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Abstract

The anodic oxidation of a granular activated carbon (GAC) in NaCl solution has been studied.
The influence of the electrocatalyst-anode material, applied current and time of treatment on
both the surface chemistry and porous texture properties of the GAC has been analyzed. For
comparison purposes, the same GAC has been treated with three of the classical chemical
oxidants: HNO;3;, H,O, and (NH4),S;0s at different concentrations and for different times.
Results show that the anodic treatment in NaCl causes a remarkable oxidation of the AC without
modifying significantly its textural properties. TPD profiles and the linear dependence of the
amount of CO- and CO;-evolution against the oxidation level denotes that surface oxygen groups
of similar nature and composition are formed anodically, regardless of the anode material. The
achieved oxidation degree depends on the different ability of each anode for the electrochemical
generation of highly oxidizing chlorine species, and it increases progressively with the applied

current and the time of treatment. In general, for similar treatment times, the anodic treatment in



NacCl can produce oxidation degrees much higher than the chemical treatment with (NH4),S,0s,

which has been found to be the most oxidative chemical studied in this work.
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1. Introduction

The practical use and applications of activated carbons (ACs) in many industrial fields and
technologies are based on their outstanding physicochemical properties, especially the surface
area, the porous texture and the surface chemistry. In particular, the relevance of surface oxygen
groups (SOGs) in the performance of carbon materials is known for more than 20 years [1-5].
The presence of SOGs on the graphene sheets or edges of carbon materials results in their
destabilization, altering their acid-base and -electron-donor/-acceptor properties [6,7] and
modifying their hydrophobic character [8], conductivity [9], capacitance [9,10], etc. Moreover,
upon tailoring surface complexes, affinity towards a wide variety of organic and inorganic
compounds can increase and, hence, their performance in the removal/adsorption of some
pollutants and in the recovery of metals can be enhanced [2]. In addition, SOGs act as anchoring
sites for other functional molecules, which act as ligands, catalysts, or reactants in many
important reactions [6]. They can also facilitate the incorporation of other materials, such as
metallic or oxide nanoparticles, polymers, etc. [11,12], introducing or remarkably improving

some properties.

Considering the huge influence of surface chemistry in the performance of carbon materials,
methods allowing the control of both the nature and concentration of surface functional groups
for specific applications would be of crucial importance. In general, the different AC properties
mainly depend on the precursor nature and the synthesis route, but they can also be modified by
a suitable post-treatment step. Although textural properties can be modified by thermal post-
treatments, they are usually set by an adequate choice of the activation procedure. On the

contrary, post-treatments are mainly used to modify the nature and concentration of SOGs.



Regarding the surface chemistry, post-treatments of as-received commercial AC or carbonaceous
materials after activation consist of oxidation and/or reduction treatments in gas or liquid phase.
The various AC modification techniques and their effects on AC properties have been the subject
of intensive research [10,13-23]. The most used techniques for surface chemistry modification
have been: (i) heating (500-1000°C) under inert atmosphere [13-15], to selectively remove some
of these functions, and (ii) the chemical post-treatment in liquid phase, using oxidants such as
HNOs3, H,O,, (NH4),S,05 [13-19], to increase the concentration of SOGs. Other methods using

oxidizing gases (O, O3, Cly, etc.) [19-22] or oxygen plasma [23] have been also introduced.

However, in spite of being widely studied and applied, conventional chemical and thermal post-
treatment methods are not suitable enough for controlling and modifying easily and selectively
the surface chemistry of carbon materials. This could be due not only to the more complex
experimental system and handling derived from using gases, harmful agents and/or high
temperatures, but also, to the fact that neither the oxidizing power of a given oxidative agent nor
the extent of oxidation reactions can be easily controlled and modulated. As a consequence, and
unlike the advanced state of the art on optimization and tailoring of the porous structure of
carbon materials [24], it is necessary to carry out much more exhaustive and detailed research on
methods and tools for a higher control of the concentration and nature of SOGs in carbon

materials.

The electrochemical method [25-32] has emerged as a promising technique for the modification
of the surface chemistry of carbon materials in aqueous and organic solvents, because it presents
several advantages when compared to conventional methods: mainly, (i) the treatment can be
immediately interrupted and (ii) can be run at room temperature and atmospheric pressure; (iii)

the reaction conditions can be very precisely reproduced; and (iv) oxidation and reduction



processes are more selective and easily controlled by means of the proper setting of the applied

current or electrode potential.

