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Abstract

Activated carbon xerogels (ACXs) were tested for the removal of azo dyes in aqueous
solutions, either by adsorption or by catalytic wet peroxide oxidation (CWPQO). Two azo dyes,
Orange II (OII) and Chromotrope 2R (C2R), were chosen as model pollutants. The ACXs
were produced by activation of an organic resorcinol-formaldehyde xerogel (RFX). Three
different activation procedures were carried out producing five distinct ACXs: steam at
1073 K (ACX-S), chemical impregnation with H3PO4 at 773 K (ACX-P) and alkali activation
with dry KOH at 973 K (ACX-K), using three different mass ratios of KOH/RFX, namely 1:1
(ACX-K1), 2:1 (ACX-K2) and 4:1 (ACX-K4).

The results obtained in the adsorption experiments carried out at pH = 3, T = 303 K,
adsorbent load of 0.1 g L™ and azo dye concentration of 100 mg L' show that the interaction
between the carbon materials and the anionic dyes is enhanced with the basicity of the carbon
surfaces. ACX-K materials, the carbon materials with higher basicity amongst those prepared,
exhibit high adsorption performances for the removal of both dyes, namely from over 215
mg g (for adsorption of C2R on ACX-K2 after 150 min) up to 499 mg g (for adsorption of
OIl on ACX-K4 at the same period of time). Furthermore, with ACX-K materials in CWPO
(i.e., using H,0,) increments in the removal of C2R as high as 33 %, 24 % and 20 %, in
comparison to the removals obtained by adsorption, where obtained when ACX-K1, ACX-K2
and ACX-K4 were respectively tested at 303 K. Increasing the operating temperature (T =
323 K), the removal increments achieved by CWPO, compared to the removals obtained by
adsorption at the same temperature, increase 67 %, 59 % and 49 %, when ACX-K1, ACX-K2

and ACX-K4 were respectively tested. Recycling studies with ACX-K1 puts in evidence the



high stability of this catalyst in CWPO, since it was observed, after a first reaction run, that
the catalytic activity of this material is not affected by its successive reuse.

Increasing the operating temperature (T = 323 K) and the adsorbent load (0.5 g L'l),
ACX-K4 is able to completely remove the C2R content by adsorption. In the case of ACX-K1

and ACX-K2, adsorption removals over 97 % of the C2R content are attainable.

Keywords: Activated carbon xerogel; Activation procedures; Basic character; Catalytic wet

peroxide oxidation (CWPO); Azo dyes.



1. Introduction

The presence of dyes in textile effluents impart to the receiving water streams strong
colourations and are readily associated to high environmental and social problems. The
development of treatment technologies, which can be efficient on the removal of colour from
wastewater, is thus an important challenge.

Activated carbons (ACs) are widely used as adsorbents in a variety of processes for water
purification. It is also known that hydrogen peroxide (H,0O3) can be decomposed to O, and
H,0, or towards OH’ radicals, over suitable solid catalysts. These radicals are able to oxidize
organic pollutants to carbon dioxide and water, as a consequence of their high oxidant
potential [1]. It has been previously shown that, in the presence of H,O,, ACs without any
metal added can act as catalysts for the Catalytic Wet Peroxide Oxidation (CWPO) process to
treat organic pollutants in aqueous solutions [2-5]. At the same time, the unique porous
structure and conducting networks revealed by carbon gels, viz carbon aerogels (CAs), carbon
cryogels (CCs) or carbon xerogels (CXs), have attracted significant interest in the search of
new applications for these porous carbon materials.

The preparation of carbon xerogels from organic resorcinol-formaldehyde xerogels was
first reported in 1989 by Pekala [6]; however, studies on this subject have been widely
performed only in recent years [7-9], exploring their use in many applications such as
adsorbents [10, 11], catalysts [12] and electrodes [13]. Recently, carbon xerogels have also
proved to be excellent alternatives to activated carbons in various processes [14-16]. These
materials are composed of microporous interconnected sphere-like nodules, formed during the

gel synthesis via a microphase separation mechanism induced by polymer growth [17]. The

4



size of these nodules is mainly regulated by the synthesis pH [18]. As a result, the size of the
voids between the nodules after drying and pyrolysis, and thus the meso- or macroporosity of
the final carbon material, is also regulated: it depends on both the composition of the
precursor solution (pH, mainly) and the drying procedure [18]. For specific applications, and
despite their higher cost compared with activated carbons, carbon xerogels are interesting
since the accurate tailoring of the pore texture allows to increase significantly the performance
of catalytic and electrocatalytic processes and enable their application to'dynamic adsorption.
For example, Girgis et al. [11] studied the methylene blue (MB) adsorption capacity of a
series of carbon xerogels synthesised from resorcinol-formaldehyde resins pyrolyzed at a
temperature ranging from 773 K to 973 K. The results showed a good MB adsorption capacity
(222 mg g™ for the carbon xerogel pyrolyzed at' 973 K; which displayed a specific surface
area of 735 m” g”'. However, in order to increase the adsorption capacity, the relatively low
inner surface area of carbon xerogels (=700 m? g') must be developed, for example, by
chemical or physical activation. Resorcinol-formaldehyde resins appear in this way as
promising raw materials for the production of ACXs with a highly-developed porosity and
surface area due to the following reasons: the considerably high fixed-carbon content, high
inherent porosity, controllable macropore and micropore structure and relatively low price of
the reagents [19].

