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ABSTRACT

In this study, iron oxide-hydroxide-impregnated activated carbon (Fe-AC) nanocomposites
were prepared as new adsorbents for vanadium recovery from aqueous solutions. The com-
mercial activated carbon was modified via a permanganate/ferrous iron synthesis method.
The influences of main synthesis parameters, such as temperature (35-85°C), time (5-24 h),
and FeSO, concentration (0.2-0.6 mol L), were investigated to obtain the best adsorbent
for vanadium recovery. The effects of these parameters were optimized by Taguchi method.
The optimal conditions for the synthesis of the best adsorbent were FeSO, concentra-
tion =0.4 M, time =24 h, and temperature = 55°C. The characterization tests showed that
the nature of iron nanoparticles on AC surfaces is iron oxide-hydroxide (FeOOH). The
results showed that Fe-AC nanocomposite exhibited a reasonable capacity for vanadium
recovery from aqueous solutions. According to Langmuir isotherm, maximum adsorption

capacities were 37.87 and 119.01 mg g_l for activated carbon and Fe-AC, respectively.
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1. Introduction

Activated carbon has been a preferred adsorbent in
major industrial applications for many years, espe-
cially in water and wastewater treatment processes
due to its high adsorption capacity, high adsorption
rate, and good resistance to abrasion. Activated carbon
is also an effective adsorbent for organic materials, but
not as effective to adsorb inorganic ions [1,2]. The
application of nanoscale metal hydroxide-impregnated
activated carbon presents a new method to improve
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the adsorption capacity of activated carbon for the
removal of organic and inorganic pollutants from gas
and liquid systems [3-6]. Iron hydroxide is one of the
metal hydroxides. Different technologies, such as
evaporation of iron salt in presence of activated car-
bon, iron precipitation with alkaline solutions, and
oxidation/precipitation of iron, have been proposed
for the attachment of these metal hydroxides onto acti-
vated carbon surfaces [7-9]. However, energy con-
sumption for some of these methods is very high [6].
Anchorage is a simple method for the synthesis of
nanoscale iron hydroxide-impregnated activated
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carbon nanocomposite, which consists of using a
solution of iron salt [10,11].

Vanadium is a very important metal from an eco-
nomical and environmental point of view. Vanadium
is a well-known toxic metal and exists in environment
as tetravalent [V(IV)] and pentavalent [V(V)] forms of
which the pentavalent form is the more toxic one
[12-14]. The Occupational Safety and Health Adminis-
tration (OSHA) has determined that exposure to vana-
dium pentoxide dust and vanadium fumes should be
limited to 0.5 and 0.1 mg m >, respectively, during an
8 h working day [14]. This metal is widely used in
many industries, such as glass, steel, textile, ceramic,
photography, metallurgy and plants, that produce
industrial inorganic chemicals and pigments. Vana-
dium has been discharged into the environment from
oil refineries and power plants in the form of vana-
dium-rich oil fuel and coal. Due to environmental
risks and economic issues, it is necessary to recover
vanadium from industrial effluents such as steel and
oil slags. Different technologies, such as extraction,
membrane technology, and adsorption, have been
studied to separate vanadium from wastewater
[14-23]. The adsorption technology is more advanta-
geous due to its high separation efficiency, low cost,
and easy operation.

Since the adsorption capability of activated carbon
is low for inorganic materials such as vanadium, iron
oxide-hydroxide-impregnated activated carbon (Fe-
AC) nanocomposites were synthesized and used in
this work vanadium recovery from aqueous solutions.

Based on the literature review, few research papers
have been focused on the application of iron nanopar-
ticles and activated carbon composite as an adsorbent
for different separation processes. The synthesis condi-
tion of these nanocomposites was different in research
works [3,5,6,10,11]. Therefore, the main objective of
this study was to synthesize this nanocomposite via
simple and low-temperature method and investigate
the effects of synthesis condition on adsorption ability
of this nanocomposite for vanadium recovery.

