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Abstract 

A series of active carbons with or without chemical oxidation by nitric acid have been 

prepared and their activity was evaluated as metal-free catalysts for the C=C double bond 

hydrogenation using hydrazine as reducing agent in the presence of oxygen. It was observed 

that an optimal treatment by nitric acid results in a sample with enhanced catalytic activity 

that is superior to that measured under the same conditions for the other carbon materials. 

Kinetic data suggest that the active sites in the process could be quinone/hydroquinone type 

redox centres introduced in the oxidative treatment of AC by nitric acid. Nitric acid-oxidized 

active carbon has a wide substrate scope and also exhibits a chemoselective C=C 

hydrogenation with respect to nitro group reduction compared to conventional Pd/C.  
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reduction 
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Introduction 

Catalysis is currently dominated by the use of transition metals, in many cases 

precious noble metals.1-3 One current tendency in catalysis is to find alternatives to the use of 

critical metals used in the preparation of catalysts, replacing them by more abundant 

transition metals or even by metal-free catalysts.4, 5 In this regard, the use of carbon catalysts 

is attracting considerable attention and one of the targets being to show the scope of this type 

of catalysts and particularly to apply them in reactions typically carried out by transition 

metals.6-8 In this context, the use of activated carbons as catalysts in the absence of added 

transition metals was known since long time ago, but mainly limited to the oxidation of 

pollutants, particularly NOx in gas-phase.9, 10 Due to its wide availability and sustainability, 

active carbons coming from biomass waste are appealing materials to develop metal-free 

catalysts.10, 11 Within this line, one of the targets is to show that catalysts based on active 

carbons can promote reactions that up to now are almost exclusively catalysed by noble 

metals.12, 13  

 One paradigmatic example metal catalyzed reactions is hydrogenation of C=C double 

bonds that is typically promoted by Pt, Pd, Rh and other noble metals, being of interest to 

develop alternatives based on metal-free catalysts. Very recently, following the work of Su 

and co-workers with carbon nanotubes,14, 15 it has been reported that graphitic carbon can act 

as metal free catalysts for hydrogenation of nitrobenzene using hydrazine as reducing 

agent.16, 17 Continuing with this line of research, herein we report that chemical oxidation of 

commercial active carbons increases their activity for hydrogenation of C=C double bonds by 

hydrazine. The leading idea based on the proposals of nature of active sites is that the 

modification of commercial carbon by chemical oxidation should improve the catalytic 

activity of this active carbon. As it has been proposed that carbonylic compounds, vicinal 

diketones at the periphery and defects of graphenic walls could be the active sites to activate 
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hydrazine,17 it can be speculated that oxidation of active carbons with nitric acid should be a 

favourable treatment to enhance the activity of these materials for hydrazine activation. The 

present manuscript provides experimental support to this hypothesis. 

Experimental Section 

Materials 

Graphite (Aldrich, CAS 7782-42-5), diamond nanoparticles (ref: 636444, ≥97%), 

activated carbon (AC, Norit SX Ultra, ref. 53663) and palladium supported on activated 

carbon (Sigma Aldrich, ref.: 205699) were provided by Sigma Aldrich. Other reagents 

employed were analytical or HPLC grade were also provided by Sigma-Aldrich.  

Catalyst preparation 

AC catalysts treated with nitric acid were obtained by submitting the commercial AC 

sample to nitric acid oxidation. 1 g of AC (Norit SX Ultra) was dispersed in 25 mL HNO3 

(J.T. Baker, 65%) in a round bottom flask, and the mixture was heated in stirring at 83 ºC for 

3, 6 and 20 h as required. Then, this suspension was centrifuged at 12000 rpm and repeatedly 

washed with water until the supernatant liquid was neutral. The weight loss observed for AC-

3, AC-6 and AC-20 catalysts were 7, 8.4 and 8.4 wt%, respectively. The samples obtained by 

this treatment were named AC-X (X being the time of the nitric acid treatment in hours). 

Graphene was prepared as previously reported by pyrolysis of sodium alginate at 900 ºC 

under argon atmosphere.18 Briefly, 200 mg of sodium alginate were placed on a ceramic 

crucible inside a horizontal tubular (5 cm diameter, 90 cm length) electrical quartz furnace 

that was continuously flashed with argon (1 mL/minute). 

