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ABSTRACT

In this study, nanospinels of MnFe,O, were synthesized by a rapid method of microwave-
assisted combustion technique for the removal of total chromium from real industrial
wastewater. Nanoparticles of MnFe,O, were characterized by X-ray diffraction and scanning
electron microscopy. The removal of total chromium from real industrial wastewater, which
was taken from galvanotechnic industry, using of nanospinel MnFe,O, was investigated.
The effects of adsorbent dosage, contact time, and initial concentrations on total chromium
removal from wastewater were studied using the real wastewater. Optimal conditions were
found for total chromium removal. Chromium removal and adsorption capacity of MnFe,O,
nanoparticles (NPs) were achieved as 59.35% and 89.18 mg/g, respectively. In addition,
other optimum conditions of adsorbent dosage and contact time were found as 1.5 g/L and
120 min in this study, respectively. The removal of total chromium using MnFe,O, NPs was
fitted with Freundlich isotherm and pseudo-second-order kinetic models. The results indi-
cated that MnFe,O, nanospinels are suitable adsorbents for the removal of total chromium
from industrial wastewater.

Keywords: Adsorption; Total chromium; Manganese ferrite; Nanoparticle; Real wastewater
treatment

1. Introduction

The pollution of water with toxic heavy metals is
considered dangerous due to their great toxicity and
nonbiodegradability. These heavy metal ions can be
accumulated through the food chain even at low con-
centrations which leads to serious problems for aqua-
tic life as well as for human health, plant life, and

*Corresponding author.

animals [1-3]. Heavy metals are discharged to receiv-
ing environments from various industrial production
processes such as electric plating, mining, refining,
printing, and dyeing [4,5].

One of the important metal pollutants is chro-
mium, due to its widespread use in industrial pro-
cesses and exceedingly toxic nature [6]. Chromium
has long been used in electroplating, leather tanning,
metal finishing, nuclear power plants, and textile
industries [7]. Among its several oxidation states,
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trivalent (Cr** and CrOH?*) and hexavalent (HCrO,
and Cr,O7") species of chromium are mainly found in
these industrial effluents [8,9]. Chromium leads to
serious health problems to human beings such as
headache, nausea, diarrhea, carcinogen, and lung
tumors [10,11]. Therefore, the removal of chromium
from wastewater is nowadays recognized as a key
process for the protection of aquatic and terrestrial
environments, public health, and well-being [12].

There are various techniques to remove chromium
from aqueous solutions such as chemical precipitation,
reverse osmosis, adsorption, membrane separation,
electrochemical methods, and ion exchange in order to
diminish the pollution impact of these metals [13-15].
Of these strategies, adsorption is one of the most
recommended physicochemical treatment processes
due to some of its characteristics like simple operation,
high efficiency, fast response, and low price [16,17].
There are ongoing researches on the use of adsorbents
and adsorption methods for heavy metal removal
from industrial wastewater, with the aim of finding
affordable, efficient, and widely applicable method
that generates low amounts of sludge [18,19]. Table 1
shows the main advantages and disadvantages of vari-
ous physicochemical processes used for the removal
of heavy metals from wastewater [20].

The adsorbents to be used in adsorption methods
may include synthetic or natural zeolites, biosorbents,
clay minerals, activated carbon, fly ash, hydrogels,
and nanoparticles [2,20-24]. Nanomaterials such as
nanometal oxides [25-29], carbon nanotubes [30], and
magnetic nanoparticles [3,27,31,32] have been investi-
gated as available materials to be used for the adsorp-
tion of heavy metals due to their special properties,
such as easy operation and easy production, high
adsorption capacity and unsaturated surfaces [25,33].
Recently, nanostructured materials have been sug-
gested as efficient, easy production and low-cost, easy

Table 1
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separation and environmentally friendly alternative
adsorbents to existing treatment materials [34-38].

In this study, the removal of total chromium from
industrial real (competitive) wastewater was studied
using manganese ferrite (MnFe,O,) nanoparticles
(NPs). Manganese ferrite nanoparticles were synthe-
sized by a simple microwave-induced combustion
method and being used as adsorbent for total chro-
mium removal. This technique was chosen because it is
easy, simple, and cheap to produce large amount of
nanoparticles [39,40]. Wastewater samples were used to
investigate the effect of adsorbent dosage and contact
time on total chromium removal under batch condi-
tions. Langmuir, Freundlich, Dubinin-Radushkevich,
and Temkin isotherms were used to analyze the experi-
mental data. The adsorption kinetics was tested for the
pseudo-first-order and pseudo-second-order kinetic
models.

