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Highly porous wood-based activated carbon was impregnated with cerium, lanthanum and sodium chlo-
rides using incipient impregnation method. On the samples prepared adsorption of NO, was carried out
from moist (70% humidity) air either with or without the prehumidification. The materials were char-
acterized using adsorption of nitrogen, thermal analysis, FTIR, and potentiometric titration. The results
indicated that for all materials a significant amount of NO, was reduced to NO and released from the sys-
tem. In the case of virgin carbons, the NO, interacting with the surface along with nitric and nitrous acids

i?{::::ggcarbons formed there in the presence of water significantly increased the acidity of the carbons by the formation
Adsorption of oxygen-containing groups and organic nitrates. On the other hand, when chlorides were present the
Nitrogen dioxide capacity to interact with nitrogen dioxide increased since the inorganic phase, depending on the nature
Oxidation of metal, bound NO,, in the forms of nitrates (Ce, La, Na), got oxidized/oxidized carbon surface (for Ce) or

contributed to the formation of nitrosyl chloride (for Na).

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen dioxide, besides being a toxic industrial gas, is also
considered as a main air pollutant contributing to the forma-
tion of photochemical smog and acid rain [1]. Its main source in
the environment is from photochemical oxidation of NO released
from power plants and car engines during fossil fuel burning.
NO, and NO are often referred to as NOy. Since their presence
in the atmosphere also affects human health [2] the efforts con-
tinue towards controlling and minimization the emissions of those
gases.

Adsorption and reduction of NO, at conditions close to ambi-
ent have been studied extensively on various adsorbents including
carbonaceous materials such as activated carbon fibers [3], soot
[4,5], carbon black [5,6], char [7], carbon nanotubes [8], and
activated carbon [2,9-12]. Application of activated carbons for
adsorption/reduction of NO, is driven by their developed pore
structure [13-16]. Nevertheless, surface chemistry represented by
the type, number and chemical arrangement of heteroatoms on
their surface is also considered as important. Those heteroatoms
exist in the forms of functional groups and are located at the edges
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of the graphene layers. It was shown that this aspect of surface het-
erogeneity affects adsorption, electrochemical, catalytic, acid-base,
redox, hydrophilic or hydrophobic character and other properties
of activated carbons [17-19].

Asindicated in the literature, as a result of NO, interactions with
the carbon surface in the presence of oxygen and water at ambient
temperatures various surface complexes are formed such as C-NO,,
C-ONO, C-ONO3, and C-0 [2,9-11,20]. Those surface complexes,
existing mainly on the outer surface can be considered as tempo-
rary entities leading to further chemical transformations or as new
functional groups, depending on their stability and environmental
conditions. To increase the adsorption efficiency via surface reac-
tions, carbon can be impregnated with various species such as KOH
[21,22], which react with NO, forming nitrates, or transition met-
als, such as copper, on which reduction could occur [10,12,23-25].
These kinds of modifications follow the studies on inorganic mate-
rials, as, for example, on alumina, KOH impregnated alumina, MgO,
Fe,03 or TiO,, which showed that chemisorption via nitrite and
nitrate formation is the main adsorption/reactive adsorption mech-
anism on their surfaces [26].

The objective of this paper is to investigate the effects of depo-
sition of cerium(IIl), lanthanum(IIl), and sodium chlorides on the
activated carbon surfaces on the adsorption and reduction of NO,
at ambient conditions. These compounds were chosen based on
their reactivity with nitrogen dioxide via oxidation/reduction reac-
tions and formation of nitrates. The performance is analyzed taking
into account the effects of surface chemistry and porosity on the
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conversion of NO,, and its interactions with both, a carbon surface
and an inorganic phase.

2. Experimental
2.1. Materials

Wood-based activated carbon BAX-1500 manufactured by Mead
Westvaco was used in this study. The initial sample is designated as
B. Modification via incipient impregnation [27] was performed and
the concentration of chlorides was chosen to result in the deposi-
tion of 0.7 mmoles of either sodium, cerium(IIl) or lanthanum(III),
depending on the surface treatment. This results in deposition of
2.3, 10, and 10 wt.% sodium, cerium and lanthanum, respectively.
After impregnation, the carbon samples were air dried to constant
mass. Although the excess of water was removed, the water associ-
ated with the hydration of chloride was expected to be still present
in the system. The samples are designated as B-Na, B-Ce and B-La
according to the metal chloride used for impregnation.