The electrochemical modification of a commercially-available granular AC has been recently
studied in our research group. The influence of different electrochemical variables, such as the
electrode polarity (anodic or cathodic), the applied current and the type of electrolyte was
analyzed in detail [30]. In particular, it was observed that the anodic treatment in NaCl results in
a high surface oxidation degree, which could be comparable to that of a traditional chemical
oxidation. Nevertheless, the efficiency and performance of the different modification methods
cannot be directly compared to each other if the modified carbon materials are different.
Comparisons are necessary not only to demonstrate the real feasibility of new alternative
methods but also to determine the suitability of a given AC modification method for the control

of surface chemistry for specific applications.

In the literature on surface chemistry modification, some contributions on the comparison of
different modification methods for the same AC carbon material can be found [12,14,17-20], but
little work on comparison including the electrochemical oxidation technique has been reported to
date [25-27]. Barton et al. [27] used activated carbons whereas the other authors [25,28] used
conductive carbon materials. Shao et al. [26] studied the electrochemical oxidation of carbon
black and carbon nanotubes in sulphuric acid in similar conditions than those encountered in low
temperature fuel cells in order to analyze the stability of the carbon materials as support of the
electrocatalysts. Instead, Barton et al. [27] estimated the anodic oxidation degree of a granular
AC in a 0.5 M K;SOq solution, at two constant currents and during different periods of time. It

was found that a controlled formation of low levels of oxidation can be reached by the anodic



process, but very long periods of time are necessary to achieve levels of surface oxidation

comparable to those produced by chemical oxidation.

In order to further study new approaches on tailoring the surface chemistry of carbon materials,
this work presents a comparative study between the treatments of the same granular AC material
by conventional chemical modifications in liquid phase and through anodic oxidation in NaCl,
this latter being the most oxidizing electrolyte among the various electrolytes tested by our group
[30]. The influence of the applied current, the anode nature and time, in the case of the
electrochemical method, and the effect of oxidant concentration or oxidation time, in the
chemical one, on both the surface chemistry and textural properties of the AC have been
analyzed. The comparison is based on the concentration of groups introduced after the

modification treatment, the kinetics of the processes and the control of oxidation degree.

2. Experimental

2.1. Electrochemical oxidation of activated carbon.

The electrochemical modification of a commercial granular activated carbon (GAC) has been
carried out anodically in a divided filter-press electrochemical cell. The detailed experimental
conditions for a typical electrochemical modification process have been previously described
[30]. Briefly, 2 g of the original washed GAC were galvanostatically treated at 0.2, 0.5, and 1.0
A for 3 h, in a flowing 2 wt% NaCl solution (200 cm3), with 4 different anodes: Ti/SnO,-Sb-Pt,
Ti/RuO,, Ti/Co304 and Ti/Pt, prepared by the conventional thermal decomposition method [34-
36]. A steel electrode was used as the cathode and the area of all electrodes was 20 cm?. For the
analysis of time influence, Ti/RuO, was selected as the anode and experiments were performed

for 1,3 and 5 h.



For the preparation of the electrolyte solution, distilled water and analytical grade sodium
chloride (Merck) were used. The commercial GAC studied in this work was provided by

Waterlink Suctliffe Carbons (207A, pHpzc =9, Mesh: 12 x 20) and it is referred to as W.

The anodically modified AC samples will be referred to in the text as a compound name
including the letter W, referring to the AC supplier (Waterlink); the simplified name of the
employed anode: SnO,, RuO,, Co3;04 or Pt; the letter a to denote an anodic treatment; a number
indicating the applied constant current (0.2; 0.5 or 1.0 A) and the abbreviation of CI, referring to
NaCl electrolyte solution. In the case of the study on time influence, the nomenclature also
includes the number of hours of the experiment (1h, 3h or 5h). For example, the label
WSn0,a0.2CI" (3h) refers to a GAC sample supplied by Waterlink, that was subjected to anodic
treatment at 0.2 A in 2 wt% NaCl electrolyte by using an SnO,-type anode for a total electrolysis

time of 3 hours.

2.2. Chemical oxidation of activated carbon.

Chemical treatments of GAC were carried out in ground glass stoppered flasks, under magnetic
stirring, with three oxidizing agents: HNO3, H,O, and (NH4),S,0s. The ratio of carbon mass (g)
to solution volume (mL) was always 1/10. In the case of nitric acid, carbon samples were put in
contact with differently concentrated solutions: 23, 35 and 65 % at room temperature for 2 h.
Oxidation with hydrogen peroxide was also performed with three different concentrations: 10, 20
and 33 %. In this case, however, solutions were boiled and the contact time was extended until
total evaporation. For the third chemical reagent, a (NH4),S,0g-saturated 1 M H,SO, solution
was employed (solubility in water at 20 °C is 620 g/L) for: 2, 5 and 24 h. The oxidative

chemicals and experimental conditions have been chosen in this way because they have been



found to be some of the most commonly used in the literature on chemical oxidation of carbon

materials [14-19].

