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a b s t r a c t
Liquid catalytic hydrogenation is a green, economical and non-polluting technology that can effec-
tively reduce and remove pollutants from water. In this study, Pd/MnO2 catalyst was synthesized 
with precious metal Pd as the active component and MnO2 as the carrier, and formic acid was used 
as the hydrogen source for liquid catalytic hydrogenation to reduce Cr(VI); And the composition 
and morphology of Pd/MnO2 catalyst were characterized by X-ray diffraction, transmission electron 
microscopy and scanning electron microscopy; in the reaction of Cr(VI) reduction, the effects of dif-
ferent catalysts, catalyst dosage, initial concentration of Cr(VI), pH and different Pd loadings on the 
reduction of Cr(VI) were investigated. The results of the experimental tests showed that the reduction 
of Cr(VI) by Pd/MnO2 was 93.2%, the reduction of Cr(VI) by MnO2 was 20.9%, and the reduction 
of Cr(VI) by MnO2 after loading Pd was 4.46 times higher than that by unloaded Pd. The results of 
the study showed that the reduction of Cr(VI) by Pd/MnO2 was not significant when the pH was 2, 
the initial concentration of Cr(VI) was 1 mM, the loading of Pd was 0.74 wt.%, and the catalyst dos-
age was 0.25 g/L, the Pd/MnO2 catalyst could reduce Cr(VI) in water more rapidly and effectively; 
the Pd/MnO2 catalyst is a new type of rapid and efficient catalyst for Cr(VI) reduction.
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1. Introduction

Although microplastics (MPs) and sulfonamides (SAs) 
are emerging aquatic pollutants [1], but the Cr pollution in 
water still can’t be ignored. In the aquatic ecological envi-
ronment, Cr is dominated by hexavalent chromium (Cr(VI)) 
and trivalent chromium (Cr(III)) [2]. Even for the same 
chromium element, these two valent chromium ions have 
opposite physicochemical properties. Cr(III) is mainly pre-
sented in the form of cation, while Cr(VI) usually exists in 
the form of anion, because the chromium environment pH 
is different, so the form of chromium is also different, the 
commonalities are CrO4

2–, Cr2O2–, HCrO4
–. A visual simulation 

of the form of Cr(VI) and Cr(III) presence in the H2O system 

was performed by Kocaoba and Akcin [3]. In nature, Cr(VI) 
affects the rooting of plants, the reproduction of organisms 
in the soil, and the respiratory system of marine organisms. 
Cr(VI) is a highly toxic substance that causes human can-
cer, which is mutagenic and can cause many health prob-
lems [4]. Cr(VI) is very mobile. Once entering the human 
body, it is easy to grow together and damage human organs, 
such as liver and kidney injury, lung cancer, skin inflam-
mation, gastrointestinal damage and other problems. The 
Environmental Protection Agency (USEPA) has consis-
tently included Cr(VI) on the list of toxic pollutants and set 
the maximum allowable concentration allowed in drinking 
water at 50 µg/L [5].
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In the past, many researchers have been trying to 
promote effective chromium removal and treatment tech-
niques, and they have established a variety of techniques 
to control chromium pollution from the physical, chem-
ical and biological perspectives. These technologies are 
mainly divided into three categories: physical and chemical 
technology, electrochemical technology, advanced oxida-
tion technology, and biological treatment method [6–13]. 
Although these methods have certain advantages, most of 
them involve high energy consumption, high cost of treat-
ment, low efficiency, complex implementation steps as 
well as secondary pollution and other problems. Catalytic 
hydrogenation technology has the characteristics of sim-
ple device, convenient operation, low energy consumption, 
high efficiency and no secondary pollution. The reaction can 
be carried out at room temperature and pressure, usually 
with hydrogen as the reducing agent and precious metal as 
the active component [14]. The system includes four parts: 
reactant, solvent, hydrogen source and catalyst. The pollut-
ants that can be treated in liquid-phase catalytic hydroge-
nation reduction technology are usually inorganic salt ions 
with high-priced state and strong oxidation properties, such 
as BrO3–, NO3–, Cr(VI) and Cu(II) [15–18]. Compared with 
other precious metals, the precious metal Pd has a relatively 
strong ability to activate hydrogen, and is widely used as 
an active component [19]. Manganese dioxide has a strong 
oxidation properties and adsorption capacity [20], miner-
al-rich [21,22], acid corrosion resistance [21], low toxicity 
[23], narrow band gap, low production cost, high compat-
ibility with environmental advantages. These advantages 
make manganese dioxide become a promising and widely 
used material [24]. In environmental purification systems, 
manganese dioxide can be used as an adsorbent mate-
rial for the removal of heavy metals, dyes and microwave 
contamination, as well as a thermal catalyst, photocatalyst 
and a catalyst for the degradation of pollutants (water and 
gas, organic and inorganic pollutants). In this paper, MnO2 
is used as the carrier, and the Pd particles are evenly dis-
tributed on the surface of MnO2, which avoids the agglom-
eration of Pd particles and increases the contact surface 
between the active component Pd and formic acid solution, 
which will make formic acid produce more active hydrogen 
and hydrogen gas and make the reduction of Cr(VI) faster. 
Compared with H2, formic acid is a relatively safe, highly 
efficient, convenient hydrogen storage and transportation 
material, and it is more widely used [25,26].

