the
removal of strongly bonded coordinate water molecules from the fra-
mework of FeCuNi-LDH and oxidation of complexes. Further increase in
temperature leads to the weight loss of ∼5% in the temperature range
250–550 °C, caused the reduction of Fe2O3 to Fe3O4 (Sarkari et al.,
2012). There is no significant weight loss after 550 °C (< 1%) which
indicates that no structural changes occur in FeCuNi-550 (FeCuNi-280
turns into FeCuNi-550). The increase in temperature from 25° to 700 °C
leads to the weight loss of about 24%. Based on the obtained data from
the TG analysis, the synthesis of FeCuNi-LDH, FeCuNi-280 and FeCuNi-
550 was done. The additional information regarding TGA curve of the
FeCuNi-LDH are presented in Fig. S1 in the Supplementary material
section.

The specific surface area was estimated using the BET method.
Surface area measurements of all three sorbents, FeCuNi-LDH, FeCuNi-
280 and FeCuNi-550, were recorded to follow the effect of calcination.
The BET analysis of the samples has confirmed a large surface area of
FeCuNi-280, about 2 times larger compared with FeCuNi-LDH, and
about 6 times larger than FeCuNi-550. The BET results also showed that
nanosorbent FeCuNi-280 has higher pore volume and lower pore size
compared with FeCuNi-LDH and FeCuNi-550. FeCuNi-LDH has a BET
surface area of 93.85m2/g with a broad BJH (Barrett-Joyner-Halenda)
pore size distribution, with a peak at 20 nm, and a certain amount of
pores at around 4 nm. The micropore (pores below 2 nm) area, mea-
sured by the t-plot method, was 8.1m2/g. The FeCuNi-280 nanosorbent
has the BET surface area of 166.84m2/g. By the BJH pore size method,
the sample predominantly contains pores of around 4.9 nm. The
FeCuNi-280 nanosorbent is a classical IV-type of isotherm with N2

hysteresis loops, revealing the presence of mesoporous structures ac-
cording to the IUPAC classification of porous materials. The FeCuNi-
550 nanosorbent has a significantly lower surface area, 25.1 m2/g, and
very low porosity. The large surface area and mesoporous structure of
FeCuNi-280 allow the rapid diffusion and this offer more active sites for
sorption of organic pollutants on its surface. The sorption capacity of
FeCuNi-280 is higher for 1.5 times from FeCuNi-LDH, and 8 times from
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FeCuNi-550, after calcination due to the appearance of the microporous
texture and large surface area, as will be observed in the dye removal
section. The additional information regarding BET results are presented
in Table S1 and Fig. S2 in Supplementary material section.

The FTIR spectroscopy results of FeCuNi-LDH (a), FeCuNi-280 (b)
and FeCuNi-550 (c) are presented in Fig. 1. In the FTIR spectrum of
FeCuNi-LDH the band at 1630 cm−1 can be attributed to the de-
formation vibration of δOH group of water which corresponds to the
presence of crystal water in the structure FeOOH. The FTIR spectrum
shows broad intense bands at 3418 and 685 cm−1, which correspond to
frequency, shape and intensity of the νOH and δOH vibration of the OH
group from the bond H-O···Fe, respectively. The FTIR spectrum shows
the band at 495 cm−1, which corresponds to frequency, shape and in-
tensity from stretching the Fe–O group. The band on 1464 cm−1 and
about 1360 cm−1, by shape, intensity and frequency can be attributed
to deformation vibration of OH (δOH in the plane). The frequencies of
those vibrations generally indicate a β2 - modification of FeOOH. Va-
lent Fe–O···Fe vibration may be attributed to the band of medium in-
tensity at about 685 and 433 cm−1. Surface Fe atoms are octahedral
coordinated with H2O ligands, forming the first hydrate layer. In the
spectrum of FeCuNi-280 and FeCuNi-550, there is probably a change in
the structure of FeOOH, from of α - Fe2O3 to γ - Fe2O3. FTIR spectra of
FeCuNi-280 and FeCuNi-550 exhibited vibrations in the region
400–600 cm−1, which can be attributed to the vibrations of M−O
(M = Cu, Ni and Fe), which confirms the formation of CuO, NiO and
Fe2O3 nanoparticles. In the case of Fe2O3, the bands appearing at 1624
and 1627 cm−1 can be attributed to the angular deformation of water
δH−OH, while the band appearing at 3421 and 3448 cm−1 can be
assigned to the O−H stretching of water.

