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Abstract Hexavalent chromium Cr(VI) is a toxic water pol-
lutant which can cause serious influence to the health of the
human and animals. Therefore, developing new methods to
remove hexavalent chromium in water attracts great attention
of scholars. In our research, we successfully synthesized a
new type of magnetic mesoporous carbon hybrid nitrogen
(Fe-NMC) loaded with catalyst Pd nanoparticles (NPs), which
performed excellent catalytic reduction efficiency toward
Cr(VI). The characterization of Pd/Fe-NMC composite was
investigated in detail using scanning electron microscope
(SEM), high-resolution transmission electron microscopy
(HRTEM), Fourier transform infrared spectroscopy (FTIR),
and nitrogen adsorption-desorption measurements.
According to the experimental results, we dealt with in-
depth discussion and studied on the mechanism of hexavalent
chromium removed by Pd/Fe-NMC composite. Furthermore,
the batch experiments were conducted to investigate the cata-
lytic reduction ability of composite. It was found that the
chromium reduction process conforms to pseudo-first-order
reaction kinetics model when the concentrations of chromium
and sodium formate were low. It took only 20 min for the Pd/
Fe-NMC composite to reach 99.8 % reduction of Cr(VI)

(50 mg/L). The results suggested that the Pd/Fe-NMC com-
posite may exhibit significantly improved catalytic activity for
the hexavalent chromium reduction at industrial wastewater.

Keywords Pd . Hybrid nitrogen .Magnetic mesoporous
carbon . Hexavalent chromium . Catalytic reduction .
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Introduction

Hexavalent chromium (Cr(VI)) is commonly used in the pro-
cess of industrial production such as steel industry (Kim et al.
2002), auto preserving, and clothing making (Donmez and
Aksu 2002). However, serious chromium pollution has oc-
curred due to its leaking and improper use in technological
production (Pang et al. 2011a). As is known to all, Cr(VI) is
regarded as a major toxic pollutant of the world (Krishnani
et al. 2013) and has been proved to increase risk of DNA
mutation (Tang et al. 2014), which has carcinogenicity and
acute toxicity as well (Zhou et al. 1993). By comparison,
Cr(III) is relatively nontoxic, inert, and less mobile, even as
a well-known nutrient of lipid and sugar metabolism for hu-
man and animals compared with Cr(VI) (Elliott and Zhang
2001). Therefore, it has caused great attention to the reduction
of Cr(VI) to Cr(III) efficiently in the wastewater and ground-
water in scientific society. Recently, to remediate the Cr(VI)
pollutant in the groundwater, a few in situ chemical reduction
technologies were developed which need addition of reduc-
tants into the subsurface, wherein Cr(VI) can be subsequently
removed at acidic condition (Mertz 1969; Qian et al. 2014;
Chen et al. 2011a). For example, nanosized iron particles have
stimulated wide attention on successfully reductive precipita-
tion of Cr(VI) in wastewater purification (Gao and Xia 2011)
and groundwater due to their low cost (Jeen et al. 2008). Yet, it
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is proposed that chromium ions and Fe oxide formed the pre-
cipitate on Fe0 surface, which hinders the reduction reaction
process due to the aggregation (Fruchter 2002). Although re-
dox manipulation that decreases the chromium compound
concentrations by the addition of dithionite is demonstrated
as an effective method (Basu and Johnson 2012), the amount
of reactive irons has always been limited. Consequently, it is
of great importance to develop new recovery process which
possesses a sustainable capacity to reduce Cr(VI) efficiently.

Nowadays, catalytic reduction supported by palladium
(Pd) nanoparticle is proved an outstanding recovery method,
and it is illustrated that palladium nanostructures play a sig-
nificant role in nanomaterial catalysis for the heavy metal
removal (Chaplin et al. 2012) and organohalogen contaminant
reduction (Yang et al. 2014; Zhou et al. 2016). At the same
time, the use of formic acid upon adding Pd particle catalyst to
restore Cr(VI) (Chen et al. 2011b) has received increasing
investigation on account of its convenience and practicability
(Liang et al. 2014). On the one hand, H2 and CO2 were pro-
duced through formic acid decomposition (HCOOH →
CO2 + H2) (Huang et al. 2012). On the other hand, the reduc-
tion of Cr(VI) to Cr(III) occurred by H2 transfer due to the H2