In the present work, searching new applications, different ACX materials were synthesised
and tested for the removal of azo dyes in aqueous solutions, either by adsorption or by
CWPO. Two azo dyes were chosen as model pollutants — Orange II (OII) and Chromotrope
2R (C2R) — due to their anionic character and their extensive use in the textile industry, as
well as in some limited medical diagnosis applications. The ACX materials were produced by

activation of an organic xerogel synthesised by polycondensation of resorcinol with



formaldehyde, i.e. organic resorcinol-formaldehyde xerogels (RFX). Three different one-
stage activation procedures were carried out, producing five distinct ACXs: steam at 1073 K
(ACX-S), chemical impregnation with H;PO4 at 773 K (ACX-P) and alkali activation with
dry KOH at 973 K (ACX-K). For the later, three different mass ratios of KOH/RFX were

used, namely 1:1 (ACX-K1), 2:1 (ACX-K2) and 4:1 (ACX-K4).

2. Materials and methods

2.1. Chemicals

Chromotrope 2R (Ci6H9N2NayOsS,, Mr 468.39 [CAS number: 4197-07-3], Colour Index
Acid Red 29), with molecular structure shown in Figure 1a, was obtained from Fluka. Orange
II (C16H11N2NaO4S, Mr 350.32 [CAS number: 633-96-5], Colour Index Acid Orange 7), with
molecular structure shown in Figure lb, was obtained from Acros Organics. H,O, (30 %,
w/v) and sodium hydroxide (98 wt. %) were obtained from Panreac, while sulphuric acid (95—
97 wt. %) was obtained from Fluka. Ortho phosphoric acid (85 wt. %) was obtained from
Rasayan (Turkey). All chemicals were used as received without further purification. Distilled
water was used throughout the work.

FIGURE 1

2.2. Preparation of the organic resorcinol-for maldehyde xerogel (RFX)

RFX was synthesised by a sol-gel procedure. Calculated amounts of resorcinol (R) and
sodium carbonate catalyst (C) were dissolved in distilled water, with the molar ratio R/C set at
50. Formaldehyde was added in the molar ratio R/F = 0.5, forming the sol mixture. This
mixture was magnetically stirred and the temperature was raised to 353 K, being kept for 30

min in order to homogenise the solution and initiate the polymerization/polycondensation
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reactions. The sol was left at room temperature for 24 h to undergo gelling and ageing. The
produced aquagel was heated slowly to 333 K and held for 2 h, being finally heated to 383 K

for another 2 h to get the organic xerogel, or resin RFX.

2.3. Preparation of activated carbon xerogels (ACX)

Five types of ACXs were obtained by application of three single-step activation procedures
on the parent organic RFX (particle size of 0.1 mm), prepared as previously described
elsewhere [20]. The first scheme, steam-activation, was performed by slowly heating the
powdered organic gel to 623 K, in a stainless steel reactor, introduced in a tube furnace under
its own pressure and atmosphere. Steam (generated in a side setup) was admitted and the
temperature was slowly increased (10 K min™).to 1073 K, being kept for 1 h, and then cooled
to room temperature. This sample was denoted as ACX-S.

The second activation scheme involved chemical impregnation of the RFX with 85 wt. %
H3;PO4 (without dilution), followed by pyrolysis at 773 K for 90 min, under its own
atmosphere. The heating rate was 10 K min™'. The cooled mass was thoroughly washed and
the product denoted as ACX-P.

In the third scheme, the organic RFX was subjected to alkali activation with KOH
followed by pyrolysis at 973 K for 1 h. Powdered RFX samples were mixed with dry KOH, in
successively increasing mass ratios of KOH/RFX (ACX-K) corresponding to 1:1, 2:1 and 4:1.
The heating rate was also 10 K min'. The samples were thoroughly washed and denoted as
ACX-K1, ACX-K2 and ACX-K4, respectively. In all preparation schemes, the cooling rate
was controlled according to the decrease in atmosphere temperature inside the tube furnace.
The chemically-activated carbon xerogels were subjected to thorough washing with distilled

water to neutral filtrate, and finally dried overnight in an air oven at 383 K. All carbon
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materials were subjected to determination of slurry pH (pPHgurry), €elemental chemical analysis

and carbon yield (Table 1).

2.4. Chemical and textural characterization

The slurry pH for each ACX (pHgurry) was determined by contacting 0.1 g of sample with
100 mL of distilled water, shaken well for 5 min, left the suspension overnight in stoppered
bottles and measuring the pH of the supernatant liquid. Elemental analysis was carried out by
combustion at 1423 K, in a analytical apparatus (Elementar Vario EL), being the products
(H20 and CO,) determined by a thermal conductivity detector. The content of oxygen was
determined by difference as follows: 100 — % (C+H). FTIR spectra was recorded within the
wavenumber range 4000 to 400 cm ' in a spectrometer FTIR-2000 Perkin Elmer, USA.