The nomenclature employed for the chemically-modified samples involves the letter referring to
the commercial AC (W); the letters N, H or S indicating the used oxidizing agent (HNOs, H,0O,
and (NH4),S,0s, respectively); and finally, a number related to the concentration or the time of
treatment (23%, 35% or 65% for HNOs; 10%, 20% or 33% for H,O,; and 2h, 5h or 24h for

(NH,),S,05).

2.3. Characterization of the activated carbon.

After the electrochemical and chemical oxidation experiments, and prior to their
characterization, the AC samples were washed by soaking (24h) into successive portions of
distilled water until constant pH was reached. Next, AC samples were filtered and dried at 110

°C overnight.

2.3.1. Porous texture characterization

The porous texture of all samples was determined by physical adsorption of gases (N, at -196 °C
and CO, at 0 °C) using an automatic adsorption system (Autosorb-6, Quantrachrome
Corporation) after sample out-gassing at 250 C under vacuum for 4 h. Nitrogen adsorption at
-196 °C has been used for determining the total volume of micropores (Vpr(N2)) (pore size
smaller than 2 nm), applying the Dubinin—Radushkevich (DR) equation, and for determining the
specific surface area by the BET equation (Sggt). CO; adsorption at 0 °C has been used to assess
the narrowest micropores (Vpr(COy)) (pore size smaller than around 0.7 nm), also by application

of the Dubinin—Radushkevich theory [37-39].



2.3.2. Surface chemistry characterization

The characterization of SOGs present in AC has been done by Temperature Programmed
Desorption (TPD) experiments, using a DSC-TGA equipment (TA Instruments, SDT 2960
Simultaneous) coupled to a mass spectrometer (Thermostar, Balzers, MSC 200). In these
experiments, about 20 mg of the sample were heated up to 950 °C (heating rate 20 °C/min) under

a helium flow rate of 100 mL/min.

3. Results and Discussion

3.1. Influence of applied current and anode material in the anodic oxidation of AC in NaCl
Figure 1 shows the CO, and CO TPD profiles obtained for AC samples treated anodically in 2
wt% NaCl at different applied current for 3 h, with different anodes, and those obtained for the
untreated (original) AC sample. Table 1 summarizes the quantification of the CO and CO,
evolved in these TPD experiments, the CO/CO, ratios and the total oxygen content (O), which
has been calculated from the evolved CO and CO,. Table 1 also shows quantification data for
AC samples treated anodically for 1 and 5 h using a Ti/RuO, anode. The corresponding TPD

profiles are shown in Fig. 2.

The characterization of the surface chemistry of the original AC (W) shows a low concentration
of SOGs (Table 1), particularly of the most acidic ones, such as carboxylic and phenolic groups,
which decompose at lower temperatures (see TPD profiles in Figure 1). These chemical features
are in agreement with the basicity (pHpzc = 9) of this carbon material, in which the basic

character of graphitic basal planes may predominate.



As shown in Figures 1-2 and Table 1, the anodic treatment in NaCl with the different tested
anodes remarkably increases the amount of both the CO,- and the CO-evolving surface groups.
As a result, the total surface oxygen amount (O) increases and therefore, the original GAC is
oxidized to a considerable extent. Moreover, an increase in the applied current induces an
increase in the oxidation degree of the activated carbons in all the current range investigated,
regardless of the anode nature. As it has been previously proposed [30], the observed oxidation
of the AC may arise from a combination of two processes: 1) a direct anodic oxidation of the
carbon particles owing to the positive potential reached at the anode and i1) an indirect oxidation
process by electrogenerated chlorine species. It is well known that the electrochemical oxidation
of chloride ions yields a series of highly oxidizing chlorine species such as free chlorine,

hypochlorous acid and hypochlorite ions according to the following reactions [40,41]:

Anode surface: 2CI" - Cl, +2¢” (D)
Bulk solution: Cl, + H,O > HCIO +H' + CI (2)
HCIO — H" + CIO 3)

These reactions have been reported to dominate over the oxidation of water via intermediate
adsorbed hydroxyl radicals on Ti/Pt, [42], Ti/PbO; [43], Ti/IrO, [44], and Ti-based DSA anodes
made of mixed transition metal oxides [40,41] in NaCl solutions. In accordance with the
literature data we will assume that the second mechanism is the preferred one for the oxidation

of AC samples in this work.