2. Materials and methods
2.1. Materials

The activated carbon used in this work is a com-
mercial product manufactured by Norit (the Nether-
lands) with the trade name Norit ROY 0.8. The size of
activated carbon was 300-500 um (mesh no. 35-50).
Ferrous sulfate (FeSO,7H,0), potassium perman-
ganate (KMnO,), vanadium pentoxide (V,0s), sodium
hydroxide (NaOH), and sulfuric acid (H,SO,) were
purchased from Merck company. The solution was
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prepared using ultrapure deionized (DI) water
(18.3 MQ cm) produced by Milli-Q water purification
system (Elix 3 UV (120 V/60 Hz), Millipore).

2.2. Preparation of Fe-AC nanocomposite

Initially, 10 g of activated carbon (AC) was gently
mixed with 100 mL of 0.2 M KMnO, for 20 min. The
permanganate-treated AC was then rinsed repeatedly
with ultrapure water until all the permanganate was
removed, which was verified with no detectable pink/
purple color in the washed water. Preparation of the
Fe-AC consisted of placing 0.5 g of rinsed AC in con-
tact with 10 mL Fe(S50,)-7H,O solution with certain
concentration (M) inside a sealed glass container. The
glass container was then placed in a shaker incubator
(NB-205, N-BIOTECK) at the desired temperature for
a certain period of time (h). Finally, the mixture was
filtered with filter paper (Whatman No. 42) and the
Fe-AC nanocomposite was rinsed with distilled water
until all the soluble iron and iron particles that were
not anchored to the carbon surface were separated. To
ensure the separation of soluble iron, the iron content
of washing water was analyzed using an atomic
absorption spectrophotometer (AAS) (Varian AA240).
The prepared Fe-AC was dried in an air oven at 60°C
for 24 h.

2.3. Experimental design for the synthesis of Fe-AC
samples

In this study, the effects of three main synthesis
parameters were studied: Fe(SO,) concentration, con-
tact time, and temperature. The Taguchi method [24]
was used for experimental design and the effective-
ness of these parameters, as well as the optimum
operating conditions for the synthesis of the best
adsorbent for vanadium recovery, were determined.
Taguchi method leads to the process development by
provide a simple, systematic, and efficient approach
for conducting experiment during research and devel-
opment to determine near-optimum settings of design

parameters with a few experimental runs. This
methodology helps reduce the cost and time [24].
Table 1

Synthesis parameters and their levels

Parameter Level 1 Level 2 Level 3
FeSO, conc. M) 0.2 0.4 0.6
Contact time (h) 5 14 24
Temp. (C) 35 55 85
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Table 2
Arrangement of parameters in L9 orthogonal array
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Parameters Fe(SO4) conc. (M) Contact time (h) Temp. (C) Recovery percent

Experiment

1 0.2 5 35 77

2 0.2 14 55 88

3 0.2 24 85 90

4 0.4 5 55 100

5 0.4 14 85 96

6 0.4 24 35 90

7 0.6 5 85 96

8 0.6 14 35 87

9 0.6 24 55 100
These operation parameters and their levels are 100

listed in Table 1. The degree of freedom related to ;

three sets of three-level parameters is six and the stan- ‘% 2

dard orthogonal array L9, with three columns, and 2

nine rows could be applied for these experiments in § 80

accordance with Taguchi method [24]. The experimen- E

tal layout for these parameters using the L9 orthogo- 2 7

nal array is reported in Table 2. The order of g

experiments was chosen randomly in order to block S "

noise sources. To test the predicted results, confirma-

tion experiments were carried out twice at the same

working conditions. a 5 14 24

Time (h)

2.4. Adsorption experiments

The Fe-AC samples were used for vanadium
recovery from an aqueous solution, and vanadium
recovery percentage was selected as the performance
characteristic of the synthesis process with the opti-
mum operating conditions determined based on this
parameter. The operating conditions were selected

100

8

70

Vanadium recovery %

0.2 0.4 0.6
FeSO4 Conc (M)

Fig. 1. Effect of FeSO4 Conc. (M) on vanadium recovery by
nanoscale Fe-AC nanocomposite.