2. Materials and methods

2.1. Wastewater samples and synthesis of manganese ferrite
(MnFe,O4) NPs

MnFe,O, NPs were synthesized through a micro-
wave-induced combustion synthesis route as previ-
ously described in the literature [39-42]. All the
reagents used in the experiments were analytically
pure and were purchased from Merck Chemicals
Company, and they were used as received without
further purification. Stoichiometric amounts of man-
ganese nitrate [Mn(NOj),:6H,0l, ferric nitrate [Fe
(NO3)3-9H,0], and urea were each dissolved in 10 mL
of deionized water to form a clear solution and mixed
altogether. The mixture was stirred with a magnetic
stirrer until the reactants were dissolved completely
and poured into a crucible, which was then placed in
a domestic microwave oven (operating at 2.45 GHz,

Comparisons of various physicochemical processes used for the removal of heavy metals from wastewater [20]

Physical and/or

Disadvantages

chemical methods Advantages
Chemical Low capital cost, simple operation
precipitation

Membrane filtration

Small space requirement, low pressure, high

Sludge generation, extra operational cost
for sludge disposal
High operational cost due to membrane

separation selectivity fouling
Adsorption Low-cost, easy operating conditions, having wide pH Low selectivity, production of waste
range, high metal binding capacities products
Electrodialysis High separation selectivity High operational cost due to membrane
fouling and energy consumption
Photocatalysis Removal of metals and organic pollutant Long duration time, limited applications

simultaneously, less harmful by-products
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800 W). Initially, the solution boils and undergoes
dehydration followed by decomposition with the
evolution of large amount of gases. After the solution
reaches the point of spontaneous combustion, it begins
burning and releases lots of heat, vaporizes all the
solution instantly, and becomes a solid. Here, urea
serves as fuel for the combustion reaction, being oxi-
dized by nitrate.

The wastewater samples, which were real and
competitive industrial wastewater, were collected from
the inflow of a treatment plant of galvanotechnic
industrial site in Istanbul for this study. The heavy
metal concentrations included by the wastewater sam-
ples are given in Table 2. In addition, the original pH
value of used wastewater was 2.

For the structural characterization and phase
identification of the product, X-ray powder diffraction
(XRD) analysis was conducted on a Rigaku Smart Lab
diffractometer operated at 40 kV and 35 mA using Cu
Ka radiation. Field emission scanning electron micro-
scopy (FE-SEM, JEOL 7001 FE) was used in order to
investigate the nanostructure and morphology of the
as-synthesized sample. The sample was coated with
carbon prior to scanning electron microscopy (SEM)
analysis.

In addition, specific surface area of MnFe,O4 NPs
was measured using a NOVA3200 E analytical system
made by Quantachrome Instruments (USA). The speci-
fic surface area was calculated by Burnauer-Emmett—
Teller (BET) N, method.

2.2. Experimental procedures

The wastewater was filtered with a mesh size of
0.45 um prior to experiments. In batch tests, 20 mL syn-
thetic and industrial wastewater samples were placed
in 100-mL Erlenmeyer flasks; adsorbent was added and
the flasks were shaken at 150 rpm in a shaker

Table 2
Heavy metal concentrations in the sample wastewater

Cations Concentration (mg/L)
Cu? 86.12
Ni2* 83.99
Zn** 178.30
Total Cr 302.80
Total Fe 77.74
Na* 822.88
NH; 181.23
K* 146.81
Mg** 59.01
Ca** 212.22
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(Gallenkamp orbital incubator). The samples were fil-
tered with a mesh size of 0.22 pym and then transferred
to glass tubes for analysis. The total chromium concen-
trations in solutions before and after adsorption were
measured using atomic absorption spectroscopy (AAS,
Perkin-Elmer Analyst 400). All the adsorption experi-
ments were conducted at room temperature.

The total chromium removal and adsorption
capacities of manganese ferrite (MnFe,O,) NPs were
calculated by means of Egs. (1) and (2), respectively.