The CO, and CO profiles of GAC samples anodically-treated with different anodes and at
different currents or electrolysis time (Figures 1-2) are similar in shape, suggesting that, although

different in concentration, the SOGs introduced onto the GAC after the electrochemical
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treatment in NaCl are of the same nature for all anode materials. Nevertheless, there are some
distinct features that should be noted regarding the evolution of the CO, peak associated with the
most stable lactone groups. A slight to negligible increase in this type of groups is observed upon
increasing current in electrolysis performed with Ti/RuO, and Ti/Pt anodes. On the contrary, the
lactone peak decreases when the electrochemical treatment is done at Ti/Co30O4 anodes. Finally,
the GAC sample treated at a SnO;-based anode shows a general increase in all the acidic groups,
especially carboxylic acid and lactone groups, and a lowering in the concentration of the latter at

the highest electrolysis current.

The origin of the observed differences in the amount of surface oxygen groups and the TPD
profiles are maybe due to the different electrode kinetics for the chloride electro-oxidation. Then,
a more detailed analysis of individual contribution from specific surface oxygen groups in
relation to the electrode used, could give a more accurate picture of the oxidation of the carbon
surface. This kind of analysis is currently under preparation where deconvolution of the TPD

profiles according to the procedure described by other authors will be used [45].

Figure 3 plots the increase in the amount of CO- and CO,-type surface oxygen groups with
respect to the pristine AC versus the increase in the total amount of oxygen loaded on the carbon
surface for both the electrochemical and chemical treatments. Figure 3a shows that the
increments in the amount of both CO- and CO,-evolving groups grow linearly with the total
oxygen incorporated on the carbon surface by anodic oxidation. Data points from electrolyses at
different electrodes and input currents or treatment times (Table 1) fit fairly well to the same
straight line. This linear dependence further supports our view that the characteristics of surface
oxygen functionalities created by anodic treatment are not governed by the anode material, but

they stem from the particular oxidation mechanism involving electrogenerated oxidizing species.
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In fact, TPD profiles for AC oxidized anodically in H,SO4 medium (cf. Fig.2b, Ref 30) appear
rather different than those in Figs 1-2 and the corresponding data points in Fig.3a do not follow
the same trend than those in NaCl medium. The linear variation exhibited in Fig 3a indicates that
the surface oxide concentration grows in a uniform fashion in NaCl electrolyte, i.e., groups
desorbing as CO and groups desorbing as CO, grow at constant rate as the oxidation level
increases, regardless of the anode material. This is probably a consequence of the fact that the
electrochemical oxidation in NaCl electrolyte is mainly due to an indirect oxidation process

through electrogenerated active chlorine species.

Unlike results reported by Barton and coworkers [27], the straight line in Fig 3a does not
intercept the origin. Consequently, the ACO/ACO, ratio should change with the increasing
oxidation level, instead of remaining constant. Parameters from linear fits in Fig 3a were used to
predict ACO/ACO; ratios in order to realize their variation with the increasing oxidation degree.
Simulated ACO/ACO; ratios are plotted as a function of the increment in oxygen content in Fig.
4. This figure shows that high ACO/ACO; ratios are formed at low oxidation levels and a fast

decay up to levelling off occurs as the amount of total oxygen increases.

The above results suggest that similar oxidation levels with similar composition of the surface
oxygen groups can be achieved with different types of anode by anodic treatment in NaCl,
provided that adequate selection of electrolysis current and time is made. The different
performances of the anode materials must be then analyzed in terms of Faradaic oxidation
efficiency. The average oxidation efficiency (g) for the electrochemical oxidation of AC can be
derived from the amount of oxygen (O) fixed for a given period of time according to the

following equation:

12
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where Or and O; stand for the final and initial concentrations of oxygen in the carbon material
after and before the electrochemical treatment, respectively; I is the applied current and t is the
duration of electrolysis. The average oxidation efficiency (g) can be alternatively expressed as
percentage of used current after multiplying eq. 4 by the mass of treated carbon (m.) and the

theoretical charge consumed per mole of atomic oxygen, 2F (F being the Faraday constant):
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Efficiency percentage (¢%) values are also collected in Table 1. The average oxidation efficiency
yields values from nearly 50 % for RuO, at low input charges to ca. 10 % for Co30O4 anodes..
Overall, efficiency data show that Ti/RuO, is the most efficient anode material for the generation
of SOGs. This behaviour is most likely to be due to the well-known higher electrochemical
oxidation efficiency of Ti/RuO,-based anodes for the electrogeneration of active chlorine species
in chloride-containing electrolytes. One should note that RuO,-based anodes are currently used in
electrolyzers in the chlorine-alkali industry [46]. Barton et al. [27] reported an intermediate
efficiency of 28 % with platinised Pt anodes in 0.5 M K,SOy at currents about ten times as low as
those used in this work. Therefore, it appears that the electrochemical oxidation of AC performed
under the conditions used in this work is comparatively more efficient than that carried out in ref.