adsorbed on Pd surface (Cr2O7
2− + 8H+ + 3H2 → 2Cr3+ +

7H2O) (Hu et al. 2012). However, there is a barrier to research
the moderate oxidation ability of Cr(VI) in neutral conditions.
The solubility of Cr(III) and the oxidation potential of Cr(VI)
observably increase with the decreasing pH of aqueous solu-
tion significantly. It is thus nonetheless worth noting a new
carrier to fix Pd to make Cr(VI) sedimentation process highly
active which can be successfully applied as catalytic reduction
method in water treatment. For example, Wei et al. utilized
amino-functionalized palladium nanowires to reduce
hexavalent chromium effectively (Wei et al. 2015). Also, the
palladium nanoparticles for catalytic reduction of Cr(VI)
using formic acid were researched by Omole MA’s group
(Omole et al. 2007).

According to previous research, mesoporous composite
materials (Chen et al. 2011b) may be in favor of attaching
metal particles for their large surface area and pore volume,
as well as high stability under ambient conditions
(Shevchenko et al. 2008). What’s more, the faster electron-
transport mechanism is one of the greatest advantages of
mesoporous composites (Ludwig et al. 2007) which brought
its abundant employment in wastewater. Besides, it has been
reported recently that the loaded metal NPs on mesoporous
composite enhanced the catalytic reduction activities of
Cr(VI) (Bhowmik et al. 2014).

Based on the above consideration, we proposed a novel
method to synthesize the magnetic mesoporous carbon-
based hybrid nitrogen composites (Fe-NMC) by co-
impregnation process in order to overcome the obstacle of
low stability and electronic transmission of the materials.
The composite not only owns super magnetism but also

possesses excellent ability of immobilization and adsorption
of metal particles. And then, palladium particles were attached
on the Fe-NMC composites to form a new catalyst (Pd/Fe-
NMC). To evaluate the property improvement of the function-
alized mesoporous carbon and to provide valuable informa-
tion for removing water metal contaminants, this material was
firstly used for Cr(VI) catalytic reduction with sodium formate
as a reducing agent in the wastewater. Also, HCOONa was
used as electron donor and to buffer the solution pH in this
study. Moreover, the prepared composites were characterized
using transmission electron microscopy (TEM), scanning
electron microscope (SEM, JEOL JSM-6700), Raman, and
Fourier transform infrared spectroscopy (FTIR), and the cata-
lytic reduction mechanism was also analyzed through study of
the catalytic reaction parameters and kinetics.

Materials and methods

Synthesis of the Fe/NMC composite

The synthesis of magnetic Fe/NMC composite used SBA-15
(Zhao et al. 1998) as the hard template, while its alloy source
and carbon source were metal nitrates and furfuryl amine,
respectively (Wang et al. 2010). Firstly, we dissolved
1.082 g metal nitrates into 10-mL ethanol solution and then
used the incipient wetness impregnation technique to blend
1 g of SBA-15 into the above mixed solution. After full ero-
sion, 2 mL furfuryl amine was mixed to formmulticomponent
solution under stirring. Subsequently, the furfuryl amine was
thoroughly polymerized in the dipping mesoporous materials
in the air for 10 h at 80 °C. Furthermore, the composite was
carbonized in N2 at 900 °C for 2 h with a heating rate of
2 °C min−1, and the poly furfuryl alcohol was also calcined
at high temperature which in situ reduced the metal oxides to
alloy. After calcination, the composite was washed with heat-
ed 2-M NaOH solution to remove residual silicon. The syn-
thetic Fe/NMC was acquired by filtering with a PVDF mem-
brane (0.45 μm), washing with water, and dried at 70 °C.

Fabrication of Pd/Fe-NMC composite

The Pd/Fe-NMC composite was fabricated by a simple
ultrasound-assisted method as follows (Jin and Lee 2014).
Firstly, 0.05 g PdCl2 was dispersed in 5-mL HCL (1 M) solu-
tion at 60 °C in a 25-mL flask by ultrasound. After treatment
by ultrasound for 30min, then pHmeter was used to adjust the
pH of the solvent to neutral by adding NaOH (1 M) solution.
Secondly, 0.5 g Fe/NMC was added into flask and stirred on
magnetic stirrer for another 30 min until the compound was
fully mixed. A solution of formic acid (10 mL, 3 M) was
added in above aqueous solutions by a syringe and was kept
in the water bath pot for 4 h. Thirdly, the samples were washed
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with deionized water several times and dried in the oven at
60 °C overnight. Finally, the Pd/Fe-NMC composite was ob-
tained. The prepared process is shown in Fig. 1.

