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A B S T R A C T   

This study explores the effects of liquid-phase and gas-phase oxidation treatments on a low-ash activated carbon 
(RGC30) and its subsequent use as a metal-free catalyst for the hydrogenation of 1-chloro-4-nitrobenzene. 
Characterisation of the catalysts was accomplished through N2 and CO2 adsorption at − 196 ◦C and 0 ◦C, 
respectively, together with techniques like X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, ther-
mogravimetric analysis (TGA) and temperature-programmed desorption (TPD). In particular, it is observed that 
the catalytic activity depends on the specific oxidation treatment applied, which leads to the generation of 
different oxygenated groups on the carbon surface. Consequently, through precise control of oxygen groups via 
thermal treatment under inert conditions, it is found that the most influential groups for the hydrogenation of 1- 
chloro-4-nitrobenzene are basic groups incorporating C––O bonds, such as quinones and carbonyls. Furthermore, 
certain groups, like phenols, exhibit a detrimental impact on the catalytic activity.   

1. Introduction 

In the realm of the chemical industry, substituted anilines are 
indispensable intermediates, playing a vital role in the synthesis of dyes, 
pharmaceuticals, and an array of other essential chemicals [1–3]. Due to 
its technological and environmental feasibility, the preferred route for 
the synthesis of amines is the reduction of substituted nitroarenes by 
heterogeneous catalysis [2,4–6]. The catalytic reduction of nitroarenes 
is usually carried out using reducing agents, with dihydrogen and 
hydrogen donors as hydrazine being the most commonly used sources 
[2,4–6]. The choice of these reducing agents hinges upon factors such as 
the catalyst employed, the substrate under consideration, and the 
technical and safety prerequisites inherent to the reaction [2,6]. 
Notably, despite its nature as a toxic and potentially carcinogenic, hy-
drazine boasts distinct merits over dihydrogen, which requires high 
pressures and temperatures to carry out the reaction [2,4–7]. These 
advantages encompass facile and secure manipulation, convenient 
storage, operation under mild reaction conditions, accelerated reaction 
rate, and non-toxic by-products (N2 and H+) [7–9]. Great efforts have 
been dedicated to developing catalysts tailored for the hydrogenation of 
nitroarenes [2,4]. A big part of these studies are related to the use of 
noble metals catalysts, renowned for their remarkable activity, but with 
some challenges, such as high cost and poor selectivity [2,4–6]. 

Meanwhile, catalysts rooted in non-noble metals, including Co or Ni, 
have shown specific activity, which is often accompanied by a high 
instability of the active phase [2,4,5,9,10]. Therefore, the search for 
cost-effective, chemically stable, and environmentally benign catalysts, 
yet remarkably active, stands as a topic of exploration within the 
academia and industry community. 

In hydrogenation reactions, carbons materials have been widely used 
as catalyst support [11]. This is due to the carbons’ easy preparation and 
controllable physicochemical properties, which allow a large surface 
area for distributing active phases, and they are cost-effective compared 
to other commercial supports [5,11,12]. Nevertheless, its application as 
a metal-free catalyst is less frequent, potentially due to the uniform 
charge distribution within the carbonaceous network, which makes it 
inert [13,14]. The inherent inertness of active carbon can be readily 
tailored through surface modification with heteroatoms [8,14–16]. The 
heteroatom doping leads to a reconfiguration of charge distribution 
across the carbon structure, yielding a metal-like electronic structure 
that significantly enhances the interaction of carbon with H2 and the 
nitro group [14,16]. Various heteroatoms, including N, O, B, S, and P, 
have been used to modify the surface chemistry of carbon materials 
[14,16,17]. Among these, nitrogen and phosphorus doping has garnered 
significant attention in catalytic nitroarene reduction, revealing activity 
and selectivity in facilitating the synthesis of anilines [18]. 
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The effect of oxygen on the surface chemistry of carbon materials has 
been the subject of study since the end of the 19th century [11,13,17]. 
Therefore, it is an interesting heteroatom when preparing carbons for 
use as metal-free catalysts; however, its study as an active site in the 
reduction of nitroarenes is still being determined. The interaction of 
oxygen with carbon atoms is relatively complex compared to other 
heteroatoms [17,19,20]. Unlike its counterparts, oxygen can bond in 
various ways with carbon, giving rise to a wide range of surface 
oxygenated complexes, as illustrated in Graph 1 [13,17,20,21]. These 
functional groups can modify to different extent the surface electronics 
of carbon and its hydrophilicity and acid-base properties. Furthermore, 
depending on the group introduced, different acidic or basic properties 
can be conferred on the surface (Graph 1) [17,21]. Therefore, they can 
also have different effects on the catalytic activity of carbons [17]. 

The composition and nature of oxygenated groups on the carbon 
surface can be manipulated through oxidation techniques and subse-
quent heat treatments under an inert atmosphere [20–22]. The strategic 
regulation of oxygenation holds significant importance in influencing 
the catalytic properties and performance of materials [21]. This pro-
vides a potential avenue for boosting catalytic activity. 