AC-6 Derivatization 

The AC-6 catalyst was submitted to different derivatization processes. AC-6=NPh 

was obtained by dispersing 200 mg of AC-6 with 100 µL of benzylamine in 20 mL of 

distilled water by sonication in a round bottom flask. The mixture was set to pH 5 and stirred 
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magnetically for 24 h at 40 ºC. After that, the sample was washed with Milli-Q water for 

several times, recovering the solid in each washing cycle by centrifugation. Finally it was 

washed with ethanol and recovered by filtration. AC-6_CO2Me was obtained by dispersing 

200 mg of AC-6 (prior drying in an oven at 100 ºC for 12 h) in 10 mL of thionyl chloride in a 

two necked round bottom flask. The mixture was stirred and heated at 50 ºC for 4 h. After 

that, the thionyl chloride was removed by vacuum. Once dried, the resulting powder was set 

up with 10 mL methanol and stirred for 2 h. After this time, methanol was removed by 

vacuum, the solid was washed with Milli-Q water for several times recovering the solid each 

time by centrifugation and then with methanol. Finally, it was filtered and dried. AC-6_EG 

was obtained by dispersing 200 mg of AC-6 in 10 mL acetonitrile with 100 µL ethylene 

glycol and 25 µL H2SO4 (J.T. Baker, 95-97%). The mixture was stirred and heated at 40 ºC 

for 24 h. After that, it was washed with Milli-Q water for several times, decanting the liquid 

phase by centrifugation and solid recovered by filtration. 

Characterization analysis 

Elemental analyses were determined by using a Perkin-Elmer CHNOS analyser. 

ATR-FTIR spectra were acquired by using a Bruker Tensor27 instrument. The samples were 

placed in an oven at 100 ºC for 12 h before recording the spectra in order to remove 

physisorbed water. Then, the samples were equilibrated at room temperature before the 

measurement was performed. Raman spectra were recorded at ambient temperature with a 

514 nm laser excitation on a Renishaw In Via Raman spectrophotometer equipped with a 

CCD detector. XPS measurements were carried out in a SPECS spectrometer with a Phoibos 

150 MCD-9 detector using a non-monochromatic X-ray source (Al and Mg) operating at 200 

W. Spectra deconvolution was performed using the CASA software. The samples were 

submitted to vacuum in the pre-chamber of the spectrometer at 1·10-9 mbar. Temperature-

programmed desorption (TPD) coupled to a mass-spectrometer (TPD-MS) measurements 
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were carried out in a Micrometer II 21920 connected to a mass-spectrometer. In particular, 

the carbonaceous sample (100 mg) was heated from room temperature to 900 ºC at 10 ºC 

min-1 under helium atmosphere. Zeta potential of aqueous suspension of the series of AC-X 

samples (5 mg) were measured in the pH range from 2 to 6 using a Zetasizer Malvern 

equipment.  

Reaction procedure 

In a typical experiment, 20 mg of the appropriate catalyst was dispersed by bath 

sonication (450 W sonicator) in 2 mL of ethanol in 25 mL round bottom flask. To this slurry, 

1 mmol of styrene and 2 mmol of hydrazine hydrate were added. This reaction mixture was 

kept in a preheated oil bath maintained at 60 oC. This reaction mixture was stirred vigorously 

for the required time either under oxygen atmosphere or at air atmosphere as required.  

Analytical measurements 

From the reaction mixture, a known aliquot of the sample was periodically taken and 

injected in a gas chromatography to determine the kinetics of the reaction. The conversion of 

styrene was determined by gas chromatography using internal standard and the products 

formed in the reaction were confirmed using GC-MS.  

Homogeneous catalytic tests 

Homogeneous reactions were carried out as indicated above, but using benzoquinone, 

9,10-anthraquinone, benzoic acid, hydroquinone or acetophenone as organocatalysts (0.1 

mmol). 

