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Abstract

Influence of phosphorus on functionalization of activated carbons with nitric acid has
been reviewed in this study. Results indicate that during treatment with nitric acid,
phosphorus-containing carbons seem to graft more surface nitrogen, particularly as nitro
groups, than those without phosphorus, where the nitrogen is found in lower oxidation
state. A reaction pathway has been proposed to clarify the oxidation/nitration
mechanism of phosphorus-containing carbons. The model consists of three independent
mechanisms occurring simultaneously, with each one involving different phosphorus

species present in the activated carbons.
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1. Introduction

In recent decades, the use of activated carbons as adsorbents and catalysts has been
steadily increasing because of their well-developed porous structure and the nature of
the chemical surface, which can be modified by different treatment processes.'”

Activated carbons can be prepared from different carbonaceous precursors such as
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agricultural waste,” ' which possess several advantages owing to their availability,

chemical composition, and low cost.

Several studies have dealt with functionalization of activated carbon to achieve the
desired properties by grafting different surface groups at appropriate oxidation states.
Acid or basic carbons were produced by incorporating N, O, P, S, Ca, Ba, Na or

transition metals to improve their adsorption capacity or use as catalyst.*'® Oxidation
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L,

resistance of activated carbons was improved by doping with P, B, or C whereas

carbons containing N or O groups exhibited enhancement in electrochemical

U )
behaviors.””

Functionalization of activated carbons with nitrogen has several interesting applications.
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One of them is the improvement of CO, adsorption and catalytic removal of NO

from flue gases.”””® Other applications are related to electrochemistry: pyridinic,
pyrrolic, and pyridonic nitrogen groups are electrochemically active because of the

21
presence of more electrons.

It is reported that the activated carbons with nitrogen have been produced by

29,30

carbonizing nitrogen-containing precursors such as polyacrylonitrile or surface

functionalization of ammonia, urea, melamine at high temperatures, as well as via

. . . 27,31,32
nitration reactions.



Treatment with nitric acid is a typical method of carbon surface oxidation introducing
surface oxygen-containing group.lo’lz’3 3 The nitric acid treatment also introduces a small

: . 27,34
amount of surface nitrogen functional groups,

although most works are mainly focus
on the incorporation of oxygen-surface groups, mainly as carboxyl groups. The most
accepted oxidation mechanism for the treatment with nitric acid is similar to the

34,35
d,”"” where

oxidation of 9,10-dihydrophenanthrene and diphenylmethane with nitric aci
the aliphatic chains are affected, but the aromatic rings are not modified because of their
high stability. Dicarboxylic and ketone groups are formed when the aliphatic chain
consists of more than one (Figure 1a) and one carbon atom (Figure 1b), respectively.
Mechanism of addition of a small amount of nitrogen by aromatic nitration (Figure 1c)
has been described elsewhere.*® This mechanism involves the formation of highly
reactive nitronium ions (NO,") produced by the autoprotolysis reaction of nitric acid,
similar to the self-ionization of water. In these conditions, nitronium ions appear in
small quantities, because it is necessary to promote their formation by the presence of
an acid catalyst such as sulfuric acid. Accordingly, some authors, more interested in
introducing nitrogen in addition to oxygen, have used solutions containing nitric and

sulfuric acids in different ratios, to improve the effectiveness of nitration.”***"**
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Figure 1. Oxidation mechanisms for the treatment of activated carbons with nitric acid (adapted

from refs 34,35).

Activated carbons prepared by chemical activation using phosphoric acid contain a
relatively higher amount of stable phosphorus complex, which introduces some
interesting properties such as high oxidation resistance and high surface acidity.”"” In
fact, such carbons have been successfully used as acid catalysts in alcohol dehydration

reactions'>!*

and catalytic support in the selective oxidation of benzene, toluene, and
xylene (BTX)."” Because of the high acidity of these activated carbons, a high amount
of grafted nitrogen in the form of nitro groups using only nitric acid can be expected,
without a second acid reagent (e.g., sulfuric acid), as the aforementioned aromatic
nitration would be catalyzed by the surface acidity of the phosphorus groups present on

the activated carbon. Therefore, it would be interesting to further study the behavior of

these phosphorus-containing carbons.

The purpose of this study is to investigate the influence of phosphorus on surface

functionalization of different activated carbons after being treated with nitric acid.



Phosphorus-containing carbons are produced by chemical activation with phosphoric

acid, and those without phosphorus are obtained by physical activation with CO,.