In the state of the art of the use of oxidised carbon materials, testing 
has been conducted on carbon nanotubes (CNTs) for the reduction of 
nitro compounds, where it has been observed that C––O can play an 
important role [23]. Nonetheless, the unique physicochemical attributes 
of CNTs distinguish them from active carbons [18]. Consequently, the 
implications of oxygen and associated groups on amorphous meso-
porous carbons is an area of interest for the reduction of aromatic 
nitrocompounds. 

In this study, we present an exploration into the utilisation of metal- 
free catalysts based on oxidised activated carbons for the hydrogenation 
of 1-chloro-4-nitrobenzene using hydrazine as an H+ donor. To achieve 
this, two distinct oxidation methods were employed. The first approach 
involved the utilisation of hydrogen peroxide (H2O2) at room temper-
ature, while the second method encompassed the oxidation of the base 
carbon with diluted oxygen at elevated temperatures. Through this 
investigative approach, we elucidated the influence of the oxidation 
method on catalytic activity. Furthermore, we subjected the most active 
catalyst to meticulous thermal treatments at varying temperatures under 
inert conditions, revealing the distinct roles of various oxygen groups on 

the catalyst’s surface. 

2. Experimental section 

2.1. Materials synthesis 

A commercial low-ash activated carbon, RGC30, provided by West- 
Vaco Co., was subjected to two oxidation treatments. The first one 
was carried out in the liquid phase using a 6 M H2O2 solution. For this 
purpose, the RGC30 was dried in an oven at 60 ◦C for 12 h before 
treatment; then, the activated carbon was put in contact with the oxi-
dising solution (50 ml/gRGC30) for 48 h. Subsequently, the carbon was 
filtered and washed until the wash water had no oxidising character, 
which was determined using a potassium permanganate test (10-3 M 
HCl, 10-2 M KMnO4). Finally, the carbon was dried overnight in an oven 
and stored in a desiccator. This catalyst was labelled ROX. 

The second treatment involved a thermal process conducted in an 
oxidising atmosphere, following the method outlined by Figuereido 
et al. [21]. The initial carbon sample was introduced into a U-shaped 
quartz reactor and then exposed to a thermal treatment at 450 ◦C for a 
duration of 10 h, utilising a 5 % O2 in He flows (50 ml⋅min− 1). Following 
the thermal treatment, the carbon material was placed within a desic-
cator to prevent moisture adsorption and was subsequently labelled as 
RO2_10H. 

Moreover, the ROX sample underwent diverse thermal treatments in 
an inert atmosphere. The procedure involved positioning the sample 
within an alumina crucible and subjecting it to varying temperatures 
(300, 500, 650, and 900 ◦C) using a tube furnace under a continuous N2 
flow (100 ml⋅min− 1). The heating rate was set at 3 ◦C⋅min− 1. The 
resulting samples were designated as ROX_Py, where y corresponds to 
the temperature of the heat treatment. 

2.2. Materials characterization 

N2 and CO2 adsorption isotherms were measured at − 196 ◦C and 
0 ◦C, respectively, using a Quantachrome Instrument AUTOSORB-iQ- 
XR-2. Samples were out-gassed prior to adsorption measurements at 
250 ◦C for 4 h under vacuum, using a Quantachrome Instrument Auto-
sorb Degasser. Raman spectroscopy measurements were carried out on a 
Jasco NRS-5100 Raman system using a 633 nm laser and a 600 lines per 
mm slit. X-ray photoelectron spectroscopy (XPS) was performed with a 
K-Alpha spectrometer (Thermo Scientific). All spectra were collected 
using Mg-Kα radiation monochromatised by a double crystal mono-
chromator with a hemispherical analyser. The binding energy for the 
XPS measurements was calibrated using the 1 s transition of C in the C-C 
bond (284.60 eV). Temperature-programmed desorption (TPD) experi-
ments were carried out using a U-shaped reactor and 50 ml⋅min− 1 of He. 
The released gases were measured with a mass spectrometer (Omnistar 
GSD 301 O2, Pfeiffer Vacuum). Thermogravimetric analysis (TGA) was 
performed using a TGA/STA 449 F5 Jupiter from NETZSCH. The TGA 
measurement was obtained from room temperature to 1000 ◦C using a 
heating ramp of 10 ◦C⋅min− 1 under an inert atmosphere. 

2.3. Catalytic test 

After the oxidation treatment, the catalysts were tested for the hy-
drogenation of 1-chloro-4-ntitrobenzene (1C-4NB). The catalytic ex-
periments were conducted at atmospheric pressure in a 100 ml three- 
neck round-bottom flask equipped with an aliquot system. The experi-
ments were performed under the following conditions: 50 ml of a 50 mM 
solution of 1-chloro-4-nitrobenzene in ethanol and 100 mg of catalyst at 
80 ◦C and 300 rpm. In addition, 22 mmol of hydrazine (35 % wt. in H2O) 
was used as a reducing agent. The liquid samples were analysed with a 
gas chromatograph equipped with a mass spectrometer and an HP-5 
capillary column, using He as carrier gas. The recycling test was per-
formed under the same conditions as described above. For this purpose, 

Graph 1. Oxygen-containing groups on activated carbon. . 
Adapted from [24] 
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the catalyst was recovered after the reaction by filtration and washing in 
ethanol, which was dried in an oven at 60 ◦C overnight. 