To further elucidate the structure of FeCuNi-LDH, FeCuNi-280 and
FeCuNi-550, the XRD spectra of the tested sorbents were analyzed. XRD

data of the FeCuNi-LDH sample shows amorphous structure, due to the
noise it can be identified several major peaks that were located at ap-
proximately 35.4° and 38.7° from the copper oxide and β-iron oxide
hydrate. After calcination, the layered structure of the FeCuNi-LDH
material was destroyed and changed into triple-metal nanosorbents
FeCuNi-280 and FeCuNi-550 (non-stoichiometric oxides). The dif-
fractogram for FeCuNi-280 sample indicates the sample consists of both
amorphous and crystalline fractions. The predominant crystalline phase
is CuO. Also, the peak at 63° 2theta indicates another phase, probably
comes from NiFe2O4-cubic (Xianhua et al., 2017). The sample FeCuNi-
550 exhibited several diffraction peaks (about 30.3°, 35.7°, 63.0°) that
correspond to spinel NiFe2O4-cubic and tenorite CuO-monoclinic. The
additional information regarding XRD for nanosorbents are presented
in Fig. S3 in the Supplementary material section.

SEM analysis (Fig. 2) confirmed the presence of agglomerated par-
ticles with nonuniform size. SEM and EDS data for the nanosorbent
FeCuNi-550 was not collected because the material is magnetic, and the
device could not make micrographs for such (magnetic) materials. The
FeCuNi-LDH consisted of nearly spherical particles with the size dis-
tribution of approximately 25 nm, which appears to show that the
shards are aggregates of smaller particles. After the calcination at
280 °C, the morphological features changed compared with FeCuNi-
LDH and showed that the agglomerate size was reduced compared to
the FeCuNi-LDH. The FeCuNi-280 consisted of aggregates below 50 µm
showing that they are aggregates formed by small nanograins. The
sample was highly textured. The large range in the size of the dis-
tribution can be attributed to the growth and agglomeration of smaller
particles, perhaps due to calcination.

The local elemental composition of FeCuNi was investigated by EDS
analysis and confirms the presence of O, Fe, Cu and Ni in the structure
of FeCuNi-LDH and FeCuNi-280 (Fig. 2. c, d). EDS analysis was carried

Fig. 1. FTIR spectroscopy results of: a) FeCuNi-LDH, b) FeCuNi-280 c) FeCuNi-550.

M. Kostić et al. Ecotoxicology and Environmental Safety 159 (2018) 332–341

335



out at different points of each sample and the composition didn't show
large variations on the surface, suggesting that the applied process for
the synthesis of the nanosorbent is effective with homogenity in com-
position. As can be seen from the EDS spectra of FeCuNi-280, the
atomic ratio of Fe, Cu and Ni in the mesoporous ternary oxide is in good
agreement with the ratio of FeCl3, FeCl2, CuCl2 and NiCl2 reactants. The
decrease in the weight % and atom % of oxygen is the consequence of
the removed water at FeCuNi-280.

3.2. Sorption and removal of RB19 dye via FeCuNi-280

3.2.1. Effect of contact time
The effect of contact time on the sorption of various nanosorbents

FeCuNi-LDH, FeCuNi-280 and FeCuNi-550 was studied between 0 and
180min in order to define the influence of contact time on the sorption
capacity of the sorbents (Fig. 3a). The results indicate that the sorption
increases with an increase in contact time, where the sorption occurred
in two steps. The initial step was fast and lasted for 20min for FeCuNi-
LDH and the nanosorbent FeCuNi-280 (sorption capacity rapidly in-
creasing). In the second step, the sorption capacity gradually increased,
reaching an equilibrium value in approximately 120min. The sorption
on FeCuNi-550 was rapid and equilibrium was reached after 5min.
However, the experimental data were measured till 240min to make
sure that full equilibrium was attained. The sorption efficiency of RB19
was higher in the beginning due to the fact that all sorbent sites were
vacant in the beginning and their sorption capabilities were high for
RB19. After that, the sorption speed decreased to a constant value with
an increase in contact time because all available sites were covered and
there was no active site available for binding. The maximum sorption
capacity of RB19 on FeCuNi-280 was 325.75mg/g (the RB19 con-
centration of 200mg/dm3), while the maximum sorption capacity for