(CO — Ce)

c x 100 1)

Removal efficiency =

(CO _Ce) <V
m

)

where C, represents the initial concentration of metal
in the wastewater (mg/L); C. is metal concentrations
in the solution after the experiment (mg/L); g is the
equilibrium adsorption capacity (mg/g); V is the sam-
ple volume (L) and m is the amount of MnFe,O4 NPs
used (g).

The effects of adsorbent dosages, contact times,
and initial total chromium concentrations on chro-
mium adsorption were evaluated. For this purpose,
experiments were carried out at adsorbent dosages
of 0.5, 1.0, 1.5, 2.0, 3.0, and 6.0 g/L, contact times
10-1,440 min, and initial total chromium concentra-
tions varying from 50 mg/L to 250 mg/L in the
wastewater samples.

2.3. Adsorption isotherm

Adsorption isotherm is useful to describe how
solutes interact with adsorbents and very important to
evaluate the feasibility of the adsorbate—adsorbent sys-
tem. The isotherm data explained by theoretical or
empirical equations provide preliminary prediction in
modeling steps which is desired to practical operation
[43].

In order to determine the adsorption isotherm
model Langmuir, Freundlich, Dubinin-Radushkevich,
and Temkin equations were used. These models are
widely used in adsorption modeling processes. The
linear form of the Langmuir isotherm is as follows
[44] (Eq. (3)):

Ce 1 Ce

= +7
ge  Kig,  aqy

3)

where C. is the equilibrium concentration of the
adsorbate (mg/L); g. is the amount of adsorbate
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adsorbed per unit mass of adsorbent at equilibrium
(mg/g); gm is the theoretical maximum monolayer
adsorption capacity of the adsorbent (mg/g); Ky, is the
Langmuir isotherm constant related to the adsorption
energy (L/mg), the relationship between the adsorbent
and the adsorbate. The values of g, and K can be
determined from the slope and intercept of the linear
plot of Ce/ge vs. Ce.

The Freundlich isotherm is expressed in linear
form as follows [45] (Eq. (4)):

1
log g = log K¢ + (E) log C. 4)

where Kg is the Freundlich isotherm constant related
to the adsorption capacity of the adsorbent (mg/g),
and 1/n is the adsorption intensity that ranges
between 0 and 1, where zero represents maximum
heterogeneity of adsorbent surface. 1/n gives an
indication of the favorability of adsorption. The values
of Kr and 1/n were calculated from the intercept and
slope of the plot of In g, vs. In Ce.

In order to express the adsorption mechanism
generally, Dubinin—-Radushkevich isotherm is applied
with a Gaussian energy distribution onto a heteroge-
neous surface [46,47]. The model has often success-
fully fitted high solute activities and the intermediate
range of concentrations data well. A linear form of the

Dubinin—-Radushkevich isotherm is as follows
(Eq. 5)):
In ge = In gq — &2 )

where g, is the amount of adsorbate in the adsorbent
at equilibrium (mg/g); qq is the theoretical isotherm
saturation capacity (mg/g); f is the Dubinin-
Radushkevich isotherm constant related to sorption
the mean free energy (mol’/kJ?); ¢ is the Polanyi
potential, which is related to equilibrium concentra-
tion as follows (Eq. (6)):

&¢=RT In (1 + Ci> (6)

€

where R is the gas constant (8,314 J/mol K) and T is
the absolute temperature. The approach was usually
applied to distinguish the physical and chemical
adsorption of metal ions with its mean free energy, E
per molecule of adsorbate (for removing a molecule
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from its location in the sorption space to the infinity)
can be computed by the relationship [48] (Eq. (7)):

1
E=—— 7
V2B @

The value of g4 and g was calculated from the inter-
cept and slope of the plot of In g, vs. &”.

In addition, the Temkin isotherm contains a factor
that explicitly takes into account the adsorbing spe-
cies—adsorbate interactions; the isotherm is given by a
linearized expression as [49] (Eq. (8)):

Je = BT In KT + BT In Ce (8)

where Br=RT/b (R is the universal gas constant
(8.314 J/mol K), T is temperature (K), By is the Temkin
constant related to adsorption energy (kJ/mol), and
Kt is the binding constant at equilibrium correspond-
ing to the maximum binding energy (L/mg). The val-
ues of Ky and Br were calculated from the intercept
and slope of the plot of g, vs. In Ce.

