Adsorption (2012) 18:199-211
DOI 10.1007/s10450-012-9394-2

Effect of CO; activation of carbon xerogels on the adsorption

of methylene blue

Carlos A. Paez - Maria S. Contreras - Angélique Léonard - Silvia Blacher -
Claudio G. Olivera-Fuentes - Jean-Paul Pirard - Nathalie Job

Received: 16 September 2011 / Accepted: 8 June 2012 / Published online: 28 June 2012

© Springer Science+Business Media, LLC 2012

Abstract The effect of physical activation with CO; of
carbon xerogels, synthesized by pyrolysis of a resorcinol-
formaldehyde aqueous gel, on the adsorption capacities of
Methylene Blue (MB) was studied. The activation with CO,
lead to carbon materials with micropore volumes ranging
from 0.28 to 0.98 cm? gc I MB-adsorption isotherm stud-
ies showed that the increase of micropore volume and cor-
responding surface area led to: (i) a significant improve-
ment in the capacity of MB-adsorption at monolayer cov-
erage, from 212 to 714 mg gEl, and (ii) an increase of
the binding energy related to Langmuir isotherm constant
up to 45 times greater than those of commercial microp-
orous activated carbons used as reference (NORIT R2030,
CALGON BPL and CALGON NC35). It is proposed that
the increase of the binding energy results from chemical
cleaning of the O-groups onto carbon surface as a conse-
quence of COj-activation, increasing the m—m interaction
between MB and graphene layers of the carbon xerogels.
Finally, a series of batch kinetics were performed to inves-
tigate the effect of CO;-activation conditions on the mech-
anism of MB-adsorption. Experimental data were fitted us-
ing pseudo-first-order, pseudo-second-order and intraparti-
cle diffusion kinetic models. From pseudo-second-order ki-
netic model, one observes an increase in the initial rate of
MB-adsorption from 0.019 to 0.0565 min~!, by increasing
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the specific surface area from 630 to 2180 m? gc ! via CO,-
activation. Depending on the activation degree of the car-
bons, two different mechanisms control the MB-adsorption
rate: (i) at low activation degree, the intraparticle diffusion is
the rate-limiting phenomenon, whereas (ii) at high activation
degree, the reactions occurring at the solid/liquid interface
are the rate-limiting steps.

Keywords Carbon xerogel - CO-activation - Methylene
blue adsorption - Kinetics - Intraparticle diffusion

1 Introduction

In the world, around two hundred tons of dyes are dis-
charged in effluents annually, causing serious environmen-
tal problems (Jin et al. 2007). Even at very low concentra-
tion, these dyes affect the nature of the water: they inhibit
sunlight penetration, they reduce photosynthetic action and
some of the dyes are carcinogenic and mutagenic (Nacera
and Aicha 2006; Yu et al. 2009). In the search of solutions
for these environmental problems, different physicochemi-
cal technologies have been proposed: adsorption (Rafatullah
et al. 2010), coagulation (Stephenson and Duff 1996), floc-
culation (Szygula et al. 2009), precipitation (Stephenson and
Duff 1996), photo-catalytic degradation (Pdez et al. 2010;
Granados O et al. 2005), biodegradation (Elisangela et al.
2009), ion-exchange (Labanda et al. 2011), reverse osmo-
sis and ultra-filtration (Nataraj et al. 2009). Of all, the ad-
sorption process has been found to be superior to other
technologies in terms of initial costs, simplicity of design,
operation and insensitivity to toxic substrates (Karaca et
al. 2008). Specially, activated carbons (ACs) are adsor-
bents the most widely used with great success because
of their high adsorption capacity (Hamdaoui 2006). This
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adsorption capacity has been demonstrated in the adsorp-
tion of dyes such as Malachite Green (MG), Rhodamine B
(RB), Reactive Black 5 (RB5) and Methylene Blue (MB),
reaching dye-adsorption capacities from aqueous solutions
up to 480, 556, 280 and 435 mg of dye per g of acti-
vated carbon, respectively (Yu et al. 2009; Ip et al. 2010;
Wang et al. 2010).

Specifically, Methylene Blue (MB) is a colorant that can
be found in textile fibers like cotton, wood or silk; its adsorp-
tion from aqueous solutions is a useful tool for product con-
trol of adsorbents (Rafatullah et al. 2010; Hamdaoui 2006).
In fact, numerous equilibrium, kinetic and thermodynamic
studies (Rafatullah et al. 2010; Kannan and Sundaram 2001
El Qada et al. 2008; Raposo et al. 2009; Stavropoulos and
Zabaniotou 2005; Tan et al. 2008; Yamashita et al. 2001)
use MB as model adsorbent to compare the performance
of various ACs prepared from very different sources. Some
of these studies show that the total adsorption capacity of
activated carbons is directly linked to the specific surface
area, the specific pore volume and the pore size distribu-
tion of the adsorbent (Stavropoulos and Zabaniotou 2005;
Tan et al. 2008; Yamashita et al. 2001). However, active car-
bons issued from natural sources are often mainly micro-
porous, with low meso- or macropore volume, which may
induce diffusional limitations in dynamic processes like ad-
sorption or catalysis. Increasing the volume of large pores
while keeping high specific surface areas should minimize
the diffusional limitations inside carbons without damaging
their adsorption capacity (Contreras et al. 2010; Job et al.
2006). In this context, porous carbon materials with high
specific surface area and large meso- and macropore volume
with well-controlled size are interesting, and researches turn
towards synthetic nano- or mesostructured materials with
well-controlled pore texture.