Results and Discussion 

 

 As catalysts in the present study, a commercial active carbon (Norit SX Ultra) was 

used as the parent material that was submitted to chemical oxidation by heating in 

concentrated aqueous nitric acid for various times. A series of three samples denoted as AC-

X (X being the time of the nitric acid treatment in hours) was prepared. Table 1 summarizes 
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the elemental analysis of commercial AC submitted or not to the chemical treatment with 

nitric acid. It is well known in carbon chemistry that nitric acid introduced oxygenated 

functional groups on the surface of the active carbons, mainly ketone groups and hydroxyl 

and carboxylic acid groups.19, 20 The presence of these groups can be controlled by the time of 

the chemical oxidation and can be determined by chemical analysis and thermoprogrammed 

desorption (TPD).21-23 As it can be seen in Table 1, combustion analysis shows that the longer 

the nitric acid treatment is, the larger the decrease in the carbon content is, going from about 

75 to 61 % accompanied with a concomitant increase of the oxygen content. Also some 

minor increase in the nitrogen content was observed. This analytical data was in agreement 

with the expected effects of nitric acid treatment increasing oxygenated functional groups and 

producing some nitration of the AC sample.  

Table 1. Elemental analyses (wt %) of commercial AC and nitric acid treated samples. 

 Catalyst N C H O 

ACa 0.38 75.30 0.37 23.95 

AC-3b 1.22 74.61 1.14 23.02 

AC-6 b 1.37 72.34 0.66 25.63 

AC-20 b 0.94 61.42 0.66 36.97 
a 0.23% of S was found for this sample. S was absent in the other samples; b The 

numbers 3, 6 and 20 represent the time of the nitric acid treatment. 

 

As expected, IR spectroscopy did not provide any relevant information due to the lack 

of transmission or reflectance for this type of material (see Figure S1 in the supporting 

information). Raman spectroscopy, on the other hand, showed the expected G and D bands 

accompanied with their corresponding overtones (2D, D+G) that appear at about 1600, 1350 

cm-1 and in the region 2600-3000 cm-1, respectively.24 These spectral features were 

maintained, although the bands became somewhat broader and less resolved, upon the nitric 
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acid treatment. As an example, Figure 1a presents the Raman spectra of AC and AC-6 to 

illustrate the type of minor changes observed in Raman spectroscopy. 

 

Figure 1. Raman spectra (a) and TPD analysis (b) for AC (black), AC-3 (blue) and AC-6 

(red). Raman spectra and TPD plots have been shifted in the vertical scale for clarity. TPD 

graph includes peak assignment based on evolved gases (CO and CO2) at different 

temperatures. 

TPD is a very well established technique to discuss and quantify the nature of the 

oxygenated functional groups in active carbons.23-25 Upon heating these materials, a weight 

loss in the range from 100 to 350 oC associated to the evolution of CO2 is ascribed to the 

decomposition anhydrides, carboxylic acids and lactones. Further heating results in additional 

weight loss in the range of temperature from 400 to 800 oC attributable to the decomposition 

of carbonyl groups.23-25  Figure 1b shows the TPD profile of three of the samples used in the 

present study to illustrate the profiles observed in the TPD and the changes occurring upon 

HNO3 treatment, while Table 2 summarizes the estimation of the density of the oxygenated 

functional groups. As it can be seen there, in accordance with the role of nitric acid as 

oxidizing agent, the oxygen content and density of oxygenated functional group increases 

along the time of nitric acid treatment. This increase in the oxygen content is reflected in the 

higher intensity of the TPD curves, indicating higher CO2 and CO evolution as the depth of 
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oxidation HNO3 increases. Both the peaks corresponding to CO2 evolution, exhibiting a 

maximum intensity at 240 ºC and the ones due to CO evolution appearing as two peaks with 

maximum intensity about 630 and 740 ºC, respectively, were observed together with an 

additional peak at intermediate temperatures with maximum intensity at 420 ºC that 

corresponds to lactone and anhydride decomposition. According to the literature,23 the peak 

of CO evolution peacking at lower temperature could be attributed to phenol like 

substructures on the AC treated material, while the high temperature CO evolution at 740 ºC 

is ascribed to carbonyl groups and quinones. Overall TPD appears as a very convenient 

technique to follow surface oxidations caused by nitric acid by determining the area of the 

TPD plot and to address the type of oxygenated functional groups present in AC-X. The 

difference between the present AC and the other AC-X samples allow to discuss the effect of 

HNO3 causing surface oxidation. 

Table 2. Estimation of density functional groups for the different ACs based on the intensity of 

TPD plots.a 

 Catalyst 
Carboxylic acid 

(CO2), (a.u.) 

Lactone 

(CO2), 

(a.u.) 

Anhydride 

(CO2+CO), 

(a.u.) 

Phenol 

(CO), 

(a.u.) 

Ether 

(CO), 

(a.u.) 