Fig. 2. Effect of contact time (h) on vanadium recovery by
nanoscale Fe-AC nanocomposite.

based on our previous works [27]. Vanadium recovery
experiments were carried out in a batch system at pH
4.5 and 25°C. Each batch consisted of 0.2 g Fe-AC that
was added to 50 mL of vanadium solution (70 mg L™

100

8

Vanadium recovery %

35 55 85
Temp (°C)

Fig. 3. Effect of temperature (“C) on vanadium recovery by
nanoscale Fe-AC nanocomposite.
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Table 3

Results of ANOVA table for the synthesis of nanoscales Fe-AC composite

Synthesis parameters Sum of squares Var (V) F-ratio Contribution percentage
FeSO, conc. (M) 194.9 97.44 67.57 44 .41
Contact time (h) 14.89 7.44 5.162 2.778
Temp. (O) 219.6 109.8 76.12 50.13
Error 2.884 1.442 2.67
Total 4322 100
1600.00
1400.00
1200.00 21.3322
28.9944 36.7017
100000
> 800.00
2 33,0022
o
E 600.00
400.00
200.00
0.00
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00

2-theta (degree)

Fig. 4. XRD patterns of Fe-AC nanocomposite.

and stirred at 150 rpm for 3 h. The solution pH was
adjusted to 4.5 by adding NaOH and/or H,SO,
solutions. The adsorbent was separated by the paper
filter (Whatman No. 40) at the end of stirring. The
residual vanadium concentration in the solution was
determined using AAS (Varian AA240, the wave-
length of 318 nm). The percentage of vanadium recov-
ered by Fe-AC was determined from the following
equation:

(Co—Cy)

G x 100 (M

Recovery percent =

In this equation, Cy and C; are the initial and final
metal ion concentrations (mg L"), respectively.

2.5. Materials characterization

The iron content in selected Fe-AC samples was
determined by using X-ray fluorescence (XRF, unisan-
tis, XMF-104). X-ray diffraction (XRD) spectra of the
Fe-AC sample (prepared at optimum conditions) was
analyzed using a high-resolution X-ray diffractometer
(XRD, Philips X’ Pertdiffractometer, Cu Ko rad).

The average particle size and the morphology of
the nanoscale iron oxide-hydroxide particles on acti-
vated carbon surface were determined by direct mea-
surement on scanning electron micrographs (SEM,
Seron Technology, AIS2100).

The porous texture and surface area of the samples
were determined from adsorption—desorption of nitro-
gen at 77°K using an automatic volumetric system
(Quantachrome NOVA 1000). The surface areas were cal-
culated by applying the BET (Brunauer—Emmett— Teller)
method. The volumes (mL g ') of micropores and
mesopores were calculated by HK (Horvath—Kawazoe)
and BJH (Barrett, Joyner, and Halenda) methods,
respectively [25,26]. The total pore volume for each
sample was evaluated from the amount of nitrogen
adsorbed at the highest relative pressure, near unity.

2.6. Equilibrium experiments

Equilibrium studies were performed to evaluate the
performance of AC and Fe-AC (prepared at optimum
condition) for vanadium ions adsorption. In these
experiments, 0.05 g of each adsorbent was brought in
contact with 50 mL of vanadium ions solution at
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Fig. 5. SEM micrograph of (a) virgin Norit activated
carbon and (b) Fe-AC nanocomposite.
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different initial concentrations (25-200 mg L™") and ini-
tial pH of 4.5 in a series of flasks. The flasks were agi-
tated on an orbital agitator incubator (N-BIOTECK,
NB-205) at 250 rpm for 24 h at 25°C. After this period,
the metal solutions were filtered and the residual con-
centration of metal ions was determined by AAS. The
adsorbed amount of vanadium ions by these adsor-
bents, g (mg g '), was determined by Eq. (2):

|4
q=-(Co—Cr) 2)

where V and m are the solution volume (L) and dry
weight of adsorbent (g), respectively.