The porous characteristics of the developed materials were determined by N, adsorption at
77 K, using an automatic volumetric apparatus (Gemini 2375, V3.03 Instrument
Micrometrics). The samples were primarily degassed overnight at 523 K under a vacuum of
10~ Torr to constant pressure for 2 h, before carrying the adsorption measurements. The
specific surface area (Sger, m® g') was calculated by applying the BET equation to the
adsorption data (p/po= 0.05 — 0.35) and the total pore volume (Vp) evaluated from the volume
of Ny (as liquid) held at p/py = 0.95. The average pore width (R,/nm) was calculated from
(2Vio/SseT) % 10*. N, adsorption isotherms were also analyzed by means of the a;-method
[21]. By plotting the standard data of as-values against adsorbed amount of N, (V,/em® g7),
three texture parameters could be obtained as follows: (1) the total surface area (S) from the
slope of the first linear section connecting the adsorption points to origin, (2) the non-
microporous surface area (S;) from the slope of the rectilinear section connecting the later

points (at as > 1.0) and (3) the micropore volume (V*,) from the intersection of the latter line
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extrapolated to meet the V,-axis (converted into cm® of liquid nitrogen). Two other parameters
are deduced: microporous surface area (Syic) = St~ S, and mesopore volume (Vipes) = Vp —

V¢, assuming negligible volume due to macropores.

2.5. Adsorption and reaction experimental procedures

Batch experiments were performed in a 500 mL well-stirred (200 rpm) glass reactor,
equipped with a condenser, a temperature measurement thermocouple, a pH measurement
electrode and a sample collection port. The reactor was loaded with 250 mL of 100 mg L™
azo dye solution and heated by immersion in a water bath monitored by a temperature
controller. Upon stabilization at the desired temperature, the solution pH was adjusted to 3 by
means of 1.0 mol L' H,SO,. All experiments were conducted during 150 min, being the
typical conditions: T = 303 K, pH = 3 ‘and adsorbent/catalyst load = 0.1 g L' A higher
temperature (T = 323 K) and a higher adsorbent load (0.5 g L") at the higher temperature
were parameters also explored in these experiments.

Selected experiments were performed in triplicate, in order to assess reproducibility and
error of the experimental results. It was found that the confidence interval was never superior

to 2 %, considering 99 % certainty.

2.5.1. Adsorption experiments
In the adsorption runs, the accurate adsorbent amount was added after pH adjustment, in

order to reach the desired adsorbent load in solution and define this instant as ty = 0 min.



2.5.2. CWPO experiments

In the CWPO runs, a calculated volume of H,O, (6 wt. %) was injected into the system
after catalyst addition, in order to reach the desired concentration of 34.6 mmol L’
(corresponding to approximately five and three times the stoichiometric amount needed to
completely mineralise C2R and OII, respectively), being that moment considered as ty = 0
min. Blank experiments, without any catalyst, were also carried out to assess possible non-

catalytic oxidation promoted by H,O».

2.5.3. Hydrogen peroxide decomposition experiments
H,0O, decomposition tests were performed considering the same conditions as in the
CWPO experiments, except in what concerns to the azo dye solution which was substituted in

this case by a correspondent amount of distilled water.

2.6. Analytical methods

Either in adsorption as in CWPO runs, the decolourization was followed by periodic
withdrawal of small aliquots (= 5 mL), further analysed for azo dye concentration by UV-vis
spectrophotometry (Jasco V530). The maximum absorbance of C2R was found in previous
works ‘at 509 nm wavelength [3, 4], while the maximum absorbance of OIl was found at
486 nm wavelength [22].

The H,O, concentration in decomposition tests was followed by permanganometry [23],
through the periodic withdrawal of small aliquots (= 5 mL) as in other experiments. In order
to separate the solid phase and avoid possible interferences, all samples were subjected to

centrifugation at 13 500 rpm during 1 min before analysis.
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2.7. Adsorption dynamics

Although a detailed kinetic analysis is not our purpose, the Ho and McKay’s pseudo
second order model [24] was used in order to evaluate adsorption dynamics, through fitting of
the model to the experimental data. The adsorption dynamics described by this model is given
in Eq.1, where Kkpso is the rate constant of adsorption (g mg'1 min’l), . is_the amount of dye
adsorbed at equilibrium (mg g) and g is the amount of dye on the surface of the adsorbent at
any time t (mg ). Integrating Eq. 1 for the boundary conditions, i.€., considering t = 0 to t =
tand g = 0 to ¢ = ¢, and rearranging, the linear form given in Eq. 2 is obtained. The

constants can be determined by plotting t/g; against t.

dg, _ 2

rF kpso (0, - G,) (Eq. 1)
t 1 1

- = s + —t

q, g. Q. (Eq. 2)

3. Results and discussion

3.1. General physical-chemical properties of the prepared ACXs

Table 1-shows the general characteristics of the prepared ACXs under different activation
processes. The characterization of the RFX resin is also included for comparison purposes.
The elemental analysis of RFX show a chemical composition of C = 58.4 %, H = 4.7 % and
O =36.9 %, which corresponds to H/C and O/C ratios of 0.97 and 0.47, respectively, proving
that small amounts of H and O are released through the H,O formation reaction. Regarding

the synthesis of the ACXs, it is observed that the carbon yield varies between 11.0 %
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(ACX-K1) and 30.5 % (ACX-P). In addition, after the activations, the composition of C
increases considerably, while H and O decrease. It is well established that pyrolysis,
particularly of carbonaceous materials, decomposes the functional groups containing
heteroatoms, which are released in the form of small compounds (alcohols, ethers, ketoses,
acids and water) and thus enrich the carbon content (cf. Table 1, C from 58.4 % to around
83.3 %). On the other hand, hydrogen and oxygen are accordingly reduced from 4.7 % down
to 2.1 % and from 36.9 % down to 13.4 %, respectively.