Characterization

The transmission electron microscopy (TEM, JEOL
JEM-1230) was used to observe the morphology of sam-
ples, and the scanning electron microscope (SEM, JEOL
JSM-6700) was utilized to characterize the structure and
images of composite. The analysis in the SEM image
was observed by energy dispersive X-ray (EDX), and
Raman spectrometry (LabRam HR800) characterized the
electronic states of the surface of the resultant sample.
The possible existing functional groups and compositions
were investigated by FTIR spectrometer (Nicolet NEXUS
670). And then, we used continuous flow techniques to
detect the BET surface areas of all samples which were
measured at 77 K by quantachrome instruments for
NOVA adsorption analyzer. The zeta potential and mag-
netization of the samples were detected by some other
text ing measurements , such as Zetas izer Nano
(ZEN3600, Malvern) and vibrating sample magnetometer
(VSM National Institute of Metrology, respectively).

Catalytic Cr(VI) reduction experiments

In the research, the batch experiment as the major meth-
od of Cr(VI) reduction reaction was used to assess the
catalyst activities, with the reaction scheme shown in
Fig. 2. It was carried out in 50-mL stoppered conical
flasks for realizing catalysis tests containing K2Cr2O7

(50 mg/L) and HCOONa (600 mg/L) by shaking at
150 rpm in a water bath shaker at 30 °C. Meanwhile,
the pH values of the solutions were adjusted to 2.0 with
0.1 mol L−1 H2SO4 solution. The reason for adding
H2SO4 can maintain the acidity of solution and be con-
ducive to atomic H transfer with Cr(VI) ion. Moreover, it
is not easy to volatilize under the temperature control test

which is powerful for Cr(VI) reduction. Typically, in
order to promote the reduction reaction of Cr(VI), we
dispersed 8 mg of Pd/Fe-NMC composite catalyst into
aqueous solution (10 mL). After finishing every cycle,
the Pd/Fe-NMC composite was magnetically separated
and dried at 60 °C overnight. Furthermore, the superna-
tants were collected through fluid filtration approach for
residual chromium contaminant concentration measure-
ment. The color agent was used to detect Cr(VI) concen-
tration in the quartz colorimetric utensil by UV-754N
spectrophotometer at a fixed wavelength of 540 nm
(Wei et al. 2015). The Perkin-Elmer Analyst 700 (AAS,
Perkin-Elmer, USA) atomic absorption spectrophotometer
was used to determine the final concentrations of Cr(VI)
and Cr(III). The conversion was expressed in percentage
to represent the extent of the catalytic reduction calculat-
ed by Eq. (1).

Conversion ¼ Cr VIð Þ0−Cr VIð Þ� �
=Cr VIð Þ0 ð1Þ

where Cr(VI)0 is the initial concentration and Cr(VI) is the
concentration at certain time point. The conversion between
the Cr(VI)0 and Cr(VI) was taken as the catalyst activity for
reducing Cr(VI). In addition, a control experiment was carried
out in duplicate to make sure the accuracy of the experiment.

Control and recycle studies

The Pd/Fe-NMC catalysts were tested for the balance of sta-
bility and repeatability in recycling for two more catalytic
reactions. After accomplishment of the chromium catalytic
reduction experiments, the reflective material was magnetical-
ly separated and washed with ultrapure water several times in
order to remove the residual compounds (Jin and Lee 2014).
Specifically, after rinsing thoroughly by ultrapure water to
neutrality, the regenerated Pd/Fe-NMC catalysts were
weighed and recycled in order to apply for another reduction
experiment.

Fig. 1 Synthesis procedure of Fe/NMC
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Results and discussion

Characterization of materials

Figure 3 shows the scanning electron microscope (SEM) and
high-resolution transmission electron microscopy (HRTEM)
images of the fresh Pd/Fe-NMC and ordered mesoporous car-
bon (OMC), respectively. The SEM images in Fig.3a, b indi-
cated that the mesoporous carbon composite had rod-likemor-
phology (Liu et al. 2010) and relatively uniform lengths. The
HRTEM images (Fig. 3c, d) showed that OMC and Pd/Fe-
NMC possessed ordered stripe-like structures and 2D hexag-
onal pore arrays (Pang et al. 2011b), and the degree of order
was clearly observed to decrease to some extent compared
with pure OMC, which demonstrated that the ordered meso-
porous structure of mesoporous carbon was deteriorated
somewhat due to Pd and Fe addition, illustrating further that

Fe and Pd precursor was decomposed and reacted with carbon
at high temperatures. Pd/Fe-NMC composite could be ob-
served implanted in the carbon clubs (Fig. 3d).