The samples after NO, adsorption were washed in a Soxhlet
apparatus to remove water-soluble compounds/salts present on the
surface in order to evaluate the changes in the chemistry of carbon
matrix. They are designated with letter W following their names,
as, for example, B-NaW.

2.2. Methods

2.2.1. NO, breakthrough capacity

The home designed dynamic test was used to evaluate NO,
adsorption from gas streams [12]. Samples (1-2 mm particle size)
were packed into a glass column (length 370 mm, internal diame-
ter 9 mm, bed volume 3 cm?). Dry or moist air (70% humidity) with
0.1 wt.% of NO, (accelerated test) was passed through the column
of adsorbent at 0.450 L/min for NO,. The sample were either pre-
humidified over night with moist air (70%) or used as received. The
residence time was 0.4 s which is in the range of that used in indus-
trial air filtration systems [28]. The flow rate was controlled using
Cole Parmer flow meters. The breakthrough of NO, and the con-
centration of NO were monitored using MultiRAE Plus PGM-50/5P
with electrochemical sensors. The tests were stopped at the break-
through concentration of 20 ppm. The interaction capacities of each
sorbent in terms of mg of NO, per g of adsorbent were calculated
by integration of the area above the breakthrough curves, and from
the NO, concentration in the inlet gas, flow rate, breakthrough time,
and mass of sorbent [12]. The samples run in dry air, moist air, and
after prehumidification are designated with the letters ED, EM, and
EP, respectively.

2.2.2. Surface pH

A 0.4-g sample of dry carbon powder was added to 20 ml of
distilled water and the suspension was stirred overnight to reach
equilibrium. Then the pH of suspension was measured.

2.2.3. Thermal analysis

Thermal analysis was carried out using a TA Instruments Ther-
mal Analyzer. The instrument settings were: heating rate, 10 °C/min
and a nitrogen atmosphere at 100 mL/min flow rate. For each mea-
surement about 30 mg of a ground adsorbent were used.

2.2.4. Potentiometric titration

Potentiometric titration measurements were performed with
a DMS Titrino 716 automatic titrator (Metrohm). The instrument
was set at the mode when the equilibrium pH was collected. Sub-
samples of the materials studied of about 0.100g in 50 mL 0.01 M

NaNOs were placed in a container thermostatted at 298 K and equi-
librated overnight with the electrolyte solution. To eliminate the
influence of atmospheric CO,, the suspension was continuously
saturated with N,. The carbon suspension was stirred throughout
the measurements. Volumetric standard NaOH (0.1 M) was used as
the titrant. The experiments were done in the pH range of 3-10.
Each sample was titrated with base after acidifying the sample
suspension.

The surface properties were evaluated first using potentiometric
titration experiments [29,30]. Here, it is assumed that the popu-
lation of sites can be described by a continuous pK, distribution,
fipK,). The experimental data can be transformed into a proton
binding isotherm, Q, representing the total amount of protonated
sites, which is related to the pK; distribution by the following inte-
gral equation:

Q(pH) = /q(pH, pKa) f(pKa)dpKa (1)

The solution of this equation is obtained using the numerical
procedure [29,30], which applies regularization combined with
non-negativity constraints. Based on the spectrum of acidity con-
stants and the history of the samples, the detailed surface chemistry
was evaluated. This kind of evaluation is valid only for samples
on whose surface the chemical reaction/dissolution does not take
place [29,30].

2.2.5. Evaluation of porosity

Nitrogen isotherms were measured at —196°C using an ASAP
2010 (Micromeritics). Prior to each measurement, all samples were
outgassed at 120°C for the initial samples and 100°C for the
exhausted ones to avoid extensive decomposition of ammonia con-
taining compounds. Approximately 0.20-0.25 g of sample was used
for these analyses. The surface area, Sger, (BET method), the micro-
pore volume, Vyy;c, (Dubinin-Radushkevitch method, D-R) [31], the
mesopore volume, Vs, the total pore volume, Vi, were calcu-
lated from the isotherms. The pore size distributions (PSDs) were
obtained using DFT method, which is described elsewhere [32,33].

