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a b s t r a c t
There were three methods for the preparation of iron nanoparticles incorporating ordered 
mesoporous carbons (OMCs): the incipient wetness impregnation technique (OMC-Fe(imp)), iron 
contained precursor (OMC-Fe) method, and citric acid chelated iron precursor (OMC-Fe-(citric)) 
method. The incorporated iron was reduced to nanoscale zero-valent iron (nZVI) by hydrogen at 
673 K. The synthesized nZVI-incorporated OMCs were then used as an adsorbent to remove trace 
amount of molybdate ions from aqueous solutions. The texture characterization of OMCs was deter-
mined by nitrogen adsorption analysis. The morphology was observed by X-ray diffraction and 
transmission electron microscopy, and the surface functional groups were determined by X-ray pho-
toelectron spectroscopy. The bulk iron contents were determined by thermal gravimetric analysis. 
The adsorption capacities of molybdate ions on the nZVI-incorporated OMCs were determined by 
using a batch reactor. Experimental results showed that the adsorption capacity of the OMC-Fe-
(citric) is superior to that of OMC-Fe(imp) and OMC-Fe. At pH = 3 and initial concentration of 
200 mg/L, the equilibrium adsorption capacities were 119 and 278 mg/g on OMC and OMC-Fe-
(citric) containing 5 wt.% iron, respectively. The isotherm data and adsorption kinetics data were 
adequately fitted by the Langmuir equation and the pseudo-second-order adsorption kinetic model, 
respectively.

Keywords:  Mesoporous carbon; Iron-incorporated; Molybdate ion; Adsorption; Nanoscale zero valent 
iron (nZVI)

1. Introduction

Molybdenum is classified as a trace metal, because 
it is not found free in nature on earth; it is found only in 
various oxidation states in minerals. About 86% of molyb-
denum produced is used in metallurgy, with the rest used 
in chemical applications. Most molybdenum compounds 
have low solubility in water, but when molybdenum con-
tacts oxygen and water, the resulting molybdate ion is sol-
uble. Molybdenum is one of the trace elements essential 
for living organisms and enters the human body through 

the food chain. If the cumulative concentration is too high, 
then it can cause many physiological hazards such as diar-
rhea, growth disorders, gout, infertility, and neonatal hypo-
thermia, causing injury to lungs, liver, kidney, and other 
organs and even death [1]. National legislation states the 
discharge of molybdate ions in wastewater emission levels 
to be between 0.1 and 10 mg/L [2].

Wastewater containing molybdate ions can be treated 
in many ways, for example, filtration [3], flotation [4], ion 
exchange [5,6], and adsorption [7–20]. Adsorption has 
been proven to be an effective separation technique for 
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the treatment of low concentrations of metal ions [2–4]. 
The adsorption of molybdate ions is an effective and 
economical technique. There are different adsorbents used 
to remove molybdate ions from aqueous solution, such 
aspyrite [10], γ-Al2O3 [11], natrolite and clinoptolite-rich 
tuffs [12], sodium-saturated kaolinite [13], nano-ball allo-
phone [14], titania goethite [15], carbon cloth [7–9], chitosan 
beads [16], ferric oxide gel [17], bentonite and powdered 
cockle shell [18], zeolite-supported magnetite [19], and acti-
vated carbon [1,20].

The zerovalent metal nanoparticle treatment technique 
has been proven to be effective at solving the most chal-
lenging environmental clearance problem, for example, 
chlorinated organic matter or heavy metal polluted soil 
and groundwater [21]. The nZVI has a high specific surface 
area and high surface activity and can be used to dispose 
of environmental pollutants, including chloro-carbon sol-
vent [22], polychlorinated biphenyls [23], metal ions such 
as As(III), Pb(II), Cu(II), Ni(ii), Cr(VI), and so on [24,25]. 
However, there are still some challenges to practical appli-
cation, such as easy aggregation of nZVI, high reactivity, 
and low stability. In order to prevent nZVI from forming 
a passivation layer and aggregation, recent studies used 
porous material to support nZVI [26–29]. However, the 
zerovalent iron granules that resulted from using the tradi-
tional wet dip method to deposit iron on a porous solid sub-
strate surface are still large or aggregated. Huang et al. [30] 
reported removing molybdate from water using a hybrid-
ized zero-valent iron/magnetite/Fe(II) system.