3. Results 

Fig. 1a. Shows the N2 adsorption–desorption isotherms obtained for 
all the carbons. Table 1 summarises the main textural properties of the 
carbons before and after the oxidation treatments, obtained from N2 
(-196 ◦C) and CO2 (0 ◦C) adsorption isotherms data. The starting carbon 
material, RGC30, displays a combination of type I and type IV(a) iso-
therms, as outlined in the IUPAC classification [25]. At low relative 
pressures, there is a large adsorption capacity related to micropore 
filling [25]. In the relative pressure range between 0 and 0.2, there is a 
large bend, indicating a very wide micropore size distribution [25]. As 
the relative pressure increases (>0.2), mesopore filling occurs [25]. 
Different paths in the adsorption and desorption brands (hysteresis 
cycle) are indicative of the presence of mesoporosity [25]. By scruti-
nising the textural parameters detailed in Table 1, it becomes evident 
that RGC30 is a micro-mesoporous carbon, with mesoporosity ac-
counting for 54 % of its total porosity. As such, it can be considered as a 
suitable foundational material for our intended research, as the micro-
porosity provides a high specific surface area, and the mesoporosity 
helps to avoid diffusional problems, which is very important, especially 
in liquid-phase reactions such as the one studied here. 

The isotherms of the treated (oxidised) materials exhibit the same 
shape as those of the pristine material (RGC30). The only discernible 
difference lies in a slight reduction in the volume of microporosity. This 
phenomenon is attributed to blocking a fraction of micropores by the 
functional groups generated during the oxidation process, a phenome-
non extensively explored in previous studies [25,26]. Furthermore, the 
textural parameters in Table 1 suggest a slight loss in specific surface 
area. 

Fig. 1b shows the CO2 isotherms at 0 ◦C of the investigated carbon 
materials. Observably, the CO2 adsorption capacity of the ROX sample is 
slightly less than that of RO2_10H. This disparity is further highlighted 
in Table 1, illustrating that the ROX sample’s micropore volume is 
marginally smaller than that of the RO2_10H sample. However, this 
slight difference is not considered significant. Moreover, when 
comparing the micropore volumes obtained from N2 adsorption with 
those obtained from CO2 adsorption, it can be seen that Vmicro N2 >

Vmicro CO2, what corroborates the wide micropore size distribution of 
these materials. 

The oxidised carbons have similar adsorption capacities (N2 and 
CO2) and textural parameters. Therefore, the oxidation treatment does 
not significantly affect the porous structure of the carbon. 

Raman profiles for the samples before and after the oxidation 
treatments are displayed in Fig. 2a. Generally, no relevant changes were 
observed with the type of oxidation treatment. The typical D (1338 
cm− 1) and G (1598 cm− 1) bands, characteristics of activated carbon, 
were shown by all the samples. The D peak is related to the disordered 
carbon, whereas the G band can be ascribed to the graphitic structure of 
the material [27]. To measure the degree of order/disorder of the 
investigated carbons, the ratio of D-band and G-band intensities (ID/IG) 
was calculated (Fig. 2a). A slight increase in the calculated ID/IG value 
was observed for oxidised carbons, indicating that the oxidation treat-
ment slightly increased the disorder in the turbostratic structure [27]. 
However, the observed effect is weak. 

XPS measurements were performed to gain insight into the oxygen 
functional groups on the surfaces of the investigated carbons. Fig. 2s 
shows the XPS survey of the oxidised samples and the RGC-30. In all 
cases two peaks were observed, the first one an intense peak over 285 eV 
related to the C1s transition of the carbon. Subsequently a smaller peak 
over 533 eV related to the O1s transition of oxygen. This indicates that 
the carbon samples consist primarily of carbon, oxygen, and hydrogen. 
For a more detailed analysis of the chemical environment of carbon and 
oxygen, high-resolution XPS measurements were conducted, as depicted 
in Fig. 2b. The deconvoluted C1s core level spectra for the investigated 
materials (Fig. 2b) exhibit four distinct contributions. The first and most 
intense peak (peak I) is observed at ~284.6 eV and corresponds to the C- 
C sp2 bond [20,28]. The second peak (peak II) appears in the 
285.8–286.0 eV range and is attributed to the C-O bond of phenolic, 
alcohol, or ether groups [20,28]. The third peak (peak III), observed 
between 286.9 and 287.9 eV, is related to the C––O bond of carbonyl or 
quinone groups [20,28]. Finally, a fourth peak (peak IV) is observed at a 
higher binding energy, between 288.2 and –289.9 eV, and is associated 
with the COO bond of carboxylic acids (CA) [20,28]. 

On the other hand, three contributions can be observed upon ana-
lysing the O1s core level spectra of the investigated carbons. Firstly, a 
contribution at around 531.1 – 531.4 eV (peak I) is attributed to the 
oxygen in the carbonyl and quinone groups [20,28]. Secondly, an 
intense peak over 532.7–533.0 eV, which is characteristic of the oxygen 
contained in ether, ester, and anhydride groups [20,28]. Finally, a peak 

Fig. 1. A) N2 adsorption isotherms at − 196 ◦C for the pristine carbon and the samples treated with H2O2 and O2. b) CO2 adsorption isotherms at 0 ◦C for the pristine 
carbon and for the samples treated with H2O2 and O2. 

