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a b s t r a c t

Carbonized cellulose catalyst support was prepared and decorated with 5 wt% Pd nanoparticles using an

impregnation method. According to the SEM images, the carbonized cellulose catalyst support kept its

original fibrous structure with an average diameter of 200 nm, owing to the carbonization of the cel-

lulose fibers. The surface of the formed carbon fibers is richly coated by palladium with even coverage.

The particles can be divided into two groups within which the average diameter is either 5 nm, or 20

e70 nm. TGA method was used to measure the amount of the remained carbon, which was 31.71 wt%.

The FTIR spectrum shows the presence of oxygen containing functional groups on the surface of the

support, which are hydroxyl groups. XRD method was used to determine the phases of Pd on the support

where elemental Pd was detected which confirms the success of the activation step. The catalyst was

tested in nitrobenzene hydrogenation in methanolic solution as a model reaction for nitroarene hy-

drogenation, meanwhile the temperature dependence of the reaction was also examined. Catalytic tests

were carried out at four different temperatures (283e323 K) and constant hydrogen pressure (20 bar).

The highest conversion (>99%) has been reached at 303 K and 20 bar. The corresponding activation

energy was calculated by non-linear regression based on Arrhenius plot, and it was 24.16 ± 0.8 kJ/mol. All

in all, the granulated cellulose beads are ideal starting points for carbon based catalyst supports.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Hydrogenation of nitro compounds is widely studied [1e6],

because the produced amines involved in various important ap-

plications such as pharmaceuticals [7e9], biosensing [10], synthesis

of dyes [11], and in removal processes [12]. Awide range of catalysts

such as AuPd/TiO2 bimetallic catalyst (Ea: 37 kJ/mol), Pt/g-Al2O3 (Ea:

37 kJ/mol), and Ru/FeOx (Ea: 33 kJ/mol) have been tested in nitro-

benzene hydrogenation to produce aniline [13e15]. However, car-

bon based catalyst supports are more often used in heterogeneous

catalysis [16e18] because of their excellent properties [19], not to

mention that they can be prepared by carbonization from almost

any available carbon source [20e22]. Furthermore, carbonized

catalysts show better results than non-carbonized materials in the

hydrogenation of nitroarenes [23].

Cellulose could be one of the most promising material for sup-

port preparation due to the fact that it is available in large quan-

tities in nature, biodegradable, highly functionalized, nontoxic and

thus, excellent for sustainable carbon support production [24,25]. It

has many applications within which its shape, structure, particle

size, and orientation is adapted accordingly [26e30]. Cellulose

based Pd/Co bimetallic catalyst was tested in nitrobenzene reduc-

tion by using H2O/EtOH as solvent and NaBH4 as reducing agent

[31]. Furthermore, modified cellulose based catalyst was applied in

the hydrogenation of different nitroarenes [32].

Nitrobenzene hydrogenation could occur through a direct or a

condensation route [37]. However, regardless of the route, the re-

action is highly sensitive to temperature which makes the
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examination of temperature dependence necessary in case of every

catalyst development process [38].

In this study, carbonized cellulose sphere based Pd catalyst has

been prepared, characterized, and tested in nitrobenzene hydro-

genation as a simple model reaction for the hydrogenation of nitro

compounds. Simple handling of the catalyst and separation from

the medium is possible with the applied support. Furthermore, the

fibrous structure with the lack of macro and meso porosity accel-

erates the mass transport during reaction. Moreover, the developed

catalyst and the preparation process is sustainable, because the

method is simple, and the applied support is very common and

available in large quantities.

2. Experimental

2.1. Materials

Cellulose beads (“Mavicell”) were purchased from Magyar

Viscosagy�ar. According to the product description, Mavicell is a

100% cellulose based, semi-synthetic spherical material. Nitrogen

gas was used as inert atmosphere (Messer 4.5). The Pd nano-

particles were prepared by using Pd(II) nitrate dihydrate (Sigma-

Aldrich, Pd(NO3)2 � 2H2O, 40% Pd basis) as a precursor with water

as solvent, and hydrogen gas (Messer 4.5) for the activation.