27.

In the case of Ti/RuO, and Ti/Pt electrodes, the average oxidation efficiency decreases with the

applied current, whereas for Ti/SnO,-Sb-Pt and Ti/Co3;0,4 electrodes the efficiency does not
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follow a clear trend with the increasing current. In all electrodes, the lowest efficiencies are
nevertheless obtained at the highest current tested (1.0 A). These results can be explained
considering that the efficiency of side reactions, like oxygen evolution reaction (OER), increases

as the current increases.

Quantification of oxygen groups and values of the oxidation efficiency (Table 1) show that the
amount of oxygen fixed after 5 h at 0.2 A (4570 pumol/g) is similar to that achieved with the
same electrode after 3 h at 0.5 A (4610 umol/g), but at higher efficiency. From a practical point
of view, these results point out that in order to achieve a given oxidation degree, it is more
efficient to carry out anodic oxidation experiments at low currents and longer electrolysis times

than to employ higher currents for shorter periods of time.

From data in Table 1, it appears clear that the anodic treatment in NaCl produces a higher
increase in the CO-evolving groups than in the CO,-evolving groups, as evidenced by the
achievement of CO/CO, ratios well above that of the untreated AC sample. Furthermore, data in
Fig. 4 clearly point out that CO-evolving groups form predominantly at low oxidation levels, i.e
at low passed charges, whereas a higher proportion of CO,-evolving groups develop at higher

oxidation degrees (higher passed charges).

3.2 Comparison between chemical and electrochemical oxidation of AC.

For comparison purposes, conventional chemical oxidation treatments of the same AC material
were carried out. Figure 5 shows the CO, and CO TPD profiles obtained for the original GAC
(W) and those of the GAC samples chemically-treated with different oxidizing chemicals. Table
2 summarizes the quantification of the evolved CO, and CO groups, the oxygen content (O) and

the CO/CO; ratio.
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TPD profiles (Figure 5) indicate that, under the present experimental conditions, chemical
treatments with HNO3 and (NH4),S,0s lead to an increase in the amount of both types of SOGs
(CO and COgj-evolving groups), in the oxygen content (O) and, consequently, cause the
oxidation of the original GAC. On the contrary, the chemical treatment with H,O, slightly
increases the amount of CO-evolving groups and the CO;-evolving groups remain almost

unchanged.

According to other authors [12,14,15,19], the use of H,O, as an oxidizing agent of carbon
materials produces a low oxidation degree, which seems to be independent of the peroxide
concentration [14,15]. On the contrary, an increase in the oxidant concentration does bring about

an increase in the AC oxidation degree when HNOj3 is used in the chemical treatment [17].

When results of 2 h-treatments are considered, Figure 5 and Table 2 show that the chemical
treatment with (NH4),S,0g produces the highest increase in the amount of SOGs of all three
chemical treatments. Moreover, the oxidation degree produced by (NH4),S,0s increases with the

time of treatment, reaching high values after 24 h [18,19].

The plot of the amount of generated CO- and CO;-evolving groups versus the oxidation level
(Fig. 3b) indicates that the overall stoichiometry of the SOGs is rather different for all three
chemical treatments and also distinct from the composition of the surface oxides obtained by
electrochemical treatment, because CO- and CO,-desorbing groups develop at rather different
rates with the increasing oxidation degree. As to the evolution of the ACO/ACO; ratio, Fig 4 also
shows marked differences in the behaviour of the three chemical oxidation methods treated in

this work. The chemical oxidation by HNOs yields surface oxygen functionalities with an
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increasing predominance of groups that desorb as CO. Instead, a chemical treatment with H,O,
or (NH4),S,0g shows a decrease in the ACO/ACO; ratio as the oxidation degree rises. The high
initial ACO/ACO, values for H,O, at mild conditions can be explained by the fact that CO,-
evolving groups are almost unaffected by the treatment, i.e. CO-type groups are mainly formed,
in agreement with results reported by earlier authors [15]. If the peroxide concentration is raised,
i.e. the oxidation conditions become stronger; the oxidation degree rises slightly but the
ACO/ACOQO; ratio drops abruptly as a consequence of the formation of larger amounts of CO,-
evolving groups. Persulfate treatments show a tendency in the ACO/ACQO; ratio that parallels that

obtained for electrochemical oxidation, although with slightly lower values.