2. Experimental method

2.1. Preparation of activated carbons

Two different activated carbons were prepared by chemical and physical activation of
the same precursor, olive stone supplied by Sociedad Cooperativa Andaluza Olivarera y
Frutera San Isidro, Periana (Malaga), Spain. Both samples were prepared in a
conventional tubular furnace at a heating rate of 10°C/min. Physically activated carbon
was produced by carbonizing olive stone at 800°C for 2 h under N, flow (150 mL/min
STP), followed by an activation process with CO; flow (150 mL/min STP) at the same
temperature for 7 h, obtaining a burn-off of 42.5%.”***' This activated carbon
presented a yield of 13.7% and was denoted as AC. In the case of activated carbon
prepared by chemical activation, olive stone was impregnated with H;PO4 85% (w/w) at
room temperature and dried for 24 h at 60°C in a vacuum dryer. The impregnation ratio
(HsPOu/olive stone mass ratio) was 3:1. The impregnated substrates were activated
under continuous N; flow (150 mL/min STP) at 500°C for 2 h. The activated sample
was then washed with distilled water at 60°C until constant pH and vacuum-dried for 24
h at the same temperature. This activated carbon presented a yield of 44.8% and was

denoted as ACP.
2.2. Functionalization of the activated carbons

The activated carbons were functionalized by treatments with nitric acid or air.
Functionalization with nitric acid was performed by treating 1 g of activated carbon
with 50 mL of 5 M nitric acid with constant stirring at 80°C for different reaction times.

Then, the samples were washed with distilled water until constant pH. The obtained



oxidized carbons were denoted by the name of the activated carbon, followed by the
letter N and a number denoting the reaction time in minutes. Only N with no number
represents a treatment time of 3 h. The yields after the nitric acid treatment were

generally >95%.

Oxidation was performed in air by introducing 2 g of activated carbon in a tubular
furnace at 350°C for 1 h under airflow (150 mL/min STP). The obtained activated
carbons were denoted by the name of the activated carbon followed by the letter O. No
significant weight loss was observed after the treatment with air for 2 h in ACP. By

contrast, the same treatment carried out to AC resulted in a yield <75%.

Other activated carbons, from ACP, were prepared by treatments with air and nitric acid
in different sequences. The reaction conditions were similar as before, in this case, the
reaction time of the nitric acid treatment being 3 h. The nomenclature used was the
name of the activated carbon followed by the letters N or O considering the
chronological order of the treatments. For instance, ACP-NON is a carbon that has been
treated with nitric acid (3 h), followed by air (1 h), and finally with nitric acid (3 h). In
all cases, the yields obtained after the nitric acid and air oxidation treatments were

>95%.

2.3. Characterization of samples

The porous structure of the samples was characterized by N, adsorption—desorption and
CO; adsorption at —196 and 0°C, respectively, using a micromeritics instrument (ASAP
2020 model). The samples were previously outgassed for at least 8 h at 150°C. From the
N, isotherm, the apparent surface area (Agpr) was determined by applying the BET
equation; micropore volume (V;) and external surface area (A;) were calculated using

the t-method; and mesopore volume (Vi) was determined as the difference between



the maximum adsorbed volume of N, (V) and the micropore volume (V). From the
CO, adsorption data, the narrow micropore volume (Vpg) and surface area (Apgr) were

calculated using the Dubinin—Radushkevich equation.

Surface chemistry of the samples was analyzed by X-ray photoelectron spectroscopy
(XPS) and temperature-programmed desorption (TPD). XPS analyses of the samples
were obtained by a 5700C model Physical Electronics apparatus with MgKa radiation
(1253.6 eV). The maximum of the C1s peak was set at 284.5 eV and used as a reference
to shift the other peaks.13 The peaks were deconvoluted by least squares using

Gaussian—Lorentzian peak shapes and a Shirley-type background line.

TPD profiles were obtained in a custom quartz fixed-bed reactor placed inside an
electrical furnace. The samples were heated from room temperature to 930°C at a
heating rate of 10°C/min in N, flow (200 cm’ STP/min). The amounts of CO and CO,
desorbed from the samples were monitored by nondispersive infrared (NDIR) gas

analyzers (Siemens ULTRAMAT 22).

Elemental analysis of the samples was performed using a PerkinElmer 2400 CHN
system, and the oxygen content was calculated by difference. The ash contents of the
samples were obtained from the weight of the solid residue after exposure to air-TG at

900°C.

The surface texture and structure of the samples were characterized by scanning
electron microscopy (SEM). Scanning electron micrographs were obtained at a high
voltage of 20-25 kV, using a JEOL JSM-840 instrument equipped with energy-

dispersive X-ray analysis (EDXA).