Ordered mesoporous carbons (OMC) have been demon-
strated as excellent catalytic supports due to their uniform 
and tunable pore size, regularly aligned pore architecture, 
high surface area, large pore volume, and thermal stabil-
ity [31,32]. Several reports have shown that OMC can be 
synthesized through either a hard-templating approach 
[33,34] or soft-templating approach [35,36]. Tang et al. [37] 
recently used the co-dip method to feed ferric nitrate and 
sucrose into SBA-15, obtaining Fe/CMK-3 after high-tem-
perature carbonization. The ferric nitrate resolved into 
ferric oxide (Fe2O3 and Fe3O4) in the high-temperature car-
bonization process, partially reducing to zerovalent iron; 
synergistic effect of absorption-coupled reduction hexava-
lent chromium was obtained, and then the removal effi-
ciency of hexavalent chromium from an aqueous solution 
was increased. Sun et al. [38] proposed a chelate-assisted 
co- assembly route to synthesis high-quality ordered mes-
oporous carbons incorporated with highly dispersed uni-
form Fe2O3 nanoparticles for application in Fischer–Tropsch 
synthesis. They used soluble resol as a carbon source, iron 
nitrate as a metallic precursor, acetylacetone as a chelating 
agent, and Pluronic F127 as a template. The iron incorpo-
rated composite was further reduced by hydrogen at 673 K.

The references in the literature mostly used the tradi-
tional dip method or mixed porous material with iron pow-
der and then reduced the iron to zerovalent iron. This study 
uses the pre-dip method, whereby the citric acid chelated 
iron is mixed into sucrose as a carbon source. The meso-
porous silicon material SBA-15 as a template is made into 
mesoporous carbon with iron nanoparticles (OMC-Fe), 
and then the iron is reduced by high-temperature hydro-
gen to nZVI as an adsorbent to remove the slight amount 

of hexavalent Mo ions from the water. The OMC-Fe made 
by using different synthetic methods is compared with gen-
eral OMC for the adsorption of Mo(VI) ion. The adsorption 
relation between adsorbent and Mo(VI) ion is discussed 
by isothermal adsorption pattern and adsorption kinet-
ics pattern regressions. The OMC-Fe surface functional 
groups before and after adsorption are analyzed by XPS to 
discuss the adsorption mechanism.

2. Experimental

2.1. Materials

Triblock co-polymer (P123, EO20PO70EO20, Mn:5,800), 
sucrose, and sodium molybdate dehydrate were all 
purchased from Aldrich. Tetraethyl orthosilicate (TEOS) 
and ferric nitrate 9-hydrate were purchased from Fluka 
and J.T. Baker, respectively. Citric acid monohydrate, nitric 
acid, sodium hydroxide, hydrochloric acid, and sodium 
sulfate were all purchased from Merck. All chemicals 
were analytical pure grade and were used as received. 
The solutions were prepared with high purity water 
(18.25 MΩ/cm) from a water purification system.

2.2. Preparation of nanoscale zero-valent iron-doped mesoporous 
carbon

2.2.1. Preparation of OMC

The SBA-15 silica template was prepared according to 
the process described in the literature [39,40]. OMC was 
synthesized under a nanocasting strategy as reported by 
Jun et al. [34]. Briefly, 1.25 g sucrose was dissolved into 
5 mL aqueous solution containing 0.14 g H2SO4; 1.0 g SBA-
15 was added and dispersed into the solution. The resulting 
mixture was heated in an oven at 373 K for 6 h and then at 
433 K for another 6 h. Subsequently, 0.8 g of sucrose, 90 mg 
of sulfuric acid, and 5 mL pure water were again added to 
the pre-treated sample and the mixture was again subjected 
to the thermal treatment described above. The template- 
polymer composite was then pyrolyzed in a furnace under 
a nitrogen atmosphere up to 1,173 K under a heating rate of 
5 K/min, holding the temperature for 6 h for carbonization. 
After cooling to room temperature, the mesoporous carbon 
was recovered after the dissolution of the silicon frame-
work in 2 M NaOH solution, by filtration, washed several 
times with water and ethanol, and dried at 378 K.

2.2.2. Preparation OMC-Fe(imp)-X by the incipient 
wetness impregnation method

The weighed specific proportion of ferric nitrate was 
dissolved in the prepared 0.5 N HCl solution, mixed 
with acetone as a surfactant, and the OMC was put in an 
Erlenmeyer flask with ferric nitrate solution. After mixing, in 
order to make sure the OMC disperses in water uniformly, 
the mixture was vibrated by ultrasound for 1 h. Afterward, 
it was stirred at 100 rpm by a magnet at room tempera-
ture for 1 d. Finally, it was placed in 333 K oven for 2 d to 
remove most of the acetone. The code of the sample treated 
by a wet dip is OMC-Fe(imp)-X, where X is the designed iron 
content (A is 5 wt.%, B is 10 wt.%, and C is 15 wt.%).
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2.2.3. Preparation of OMC-Fe-X by feeding sucrose with 
ferric nitrate

The proportioned ferric nitrate was dissolved in 5 g DI 
water, mixed well with a specific proportion of sucrose, 
and mixed with 0.14 g sulfuric acid; 1.0 g SBA-15 was 
then mixed with the prepared ferric solution uniformly. 
The subsequent process steps were identical to the OMC 
preparation. The code of the synthetic OMC-Fe sample is 
OMC-Fe-X, where X is the designed iron content.

