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Abstract Nanoscale zero-valent iron (nZVI) parti-

cles were embedded on the walls of mesoporous

silica–carbon (MSC) under the conditions of high-

temperature carbonization and reduction and used to

remove chromium (VI) from aqueous solution. The

structure and textural properties of nZVI–MSC were

characterized by the powder X-ray diffraction, trans-

mission electron microscopy and N2 adsorption and

desorption. The results show that nZVI–MSC has

highly ordered mesoporous structure and large surface

area, indistinguishable with that of MSC. Compared

with the support MSC and iron particles supported on

the activated carbon (nZVI/AC), nZVI–MSC exhib-

ited much higher Cr(VI) removal efficiency with about

98 %. The removal process obeys a pseudo first-order

model. Such excellent performance of nZVI–MSC

could be ascribed to the large surface and iron particles

embedded on the walls of the MSC, forming an

intimate contact with the MSC. It is proposed that this

feature might create certain micro-electrode on the

interface of iron particles and MSC, which prevented

the formation of metal oxide on the surface and

provided fresh Fe surface for Cr(VI) removal.

Keywords Zero-valent iron � Mesoporous silica–

carbon � Embedded � Chromium � Environment �
Remediation

Introduction

Chromium (Cr) has been increasingly discharged into

water environment because of the growth in industrial

activities from tanning factories, paint and pigment

production, metallurgy and metal electroplating

(Owlad et al. 2009). It usually exists in two relatively

stable valence states, i.e., in the form of Cr(III) and

Cr(VI) species, the latter of which has a more adverse

impact on living organisms due to the high aqueous

solubility, toxicity and carcinogenicity (Zhitkovich

2005). The US Environmental Protection Agency has

set a Maximum Contaminant Level for Cr at 0.1 ppm

in drinking water (Selvi et al. 2001). It is thus

necessary and significant to remove chromium from

water bodies.

Some conventional technologies have been widely

employed to remove Cr(VI) from the polluted water,

such as chemical precipitation, extraction, ion
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exchange, electrocoagulation, membrane separation,

adsorption and reduction (Miretzky and Cirelli 2010;

Jiang et al. 2013; Wu et al. 2012). Among these

technologies, chemical reduction–precipitation has

been proved to be a high efficient and potential

method for cleanup of Cr(VI) from the polluted water

(Wang et al. 2013). Nanoscale zero-valent iron

(nZVI), as an effective reducing agent, possesses

large removal capacity, fast kinetics and high reactiv-

ity for pollutions (Wang et al. 2009; Singh et al. 2011;

Lv et al. 2011; Zhang et al. 2013). When nZVI is

oxidized to iron ions, Cr(VI) is reduced to Cr(III)

followed by the precipitation in the form of sparingly

soluble Cr or mixed Fe/Cr (oxy) hydroxides (Liu et al.

2009). However, nZVI particles are easy to be

aggregation and oxidization due to the high surface

energy, magnetization and high reactivity with water

and oxygen in the water bodies (Zheng et al. 2013),

which result in decreasing the reactive activity and

limiting the application of nZVI particles. Recently,

some research efforts have been devoted to avoiding

the formation of passive layer and aggregation by

using the porous materials as the supports, such as

multiwalled carbon nanotubes, metal oxides, soil,

activated carbon and SBA-15 (Lv et al. 2011; Sheng

et al. 2016; Choi et al. 2008; Saad et al. 2010; Shipley

et al. 2011). Although the phenomenon of aggregation

are obviously inhibited over the nZVI particles to a

certain degree, the nZVI particles loaded on the

surface of the supports are still prone to be oxidized

and lost during the further reaction because of their

weak interaction between the nZVI particles and the

supports.

Based on the above considerations, herein we

develop a controllable method to address both the

aggregation and oxidation of nZVI particles by

constructing nZVI particles embedded on the walls

of the mesoporous silica–carbon (MSC). Such feature

might create certain micro-electrode on the interface

of iron particles and the carbon of MSC, which

prevented the formation of metal oxide on the surface

and provided fresh Fe surface for Cr(VI) removal. The

nZVI–MSC was characterized using X-ray diffraction

(XRD), N2 adsorption–desorption, and transmission

electron microscopy (TEM). We also evaluated the

removal efficiency, influence factors and the kinetics

model fitting with Cr(VI) removal by nZVI–MSC.

Materials and methods

Materials

Analytical-grade tetraethylorthosilicate (TEOS),

sucrose, ferric chloride hexahydrate and other agents

were purchased from the Sinopharm Group Chemical

Reagent, China. Triblock polymer Pluronic P123

(EO20PO70EO20, MAV = 5800) was obtained from

Aldrich, USA. The stock standard solutions

(1.0 g L-1) of Cr(VI) were prepared by dissolving

appropriate amounts of potassium chromate in ultra-

pure water.