2.2.6. FTIR

Fourier transform infrared (FTIR) spectroscopy was carried out
using a Nicolet 380 FT-IR spectrometer using the smart diffuse
reflectance method. 2-3 wt.% powdered samples were added to
97-98 wt.% of KBr matrix for measurement. The spectra were then
collected within the range of 4000-400cm™1, 96 times at a reso-
lution of 4cm~! to reduce the background noise. To measure the
background spectrum pure KBr was used.

3. Results and discussion

The NO, breakthrough curves measured at different conditions
on our materials are presented in Fig. 1. Striking difference is
in the shape of the curves. With an increase in the amount of
water accumulated in the system (supplied with the air stream)
the curves reach their maximum, then the concentration of NO,
emitted decreases, sometimes to zero, to increase again to 20 ppm
which is the limit of our sensor. Then, when the adsorbents are
purged with air the concentration of NO, rapidly decreases indi-
cating the strong retention on the surface. On the other hand,
concentration of NO reaches the sensor limit of 100 ppm after
few minutes in each case and thus cannot be further moni-
tored.

The breakthrough capacities calculated from the breakthrough
curves are collected in Table 1 along with the surface pH val-
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Fig. 1. NO, breakthrough curves.

Table 1
NO, breakthrough capacity, water preadsorbed and the surface pH values before
and after NO, adsorption.

Samples Adsorption Water preadsorbed pH
capacity (mg/g) (mg/g)

B 5.84
B-W 5.57
B-ED 39 2.15
B-EM 64 2.07
B-EP 87 1099 1.83
B-EP-W 3.50
B-La 2.73
B-La-ED 17 2.08
B-La-EM 108 1.86
B-La-EP 143 284 1.65
B-La-EP-W 3.35
B-Ce 2.97
B-Ce-ED 29 1.96
B-Ce-EM 215 1.69
B-Ce-EP 184 831 1.69
B-Ce-EP-W 3.46
B-Na 5.30
B-Na-ED 30 1.83
B-Na-EM 198 2.66
B-Na-EP 283 861 1.53
B-Na-EP-W 3.57

ues and the amounts of water adsorbed during prehumidification.
Generally, as seen from the breakthrough curves, the presence
of water increases the capacity, especially when the sufficient
amount of water is preadsorbed on the surface. That increase
is 7-8-folds in comparison to the experiments run in dry con-
ditions. Moreover, metal chlorides increase performance about
3-folds in comparison with the virgin carbons. The extent of that
increase depends on the kind of metal used. Overall it looks
like the impregnation with sodium chloride is the most effi-
cient and with lanthanum chloride-the least efficient one. When
the experiments are run in dry conditions, the performances of
sodium and cerium chloride impregnated carbons are compara-
ble.

Impregnation with chlorides, which can be considered as Lewis
acids, significantly decreases the surface pH of carbon. Then after
NO, exposure the surface became even more acidic, especially in
the case of sodium modified material. For this carbon the drop
in the pH was the most pronounced, almost four units, whereas
for cerium and lanthanum that decrease is only one pH unit. If
we assume that: (1) the amounts of NO, adsorbed have a direct
effect on the amount of acid formed on the surface [34], and (2)
those amounts are of similar orders of magnitudes, the changes in
the pH suggest that in the case of B-Ce and B-La stronger acids
are formed than in the case of B-Na. As expected, the surface
pH decreases also for the virgin carbon as a result of formation
of nitrogen-containing acids and oxidation of the carbon surface
[19,33].

To hypothesize about the mechanism of NO, interactions with
the surface of our carbons their texture and surface chemistry
before and after exposure to NO, should be analyzed ad discussed.
The parameters of pore structure calculated from adsorption of
nitrogen are collected in Table 2. Impregnation resulted in a signifi-
cant decrease in the structural parameters, especially in the case of
cerium and lanthanum chloride-modified carbons. In those mate-
rials about 10 wt.% metals was introduced to the surface, which
certainly contributes to “dilution effects” in structural parameters
(decrease) via the addition of nonporous matter. Moreover, those
chlorides are expected to be deposited in the pore system decreas-
ing the pore volume. Their effect is especially seen as a marked
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Table 2

Parameters of the porous structure calculated from nitrogen adsorption isotherms.