It is interesting to note that in the series of KOH activated xerogels (i.e., the ACX-K
materials), characterized by basic surfaces (mean pHgury ~ 9.6), there is a decrease in the
carbon content (from 75.2 % down to 69.3 %) in the order ACX-K1 > ACX-K2 > ACX-K4,
accompanied by a parallel rise of oxygen content (from 22.7 to 28.6 %). This result shows
that the increase of alkali content in the activation of RFX shields the carbonaceous material
against excessive gasification and fixes more oxygen to the exposed carbon surface, which is
also in accordance with the lower carbon yields obtained in the activation with KOH
compared to the other activation procedures.

In opposition to the basic nature of the surface of ACX-K materials (PHsurry from 9.4 up to
10.1, cf. Table 1), the parent RFX and ACX-P exhibit acidic surfaces, with slurry pH values
of 4.0 and 3.7, respectively, and the ACX-S has a neutral surface character (PHgury = 7.2).
Therefore, the activating agent affects the surface properties of the original resin. Thus, from
the starting organic carbon xerogel (RFX), it is possible to derive purely neutral carbon gels,
by simple carbonization or steam activation, acidic carbons, by activation with H3PO4, or
basic carbons by activation with KOH. The importance of this derived property will depend

on each particular application of these materials.
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It is clear now that phosphorus atoms activate the acidic oxygen surface groups, while the
K" ions help in the formation of basic oxygen groups during the activation process. FTIR
spectra showed that ACX-P has phosphorous-containing groups on its surface, e.g. P=0, P—
O-C, P=OOH, P-O-P and ionized P'—O" linkages in phosphate esters; similar results were
obtained from activation of lignocellulosics with H3;PO4 [25, 26]. It may be concluded that
H3;PO4 combines with organic species forming phosphate and polyphosphate bridges that
connect biopolymer fragments. On the other hand, at 973 K, KOH' can react with the
polymeric gel, forming carbonates which are stable up to 1173 K./Oxygen functional groups
on the resin surface can then react with K,COj3 and form intermediates like C—O—K. Then, the
resulted groups further react with carbon of the precursor to produce K,CO3 and K,O species.
Thus, these surface functional groups can serve as active sites where chemical transformations
occur via surface reactions [27] and the porous structure is developed. Moreover, the basic
character may be associated with the presence of delocalized n electrons on the surface of the
carbon gels due to their aromatic character and pyrone type structures [15]. As a conclusion,
this work evidences that the chemical treatment can specify the type of oxygen functional
groups on the carbon surface.

TABLE 1

3.2. Porosity development in ACXs
Table 2 shows the evaluated porosity characteristics of the synthesised materials. The
parent organic xerogel (REX) possesses a low total surface area (S" =174 m* g'), but

> g') within meso-macroporosity

considerable total pore volume (Vp = 0.325 cm
(microporosity amounts only to 8 % of total porosity). Steam activation of RFX at 1073 K

leads to a considerable generation of porosity in the organic resin (about 4-fold increase in §”

and about 1.5-fold in Vp), mostly within microporosity (63 % of total porosity). The porosity
13



attained by ACX-S approaches to those currently reported for some activated carbons, with
respect to S” and Vp. Impregnation with H;POy, followed by pyrolysis at 773 K, causes a
tremendous evolution in porosity, with a high yield of carbon (30.5 %, cf. Table 1). A high
surface area carbon is thus obtained, with S* of 1336 m* g and Vp of 0.720 cm’ g, mostly
derived from micropores (89 %, cf. Table 2).

Alkali activation of the parent RFX with KOH at 973 K produces carbons with high
surface area and advanced porosity. Successively regular promotion in the total surface area
(S%) and pore volume (Vp) is observed as the mass ratio of KOH/REX increases from 1 to 4.
The total surface area is raised from 991 m* g to 1438 m* g’ and pore volume from
0.606 cm® g' to 0.881 cm’ g, respectively. Essentially:microporous carbons are developed
with contents in S'y/S% and V*,/Vp ranging between 74 % to 88 % and 52 % to 77 %,
respectively. However, a ratio of KOH/RFX = 2 seems to be the most effective to bring about
particular generation of mesoporosity, namely to 26 % in S* and 48 % in Vp. In general, the
developed ACXs display porosity comparable to the typically high developed activated
carbons derived from other source materials (coal, coconut shells and lignocellulosics). In
particular, the action.of KOH permeated through the primary particles promotes O-attachment
with enhanced self-activation, generating thus intensive micropores with high S* and Vp. In
spite of the assumption that this process of self-activation is achieved at the consumption of
O-functionalities, the KOH activation fixes and retains more oxygen than the other
procedures (simple carbonization, steam or H3POy-activation), as observed in Table 1.

Upon activation of RFX, the average pore width decreases (from 3.4 to 1.1 nm in the case
of ACX-P), with generation of new micropores at the expense of mesopores. This may be

attributed to the shrinkage effect during activation process.
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As conclusion, highly porous carbon materials can be synthesised by evaporative drying in
static flow of air followed by activation of resorcinol-formaldehyde xerogel under different
conditions.

TABLE 2

3.3. Adsorption experiments

Adsorption experiments were carried out to evaluate the ability of the synthesised activated
carbon xerogels to adsorb the selected model azo dyes. The results for the adsorption removal
of C2R and OIl, at the typical conditions referred in the experimental section, are given in
Figure 2a and b, respectively.