The possible presence of phosphorus in the aqueous solution was analyzed by a

colorimetric technique based on the formation of a blue phosphorus complex, following
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the testing procedure described elsewhere.** This technique involves the reaction of
ammonium molybdate and potassium antimony tartrate with orthophosphate in an acid
medium to form an antimony—phospho—molybdate complex. The reduction of this
complex by ascorbic acid produces an intense blue solution. Only phosphorus as
orthophosphate can react with the molybdate reagent. In this case, it is considered that
probably all the phosphorus in solution be of this form, because of the fact that surface
phosphorus complexes are possibly oxidized during the high exposure of activated
carbon with nitric acid at 80°C during nitration. Arsenic as arsenate in the solution
might cause a positive interference, as it can also react with the molybdate reagent to
produce a blue solution; however, this possible effect was considered negligible,
because the carbons were free of arsenic compounds. In order to perform the analysis,
first, the samples in nitric acid medium were filtered and neutralized using
phenolphthalein indicator and 1M NaOH solution. Then, 10 mL of previously diluted
neutralized solution and 8 mL of molybdate colorimetric solution were mixed
thoroughly for 10 min at room temperature. The molybdate colorimetric solution was
prepared in accordance with the description of Pote and Daniel.** Finally, the
absorbance of each sample was measured at 850 nm in a Varian Cary 50 Conc UV—Vis
Spectrophotometer using a sample blank (nitric acid and molybdate colorimetric

solution) as the reference solution.

3. Results and discussion

3.1. Influence of phosphorus

3.1.1. Porous structure

Figure 2 shows the N, adsorption—desorption isotherms at —196°C for the different
activated carbons prepared, while Table 1 summarizes the values of the structural

parameters that characterize the porous structure calculated from N, adsorption—
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desorption and CO, adsorption isotherms of the samples, including the treatments with
nitric acid at different reaction times. On the one hand, ACP presents a type IV
isotherm, corresponding to a well-developed micro- and mesoporous structure, as a
large amount of N, is adsorbed in the entire relative pressure range. On the other hand,
AC shows a type I isotherm indicating that it is essentially microporous, as all the N is
adsorbed at low relative pressures. H4-type hysteresis loops are observed for all the

activated carbons often associated to slit-shaped pores.
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Figure 2. N, adsorption—desorption isotherms at —196°C of the activated carbons. (a) Before and
after treatment with nitric acid for 3 h; (b) before and after different treatments with nitric acid for

3 h and air.
The sample ACP shows high external surface area (A;) and mesopore volume (Vpes). A
small difference between V, and V. reveals the significant contribution of
mesoporosity. The activated carbon prepared by physical activation exhibits a

significantly narrower microporosity than the one prepared by chemical activation,

which is evidenced by the much closer Aggr and Apg values.
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Table 1. Porous structural parameters calculated from N, adsorption—desorption and CO,

adsorption of the activated carbons before and after the different treatments of functionalization.

Sample N; isotherm iso(tjlge i‘m
AggT Vp Vines Aq Vi Apr Vbr
(m*’/g) (em’/g) (em’/g) (m’/g) (m’/g) (m’/g) (em’/g)
AC 922 0.48 0.11 106 0.37 864 0.35
AC-N 902 0.48 0.14 119 0.35 1028 0.36
ACP 1532 1.86 1.45 796 0.42 600 0.24
ACP-N5 1286 1.46 1.16 708 0.30 540 0.22
ACP-N20 1250 1.37 1.07 667 0.30 548 0.22
ACP-N 1045 0.79 0.46 406 0.32 542 0.22
ACP-O 1288 1.57 1.25 707 0.32 497 0.20
ACP-ON 877 0.66 0.37 303 0.29 410 0.16
ACP-NO 874 0.65 0.34 248 0.31 485 0.20
ACP-NON 442 0.33 0.18 119 0.15 335 0.13

The results show that the oxidation/nitration of the activated carbons with nitric acid
and/or air results in a decrease of porosity, although this effect is more pronounced in
the case of nitric acid treatment. As can be seen, nitric acid treatment can substantially
modify the porous structure of the activated carbon. However, the mechanism of
modifying the porous structure is not well established, and different hypothesis can be

found in the literature, 3334444

It is noteworthy that, in general, the activated carbons
used in those studies are essentially microporous and present a less-developed porous
structure than the samples used in this study. In any case, most of the authors observed a
decrease of micropore volume and surface area. In addition to this effect, some authors
observed an increase of mesopore volume. In general, it has been proposed in the
literature that nitric acid can act in two different ways, blocking the micropores or
destroying/degrading the porous structure. The pore blockage is usually related to the
fixation of oxygen groups at the entrance and/or on the walls of micropores''; however,

in some studies, it has also been described to be associated with the formation of humic

substances during the oxidation process.**
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The results shown in Figure 2 suggest that nitric acid acts differently on the porous
structure, depending upon the activated carbon used. In the case of AC, it only produces