2.4. Adsorption kinetics

In order to determine the kinetic model of adsorp-
tion systems, pseudo-first-order and pseudo-second-
order kinetic model equations developed by Lagergren
are used (1898) [50]. The linear form of pseudo-
first-order kinetic model equation can be expressed as
follows [50,51] (Eq. (9)):

In(ge — q¢) = In ge — kyt )

where g, and g are the adsorption amounts of heavy
metal ions per gram of adsorbent at time ¢ (min) and
at equilibrium (mg/g), respectively; k; is the rate con-
stant of pseudo-first-order adsorption (min™"); t is the
time (min). The equilibrium adsorption capacity ge
and the adsorption rate constant k;, calculated from
the slopes and intercepts of plots of log(ge — q;) vs. t.
The linear form of the pseudo-second-order kinetic

model equation is expressed as follows [50,51]
(Eq. (10)):

t 1 1

I I (10)
T

where k, is the equilibrium rate constant of pseudo-
second-order adsorption (g/mg min). The adsorption
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rate constant k; and equilibrium adsorption capacity
e, calculated from the slopes and intercepts of plots
of t/q; vs. t.

When g, values are calculated using experimental
data correlate with theoretical values and according to
correlation coefficient (R*) values, adsorption rate is
deemed to fit the pseudo-first or second-order kinetic
models.

Also, the adsorption data were subject to piecewise
linear regression analysis to understand the mechanism
of adsorption. The information related to adsorption
mechanism can be used to optimize the design of
adsorption conditions and adsorbents [52]. The follow-
ing three steps can be used to describe the overall rate
of adsorption [53]: (1) surface or film diffusion where
the sorbate is transported from the bulk solution to the
external surface of sorbent, (2) pore or intra-particle
diffusion, where sorbate molecules move into the inte-
rior of sorbent particles, and (3) adsorption on the inte-
rior sites of the sorbent. It is assumed that the
adsorption step does not influence the overall kinetics
because it is very rapid. Therefore, the overall rate of
adsorption process can be controlled by either surface
diffusion or intra-particle diffusion. If the intra-particle
diffusion is the rate-limiting step, the Weber-Morris
intra-particle diffusion model has often been used to
determine it as the following equation [54,55] (Eq. (11)):

g =kt +C an
where k; is the intra-particle diffusion rate constant
((mg/g) min®®) and C is the intercept. According to
this model, if intra-particle diffusion is involved in the
adsorption process, the plot of g, vs. t°° should be lin-
ear, and if the plot passes through the origin, then
intra-particle diffusion is the sole rate-limiting step
[56]. It has also been suggested that in instances when
g vs. t°° is multi linear, two or more steps govern the
adsorption process [57,58].

3. Result and discussion
3.1. Structural characterization of manganese ferrite NPs

The crystal structure and phase purity of the as-
prepared sample of MnFe,O, nanospinel was evalu-
ated by powder X-ray diffraction (XRD). Fig. 1 repre-
sents the XRD pattern of the as-prepared sample of
MnFe;O, nanocrystallites. The diffraction peaks con-
firm the formation of single-phase cubic spinel Mn-fer-
rite crystal structure without any impurity or
secondary phases. The MnFe,O, ferrite phase was
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MnFe O, -MW synthesis
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Fig. 1. XRD pattern
spinels.

of as-synthesized MnFe,O, nano

characterized by the main diffraction peaks with the
hkl values of (111), 220), 311), (222), (400),
(422),(511), (440) in XRD powder pattern indicated
that the XRD pattern of as synthesized sample is
identical to pure MnFe,O, spinel structure of the stan-
dard data (JCPDS file no: 74-2403 for MnFe,Oy4)
[59,601.

To study the morphology, size and distribution of
as-synthesized MnFe,O4 nanoparticles SEM was used.
Field emission scanning electron microscopy (FE-SEM)
micrograph of the powder sample is shown in Fig. 2.

From SEM image it is revealed that the sample
consists of regular shaped spherical nanoparticles
without any signature of phase segregation and
agglomeration. A close view of particles also reveals

Fig. 2. SEM picture of as-synthesized MnFe,O, nano
spinels.
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that smaller crystallites have sizes less than 100 nm.
Nanoparticles were dense and distributed evenly on
the whole mass. In addition to this, though these
smaller crystallites are so closely arranged together, a
clear boundary between neighboring crystallites can
still be observed.