The main observation evidenced from the results of both Figure 2a and b is that the
activated carbon xerogels prepared by alkali activation with dry KOH at 973 K (ACX-K1,
ACX-K2 and ACX-K4) are able to adsorb both azo dyes with a superior performance than the
other materials. This superior adsorption capacity has already been mentioned in previous
works on KOH activation of carbons [28]. Considering the cases of RFX, ACX-S and
specially ACX-P, which presents the highest surface area and the greatest percentage of
micropores among all tested materials, the removal of C2R and OII by adsorption is
negligible, in spite of the slight removal in the case of OIl with ACX-P. Taking into
consideration that the ACX-P and the ACX-K materials are all characterized by high surface
areas (cf. Table 2), it is possible to establish the surface chemistry as the key factor on the
determination of the adsorption extent revealed by the tested xerogels, as observed for
activated carbons in previous works [3, 4]. It is well known that a carbon surface may have
both negatively and positively charged sites, depending on the solution pH. At some pH — the
point of zero charge (PZC) — the overall surface charge will be zero, but for pH values below

the PZC, the surface will be covered by protonated groups, thus attracting anions [29, 30].
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Considering the chemical properties of the synthesised activated carbon xerogels (cf. Table 1),
it is possible to realize that the ACX-K materials presents strong basic character, which
translates into higher PZC values compared with the other tested materials. The experiments
were performed at pH = 3, i.e. in acidic media, favouring thereby, as previously stated, the
interaction between the carbon materials surface and the anionic dyes. Therefore; it seems
possible to establish a relation between the superior adsorption performances achieved by the
ACX-K materials and their surface chemical properties, i.e., with their strong basic character.

Comparing the adsorption removals of C2R and OII, it is observed that, with the exception
of RFX and ACX-S, which reveal a negligible adsorption removal for both dyes, all the other
synthesised activated carbon xerogels are able to remove in general larger amounts of OII
than C2R. These differences may be related with the OII molecules, which are characterized
by a lower molecular weight and a less ramified chemical structure, allowing a better
accessibility to the micropores of the adsorbents. In addition, analysing more in detail the
results obtained with the ACX-K materials, it is observed that the adsorption removal extent
achieved with ACX-K1 is-almost independent of the adsorbate considered, since the removal
extent of OII slightly increases 0.1 %, compared to the removal of C2R. However, for ACX-
K2 and ACX-K4, which present higher surface areas (cf. Table 2), the increment is more
visible.

FIGURE 2

The adsorption removals of both azo dyes obtained with the synthesised carbon xerogels
after 150 min at 303 K and pH = 3 are given in Table 3, in terms of adsorbent mass and
surface area, and in dye removal percentage. These results confirm the high adsorption
performance achieved by the ACX-K materials for both dyes (from over 215 mg g,

concerning the adsorption removal of C2R on ACX-K2, up to 499 mg g”', in the case of the
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adsorption removal of OIl on ACX-K4). In addition, the values for the adsorption removal of
C2R and OII per surface area of adsorbent (Table 3) are extensively different for each one,
even for materials with similar textural properties, confirming that the performances of the
adsorbents are mainly determined by its surface chemical interactions with the dyes, rather
than with its textural properties. As an example, the total surface area (S%) of ACX-P is
1336 m* g (cf. Table 2), a value between 1052 m* g”' and 1438 m” g”', the total surface areas
of ACX-K2 and ACX-K4, respectively. However, the adsorption removals of C2R and OII
are considerably higher when using any of these last two materials (cf. Table 3) than the
adsorption removal obtained with the ACX-P. This is in accordance to the differences

observed between the values of the removals in terms of specific area.

3.3.1. Effect of temperature

Since the synthesised activated carbon xerogels have revealed interesting adsorption
characteristics, further studies were carried out to explore their properties and the effect of
temperature on their performance. In that sense, experiments with C2R were performed at the
previously referred conditions, except the temperature, which was increased from 303 K up to
323 K. The removals of C2R by adsorption obtained by the synthesised activated carbon
xerogels at both temperatures are given in Table 3.

In general, temperature increment reveals a negative effect, as it leads to a slight decrease
on adsorption removal (cf. Table 3). This behaviour was expected, considering that adsorption
processes usually are exothermic [31]. ACX-S and ACX-K2 were exceptions, given that the
adsorption of C2R slightly increases as the temperature goes from 303 K up to 323 K. This

may suggest an endothermic nature of the adsorption in these cases, an unusual behaviour that
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several authors have reported concerning the adsorption of different dyes on different types of
adsorbents [32-34].

TABLE 3

3.3.2. Effect of adsorbent mass

To assess the ability of the synthesised activated carbon xerogels to promote the complete
dye removal by adsorption, some experiments with increased adsorbent mass were also
performed. The C2R was selected due to its lower removal at the conditions initially tested
(cf. Figure 2). The mass of the tested materials was increased to 0.5 g L', considering
T=323K and pH = 3. The removals of C2R by adsorption after 150 min with different
adsorbent mass are given in Table 3.

From Table 3 it is observed that ACX-K4 is able to completely remove the C2R content by
adsorption, considering an adsorbent mass of 0.5 g L™, and that, in the case of ACX-K1 and
ACX-K2, adsorption removals of over 97 % of the C2R content are obtained. It is also
possible to realise that, at these conditions, all the tested materials are able to adsorb the dye,
even in the case of REX and ACX-S, where the adsorption observed is still very low.