In this study, Pd/MnO2 was synthesized by impregna-
tion and applied to the catalytic hydrogenation and reduc-
tion of Cr(VI). It not only improves the reduction rate of 
MnO2 to Cr(VI), but also can reuse the manganese dioxide, 
saving the economic cost of governance, and satisfying the 
requirements of green chemistry.

2. Material and methods

2.1. Materials

MnO2, PdCl2 and ascorbic acid were purchased from 
Shanghai Maclean Biochemical Technology Co., (China). The 
starch was purchased from Sinopharm Chemical Reagent 
Co., Ltd., (China) and sodium hydroxide from Xilong 
Chemical Co., Ltd., (China) pure water.

2.2. Catalyst preparation

Synthesis of catalyst Pd/MnO2: add starch solution to the 
sample tube, add PdCl2 solution to it, mix, mix the solution 
neutral with NaOH solution, add MnO2 material to it, ultra-
sonic mix, and then transfer to a beaker. Add an appropriate 
amount of ascorbic acid to another beaker, then add distilled 
water and an appropriate amount of starch solution, respec-
tively, and mix well. The ascorbic acid solution was added 
to one droplet and one dispersed solution of MnO2 and 
PdCl2 at room temperature and continued for 1 h. The Pd/
MnO2 composite was obtained by centrifugation, washing 
and vacuum drying.

2.3. Catalyst characterization

X-ray diffraction Bruker D8 Advance, Germany, the 
body phase composition, microstructure and crystal type of 
matter are analyzed qualitatively. The catalyst was carefully 
pressed into a smooth glass slide groove and put into the 
powder diffractor to test. The powder diffraction instrument 
has an operating voltage of 40 kV, an operating current of 
40 mA, a 2θ range of 10°–80° for high/wide angle scanning, 
a  scanning  speed of  5°/min,  and a  scanning  step  length of 
0.02°/step.

Transmission electron microscope American FEI Talos 
F200X G2, take some samples dispersed into the ethanol 
solution for ultrasound, and then take a few drops of dis-
persed liquid added on the copper network, after drying, 
with the model of American FEI Talos F200X G2, accelera-
tion voltage of 200 kV, energy spectrum model EDS super-X, 
photo morphology.

2.3.1. Scanning electron microscopy

Test reference step: take trace samples directly adhered 
to the conductive adhesive, and use Oxford Ultim Max 65 
sputtering coating instrument for 45 s, 10 mA. Then use 
Hitachi Regulus8100 scanning electron microscope to take 
the sample morphology, energy spectrum mapping, the 
acceleration voltage is 3 kV, the acceleration voltage is 20 kV, 
and the detector is SE2 secondary electron detector.

2.3.2. X-ray photoelectron spectroscopy

The elemental composition and valence distribution of 
the material surface were analyzed and determined using 
a Scientific K-Alpha electron spectrometer manufactured 
by Thermo, USA. The instrument was equipped with Al 
K-rays as the excitation source (hv = 1,486.6 eV) to analyze 
the elemental energy spectrum at the atomic scale and 
depth of the material surface.