Lastly, the specific surface area of the product is
found to be 28.95 m*/g, by using BET.

3.2. Effect of MnFe,O4 NPs dosage

Fig. 3 shows the effect of MnFe,O, dosage on the
adsorption of total chromium. As can be seen from
the figure, the removal of total chromium was
increased with the increase in MnFe,O, dosage.

The surface area of the adsorbent increases as the
adsorbent dosage increase, as well, more adsorption
sites are available to remove chromium from aqueous
solution. Therefore, the equilibrium time will be
shorter at higher adsorbent dosage as expected [61].
However, adsorption capacities decreased from 334.80
to 34.68 mg/g while adsorbent dosage increased from
0.5 to 6.0 g/L. This behavior is attributed to overlap-
ping or aggregation of adsorbent surface area avail-
able to total chromium and an increase in diffusion
path length by Garg et al. [61]. The percentage
removal of total chromium reached almost a constant
value beyond the certain amount of adsorbent (1.5 g).
The adsorption capacity and total chromium removal
in the presence of 1.5g/L of MnFe,O, NPs were
found as 142.90 mg/g and 71.37%, respectively.

3.3. Effect of contact time

The contact time determination is an important
parameter for the adsorption kinetics [62,63]. Fig. 4(a)
and (b) shows the effect of contact time on total chro-
mium removal.

100 400

o)
—a+—Removal, (%) —=—g, (mg/g) 350 ‘g’

< 80 L 300 O:'
= i > 250 =
= 2
z 200 §
g 40 150 ©
& 100 §
20 B

50 g

0 0 =

0 1 2 3 4 5 6 7 <

Adsorbent Dosage, g/L

Fig. 3. Effect of adsorbent dosage on total Cr adsorption
(conditions: pH 2, contact time =1,440 min, shaking
speed = 150 rpm).
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Fig. 4. (a) Effect of contact time on total Cr adsorption, (b)
detail figure for 10 and 240 min (conditions: MnFe,O,
dosage = 1.5 g/L, pH 2, shaking speed = 150 rpm).

As seen in Fig. 4, no significant increase or
decrease was found in total chromium removal, and
adsorption capacities were found between 10 and
120 min, thereafter these capacities increased slowly
(Fig. 4(b), detailed figure for 10 and 240 min). Hence,
the equilibrium condition is reached at 120 min and it
is chosen as optimal contact time for the subsequent
experiments.

3.4. Effect of initial total chromium concentrations

The results of removal of total chromium for dif-
ferent initial concentrations from 50 to 250 mg/L,
which were prepared from synthetic solutions, are
presented in Fig. 5.

No significant changes occurred for percentage
removal of total chromium but the amount of total
chromium adsorbed per unit mass of adsorbent
increased with increasing initial chromium concentra-
tions as seen from Fig. 5. To overcome all mass trans-
fer resistance of chromium ions between the aqueous
and solid phases, the initial chromium concentration
is an important driving force; hence, the adsorption
capacity can be increased by higher initial concentra-
tion of chromium ions. Ozer et al. [64] reported that
all available metal ions in the solution could interact
with the binding sites at lower concentrations and
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Fig. 5. Effect of initial concentrations varying from 50 to
250 mg/L on total Cr adsorption (conditions: MnFe,O,
dosage =15g/L, contact time =1,440 min, shaking
speed = 150 rpm).

thus the percentage adsorption was higher than those
at higher initial metal ion concentrations. At higher
concentrations, lower adsorption yield can be found
from the saturation of adsorption sites.

3.5. Adsorption isotherms

The adsorption isotherm models such as Langmuir,
Freundlich, Dubinin—-Radushkevich, and Temkin were
applied to data of total chromium adsorption. The
correlation coefficients of the Langmuir, Freundlich,
Temkin, and Dubinin—Radushkevich isotherms were
found as 0.756, 0.997, 0.955, and 0.876, respectively.
The adsorption isotherms constant and correlation
coefficients for different isotherm model are given in
Table 3.

According to the linear coefficients of determina-
tion (R®) given in Table 3, the total chromium adsorp-
tion is better fitted to Freundlich and Temkin
isotherms model. In order to determine the most
appropriate isotherm model, chi-square (4?) test was
performed to isotherm models using the mathematical
expression as follows [65] (Eq. (12)).