2.2.4. Preparation of OMC-Fe(citric)-X by feeding sucrose 
with citric acid chelated-Fe

The proportioned ferric nitrate was dissolved in 5 g DI 
water and mixed with a specific proportion of citric acid 
to chelate Fe ion to form a citric acid chelated-Fe solution. 
The subsequent process steps were identical to the OMC 
preparation. The code of the synthetic OMC-Fe sample is 
OMC-Fe(citric)-X, where X is the designed iron content.

2.2.5. Reduction by hydrogen

The OMC-Fe was placed in the high-temperature fur-
nace, supplied with nitrogen, and heated at 2 K/min to 673 K; 
the nitrogen was switched to hydrogen, the temperature was 
kept for 5 h, the iron ion was reduced to zerovalent iron, and 
the heating rate was low to avoid a fast reduction resulting in 
a sintering phenomenon. The hydrogen was then switched to 
nitrogen and cooled to room temperature. The sample code 
is OMC-Fe(citric)-X-R, where X represents the designed iron 
content, and R represents hydrogen reduction.

2.3. Characterization

Transmission electron microscopy (TEM) images were 
obtained on a JEOL JEM-2010 electron microscope (Tokyo, 
Japan) operated at 100 kV. X-ray diffraction (XRD) patterns 
were collected on a Miniflex II X-ray diffractometer equipped 
with CuKa radiation (k = 1.5406 A). The porous texture of 
the prepared OMC samples was characterized by physical 
adsorption of nitrogen at 77 K in a gas adsorption apparatus 
(Quantachrome Autosorb-1). Specific surface area (SBET) was 
calculated using the Brunauer–Emmett–Teller (BET) equa-
tion at relative pressure between 0.005 and 0.3. The pore 
size was calculated using the Barrett–Joyner–Halenda (BJH) 
model in the range 1.4–200 nm and the density functional 
theory (DFT) method in the micropore range. The microp-
ore volume was determined by the Dubinin–Radushkevich 
method. The surface elemental composition analyses were 
proposed based on the X-ray photoelectron spectroscopy 
(XPS, ULVAC-PHI, Kanagawa, Japan PHI 5000 VersaProbe/
scanning ESCA microprobe) with a resolution of 0.5 eV. 
Thermogravimetric analysis (TGA) of the OMC samples was 
performed using thermal analysis instrument (model: TGA-
2050), in order to evaluate the weight of iron-doped and 
thermal degradation of materials. Samples were heated to 
1,073 K under an oxygen flow (40 mL/min), keeping a con-
stant heating rate of 10 K/min and using a platinum crucible 
with a pinhole. The pH at the point of zero charges (pHpzc) 
of the OMCs was measured by using the pH drift method. 

The pH of 0.01 M NaCl solution was adjusted to succes-
sive initial values between 2 and 8, by adding either HCl or 
NaOH. The OMCs (15 mg) were added in 15 mL of respec-
tive pH solution and left at room temperature for 48 h. After 
the pH stabilized, the final pH was measured. The graphs of 
pHs were drawn and used for the determination of points 
at which the initial and final pH values were equal [41].

2.4. Adsorption experiments

All batch adsorption experiments included sorption iso-
therm and sorption kinetics, and the effect of pH was per-
formed in 250 mL glass conical flasks that underwent shaking 
at 100 rpm in a thermostatic shaker at 303 K. The pH values of 
the solutions were adjusted with 0.1 M HCl or 0.1 M NaOH 
using a pH meter. Sorption isotherms were studied by vary-
ing initial molybdate ions concentration from 25 to 200 mg/L. 
About 50 mg of OMCs were added into a 100 mL molybdate 
solution for each treatment unless otherwise stated. After 
finishing each experiment (24 h for isotherm studies), the 
adsorbents were separated, followed by an analysis of resid-
ual molybdenum concentration in the filtrate. Kinetic studies 
were carried out by taking samples at predetermined time 
intervals. The concentration of molybdenum ions in the super-
natants was determined by an atomic absorption spectrom-
eter (Perkin Elmer AAnalyst 400, Waltham, Massachusetts, 
U.S.). All the experiments were carried out in duplicate, and 
the average results were recorded. The isotherm capacity 
was calculated from the following mass balance relation:

q
C VC
me
e=

−( )×0  (1)

where qe (mg/g) is the equilibrium amount of Mo adsorbed 
per unit mass of adsorbent; C0 (mg/L) and Ce (mg/L) are the 
initial Mo concentration and the equilibrium Mo concentra-
tion, respectively; and V (L) and m (g) are the test solution 
volume and mass of adsorbent, respectively.