2.4. Liquid-phase catalytic hydrogenation for the reduction of 
Cr(VI)

First take 50 mL colorimetric tubes, take 0.1 mol/L potas-
sium dichromate reserve solution, prepare the concentration 
of 0, 0.25, 0.5, 0.75 and 1 mmol/L solution, then take pure 
water as the reference solution, the standard solution con-
centration (mmol/L) as the abscissa, absorbance (Abs) as the 
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ordinate, and finally the standard curve of the solution mea-
sured at the maximum absorption wavelength of 540 nm is 
y = 64.63x, R2 = 0.9997. The catalytic hydrogenation reduction 
reaction of Cr(VI) was conducted in a 250 mL tapered bottle 
to prepare 200 mL of Cr(VI) aqueous solution. The catalyst 
was magnetically stirred for 0.5 h. The reaction pH was set 
to 2 with excessive formic acid and 1 mol/L of NaOH. All 
samples were filtered using 0.45 µm drainage filter, and the 
absorbance of Cr(VI) was detected by a UV spectrophotom-
eter. The detection wavelength was 540 nm, and the actual 
concentration was calculated from the standard curve 
of the pollutants measured by the UV spectrophotometer.

3. Results and discussion

3.1. Catalyst characterization

3.1.1. Radioactive diffraction (XRD)

Fig. 1 shows the X-ray diffraction (XRD) map of MnO2 
and Pd/MnO2. As can be seen from the following figure, 
the characteristic diffraction peaks of MnO2 are 26.5, 37.4, 
59.4 and 72.2. The manganese dioxide carrying palladium 
showed new characteristic diffraction peaks at 28.5, 42.5 
and 67.4. Compared with the standard map, these two 
peaks are the diffraction peaks of palladium. The appear-
ance of the palladium characteristic peak indicates that the 
loaded palladium particles exist on the surface of the cat-
alyst and have a cubic crystal structure. It shows that the 

Pd particles were successfully loaded onto the carrier MnO2; 
moreover, the loading process of Pd did not change the 
structure of the carrier.

3.1.2. Transmission electron microscopy

The transmission electron microscopy (TEM) diagram 
of Pd/MnO2 clearly shows the morphology of the carrier 
manganese dioxide and the precious metal palladium. The 
load of palladium particles on the surface of the catalyst is 
relatively uniform. According to the particle size of palla-
dium particles on the lens map. In Fig. 2b, the distribution of 
palladium particles on Pd(0.74)/MnO2 ranges from 2–16 nm.

3.1.3. Scanning electron microscopy

It can be seen from Fig. 3 that the size of MnO2 nanoma-
terials is about 200–300 nm, and the flower shape of MnO2 
in Pd/MnO2 composites is laminar, and it can be clearly seen 
that Pd nanoparticles are distributed on MnO2, indicating 
that the Pd has been successfully loaded on the surface of 
MnO2.

3.1.4. X-ray photoelectron spectroscopy

The surface composition of the catalyst Pd/MnO2 was 
obtained by X-ray photoelectron spectroscopy (XPS) anal-
ysis. For Pd/MnO2, Pd has two highly asymmetric peaks 
in the 3d region, which indicates that the peaks of Pd are 
compounded by multiple peaks, representing different Pd 
species on the catalyst. In this study, the XPS curves were 
fitted to split peaks in order to quantify the content of each 
species: Pd on Pd/MnO2 consists mainly of metallic Pd (Pd0) 
and cationized Pd (Pdn+). The presence of Pdn+ is mainly due 
to the strong interaction of Pd with the oxygen-contain-
ing functional groups on the surface of MnO2 to transfer 
electrons from the Pd surface to MnO2 (Fig. 4).