11,33,34,43,44
small changes on the porous structure,

a slight decrease of Vi and A, and a
small increase of Vy,s. However, the effect of nitric acid in ACP is more pronounced,
particularly affecting the mesopores and decreasing Vines (from 1.45 to 0.46 cm’/g) and
A (from 796 to 406 m?/g) after 3 h of reaction. This substantial decrease of the porosity
is much higher than those reported in the aforementioned studies. This decrease of Ve
and A could be attributed to partial gasification of the carbon particles. In addition, a
decrease in the particle size has been observed. Similar results have been reported in a
previous study on the oxidation of phosphorus-containing activated carbons in the
presence of air.'” If porous blockage occurred, a thermal treatment was performed after

the nitric acid treatment for clarity. The results (not shown) indicated no recovery of

porosity after desorption of the created surface groups.

It can also be observed from Table 1 that ACP-NO and ACP-ON present similar
structural parameters, suggesting that the order of the treatments with air and nitric acid
does not affect the final porous structure of the activated carbons. It is interesting to note
that the nitric acid treatment practically reduced the value of V, by half, even after air
oxidation. In this context, the most oxidized carbon (ACP-NON) presents the lowest

structural parameter values.
3.1.2. Surface chemistry

Results of the elemental analysis and the mass surface concentrations determined by
XPS of the samples are reported in Table 2. It can be observed that the main elements
found on the fresh activated carbon surfaces were carbon and oxygen, with a small

amount of phosphorus on the one prepared by chemical activation using H3PO4, because
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of the presence of surface phosphorus complexes formed during the activation step,
which seem to be stably bonded to carbon as they do not elute after washing with

distilled water.**

After treatment with nitric acid, the amount of oxygen and nitrogen increased,'®'%%-3-
but this increase is more pronounced in ACP than AC. These differences seem to be
initially related to the presence of phosphorus. A comparison between the increases of
surface nitrogen content determined by XPS (from the outer surface) and elemental
analysis (from the bulk) of ACP treated with nitric acid suggests that the reaction takes
place uniformly throughout the particle. This is evidenced by the fact that the increases
obtained by both techniques are quite similar. However, in the case of AC, the reaction
with nitric acid seems to be more important on the outermost surface than inside, as the

amount of nitrogen analyzed in AC-N is higher in XPS than elemental analysis.

Table 2. Elemental analysis and mass surface concentration (%) determined by XPS of the

activated carbons.

Sample XPS (wt%) Elemental Analysis (wt% d.a.f.)
Cls Ols Nl1s P2p C H N (03
AC 935 63 02 O 84.1 0.6 0.3 15.0
AC-N 82.1 161 18 O 70.9 2.3 1.1 25.8
ACP 908 6.6 03 22 85.9 2.8 0.1 11.2
ACP-NS 81.8 147 19 1.7 79.3 2.5 1.7 16.5

ACP-N20 79.7 173 22 0.8 72.7 3.0 2.1 222

ACP-N 76.4 204 23 09 62.8 3.3 2.0 31.9

ACP-O 83.4 143 04 20 75.7 2.2 0.4 21.7

ACP-ON 775 203 1.6 0.6 63.1 23 1.6 329

ACP-NO 78.6 192 14 0.8 62.1 2.0 1.2 34.7

ACP-NON 65.1 324 2.0 0.5 57.6 2.3 1.8 38.2
* by difference; d.a.f: dry ash-free basis

SEM micrograph and the corresponding EDXA elemental mappings of ACP-N are

depicted in Figure 3. It is interesting to note that the distribution of the different
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heteroatoms present in the carbon ACP-N (phosphorus, oxygen, and nitrogen) is quite
uniform. This indicates that the treatments carried out in this study act uniformly on the
entire surface. As mentioned earlier, phosphorus results from the activation process,

while most of the oxygen and nitrogen atoms result from the nitric acid treatment.

OKat - Pa1
Figure 3. SEM micrograph (a) and EDXA C (b), N (c), O (d), and P (e) elemental mappings of

ACP-N.