Preparation of nZVI–MSC

MSC was synthesized as follows: 10.0 g of P123 and

8.0 g sucrose were stirred with 350 mL of 2 M HCl

solution at 35 �C until completely dissolved. Subse-

quently, 22.5 g of TEOS was gradually added into the

above solution. The mixture was continually stirred at

35 �C for 24 h, followed by hydrothermal treatment at

100 �C for 24 h in a polytetrafluoroethylene bottle.

The precipitate was thoroughly washed with deionized

water and dried at room temperature before serving as

a support for metal impregnation. The obtained MSC

was dispersed in the ferric chloride solution. The

mixture was evaporated 24 h at 50 �C and dried 2 h at

120 �C in a vacuum condition. Finally, the composites

were carbonized and reduced 3 h at 850 �C under H2/

N2 atmosphere in a quartz tube, denoted as nZVI–

MSC.

Batch experiments

To each experiment, 0.2 g nZVI–MSC was dispersed

into 200 mL Cr(VI) solution. The suspension was

stirred vigorously for 2 h with a fixed initial pH

adjusted by 0.1 M HCl and 0.1 M NaOH. Aliquots of

the aqueous solution were withdrawn at certain time

intervals and then analyzed after being filtered through

a 0.45 lm membrane filter. The experiment results

take the average of three times data. The impacts of

initial pH on the removal efficiency of Cr(VI) on

nZVI–MSC were tested from 5.0 to 9.0. The initial

concentration of Cr(VI) was also studied during

10–80 mg L-1.
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Characterization and analysis methods

The microstructure and morphology of prepared

mesoporous materials were analyzed with X-ray

diffractometer (Bruker, Germany), N2 adsorption

instrument (Quantachrome Autosorb-1, USA) and

transmission electron microscopy (TEM) (FEI Tecnai

G20 instrument, Czech). The determination of total Cr

was tested by a WFX-110 atomic absorption spec-

trometer (Beijing Rayleigh Analytical Instrument Co.,

China) using air–acetylene flame. The concentration

of Cr(VI) was measured at 540 nm using a UV–Vis

spectrophotometer (PE Lambda 35, USA) by the

diphenylcarbazide method.

Results and discussion

Physicochemical properties of MSC and nZVI–

MSC

Figure 1a shows the small-angle XRD patterns of

MSC and nZVI–MSC. MSC exhibits three well-

resolved peaks at (100), (110) and (200) similar to the

P6mm hexagonal symmetry of the SBA-15 (Zhao et al.

1998), which confirmed it with ordered hexagonal

structures. For nZVI–MSC, the intensity of the

diffraction peaks was not apparently decreased after

introduction of the Fe particles, indicating that the

ordered mesostructure of MSC has been still retained.

Figure 1b shows the wide-angle XRD patterns of

MSC and nZVI–MSC. In addition to the diffraction

peaks from carbon, a weak and wide diffraction peak

at 44.5� corresponding to the formation of zero-valent

iron (JCPDS No. 06-0696) could be observed (Saad

et al. 2010), which may be attributed to nZVI particles

embedded into the walls of the MSC with small size

and poor crystallization.

The main pore structure properties of MSC and

nZVI–MSC were measured by N2 adsorption–desorp-

tion instrument. Both of them display irreversibly type

IV isotherm with a H1 hysteresis loop and a sharp

increase in the adsorbed amount of N2 at relative

pressure, P/P0 = 0.6–0.8, characteristic of highly

ordered mesoporous materials (Fig. 2). The BET

surface area and pore volume of nZVI–MSC are only

marginally reduced from those of MSC while the pore

diameter stays unchanged (Table 1). This reveals that

the uniform mesoporous nature of the material is

preserved and no pore-blocking occurred upon the

incorporation of Fe. Therefore, nZVI–MSC will

exhibit great potential for removal Cr(VI) because of

the high surface area and exposed Fe active sites.

TEM analysis was performed to investigate the

morphology and the effect of the incorporation of Fe

particles on the supports. Figure 3 shows the TEM

images of MSC and nZVI–MSC. MSC exhibits well-

ordered channels characteristic of 2D hexagonal

(P6mm) mesostructure with clear and dark lines

corresponding to the pores and walls. After introduc-

ing the iron species, the structure of nZVI–MSC is still

preserved with partially collapse even though the

Fig. 1 Small-angle (a) and wide-angle (b) XRD patterns of MSC and nZVI–MSC
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thermal carbonization process was conducted at high