The isotherm curve (Fig. 4) of Pd/Fe-NMC composite
showed type IV standard isotherms with a well-defined step
in the adsorption curve, around a 0.5–0.7 value of P/Po, indi-
cating that the structure of it contains uniform mesopores. The
corresponding pore size distribution confirms that (Fig. 4,
inset) the pore size distribution of the carbons centered at near
4.3 nm, which was not found in the previous study (Shrestha
et al. 2013). It shows a distinct decrease of BET surface area
from 886.3 to 523.5 m2 g−1 and pore volume from 0.76 to
0.68 cm3 g−1 due to the introduction of nanoparticles
(Table 1). It might be caused by nanoparticles entering into
channels occupying partial space of pores, and even blocking
mesopores, and the reduction of iron oxide during the decom-
position of Fe(NO3)3 caused the loss of carbon atoms. It is

Fig. 2 The proposed reaction
scheme of Cr(VI) removed by Pd-
Fe/NMC

Fig. 3 SEM images of OMC (a)
and of Pd/Fe-NMC (b), and
HRTEM images of OMC (c) and
of Pd/Fe-NMC (d)
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indicated that the Fe-NMC and Pd/Fe-NMC composite both
possess a unique structure of D and G mode peaks from
Raman spectra (Fig. 5). D patterns located at 1343 cm−1 rep-
resent the disordered sp3 hybridization of carbon atoms due to
graphite, and G model located at 1583 cm−1 is usually associ-
ated with E2g vibrational mode of sp2 hybrid structure of or-
dered mesoporous carbon atoms (Tang et al. 2014). The ratio
between them (ID/IG) is a measure of the degree of orderliness
and graphitization. It is conducted that the ID/IG ratio of Pd/Fe-
NMC (1.14) is lower than the ratio of Fe/NMC (1.18) which
was estimated from the Raman spectra, showing that the over-
all graphitization degree of Pd/Fe-NMC is attributed to the
introduction of transition metal Pd. As shown in Fig. 6, the
functional groups of two nanoparticles were assessed by FTIR
spectrometer (Fig. 6). The broad signal centered at around
3000 cm−1 possibly corresponds to C-H combined with N-H
stretching vibration for Fe-NMC and Pd/Fe-NMC. The band
at 1640 cm−1 corresponds to the O-H deformation of water or
C = O stretching vibration observed in Fe/NMC. The peaks
located at 1630 cm−1 can be assigned to N-H vibration
coupled with C-N stretching mode for Pd/Fe-NMC. The shift
between the broad band of Fe-NMC and Pd/Fe-NMC can
result from Pd loaded. The common peak for two composites
at 1120 cm−1 fits in C-O the stretching vibration (Chi et al.
2012), representing the skeleton structure of the mesoporous

carbon. Furthermore, the peaks located at 570 cm−1 typically
fit in Fe-O bond vibration, suggesting that the two materials
had magnetic properties (Wang and Lo 2009).

Effect of solution pH

Reduction of Cr(VI) by formate was investigated in solutions
at different pH values. Initial concentrations of K2Cr2O7

(50 mg/L) and HCOONa (600 mg/L) were kept constant.
The initial solution pH was adjusted with droplet addition of
H2SO4 or NaOH through pH meter in conical flasks in the
range from 2 to 7. Then, Pd-Fe/NMC (8 mg) was added to
promote the catalytical reaction. It indicated that decreasing
pH expectedly increased the reducibility of Cr(VI). The ionic
equations of redox reaction could be expressed as Eq. (2)–(3)
(Fathi 2012).