FeCuNi-LDH and FeCuNi-550 was approximately 1.4 (238.71 mg/g)
and 8.2 (39.94mg/g) times smaller, respectively. Therefore, due to the
considerably higher sorption capacity of nano FeCuNi-280 in compar-
ison with FeCuNi-LDH and FeCuNi-550, for all subsequent experiments
nano FeCuNi-280 was exclusively used.

3.2.2. The point of zero charge and effects of initial pH on sorption
The pH at the point of zero charge (pHPZC) of the nanosorbent

FeCuNi-280 was determined by the solid addition method of simplified
mass potentiometric titration (Balderas-Hernández et al., 2006;
Cardenas-Peña et al., 2012). pHPZC indicates the linear range of pH
sensitivity and the sorption ability of the surface. The value of pHPZC for
nanosorbent FeCuNi-280 is found to be 8.66. Generally, when the pH of
the solution is lower than 8.66, the surface of the FeCuNi-280 gets
positively charged and the FeCuNi-280 behaves as a Brönsted acid and
as an anion exchanger. The surface of the FeCuNi-280 is negatively
charged when the pH of the solution is higher than 8.66 and the Fe-
CuNi-280 behaves as a Brönsted base and as a cation exchanger
(Cardenas-Peña et al., 2012). When the pH of the solution is higher than
8.66, the Brönsted basic site such as OH- groups, the moderately basic
sites as Ni–O, Fe–O and Cu–O and the strongly basic sites assigned to
the strong Lewis basic sites as unsaturated O2- ions, can be sorbent of
cations. There are Lewis acid sites at cooperative ferrous, nickel and
copper ions (FeII, NiII and CuII) centers for sorption of anions, when the
pH of the solution is lower than 8.66.

As shown in Fig. 3b), when pH was raised from 2 to 10 the sorption
capacity of RB19 decreased from 325.75 to 164.78mg/g for contact
time 240min. However, the sorption capacity for RB19 slightly de-
creased for about 40mg/g, when pH was raised from 2 to 6. That is in
accordance with the obtained value of pHPZC. The sulfonic groups in
RB19 molecule are dissociated, and negatively charged (–SO3

-).

Fig. 2. SEM micrographs for: a) FeCuNi-LDH, b) FeCuNi-280 and EDS spectra for: c) FeCuNi-LDH, d) FeCuNi-280.
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Because of that dye molecules are bound by electrostatic attractions
with protonate groups in FeCuNi-280. Conversely, at higher pH more
–OH- were present in solution and compete with the sulfonic groups,
which led to a decrease in the number of active sites for dye adsorption.
The removal of anionic dye by sorption increases at low pH and de-
creases at high pH. On the basis of the above results, the optimum pH
value is found to be from 2.0 to 6.0. The maximum sorption occurs in
that range because of the electrostatic attraction. This is very important
characteristic when this material is applied for the treatment of was-
tewater whose pH is approximately neutral. Also, it can be seen from
these results that this nanosorbent can be applied in the distinctly al-
kaline environment, but with somewhat less sorption efficiency. How-
ever, further sorption studies were carried out at pH 2 (where sorption
capacity is the largest).