Among these new materials, carbon xerogels (CXs) have
proved to be excellent alternatives to activated carbons in
various processes (Contreras et al. 2010; Job et al. 2006,
2004; Zubizarreta et al. 2008, 2009; Gommes et al. 2008).
These materials, prepared by polycondensation of a phenol
(commonly, resorcinol) and formaldehyde in a solvent (wa-
ter in most cases) are composed of microporous intercon-
nected sphere-like nodules, formed during the gel synthesis
via a microphase separation mechanism induced by polymer
growth (Gommes et al. 2008). The size of these nodules is
mainly regulated by the synthesis pH (Job et al. 2004); 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 (Job et al. 2004). For specific appli-
cations, and despite their higher cost, carbon xerogels are
interesting: the accurate tailoring of the pore texture leads
to increasing significantly the performance of catalytic and
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electrocatalytic processes and could be applied to dynamic
adsorption. For example, Girgis et al. (2011) studied the
MB-adsorption capacity of a series of CXs synthesized from
resorcinol-formaldehyde resins pyrolyzed at a temperature
ranging from 500 to 700 °C. The results showed a good
MB-adsorption capacity (222 mg gal) for the carbon xero-
gel pyrolyzed at 700 °C, which displayed a specific surface
area of 735 m? gc ! However, to increase the adsorption ca-
pacity, the relatively low inner surface (~ 700 m? gc 1y of
CXs must be developed, for example by chemical or physi-
cal activation.

In a recent study, Contreras et al. (2010) carried out the
physical activation of highly mesoporous CXs with CO, and
studied the influence of activation temperature and activa-
tion time on their final physicochemical properties. It was
found that this process produces an increase of the micro-
pore volume and of the specific surface area without al-
tering the meso-macroporosity developed during the xero-
gel synthesis. In addition, the specific surface area increases
quite linearly with the burn-off degree, from ~ 600 m? gc !
to around 2000 m? gc ', Thus, it is possible to control the
surface development easily. Finally, the material obtained
is extremely clean, with low ash and oxygen surface group
content. All these results offer an excellent basis for the use
of CO;-activated carbon xerogels in water decontamination,
specifically in dynamic dye-adsorption processes.

In the present study, a carbon xerogel with large meso-
pores (mesopore size ranging from 28 to 40 nm, pore vol-
ume of 1.3 cm’ gc 1) was synthesized and physically ac-
tivated with CO, under various conditions. The result-
ing materials, with specific surface areas ranging from
630 m? gc ' to 2180 m? gc !, were used as adsorbents to
remove Methylene Blue (MB) from aqueous solutions. In
order to investigate the influence of the surface develop-
ment on the MB-absorption capacities of these carbon xe-
rogels, equilibrium isotherms were measured and kinetics
studies were performed. Langmuir and Freundlich mod-
els (Ip et al. 2010; Allen et al. 2004; Langmuir 1918;
Freundlich 1906; Misra 1969) were used to fit the ad-
sorption equilibrium data, whereas adsorption kinetics data
were analyzed through pseudo-first-order, pseudo-second-
order and intraparticle diffusion models (Ip et al. 2010;
Wang et al. 2010). Finally, the capacity and kinetics of MB
adsorption of the activated carbon xerogels were compared
to those of common commercial activated carbons (NORIT
R2030, CALGON BPL and CALGON NC35).

2 Experimental

2.1 Selection of carbon xerogels

The activated carbon xerogels used in the present study
are the same as those prepared by Contreras et al. (2010)
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in a previous work. To summarize, one organic aqueous
gel was synthesized by polycondensation of resorcinol with
formaldehyde in water, using sodium carbonate as basifica-
tion agent. The resorcinol/formaldehyde molar ratio, R/F,
was fixed at 0.5; the resorcinol/sodium carbonate molar ra-
tio, R/C, was chosen equal to 1000; the dilution ratio,
D,i.e. the water/reactant molar ratio, was equal to 5.7.
160.0 g resorcinol (Vel, 99 %) and 0.1540 g sodium car-
bonate were first mixed with 303.5 mL deionized water.
Then, 263.1 mL of formaldehyde solution (Aldrich, 37 wt.%
in water; stabilized by 10-15 wt.% methanol) were added.
Gelation and aging were then performed at 70 °C in an
oven during 72 h in sealed flasks. Organic xerogels were ob-
tained by vacuum drying without any sample pre-treatment,
i.e. without solvent exchange prior to drying. The unsealed
flasks were simply kept at 60 °C and the pressure was pro-
gressively decreased in two days from 10° Pa to 103 Pa.
The samples were then heated to 150 °C at 103 Pa dur-
ing 12 h. The resulting xerogel was pyrolyzed at 900 °C in
4.1 x 1073 molmin~! flowing nitrogen and was sifted to
obtain 50-100 um diameter particles; this sample is labeled
as CX.