For kinetic studies, the system volume decreases due 
to repeated sampling, and the adsorption capacity is 
calculated according to Eq. (2).
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where qn (mg/g) is accumulative adsorption capacity up 
to No. nth sampling; Cn (mg/L) is the concentration of No. 
nth sample solution; Ci (mg/L) is the concentration of No. 
ith sample solution; V0 (L) is the initial solution volume; 
v (L) is the sample solution volume, and n is the number 
of times of sampling.

3. Results and discussion

3.1. Characterizations of adsorbents

Fig. 1 shows the transmission electron microscopy 
(TEM) images of the pristine OMC, OMC-Fe(imp)-B-R, 
OMC-Fe-B-R, and OMC-Fe(citric)-B-R. The TEM images in 
Fig. 1a indicates that the prepared OMC exhibits a highly 
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ordered mesoporous structure with linear arrays of meso-
pores. The pore diameters are around 10–12 nm. Fig. 1b for 
the OMC-Fe(imp)-B-R, which was prepared by the incipi-
ent wetness impregnation method, shows an obvious iron 
particle diameter of more than 50 nm, indicating that the 
iron particles in the carbonaceous material aggregate during 
the reduction process. Fig. 1c shows the TEM image of the 
OMC-Fe-B-R prepared by feeding sucrose with ferric nitrate 
and reduction with hydrogen. Iron particles are distinctly 
found in the carbon material. The particles are about 20 nm, 
which shows that agglomeration occurs. Fig. 1d is the TEM 
image of OMC-Fe(citric)-B-R prepared by citric acid chelat-
ed-Fe ions, reduced by thermal hydrogen in the process. It 

can be seen that uniform ferrite nanoparticles are highly 
dispersed in the carbon material and the particles are less 
than 8 nm.

Nitrogen adsorption/desorption isotherms at 77 K of 
the iron-doped OMCs after hydrogen reduction at 673 K are 
illustrated in Fig. 2a. The isotherms of all three iron-incorpo-
rated OMCs were found to type VI as defined by International 
Union of Pure and Applied Chemistry and exhibited a hys-
teresis loop with capillary condensation at a relative pres-
sure that ranged between 0.5 and 0.95. From the shape and 
hysteresis of the isotherms, it is plausible to suggest that 
the OMCs show mesoporous structures. The pore size dis-
tributions of the iron-incorporated OMCs obtained using 

(a) (b)

(c) (d)

Fig. 1. TEM images of (a) OMC, (b) OMC-Fe(imp)-R, (c) OMC-Fe-B-R, and (d) OMC-Fe (citric)-B-R.
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the Barrent–Joyner–Halenda (BJH) method and the DFT 
method are shown in Fig. 2b. The results clearly indicate 
that the OMC is nanoporous with quite a narrow pore-size 
distribution between 3 and 6 nm (mesopores). The total sur-
face area SBET, the total pore volume, and the micropore vol-
umes of the OMC and the iron-incorporated OMC samples 
were calculated from nitrogen isotherm data and listed in 
Table 1. The BET specific surface area and total pore vol-
ume of the OMC are 1,410 m2/g and 1.79 cm3/g, respectively. 
Huang and Shen [42] reported the specific surface area and 
pore size of the CMK-3 were 1,075 m2/g and 1.04 cm3/g, 
respectively. The BET surface area and pore volume of the 
iron-incorporated OMCs by incipient wetness impregna-
tion (OMC-Fe(imp)-B) dramatically decreased to less than 
40% and 70% of those of the OMC, respectively. This result 
is due to pore blockage or partial pore filling by the pres-
ence of iron particles. The BET surface area and pore vol-
ume of the OMC-Fe-B are larger than those of the OMC.

During the high-temperature carbonization process, it 
is speculated that the reaction of ferric nitrate with sucrose 
causes defects in the carbonaceous material, resulting in an 
increase in the micropore volume. The specific surface area 
and total pore volume of OMC-Fe(cit) are slightly lower 
than those of the OMC, but the micropore volume is slightly 

higher than that of the OMC, which may be related to the 
decomposition of citric acid chelated-iron at high-tempera-
ture carbonization [38]. The BET specific surface area and 
pore volume of the iron-incorporated OMCs after hydrogen 
reduction at 673 K are also shown in Table 1. The specific 
surface area of OMC-Fe(imp)-B-R greatly increased, because 
the impregnated nitrate ions were decomposed at 673 K 
by hydrogen reduction. The released oxygen reacts with 
carbon to partially decompose the carbonaceous material. 
Both specific surface area and pore volume increased. The 
specific surface area and micropore volume of the OMC-Fe-
B-R decreased slightly, but the mesopore volume increased 
slightly after reduction. The specific surface area of OMC-
Fe(citric)-B-R increased, and both the micropore volume and 
mesopore volume also increased. It was found that OMC-Fe 
(citric)-B-R could obtain more favorable adsorption pore 
structures after hydrogen reduction at 673 K.