2.2. Catalyst preparation

The cellulose beads were carbonized in nitrogen atmosphere at

1,173 K for 1 h. After the carbonization 1 g carbonized cellulose was

impregnated with the Pd nitrate solution

(0.125 g Pd(NO3)2 þ 70 ml H2O) for 30 min. Thereafter, the water

was removed by vacuum evaporation. The catalyst was dried at

378 K overnight. First, the impregnated beads were calcined at

673 K in nitrogen atmosphere for 30 min, then activated in

hydrogen atmosphere at the same temperature for 1 h.

2.3. Characterization techniques of the catalyst

The carbonization process was monitored by using a Tarsus TG

209 microbalance. During this, the sample was heated by using

a10 K/min heating speed from 308 K to 1,173 K. The carbonization

was carried out in nitrogen atmosphere with a continuous 20 ml/

min flow velocity. As the measurement was carried out in inert

atmosphere after the second weight loss of the sample the

remained material is carbon.

The functional groups of the sample were detected by using a

Bruker Vertex 70 type instrument. The sample was examined in

potassium-bromide pellets (5 mg sample in 250 mg KBr) with

16 s�1 scanning velocity and 4 cm�1 resolution.

The SEM images were made by a Hitachi 4800 instrument

where the samples were fixed with carbon tape rubber. The SEM

instrument was equipped with an EDX detector which was used to

carry out the elemental analysis of the samples.

The type of the crystalline phases of the Pd nanoparticles was

determined by using a Rigaku Miniflex instrument with Cu-Ka

source.

The catalyst was tested in nitrobenzen hydrogenation using a

Büchi Uster Picoclave reactor with continous mixing, constant and

controlled hydrogen flow, and controlled pressure and temprer-

ature values.

The product samples of the test reactions were examined by gas

cromatography (Agilent 7890A coupled with Agilent 5975C Mass

Selective detector). Analytical standards were provided by Dr.

Ehrenstorfer and Sigma Aldrich (aniline, nitrobenzene,

nitrosobenzene, azoxybenzene, dicyclohexylamine, o-toluidine,

cyclohexylamine and n-methylaniline).

2.4. Catalytic tests

For each catalytic test 0.2 g 5 wt% Pd containing catalyst and

150 ml 0.25 mol/L nitrobenzene/methanol solution were used. The

system was continuously mixed with 1,000 1/min rotation speed.

The tests were carried out at 283 K, 293 K, 303 K, and 323 K, under

20 bar hydrogen pressure. During the hydrogenation process the

reactions were monitored and samples were taken at 5, 10, 15, 30,

60, 120, 180, and 240min. The samples were examined by using gas

chromatography (GC).

3. Results and discussion

3.1. Properties of the catalyst

3.1.1. Results of the thermogravimetric analysis (TGA) and Fourier-

transform infrared spectroscopy (FTIR)

TGA measurement was applied to monitor the carbonization

process (Fig. 1. A). During the process two significant weight loss

were detected, within which the first occurred between 321 K and

482 K and it can be associated with the loss of the water content of

the samples. The second weight loss have taken place between

482 K and 664 K and it can be linked to the carbonization of the

cellulose. The total weight loss was 68.29 wt% and thus, only

31.71 wt% of the initial weight of the cellulose converted to carbon

in the carbonization process.

FTIR spectroscopy was used to determine the functional groups

of the initial and carbonized cellulose beads (Fig. 1. B). The spectra

are very similar for both cases. Three main peaks have been iden-

tified at 1,635 cm�1, 3,238 cm�1, and 3,449 cm�1 wavenumbers

which indicates the presence of C]C bonds, eCH groups, and hy-

droxyl groups, respectively.

3.2.2. Results of the scanning electron microscopy (SEM) and X-ray

diffraction (XRD) analysis

SEM images were taken to examine the structure of the support

and the Pd nanoparticles. It can be seen that the support kept the

fibrous structure after carbonization (Fig. 2. A). The diameter of the

fibers is ~200 nm. The presence of the Pd nanoparticles on the

surface of the support have been verified with high dispersity.