Carbonyl 

/Quinone 

(CO), (a.u.) 

AC 3 - 1 2 2 2 

AC-3 10 1 7 4.5 5 10 

AC-6 8 2.5 4.5 8 2.5 7 

AC-20 3.5 6 15 4 5 9.5 

aQuantifications have been based on the signal provided by the instrument for the same 

amount of sample. The value of the arbitrary unit is indicated in the flat Figure 1. 

XPS analysis was more informative respect to the changes occurring on the surface of 

AC upon nitric acid treatment.24-26 Basically the C1s peaks become broader upon nitric acid 

treatment and the contribution of carbon atoms bounded to oxygen increases upon treatment, 

as well as the intensity of the O1s peak (Figure S2). For comparison, Figure 2 shows the XPS 

C 1s and O 1s peaks recorded for AC and AC-6 to illustrate these changes that indicate that 
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nitric acid oxidation produces an increase in the O/C atomic percentage at the surface from 

0.57 to 0.91 of oxygenated functional groups on the surface. Table 3 summarizes the XPS 

data of all the activated carbon samples under study.

 

Figure 2. XPS spectra of C1s (a, c) and O1s (b, d) for AC (a, b) and AC-6 (c, d). 

Table 3. Distribution of the types of C and O based on XPS analysis 

 Catalyst 

C1s O1s 

C=C 
C-OH/ 

C-O- 
C=O COO 

O-H/C-

O-C 
C=O COO 

AC 74.9 15.7 7.5 1.7 80.7 13.6 5.6 

AC-3 71.8 13.1 9.6 5.4 31.0 62.3 6.7 

AC-6  68.4 19.1 7.9 4.6 75.5 19.2 5.3 

AC-20  62.8 26.1 6.7 4.4 36.6 36.6 26.8 
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Also in agreement with the generation of surface carboxylic acid groups in the 

treatment of AC with HNO3, aqueous suspensions of AC-X shows increasing negative zeta 

potential as a function of the HNO3 treatment time. Figure S16 shows zeta potential 

measurements for aqueous suspensions of AC-X in the range of pH values 2-6. 

The set of AC samples prepared were screened with regard to their catalytic activity 

for hydrogenation of styrene by hydrazine. Figure 3 shows the temporal profile of styrene 

conversion, ethylbenzene being the only product observed in almost complete selectivity. 

This Figure shows that commercial active carbon already exhibits a good catalytic activity for 

styrene hydrogenation that is improved upon oxidation by nitric acid for 3 and 6 h, the most 

active samples being AC-6. It was also observed that prolonged oxidation treatment with 

nitric acid (20 h) is detrimental for the catalytic activity of this material.   

 
Figure 3. a) Catalytic styrene reduction to ethylbenzene and b) time conversion plots for the 

conversion of styrene to ethylbenzene showing the effect of HNO3 treatment time over AC. 

Legend: AC (■), AC-3 (●), AC-6 (○),  AC-20 (□) and in the absence of catalyst (∆). Reaction 
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conditions: 20 mg catalyst, styrene (1 mmol), N2H4.H2O (2 mmol), ethanol (2 mL), 60 oC, 

oxygen atmosphere. 

Reusability of AC-6 as catalyst was checked by performing a series of consecutive 

reactions under the same conditions using the same sample recovered after each run by 

filtration, washed with ethanol and used in a subsequent run without further treatment. The 

time conversion plot for these consecutive uses is presented in Figure 4. It was observed that 

the catalytic activity of the material not only does not decrease, but even increases somewhat 

upon reuse. This increase in catalytic activity upon reuse could be due to an increase of the 

density of active sites upon exposure of the catalyst to hydrazine as reducing agent, without 

being deactivated under the reaction conditions. This suggestion would be compatible with 

the proposal of hydroquinone-type substructures as the catalytically reactive centres that will 

be presented below. In order to confirm this hypothesis, the six-fold used AC-6 material was 

characterised by XPS (Figure S3). Data analysis reveals that the used AC-6 material has been 

partially reduced and an increase of the O 1s band corresponding to hydroquinone-like 

moiety respect to the fresh material is observed (from 19.2 to 27.3 %).  