Cr2O7
2− þ 14H3O

þ þ 6e−→Cr3þ þ 21H2O;E0 Vð Þ
¼ þ1:33 ð2Þ

Fig. 4 Nitrogen adsorption–desorption isotherms. Pore size distribution
of Pd/Fe-NMC (inset)

Table 1 Textural properties of the mesoporous carbon composites

Samples SBET (m
2 g−1) Vt

a (m3 g−1) DBJH
b (nm)

OMC 955 0.806 0.632

Fe-NMC 886 0.761 0.513

Pd/Fe-NMC 553 0.683 0.413

BET Brunauer–Emmett–Teller
a Total pore volume (P/P0 = 0.985)
b BJH average pore width

Fig. 5 Raman shift of Pd/Fe-NMC and Fe-NMC

Fig. 6 FTIR spectra of Pd/Fe-NMC and Fe-NMC
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HCOO− þ H2O→ CO2 þ H3O
þ þ 2е− ð3Þ

Figure 7 shows that the removal rates of chromium corre-
spondingly reached 99.97, 99.89, 99.68, and 99.33 % within
20-min period at pH 2.0, 3.0, 5.0, and 7.0, respectively. It is sug-
gested that the acidic environment clearly facilitated the reaction
when the reduction rate of Cr(VI) decreased with the increase of
pH significantly from 2.0 to 7.0. As can be seen from the exper-
imental data, the optimum reduction pH occurs at about 2.0.
Results indicated that lowpHwasadvantageous to theadsorption
and decomposition of the reactants formate and dichromate. On
one hand, the added droplets of dilute H2SO4 can maintain the
acidity and be conducive to atomicH transfer. On the other hand,
low pH was favorable for the reactants formate and dichromate
which are both negatively charged to be adsorbed to the catalyst
composites. Also, the kinetics reaction constant matched with
previous reports well (Yang et al. 2010). What is more, the pH
of the batch experiments remained constant in thewhole process
in the four cases studied, suggesting that the concentration of the
reactantCr(VI) limitedelectronic transmission. It is important that
the first-order batch kinetics retain consistent in all pH conditions
which precisely illuminated that Pd mesoporous catalysts main-
tained good catalytic reduction activity and physical chemical
stability (Wattsa et al. 2015).

Notably, due to the protonation effect of catalyst agents and
a strong binding force existing between the ions, it is found
that the surface acidities of catalysts increase with pH decreas-
ing at low pH (Ludwig et al. 2007). As a consequence, higher
catalytic activities were promoted at lower pH and the catalyt-
ic reduction process of Cr(VI) was highly pH dependent.

Effect of temperature

The temperature has a profound effect on Cr(VI) reduction
reaction (Fig. 8). To obtain the optimum temperature, various

ambient temperatures were tested from 15 to 40 °C at intervals
of 5 °C. The initial Cr(VI) removal rate reached 99.97 % in
20 min at 30 °C, which suggested the optimal reaction condi-
tion for reducing Cr(VI) ion by Pd-Fe/NMC from high chro-
mium state to lower oxidation chromium (Dandapat et al.
2011). The catalytic reduction of Cr(VI) was a reliably effec-
tive method.

It is demonstrated that the temperature had a greater influ-
ence on the catalytic reduction of chromium, while the surface
acidities of catalysts increased with temperature increasing
from 85.9 to 96.6 % and 99.9 %, respectively. The optimal
temperature catalytic reduction of Cr(VI) was at 30 °C.

Catalytic activity and control study

As is shown in Fig. 9, it is demonstrated that dichromate
reduction was used to assess the catalytic activity and simple
in situ reaction of Pd-Fe/NMC catalysts. For this, iron and
nitrogen-functionalized mesoporous carbon (Fe/NMC) were
populated with Pd nanoparticles via PdCl2 precursor. After
adding sodium formate reducing agent, these Pd-Fe/NMC
catalysts were infused into mixture solution to catalyze chro-
mate reduction by measuring the absorbance of the solution to
determine the reduction of chromium via UV/vis
spectrophotometer.

First, we used some of the negative control research to
check and confirm the performance of Pd-Fe/NMC catalysts.
The conversion of 50 mg/L Cr(VI) to Cr(III) achieved as high
as 99.97 % after 20 min when Pd-Fe/NMC catalysts were
added, shown in Fig. 9. It was observed that 88 % of total
Cr(VI) was decreased within the first 10 min. The HCOONa-
induced Cr(VI) reduction rate without Pd-Fe/NMC catalysts
was much slower than the reduction speed with Pd-Fe/NMC
composite material. The chromium removal efficiency only
realized 35% until the end of the 20-min period. This apparent

Fig. 8 Effect of temperature on reduction of Cr(VI) by Pd/Fe-NMC
(initial Cr(VI) concentration 50 mg/L, HCOONa concentration 600 mg/
L, Pd-Fe/NMC dosage 8 mg, pH 2.0)