3. Results and discussion
3.1. Effect of operating parameters on synthesis of Fe-ACs

As was mentioned earlier, Taguchi method was used
to find the optimal synthesis conditions for nanoscale
iron oxide-hydroxide-impregnated activated carbon (Fe-
AC) to achieve maximum vanadium recovery. The
recovery results are presented in Table 2. The data in
Figs. 1-3 show the experimental results for vanadium
recovery by Fe-AC samples. Fig. 1 indicates that the opti-
mum FeSO, concentration is 0.4 M. The influence of con-
tact time on vanadium recovery with Fe-AC samples is
shown in Fig. 2. As can be seen, an increase in contact
time leads to increasing vanadium recovery. It can be
suggested that longer contact time tends to increase the
iron content of samples by allowing more time for iron
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< 250|e-
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A woesfyees Fe-AC (Sample 9)

200 = B = Fe-AC (Optimum sample)
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
P/P,

Fig. 6. Adsorption—desorption isotherms of N, for adsorbents.
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Table 4
Porosity parameters of adsorbents
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Adsorbent BET S.A. (m*g™") Vit (mL g™ Vimicro (mL g™) Vineso (mL g™")
AC 1,062.0 0.660 0.530 0.13
Fe-AC (Sample 4) 700.0 0.440 0.370 0.07
Fe-AC (Sample 9) 711.6 0.444 0.356 0.11
Fe-AC (Optimum sample) 777.0 0.500 0.390 0.12
molecules to diffuse into AC particles. Therefore, more
adsorption sites are created on the surface and within
() 140 the pores of the AC for vanadium adsorption.
The results indicate that the optimum experimental
120 Py = AC(Exp) o .
i e conditions were as follows: concentration of
100 ¥y " Praeton FeSO,=04M, contact time=24h, and tempera-
480 “nEeAC(Cale Erenndlich) ture = 55°C. The Fe-AC nanocomposite synthesized at
ol — .+ AC (Calc. Freundlich) optimum operating condition had the ability to
EX N recover almost all vanadium (about 100%) ions from
“p s BT aqueous solutions at these operating conditions after 3
WE i h. The obtained optimum condition is limited to the
0 ranges of selected parameters.
E % B W N L M e The analysis of variance (ANOVA) table is used in
Ce (mg L) . . o
Taguchi method to determine the contribution per-
(b)140 centage of each parameter. The F-ratio in ANOVA
- table can be used to determine the parameters that
120 . ACE=p) o
have a significant effect on the performance character-
100 * Tellfm istic. The calculated values of F-ratio are compared
= g —— Fe-AC (Cale Langmiur) with F values predicted by statistical F distribution (in
o , Fischer tables) [28] at 95% confidence. According to
E 60 = = =AC (Calc. Langmiur) . .
S the rule, when the F calculated in the ANOVA table is
w | . . bigger than the standard F, the parameter is signifi-
0 PR o hanbth cantly influenced by the response variable at the
T " respective confidence level.
b pos ™ -3 The results of ANOVA are presented in Tables 3.
Co (mg LY) The data in Table 3 indicates that FeSO, concentration
¢ and temperature were the most significant synthesis
(c) 140 process parameters. According to the data in Table 3,
- = ACExp) the maximum percentage of error for the results is
e Fe-AC (Exp) 2.67, which is not significant. From the Fisher tables,
100 e the value of F with 95% confidence for vanadium
= = =AC (Cale. D-R) . .
& recovery by Fe-AC nanoscales composites is:
; Foos22=19 (0.05 is probability, 2 and 2 are the
22 0000 ogEeemrRE degrees of freedom of parameter and error). Based on
40 s . L these values, the F calculated in the ANOVA table is
- " bigger than standard F for FeSO, concentration and
; temperature. Therefore, these parameters have a sig-
s = 5 5 nificant effect on the performance characteristic.
Ce (mg LY

Fig. 7. Equilibrium isotherms of vanadium adsorption on
AC and Fe-AC nanocomposites: (a) Freundlich isotherms,
(b) Langmiur isotherms, and (c) D-R isotherm.