In the light of the observed changes in ACO/ACO; ratios, and considering the low content of
SOGs in the original AC (see section 3.1.), it could be proposed that the oxidation of the studied
carbon material by both anodic treatment and chemical oxidation with persulfate proceeds via
formation of CO-evolving groups being fixed on free surface sites, in agreement with the
increase in the ACO/ACQO; ratio observed after any oxidation treatment, whereas CO,-evolving
groups would be formed by oxidation of the existent or fresh CO-evolving groups, thus,
justifying the decrease and eventual stabilization of the ACO/ACO, ratio at longer times of

treatment or when the experimental conditions become stronger.

In general, from the comparison between results obtained with both electrochemical and
chemical oxidation methods (Tables 1 and 2), it can be stated that for similar times of treatment
(2-3 h) the anodic treatment in NaCl can produce oxidation degrees much higher than the
chemical treatment with (NH4),S,0Os, which has been found to be the most oxidative chemical

method studied in this work. Thus, after a 3 h-treatment, the most efficient anodes (RuO, and

16



SnO,-Sb-Pt) produce at 0.5 A an oxidation degree similar to that obtained with (NH4),S,0s after
5 h; and the oxidation degree achieved with RuO, at 1.0 A is even higher than that of
(NH4)2S,0s after 24 h. In addition, results in Figs. 3 and 4 suggest that the composition of the
surface oxides formed by chemical oxidation with persulfate is the most similar one to that

obtained after anodic oxidation.

According to the few reported studies on comparison between both methods [27], the
electrochemical method in 0.5 M K;SO4 needed ca. 125 or 180 h, at 50 o 30 mA, respectively to
achieve a similar oxidation degree than that produced with 6 M HNO;, 2 h at 25 °C,. The
markedly low performance of the electrochemical method in that work can be easily explained
considering the remarkably different experimental conditions employed by these authors, i.e., a
predominant direct electrochemical oxidation in an inert electrolyte at low applied currents,

which would give rise to much lower oxidation degrees.

3.3. Influence of time on the anodic oxidation of AC in NaCl and by (NH4),S,0s

The influence of time of treatment on the surface chemistry of anodically-treated GAC samples
was studied with the most oxidizing electrode, a Ti/RuO, anode, at 0.2 A (Table 1). As it can be
seen, the rise in time of treatment progressively increases the amount of CO, and CO-type SOGs.
The SOGs generation rate can be followed as the increase in the amount of SOGs (CO, CO; and
O) with time of treatment. Such an increase in the number of SOGs can be calculated by

subtraction of the amount of SOGs at a given time (G;) minus the initial amount of SOGs (Gy).

Figure 6 depicts a comparison of the time-dependent amount of SOGs generated by
electrochemical oxidation at RuO, anodes and by chemical treatment with (NH4),S,0g, since

these are the most oxidizing conditions for each method. The generation rate of any kind of
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SOG; is related to the slope of the (G—Gy); vs. time graph. For calculations, the amount of SOGs
was normalized by the specific surface area (Sggt) of the used original AC. Results show that the
generation rate of the different SOGs with (NHy4),S,0Og is faster at initial or shorter times (at least
within the first 2 h) and then, it decreases until the amount of surface groups levels off. On the
contrary, the increase in SOGs with time by the anodic treatment at 0.2 A, that is, the oxidation
rate, is approximately constant with time, at least during the first 5 h of treatment. The observed
tendencies in this preliminary kinetic study suggest that, unlike the chemical treatment, the
anodic oxidation process in NaCl is amenable to a much more precise control owing to the
observed linear dependence of the oxidation level and amount of SOGs with time. These results
are attributed to the fact that, in the electrochemical treatment, the oxidizing species are supplied
to the reaction medium at a constant rate determined by the applied current, most probably in the
proximity of AC particles, whereas during the chemical oxidation with persulfate, the oxidizing
species are in large excess from the beginning and remain nearly constant throughout the

treatment.

The advantages of successfully controlling the oxidation degree by the electrochemical method
were also underlined by Barton et al. [28]. However, these authors did not use an “active”
electrolyte like NaCl and came to the conclusion that the electrochemical treatment spends much

longer times than the chemical one to achieve similar oxidation degrees.

In spite of being a process initially (within the first 2-3 h) slower than the chemical treatment
with (NH4),S,0s, the anodic oxidation brings about higher ACO/ACO, ratios (see Fig 4).
According to the proposed oxidation mechanism, the higher values in ACO/ACO; ratios suggest
that the anodic oxidation produces comparatively a higher proportion of CO-evolving groups. On

the contrary, the lower ACO/ACO; ratios observed for the chemical oxidation (Fig. 4) reveal the
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generation of a higher relative proportion of CO;-evolving groups than in the case of anodic
treatment, what points to a favoured oxidation attack near surface sites with bound oxygen and,
therefore, a more aggressive and less controlled oxidation than that obtained during the

electrochemical oxidation.