Sample SBET (mZ/g) Vi (cm3/g) Vieso (cm3/g) Vinic (Cm3/g) Vinic/Vie (%)
B 2143 1.494 0.696 0.798 53
B-W 2131 1.488 0.665 0.823 55
B-ED 1866 1.306 0.613 0.693 53
B-EM 1531 1.032 0.438 0.594 58
B-EP 1454 0.975 0.417 0.558 57
B-EP-W 1972 1.350 0.599 0.751 56
B-La 1574 1.075 0.584 0.491 54
B-La-ED 1260 0.861 0.384 0.477 55
B-La-EM 925 0.579 0.189 0.390 67
B-La-EP 686 0.405 0.112 0.293 72
B-La-EP-W 849 0.484 0.106 0.378 78
B-Ce 1502 1.043 0.488 0.555 53
B-Ce-ED 1496 1.040 0.496 0.544 52
B-Ce-EM 944 0.614 0.232 0.382 62
B-Ce-EP 950 0.612 0.230 0.382 62
B-Ce-EP-W 1740 1.185 0.529 0.656 55
B-Na 1952 1.372 0.626 0.746 54
B-Na-ED 1637 1.150 0.543 0.607 53
B-Na-EM 1306 0.862 0.350 0.512 59
B-Na-EP 1263 0.809 0.307 0.502 62
B-Na-EP-W 1829 1.255 0.555 0.700 56

decrease in the volume of mesopores. In the case of B-Na only
about 2 wt.% sodium is introduced and thus a NaCl effect on the
overall porosity is much smaller than in the case of other two chlo-
rides.

After exposure to NO, in moist conditions accompanied by
an increase in the content of water, the surface areas gradually
decrease and the lowest is measured for B-La-EP. For this carbon
80% the original mesopore volume is not accessible for nitro-
gen molecules. For other carbons the extent of this effect reaches
50%. That decrease is less pronounced for virgin carbon. The small
adsorption capacity can contribute to this effect. It is interesting
that for all samples the volumes in pores smaller than 10 A increase
after exposure to NO,, which can be linked to an oxidative effect of
nitrogen dioxide and acids formed from nitrogen oxides on the sur-
face of carbons. That volume even further increased after washing
of the EP samples as a result of the removal of adsorbed oxida-
tion products. After washing, although the surface of all samples
increased, the original values measured for non-impregnated car-
bon were not reached, which suggests the changes in the texture
caused by oxidation. In the case of B-LaEP-W only a slight increase in
the porosity was noticed compared to the unwashed counterparts,
which indicates that species insoluble in water (chlorides, nitrates
and nitrites are soluble) are formed on the surface of this carbon
and their chemical nature significantly differs from the chemical
nature of the salts present on the surfaces of the B-NaEP and B-Ce-
EP samples.

More details on porosity and trends in their changes are seen in
Fig. 2 where pore size distributions (PSDs) are compared. Although
the smallest changes, as expected, are seen in the case of vir-
gin carbon, the trends observed for all samples but the sample
modified with lanthanum, are similar. For the B-La mesopores
with sizes between 20 and 100 A are affected to greatest extent
and washing does not remove the deposit from the carbon sur-
face.

Although porosity is important to provide a contact of an
adsorbate with the carbon surface and space for the hypothetical
deposition of surface reaction products, without a proper surface
chemistry the transformations of NO,, which ensure its strong
retention on the surface, are not expected to occur. The FTIR spec-
tra for the carbons studied are presented in Figs. 3 and 4. The bands
at about 1020-1220cm™!, 1665-1760 cm~! and 2500-3300 cm™!