3.2. Characterization of adsorbents

The XRF characterization tests were done for the
Fe-AC samples that recovered almost all the
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vanadium from aqueous solutions (samples 4 and 9,
according to Table 2, and Fe-AC prepared at optimum
condition). The iron contents of samples 4, 9, and Fe-
AC prepared at optimum operation condition were
11.89, 12.57, and 14.25 wt.%, respectively, which indi-
cate that iron-coated AC effectively.

The structure of the iron nanoparticles on AC sur-
face was verified by XRD patterns shown in Fig. 4.
This figure shows the nanocrystallite peaks matching
well with the standard FeOOH (00-003-0251). The Mn
phases (from pretreatment with KMnO,) are involved
in the formation of FeOOH nanoparticles [29].

To clearly understand the average particle size and
morphology of nanoscale iron oxide-hydroxide on the
surface of activated carbon, the Fe-AC sample pre-
pared at optimum conditions was characterized by
SEM. Fig. 5 shows the SEM images of Norit virgin-ac-
tivated carbon and Fe-AC nanocomposite. The figure
reveals the presence of berry-like nanoparticles inside
the pores and on the surface of Fe-AC media. The size
of these nanoparticles ranges from 30 to 80 nm.

Nitrogen adsorption—desorption isotherms for
these samples are illustrated in Fig. 6. The results
show that the adsorption-desorption isotherms of
samples were similar, and it can be concluded that
these isotherms belong to the combination of type I
and type II in IUPAC classification [30,31]. These types
of isotherms can usually be observed in porous
materials with a combination of micro and mesopores.
The small hysteresis loops of the isotherms are H4
class, which are often associated with narrow slit-like
pores with a regular structure [32]. The porosity
parameters of the adsorbents have been deduced from
N, adsorption—desorption data and are reported in
Table 4. The results indicate that the formation of iron
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nanoparticles inside and outside the porous structure
of the AC caused a reduction in BET surface area and
pore volume (micro and mesopore). The results
indicate that the percentage of micropores and meso-
pores decreased by the formation of nanoparticles on
the surface of AC. Therefore, it could be concluded
that the molecules of iron oxide-hydroxides diffused
into the micro- and mesopore structure of AC and
limited the accessibility of N, molecules to micro- and
mesopores.

3.3. Adsorption equilibrium

The results of adsorption equilibrium experiments
of vanadium on AC and Fe-AC adsorbents are illus-
trated in Fig. 7. Fe-AC nanocomposites exhibited a
considerable vanadium adsorption capacity in contrast
to AC. These data were fitted by the Langmuir,
Freundlich and Dubinin—Radushkevich (D-R) iso-
therm models. The isotherm equations and parameters
are reported in Table 5. Results show that the adsorp-
tion equilibrium data fitted well with the Fruendlich
isotherm, which may be attributed to the coexistence
of different sorption sites, and/or different sorption
mechanisms, or sorption of different vanadium species
that led to a heterogeneous adsorption. Based on
Table 5, the measured adsorption capacities of AC
and Fe-AC were 37.87 and 119.01 mg g ', respectively.
This higher capacity of Fe-AC may be related to the
availability and particle size of the iron nanoparticles
loaded onto AC. These nanoparticles create new posi-
tive adsorption sites for vanadium anions on the AC
surface.