From CX, three activated carbon xerogels were ob-
tained by physical activation with pure flowing CO; (4.1 x
1073 molmin’l) at 900 °C for 4, 8 and 16 h. The samples
are labelled as follows: the letters CX (for ‘carbon xerogel’
are followed by the activation temperature (900 °C) and the
activation duration (4, 8 or 16 h). For example, the sample
CX-900-8 was obtained by activation of CX at 900 °C for 8
h. Finally, three commercial microporous activated carbons
were selected for comparison: NORIT R2030, CALGON
BPL and CALGON NC35, designed in the following para-
graphs as R2030, BPL and NC35, respectively. Note that mi-
croporous commercial materials were selected as reference
to better highlight the effect of the presence of mesoporos-
ity on the micropore access in the case of activated carbon
xerogels.

2.2 Physical and chemical characterization of carbon
xerogels

The pore texture of all carbons was determined by analy-
sis of the N; adsorption-desorption isotherms, performed at
—196 °C with a Sorptomatic Carlo Erba 1900. The anal-
ysis of the isotherms provided the specific surface area,
SBET, the specific micropore volume, Vpyg—n, and the to-
tal pore volume, Vy. The minimum and maximum meso-
pore diameters, dp min and dp max, i.e. the limit under which
smaller pores represent 5 % and 95 % of the mesopore vol-
ume, respectively, were determined from mesopore size dis-
tribution calculated by the Broekhoff-de-Boer method us-
ing the adsorption branch of the isotherm. The methods for
analysis of the isotherms are described in Contreras et al.

(2010). Temperature-Programmed-Desorption (TPD) of CO
and CO,, which gives access to the surface chemistry of the
samples (Figueiredo et al. 1999), were carried out with an
automatic analyzer Micromeritics AutoChem II monitoring
the amount of desorbed CO, nco, and CO2, nco,, with an
Omnistar Pfeiffer mass spectrometer. Finally, the pH value
to which the electrical charge density on the carbon sur-
faces is zero (point of zero charge, PZC) was determined
by the method of Park and Regalbuto (Contreras et al. 2010;
Regalbuto 2007; Lambert et al. 2009). Data concerning the
carbon xerogels presented below are those obtained by Con-
treras et al. (2010) in a previous work. The carbons R2030,
BPL and NC35 were analyzed in the ambit of the present
study.

2.3 Adsorption equilibrium isotherms

The present section describes the adsorption of Methylene
Blue (MB) from water solutions at 20 °C and with a constant
pH close to 6.5. This test is commonly used for tracer studies
on activated carbons (Potgieter 1991). A MB-solution with
a concentration of 6 mgL~! was prepared from analytical-
grade reagent (Sigma-Aldrich, ClgH;gCIN3S-3H,0, dye
content >82 %) and distilled water. Adsorption isotherms
were obtained as follows: accurately weighed amounts, from
4 to 30 mg, of adsorbent were placed in ten separate 25 mL
flasks, each containing 20 mL of the 6 mgL~' MB aque-
ous solution. The flasks were then stopped, placed into a
thermostatic bath and continuously stirred for 72 h to reach
equilibrium. All the experimental runs were conducted at
20 °C. The concentration of MB in each flask, before and af-
ter adsorption equilibrium, was measured using a UV-visible
spectrophotometer MILTON ROY 401, at a wavelength of
665 nm.

2.4 Kinetics of adsorption

Batch adsorption kinetic experiments were carried out by
stirring 0.5 g of activated carbon (pellets diameter range of
50-100 pm) at 100 rpm in 500 mL of MB aqueous solution
(3.7 mgL~1) in a glass flask placed in a thermostatic bath at
a constant temperature of 20 °C and at a constant pH of 6.5.
The glass flask was equipped with an immersion probe of
10 mm path length for the monitoring of MB concentration.
This probe was protected with a metallic sieve of 45 um. The
MB solution was analyzed every 5 min using a visible spec-
trophotometer, Metrohm 662, at a wavelength of 665 nm.

3 Results
3.1 Textural properties

For all the carbons, the values of specific surface area, SggT,
specific micropore volume, Vpyg-n,, total pore volume,
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Vv, and minimum and maximum pore diameters, d}, min and
dp max, are displayed in Table 1. These results are those ob-
tained in a previous work (see Table 1 in Contreras et al.
2010). As concluded by Contreras et al. (2010), the mi-
cropores develop with both the activation temperature, Ty,
and the activation time, fy : SBeT, VDUB-N, and Vy un-
dergo a significant increase when Ty and/or #,c; increase(s).
In particular SggT, which is 630 m?2 gEl for CX increases
to 1015, 1365 and 2180 m?2 gEl for CX-900-4, CX-900-
& and CX-900-16, respectively. In parallel, Vpyg_n, in-
creases from 0.28 (CX) to 0.98 cm? gc ! (CX-900-16) and
Vy from 1.3 (CX) to 2.8 cm? gc ! (CX-900-16). However,
the activation with CO, does not modify the mesopore
size, which ranges from 28 nm (dp min) to 40 nm, (dp max)-
Comparatively, commercial activated carbons showed SgT