Table 1 
Textural properties of activated carbon before and after oxidation treatment.  

Sample SBET 

/m2⋅g¡1 
Vtotal 

/cc⋅g¡1 
VmicroN2 

/cc⋅g¡1 
VmicroCO2 /cc⋅g¡1 Vmeso 

/cc⋅g¡1 

RGC30 1518  1.14  0.52  0.34  0.62 
RO2_10H 1403  1.16  0.46  0.34  0.70 
ROX 1405  1.13  0.51  0.29  0.62  
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(III) within 533.8–534.4 eV can be observed, related to the oxygen in 
carboxylic acids [20,28]. 

Tables 2 and 3 summarise the variation in atomic percentage for the 
different species obtained from the deconvoluted O1s and C1s core level 
spectra, respectively. The primary observation is an increase in the O/C 
fraction in the oxidised samples, signifying the efficacy of the oxidation 
treatments. Notably, the method that demonstrated the highest success 
in incorporating oxygen into the carbon matrix was the use of diluted 
oxygen at 450 ◦C (RO2_10H), as evidenced by an XPS O/C ratio of 0.12. 
In contrast, oxidation with H2O2 yielded an XPS O/C ratio of 0.088. 
Hence, the total oxygen content of the samples follows the order of 
RO2_10H > ROX > RGC30. 

Fig. 2. A) Raman profile for RGC30, ROX and RO2_10H. b) High-resolution XPS spectra of RGC30, ROX and RO2_10H. c) Normalised O1s core level from XPS data 
for carbons before and after the oxidation treatments. 

Table 2 
XPS results for the O1s core level spectra for the samples before and after the 
oxidation treatment. * The O/C ratio was calculated using the total content of 
O1s and C1s provided by XPS data.  

Sample O1s O/C*  

Peak I Peak II Peak III   
O––C O-C COO   
% At. Rel. % At. Rel. % At. Rel.  

RGC30  1.18  1.75  0.79  0.039 
RO2_10H  4.51  5.14  0.78  0.12 
ROX  2.59  4.33  1.14  0.088  
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Table 2 illustrates the influence of the oxidation method on the ox-
ygen speciation within the carbon structure. Notably, carbon RO2_10H 
displayed the highest presence of carbonyl and quinone-related groups 
(Peak I). On the other hand, carbon ROX exhibited a more substantial 
contribution of carboxylic acid groups (Peak III), with no significant 
increase compared to RGC30 observed in sample RO2_10H. Addition-
ally, both methods led to a comparable increase in O-C groups. 

Table 3 shows a noticeable decrease in graphitic carbon bonds (Peak 
I) after the oxidation treatment, whereas the peaks related to oxygen- 
bonded carbon increase in intensity, as could be expected from the in-
crease of the surface oxygen content upon the oxidation treatments. 

Upon normalising the content of each contribution in the O1s region 
to the total surface oxygen determined by XPS (Fig. 2c), discernible 
variations in oxygen speciation become apparent, contingent upon the 
oxidation method. The distribution obtained for the pristine and the 
treated carbons was O-C > O = C > COO. Both oxidation methods in-
crease the content of O-C and O––C groups more than that of COO 
groups. Among the samples, RO2_10H has the lowest COO content, 
which can be attributed to the instability of these groups at the tem-
perature at which the oxidation treatment was carried out, 450 ◦C 
[20,21]. Moreover, oxidation with oxygen favors the formation of O––C 
groups, while treatment with H2O2 leads to an increase in the number of 
C-O groups. This observation stems from the synthesis of the RO2_10H 
sample. In the oxidation treatment at 450 ◦C, reactive carbon sites 
develop due to the decomposition of acidic groups in the pristine carbon 
(RGC30), as these groups become unstable at this temperature. Subse-
quently, these reactive carbon sites react with oxygen molecules in the 
stream, forming carbonyl species [13,17]. Moreover, a comparable 
phenomenon will occur during storage; if any carbon sites are available 
after treatment, they react with oxygen molecules in the air [17]. 

To better understand the content of oxygen in the bulk material, 
thermogravimetric analysis (TGA) was conducted under an inert atmo-
sphere, as oxygenated groups will thermally decompose at different 
temperatures. Fig. 3 shows the TGA profiles and their corresponding 
derivative (DTG) of the studied samples, where it can be observed that, 
depending on the oxidation treatment, different mass loss profiles with 