temperature (850 �C) (Xiong et al. 2010). Most Fe

particles are embedded on the walls and uniformly

dispersed on the support within the range of 10 nm,

probably due to that the partially carbonized sucrose

under high-temperature pyrolysis conditions have

abundant oxygen functional groups serving as anchor-

ing sites for iron. Such carbon as an assistant reducing

agent under H2/N2 atmosphere can react with the

anchored iron to form Fe particles embedded on the

walls of MSC. The formed nZVI–MSC has a remark-

able stability against sintering after the reaction

(Fig. 3c). This result is similar to the previous study

on the highly dispersed silver nanoparticles supported

over the silica via a situ autoreduction route. They

found that Ag nanoparticles confined within the

mesoporous silica are very stable upon heat treatment

and concluded that the high thermal stability of Ag

nanoparticles inside the channels of silica can only be

attributed to the confinement of ordered mesoporous

structures (Sun et al. 2006). The phenomenon of

aggregation and arbitrary growth of Fe particles could

thus be well constrained by the MSC walls.

Cr(VI) removal efficiencies on MSC, nZVI/AC

and nZVI–MSC

Figure 4 shows Cr(VI) removal efficiencies on MSC,

nZVI/AC and nZVI–MSC. For pure MSC without

nZVI, low removal efficiency with 14 % is from its

physical adsorption of porous structure. When nZVI

particles are incorporated on the MSC as a remover, the

removal efficiency is found to significantly increase to

Fig. 2 N2 adsorption–desorption isotherms curves of MSC and

nZVI–MSC (inset corresponding pore size distribution curves)

Fig. 3 TEM images of a MSC; b nZVI–MSC; and c spent nZVI–MSC

Fig. 4 Comparison of Cr(VI) removal on MSC, nZVI/AC and

nZVI–MSC; pH: 7.0; initial Cr(VI) concentration: 20 mg L-1
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97 % within 2-h reaction. Such excellent efficiency

depended mainly on the adsorption and reduction

process by nZVI–MSC with high surface area and

unique structure of Fe embedded on the walls.

Although nZVI/AC has similar surface area to nZVI–

MSC, its removal efficiency is much lower than nZVI–

MSC. For nZVI/AC, the Fe particles are supported on

the surface of AC, easily forming oxide film during the

exposed air and water conditions, resulting in a

decrease in reaction rate. In addition, the aggregation

and dissolution of the nZVI particles also affect the

removal efficiency due to the weak interactions of the

nZVI particles and AC. In contrast, for nZVI–MSC, the

Cr(VI) in aqueous solution was impregnated into the

mesoporous of the MSC due to the effect of capillaries

on the physical properties of water. The existence of Fe

embedded structure may prolong time for Fe particles

to contact with Cr(VI), but this feature create certain

micro-electrode on the interface of nZVI and MSC

because of the electron transfer, which prevented the

formation of metal oxide on the surface and provided

fresh nZVI surface for Cr(VI) removal. The impreg-

nated Cr(VI) was absorbed on the incorporated nZVI

particles and directly reduced, in which Fe donated

electrons to reduce the Cr(VI) to Cr(III). As the

reaction went on, the gradient in Cr(VI) concentrations

inside and outside the pores was augmented signifi-

cantly, inducing the Cr(VI) to be continuously pushed

into the mesoporous. Therefore, nZVI–MSC exhibits

excellent performance for Cr(VI) removal as the

reaction went on.

Optimization of pH on Cr(VI) removal efficiency

Solution pH plays an important role with respect to the

adsorption of Cr(VI) on the remover. It has been

widely reported that pH could change the existing

form of Cr(VI). Between pH 2–6, Cr(VI) exists in the

form of HCrO4
-; pH 6–7.5, CrO4

2- and Cr2O7
2-; and

pH[ 7.5, CrO4
2- is the only chromate in aqueous

solution (Lv et al. 2011). It can be seen that all of these

Cr are negative. So the effect of pH on the Cr(VI)

removal efficiency was investigated at 5.0, 7.0 and 9.0,

respectively. Figure 5 shows that the removal effi-

ciency decreased from 99.6 to 91.1 % with the

increase in the solution pH. Reduction kinetics of

Cr(VI) on the nZVI–MSC can be described by a

pseudo first-order model, ln(Ct/C0) = -kobst, where

kobs is the observed pseudo first-order rate constant

(min-1), t is the reaction time (min), Ct is the

instantaneous concentration of Cr(VI), C0 is the initial

concentration of Cr(VI) (Ponder et al. 2000; Rang-

sivek and Jekel 2005). As presented in Fig. 5 (inset),

kobs decreased from 0.1104 to 0.0182 min-1 when the

solution pH increased from 5.0 to 9.0. These results

suggest that the lower solution pH is favor of Cr(VI)

removal by the nZVI–MSC. According to the mech-

anism of Cr(VI) removal on the nZVI (Sun et al. 2014;

Chen et al. 2015), the adsorption process that is

induced by electrostatic, hydrophobic and hydrogen

bond interactions mainly depends on the solution pH.