Table 1 Pore texture characterization obtained by N»-sorption

Sample N adsorption

SBET Vous-—Nn, W dpmin  dp,max

m?gc)* migch g (m)  (om)

+10 +0.01 +0.1 +2 +2
CcX 630 0.28 13 28 40
CX-900-4 1015 0.42 1.7 29 40
CX-900-8 1365 0.57 2.0 28 43
CX-900-16 2180 0.98 2.8 29 41
R2030 897 0.35 2.7 b b
NC35 1185 0.48 0.6 b b
BPL 824 0.34 0.7 b b

SgeT: specific surface area calculated by BET equation; Vpyg—n,: mi-
cropore volume determined from nitrogen adsorption by the Dubinin-
Radushkevich equation; Vy: total pore volume determined from nitro-
gen adsorption at saturation; dp min and dp max: minimum and maxi-
mum mesopore diameters.

Note: For the CX series, the values of Sger, VbuB-N,, Vv, dp min and
dp max were obtained from Contreras et al. (2010)

2gc corresponds to gram of carbon

values between 824 and 1185 m? gEl, Vbus-nN, values
from 0.34 to 0.48 cm? gEl and pore volume values, Vv, of

0.6,0.7 and 2.7 cm? gEl for NC35, BPL and R2030, respec-
tively (Table 1).

3.2 Surface chemistry characterization

The values of PZC for commercial and synthesized car-
bons are shown in Table 2. In the case of the CX series,
the differences between PZC values are not significant de-
spite the activation treatment: the pH at which the carbon
surface has a net neutral charge is in the 8.2-8.6 range.
TPD spectra of carbons xerogels before and after activation
are discussed in depth elsewhere (Contreras et al. 2010).
Table 2 summarizes the quantities of CO and CO, des-
orbed, nco and nco, of all carbons. Table 2 also reports
the amount of CO or CO; desorbed per specific surface area
unit, na,co and na co,. The non-activated carbon xerogel,
CX, and the commercial carbons displayed higher na co
and na co, values, in the 0.67-1.14 pmol gEl m~2 range for
na.co and from 0.23 to 0.44 umol gal m~2 for na co, . Fig-
ure 1b shows the evolution of the na co and na co, with
the increase of the specific surface area, SggT, for the non-
activated and activated carbon xerogels. Although the na-
ture of the oxygen surface groups does not change drasti-
cally with the activation conditions (Contreras et al. 2010),
the amount calculated of CO (or CO,) desorbed by surface
area unit decreases considerably with the increase of Spgr:
from 0.79 to 0.19 pmol gEl m~2 for na co and from 0.23 to

0.056 umol gal m~2 for na,co, (Fig. 1b).
3.3 Adsorption equilibrium isotherms

From experimental data and in order to determine the
amount (mg) of MB adsorbed (mgyp) by gram of the car-
bon used (gc), ge (Mgyp gal ), the following equation was
used:

YNot pertinent, the pore size distribution being outstretched from mi- _ (Co—Co)V
cropores to um-sized pores e = T )
Table 2 Surface
characterization Sample pZC nco co, 1A,CO 1A,COy
+0.05 (pmolg(_:l)a (umol g(_:l)“l (umol gEl m~2)2 (umol gEl m~2)?
+20 +20 +0.02 +0.02
CX 8.2 500 148 0.79 0.23
CX-900-4 8.6 457 114 0.45 0.11
CX-900-8 8.6 405 133 0.29 0.09
CX-900-16 8.6 427 123 0.19 0.05
R2030 10.0 606 296 0.67 0.33
NC35 9.4 1139 522 0.96 0.44
“gc correspond to gram of BPL 7.6 945 216 1.14 0.26

carbon
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Fig. 1 (a) Specific surface area, (a) ° (b) 1
SBET, for carbon xerogels 2000 4
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area unit as a function of the & 1000 e R2=09991 2 05 .
specific surface area, SggT et ' 9
w =
o ¢ 5 .
] o
500 S °
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0 10 20 500 1000 1500 2000

Activation time, t (h)

where C and C. are the initial and equilibrium liquid-phase
concentrations of MB (mgwmp L_l), respectively, V is the
volume of the MB solution (L) and W is the mass of carbon
used (gc). In this study, the equilibrium data were analyzed
using both the Langmuir model and the Freundlich model
(Egs. (2) and (3), respectively) (Ip et al. 2010; Allen et al.
2004; Langmuir 1918; Freundlich 1906; Misra 1969):

kLQmaxCe
= 2
1= Tk Ce )
ge = kC'" 3)

where gmax i the monolayer capacity of the adsorbent
(mgyp g Y, kp is the Langmuir adsorption constant
(L gEl), kg (mgllw_él/n) Li/n gEl) and n are the Freundlich
constants.