3.2. Effect of different conditions on the catalytic hydrogenation 
reduction of Cr(VI)

3.2.1. Blank experiment

To verify that the reduction of Cr(VI) is a chemically cat-
alyzed reaction, a series of blank experiments were carried 
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Fig. 2. Transmission electron microscopy images and histograms of Pd particle-size distributions of the supported catalysts.
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out. The samples were filtered through 0.45 um aqueous 
membrane without adding any catalyst but formic acid for 
30 min, and the samples were sampled according to a certain 
time, and the experimental results are shown in Fig. 5, the 
concentration of Cr(VI) did not change greatly after 20 min 
of reaction, indicating that the addition of formic acid only 
had no catalytic effect on Cr(VI). Then a certain amount of 
MnO2 was added without formic acid, and there was no 
big change in the concentration of Cr(VI) within 120 min 
of the reaction, indicating that only the addition of MnO2 
had no catalytic effect of Cr(VI). Next, a certain amount of 
Pd/MnO2 was added without formic acid, and the concen-
tration of Cr(VI) did not change greatly within 120 min, 
indicating that Cr(VI) could not be reduced or removed 
by adsorption with the addition of Pd/MnO2 catalyst only. 
Finally, when formic acid and catalyst Pd/MnO2 were 
added, the Cr(VI) concentration was only 0.068 mM after 
120 min of reaction, and the reduction rate reached 93.2%, 
which shows that the removal of Cr(VI) from this study 
is essentially a chemical reaction process that requires the 
joint action of formic acid and a catalyst. The above experi-
mental conditions were kept consistent.

3.2.2. Influence of different catalysts

In this paper, the catalytic hydrogenation reduction of 
Cr(VI) by the Pd/MnO2 catalyst was studied, and the results 

are shown in Fig. 6. In heterogeneous catalytic reactions, the 
transformation of the reactants generally complies with a 
first-order kinetic model, where the reaction rate decreases 
gradually as the reaction progresses. By comparing the ini-
tial activities of several people, we can see that the reduc-
tion reaction rate of the two catalysts is very different. MnO2 
restored only 20.9% of Cr(VI) within 120 min, Pd/MnO2 
restored 93.2% of Cr(VI) within 120 min, and did not fully 
restore Cr(VI) to Cr(III) within 120 min. Because Pd adsorbs 
H2 produced by formic acid on the surface of the metal 
particles, It dissociates H2 into H atoms to reduce Cr(VI) to 
Cr(III). It shows that the loaded precious metal palladium 
significantly improves the catalytic reaction of format as the 
hydrogen source system, and it still needs further study.

3.2.3. Effect of different catalyst dosing amounts

The study evaluated the effect of the mass transfer resis-
tance during the reaction by changing the amount of the 
catalyst injection. The results are shown in Fig. 7: the con-
version efficiency of the Pd/MnO2 injection of the catalyst 
increased significantly, because under the condition of a cer-
tain concentration of reactants, raising the amount of cata-
lyst also increases the active site amount of Pd in the reaction 
liquid, thus effectively promoting the catalytic hydrogena-
tion reduction rate of Cr(VI). However, the initial activity 
of the catalyst mass calibration has basically changed a 

 
 

Fig. 3. Scanning electron microscopy patterns of (a) MnO2 and (b) Pd/MnO2.
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little, this result shows that the influence of the mass trans-
fer resistance in the reaction is negligible under the present 
experimental conditions [27].

3.2.4. Effect of different initial concentrations of Cr(VI)

By changing the initial concentration of Cr(VI), one can 
determine the effect of Cr(VI) adsorption on the catalyst 
carrier on the whole reaction, and the results are shown 
in Fig. 6. As the initial concentration of Cr(VI) increases, 
the initial activity of the reaction also gradually increases, 
indicating that the catalyst adsorption of Cr(VI) strength-
ens its catalytic hydrogenation and dechlorination reactiv-
ity to some extent [28,29]. This result can be fitted with the 
Langmuir–Hinshelwood model.

r k k
bC
bCs0
0

01
� �

�
�  (1)