respect to the pristine sample can be obtained. Thus, the pristine sample 
(RGC30) shows a slight mass loss, especially at high temperatures, 
showing the main mass loss at 922 ◦C. On the other hand, at low tem-
peratures, the RO2_10H sample has a thermogram to that of RGC30 until 
point I at 460 ◦C; subsequently, a sharp increase in the mass loss until 
1000 ◦C is observed. In this range, the RO2_10H presents a main mass 
loss at 700 ◦C, and later, a small shoulder at 922 ◦C can be observed on 
the DTG. Otherwise, the ROX sample shows a gradual mass loss from 
100 ◦C to 1000 ◦C; upon observing the DTG, peaks at 180, 700 and 
922 ◦C are observed. When comparing the mass losses between the 
samples, it is observed that RO2_10H is the sample that lost the most 
mass during the analysis, followed by ROX and finally RGC30 (Fig. 3). 
This agrees with what was observed by XPS, where the gas phase oxi-
dised sample (RO2_10H) showed the highest oxygen content on its 
surface. Nonetheless, these findings also shed light on the group di-
versity in the samples. The ROX sample emerges as the most chemically 
diverse, highlighted by the distinct peaks observed in the TGA results, 
closely associated with various oxygen groups [20,21,29]. In contrast, 
the thermogravimetric profile of the RO2_10H sample implies that it 
represents a carbon with a less diverse range of groups despite having a 
higher oxygen content. However, the TGA results strongly indicate the 
oxygen inclusion in the carbon and the oxygen diversity at the carbon 
surface for each oxidation method. Temperature-programmed desorp-
tion (TPD) experiments were conducted under identical conditions to 
gain insights into the nature of the surface chemistry O-containing 
groups in the carbons (Fig. 4). It is crucial to emphasise that the TPD 
experiments involved monitoring various masses, including CO, CO2, 
H2O, and CH4 The absence of gases related to H2O or CH4 (Fig. 1s) 
emissions from the sample was notable, affirming a direct correlation 
between the observed mass loss in TGA and the thermal decomposition 
processes of oxygenated groups. 

Fig. 4a shows the CO2 evolution profiles in temperature-programmed 
desorption (TPD) experiments for the investigated carbons. The CO2 (44 
m/z) released from the RGC30 sample shows a low content of acid 
groups, with two broad and small peaks; the first one is associated with 
the decomposition of carboxylic acids (CA, decomposition temperature: 
100–450 ◦C) and the second one with the decomposition of lactones (LC, 
decomposition temperature: 600–800 ◦C) [20,29]. As was shown in TGA 
experiments (Fig. 6), the RO2_10H sample does not lose mass until 
480 ◦C. This outcome is anticipated due to the instability of carboxylic 
acid (CA) groups at 450 ◦C [20,21,29]. Furthermore, this temperature 
promotes the decomposition of CA groups from the pristine sample 
[20,22]. However, an abrupt increase in the release of μmol of CO2 can 
be observed at temperatures above 400 ◦C, which is related to the 
decomposition of acid groups as LC and basic groups as pyrone (Py 
decomposition temperature >900 ◦C) [20,21,29]. On the other hand, 
the CO2 profile observed in the ROX sample can be linked to the 

Table 3 
XPS results for the C1s core level spectra for the samples before and after the 
oxidation treatment.  

Sample C1s  

Peak I Peak II Peak III Peak IV  
C-C C-O/C-OH C––O COO  
%At. Rel. %At. Rel. %At. Rel. %At. Rel. 

RGC30  83.62  8.77  2.96  0.92 
RO2_10H  71.25  12.04  4.72  1.56 
ROX  69.27  15.03  5.47  2.16  

Fig. 3. TGA and DTG profile under an inert atmosphere for the pristine and oxidised samples.  
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decomposition of carboxylic acid (CA) groups at lower temperatures 
(100–450 ◦C), resulting in a relatively higher mass loss for the ROX 
sample compared to the other samples (Fig. 3). In addition, there is a 
second peak (600–800 ◦C) associated to LC when the temperature of the 
experiment increases. Nevertheless, the signal indicating CO2 evolution 
within this temperature range is more prominent for the RO2_10H 
sample than the ROX sample. This can be attributed to a higher con-
centration of lactones and pyrone groups on the carbon surface in the 
RO2_10H sample. 

The CO (28 m/z) evolution profile in TPD experiments is shown in 
Fig. 4b. The profile corresponding to the RGC30 sample shows a broad 
peak near 900 ◦C, related to the decomposition of carbonyl/quinone 
groups (CNyl/QN, decomposition temperature: 700–950 ◦C) 
[20–22,29]. After the oxidation treatment, the RO2_10H sample shows a 
higher amount of CO released than ROX, which agrees with the mass loss 
observed in the TGA experiment. The profiles corresponding to samples 
RO2_10H and ROX show decomposition peaks assigned to phenol (Ph, 
decomposition temperature: 500–750 ◦C) and CNyl/ QN groups 
[20–22,29]. However, although the ROX sample has a lower content of 

these basic groups, it shows a preference for the inclusion of QNyl/QN 
groups (peak above 900 ◦C), compared to the RO2_10H sample, which 
shows a preference for Ph groups, since the CO signal maximum is found 
in these groups respectively for each sample. 

These findings are consistent with the results from XPS analysis, 
where the ROX sample exhibited a higher content of carboxylate (COO) 
groups than RO2_10H. Thus, it is shown that the oxidation method af-
fects the content and type of O functional groups in the catalysts, with 
RO2_10H being the richest in surface oxygen with the highest concen-
tration of C––O and C-O groups. On the other hand, the ROX catalyst 
shows a significant increase in the COO group. However, the ROX 
catalyst also showed a tendency for CNyl and QN groups to be formed 
preferentially over other groups, such as Ph. 