The N1s XPS spectra of the activated carbons (before and after treatment with nitric
acid) have been studied (Figure 4) to identify the chemical state of N groups. It can be
observed that the nature of the introduced surface nitrogen is very different in both
activated carbons, ACP-N and AC-N. The N1s spectrum of ACP-N presents mainly a
peak centered at 405.7 eV corresponding to nitro groups. Nevertheless, AC-N presents
two peaks, the first one corresponding to nitro groups and the second one at lower
binding energies attributed to more reduced nitrogen such as nitroso (N-O at 400.1 eV),
pyrrolic (C-N(5) at 400.4 ¢V), and pyridinic (C-N(6) at 398.9 ¢V) groups.’® Therefore,
not only ACP incorporates higher amounts of nitrogen, but also this nitrogen is
selectively found as nitro groups. These results suggest that phosphorus could be

involved in the oxidation/nitration mechanism, playing an important role in the
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functionalization of the activated carbon. Consequently, a different surface chemistry is

obtained after treatment with nitric acid on phosphorus-containing carbons.
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Figure 4. N1s XPS spectra of ACP and AC before and after nitric acid treatment for 3 h.

3.2. Influence of reaction time

In order to perform an in-depth analysis of the oxidation/nitration mechanism in
phosphorus-containing carbons, different treatments with nitric acid have been carried
out to ACP at different reaction times (5, 10, 15, 20, 60, and 180 min), but only 5, 20,
and 180 min have been reported to gain a clear understanding. Regarding the porous
structure, it can be observed in Table 1 that the degradation produced by nitric acid is

more pronounced with the increase of reaction time.

The evolution of surface chemistry during the reaction was analyzed by XPS and TPD.
XPS technique has been particularly used to evaluate the possible changes occurred
with respect to nitrogen and phosphorus during the nitric acid treatment. It is observed
in Table 2 that longer reaction times result in higher oxygen and nitrogen surface
concentrations, as well as lower phosphorus surface concentration. The changes in the
surface concentration of nitrogen and phosphorus are mainly produced during the first

20 min, and no significant changes are observed after 3 h. The Nls and P2p XPS

15



spectra of the ACP at different reaction times are presented in Figure 5. The selective
formation of nitro groups can be observed in the Nls spectra (Figure 5a), in which a
main peak at 405.7 eV is detected. Furthermore, the figure also shows an increase in the
levels of these groups (peak) during the progress of the reaction. It is noteworthy that
the P2p spectrum of ACP is also affected after treatment with nitric acid. At the
beginning, mainly three different P2p peaks were found in the XPS spectrum of ACP,
corresponding to surface phosphorus groups such as C;-PO (132 eV), C-PO;s/C,-PO,
(133.1 eV), and C-O-PO3/(C-0);PO (134 eV)."” In the previous studies, the possible
presence of C;-P-type groups at 131 eV was investigated, and it was found that the
formation of this complex is negligible during the chemical activation process with
phosphoric acid"; therefore, the presence of C3-P-type groups has not been considered
in this study. On the contrary, the P2p spectrum intensity diminishes during the reaction
and the maximum value shifts to lower binding energies, moving into the region of C-
PO3/C,-PO; groups. These results indicate that the amount of C-O-POs-type groups is
reduced and the C;-PO-type groups are oxidized in favor of C-PO3/C,-PO,-type groups.
A possible explanation for the reduction of phosphorus content in the form of C-O-POj3
groups could be the formation from these groups of phosphoric acid, which would

remain in the aqueous solution.
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Figure 5. N1s (a) and P2p (b) XPS spectra of ACP after nitric acid treatment at different times.

TPD is a technique used to characterize in detail the carbon—oxygen groups of the
samples. The acidic groups (carboxyl, and lactonic) evolve as CO,, whereas the
nonacidic (carbonyl, ether, and quinone) and phenol groups decompose as CO.

Anhydride surface groups evolve as both CO and CO,.>

Figure 6 shows the evolution of CO, and CO from TPD analysis of ACP at different
reaction times with nitric acid. It is evident from the figure that ACP presents a higher
CO evolution than CO,. Most of CO is desorbed at high temperatures (800°C), which
can be attributed to the presence of C-O-PO; groups formed during the activation of
phosphoric acid, as reported by Wu and Radovic® and our previous studies.”" A small
amount of CO is desorbed at temperatures below 800°C, because of the presence of
anhydride (600°C), phenol (650°C), and ether (700°C) groups. The amount of CO;
evolved is significantly lower than CO, indicating a lower concentration of carboxyl

(300°C), lactonic (400°C), and anhydride (600°C) groups.

An increase in the amount of CO and CO, desorption observed after treatment with
nitric acid is attributed to the strong oxidation. The intensity of this oxidation is
observed to be more at higher reaction times because of the progressive formation of

carboxyl, lactonic, anhydride, and particularly phenol groups (Figure 6). It is interesting
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to note that the CO evolution for these activated carbons remains constant after 20 min
of reaction, where a decrease in the contribution of CO evolved at 800°C (attributed to
C-0-PO; groups) with respect to the initial carbon was observed. This indicates the

possible removal of C-O-PO; groups during the oxidation with nitric acid.