 
Figure 4. Time conversion plot for styrene (a) and ethylbenzene (b) using AC-6 as catalyst 

and showing the reusability of the material. Legend: First use (■), second use (●), forth use 

(□), sixth use (○). Reaction conditions: 20 mg catalyst, styrene (1 mmol), N2H4.H2O (2 

mmol), ethanol (2 mL), 60 oC, oxygen atmosphere. 
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 To put into context the catalytic activity of AC-6 respect to other carbon materials, a 

series of reactions were carried out under same experimental conditions using other carbon 

materials such as graphite, diamond NPs, MWCNT and even graphene. Graphite, diamond 

NPs and MWCNTs are commercial samples and were used as received. Graphene was 

prepared by pyrolysis of alginate powders at 900 ºC under argon followed by exfoliation of 

the graphitic carbon residue as previously reported.18 The detailed characterization of 

graphite, diamond NPs, MWCNT and graphene by textural properties (Table S3), elemental 

(Table S4), Raman (Figure S11) and XPS (Figures S12-15) spectroscopic techniques in the 

supporting information. A comparison of the temporal profile for the styrene hydrogenation 

by hydrazine using these carbon materials is shown in Figure 5. As it can be seen in this 

Figure, AC-6 was the most active material compared to other carbon catalysts examined for 

this reaction. As it has been commented previously, to rationalize the influence of HNO3 

treatment on the catalytic activity of AC-X, the results of the different activity of the various 

carbon materials tested as catalysts, the most likely rationalization of the higher activity of 

AC-6 respect to other carbon samples is the higher density of adequate active sites to promote 

hydrazine decomposition resulting in the hydrogenation of styrene. In other words, HNO3 

treatment of AC and the surface oxidation caused by this acid generates oxygenated active 

sites that are present in larger quantities in AC-6 than in the other carbon materials. 
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Figure 5. Time conversion plots for a series of carbon catalysts in the conversion of styrene to 

ethylbenzene using hydrazine hydrate under the optimal reaction conditions. Legend: AC-6 

(■), AC (●), graphene (▲), MWCNT (□), diamond (◊), graphite (○), AC-6 under air 

atmosphere (♦). Reaction conditions: 20 mg catalyst, styrene (1 mmol), N2H4.H2O (2 mmol), 

ethanol (2 mL), 60 oC, oxygen atmosphere.  

 Concerning the reaction mechanism, it has been proposed that the hydrogenation 

reaction is initiated by the oxidation of hydrazine to diimide by molecular oxygen, diimide 

being spontaneously decomposed to hydrogen.27-29 To check this possibility, an analogous 
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decrease in the catalytic activity of the material, which is in agreement with the role of 

oxygen to activate hydrazine (Figure 5).  

 The scope of the reaction was screened by carrying out the hydrogenation of a series 

of C=C double bonds by hydrazine using AC-6 as catalyst. The results are presented in Table 

4. As it can be seen there, substituted styrenes having electron rich/poor substituents in the 
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easily hydrogenated as well as terminal linear alkene. Disubstituted -methylstyrene or t-

stilbene also undergo hydrogenation to their corresponding dihydro products. 

Vinylcyclooctane and N-vinylcaprolactam also converted with complete selectivity to the 

corresponding saturated compounds. In the case of ethyl cinnamate, selectivity at complete 

conversion was not 100 % due to the observation of products derived from the attack of 

hydrazine to the substrate in some extent. As Table 4 shows, the two cases in where activity 

of AC-6 was lower correspond to cyclohexanol and disubstituted t-anethole. Overall, the data 

from this Table shows a wide scope and applicability of AC-6 as metal-free hydrogenation 

catalyst.  

Table 4. Scope of AC-6 metal-free hydrogenation catalyst by 

hydrazine as reducing agent with different alkenes under the 

optimized reaction conditions.a 

Run Alkene 

 

Time 

(h) 

Conversion 

(%)b 

Selectivity 

(%)b 

1 Styrene 7 100 100 

2 4-Chlorostyrene 18 100 100 

3 4-Methoxystyrene 9 100 100 

4 Allyl phenyl sulphide 13 96 99 

5 Allyl phenyl ether 24 82 99 

6 Cis-cyclooctene 9 100 100 

7 4-Fluorostyrene 6 100 100 

8 3-Nitrostyrene 21 100 97(3)c 

9 2-Vinylnaphthalene 7 100 100 

10 1-Decene 7 100 100 

11 -Methylstyrene 16 100 100 

12 t-Stilbene 7 100 100 

13 Ethyl cinnamate 7 100 84 

14 Allyl benzyl ether 7 100 100 

15 t-Anethole 48 56 100 

16 Vinylcyclooctane 14 100 100 

17 N-Vinylcaprolactam 12 100 100 

18 2-Cyclohexen-1-ol 32 38 98 
aReaction conditions: alkene (1 mmol), AC-6 (20 mg), N2H4.H2O (2 