Fig. 7 Effect of pH values on reduction of Cr(VI) by Pd/Fe-NMC at
30 °C (initial Cr(VI) concentration 50 mg/L, HCOONa concentration
600 mg/L, Pd-Fe/NMC dosage 8 mg)

22032 Environ Sci Pollut Res (2016) 23:22027–22036



declining difference in catalytic activity between Pd-Fe/NMC
and Fe/NMC catalysts may be because of the specific surface
area shown in images of Fig. 4. It is also shown that the
reduction efficiency of NMC and Fe/NMC composite is sig-
nificantly lower than that with load of Pd-Fe/NMC and leads
to much less catalytic reduction activity, even no catalytic
activity with the passage of time.

As a result, it was difficult to reduce Cr(VI) to any degree in
water by Fe/NMC. Therefore, we can draw a conclusion that
the Pd-Fe/NMC has advantages in Cr(VI) catalytic reduction
reaction from obvious priority in the conversion. To quantita-
tively research and confirm the mechanism, the linear regres-
sion analysis was used to the conduct relationship between
reaction time and Ln(Ct/C0). The removal slopes of aqueous
Cr(VI) obtained from these linear regressions were well
followed with pseudo-first-order kinetic model, where the ob-
served rate is proportional to the aqueous Cr(VI)
concentration.

�Kobs Cr VIð Þ½ � ¼ d Cr VIð Þ½ �=dt ð4Þ

where [Cr(VI)] is the concentration of aqueous Cr(VI), t is the
time, and Kobs is the observed pseudo-first-order rate constant.
The calculation of linear regression of ln[Cr(VI)] vs time
(min) provided comparative Cr(VI) removal rates between
the experiments with the corresponding initial concentration
of Cr(VI). The Cr(VI) removal data in the whole experiment
process was applied in the calculation, where active Cr(VI)
removal took place (Yang et al. 2010). When the formate
concentration was high, the concentration of formate could
be regarded as constant in the whole experiment reaction pro-
cess, and the dichromate reduction reaction conformed to the
pseudo-first-order kinetics model in theory (Jeen et al. 2008).

It was notable that the Pd-Fe/NMC had the highest rate
constant, 0.1625 min−1, while Fe/NMC showed only
0.0493 min−1, and HCOONa had only 0.070 min−1. Fe/
NMC and Pd-Fe/NMC also showed low rate constants, only
0.0313 min−1 and 0.017 min−1, respectively. Both the rate
constant and the conversion curve comparison analysis
completely suggested the catalytic activity and the advantages
of the proposed approach utilized for Pd nanocatalyst
synthesis.

Effect of sodium formate concentration

Next, it is shown in Fig. 10 that the reaction rate was affected by
different concentrations of sodium formate (HCOONa) which
acted as the electron donor, using a fixed Pd-Fe/NMC NPs
loading of 0.8 mg/mL at a fixed temperature (30 °C). The
experiment showed that the catalytic reduction reaction needs
the high concentration of reducing agent. The removal rate of
Cr(VI) was only 40 % in 20 min with 150 mg/L sodium for-
mate. However, the conversion of Cr(VI) came up to 97 and
100 % with 600 and 1000 mg/L sodium formate (Bhowmik
et al. 2014). It was demonstrated that the proper reducing agent
has a great role on the catalytic reduction of chromium.

Effect of Cr(VI) concentration and the dosage
of Pd-Fe/NMC

Figure 11 reflects that the catalytic reduction of chromium was
influenced by the initial Cr(VI) concentration. The best concen-
tration was at 50 mg/L where the chromium was completely re-
ducedwithin30min.Moreover, the increasing initialCr(VI) con-
centration resulted in initial catalytic reduction rate decreasing
dramatically. The removal rates of Cr(VI) reached 100, 97, 73,
and 54 % at initial concentrations of 50, 80, 120, and 200 mg/L,
respectively. The reduction catalytic activities of Pd-Fe/NMC

Fig. 9 Effect of catalytic activity and control study on reduction of
Cr(VI) at 30 °C (initial Cr(VI) concentration 50 mg/L, HCOONa
concentration 600 mg/L, Pd-Fe/NMC dosage 8 mg, pH 2.0)