TPD of both AC and AC-N was performed. The treatment with nitric acid produces
carbon—oxygen groups similar to ACP-N, but the amount of these groups is much

higher in the latter.

1.2 25
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14 —ACP-N5 —ACP-N5 ) Eth Carbonilo
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Figure 6. CO, (a) and CO (b) evolution during the TPD of ACP after nitric acid treatment at

different reaction times.

3.3. Oxidation/nitration mechanisms

On the basis of the results of XPS and TPD, three different oxidation/nitration
mechanisms have been proposed to explain the effect of nitric acid treatment on
phosphorus-containing carbons, changes of surface groups, and selective production of
large amount of nitro groups on ACP samples after the treatment. These mechanisms
would take place simultaneously with each involving one of the different phosphorus
species: C3-PO-, C-PO3/C,-PO;-, or C-O-PO;3/(C-0);PO-type groups. In these groups,
the P atoms can be bonded directly to carbon surface in the form of C-P, as well as to a
carbon through an O atom in the form of C-O-P. With regard to the changes of

18



phosphorus groups, the results showed that the C-O-PO; groups of ACP are removed
after the reaction with nitric acid, as can be observed by the lower CO evolution at
800°C from TPD (Figure 6b) and lower contribution of C-O-POj; in the P2p XPS
spectra (Figure 5b). These results could support the potential energy surface scan
calculations carried out by Wu and Radovic,”® which showed the higher dissociation

energy of C-P bonds than the C-O and O-P bonds belonging to C-O-P system.

According to the P2p XPS results (Figure 5b), the phosphorus complexes containing C-
P bonds are not removed after the nitric acid treatment, with C-POj; contributing to the
majority of phosphorus surface group. This indicates that parts of the C;-PO groups are
oxidized to C,-PO; and C-PO; groups during the reaction. At the same time, a large

amount of nitro groups are formed during the above oxidation reactions of phosphorus.

All the proposed mechanisms assume that, during the nitric acid treatment, the
phosphorus complexes are responsible for the formation of nitronium ions, which are
capable of performing aromatic nitration. In this way, the nitro groups would be present
near the phosphorus species, which is supported by the results obtained in the EDXA
elemental mappings shown in Figure 3, where a uniform distribution of the nitrogen and

phosphorus atoms is observed.
3.3.1. Nitration mechanism involving C-PO; groups

As previously mentioned, the aromatic nitration with nitric acid is enhanced in the
presence of an acid catalyst. The acid character of these phosphorus-containing
activated carbons, which renders them interesting catalytic properties, has been already
reported in our previous works. In fact, they have been successfully used as acid

catalysts in alcohol dehydration reactions.”'* Accordingly, the proposed mechanism
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suggests the formation of nitro groups on the carbon surface, while the phosphorus

groups act as an acid site, promoting the catalysis of the aromatic nitration.

Figure 7. Oxidation mechanism with C-PO; groups during nitric acid treatment.

The highly reactive nitronium ion (NO,") is generated after the protonation of nitric acid
(Figure 7), being the active species of the aromatic nitration via electrophilic aromatic
substitution. In this case, the nitration is highly favored. In fact, a large amount of nitro
groups is grafted on the carbon surface, because the protonation takes place near the
aromatic structure, which is very important as the nitronium ion is not very stable and it

must carry out the nitration quickly before disappearing.*®
3.3.2. Nitration mechanism involving C;-PO groups

This mechanism involves phosphorus complexes with lower oxidation states. The XPS
results showed the shift of P2p spectrum to the region of C-PO;/C,-PO, groups.
Therefore, the formation of nitro groups must be associated with the oxidation of the

C;5-PO into C-PO3/C,-PO; groups.

It can be observed from the scheme proposed in Figure 8 that the P=O bond is
protonated followed by a nucleophilic attack by the nitrate anion. This step may be due
to the polarization of the P=O bond, as the oxygen atom is more electronegative than

the phosphorus atom. This mechanism does not take place in C-PO3 groups, because the
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polarization of the P=O bond is less pronounced as the phosphorus atom is bonded to

two oxygen atoms more. Therefore, the nucleophilic attack is not favored.

Then, the nitrate bonded to the phosphorus atom is protonated producing a nitronium
ion (Figure 8), which can carry out the aromatic nitration. At the same time, the P=O

bond is recovered releasing a proton.
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Figure 8. Oxidation mechanism with C;-PO groups during nitric acid treatment.