Analysing the results gathered in Table 3, it is possible to observe that for most of the
ACXs,and at the same temperature (323 K), the dye removal decreases with the increase of
the mass of adsorbent in terms of their specific surface area (ug m™). Previous results in the
literature with granular activated carbon and natural zeolite concluded that the solid
diffusivity varies with the variation of the adsorbent mass, specifically, it decreases with
increasing adsorbent mass [35]. For the same initial dye concentration and for increasing
adsorbent mass, it is expected an increase in the slope of the adsorption isotherm at the final

equilibrium concentration and a decrease on the surface coverage [36], as well as in the solid
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diffusion coefficient [35]. This is in agreement with our results. On the other hand, for RFX
and ACX-P, the surface coverage increases as their mass increases, suggesting the existence
of other mechanisms involved in the adsorption process. The fully understanding of these

mechanisms is not an objective of the present work, so further studies were not performed:

3.3.3. Adsorption dynamics

A simple evaluation of the adsorption dynamics was performed for the synthesised
activated carbon xerogels that have revealed higher adsorption activity, i.e, the ACX-K
materials. The constants of the Ho and McKay’s pseudo second order kinetics [24], obtained
for the adsorption of C2R considering different temperatures and a catalyst load of 0.1 g L™,
are given in Table 4. From the high correlation coefficients (r”) obtained and also shown in
Table 5, it is possible to conclude that the kinetic model used is able to accurately adjust the
experimental data. The curves shown in Figure 2, as well as dynamic data in linear
coordinates (/q; against t) shown in Figure 3, prove the validity of the pseudo second order
model used to fit experimental data.

TABLE 4

Comparing the calculated ge (number of active sites) values produced by the model (Table
4) with the measured adsorption removal amounts (Table 3) for the same materials at the
same conditions (initial concentration of 0.1 g L") there is a visible correlation. The chosen
model is therefore well suited for this system and confirms the fact that ge should reflect the
changes on the nature of the adsorbent. The ACX-K4 is obviously a better adsorbent with
almost the double of the capacity of the parent xerogels activated with lower KOH masses.

On the other hand, given the predictive value of the model, is worth noticing that only 60

min are needed to attain 95 % of the total adsorption removal (Figure 2).
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FIGURE 3

3.4. CWPO experiments

The synthesised activated carbon xerogels were also tested in the CWPO of C2R and OII,
at the typical conditions referred in the experimental section. The results are given in Figure
4a and b, respectively.

First, it is important to notice from Figure 4a and b that the introduction of H,O, leads to
partial removal of C2R and OII in all the performed experiments and that the performance of
the ACX-K materials is largely superior to the performance of the other materials in terms of
the removal of both dyes by CWPO, as also previously observed in the adsorption
experiments. Comparing the concentration decay curves obtained for the CWPO removal of
both dyes, it is observed that all the tested materials present higher performance in the case of
C2R. This is in the opposite trend to what was observed in the adsorption experiments, where
higher removals were obtained with OIL. This observation suggests that C2R is more prone to
oxidation than OII. However, as referred in section 2.5.2, the same concentration of H,O, was
used in all CWPO experiments, resulting in different molar ratios between the oxidizing agent
and the dyes. Therefore, it is not possible to draw a definitive conclusion on this matter, but a
possible explanation may be related with the less ramified structure of OII molecules, which
may hinder the attack on their chemical bonds.

It is also observed from Figure 4a and b that the CWPO removal of C2R promoted by
ACX-K1 is higher than the promoted by ACX-K2, however the opposite situation is found
when the azo dye OII is used. This is mainly a result of the different contributions of

adsorption presented by these materials, as previously mentioned and discussed.

FIGURE 4
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For comparison purposes, the adsorption and CWPO removals of both azo dyes after
150 min, considering T = 303 K, are given in Figure 5a and b. The superior performance of
the ACX-Ks compared to the other tested materials is well evidenced, in particular for the
removal of C2R. The removals of both azo dyes in the CWPO experiments are considered
marginal when using the RFX, ACX-S and ACX-P materials. When using the ACX-K1,
ACX-K2 and ACX-K4, the C2R removals by CWPO increases 33 %, 24 % and 20 %,
respectively, compared with the removals observed in the adsorption experiments. In the case
of OII and considering the same order, the increases observed are(7 %, 4 % and 4 %. Blank
experiments performed at the same operating conditions have revealed that the non-catalytic
oxidation of OII and C2R promoted by H,O; (34.6 mmol L'l) is around 1 % for OII and 10 %
for C2R, indicating that the synthesised activated carbon xerogels, specially the ACX-Ks, are
catalytic active materials for the CWPO of azo dyes. Further, the differences observed in the
CWPO experiments between the different ACX-K materials attest their own influence on the
azo dyes oxidation, which may be mainly due to the formation of OH" radicals from H,0,
decomposition over their surface. Other authors concluded that the surface composition of
activated carbons plays an important role on H,O, decomposition, being activated carbons of
basic character more active for the formation of OH radicals than acid ones [5, 37, 38], which
is in agreement with our findings.

The order obtained for the catalytically active ACX-Ks was ACX-K1 > ACX-K2 >
ACX-K4, but the opposite order was found regarding to the oxygen content (cf. Table 1).
Thus, this suggests that the presence of surface oxygen groups reduces the catalytic activity of
carbons with similar structure, which is in accordance with other authors findings on activated
carbons [39].

FIGURE 5
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3.4.1. Effect of temperature

As in the adsorption experiments, the effect of temperature on C2R removal by CWPO
was also evaluated, considering the ACX-K materials. The operating temperature was
increased from 303 K to 323 K, maintaining the remaining parameters constant. The removals
of C2R are given in Table 5.