represent carboxylic groups incorporated to the carbon surface. The
bands 1160-1200cm~! and 2500-3620cm~! (O-H band/stretch)
are assigned to phenolic groups. On the exhausted samples, new
bands appear at 1430cm~!, which represent to the presence of
nitrogen as nitrates (NO3~) [35-41]. The intensity of that band
is associated with the band at about 820 cm~!, which also repre-
sents nitrates. An increase in the intensity of the band at about
1100 and 1600 cm™! is also seen which suggests an increase in the
number of carboxylic acid functional groups as a result of carbon
surface oxidation. The well pronounced band at about 1550 cm™!
observed for the exhausted samples can be linked to incorpora-
tion of nitrogen as -NO, structures attached either to aromatic
rings or aliphatic groups at the edges of graphene layers. This is
in agreement with the hypothesized presence of nitric acid on the
surface, demonstrated by the low pH values and the well known
oxidative effect of that acid on the carbon surface. It is interest-
ing that the band at about 1430cm~! is not so pronounced for
the cerium containing carbon as for the other materials studied,
which suggests less nitric acid/nitrates are present on its surface.
After washing, the spectra for all carbons look similar indicat-
ing an increase in the number of oxygen containing groups and
-NO, entities incorporated to the carbon structure. The visible
feature seen on B-La spectrum after exposure to NO,, which in
fact differentiates this sample from the others, is an increase in
the intensity of the band at about 1150cm~!. It may be linked
to the presence of species, likely salts, which seem to be water
insoluble since they were not removed during extensive wash-
ing.
The effects of NO, exposure on the carbon matrix chemistry
are also seen on the proton binding curves (Fig. 5) and the cal-
culated from them the distributions of pK, of the species present
on the surface of our carbons after washing (Fig. 6). Only ini-
tial and washed samples were studied. We limited the number of
samples analyzed since any reaction/dissolution occurring on the
surface due to the presence of an inorganic phase could lead to false
results [30]. Once again, while the virgin carbon and those modified
with sodium and cerium look similar and show an increase in the
acidity compared to their non-exposed to NO,, counterparts, the
curve for the lanthanum modified sample shows a continuous pro-
ton release which can be associated with the reactions/dissolution
of an inorganic phase present on this carbon and not removed
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Fig. 2. Pore size distributions for the series of virgin carbon (A), B-Na (B), B-Ca (C), and B-La (D).

by NaOH added to the system during titration. This is in agree-
ment with the differences observed in the FTIR spectra. For other
carbons, consistent with the FTIR results, an increase in the num-
ber of all groups is found, especially those with pK, greater than
6. The pK, distribution for B-LaEP-W is not shown due to that
assumption, discussed above, that the results are rather affected
by chemical reactions (formation of water soluble species during
titration) than adsorption and desorption of protons. As seen from
Table 3 the most acidic carbon matrix and thus that one where
the product of surface reactions had the greatest oxidation capa-
bility is the sample modified with cerium. Virgin carbon and its
sodium-modified counterpart resemble each other. Their distribu-
tion patterns are similar to that obtained for the surface of BAX
carbon exposed to nitric acid oxidation [40]. This once again sug-
gests different surface reaction mechanisms for all three samples
studied.

The changes in the surface of our carbons upon exposure to
NO, and water washing can be also seen on DTG curves pre-
sented in Figs. 7 and 8. One has to remember that BAX carbon
is manufactured at about 600°C so it is not appropriate to inter-
pret changes in DTG curves at temperatures higher than that. The
first peak represents the removal of physically adsorbed water and
nitric/nitrous acid and the decomposition of nitrates [39]. Then
the curves become much more complex at temperature between
200 and 1000°C. It is difficult to analyze them quantitatively since

the species desorbed as the first peak contribute significantly to
the total mass of the sample studied. Nevertheless, it is clearly
seen than even if we analyze the pattern only up to 600°C two
distinguished groups of peaks can be noticed between 200 and
350°C and between 350 and 450 °C. While the latter is more pro-
nounced for virgin carbon and its sodium counterpart, the former
is much more intense for the cerium and lanthanum modified
samples. Taking into account the narrow temperature range and
the decomposition temperature of cerium and lanthanum nitrates
[39] we assign the peak between 200 and 300 °C to those species.
The other peaks, at higher temperatures, especially those present
after washing and thus removal of inorganic water-soluble salts,
represent decomposition of functional groups formed as a results
of the exposure to NO, [41]. Detailed discussion on the thermal
decomposition of species present on the surface of carbonaceous
materials (soot) after reaction with NO, was presented by Mck-
enhuber and Grother [42]. According to them reaction between
NO, an soot at room temperature results in oxidation of car-
bon and formation of such oxygen containing functional groups
as carboxylic acids (which decompose at 140°C), lactones (few
configurations; decomposing between 200 and 600 °C), carboxylic
anhydrides (decomposing at 675 and 740°C), and carbonyls, ether
and quinines (decomposing at 750°C). The peak on the sodium-
modified sample at about 900 °C represents reduction of sodium
by carbon [42].