3.2.3. Effect of sorbent dose, stirring speed and initial concentration
The effect of nanosorbent FeCuNi-280 dose on RB19 uptake was

investigated. From Fig. 4a) it can be seen that the sorption capacity of
RB19 decreases with an increase in the sorbent dose. This may be at-
tributed to overlapping or aggregation of sorption sites (Anbia and
Salehi, 2012). However, the removal efficiency (RE %) of RB19 was
increased from 21% to 100%, when the FeCuNi-280 dose was increased
from 0.125 to 0.6 g/dm3. Increase in sorption with the FeCuNi-280 dose
could be attributed to increased surface area and the availability of
more sorption sites (Iriel et al., 2018). Further increase of the sorbent
dose did not affect the removal efficiency (RE %) of RB19. This sorbent
dose (0.6 g/dm3) was used for further experiments.

The results showed on Fig. 4b) that an increase in stirring speed
from 150 to 280 rpm significantly increases removal efficiency (RE %)
from 84% to 98%. With the increase of stirring speed, the boundary
layer thickness decreases (which results in a reduction in surface film
resistance) and probability of collision between the dye and sorbent
particles increases. The stirring speed of 280 rpm was used in all ex-
periments.

The experimental data from Fig. 4c) reveal that the sorption capa-
city enhanced by increasing the initial dye concentration (enhancing
the driving forces) (Abbas et al., 2014; Hu and Wang, 2016). With the
increase of the initial RB19 concentration from 50 to 700mg/dm3, the
sorption capacity increases from 82.8 to 480.8 mg/g, i.e., about 5.8
times. The increase in sorption capacity with the increase of initial dye
concentration, can be explained by the growing effect of driving force
(the concentration gradient).

3.2.4. Kinetics study
The estimated kinetics constants for the sorption process after ap-

plying the equation from 4 to 7 for different initial RB19 concentrations
are presented in Table 1. The determination coefficient values for
sorption RB19 on nanosorbent FeCuNi-280 were determined to be in
the range from 0.942 to 0.993 for pseudo-first order. r2 values decrease
with increase of initial concentration and show that results do not fit
the pseudo-first-order well. The values of the relative deviation range
from 3.61% to 8.01% with the increase of initial concentration.

The non-linear fit of kinetics data reveal that the pseudo second
order model shows the greater value of determination coefficient (r2)
and that calculated qe,cal values are approximate to experimental qe,exp
values. The value of relative deviation is in the range from 0.07% to
2.35%. Thus, it can be concluded that the pseudo-second-order model
better describe kinetics sorption for RB19 onto triple-metal nanosorbent
FeCuNi-280. This suggests that the rate-controlling step in the sorption
process is the chemical interaction between functional groups of
FeCuNi-280 and RB19 in the solution.

The values of determination coefficient for Chrastil's diffusion
model were higher than for all used models (0.998-1), also the values of
relative deviation are maximum 1.3%. The values of diffusion re-
sistance coefficient (n) were in the range from 0.271 to 0.426, which
indicates that the sorption process was strongly limited by diffusion
resistance.

To investigate the rate determining step of the sorption process, the
Weber-Morris intra-particle diffusion model was utilized. The values of
the determination coefficient ranged between 0.92 and 1. The kinetics
data showed that the plot qt versus t0.5 had three linear segments (for
concentrations higher than 100mg/dm3). The kinetics data showed
that the plot qt versus t0.5 had two linear segments at concentrations
lower than 100mg/dm3 due to faster sorption (equilibrium is reached
in about 10min). The plots (qt versus t0.5) do not pass the origin, that
indicated the rate determining step of sorption was not only controlled
by an intra-particle diffusion mechanism but also controlled by some
other mechanisms. The rate of sorption was faster at the beginning of
the experiment, as expected, because of the values of Kid1 obtained from
the intra-particle diffusion model were higher for the first stage than for
the second stage (Kid2). Values of Kid1 and Kid2 increased with the in-
crease of initial concentration RB19 because of higher driving forces.
Values of C1 and C2 were proportional to the thickness of boundary
layer and increased with an increase of the initial concentration of
RB19. The values of C2 were higher than those of C1. Values of Kid2 and
C2 suggested that the intra-particle diffusion was slower and that was

Fig. 3. a) Results of effects of contact time on the sorption of RB19 on FeCuNi-LDH, FeCuNi-280 and FeCuNi-550, b) Results of effect of pH on the sorption of RB19 on
FeCuNi-280 (c0: 200mg/dm3; sorbent dose: 0.6 g/dm3, steering speed: 280 rpm, temperature: 20 °C).
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the rate-controlling step in the sorption process. The investigated
sorption process did not only conform to the model particle diffusion,
but also included two significant limiting factors: surface reaction and
diffusion. The additional information regarding the plots of qt vs. t for

pseudo-first, pseudo-second order, Chrastil's diffusion model and plot of
qt vs. t1/2 for the intra-particle diffusion model for different initial RB19
concentrations are presented in Fig. S4 in Supplementary material
section.