It is observed from Table 5 that the removal of C2R by CWPO increases for all the
ACX-K materials, as a consequence of increasing the temperature from 303 K to 323 K. This
is a direct consequence of higher reaction rate between H,O, and the catalysts, which is in
accordance with H,O, decomposition tests performed at both temperatures. Comparing the
results obtained in the CWPO experiments at 323 K with the results obtained in the
adsorption experiments at the same temperature, it is found that the CWPO removals achieved
with the ACX-K materials increases when. increasing the temperature from 303 K to 323 K.
When using the ACX-K1, ACX-K2 and ACX-K4, the C2R removals by CWPO increases 67
%, 59 % and 49 %, respectively, compared with the removals observed in the adsorption
experiments.

Table 5 presents the overall results obtained for the azo dyes removal by CWPO, at
different conditions. By comparison with the results from adsorption at T = 303 K (cf. Table
3), it is possible to verify that the CWPO process enhances the removal of C2R from over 215
mg g'l, concerning to the adsorption removal of C2R on ACX-K2, up to 448 mg g and from
499 mg g, in the case of the adsorption removal of OIl on ACX-K4, up to 524 mg g
Likewise, considering T = 323 K (cf. Table 3 and Table 5), it is observed that the
enhancement by CWPO is even greater. The C2R removals by adsorption were near
214mgg’, 242 mg g and 411 mg g, for ACX-K1, ACX-K2 and ACX-K4, respectively,

while by CWPO, values near 855 mg g, 815 mg g™’ and 875 mg g™ were achieved.
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TABLES

3.4.2. Reusability cycles
Experiments using the xerogel with highest catalytic activity (ACX-K1) were performed in a
series of three consecutive CWPO runs at the optimal operating temperature (323 K). After
each run, the catalyst was filtered, washed and dried at 333 K overnight, and then reused with
a fresh C2R solution. The aim was to assess the catalyst stability in . CWPO, a basic
requirement for its application at industrial scale.

C2R concentration decay curves obtained in this series of experiments are given in Figure
6. As expected, the removal of C2R is faster in the first run when compared to the second, due
to the contribution of adsorption in the first use of the catalyst. In addition, the difference
observed is consistent with the results obtained for the removal of C2R by adsorption on
ACX-KI1, as listed in Table 3. This phenomenon, plus the fact that, once saturated, the ACX-
K1 is able to remove 71% of C2R by CWPO after 150 min of reaction, puts in evidence its
catalytic activity for this process. Comparing the concentration decay curves obtained for the
second and third runs, it is observed that they are practically identical, indicating catalyst
stability. In addition, ACX-K1 is found as promising as other metal-free catalysts [3, 4, 22,
40] and Fe-based catalysts reported in literature for the removal of C2R and OII by CWPO in
comparable conditions. For possible industrial applications, the prepared material should be
subjected to further studies, including experiments with real case effluents to explore the
CWPO process ability to meet EU and US directives.

FIGURE 6
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4. Conclusions

Highly porous carbon materials (activated carbon xerogels), with distinct surface
chemistries, can be synthesised by polymerization/polycondensation reactions followed by
activation of the resultant resorcinol-formaldehyde xerogel under different conditions.

Adsorption of anionic azo dyes (Chromotrope 2R — C2R, and Orange II — OII) revealed
that the materials produced by activation with KOH (ACX-K) have superior adsorption
performances compared to the other synthesised materials, explained by the strong basic
character of ACX-K materials, which enhances the interaction between the basic carbon
materials surface and the anionic dyes. After 150 min<of adsorption and considering
T=303 K, pH = 3 and adsorbent mass = 0.1 g L™, the ACX-K materials exhibit adsorption
performances from over 215 mg g, concerning to the adsorption removal of C2R on
ACX-K2, up to 499 mg g, in the case of the adsorption removal of OIl on ACX-K4.

In an attempt to maximize the removal of C2R by pure adsorption, it was found that the
ACX-K4 is able to completely remove the azo dye content after 150 min of adsorption,
considering an adsorbent load of 0.5 g L™, T= 1323 K and pH =3. In the case of ACX-K1 and
ACX-K2, under the same conditions, adsorption removals over than 97 % of the C2R content
are obtained.

CWPQ: experiments show that the ACX-K materials possess catalytic activity for the
oxidation of azo dyes, enhancing the removals of C2R and OII, compared to the removals
observed by adsorption. When using ACX-K1, ACX-K2 and ACX-K4, the C2R removals by
CWPO at 323 K increases 67 %, 59 % and 49 %, respectively, compared with the removals
observed in the adsorption experiments performed at the same conditions. The order of
catalytic activity found for the ACX-K catalysts is in the opposite order of their oxygen

content, what allows concluding that the catalytic activity of the ACX-K materials increases
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with the decrease of surface oxygen groups. Recycling studies with ACX-K1 show that this
catalyst is also very stable in CWPO, indicating that alkali activation of carbon xerogels with

dry KOH is a promising route to produce active and stable catalysts for CWPO.
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TABLES

Table 1. Carbon yield, slurry pH (PHgurry) and elemental chemical analysis of the synthesised

activated carbon xerogels and their RFX parent.