Transmittance + constance

100

80

60

40

20

o
4000 3600 3200

K. Kante et al. / Journal of Hazardous Materials 165 (2009) 704-713

B-EP-W

A7
T
A

( ( | i L
2%00) 2000 1600 1200 800

Wavenumber [cm™]

70

60 - B-Na-EP-W

50

B-Na-EP

40

30

Transmittance + constant

B-Na
20 /\—’/
| | ( ( 1
) 7

4000 3600 3200

Wavenumber [cm"]

Fig. 3. FTIR spectra for virgin carbon and B-Na series of samples.

Taking into account the shapes of the breakthrough curves mea-
sured in the presence of water, the mechanism of NO, reactions on
the surface apparently changes with time. This indicates that the
formation of one product likely affects the reaction path. Even in
the case of virgin carbon, without any metals, the slope changes.
According to Jequirim et al. [34] the following reactions likely occur
on the carbon phase in dry conditions, which explains formation
of NO and then NO, breakthrough when all active sites for reac-
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Table 3

pK, values and the number of species represented by those pK,s (mmol/g).

All

pK 10-11

pK 9-10

pK 8-9

pK7-8

pK 6-7

pK 5-6

pK 4-5
4.53 (0.097)

pK3-4

Samples

(0.838)
(0.544)
(1.253)
(1.746)
(1.608)
(1.098)

11.1 (0.319)

9.61 (0.137)

8.43 (0.059)
8.99 (0.094)

7.55 (0.052)

6.87 (0.114)

5.77 (0.060)

10.13 (0.209)
10.13 (0.315)
10.14 (0.125)
10.18 (0.408)
10.22 (0.385)

6.05-6.75 (0.065-0.057)
6.08-6.89 (0.148-0.159)

6.49 (0.165)
6.44 (0.137)
6.42 (0.208)

4.03-4.88 (0.066-0.053)

4.05 (0.149)

B-W

8.11-8.98 (0.148-0.159)

8.40 (0.260)
8.08 (0157)
8.74 (0.216)

7.8 (0.038)

5.03 (0.137)
5.58 (0.264)
5.57 (0.235)
5.68 (0.055)

B-EP-W

9.72 (0.326)
9.02 (0.231)

7.21 (0.205)
7.10 (0.175)
7.68 (0.060)

4.09-4.72 (0.126-0.172)

4.32(0.265)
4.63 (0.174)

B-La-EP-W 3.29(0.103)

B-Ce-EP-W
B-Na-EP-W
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Fig. 5. Proton binding curves for the initial and exhausted carbons after washing.

where —-C* represents a carbon active site and -C(O)-carbon oxygen
complexes. Those oxygen complexes should include also oxygen
engaged in functional groups.

In the overall, oxidation reaction of the carbon surface occurs:

C + 2NO, — CO, +2NO (6)
C + NO, — CO + NO (7)

Binding of NO, to the surface as a first step of surface reac-
tion a room temperature was also proposed by Muckenhuber and
Grothe [42]. According to them more complex reaction occur at
higher temperatures when oxygen containing functional group can
be involved. The complexity of those arenas-NO, interactions on
model compounds was also studied by Ghingo et al., who concluded
that direct nitration does not take place at room temperature [43].

In wet conditions nitric acid and carbonic acids can be formed
as separate phases [34]:

3NO, +H,0 — 2HNO; +NO (8)
CO,; +H;0 — 2H,C03 (9)

This nitric acid has even greater effect on oxidation of the carbon
surface and the reaction of NO, with water certainly increases the
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Fig. 6. pK, distributions for the initial carbon and exhausted carbons after washing.
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Fig. 7. DTG curves for the virgin carbons (A) and B-Na (B) series of carbons.

amount of NO; retained on the surface [12,22]. That water, owing to
slow kinetics [44], needs some time to be adsorbed. This can explain
the observed increase in the breakthrough time when the virgin
carbon is prehumidified overnight. When the metals are present in
the form of chlorides at least two mechanisms, one on the virgin car-
bon surface and one involving metals, govern the removal process.
Considering the difference in the redox capability of metals, each
one of them should be considered separately. In fact assuming that
nitrates would be the main products of surface reactions [12,26],
the high capacity obtained on the sodium sample was apparently
surprising since, taking into account the valency of metals, one
would expect three times less NO, consumed than in the case of
lanthanum and cerium. Analyzing the behavior of sodium chloride-
NO, system, its ability to form nitrosyl chloride in the following
reaction should be considered [45-47]:

2NO(g) + NaCl — NaNOs(s) + NOCI(g) (10)

Extensive studies of this reaction showed that in the presence
of water its rate is significantly enhanced. Moreover, in the reaction
with HNO3 sodium nitrate and HCI can be formed. Presence of nitric
acid leads to the removal of chloride from the system [45]:

HNO; + 3HCl — Cl, +2H,0 + NOCI(g) (11)

Thus even though nitrogen is possibly released from the sys-
tem as nitrosyl chloride it cannot be detected by our sensor. The
decrease in the concentration of NO, likely happens when nitric
acid is present in excess after the reaction with carbon active cen-
ters and then it gets involved in reaction with sodium and HCI. If
we assume that the carbon matrix surface has the same activity
as that of the virgin carbon, about 6 mmol of NO, converted per
1 mmol of sodium indicates the catalytic effect and/or chain reac-
tion related to formation of nitrosyl chloride. Moreover, release
of CO, in reactions (4) and (6) and formation of carbonic acid
in the presence of water can trigger formation of sodium car-
bonate. That carbonate is water-soluble thus can be removed by
washing.

In the case of cerium different scenario is likely to occur. It is
possible that first cerium(III) is oxidized by NO, to cerium(IV) and
NO is formed. Than, when the reaction proceeds and nitric acid is
formed on the carbon surface, that cerium(IV) reacts with it leading
to Ce(NO3)4. Thus each cerium atom can engage four molecules of
NO,.Indeed if we compared the amount adsorbed to that on the vir-
gin carbon the excess of 3.3 mmoles of NO; is retained. Taking into
account that we have 0.7 mmoles of Ce(Ill) and assuming conver-
sion to Ce(1V), 2.8 mmoles of NO; could be engaged in this reaction.
The unaccounted NO, could be used for oxidation of Ce(III). Chlo-
rine can be removed from the surface following reaction (10). That
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Fig. 8. DTG curves for B-Ce (A) and B-La (B) series of carbons.
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Ce(IV) nitrate can also further oxidize the carbon surface which
resultsin the strongest effect of cerium on the carbon matrix acidity.

In the case of lanthanum no additional NO, reduction is
expected, besides that one taking place on the virgin carbon sur-
face. Formation of lanthanum nitrates should engage the excess of
NO, retained on the surface of this carbon compared to the virgin
material. Since here only 1.2 mmoles of NO, is adsorbed per 1 mmol
of La not full reaction capacity of La(Ill) is used. To explain this, and
considering that the surface this carbon could not be washed with
water, the formation of insoluble lanthanum species, possibly forms
of carbonates, can be hypothesized. This is supported by FTIR and
potentiometric titration results.

4. Conclusions

The results presented in this paper show an increase in the reac-
tivity of carbons towards immobilization of nitrogen dioxide upon
introduction of sodium, cerium and lanthanum chlorides. On their
surface both carbonaceous matrix and inorganic phases are active.
The latter is involved in the reduction of NO, to NO leading to incor-
poration of oxygen functional groups and -NO, to the graphene
layers resulting in an increase in surface acidity. Presence of water
enhances this process via formation of nitrous and nitric acids.
When chlorides were present the capacity to interact with nitro-
gen dioxide increases since the inorganic phase, depending on the
nature of metal, binds NO, in the forms of nitrates (Ce, La, Na), got
oxidized/oxidized carbon surface (for Ce) or contributes to the for-
mation of nitrosyl chloride (for Na). It was proposed that c erium(III)
gets oxidized by NO,, binds nitrogen as Ce(NOs3 )4 and then further
oxidizes the carbon surface. On the other hand, NaCl interactions
with NO,, likely result in formation of nitrates and nitrosyl chloride.
It is possible that some chain processes are involved here. Lan-
thanum, is the least efficient since besides forming nitrates there
is an indication that it binds CO,, formed as a result of carbon
matrix oxidation by NO,, as carbonates. This limits its ability to
form nitrates.
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