After characterising the physicochemical properties of the three 
activated carbons were evaluated in the selective hydrogenation of 1- 
chloro-4-nitrobence (1C-4NB) using hydrazine as a reducing agent. 
The results are presented in Fig. 5. Notably, no conversion of nitroarenes 

Fig. 4. TPD Profiles of CO2 (a.) and CO (b.) from RGC30, ROX and RO2_10H. Carboxylic acid (CA), carboxylic anhydride (CAn), Lactone (LC), phenol (Ph), carbonyl 
(CNyl), quinone (QN), Pyrone (Py). 

Fig. 5. Catalytic test for oxidised and pristine carbon for the hydrogenation of 
1-chloro-4-nitrobence. (mcat = 100 mg, nsusbtrate = 2.52 mmol, nhydrazine = 1.85 
mmol, T = 80 ◦C, Vsolution = 50 ml). Fig. 6. Catalytic test of ROX treated at different temperatures under N2 at-

mosphere. (mcat = 100 mg, nsusbtrate = 2.52 mmol, nhydrazine = 1.85 mmol, T =
80 ◦C, Vsolution = 50 ml). 
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was observed when the reaction was conducted without any catalyst. 
However, the oxidised samples exhibited higher catalytic activity than 
the untreated (RGC30). This suggests that the presence of oxygenated 
functional groups in the samples significantly influences their catalytic 
performance. Interestingly, the ROX sample demonstrated superior 
performance to RO2_10H despite showing less oxygen content on its 
surface. This indicates that the type of oxygenated groups in the material 
also plays a crucial role in catalytic activity, emphasising the importance 
of specific functional groups for enhanced performance. 

Table 4 summarises the kinetic constant (k), yields and selectivity 
toward 4-chloroaniline (4-ChAn) for the investigated carbons at 420 min 
of reaction. The kinetic constant was calculated from the data obtained 
at low reaction times, assuming a first-order reaction. In all cases, the 
selectivity for 4-ChAn was over 100 %. Nevertheless, 4-ChAn yield and 
kinetic constant (k) change according to the oxidation treatment. Thus, 
the carbon treated with H2O2 (ROX) exhibits a higher yield (100 %) and 
k value (0.013) for the hydrogenation of 4-ChAn than the RO2_10H 
sample. To investigate the specific functional groups that contribute to 
the catalytic reaction, we focused on the most active sample, ROX, and 
conducted a series of experiments. Our goal was to discern the influence 
of various functional groups on catalytic activity. To achieve this, we 
exposed the active carbon to different temperatures under an inert at-
mosphere. This approach allowed us to selectively eliminate certain 
functional groups and assess their impact on catalytic performance 
[20,21]. By observing the changes in activity as different functional 
groups were removed, we aimed to identify the key contributors to the 
catalytic reaction. Therefore, the ROX sample was treated at 300, 500, 
650 and 900 ◦C under an inert atmosphere. 

A thorough characterisation was performed before utilising these 
heat-treated samples as catalysts. Fig. 3s shows the N2 adsorption iso-
therms for the treated samples. The treated samples have an adsorp-
tion–desorption profile like that of the ROX sample, associated with a 
micro-mesoporous material. Although, the ROX_P900 sample shows 
the main change, with a decrease in the adsorption capacity, related to a 
diminution in the microporosity. This effect can be observed in the CO2 
isotherms at 0 ◦C (Fig. 4s), where only the sample ROX_P900 shows a 
significant decrease in the adsorption capacity. 

The analysis of the textural parameters (Table 1s) shows that the 
after the heat treatment there is a slight decrease in the specific surface, 
total pore volume and micropore volume, the sample with a significant 
decrease of the parameter values being the ROX_P900. Nevertheless, the 
mesopore volume does not show a significant variation in the samples, 
which is very important in liquid face reactions. Thus, the decomposi-
tion of the oxygenated groups affects mainly the microporosity of the 
carbon. 

Raman studies (Fig. 5s) show no significant variation in the D (1338 
cm− 1) and G (1598 cm− 1) bands of the heat-treated carbons, with the 
calculated index ID/IG oscillating in values close to those of the ROX 
sample (0.97), related to a semi-ordered carbon. Therefore, the micro-
structure is not significantly affected by thermal decomposition of 
oxygenated groups. Given the carbon’s unaltered surface area and 
microstructure, any variations in catalytic activity can be attributed 
exclusively to the presence of oxygenated groups on the surface. 

The catalytic assessment of the heat-treated ROX samples illustrates 
a discernible link between temperature and the extent of 1C-4NB con-
version (Fig. 6). Notably, the sample treated at 300 ◦C maintains 

unaltered activity compared to the untreated sample. Conversely, an 
increase in the treatment temperature reduces catalytic conversion. 
Therefore, the samples treated at 500 and 650 ◦C (ROX_P500 and 
ROX_P650) exhibit decreased conversion, while ROX_P900 displays an 
even lower degree of conversion. 

These outcomes align with expectations, as the source of catalytic 
activity lies within the surface oxygenated groups, which are compro-
mised by the thermal treatments. Nonetheless, as we delve into the ar-
ticle’s discussion, we will elucidate that the decrease in catalytic activity 
does not exhibit a linear relationship with temperature. The influence of 
losing certain surface functional groups outweighs that of others. 
Notably, even when the sample is treated at 300 ◦C, there is no catalytic 
activity change despite removing surface oxygen groups (See Table 5). 