Material Carbonyield pHyury %C %H %O C, H, O, HC O/C

RFX - 40 584 47 369 49 47 23 097 047
ACX-S 21.0 72 771 32 197 64 32 .12 050 0.19
ACX-P 30.5 37 833 33 134 69 33 08 048 0.12
ACX-K1 11.0 10.1 752 23 227 63 23 14 037 023
ACX-K2 12.5 94 712 24 26659 24 1.7 041 028
ACX-K4 20.6 94 693 21 286 58 21 1.8 037 031

*Refers to atomic content of either component.

Table 2. Textural properties of the synthesised activated carbon xerogels and their RFX

parent.

Material Sser/ S S/ S'mic/ R/ Vi/ Vp/ V% Shid/
m'gh @@m'g) (m'gH (m'g) mm (m'g) (m'g) Vo S'

RFX 194 174 160 14 34 0.025 0.325 0.08  0.08
ACX-S 669 653 146 507 1.4 0.291 0464  0.63  0.78
ACX-P 1318 1336 48 1288 1.1 0.643 0.720  0.89  0.96
ACX-KlI 916 991 121 870 1.3 0.433 0.606  0.71  0.88
ACX-K2 1051 1052 273 779 1.5 0.396 0.761 052 0.74
ACX-K4 1438 1438 190 1248 1.2 0.680 0.881 0.77  0.87
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Table 3. Adsorption removal of C2R and OII obtained with the synthesised activated carbon
xerogels and their RFX parent after 150 min at pH = 3 and different temperatures and

adsorbent mass.

. Material
Chuateriar  Temperature Pollutant Removal
RFX ACX-S ACX-P ACX-KI ACX-K2. ACX-K4
% 0 0 1 26 22 43

C2R mgg' 06 0.1 89 2640 2154 4246
ugm?> 32 02 67 2882 2050 2952

303 K
% 0 0 6 27 31 49
01gL"’ oIl mgg' 05 00 589 . 2694 3157  499.1
pgm? 2.6 0.0 447 2941 3004  347.1
% 0 1 0 22 24 41
323K C2R mgg' 00 8.1 0.0 2135 2420 4108
ugm? 0.0 120 00 2330 2302 2857
% 1 2 10 98 97 100
05gL' 323K C2R mgg' 29 44 202 1966  193.8 2002

ugm?. 149 6.6 15.3 214.6 184.4 139.2

* . . . . .
Maximum error is 2 %, considering 99 % certainty.
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Table 4. Constants of Ho and McKay’s pseudo second order kinetics, obtained for the
adsorption of C2R with the synthesised ACX-K materials, considering T =303 K and T = 323
K, for a catalyst load of 0.1 g L™ and pH = 3. kpgo is the rate constant of adsorption, g is the
amount of dye adsorbed at equilibrium (i.e., the number of active sites) and t° is the

correlation coefficient of the linear fitting.

Material
Temperature Parameter
ACX-K1 ACX-K2 ACX-K4

q/mgg’ 278 222 455

303K kpgox10/ gmg' min" 36 127 25
r’ 0.998  0.9998  0.9995

q/mgg’ 227 244 417

323K kpsox10/ gmg’ min' | 48 142 48
r’ 0.999  0.9997  0.9999

Table 5. CWPO removal of the C2R and OII obtained by the synthesised ACX-K materials

0.1g L'l) after 150 min at<different temperatures, H,O, concentration of 34.6 mmol L' and

pH = 3.
. Material
Temperature Pollutant Removal
ACX-K1 ACX-K2 ACX-K4
% 60 46 62

C2R mgg' 5803 4475 6122
pgm?  633.6 4258 4257

303K
% 34 35 53
o)1 mgg' 3364 3452 5240
pgm? 3672 3284 3644
% 88 83 90
323K C2R mg g’ 8550  814.8 8749

pgm? 9334 7753 6084

Maximum error is 2 %, considering 99 % certainty.
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FIGURE CAPTIONS

Figure 1. Molecular structure of Chromotrope 2R (a) and Orange II (b).

Figure 2. Concentration decay curves obtained for the adsorption removal of C2R (a)and OII
(b) using the synthesised activated carbon xerogels and their REX ‘parent (0.1 g L),

considering T =303 K and pH = 3.

Figure 3. Kinetic data in linear coordinates, according to Ho and McKay’s pseudo second
order model as given in eq. 2. Points represent experimental data, while lines represent the

kinetic model.

Figure 4. Concentration decay curves obtained for the CWPO removal of C2R (a) and OII (b)
using the synthesised activated carbon xerogels and their RFX parent (0.1 g L") and H,O,

(34.6 mmol L™"). Experiments considering T =303 K and pH = 3.

Figure 5. C2R (a) and OII (b) removal obtained in the adsorption and CWPO experiments,
after 150 min, considering T = 303 K, pH = 3 and H,O, concentration of 34.6 mmol L (in

the CWPO experiments).

Figure 6. Concentration decay curves obtained for the CWPO removal of C2R, in a series of
three runs, by consecutive reuse of the synthesised activated carbon xerogel ACX-K1 (0.1

g L") and H,0, (34.6 mmol L™"). Experiments considering T =323 K and pH = 3.
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FIGURE 4
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FIGURE 5
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FIGURE 6
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* Activated carbon xerogels are produced by activation of an organic xerogel.
» Different activation procedures: steam, activation with H;PO,4 and with dry KOH.
* Materials with higher basicity exhibit higher adsorption performances.

» Materials with higher basicity possess significant catalytic activity for oxidation.

» Complete removal of the pollutants is obtained with optimized operating conditions.
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