mmol), ethanol (2 mL), 60 oC, oxygen atmosphere. 
bDetermined by GC. 
cValues in parenthesis correspond to the selectivity of 3-

aminoethylbenzene. 
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An additional issue was to compare the performance and selectivity of AC-6 in the 

chemoselective hydrogenation of 3-nitrostyrene. This substrate has been proposed as model 

compound in the case of Au catalysts to determine the preferential hydrogenation of C=C 

double bond versus nitro groups.30, 31 In a related precedent, hydrogenation of 3-nitrostyrene 

was reported using ammonia/hydrazine treated AC32 at 100 oC and excess hydrazine.32, 33 It 

was observed that simultaneous hydrogenation of both (-NO2 and C=C) functional groups 

with variant selectivity depending on the treatment. In the present study, hydrazine used was 

only two equivalents and may be for this reason as well as lower reaction temperature, better 

selectivity can be achieved. To further address, the chemoselectivity of AC-6 under the 

present reaction conditions, a control experiment using a commercial 10 wt% Pd/C sample as 

unselective catalyst was performed. A complete hydrogenation of the nitro group with about 

50% reduction of C=C double bond under the reaction conditions was achieved using Pd/C. 

Scheme 1 compares the performance of Pd/C with respect to that of AC-6 showing that in 

contrast to the ammonia treated AC32 or Pd/C, the AC-6 sample exhibits a remarkable 

chemoselectivity for the hydrogenation of C=C double bond respect to the nitro group. 

Scheme 1. Comparison of the activity of AC-6 with Pd/C in the reduction of 3-nitrostyrene. 

The numbers in brackets correspond to the yield values for each product. Reaction 

conditions: 3-nitrostyrene (1 mmol), AC-6 (20 mg) or 10% Pd/C (10 mg), N2H4.H2O (2 

mmol), ethanol (2 mL), 60 oC, oxygen atmosphere. 

When dealing with carbocatalysts, one important issue is to address the nature of the 

active sites. Information about the nature of the active sites can be obtained at least in two 

different ways, i.e. by using organic molecules as models of the possible substructures that 
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can be found on the carbocatalyst or by submitting the material to derivatization masking 

selectively certain groups that are presumed to play a catalytic role.13 In the present study we 

have followed those two approaches to learn more about the centres responsible for the 

catalysis and the results are presented in Figures 6 and 7. Thus Figure 6 compares the 

catalytic activity of AC-6 with that of the aromatic molecules such as benzoquinone, 

anthraquinone, hydroquinone, benzoic acid and acetophenone. As it can be seen there, all 

these organic molecules exhibit certain activity to promote styrene reduction to ethylbenzene 

by hydrazine. The most active one was, however, hydroquinone, but quinones, particularly 

anthraquinone, were also notably active. In the past, we have shown that 

quinone/hydroquinone redox pears present on substructures on graphenes can act as active 

sites for hydrogen peroxide reduction.34 In the present case it also makes sense that styrene 

reduction by hydrazine can also be promoted by this type of redox centres. However, the 

catalytic activity of other organic functional groups such as carboxylic acids and ketones is 

also revealed by Figure 6, although the last one was much less efficient. This opens the 

possibility that other substructures could also act as catalytic centres in hydrogenation by 

hydrazine. 

In another series of experiments, the most active AC-6 sample was submitted to 

chemical derivatization trying to mask different oxygenated functional groups and determine 

the catalytic activity of these derivatives. Experimental section describes the recipes followed 

to obtain these derivatives, while the supporting information contains characterization data 

including elemental analyses, IR spectra, Raman, XPS and TPD for these three derivatives 