Fig. 4. Results of: a) Effect of sorbent dose, b) effect of stirring speed and c) effect of initial concentration on RB19 removal using nanosorbent FeCuNi-280.

Table 1
Parameters of kinetics modelling for sorption of RB19 onto nanosorbent FeCuNi-280.

Parameters 50 [mg/dm3] 100 [mg/dm3] 200 [mg/dm3] 300 [mg/dm3] 400 [mg/dm3] 500 [mg/dm3] 600 [mg/dm3] 700 [mg/dm3]

qe,exp [mg/g] 82.83 165.17 325.75 435.58 460.03 468.78 474.29 480.79
Pseudo-first order
qe,cal [mg/g] 79.84 158.74 303.86 403.60 429.07 432.46 436.82 442.25
k1 [1/min] 1.159 0.283 0.086 0.083 0.072 0.083 0.089 0.089
r2 0.993 0.958 0.948 0.947 0.950 0.942 0.945 0.944
Pseudo-second order
qe,cal [mg/g] 84.78 170.80 329.89 439.95 470.05 470.98 474.62 480.26
k2 [g/mg min] 0.021 0.003 3.79 10−4 2.68 10−4 2.17 10−4 2.52 10−4 2.68 10−4 2.67 10−4

r2 1 0.991 0.981 0.984 0.982 0.981 0.982 0.982
Chrastil model
qe,cal [mg/g] 82.82 165.79 322.88 433.17 457.96 463.11 468.74 474.72
n 0.271 0.426 0.388 0.387 0.409 0.370 0.373 0.371
kc [dm3/g min] 0.415 0.172 0.039 0.035 0.035 0.033 0.035 0.035
r2 1 1 0.998 0.999 0.999 0.998 0.998 0.998
Intraparticle diffusion model
Kid1 [mg/g min1/2] 6.360 34.755 41.888 54.787 57.198 58.001 59.907 60.355
C1 27.375 18.167 26.302 32.968 30.256 37.950 39.322 40.703
r2 0.920 0.936 0.953 0.951 0.970 0.948 0.944 0.942
Kid2 [mg/g min1/2] 0.001 0.533 10.150 15.134 15.161 15.175 15.216 15.543
C2 82.833 158.66 205.08 255.42 276.76 279.77 287.39 290.32
r2 1 0.932 0.996 0.993 0.979 0.971 0.980 0.981
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3.2.5. Sorption isotherms
The equilibrium data were fitted with Langmuir, Freundlich, Sips

and Brouers - Sotolongo models, and model parameters were shown in
Table 2. The additional information regarding the non-linear fit of
isotherms models (the plot of qe vs. ce) was shown in Fig. S5 in
Supplementary material section. The determination coefficient (r2) and
relative deviation of qm from qe,exp were used for the accurate estima-
tion of applied models. Based on r2 and relative deviation in Table 2, it
can be concluded that among the applied models, only the following are
appropriate: Langmuir, Sips and Brouers–Sotolongo isotherm models.
The Sips isotherm model was one of the best fitted models in this study.
The maximum sorption capacity of nanosorbent FeCuNi-280 suggested
by Sips, Langmuir and Brouers - Sotolongo isotherm models were very
similar to the experimental qe,exp, while for FeCuNi-280 sorption ca-
pacity, qm, calculated from Freundlich isotherm model was not con-
sistent with the experimental qe,exp value.