For convenience of analysis, both equations can be rear-
ranged into a linear form. So, on the one hand, the analysis
of the experimental adsorption data of MB was performed
by applying the linear Langmuir model equation (4):

1 1 n 1
ge = X —
¢ Qmaka Ce

(4)
Jmax

In this case, the plot of 1/g. against 1/C. should be lin-
ear with a slope of 1/(gmaxk1.) and an intercept of 1/gmax
on the 1/g. axis. On the other hand, the Freundlich model
becomes:

1
Inge =Inkp+ — x InC, (®)]
n

In this case, a graph of Ing. against In Ce should be linear
with a slope of 1/n and an intercept of In kg on the In g, axis.
The data obtained for all the carbons are well fitted by the
linearized form of the Langmuir (Eq. (4)) or Freundlich (Eq.
(5)) isotherms over the whole MB-concentration range used,
with correlation coefficient values R > 0.990. Afterwards,
the isotherm constants were, in both cases, determined by
minimizing the difference between experimental and theo-

Sger(m? gc)

retical data using the normalized percentage of deviation, P
(%), calculated by:

N
100
P(%) = ~ X Z

i=1

qe,cal — (e
qe

(6)

1
where N is the number of experimental data points and ge cal
is the theoretical amount of MB adsorbed at equilibrium. Ta-
ble 3 displays the values of gmax, k1, # and kg of all adsor-
bents after minimization process. Figure 2 compares the ex-
perimental data of the synthesized carbon xerogels activated
at 900 °C (Figs. 2a-2b) with those of the commercial ac-
tivated carbons (Figs. 2c—2d) using both the Langmuir and
Freundlich isotherm models. In addition, Figs. 3a-3d dis-
play the behavior of Langmuir and Freundlich parameters,
gmax, kL, n and kg, as function of the specific surface area,
SBET, for the CX-900 series.

Table 3 shows that the values of the Langmuir isotherm
constant, kp, of all activated carbon xerogels are up to
45 times greater than those of commercial carbons (BPL,
NC35, R2030). The amount of adsorbate at monolayer
coverage, gmax, Of the non-activated carbon xerogel (CX),
Gmax = 212 mggo ' is increased after physical activation
from 438 to 714 mg gEl for CX-900-4 and CX-900-16,
respectively. For comparison, the highest gmax observed
for commercial carbons was in the case of sample R2030
(625 mg g 1. For the physically activated carbon xerogels,
the values of gmax (Fig. 3a) and kp (Fig. 3b) increase to-
gether with the increase of Sggrt.

As observed in the Langmuir model, the Freundlich con-
stants, kg and n, obtained for the non-activated carbon
xerogel (CX) and for the activated samples (CX-900 se-
ries) are also higher than those of commercial carbons (Ta-
ble 3). Activated carbon xerogels display kg values rang-
ing from 34 to 158 mgllvﬁs(l/")Ll/” gEl, and increase to-
gether with the specific surface area, Sggr (Fig. 3¢c). As a
reference, the kg values for BPL, NC35 and R2030 equal
3.46,11.32 and 3.52 mgllva(]/") Li/n gal, respectively. The
constant 1/n in the CX-900 series does not change with
the activation treatment: 1/n remains in the 0.29-0.33 range
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Fig. 2 Experimental (a) 800 - (b) 800 -
MB-adsorption isotherms on the
carbons and comparison with -
the Langmuir (- - -) and //'/
Freundlich isotherm (—) o« °
models. (a, b) Carbon xerogels = O * -
CX (A), CX-900-4 (W), 5 o A 2 A
CX-900-8 (4), CX-900-16 (e); 2400 { o/ AT ' . 2 400 - - .
(¢, d) Commercial carbons BPL = ;e m ~
(0), NC35 (2), and R2030 (O). < o s
The non-activated carbon o
xerogel CX (A) is reported as " i e—
reference on the four figures . *-k-k""_ﬂ‘k-
i
0¥ : . 0 ; .
0 60 120 0 60 120
Ce (mg L) Ce (Mg L)
(c) 250 - (d) 250 -
<
% %
g 125 4 E 125 74
> S
0¥ ; . 0 . .
0 80 160 0 80 160
Ce (mg L) Ce (mg L")
Table 3 Parameters of Langmuir and Freundlich isotherms
Langmuir Freundlich PMB
Gmax ky, R? P Sme/Sger  1/n kg R? P (mmolyp gc)
(mgypgc')  (Lmgyg) (%) (mgp /M L/ gl (%)
CX 2122 0.0298 0.9901 398 0.79 033 348 0.9884 230 0.66
CX-900-4 438.2 0.0930 09904 294 1.01 034 875 09889 401 137
CX-900-8 531.8 0.0955 09895 2.77 091 029 1272 09859 3.15 1.66
CX-900-16 7143 0.1270 0.9908 340 0.77 033 158.6 09826 5.13 223
BPL 555.2 0.0038 09829 438 1.58 083 34 09898 326 1.73
NC35 3333 0.0096 09916 344 0.66 058 113 09953 1.72 1.04
R2030 625.1 0.0028 0.9828 2.84 1.58 0.80 3.5 09894 224 195

gmax: monolayer capacity of the adsorbent; ki : Langmuir adsorption constant; 1/n: Freundlich heterogeneity factor; kg: Freundlich isotherm
constant; R2: correlation coefficient; P: normalized percentage of deviation; Syp: surface area covered by methylene blue (MB); pyvp: density of

MB-active sites
4gc correspond to gram of carbon whereas mgyp to milligram of MB

(Fig. 3d), whereas, the higher values of 1/n were observed
for the commercial carbons in the 0.58-0.83 range.