3.4. Effect on textural properties of AC.

Tables 3 and 4 summarize the main textural properties, such as the specific surface area (Sggr),
the total volume of micropores (Vpr(N;)) and the narrowest micropores (Vpr(CO,)), for the
anodically- and chemically-treated AC samples under different experimental conditions and the

untreated (original) activated carbon sample (W).

As it can be observed, and in agreement with previous results [30], the textural characterization
shows that the anodic treatment in NaCl produce little modification of the porous texture of the
activated carbon in the tested conditions (Table 4). The slight decrease in the textural parameters
could be attributed to the increase in the SOGs concentration, which could hinder or block the
adsorption of the employed gases during characterization. As it has been previously found
[15,20], this slight change in textural properties is also observed after the chemical treatments
(Table 4), what seems to indicate that both oxidation processes mainly affect the surface

chemistry of the used GAC.

4. Conclusions

Results have shown that the anodic treatment in NaCl with all the tested anodes causes a
remarkable oxidation of the AC that progressively increases with the current and time of
treatment. The similar shape of the TPD profiles of the electrochemically oxidized AC samples

and the linear dependence of the amount of generated CO- and CO,-evolving groups with the
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increasing oxidation level suggests that the nature and composition of the anodically formed
SOGs is not dependant on the anode nature, but it seems to be characteristic of electrolyses in
NaCl medium. This result is consistent with an indirect homogeneous oxidation process,
involving highly oxidizing chlorine species electrogenerated in the chloride-containing
electrolyte. Moreover, a given oxidation level and composition of the oxygen groups can be
achieved with any of the anodes studied, but at a very different Faradaic efficiency. Generally
speaking, the faradic efficiency decreases as Ti/RuO,>T1/SnO,-Sb-Pt>Ti/Pt>Ti/Co3;04 in good

correlation with the ability of each of these electrodes to generate bulk chlorine species.

Provided a proper input current is selected, the anodic treatment in NaCl can produce, during
similar treatment times, much higher oxidation degrees in the AC than the conventional chemical
treatments with HNO;, H,O, or (NH4),S,0g, this latter reagent being the most oxidative
substance studied in this work. Neither the chemical nor the electrochemical treatments studied

bring about a significant modification of the original porous texture of the studied AC.

The observed change in the ACO/ACO; ratio with the increasing oxidation level that applies to
both the anodic treatment and the oxidation by persulfate supports an oxidation path in which
CO-evolving groups are fixed on free sites, and CO;-evolving groups arise from oxidation of
pre-existent or freshly formed CO-evolving groups. The lower values of the ACO/ACO; ratio for
the chemical treatment with persulfate indicate that the oxidation of surface-oxidized sites is
favoured in comparison to the anodic treatment, which seems to promote the oxidation of free
surface sites instead. Another difference that should be highlighted is that the SOG generation
rate in the anodically oxidized AC is constant in the timespan explored, whereas it is initially
faster for the AC treated with persulfate and slows down progressively with increasing time until

stabilization of the amount of surface groups.
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The results reported in this work give credit to the electrochemical treatment in NaCl electrolyte
as an efficient and easily controllable technology for the modification of the surface chemistry of

activated carbons.
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FIGURE CAPTIONS

Figure 1. CO and CO, evolution from TPD experiments for the original AC (W) and the
anodically-treated AC samples in 2 wt% NaCl for 3 h at different applied currents (A) using

different anodes: (a) Ti/SnO,-Sb-Pt, (b) Ti/RuO,, (¢), Ti/Co3;04 and (d) Ti/Pt.

Figure 2. CO and CO, evolution from TPD experiments for the original AC (W) and the
anodically-treated AC samples with a Ti/RuO; anode, at 0.2 A, in 2 wt % NaCl for different

times.

Figure 3. Variation of the increment in the content CO- and CO;-evolving groups versus the
increased oxidation degree for: (a) anodically-treated AC samples in: 2 wt% NaCl at Ti/RuO,
(®), Ti/SnO,-Sb-Pt (M), Ti/Co304 (@) and Ti/Pt (A) anodes; in 0.5 M H,SO4 at Ti/SnO2-Sb-Pt
(<) and Ti/Pt (A) anodes; (b) chemically-treated AC samples in H,O,, HNO;3 and (NH4),S,0s

solutions.

Figure 4. Simulated and experimental dependence of ACO/ACO; ratio on the oxidation level for

anodically- and chemically-treated AC samples.