The XPS surveys of the inert-treated samples only show contributions 
related to C and O, such as the ROX sample. The high-resolution XPS 
spectra of the heat-treated samples are shown in Fig. 7. The C1s region 
shows that all the treated samples exhibit four contributions, similar to 
the ROX sample. Therefore, these contributions are related to C-C sp2 

bond (Peak I), C-O bond (Peak II), C––O bond (peak III) and COO bond 
(peak IV) [20,28]. From the C1s core level analysis, there is no signifi-
cant reaction; there is a decrease in the COO bond contribution signal 
and an increase in the C-C sp2 signal as the temperature increases 
(Table 6). This is related to the aforementioned loss of oxygen groups on 
the surface. 

On the other hand, the O 1s core level spectra analysis for the heat- 
treated carbons showed significant changes in the carbon surface groups 
(Fig. 7, Table 7). Firstly, the XPS O/C ratio changes as the temperature 
increases up to 900 ◦C. Initially, for the ROX_P300 sample, it does not 
change significantly regarding the ROX sample. But it then decreases 
when the temperature increases until a value of 0.015 in the ROX_P900 
sample. This is due to the decomposition of the oxygen groups during the 
thermal treatment [20,21,29]. On the other hand, initially, three con-
tributions can be distinguished: O––C (peak I), O-C (peak II) and COO 
(peak III). 

Regarding the oxygenated groups, there is a significant loss of COO 
species from the ROX_P300 sample. This is due to the instability of the 
carboxylic acid groups at temperatures higher than 100 ◦C [20,21,29]. 
Considering the other species (C-O and C––O), there is a gradual 
decomposition of the same degree for most of the carbons. 

The distribution of surface oxygen species can be obtained from the 
XPS data by the normalisation of the O 1s region with the total O content 
(Fig. 8). It can be seen that there is a severe decrease in COO groups from 
the untreated ROX to ROX_P500. Though there is an enrichment in O––C 
bonds related to quinones and carbonyl groups, this occurs in the sam-
ples from P300 to P650, with the sample treated at 300 ◦C being the 
most affected by this trend. However, as the treatment temperature in-
creases, the surface content of C––O bonds decreases. This can be 
related, on the one hand, to the fact that as the decomposition of 
oxygenated groups takes place, vacancies are generated that rearrange 
the surface carbon atoms [13,17]. In addition, the O––C amount tends to 
decrease until 650 ◦C, while the density of C-O bonds increases. Finally, 
the amount of C-O and C––O species decreases significantly after the 
treatment at 900 ◦C. However, there is a larger content of C––O than of 
C-O (Table 7, Fig. 8). 

Fig. 9 presents the CO2 and CO evolution profiles for the ROX and 

Table 4 
Kinetic constants and yield for 4-chloroaniline for the pristine and treated 
samples after 420 min. of reaction.  

Catalyst k / s− 1⋅gcat
-1 4-chloroaniline Yield / 

% 
4-chloroaniline selectivity / 
% 

RGC30  0.0044 55.91 100 
RO2_10H  0.0055 68.91 100 
ROX  0.013 100 100  

Table 5 
Kinetic constants, yield and selectivity for 4-chloroaniline for the ROX catalyst 
treated at different temperatures.  

Catalyst k / s− 1⋅gcat
-1 4-chloroaniline Yield / % Selectivity/ % 

ROX  0.013 100 100 
ROX_P300  0.016 100 100 
ROX_P500  0.0071 74.50 100 
ROX_P650  0.0062 77.85 100 
ROX_P900  0.0028 33.36 100  
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thermally treated ROX samples in TPD experiments. The CO2 profile 
(Fig. 9a) indicates an initial removal of carboxylic acid groups upon 
treatment at 300 ◦C. Additionally, carboxylic anhydride and lactones 
desorption are observed with increasing the treatment temperature, 
leading to a significant decay in the CO2 signal for the ROX_P900 
sample. 

On the other hand, the CO signal profiles (Fig. 9b) show that the 
ROX_300 sample displays a shoulder peak above 450 ◦C, suggesting the 

presence of carboxylic anhydrides. Additionally, phenols and a promi-
nent peak associated with carbonyls and quinones are observed for all 
the samples. As the temperature increases, the shoulder related to an-
hydrides and lactone diminishes, eventually disappearing until the 
treatment at P650 ◦C. At 650 ◦C, the primary functional groups in the 
catalyst are phenols and carbonyl/quinone species, with higher signal 
intensity compared to the P500 sample. The XCPS analysis corroborates 
this enrichment in phenols and quinones/carboxylic groups, indicating a 

Fig. 7. High-resolution XPS spectra of ROX sample treated at different temperatures under an inert atmosphere.  
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d carbon rearrangement by the vances generated during desorption 
[13,20]. Furthermore, following the 900 ◦C treatment, a residual signal 
corresponding to a small amount of quinones and carbonyl groups 
persists. No pyrone group is detected, as the CO2 signal is negligible at 
temperatures exceeding 900 ◦C. 