Fig. 3 shows TGA of the iron-incorporated OMCs in an 
oxygen atmosphere. As can be seen from Fig. 3, the main 
thermal degradation of the OMC occurs in the temperature 
range of 773–923 K under an oxygen atmosphere. Only 
about 4.59 wt.% remained, and the white ash residue was 
silicon, which could not be completely removed during 
the removal of the template. The thermogravimetric losses 

(b)

(d)

(a)

(c)

Fig. 2. N2 adsorption–desorption isotherms at 77 K and the corresponding pore size distribution (determined by the BJH method) of 
iron-doped OMCs. Before (a and c) and after (b and d) hydrogen reduction at 673 K.
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of the OMC-Fe-B and the OMC-Fe(citric)-B are similar to 
that of the OMC, with 15.10 and 11.89 wt.% residual at 
973 K, respectively. The residue was reddish-brown ash, 
presumed to be oxides of silicon and iron. After deducting 
Si, the iron contents of OMC-Fe-B and OMC-Fe(citric)-B 
were 7.36 and 5.11 wt.%, respectively. The TGA curve of 
the OMC-Fe(imp)-B, which was made by the traditional 
method of impregnation, is different from that of the 
other three samples. There is an initial weight loss after 
the start of heating. The weight loss below 573 K is about 
20% and it can be attributed to the removal of physisorbed 
water and trapped acetone. Besides, the weight loss in 
the range of 673–823 K is about 58%, which is presumed 
that the impregnated nitrate ions and carbon reacted with 
each other to promote the gradual cleavage of carbon. At 
823 K, 12.91 wt.% reddish-brown ash (silicon and iron 
oxide) remained, and after deducting silicon, 5.82wt.% 
of iron content was measured. The actual iron content of 
the three doped iron OMCs was slightly lower than the 
10 wt.% designed at the time of preparation. Fig. 4 shows 
the XRD pattern of the iron-incorporated OMCs reduced 
by hydrogen at 673 K. It is obvious that the characteris-
tic peaks of the graphitic framework of OMC are (002) 
and (101) diffraction peaks respectively at 2θ = 23.0° and 
44.0°. The iron-incorporated OMC reduced by hydro-
gen at 673 K has (101) characteristic peak, meaning there 

is still a good graphitic framework after reduction [43].  
In addition, the iron-incorporated OMCs prepared by 
using three different methods and reduced by thermal 
hydrogen has the characteristic peaks of iron at 44.9°, 
65.0°, and 82.0°. According to JCPDS, these peaks are the 
(110), (200), and (211) diffraction peaks of zero-valent iron, 
respectively, and the (220), (311), and (400) diffraction 
peaks of γ-Fe2O3 occur at 30.0°, 35.7°, and 43.0° [44].

3.2. Effect of solution pH

Fig. 5 shows the effect of different pH values on 
molybdate ion adsorption. The 100 mL 50 mg/L sodium 
molybdate solution and 25 mg adsorbent were mixed at 
a constant temperature of 303 K for 24 h. According to 
Fig. 5, the OMC has maximum adsorption capacity when 
the pH is 3, and the adsorption capacity decreases when 
the pH is lower or higher than 3. This can be attributed 
to the existence of molybdate ion at different pH values and 
the pHzcp of the adsorbent. The pHzcp values of the OMC, 
OMC-Fe-B, and OMC-Fe(citric)-B obtained by the pH drift 
method were 5.8, 5.5, and 5.7, respectively. The carbon 
material surface is positively charged when pH < pHzcp. 
When the concentration is 50 mg/L, the molybdate ions are 
mostly MoO3(H2O), HMoO4

–, and MoO4
2– when the pH is 

Table 1
Texture characteristics of the OMCs

Sample SBET (m2/g) VT (cm3/g) Vmeso (cm3/g) Vmic (cm3/g)

OMC 1,410 1.79 1.29 0.50
OMC-Fe(imp)-B 549 1.25 0.79 0.46
OMC-Fe-B 1,504 1.96 1.05 0.91
OMC-Fe(citric)-B 1,012 1.50 0.77 0.73
OMC-Fe(imp)-B-400 1,011 1.43 0.67 0.76
OMC-Fe-B-400 1,324 2.00 1.13 0.87
OMC-Fe(citric)-B-400 1,218 1.90 1.11 0.79

SBET: BET specific surface area; VT: total pore volume calculated from N2 isotherm at P/P0 = 0.995; Vmic: micropore volume was determined by 
the Dubinin–Radushkevithch equation; Vmeso = VT – Vmic.