There are smaller nanoparticles and bigger aggregates with an

average diameter of 5 nm and 20e70 nm, respectively (Fig. 2. B).

EDX spectroscopy was used to carry out the elemental analysis of

the samples (Fig. 2. C). It also confirmed the presence of Pd and C.

Furthermore, small amount of Mg, Al, and S were also identified,

which are probably filler materials in the cellulose beads. XRD

measurement was used to determine the type of the crystalline

phases of the Pd nanoparticles (Fig. 2. D). The (111), (200), and (220)

Miller-indexed crystal planes have been identified in the samples at

40, 47, and 68 2 W degrees, respectively. Thus, the total amount of

palladium is present in elemental (metallic) state which confirms

that, the reduction step of the catalyst activation was efficient.

According to BET measurements, the specific surface area (SSA)

of the catalyst is 289.70 m2/g (Table 1). For comparison, the

carbonized beads without metal and the catalyst after its applica-

tion, but without regeneration have also beenmeasured. The SSA of

the carbonized cellulose beads is almost two times as smaller as the

catalyst. Furthermore, the pore diameter of the carbonized cellu-

lose is also smaller (1.90 nm) compare to the final catalytic system.

After using it, the SSA of the catalyst have decreased significantly

(<10% of the original surface). Moreover, the average pore diameter

of the catalyst has also dropped from 2.05 nm to 1.89 nm.
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3.2. Catalytic performance

The prepared catalyst has been tested in nitrobenzene hydro-

genation. The experiments have been carried out at four different

temperatures (283, 293, 303 and 323 K), and the corresponding

conversions were calculated (Fig. 3. A). The nitrobenzene conver-

sion is highly depending on the temperature. At 323 K it was almost

100%, meanwhile at 283 K only 64% was reached.

The selectivity was also measured for the product, in-

termediates, and by-product (Fig. 3. B). It can be seen, that the

~100% nitrobenzene conversionwas reached only at 323, so the rate

of the intermediates was higher on lower temperatures. Increasing

the temperature gradually decreased their concentration and

increased the aniline quantity up to 91.15%. However, the slow in-

crease of the N-methylaniline.

Our results were compared to other Pd contained catalyst used

by other researchers in nitrobenzene hydrogenation (Table 2.). To

compare catalysts with different Pd content, turnover number

(TON)was calculated. However, the pressure, temperature, solution

concentration and hydrogenation time values are very different in

every paper, so this method provides only an approximate

comparison.

Based on the nitrobenzene concentration of the samples, the

reaction rate constants (k) were also calculated at different tem-

peratures (283 K, 293 K, 303 K and 323 K) by using a non-linear

regression method (Fig. 4 A, Table 3.) [39].

Fig. 1. TGA (A) measurement of the initial and FTIR (B) spectrum of the carbonized cellulose beads.

Fig. 2. SEM images (A, B), EDX spectra (C) and XRD diffractogram (D) of the final catalyst.

Table 1

Specific surface area (SSA) and average pore diameter (APD) of the catalyst (5% w/w Pd-CC) and the support, where CC is carbonized cellulose.

5% w/w Pde CC 5% w/w Pde CC (after using it, but without regeneration) CC

SSA (m2/g) 289.70 22.21 148.59

APD (nm) 2.05 1.89 1.90

�A. Prekob et al. / Materials Today Chemistry 17 (2020) 100337 3



By applying the natural logarithm of reaction rate constants, the

activation energy was also calculated by using the Arrhenius plot.

The (k) rate constants were plotted as a function of the tempera-

ture, and the activation energy have been calculated (Fig. 4 B). The

activation energy was 24.16 kJ/mol.