Furthermore, pH affects the surface charge of nZVI–

MSC. When pH is under the pH of zero point charge

(pHzpc), the positive surface charge makes it easier to

adsorb the negative Cr(VI). On the contrary, it will

produce electrostatic repulsion, resulting in low

removal efficiency (Pradhan et al. 1999; Das et al.

2002; Mor et al. 2007). During the reduction process,

the effect of pH can be clearly expressed by the

following Eqs. (1–4). A lot of H? is consumed all

along the reaction. This explained why an acidic

environment is preferred by the Cr(VI) removal in

aqueous solution. In addition, the hydrophobic and

hydrogen bond interactions increased as pH

decreased, which further enhanced the removal effi-

ciency of Cr(VI) (Kun and Xing 2009).

2HCrO�
4 þ 3Fe þ 14Hþ ! 3Fe2þ þ 2Cr3þ þ 8H2O

ð1Þ

2CrO2�
4 þ 3Fe þ 16Hþ ! 3Fe2þ þ 2Cr3þ þ 8H2O

ð2Þ

Table 1 Surface and porous characteristics of MSC, nZVI–MSC and nZVI–AC

Samples Surface area (m2/g) Average pore diameter (nm) Total pore volume (cm3/g)

MSC 515 6.5 1.036

nZVI–MSC 437 6.5 0.716

nZVI–AC 421 2.5 0.273
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HCrO�
4 þ 3Fe2þ þ 7Hþ ! 3Fe3þ þ Cr3þ þ 4H2O

ð3Þ

2CrO�
4 þ 3Fe2þ þ 8Hþ ! 3Fe3þ þ Cr3þ þ 4H2O

ð4Þ

Effect of initial Cr(VI) concentration

on the removal efficiency

Figure 6 shows Cr(VI) removal efficiencies on the

nZVI–MSC in the different concentration Cr(VI)

solution. It can be seen that Cr(VI) was well removed

at concentration of 10–60 mg L-1. When the initial

Cr(VI) concentration further increased to 80 mg L-1,

it began to decrease on the removal efficiency. This

suggests that nZVI–MSC has reached saturation at

60 mg L-1 Cr(VI) concentration. In this work, we

fixed the dosage of nZVI–MSC with 1.0 g L-1, and

the adsorption capacity and active sites are certainly

constant. When excessive Cr(VI) was added into the

solution, limited Fe-MSC cannot remove them well

due to lack of enough adsorption capacity and active

sites to work with the increase in initial Cr(VI)

concentration.

Interference from coexisting anions

As all of Cr(VI) in aqueous solution is negative in

valence, some common foreign anions were selected

as the coexisting anions to study their effects on the

Cr(VI) removal in this work. Figure 7 shows that most

of foreign anions did not interface with the Cr(VI)

removal, only slow down the removal speed. Some

studies (Liu et al. 2009; Lv et al. 2013; Tanboonchuy

et al. 2012) reported that the affinity of NO3
-, HCO3

-

and PO4
3- for iron (oxy)hydroxides is strong through

the formation of inner-sphere complexes, which might

compete for the same binding sites with dichromate

ions and thus retard the removal of Cr(VI). However,

adding SO4
2- has obviously negative effect on the

removal efficiency with 67 %, which is similar to

previous reports (Pillay et al. 2009; Choi and Al-Abed

2010). Such impact may be in two aspects: One is to

compete with dichromate ions for the surface area of

nZVI–MSC due to the chemical similarity with

Fig. 5 Effect of pH on Cr(VI) removal (inset modeling of the

kinetics by fitting to the pseudo first-order reaction); initial

Cr(VI) concentration: 20 mg L-1

Fig. 6 Effect of initial Cr(VI) concentration on Cr(VI)

removal; pH: 5.0

Fig. 7 Effect of foreign anion species for Cr(VI) removal on

nZVI–MSC; pH: 7.0; initial Cr(VI) concentration: 20 mg L-1

267 Page 6 of 8 J Nanopart Res (2016) 18:267

123



dichromate ions and the other is the catalyst poisoning

of sulfate species (Lowry and Reinhard 2000).

Conclusions

The nZVI–MSC reported here has stable nZVI parti-

cles embedded on the walls and retains the ordered

pore structures of MSC. Such unique structure is

beneficial for enhancing the dispersion of the nZVI

particles and providing a large available surface area

for the chemical reaction to occur. Furthermore, the

intimate contact between nZVI particles and MSC

might create certain micro-electrode on the interface,

which prevented the formation of metal oxide on the

surface and provided fresh Fe surface for Cr(VI)

removal. As a result, the nZVI–MSC exhibited

excellent performance for Cr(VI) removal. This work

may open up a new route toward designing nZVI

embedded on the supports with controllable structure

for pollutant removal from water bodies.
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