Fig. 3. Thermogravimetric diagrams of iron doped OMCs. Fig. 4. XRD pattern of nZVI doped OMCs. (a) OMC, (b) OMC-
Fe(imp)-B-R, (c) OMC-Fe-B-R, and (d) OMC-Fe(citric)-B-R.
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3–5. MoO4
2– is the dominant species from pH 5 to 12 [45]. 

The OH– concentration in aqueous solution increases with 
pH, generating competitive adsorption with hexavalent 
molybdate anion, and thus the molybdate ion adsorp-
tion capacity decreases. Fig. 5 illustrates that the iron- 
incorporated OMC has maximum adsorption capacity for 
molybdate ion when the pH is 2. The adsorption capacity 
of molybdate ion on the iron-incorporated OMCs at pH 3 
was similar to that at pH 2. In order to reduce the dosage of  
acid, pH = 3 was used as the adsorption operating condition.

3.3. Adsorption isotherm study

Figs. 6a and b show the adsorption isotherms of molyb-
date ions on the iron-incorporated OMCs before and after 
reduced by thermal hydrogen, respectively. The adsorp-
tion isotherms on the OMC are also presented in Fig. 6 for 
comparison. According to Fig. 6a, the OMC-Fe-B and OMC-
Fe(citric)-B have higher adsorption capacity than the OMC, 
because the carbon material contains iron oxides, and the 
BET measurement results show that the micropore volume 

is larger than the OMC. The OMC-Fe-B has higher iron 
content and the largest micropore volume, and the experi-
mental results show the maximum adsorption capacity for 
Mo(VI) acid ion. The iron oxide in the iron-incorporated 
OMC was reduced by hydrogen at 673 K to zero-valent 
iron. Fig. 6b presents that the adsorption capacity increases 
distinctly after reduction. The zero-valent iron is likely to 
be oxidized in general conditions, forming the ferrifer-
ous oxide. When the ferriferous oxide contacts water, the 
surface Fe–O–Fe bond performs hydroxylation and then 
forms a single water molecule film by hydrogen bonding 
with peripheral water molecules, known as hydration. The 
oxide surface is covered with OH– [16], which is proton-
ized in an acid environment to form positively charged Fe–
OH2

+, thus making it favorable for adsorbing the negatively 
charged molybdate ions. The γ-Fe2O3 peak was observed in 
the XRD pattern, and the γ-Fe2O3 forms X–OH2

+ (X = Fe, C) 
in an acid environment, which is favorable for adsorbing 
the negatively charged molybdate ions. After the OMC-Fe 
prepared by using different methods is reduced by hydro-
gen at 673 K for 5 h, the OMC-Fe(citric)-B-R has the max-
imum adsorption capacity for molybdate ions, meaning 
the highly dispersed, and small-sized iron particles can 
enhance the adsorbability more effectively.

According to the aforesaid findings, the OMC-Fe(citric) 
prepared by using citric acid to disperse iron ions has small 
and uniformly dispersed iron particles and has the opti-
mum adsorption capacity. Therefore, the iron content in 
OMC-Fe(citric) was changed in order to discuss the effect of 
iron content on adsorbing the molybdate ions from aqueous 
solution. Fig. 7 shows the adsorption isotherms of molyb-
date ions on the OMC-Fe(citric) with different iron contents 
after hydrogen reduction. The designed iron contents were 
5, 10, and 15 wt.%, respectively, and the iron contents deter-
mined by TGA were 3.3, 5.1, and 8.6 wt.%, respectively. The 
adsorption test results show that the adsorption capacity 
decreases as the iron content in carbon material increases, 
perhaps because excessive iron blocks the channels and 
holes, and the higher the iron content in carbon material 
is, the more oxygen is released after high-temperature 
hydrogen reduction, and the more severely the carbon 

Fig. 5. Influence of initial pH value on the adsorption capacity 
of molybdate ions on iron-doped OMCs.

(b)(a)

Fig. 6. Non-linear adsorption isotherms with the Freundlich model of molybdate ions adsorbed on iron-doped OMCs (a) before 
hydrogen reduction and (b) after hydrogen reduction at 673 K.
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material structure is damaged. The specific surface area and 
micropore volume decrease distinctly as the iron content 
increases. Furthermore, excessive iron results in agglom-
eration, the iron has higher density than carbon, and the 
adsorbent weight increases with iron content, so that the 
adsorption capacity of adsorbent per unit mass for molyb-
date ions decreases. According to the BET measurement 
result, the OMC-Fe(citric)-A-R has larger micropore volume 
(1.21 cm3/g) and small iron particles dispersed uniformly. 
Therefore, the OMC-Fe(citric)-A-R has the highest adsorp-
tion capacity for molybdate ions from aqueous solution.