3.4 Adsorption kinetics

To study the effect of the surface development on the MB-
adsorption kinetics of carbon xerogels, three empirical mod-
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els were applied: (i) the pseudo-first-order model; (ii) the
pseudo-second-order model and (iii) the intraparticle diffu-
sion model (Ip et al. 2010; Wang et al. 2010). The pseudo-
first and pseudo-second order models describe the adsorp-
tion rate based on the adsorption capacity of the support.
In accordance with Ho (2006), Ho and McKay (2000), the
pseudo-first-order model can be written as:
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Fig. 3 Behavior of the (a) (b)
Langmuir and Freundlich 800 - 015
parameters: (a) gmax, (b) kL, (¢)
kp and (d) 1/n (d), as a function
of the specific surface area
(Sget) for the carbon xerogel g
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CX-900-8 (#), CX-900-16 (o) = 400 + E 0,075 1
s <
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500 1000 1500 2000 500 1000 1500 2000
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o
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(o)) -
E
o A— 0 * 'Y
0 T T ‘ 0 T T T
500 1000 1500 2000 500 1000 1500 2000
Sger (M2 g) Sger (M2 )
% = k1 (qeq — q1) 7 After variable separation and integration (f =0 to t =¢ and

where geq (mol g 1) and g; (molgx 1) are the adsorption ca-
pacities (or the amounts of MB-adsorbed) at equilibrium and
at time 7 (s), respectively and k (s~ 1) is the constant of the
pseudo-first-order kinetic. Integration of Eq. (7), with the
integration limits of t =0 to t =t and ¢; =0 to ¢; = ¢,
yields:

qr = Cqu(l - eXp(_klt)) (8)

which may be rearranged to a linear form (Ho 2006; Onal et
al. 2007):

In(geq — q1) =Ingeq — k1t 9

Thus, if experimental kinetic data correspond to a pseudo-
first-order kinetic, then the plot of In (geq — ¢;) vs. ¢ should
be linear with a slope of k1 and an intercept of In g¢q on the
In(geq — g1) axis.

Alternatively, Ho and McKay (2000) proposed that the
driving force of the adsorption process is proportional to the
available fraction of surface active sites. The kinetic equa-
tion rate can then be rewritten as Ho (2006), Ho and McKay
(2000):
dq;

= ka(geq — q1)*

dt 19

qr =010 q; = qr), Eq. (9) gives:

k2q2 t
4= (an
1 + kageqt
which may be rearranged to a linear form:
r 1 1
— =t (12)
g h o qeq
h=kyql, (13)

where k» is the rate constant of pseudo-second-order adsorp-
tion (gc mgye ! min~!) and £ is the initial adsorption rate
(mgyp g "min~"). According to Eq. (12), if experimental
kinetic data correspond to a pseudo-second-order kinetic,
the graph of ¢/q; against # should give a linear relationship,
with an intercept of 1/ on the /geq axis.

The correlation coefficients, RZ, for the linear plots of
In(geq — ¢;) vs. t and t/q; vs. t are displayed in Table 4. The
linearized form of the pseudo-first-order model for all adsor-
bents shows R? values between 0.9660 and 0.9963, whereas
the linearized form of the pseudo-second-order model dis-
plays R? values higher than 0.9930 for all adsorbents. From
these results, one can conclude that the pseudo-second-order
model provides the best correlation of the experimental data.
Figure 4 compares the behavior of ¢; as a function of time
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Table 4 Kinetic parameters of pseudo-first-order and pseudo-second-order models

Sample Pseudo-first-order Pseudo-second-order
qeq ki R? Geq ko R?
(meyg gc)? (min~") (Mgyi 26 )° (gc Mgy min~')?
CX 3.79 0.0045 0.9923 4.99 0.0007 0.9944
CX-900-4 3.48 0.0081 0.9660 4.07 0.0023 0.9954
CX-900-8 3.49 0.0122 0.9963 4.21 0.0028 0.9941
CX-900-16 3.61 0.0112 0.9914 4.34 0.0030 0.9935
BPL 3.25 0.0052 0.9926 3.92 0.0011 0.9924
NC35 3.06 0.0044 0.9959 4.40 0.0007 0.9968
R2030 3.04 0.0031 0.9721 3.79 0.0008 0.9956

Geq: amount of MB adsorbed at equilibrium calculated from pseudo-first-order model or pseudo-second-order model; k;: rate constant of the
pseudo-first-order kinetic; k>: rate constant of pseudo-second-order model