From the experimental data for all of initial RB19 concentrations,
the values of RL for nanosorbent FeCuNi-280 decreased from 0.034 to
0.002 as the initial concentration increased from 50 to 700mg/dm3.
That showed the reaction became more favorable at higher initial RB19
concentrations under the condition used in this study.

Based on the Langmuir, Sips and Brouers - Sotolongo isotherm
models, it can be concluded that the sorption is not only monolayer to
homogeneous sorption sites but can have heterogeneous character.

3.2.6. Energy of activation and thermodynamics
The activation energy increased from 9.42 to 20.56 kJ/mol with the

increase of initial RB19 concentration from 50 to 700mg/dm3. The
values of activation energy suggest that physical sorption processes
were an important process in the sorption of RB19 onto nanosorbent
FeCuNi-280 (Kuo et al., 2008).

The enthalpy change was found to be from 6.98 to 18.13 kJ/mol,
and the positive value of ΔH° indicated the endothermic nature of

sorption.

3.3. Comparative analysis of sorption capacity of various sorbents

For the purpose of comparison, Table 3 presents the maximum
sorption capacity of nanosorbent FeCuNi-280 for RB19 and other
parameters in this study, with some data for different sorbents reported
in the literature.

It is clear from Table 3 that the nanosorbent FeCuNi-280 showed
better sorption capacity than all of the previously used sorbents for the
removal of RB19 dyes, except Chitosan film. It is obvious that the
sorption capacities of nanosorbent FeCuNi-280 for anionic dyes RB19
were acceptable, compatible, and comparable with the results of other
alternative and low-cost sorbents reported in the literature earlier.

3.4. Desorption of RB19 and reusing of triple-metal nanosorbent

Regeneration and reusability of sorbents is an important factor for
industrial and practical applications because of reduction of the need
for new amount of sorbent and lowering of synthesis costs of the sor-
bent materials. It was found that for FeCuNi-280, the removal efficiency
(RE %) decreased from 98.84% to 92.40% in the first three cycles and
then reached 86.47% in the fourth cycle and the fifth cycle reached
83.32%. The maximum desorption efficiency by NaOH was obtained
after 10min and amounted about 72% in the first desorption cycle. In
the next cycles desorption efficiency by using NaOH was higher than
92%. The minor decrease of the sorption capacity can be attributed to
the loss of the sorbents in the sorption-desorption processes and the
irreversible binding (chemisorption) of RB19 on FeCuNi-280. Contrary
to NaOH, desorption of RB19 using NaCl solution was very low with DE
% of 22.58%. Therefore, the FeCuNi-280 can be reutilized, with pre-
viously desorption using NaOH. Nearly all the sorption sites could be
recovered from the FeCuNi-280.

3.5. Removal of RB19 from wastewater

In order to confirm the efficiency of triple-metal nanosorbent
FeCuNi-280 for the removal of RB19 in wastewater, it was made syn-
thetic wastewater based on the real wastewater from dyeing process.
The exact composition of the dye bath and wastewater are given by the
textile company; usually 20% of the dyes and 100% of all applied as-
sisting chemicals remain in the exhausted dyeing bath. The additional
information regarding of chemical composition and characteristics of
synthetic wastewater in the dyeing process is presented as
Supplementary material in Table S2 in the Supplementary material

Table 2
Parameters for Langmuir, Freundlich, Sips and Brouers - Sotolongo isotherm
models of RB19 sorption on triple-metal nanosorbent FeCuNi-280.

Isotherm Calculated parameters Relative
deviation [%]

qe,exp 480.79

Langmuir qm 470.01 KL 0.568 r2 0.994 2.24
Freundlich KF 204.97 n 6.469 0.850
Sips qm 479.17 bS 0.518 nS 0.829 0.999 0.34
B–S qm 465.91 KW 0.458 α 0.613 0.992 3.09

Table 3
Comparison of maximum sorption capacity for RB19 and other parameters of triple-metal nanosorbent FeCuNi-280 with some reported data in the literature.