(Tables S1, S2 and Figures S4-S10). To determine the possible role of carboxylic acids, AC-6 

was treated with thionyl chloride and, then, methanol to convert these functional groups 

selectively into the corresponding methyl esters (Sample AC-6_CO2Me). TPD profile shows 

that after esterification, the peak of CO2 evolution that appears at 240 ºC present in AC-6 
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disappears and is replaced by a much broader and intense CO2 peak corresponding to esters 

with maximum intensity at 350 ºC. The ketonic groups were masked by reaction with 

benzylamine that should transform them into the corresponding benzylimines. This masking 

is clearly seen in the TPD profile, where the two peaks corresponding to CO evolution 

completely disappear (sample AC-6=NPh). Another sample was obtained by simultaneous 

masking of carboxylic acids and ketone groups (sample AC-6_CO2Me, =NPh). Finally, the 

last AC-6 derivative was the sample obtained by treating AC-6 with ethylene glycol under 

acid catalysis that should form acetals of carbonylic groups and ethers of hydroxyls. In 

accordance to the expected derivatization AC-6_EG exhibits in TPD profile a shift in the 

peak of CO2 evolution from 230 to 280 ºC and some changes in the CO evolution. Styrene 

hydrogenation by hydrazine was also evaluated with these functionalized materials obtained 

by derivatization of AC-6, observing (see Figure 7) that the catalytic activity of AC-6 is 

significantly decreased by these derivatization treatments. These results are in agreement with 

the presumed role of carboxylic acids and ketones as active sites for the reduction of C=C 

double bonds using hydrazine in the literature.12, 17 These interpretations of the catalytic 

activity of the AC-6 sample are also in accordance with the significant activity of 

hydroquinone/quinone compounds presented in Figure 6. 
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Figure 6. a) Time conversion plots for the conversion of styrene to ethylbenzene (a) using 

series of model compounds like benzoquinone, 9,10-anthraquinone, benzoic acid, 

hydroquinone and acetophenone. Legend: AC-6 (■), benzoquinone (●), anthraquinone (▲), 

benzoic acid (□), hydroquinone (◊), acetophenone (○) as heterogeneous/homogeneous 

catalyst. b) Organic molecules used as model compounds for possible active sites on AC. 

Reaction conditions: 20 mg catalyst/organocatalyst (0.1 mmol), styrene (1 mmol), N2H4.H2O 

(2 mmol), ethanol (2 mL), 60 oC, oxygen atmosphere. 

 
Figure 7. a) Comparison of time conversion plots for styrene to ethylbenzene using AC-6, 

AC-6 treated under argon atmosphere, masking with benzyl amine (NPh), reacted with 

ethylene glycol (EG) or with SOCl2 and MeOH (CO2Me). Legend: AC-6 (■), AC-6 under 

argon atmosphere (●), AC-6_EG (▲), AC-6=NPh (□), AC-6_CO2Me (◊), AC-6CO2Me, 

=NPh(○). b) Scheme illustrating the expected transformation of surface functional groups for 

the different treatments applied to AC-6. (1) thionyl chloride and methanol, (2) with 

ethyleneglycol, and (3) with benzylamine. Reaction conditions: 20 mg catalyst, styrene (1 

mmol), N2H4.H2O (2 mmol), ethanol (2 mL), 60 oC, oxygen atmosphere. 

Conclusions 
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In the present manuscript, it has been shown that the intrinsic catalytic activity of a 

commercial active carbon to promote hydrogenation of C=C double bonds by hydrazine can 

be tuned and increased by appropriate oxidative treatment with nitric acid. The most efficient 

sample is the one prepared by 6 h nitric acid treatment. The reaction requires oxygen to 

promote hydrazine oxidation to diimide. This active carbon has better performance than other 

carbon catalysts such as graphene, CNT, diamond and graphite, while exhibiting a wide 

scope. Compared to a conventional Pd/C catalyst, active carbon exhibits a significant 

chemoselective reduction of C=C versus nitro group. Comparison of the performance of 

nitric acid treated active carbon with organic compounds as models, as well as selective 

masking of functional groups suggest that hydroquinone groups are the most efficient 

catalytic centres promoting this reaction although other oxygenated functional groups also 

exhibit certain activity. Overall our data illustrates that modification of active carbons can be 

a useful strategy to obtain carbocatalysts with enhanced activity. 

Supporting Information 

Characterization of AC-6, AC-6_CO2Me, AC-6=NPh, AC-6_CO2Me, =NPh, AC-6_EG by 

TPD, ATR-IR, XPS, Raman methods. In addition, diamond, graphite, graphene and MWCNT 

were also characterized by elemental, Raman and XPS analysis. 
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