4. Discussion 

When the functional groups identified by XPS and TPD measure-
ments correlate with the catalytic performance, the ROX sample reveals 
that carboxylic acid groups do not significantly impact the catalytic 
activity as active sites. This is evident as the loss of COO species does not 
result in diminished activity. Moreover, the closely matched activity of 
samples ROX_P500 and ROX_P600 suggests that the presence of lactone 
and anhydride groups does not play a pivotal role in the hydrogenation 

of 1-chloro-4-nitrobenzene. Rather, the remaining significant groups for 
samples ROX_P600 and P500 are phenol, carbonyl and quinone. 
Particularly noteworthy is the contribution of carbonyl and quinone 
groups, which have demonstrated their effectiveness as the active phase 
in the reduction of 1C-4NB using oxidised nanotubes in the presence of 
hydrazine as the reducing agent [23,30]. 

However, intriguingly, the P900 catalyst in this study shares a 
comparable C––O content with RGC30, yet it displays distinct catalytic 
activity despite the presence of carbonyl and quinone groups. This 
outcome underscores the significance of phenol, carbonyl, and quinone 
groups as essential active sites for nitroarene reduction. Yet, the com-
parison between the activity of the ROX sample and the RO2_10H 
sample unveils an intricate interplay of oxygen groups, especially basic 
groups like quinones and carbonyls. This leads us to the realisation that 
not only the oxygen content but also a judicious arrangement of func-
tional groups is vital for the catalytic reaction. 

Therefore, it appears that an optimal balance of functional groups is 
pivotal. A higher prevalence of carbonyl and quinone groups in relation 
to phenol content seems to yield more favourable results for the reac-
tion. This phenomenon could stem from the excessive presence of 
phenolic groups potentially interfering negatively with the adsorption of 
the nitro group. This inference aligns with the tendency of the nitro 
group to engage more favourably with basic adsorption sites [31]. 

5. Recycling test 

To assess the catalyst’s stability, a reuse test was conducted on the 
ROX sample (Fig. 10a). It’s worth noting that the selectivity towards CA 
remains unaltered across the different cycles. The catalytic assessments 
unveil a consistent and sustained sample activity even after five 
consecutive reaction cycles, accompanied by a slight elevation in cata-
lyst conversion. To gain deeper insights into the catalyst’s behaviour, 
post-cycling XPS measurements were conducted on the sample after the 
fifth cycle (ROX_C5). 

The XPS analysis of the ROX sample after the fifth cycle (ROX_C5) 
reveals a similarity in the speciation of C––O, C-O, and COO bonds 
compared to the pristine sample, as illustrated in Fig. 7s and Fig. 10b. 
Examination of the XPS data further indicates a marginal shift in the O/C 
ratio, transitioning from 0.088 for the ROX sample to 0.11 for the 
ROX_C5 sample. This subtle alteration is thought to be due to the contact 
of the catalyst with oxygen in the air and is responsible for the increased 
conversion. 

Notably, the absence of significant structural changes suggests that 
the sample maintains stability at the surface level. The preservation of 
oxygen groups and the retention of robust catalytic activity after each 
cycle affirm the resilience of the catalyst, emphasising its potential for 
enduring performance across multiple reaction cycles. 

6. Conclusions 

In this study, we developed oxidised activated carbon catalysts for 
the hydrogenation of 1-chloro-4-nitrobenzene, revealing the superior 
efficacy of the oxidation treatment with hydrogen peroxide compared to 
high-temperature oxygen exposure as the route for generating oxygen 
surface groups. Furthermore, the chosen treatment significantly influ-
enced the distribution of surface functional groups, and it has been 
shown that phenol, carbonyl, and quinone groups emerge as pivotal to 
catalytic activity. Notably, the balance of these groups directly impacted 
activity; maintaining a lower phenol content in relation to quinone and 
carbonyl groups proved crucial for optimal catalytic performance. These 
results show the use of oxidised carbons as potential catalysts for the 
hydrogenation of halogenated nitroarenes. The study accentuates the 
significance of precise types and arrangements of oxygenated groups in 
achieving enhanced catalytic outcomes. 

Table 6 
XPS results for the C1s core level spectra for the ROX sample treated at different 
temperatures.  

Sample C1s  

Peak I Peak II Peak III Peak IV  
C-C C-O/C-OH C––O COO  
%At. Rel. %At. Rel. %At. Rel. %At. Rel. 

ROX  69.27  15.03  5.47  2.16 
ROX_P300  71.98  11.85  5.95  2.06 
ROX_P500  77.31  7.61  6.7  1.49 
ROX_P650  79.86  10.07  5.81  0.72 
ROX_P900  81.72  10.59  5.45  0.79  

Table 7 
XPS results for the O1s core level spectra for ROX samples treated at different 
temperatures. * The O/C ratio was calculated using the total content of O1s and 
C1s provided by XPS data.  

Sample O1s O/C*  

Peak I Peak II Peak III   
O––C O-C COO   
% At. Rel. % At. Rel. % At. Rel.  

ROX  2.59  4.33  1.14  0.088 
ROX_P300  4.04  3.92  0.2  0.088 
ROX_P500  3.13  3.65  0.1  0.074 
ROX_P650  1.43  2.11  0.0  0.037 
ROX_P900  0.74  0.7  0.0  0.015  

Fig. 8. Normalised amount of the different oxygenated species from the XPS 
O1s core level spectra for ROX carbons thermally treated at different 
temperatures. 
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