In order to confirm the mechanism of the adsorption 
of molybdate ion by zero-valent nano iron-incorporated 
OMC, the chemical form of surface elements of OMC-Fe-
(citric)-A-R after adsorbed molybdate ions was analyzed 
by XPS. Fig. 8a shows the full XPS spectra before and after 
adsorption of molybdate ions on the OMC-Fe(cit)-A-R. It is 
obvious that there is Mo 3d characteristic peak in spectrum 
232–235 eV after adsorption. The inset of Fig. 8b shows 
the spectral pattern of Mo 3d of the OMC-Fe(cit)-A-R after 

adsorbed molybdate ions. The photoelectron peaks at 232.8 
and 235.8 eV are for Mo3d5/2 and Mo3d3/2, respectively. This 
is similar to Barr [46], showing the presence of molybde-
num on the adsorbent after adsorption. In addition, Fig. 8b 
shows the curve fitting bonding pattern of Mo3d5/2, where 
the Mo(VI) is fitted only through bonding energy 235.8 eV 
[47]. The XPS shows that the valence state of Mo(VI) does 
not change when the OMC-Fe(citric)-A-R adsorbed molyb-
date ions from aqueous solution; the adsorption mecha-
nism mainly by the attraction of the positively charged 
Fe–OH2

+ to the negatively charged Mo(VI) acid ion in water. 
According to the BET measurement result, a small amount 
of iron incorporated in the OMC-Fe(citric)-A-R increases 
the specific surface area and micropore volume of carbon 
material, and the adsorption capacity of molybdate ions is 
enhanced effectively.

The adsorption isotherm data were regressed by 
Langmuir and Freundlich isotherm equations, and the 
parameter values are listed in Table 2. The parameter qe in 
Langmuir model is the coverage of monolayer molecules on 
the adsorbent surface. Table 2 shows that the qe value after 
thermal hydrogen reduction is larger than that before reduc-
tion, perhaps because, after hydrogen reduction, the ferric 
oxide unfavorable for adsorption on the carbon material 
surface was reduced to zerovalent iron and γ-Fe2O3, which 
are favorable for adsorption. The zerovalent iron and γ-Fe2O3 
form positively charged Fe–OH2

+ in an acid environment, 
enhancing the driving force and adsorbability of carbon 
material to adsorb the negatively charged molybdate ions in 
solution, so that the adsorption capacity increases obviously. 
According to the qe value of Langmuir isotherm in Table 2, 
the OMC equilibrium adsorption capacity is 119.0 mg/g; after 
673 K hydrogen reduction, the equilibrium adsorption capac-
ities of OMC-Fe(imp)-B-R, OMC-Fe-B-R, and OMC-Fe(citric)-
B-R are 204.1, 232.6, and 256.4 mg/g, respectively. The 
adsorption performance is better after hydrogen reduction. 
The equilibrium adsorption capacity of the OMC-Fe(citric)-
A-R is as high as 277.8 mg/g after 673 K hydrogen reduction, 
or higher than that of the OMC by 133%. In addition, accord-
ing to the R2 values in Table 2, both Langmuir and Freundlich 
models described adsorption isotherm data very well.

Fig. 7. Equilibrium adsorption isotherms of molybdate ions on 
different nZVI contents incorporated OMC-Fe(citric)-R. (A) 
5 wt.%, (B) 10 wt.%, and (C) 15 wt.%.

(b)(a)

Fig. 8. (a) XPS survey of OMC-Fe(citric)-A-R before and after molybdenum ions adsorption and (b) XPS survey of Mo 3d5/2 of 
OMC-Fe(citric)-A-R adsorbed molybdate ions.
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3.4. Adsorption kinetics

Fig. 9 shows the relationship between adsorption capac-
ity and contact time under experimental conditions: initial 
concentration of 200 mg/L, pH 3, adsorbent 25 mg, and 
adsorption volume 100 mL. The iron contents in the OMC-
Fe(imp)-A-R of traditional impregnation iron and the OMC-
Fe(citric)-A-R of citric acid dispersed iron ions determined 
by TGA were 4.29 and 3.33 wt.%, respectively. The pseudo 
-first-order and pseudo-second-order adsorption kinetic 
models were used for fitting, and the parameters after fit-
ting are compiled in Table 3. From Table 3, the k1 values (the 
pseudo- first-order kinetic adsorption model) of OMC, OMC-
Fe(imp)-A-R, and OMC-Fe(citric)-A-R are 0.2684, 0.1586, 
and 0.1274, respectively. The larger the k1 value is, the faster 
is the adsorption reaction. The initial sorption constant h 
values (the pseudo-second-order kinetic adsorption model) 
of OMC, OMC-Fe(imp)-A-R, and OMC-Fe(citric)-A-R are 
114.9, 555.6, and 357.1 mg/g/min, respectively. The larger 
the h value is, the faster is the initial adsorption reaction.