490 corresponds to gram of carbon whereas mgyp to milligram of MB

Fig. 4 Comparison of the
experimental adsorption kinetic
data: (a) carbon xerogels CX
(A), CX-900-4 (W), CX-900-8
(#), CX-900-16 (o) and (b)
commercial carbons: BPL (o),
NC35 (A), R2030 (O)

@, (b)

h

q (mg g)
G (mg g")

0 250 500 250 500

o %

time, t (min)

of the experimental data of the carbon xerogels (Fig. 4a) and
of the commercial activated carbons (R2030, NC3, BPL,
Fig. 4b). The parameters & and ky are displayed in Ta-
ble 4. It can be observed that the values of the equation con-
stant, k;, are higher for the activated CXs than for the com-
mercial carbons (Table 4): with k, values between 0.0023
and 0.0030 gc mgyg ~! min~! for activated CXs and from
0.0007 to 0.0011 gc mgyp ™' min~! for commercial car-
bons. Figure 5a displays the behavior of the initial adsorp-
tion rate, i, of CX-900 series as a function of specific sur-
face area, Sger. An increase of & is observed together with
increase of Sggt or by effect of physical activation of CX.
Finally, considering that the pseudo-first- and pseudo-
second-order models could not identify the diffusion mech-
anism (Wang et al. 2010), an intraparticle diffusion kinetic
model was also applied. This model is expressed as (Wang et
al. 2010; Kannan and Sundaram 2001; Wang and Li 2007):

qr = kimiyt"* 4 ¢ (14)
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time, t (min)

where kin;) is the intraparticle diffusion rate constant
(mgyp g¢ "min'/2) and ¢ is the intercept on the g axis.
According to Kannan and Sundaram (2001), the value of
c gives an idea about the boundary layer thickness. The
intraparticle diffusion model is proposed from the theory
established by Weber and Morris (1962), which considers
that the fractional approach to the equilibrium of solute ad-
sorption can change as a function of (Dr/r?)!/%, where r is
the particle radius and D is the diffusivity of solute within
the particle (Wu et al. 2005). Thus, if the particle radius re-
mains constant (25 um < r < 50 pum), then the fractional
approach to equilibrium will change according to diffusion
ability of solute within the carbon particle. In theory, the plot
of ¢ against t!/? is given by multiple linear ranges of dif-
ferent slope representing: (i) external surface adsorption or
instantaneous adsorption stage (Wu et al. 2005) and (ii) in-
traparticle diffusion in pores of various separate size ranges
(e.g. meso and micropores, typically) (Wang et al. 2010;
Wang and Li 2007; Kumar et al. 2005). Figures 6a and 7
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Fig. 5 Behavior of the initial
adsorption rate & of the carbon
xerogels (non-activated and
activated) as a function of:

(a) the specific surface area,
SBET, and (b) the density of
MB-adsorption active sites,
pMmB- CX (4), CX-900-4 (W),
CX-900-8 (#), CX-900-16 (e)

(@) 0.06 -

0.03 4

h (min-1)

(b) 0.06 -

0.03 -

h (min-1)

R?=0,9844

500 1000

Sger (M? g7)

Fig. 6 (a) Root time plot for the
adsorption of MB onto carbon:
(a) carbon xerogels CX (4),
CX-900-4 (M), CX-900-8 (4),
CX-900-16 (o) and (b) root time
plot for the adsorption of MB
but in the 7-20 min!/? range

/,}"}“

0.001 0.002 0.003

Pue (mol g)

1500 2000 0

ST %‘ )

0 T
0 10

display these plots for adsorption of MB onto CX, CX-900
series (Fig. 6a) and onto commercial carbons (Fig. 7). In all
cases, three consecutive linear stages are observed. In accor-
dance with Wang et al. (2010), the first linear portion of the
curve corresponds to a process governed by external surface
adsorption; the second linear portion can be assigned to the
gradual adsorption step where intraparticle diffusion is the
rate-limiting phenomenon; the third portion is the final equi-
librium stage where the MB concentration gradient between
the liquid outside the carbon grains and the solution trapped
in the carbon pores tends to zero.

Table 5 displays the intraparticle diffusion rate constants
(kint(iy) of each linear stage for all the carbons, with i cor-
responding to the stage number. It can be observed that the
values of kin(1) are higher for the CX-900-series than for
the non-activated xerogel carbon (CX) and for the com-
mercial carbons. In addition, an increase of kin1) is ob-
served together with the augmentation of activation time
(tact), i.e. from 0.20 mgyp galmin’l/2 for CX-900-4 to
0.25 mgyp gal min~!/? for CX-900-16. Nevertheless, an
opposite behavior of the diffusion rate constants of the sec-
ond linear stage, kiny2), is observed; a decrease of kin(2)
is determined together with the augmentation of activation
time (facr), i.e. from 0.16 mgyp gEl min~ Y2 for CX-900-4
to 0.06 mgyp gal min~!/? for CX-900-16. Figure 6b com-
pares in detail, the second linear portion corresponding to

2 (min1/2)

T | 0 T T ]
20 30 5 10 15 20
£ (min'2)

T 1

0 10 20 30 40 50
£12 (min'/2)