Fig. 10 Effect of sodium formate concentration on reduction of Cr(VI)
by Pd/Fe-NMC at 30 °C (initial Cr(VI) concentration 50 mg/L, Pd-Fe/
NMC dosage 8 mg, pH 2.0)
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decreased with the increase of initial concentration, which could
be due to surface active sites blocked byCr(VI) (Fig. 11) (Huang
etal.2012).Theplotandlinear regressionof ln[Cr(VI)]vs. timeat
different initial Cr(VI) concentrations are shown Fig. 12, and the
pseudo-first-order reactionrateconstantwascalculated(shownin
Table 2). The reduction only conforms to pseudo-first-order ki-
netics at low initial concentration rather than higher initial con-
centrations, which is consistent with previous literature
(Gehringer and Eschweiler 2002). This is caused by a lack of
HCOONa to reduce high concentrations of chromium (VI)
(Tang et al. 2016).

As is shown in Fig. 13, the surface reduction activity of
chromium (VI) increased with increasing the concentration of

palladium catalyst significantly, indicating that the concentration
of reactive species was dependent on Pd-Fe/NMC dosage.

Regeneration of Pd-Fe/NMC

Considering the reaction conditions during the acidity may
have effect on the Pd stabilization of the mesoporous compos-
ites, it is nonetheless worth conducting regeneration experi-
ments to investigate the stability and reusability of Pd-Fe/
NMC catalyst. For this, thoroughly rinsed Pd-Fe/NMC was
directly used for the next reaction cycle with ultrapure water
washing to neutral after each batch reaction. As seen in five
consecutive cycles (Fig. 14), the reduction efficiencies de-
creased less than 5 % of the initial activity after a cycle and
preserved at a high level with above 75 % for Cr(VI) removal
in the fifth cycle, suggesting that Pd was fixed in the Fe/NMC
mesoporous composites fairly steadily (Andrzej et al. 2000).

Result showed that it was similar to the reduction of
Cr(VI) with amino-functionalized palladium nanowires as
for the regeneration and reuse performance of Pd-Fe/
NMC (Tang et al. 2015) and Pd nanoparticles supported
mesoporous γ-Al2O3 film for reduction of Cr(VI) using
formic acid reported (Dandapat et al. 2011) in previous
studies, showing the super reduction efficiency of the
mesoporous particle. Hence, we can conclude that the
Pd-Fe/NMC might provide an effective catalytic

Fig. 12 Plot of ln [Cr(VI)] vs. time under different initial Cr(VI)
concentrations at 30 °C (HCOONa concentration 600 mg/L, Pd-Fe/
NMC dosage 8 mg, pH 2.0)

Fig. 11 Effect of Cr(VI) concentration on reduction of Cr(VI) by Pd/Fe-
NMC at 30 °C (initial HCOONa concentration 600 mg/L, Pd-Fe/NMC
dosage 8 mg, pH 2.0)

Table 2 kapp values with
respect to the
concentration of Cr(VI)

Ce (mg) kapp

50 0.267

80 0.154

120 0.044

Fig. 13 Effect of the dosage of Pd-Fe/NMC on reduction of Cr(VI) by
Pd/Fe-NMC at 30 °C (initial Cr(VI) concentration 50 mg/L, initial
HCOONa concentration 600 mg/L, pH 2.0)
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treatment to reduce the heavy metals because of the mag-
netic separation and outstanding ability in water environ-
ment treatment by in situ regeneration and reuse.

Conclusion

In this work, it is convinced that the stability and reusability of
the Pd/Fe-NMC catalysts were excellent and the catalytic ac-
tivity of Pd/Fe-NMC was sustainable to reduce Cr(VI). The
pH of solution and the electron donor sodium formate
(HCOONa) affected the catalytic reduction activities obvious-
ly. It was found that the optimal pH to remove chromium
value was at 2 with 600 mg/L HCOONa. The dichromate
reduction reaction conformed to the pseudo-first-order kinet-
ics model. It is shown that the reduction catalytic activities of
Pd-Fe/NMC declined as the initial concentration increased in
the research, and the most suitable initial concentration was at
50 mg/mL which completed the reduction within 30 min. The
materials could be regenerated by 0.01 M NaOH and reused,
which indicated that the Pd-Fe/NMCwas cost-effective. All in
all, we can make a conclusion that the Fe-NMC composite
owned the high surface area as the carrier of palladium catalyst
and can potentially promote the catalytic reduction of chromi-
um (VI) in water treatment.
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