16501

XZ _ Z (qe,cal - qe)z

e cal

(12)

where ge 1 is the equilibrium capacity (mg/g) calcu-
lated from model and g, is the equilibrium capacity
(mg/g) obtained from the experimental data. The
value of geca and chi-square () as calculated from
four isotherms are depicted in Table 4.

It can be seen from Table 3 that the linear form of
Freundlich and Temkin adsorption isotherm models
regression coefficient (R?) values are more than 0.95.
On the other hand, as seen in Table 4 that g, values
of Freundlich isotherm model have closer g, than the
Temkin isotherm gec. values. In addition, the total
value of (% Freundlich isotherm is smaller than the
Temkin isotherm. Thus, in both, linear and nonlinear
form, Freundlich adsorption isotherm model found to
be more accurate model. Thus, total chromium
adsorption is better fitted to the Freundlich model.
Accordingly, it is assumed that adsorption sites on the
adsorbent surface are heterogeneous and there was no
interaction between the molecules adsorbed onto the
surface [66]. Furthermore, Kr and n values in the
Freundlich isotherm, parameters, and isotherm plot of
which are given in Table 3, respectively, give informa-
tion about the suitability of adsorbent/adsorbate sys-
tem and adsorption system [67-69]. If n <1, the
adsorption system is more heterogeneous, and the
adsorption is more efficient at high concentrations. If
n is equal to unity, the adsorption is linear. When
n > 1, this indicates that the system is more efficient at
low concentrations [67,68,70,71].

3.6. Adsorption kinetics

In order to explain the adsorption mechanisms in
total chromium removal using MnFe,O, NPs, the

Table 3

Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherm parameters

Langmuir Freundlich

Jm (Mg/g) K (L/mg) R? Kr (mg/g) n R?
500.00 0.0005 0.756 0.317 1.059 0.997
Temkin Dubinin—-Radushkevich

Kt (L/mg) b R? gq (mg/g) B E (kJ/mol) R?
0.038 118.94 0.955 34.39 0.00031 40.16 0.876
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Table 4
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Comparison of ge a1 and chi-square ()(2) for Freundlich and Temkin isotherms

Je,cal Chi-square (y°)

C. (mg/1) qe (mg/g) Freundlich Temkin Freundlich Temkin
36.2 9.2 9.385991 6.953931 0.003686 0.725464
71.8 18.8 17.91599 20.97915 0.043619 0.226354
110 26.66 26.79995 29.71584 0.000731 0.314248
184.95 43.36 43.76819 40.35735 0.003807 0.223402

Total x* 0.051842 1.489468
Table 5

Kinetic parameters for the adsorption of Total Cr

Pseudo-first-order Pseudo-second-order
Rz kl qe,exp RZ k2
0956 0.0058 21.35 89.18 0.998 0.0016 85.47 89.18

qe,cal qe,cal QE,exp

pseudo-first-order and pseudo-second-order kinetic
models were used. The kinetic parameters and the
correlation coefficients for the absorption of total chro-
mium are presented in Table 5. As it is seen from
Table 5, the correlation coefficient calculated from the
pseudo-second-order model was high (0.998) for total
chromium removal, and the calculated g, values
from the pseudo-second-order model were in good
agreement with the experimental g, values.

According to the results of Table 5, the total
chromium adsorption of MnFe,O, NPs followed a
pseudo-second-order kinetic model. A plot of pseudo-

second-order adsorption kinetic model for total chro-
mium removal is shown in Fig. 6.

Intraparticle diffusion plot g; vs. t°° is represented
in Fig. 7. According to this plot, the adsorption of total
chromium by MnFe;O4 NPs is occurred in two phases.
The initial linear section represents a gradual adsorp-
tion stage where intraparticle or pore diffusion is rate
limiting and the second section of the plot represents
the final equilibrium stage. Since the graph does not
pass through the origin, the intraparticle diffusion is
not the only rate-limiting step on the adsorption pro-
cess. Therefore, the multiple diffusion model was
determined to be effective in adsorption. Also, the
intraparticle diffusion rate k; and plot intercept value
C were found 1.20 ((mg/g) min*®) and 65.03 (for total
Cr), respectively. According to the results of kinetic
study, it can also be suggested that the adsorption
mechanism is controlled by chemical adsorption.