3.3.3. Nitration mechanism involving C-O-PO; groups

It is noteworthy that the phosphorus complexes formed after the chemical activation
with phosphoric acid are very stable. In fact, they are not removed after washing with
distilled water. However, the results of XPS analyses suggest that the C-O-PO3/(C-0);-
POs-type groups are susceptible of being removed probably as phosphoric acid after
treatment with nitric acid, resulting in the formation of surface phenol (Figure 6b) and
nitro groups (Figure 9). As explained earlier, the C-O and O-P bonds belonging to C-O-
P system have lower dissociation energy than the C-P bonds in the phosphorus groups;

this may explain the removal of phosphorus as phosphoric acid.

In this way, the other proposed mechanism is depicted in Figure 9. First, the oxygen of

the P=0O bond is protonated, and simultaneously, a nitrate anion is bonded to the C-O-P
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system. Then, the O-P bond is broken and a phenol group is formed. At the same time,

phosphoric acid in solution is released and a nitro group is formed.

Figure 9. Mechanism on C-O-POj; groups during nitric acid treatment.

As can be derived, this mechanism is the least productive for the formation of nitro

groups among all the proposed mechanisms, because part of phosphorus is removed.

In order to check whether the proposed mechanisms are valid, additional experiments
were performed. These experiments consist of alternating treatments with air and nitric
acid on the same activated carbon.

3.4. Air—nitric acid treatment

Wu and Radovic® proposed that carbons doped with phosphorus groups present high
oxidation resistance. It was reported in our previous results that the phosphorus
complexes formed on the carbon during the chemical activation with phosphoric acid
are responsible for the improvement of the oxidation resistance. The mechanism
involves the oxidation of C3;-PO, C,-PO,, and C-POs; surface groups into C-O-POs,
(C0O),-PO3, and (CO);-PO as the first step (Figure 10), delaying the gasification reaction
of the carbonaceous matrix." In this study, a thermal treatment under airflow at 350°C
was carried out to ensure that most of phosphorus groups were in the form of C-O-POs3
groups. According to the above-described mechanism, a subsequent treatment with

nitric acid should remove more phosphorus groups in ACP-ON with respect to ACP-N,
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and consequently, a lower amount of nitro groups and more formation of phenol groups

would be expected in ACP-ON.

Figure 10. Oxidation of phosphorus groups bonded to the carbon after a thermal treatment under

airflow.

In this context, determination of phosphorus in solution by a colorimetric technique was
carried out in the resulting solutions after the treatments on ACP and ACP-O to
corroborate if the phosphorus bound to the carbon can be hydrolyzed to the
orthophosphate form in solution after the nitric acid treatment. Both samples showed a
blue appearance after the addition of the molybdate colorimetric solution, which
indicated the positive presence of phosphorus in solution. These results confirm that the
phosphorus groups present on the activated carbon can be removed by the action of
nitric acid. Besides, as predicted by the proposed mechanisms, this removal was more

pronounced in the carbon previously treated with air.

Figure 11 shows the evolution of CO, and CO from TPD analysis of ACP, ACP-N,
ACP-O, and ACP-ON. It can be observed that the CO, evolutions of ACP-N and ACP-
O are different. In particular, the nitric acid treatment increased the concentration of
carboxyl groups, as well as lactonic and anhydride groups.* However, carboxyl groups
are not formed during the oxidation with air as a result of the temperature used in the air
treatment (350°C). Consequently, it only increased the CO, evolution at high

temperature, which is attributed to the presence of lactonic and anhydride groups.
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Similar results were previously reported.” The air treatment induced an increase of the
CO evolution in ACP-O at 800°C, indicating the formation of C-O-P bonds, as expected
(Figure 10). After the treatment with nitric acid, the CO evolution in ACP-ON shifts to
lower temperatures, indicating a decrease of C-O-P bonds and increase of phenol groups
(650°C) according to the proposed mechanism with C-O-PO; groups (Figure 9).
Moreover, it is interesting to note that the CO evolution at 650°C (attributed to phenol
groups) is higher in ACP-ON than in ACP-N, because of the higher amount of C-O-PO3

groups in ACP-O than in ACP, starting carbons in both cases.
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Figure 11. CO, (a) and CO (b) evolution during the TPD of the activated carbons after nitric acid
and/or air treatments.
Table 2 also shows that after the treatment with nitric acid, the phosphorus surface
concentration is lower on ACP-ON than on ACP-N. Besides, the amount of grafted
nitrogen is lesser on ACP-ON than on ACP-N. These results support the proposed
mechanism on C-O-PO; groups, which predicts a lower amount of grafted nitrogen and
larger quantity of phosphorus removed during the HNOj treatment on ACP-O than on

ACP.