Figure 5. CO and CO; evolution from TPD experiments for the original activated carbon (W)

and the chemically-treated AC samples with (a) HNOs, (b) H,O; and (c) (NHy4),S,0s in different

conditions.
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Figure 6. Time evolution of oxygen and different oxygen groups during chemical (Q-

(NH4)2S,0s) and electrochemical (EQ-RuQO;) treatments (2 wt% NaCl 1= 0.2 A).
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TABLE CAPTIONS

Table 1. CO and CO; evolved from TPD experiments, the total amount of oxygen (O) and the
CO/CO; ratio of the original AC (W) and the anodically-treated AC samples for 3 h in 2 wt%
NaCl at different applied currents and with different anodes. € = electrochemical oxidation

efficiency of AC.

Table 2. CO and CO; evolved from TPD experiments, the total amount of oxygen (O) and the

CO/CO; ratio of the original AC (W) and the chemically-treated AC samples with HNOs, H,O,

and (NH4),S,0gs in different conditions.

Table 3. Textural characterization of the original AC (W) and the anodically-treated AC

samples in 2 wt%NaCl under different experimental conditions.

Table 4. Textural characterization of the original AC (W) and the chemically-treated AC

samples with HNOs3, H,O; and (NH4),S,0gs in different conditions.
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Table 1

Co Co, o) g £ (%)

pmolg”  pmolg” pmolg”’ pmolg’ C! co/co;

W 418 393 1204 --- --- 1.06
WSnO, a0.2C1" (3h) 1320 643 2606 0.65 25.0 2.05
WSnO, a0.5CI" (3h) 2370 1340 5050 0.71 27.4 1.77
WSnO, al.0CI" (3h) 2800 1570 5940 0.44 16.8 1.78
WRuO, a0.2C1" (1h) 1280 443 2166 1.34 51.6 2.89
WRuO, a0.2CI" (3h) 1700 793 3286 0.96 37.2 2.14
WRuO, a0.2CI" (5h) 2350 1110 4570 0.93 36.0 2.12
WRuO, a0.5CI" (3h) 2270 1170 4610 0.63 24.0 1.94
WRuO, al.0CI" (3h) 3270 1760 6790 0.52 20.0 1.86
WCo;0,4 20.2CI" (3h) 979 376 1731 0.24 9.4 2.60
WCo;0,4 a0.5CI"(3h) 1630 800 3230 0.38 14.4 2.04
WCo;0,4 al.0CI"(3h) 2290 1160 4610 0.32 12.2 1.97
WTi/Pt a0.2Cl1 (3h) 1510 736 2982 0.82 31.8 2.05
WTi/Pt a0.5C1" (3h) 1750 851 3452 0.42 16.0 2.06
WTi/Pt al.0C1 (3h) 2620 1360 5340 0.38 14.8 1.93

Table 2

Sample
W 418 393 1204 1.06
W-N-23% 1070 728 2526 1.47
W-N-35% 1380 805 2990 1.71
W-N-65% 1710 855 3420 2.00
W-H-10% 652 395 1442 1.65
W-H-20% 729 402 1533 1.81
W-H-33% 829 424 1677 1.96
W-S-2h 1870 1130 4130 1.65
W-S-5h 2070 1320 4710 1.57
W-S-24h 2630 1820 6270 1.45
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Table 3

VDR(3C92)
cm’ g
\\% 875 0.37 0.29
WSnO, a0.2CI" 848 0.37 0.22
WSnO, a0.5CI 769 0.34 0.23
WSnO, al.0CI” 775 0.35 0.30
WRuO, a0.2CI 864 0.38 0.30
WRuO, a0.5CI 792 0.35 0.28
WRuO, al.0CI” 740 0.33 0.27
WRuO, a0.2CI" 1h 831 0.37 0.29
WRuO, a0.2CI" 5h 783 0.34 0.28
WCo0;0,4 a0.2C1" 815 0.34 0.30
WCo0;0,4 a0.5C1" 822 0.34 0.23
WCo050,4 al.0CI 735 0.32 0.27
WTi/Pt a0.2CI" 824 0.36 0.28
WTi/Pt a0.5CI” 772 0.34 0.29
WTi/Pt al.0CI™ 810 0.35 0.29

Table 4
VDR(3C(_)12)
cm’ g
W 875 0.37 0.29
W-N-23% 840 0.38 0.29
W-N-35% 865 0.37 0.28
W-N-65% 835 0.35 0.28
W-H-10% 851 0.36 0.30
W-H-20% 886 0.38 0.31
W-H-33% 879 0.38 0.28
W-S-2h 864 0.36 0.29
W-S-5h 884 0.38 0.29
W-S-24h 870 0.38 0.30
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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