From Table 3, the OMC-Fe(imp)-A-R has higher ini-
tial adsorption rate constant, perhaps because there were 
huge particles agglomerated on the carbon material sur-
face after thermal hydrogen reduction, and the surface iron 
particles can adsorb the molybdate ions in water rapidly. 
According to Table 3, the R2 value of the pseudo- second-
order adsorption kinetic model is higher than the pseudo- 
first-order adsorption kinetic model, and the qe fitted by 
the pseudo-second-order adsorption kinetic model is close 
to the experimental value qe,exp. Therefore, the pseudo- 
second-order adsorption kinetic model is more suitable to 
describe the adsorption kinetics.

3.5. Regeneration of used adsorbent

Regenerability of the adsorbent is one of key factors 
for practical application. The adsorption capacity of the 
fresh OMC-Fe(citric)-A-R (0.25 g/L) was 146.0 mg/g for 
adsorption 125 mg/L sodium molybdate solution (pH 3) 
at room temperature for 24 h. After adsorption, the OMC-
Fe(citric)-A-R was desorbed by NaOH solution (pH 11.5) 
for 24 h, and reduced by hydrogen at 673 K for 5 h. The 
OMC-Fe(citric)-A-R adsorbs molybdate solution again at 

the same conditions. The second run adsorption capacity 
was 144.7 mg/g. The adsorption capacity loss is only 0.9%, 
meaning the OMC-Fe(citric)-A-R has good regenerability.

4. Conclusions

This study prepared three kinds of OMC-Fe, whereby 
according to a nitrogen adsorption/desorption experiment 
and the calculation of the BJH method, the mesopore size 
is 3–6 nm. The OMC-Fe was reduced by hydrogen at 673 K 
to nanoscale zerovalent iron. According to TEM, the nZVI 
is dispersed uniformly and small (<8 nm) in the chelate-as-
sisted preparation OMC-Fe(citric)-B-R. The adsorption 
test results show that the OMC with nZVI can enhance 
the adsorption capacity of molybdate ions effectively after 
hydrogen reduction at 673 K. Adsorption capacity depends 
on specific surface area and micropore volume of the 
adsorbent, dispersion of nZVI particle, the size of nZVI, 
the content of nZVI, and the concentration of molybdate 
solution, pH, etc. The adsorption capacity decreases as the 
nZVI content increases. When the pH is 3, the molybdate 
ion concentration is 200 mg/L, the equilibrium adsorption 

Table 2
Isotherm parameters for Mo(VI) adsorption on OMCs

Langmuir Freundlich

qm (mg/g) KL (L/mg) R2 1/n KF (mg/g) (L/mg)1/n R2

OMC 119.0 0.063 0.99 0.254 30.90 0.88
OMC-Fe(imp)-B 114.9 0.086 0.99 0.169 45.82 0.99
OMC-Fe-B 212.8 0.062 0.99 0.368 33.81 0.97
OMC-Fe(citric)-B 181.8 0.057 0.99 0.258 45.10 0.99
OMC-Fe(imp)-B-400 204.1 0.047 0.98 0.324 37.01 0.99
OMC-Fe-B-400 232.6 0.061 0.99 0.327 41.97 0.99
OMC-Fe(citric)-A-400 277.8 0.040 0.94 0.362 41.12 0.98
OMC-Fe(citric)-B-400 256.4 0.046 0.95 0.303 49.87 0.97
OMC-Fe(citric)-C-400 212.8 0.048 0.96 0.259 49.90 0.94

Fig. 9. Comparison of molybdate ions adsorption kinetics on 
various OMCs.
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capacity of the OMC-Fe(citric)-A-R is higher than the OMC 
by 133%. For the adsorption isotherms, the regression fit 
of the Freundlich isotherm model exhibits a better fitting. 
The pseudo-second-order adsorption kinetic model is more 
suitable for fitting adsorption kinetics data. The desorption 
regeneration test result shows that the OMC-Fe(citric)-A-R 
has good regenerability for adsorption of molybdate ions. 
The XPS spectra before and after adsorption of molyb-
date ions by iron-incorporated OMC were also compared. 
The adsorption mechanism was found to be an electrostatic 
attraction between the positively charged iron particles 
on the carbon material and the negatively charged molyb-
date ions. There is no chemical reaction found between Fe0 
and Mo(VI).
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