The Nl1s and P2p XPS spectra of the ACP after nitric acid and/or air treatment are

depicted in Figure 12. The Nls spectrum confirms that the grafted nitrogen atoms on
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ACP-ON are preferentially nitro groups. With regard to the P2p spectra, it can be
observed that the maximum value shifts to higher binding energies in ACP-O, moving
into the region of C-O-PO3/(C-0);-PO; groups. Furthermore, the P2p spectrum shifts to
lower binding energies in ACP-ON, which is attributed to C-PO;/C,-PO, groups, and
the intensity diminishes even below that of ACP-N, as a consequence of a decrease in

phosphorus content.

On the basis of the proposed mechanisms, it may be possible to estimate the nitrogen
gain (as -NO; groups) after treatment with nitric acid, if the amount of phosphorus
removed is known. In this context, the carbon sample ACP-ON is used for
investigation, because it is derived from ACP-O, which has few types of phosphorus,
mainly as C-O-PO3/(C-0)3-PO3; and C-PO3/C,-PO, groups. The atomic concentrations
obtained by XPS are used for calculations, which can be deduced from Table 2. It is
suggested that for each phosphorus atom removed, a nitro group is formed, and for each
remaining phosphorus atom (in a reduced state), two nitro groups are formed. Then, the
atomic surface concentration of nitrogen is calculated to be 1.3% versus the real value

of 1.5%. These results also support the mechanisms proposed in this study.
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Figure 12. N1s (a) and P2p (b) XPS spectra of the activated carbons after nitric acid and/or air

treatments.
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3.5. Nitric acid—-air—nitric acid treatment

Finally, the carbon ACP-NON was prepared to check whether the remaining
phosphorus in ACP-N can be oxidized with air and then removed with nitric acid,

obtaining nitro groups.

The N1s and P2p XPS spectra are presented in Figure 13. It can be observed from the
P2p spectrum of ACP-NO that the treatment of ACP-N with air continues forming C-O-
POs-type groups. Moreover, when ACP-NO is treated with nitric acid, a higher amount
of phosphorus is removed and more nitro groups are formed (Figure 13b), supporting
the proposed mechanism on C-O-PO; groups. Table 2 shows that the treatment of ACP-
N with air produces a decrease in oxygen and nitrogen atoms because of the elimination
of the less-stable thermal oxygen and nitrogen functional groups (carboxyl and nitro
groups), which is attributed to the temperature of 350°C. The remaining nitrogen is in a

reduced state in the N1s spectrum, as opposite to the nitro group.

It is interesting to note the high oxygen surface concentration of 26.7% on ACP-NON.
This indicates that the air treatment generates new active sites (e.g., by
dearomatization), where a stronger oxidation is produced by nitric acid attack. It is
likely that the treatment with air dearomatizes the graphitic structure, rendering the

aliphatic chains susceptible for oxidation.”**

The above-described calculations to estimate the grafted nitrogen have also been carried
out in ACP-NON considering that ACP-NO initially presented a nitrogen surface
concentration of 1.3%. The atomic surface concentration of nitrogen is calculated to be
1.9% (1.3% of initial nitrogen and 0.6% of nitro groups formed) versus the real value of

1.8%. These results also seem to corroborate the proposed model.
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Figure 13. N1s (a) and P2p (b) XPS spectra of the activated carbons after nitric acid and/or air

treatments.

4. Conclusions

Activated carbons prepared by chemical activation with H;PO4 can form a relatively
larger amount of N surface functional groups by HNO; treatment than carbons prepared
by CO, physical activation. The presence of phosphorus species is probably responsible
for such a difference. In P-containing carbons, the formed N groups are mainly in the
form of nitro groups, while the N species are mainly in the form of lower oxidation

states in P-free carbons.

Three possible reaction mechanisms involving different P species are proposed to
explain the nitration processes occurred during HNO; treatment of P-containing
carbons. First, the presence of C-PO; groups on carbon surface may act as acid sites for
the protonation of nitric acid, which forms nitronium ion. This highly reactive ion is the
active species in the aromatic nitration via electrophilic aromatic substitution. Second,
the P species at lower oxidation states such as C;-PO may be oxidized to C,-PO,/C-PO3
groups during HNOj; treatment, and the protonation of the nitrate bonded to the P atom
forms a nitronium ion, which results in the formation of nitro groups (-NO,) on carbon

surface. Third, the C-O-POs/(C-0O);PO groups are detached from carbon surface when
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they react with HNO; to form phosphoric acid (in the solution), phenol, and nitro
surface groups. These three mechanisms may take place simultaneously and most likely

are responsible for the formation of nitro surface groups in P-containing carbons.
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