Two intermediates, nitrosobenzene (NOB) and azoxybenzene

(AOB) have also been identified in the reaction media. The hydro-

genation of these species to aniline was enhanced by increasing the

reaction temperature, but these were not converted completely, as

after 4 h of reaction they can still be found (Fig. 5). Only one by-

Fig. 3. Nitrobenzene conversion (X%) vs. time of hydrogenation (A) and selectivity on different temperatures (B).

Table 2

Comparison of 5% Pd/CC catalyst with other Pd contained catalysts.

Reference Catalyst wcat

(g)

p

(bar)

T

(K)

cNB
(mol L�1)

t

(min)

TON

(molAN/molPd)

This paper 5% Pd/CC 0.2 20 323 0.250 240 360.19

[33] 1% Pd/Al2O3 80 15 423 0.812 240 92.93

[34] 5.22% Pd/AC 0.025 10 313 0.326 15 295.97

[34] 4.24% Pd/Al2O3 0.025 10 313 0.326 15 77.94

[34] 5.28% Pd/MWCNT 0.025 10 313 0.326 15 281.09

[35] 5% Pd/g-Fe2O3 0.2 20 303 0.125 240 382.05

[36] 1.5% Pd/C-PVC 0.2 5 323 0.100 30 350.47

Table 3

Reaction rate constants of nitrobenzene hydrogenation at different temperatures.

Temperature (K): 283 293 303 323

Reaction rate constant (s�1): 6.283 � 10�5 8.714 � 10�5

3.93 � 10�6

1.303 � 10�4

8.00 � 10�6

2.224 � 10�4

SD: 3.33 � 10�6 7.71 � 10�6

Fig. 4. Conversion values of nitrobenzene hydrogenation at different temperatures (A) and the corresponding Arrhenius plot (B).

�A. Prekob et al. / Materials Today Chemistry 17 (2020) 1003374



product, N-methylaniline (NMA)was formed at higher temperature

(293 K, 303 K and 323 K) values, but in small concentration (4,5>

mmol/dm3). By decreasing the reaction temperature, the reaction

rate was also lower, and thus the concentrations of the in-

termediates are higher. Although, N-methylaniline was not formed

at 283 K.

The hydrogenation reaction was repeated at 323 K four times to

check the regenerative capacity of the catalyst (Fig. 6). Between

each test, the activation process was repeated with the same pa-

rameters, as mentioned before (30 min in nitrogen and 30 min in

hydrogen atmosphere at 673 K). The regeneration of the catalyst

was not complete, but the conversion was still reasonable, as it is

dropped from ~100% to 82% at the third attempt.

It is a difficult job to compare our results with others in litera-

ture. For better comparison, the same parameters and Pd content

were used in two of our earlier papers [35,40]. Comparing to our

5 wt% Pd N-doped carbon nanotube/zeolite composite catalyst the

cellulose based catalyst provided higher specific surface area

(15 m2/g for zeolite composite, 289,70 m2/g for carbonized

cellulose) and fibrous structure with low porosity for faster mass

transport [40].

In case of our 5 wt% Pd/maghemite magnetic catalyst, the

preparation was more complex (including a combustion step),

more reagents were necessary, and was more difficult to handle

due to its powder form [35].

4. Conclusion

In this paper cellulose beads were carbonized in inert atmo-

sphere, then decorated with 5 w/w% Pd. The catalyst was charac-

terized by TGA, FTIR, SEM, EDX, and XRD methods. As a result, a

carbonized fibrous structured catalyst support was prepared and

decorated with Pd. The fibers were present with an average

diameter of 200 nm. The support surface was abundantly coated

with Pd nanoparticles (average diameters are 5 nm, and between

20 and 70 nm). The catalyst was activated by using hydrogen at-

mosphere and the activation was confirmed by XRD measure-

ments. After the characterization of the catalyst, it was tested in

nitrobenzene hydrogenation at four different temperatures under

20 bar hydrogen pressure. The catalyst was applicable in the pro-

cedure aniline synthesis and it could reach almost 100% nitroben-

zene conversion at 323 K after 4 h. The regeneration capacity of the

developed system is also reasonable, as the conversion only drop-

ped to 82% at the fourth attempt of use.
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