The maximum vanadium ion adsorption capacity
for other adsorbents is listed in Table 6 for a better

Table 5
Equilibrium isotherm parameters for AC and Fe-AC*
Parameters
Isotherm Equation AC Fe-AC
1 T T T - -
Langmuir T K C + Jmax = 37.870 mg g~ Jmax = 119.010 mg g~
o fmax = BL T fmax K. =0.076 L mg K. =0397 L mg !
R?=0.940 R*=0.970
Freundlich log g. = 1log C. + log K¢ n=2280 n =2.600
" K¢ =5.220 K¢ = 37.020
R?=0.990 R*=10.990
D-R Inge=Ingm—fe &=RTIn (1 n CL) £ =4e-9 mol? ]2 B =3e-9 mol? ] 2

Jm = 0.008 mol g~
R?=0.981

G = 0.003 mol g !
R?=10.943

“Description of parameters is presented in notation table.



H. Sharififard et al. [ Desalination and Water Treatment 57 (2016) 15714-15723 15721
Table 6
Adsorption capacities of different adsorbents for vanadium ions adsorption
Jmax Initial
Adsorbent (mg g_l) pH Adsorbent dose (g L") Initial concentration (mg L") Refs.
Protonated chitosan flakes 12.22 44-50 50 1-5 [14]
(PCF)
ZnCly-modifed activated 24.90 4.0-9.0 4.0 40-120 [20]
carbon
Fe(IIl) / Cr(IlDhydroxide 11.43 4.0 10.0 10-40 [22]
waste
His-MWCNTs 4.85 5.5 0.8 1-8 [23]
Crosslinked chitosan 6.27 4045 06 - [33]
Metal sludge 24.80 7.6 10.0 10-50 [34]
Zr(IV)-impregnated collagen  137.96 5.0 1.0 100-600 [35]
fiber
PGTFS-NH; CI” 45.86 6.0 2.0 10-300 [36]
Calcined Mg/ Al hydrotalcite  513.00 3.0 0.2 10-50 [37]
Zr(IV)-loaded orange juice 51.90 2.5 2.0 - [38]
residue
AC 37.78 4.5 1.0 25.0-200.0 This
work
Fe-AC 119.01 4.5 1.0 25.0-200.0 This
work

comparison [14,20,22,23,33-38]. This comparison indi-
cates that AC and Fe-AC adsorbents exhibit a reason-
able adsorption capacity for vanadium adsorption
from aqueous solution.

Based on D-R isotherm parameters, the mean free
energy E (kfmol ") (calculated from Eq. (3)) of
adsorption per molecule of the adsorbate were 11.180
and 12.909 kJ mol ! for AC and Fe-AC, respectively,
suggesting that the process under consideration had a
markedly chemical nature (chemisorption), rather than
being a pure physical adsorption [20].

E:L 3

(2p)"?

4. Conclusion

The main purpose of this work was to synthesize
an effective adsorbent for vanadium recovery from
aqueous solutions. The study demonstrated that the
impregnation approach using the permanganate/
ferrous iron solution was an effective method to
anchor nanoscale iron oxide-hydroxide particles onto
granular activated carbons. The Taguchi analysis
showed that the optimum synthesis conditions were:
FeSO, concentration = 0.4 M, contact time =24 h, and
temperature = 55°C. The ANOVA results indicated
that the FeSO, concentration and temperature had sig-
nificant effect on the performance characteristic. The

Fe-AC synthesized at optimum condition could
recover almost 100% of vanadium from the aqueous
solution after 3 h. The particle size of iron oxide-hy-
droxide impregnated on activated carbon surface was
in the range of 30-80 nm. The adsorption equilibrium
data fitted well with the Fruendlich isotherm.
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Notation table

max — maximum adsorption capacity of adsorbent
(mgg™)

Ki — Langmuir constant related to energy of
adsorption (L mg™)

n — Freundlich—-exponent related to adsorption
intensity

K¢ — Freundlich constant related to adsorption
capacity of the adsorbent (mg'~1/" L'/" g™

gm — theoretical saturation capacity (mol g™')

s — constant term related to the mean free energy of
adsorption per mole of the adsorbate (mol* J™)

R — the universal gas constant (8.314 ] mol™ K™)

T — the absolute temperature (K)
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