1 1 1

0 0r kbC k
� �  (2)

where r0 is the initial activity of hydrogenation reduction 
when the initial concentration of Cr(VI) is C0; θs is the cov-
erage rate of Cr(VI) adsorbed on the catalyst surface, k is the 
reaction rate constant, and b is the adsorption equilibrium 
constant of Cr(VI). Under the same reaction conditions, the 
higher the initial concentration of Cr(VI) is, the longer the 
reaction time is required for a complete Cr(VI) reaction. As 
the initial concentration of Cr(VI) increases, the initial activ-
ity of the catalyst reaction also gradually increases, indicat-
ing that the reaction rate gradually increases with the initial 
concentration of Cr(VI). Fig. 8b shows that the 1/r0 and 1/
C0 linear correlation coefficient R2 is 0.9986, demonstrating 
that the hydrogenation reduction reaction of Cr(VI) con-
forms to the Langmuir–Hinshelwood model. It shows that 
the adsorption process of Cr(VI) on the catalyst surface is 
the rate control step of the catalytic reduction reaction [30], 
indicating that Cr(VI) adsorption in the catalyst is the con-
trol step of Cr(VI) dechlorination. Promoting the adsorp-
tion of Cr(VI) on the surface of the catalyst can facilitate 
its hydrogenation and dehlorination to some extent.
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3.2.5. Effect of different pH

In the catalytic reduction system of Pd/MnO2 to Cr(VI), 
solution pH directly affects the surface properties of the 
catalyst, the ionic form of Cr(VI) and the formation form of 
the end product. Therefore, the present study explored the 
catalytic activity of the catalyst for different pH conditions 
(pH range 2.0–10.0). The results are shown in Fig. 9: When 
pH rose from 2.0 to 10, the removal efficiency of Cr(VI) 
decreased from 56.4% to 22.7% within 30 min, that is, high 
pH inhibited the catalytic conversion of Cr(VI). There are 
three reasons as follows. First, the increase of pH leads to 
the deprotonation of the catalyst and reduces the positive 
charge density on its surface, weakening the electrostatic 
gravity of Cr(VI) in negative ions on the surface of the cat-
alyst, which reduces the conversion efficiency [31]. Second, 
the redox potential of Cr(VI) reduced to Cr(III) moves in the 
positive direction with the pH decrease, indicating that the 
reduction of Cr(VI) occurs more easily under low pH con-
ditions [32]. Third, in the reaction of pH 4, the later reaction 
rate is significantly lower than in the initial stage, because 
the precipitation formed by the reduction product Cr(III) at 
high pH was deposited on the surface of the catalyst, con-
cealing the active site, thus preventing the further progress  
of the reaction.

3.2.6. Effect of different Pd loadings

Fig. 10 shows the effect of catalysts with different Pd 
loads on the hydrogenation reduction rate of Cr(VI). It can 
be seen that the hydrogenation reduction rate of Cr(VI) is 
significantly improved with the increase of Pd load. This is 
because the increase of the Pd load leads to the increase of 
the Pd active site, which activates the formic acid to obtain 
the active hydrogen, and the active hydrogen reduces 
Cr(VI), and finally realizes the reduction of Cr(VI) to the 
non-toxic Cr(III).

4. Conclusion

In this study, the Pd/MnO2 catalyst synthesized by 
impregnation was used for the liquid-phase catalytic hydro-
genation reduction of Cr(VI) with good catalytic effect. 
XRD, TEM, scanning electron microscopy characteriza-
tion results showed that Pd was successfully dispersed on 
top of the MnO2 carrier, which avoided the formation of 
clusters of Pd and also increased the reaction of the active 
component Pd with formic acid (hydrogen source), which 
would produce more active hydrogen, making Cr(VI) eas-
ier to become Cr(III) by electron gain. The experimental test 
results showed that the reduction of Cr(VI) by Pd/MnO2 
was 93.2%, and the reduction of Cr(VI) by MnO2 was 20.9%, 
and the reduction of Cr(VI) by MnO2 after loading Pd was 
4.46 times higher than that without Pd. The reduction of 
Cr(VI) in water was influenced by the acidity of the cata-
lyst surface, which was an adsorption-inhibited reaction; by 
decreasing the reduction of Cr(VI) in water was influenced 
by the acidity of the catalyst surface, and the reduction of 
Cr(VI) could be promoted by reducing the initial concentra-
tion of Cr(VI); The high loading of Pd on the Pd/MnO2 cata-
lyst and the low pH in the solution were both beneficial to 

the reduction of Cr(VI). The results show that the Pd-loaded 
MnO2 catalyst can be used as a highly active catalyst to 
reduce Cr(VI) in water efficiently and rapidly, which provides 
a new method for the treatment of Cr(VI) pollution in water.
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