As shown in Table 6, the absorption capacity val-
ues obtained in this work are larger or comparable to
other adsorbents reported in the literature (Table 6).

Table 6
Adsorption capacities of different adsorbents for chromium
Adsorbents Cr(VD) Cr(IID) Total Cr Refs.
Plum tree bark 100-105 mg/g - 744mg/g [12]
a-Fe;O5; nanofibers 16.7 mg/g - - [21]
Magnetic natural zeolite-polypyrrole (MZ-PPy) composite 43478 mg/g - - [72]
Schinus molle bark 9756 mg /g - 7318 mg / g [73]
Magnetite nanospheres with hollow interiors Img/g - - [74]
Agroforestry wastes (fern (FE), rice husk (RI), and oak leaves) 1925 mg/g - - [75]
Core—shell polyaniline/polystyrene nanocomposite 19 mg/g - - [76]
Coconut shell activated carbon 199 mg/g - - [77]
Activated carbon was prepared from longan seed 35.02mg/g - - [78]
A highly mesoporous melamine-formaldehyde resin (MMF) 66.65 mg/g - - [79]
Sunflower stem carbon—calcium alginate beads (SSC-CAB) (a 534 mg/g - - [80]
down flow fixed bed column)
Nanoparticles of MnFe,O4 - - 89.18 mg/g This

work
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Fig. 6. A plot of t/q vs. time according to pseudo-second-
order adsorption kinetics.
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Fig. 7. Intraparticle diffusion plot for total Cr adsorption
on MnFe,O4 NPs.

4. Conclusions

In this study, the total chromium removal was
investigated using a novel adsorbent of MnFe,O, NPs
synthesized by a simple microwave-induced combus-
tion technique. The MnFe,O, NPs was provided
through an efficient, quick, and inexpensive method
for the removal of total chromium from galvanotech-
nique industry wastewater. The adsorption process
was fast and the equilibrium could be reached within
120 min. And the pseudo-second-order model was the
most suitable kinetic model, and intra-particle diffu-
sion was not the only rate-limiting step on the adsorp-
tion process. The isotherm analysis indicated that the
sorption data could be well represented by Freundlich
isotherm model. As a result, this study showed that
MnFe,O4 NPs would be a potential candidate as a
high efficient and inexpensive adsorbent for the total
chromium removal from real industrial wastewater.
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List of symbols

1/n — the adsorption intensity that ranges between 0

and 1, where zero represents maximum

heterogeneity of adsorbent surface

the Dubinin—-Radushkevich isotherm constant

related to sorption the mean free energy

(mol*/kJ?)

— the Polanyi potential

chi-square

— the Temkin constant related to adsorption
energy (kJ/mol)

C — the intercept
Ce  — (1) metal concentrations in the solution after the
experiment (mg/L)
(2) the equilibrium concentration of the
adsorbate (mg/L)

Co — the initial concentration of metal in the
wastewater (mg/L)

E per molecule of adsorbate

kq the rate constant of pseudo-first-order
adsorption (min~")

) the equilibrium rate constant of pseudo-second-
order adsorption (g/mg min)

k; the intra-particle diffusion rate constant
((ng/g) min®®)

Kr the Langmuir isotherm constant related to the
adsorption energy (L/mg)

Kg  — the Freundlich isotherm constant related to the
adsorption capacity of the adsorbent (mg/g)

Kt  — the binding constant at equilibrium
corresponding to the maximum binding energy
(L/mg)

m — the amount of MnFe,O, NPs used (g)

ga  — the theoretical isotherm saturation capacity
(mg/g)

Je — the amount of adsorbate adsorbed per unit
mass of adsorbent at equilibrium (mg/g)

Fe,cal the equilibrium capacity (mg/g) calculated from
model and g, is the equilibrium capacity (mg/g)
obtained from the experimental data

gm  — the theoretical maximum monolayer adsorption
capacity of the adsorbent (mg/g)

qr — are the adsorption amounts of heavy metal ions
per gram of adsorbent at time ¢ (min)

R — the gas constant (8,314 J/mol K)

R* — correlation coefficient

t — the time (min)

T — the absolute temperature (K)

Vv — the sample volume (L)
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