Sorbents pH Sorbent dose
[g/dm3]

Sorption capacities
[mg/g]

Maximum RB19 concentration
[mg/dm3]

References

Chitosan film 6.8 0.007 822.40 800 (Nga et al., 2016)
Nanosorbent FeCuNi-280 2.0 0.600 480.80 700 This study
CS hollow fibers 3.5 0.200 454.50 70 (Mirmohseni et al., 2012)
Hexagonal MgO 7.8 0.100 250.00 100 (Nga et al., 2013)
Functionalized MWCNT 3.0 0.300 211.02 250 (Karimifard and Moghaddam, 2016)
Modified bentonite 1.5 0.030 206.60 282 (Özcan et al., 2007)
MgO nanoparticles 8.0 0.200 166.70 300 (Moussavi and Mahmoudi, 2009)
Mycelium pellets of Penicillium oxalicum 7.0 0.025 159.00 not available (Zhang et al., 2003)
Wheat bran 1.5 0.500 117.60 150 (Çiçek et al., 2007)
L-Arginine-functionalized Fe3O4 3.0 0.740 125.00 200 (Dalvand et al., 2016)
Fe3O4 nanoparticles modified by pyrrole 3.0 0.020 112.40 50 (Shanehsaz et al., 2015)
Magnetite nanoparticles loaded tea waste 3.0 0.500 87.72 not available (Madrakian et al., 2012)
SiO2-NH2-BH 4.0 0.060 72.99 100 (Banaei et al., 2017a)
Modified silica gel 5.0 0.060 37.45 40 (Banaei et al., 2017b)
γ-Fe2O3/crosslinked chitosan 6.6 1.00 29.49 30 (Zhu et al., 2010)
Scallop shell 6.0 10.0 12.36 500 (Shirzad-Siboni et al., 2014)
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section. The pH of the synthetic wastewater was adjusted by 1mol/dm3

HNO3 solution at 5. The native pH of the synthetic wastewater was used
and amounted 9.3. The removal efficiency (RE %) decreased for the
synthetic wastewater to 76.4% in comparison with the RB19 in deio-
nized water, where the removal efficiency (RE %) was 92.6% at pH 5.
However, at pH 9.3 the removal efficiency (RE %) decreased for the
synthetic wastewater to 41.8%. The removal efficiency (RE %) at pH 9
for solutions of the RB19 in deionized water was about 62.7%. Decrease
in the removal efficiency (RE %) with the increase of pH from 5 to 9.3
for synthetic wastewater was in accordance with the obtained results of
the effect of pH. The decrease in the removal efficiency (RE %) in
wastewater was a consequence of the presence of other components, in
addition to dye, in the dyeing bath.

4. Conclusions

The synthesis of triple-metal nanosorbents from LDH, their char-
acterization, and removal of RB19 from water and wastewater are in-
vestigated. BET analysis of the nanosorbents show that the triple-metal
nanosorbent FeCuNi-280 has the highest specific surface area, with
dominant mesoporousity, in comparison with the FeCuNi-LDH and
FeCuNi-550. The FTIR, XRD, SEM and EDX analysis show differences in
the structure of the sorbents as a result of different calcination tem-
perature in synthesis. The maximum sorption capacity of the triple-
metal nanosorbent FeCuNi-280 for RB19 regarding to FeCuNi-LDH and
FeCuNi-550 is approximately 1.4 and 8.2 times higher, respectively.
The maximum removal of RB19 dye by triple-metal nanosorbent
FeCuNi-280 is obtained at pH 2, with the sorbent dose of 0.6 g/dm3 and
at the stirring speed of 280 rpm. The kinetics data shows that the
sorption of RB19 on triple-metal nanosorbent FeCuNi-280 follows
pseudo-second order and the Chrastil model. Based on the determina-
tion coefficient and the relative deviation, the Sips model the best fits
experimental data, giving calculated maximum sorption capacity of
479.17mg/g. The values of activation energy indicate physical sorption
and the endothermic nature of the sorption of RB19 onto FeCuNi-280.
Presented triple-metal nanosorbent FeCuNi-280 can be used for the
treatment of wastewater from textile industry in wide range of pH.
Finally, FeCuNi-280can be recommended as a promised, efficient and
reusable sorbent for the removal of dyes from water and wastewater.
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