Fig. 7 Root time plot for the adsorption of MB onto commercial car-
bons: BPL (o), NC35 (2), R2030 ()

CX-series, from 10 to 20 min!/2. Besides the decrease of
kint(2) together with the increase of activation time (act), two
additional phenomena are observed: (i) for the non-activated
carbon, CX, the stage of intraparticle diffusion control is
started at 75 min (¢!/? = 8.66 min'/?) and is completed af-
ter 315 min (at 390 min, 12 =19.74 minl/z), whereas for
CX-900-series this stage is started at 175 min and lasts only
nearly 175 min (up to t1/2 = 18.70 min'/?); (ii) the values of
intercept, ¢, of the CX-900-series increase with the increase
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Table 5 Kinetic parameters of

intraparticle diffusion model Sample Intraparticle diffusion rate constant, kin(;)®
Kini(1) (mgygp g min'/?) Kini(2) (mgyp g ' min'/%) Kini(3) (mgyrp g min'/?)
CX 0.15 0.18 0.046
CX-900-4 0.20 0.15 0.017
. . CX-900-8 0.24 0.10 0.027
kint(i): 1s the diffusion rate
constant (i corresponds to the CX-900-16 025 0.06 0.001
linear portion number) BPL 0.16 0.11 0.040
29 corresponds to gram of NC35 0.13 0.04 0.013
carbon whereas mgwp to R2030 0.02 0.03 0.013

milligram of MB

of activation time, and are significantly larger than that of
CX. These results show that, while the diffusion mechanism
is better represented by the intraparticle diffusion step within
CX particles, the diffusion of MB within CX-900-series is
only limited by the intraparticle diffusion control during the
final MB-adsorption equilibrium step.

4 Discussion

4.1 Textural properties and surface chemistry
characterization

As shown by Contreras et al. (2010), the physical activa-
tion of carbon xerogels (CXs) using carbon dioxide allows
the production of materials with a well-developed microp-
orosity without any alteration of the mesopores formed dur-
ing the gel synthesis. The development of micropores can
be interpreted in terms of increase of specific surface area,
SBeT. As shown in Fig. 1a, for the CX-900-series, SggT in-
creases quite linearly with the increase of activation time,
reaching Sggr values of 2180 m? gc U for CX-900-16. In
addition, the increase of specific surface area is accompa-
nied by a chemical clearing of carbon xerogel surface. In
the CX-900 series the amount of CO (or CO;) desorbed by
surface area unit, na,co and na co,, decreases with the in-
crease of Spgr (Fig. 1b), reflecting an important diminution
in the amounts of oxygen surface groups detected by sur-
face area unit. Therefore, even if the gel synthesis allows
of production of a CX superficially clean, with low na co
and na co, values (compared with commercial carbons, Ta-
ble 2), a decrease in the oxygen-containing surface groups
by surface area unit is observed during physical activation
of CX and with the increase of 7.

4.2 Adsorption equilibrium isotherms
The modifications observed in the chemical and physical
properties of carbon xerogels after physical activation us-

ing CO; affect the adsorption process. The effect of acti-
vation treatment with CO, on the MB adsorption capacity
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Fig. 8 Molecular structure of Methylene Blue, MB

of carbon xerogels is studied in Figs. 2a-2b. All adsorption
isotherms show L-shaped curves according to the classifica-
tion of Giles et al. (1960, 1974). The initial slope or form
of these curves shows that the surface site availability de-
creases with increasing the amount of adsorbed MB. Thus,
when the majority of surface sites are filled, it becomes in-
creasingly difficult for a molecule of dye to find a vacant
site. In accordance with Giles et al. (1960), this behavior
implies either that the adsorbed molecules are not vertically
oriented or that there is no strong competition between the
solvent and the adsorbate to occupy the active surface sites.
This could mean that within the interactions between car-
bons active surface sites and the adsorbate, the contact of
the aromatic entity of MB and the active sites plays an im-
portant role (Fig. 8). The activation degree of these surface
sites and the molecular orientation of MB adsorbed on the
carbon surface can be defined by: (i) the type and amount of
oxygen-containing surface groups on the carbon, (ii) the -
electron density on the graphene layers and (iii) the physico-
chemical properties of the adsorbate, MB (Moreno-Castilla
2004).

The structure of the MB cation is shown in Fig. 8 (Hah-
ner et al. 1996). The MB is a heteroaromatic molecule that
contains one sulfur and one nitrogen atom in the aromatic
moiety. The aromatic unit is planar and has two dimethy-
lamino groups attached. The whole molecule is conjugated
and the m-orbitals are delocalized over the entire molecule
(except for the methyl groups) (Hahner et al. 1996). The
positive charge is best stabilized by the amino group (N)
and the S atom (Fig. 8). Hence, the maximal electrostatic in-
teraction is expected when the longest edge of these atoms
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is in contact with surface sites charged negatively and/or
with functional surface groups of high electronic density,
such as oxygen-containing surface groups. Nevertheless,
several studies (Moreno-Castilla 2004) have demonstrated
that, while electrostatic interactions are important, 71— dis-
persion interactions appear to be dominant in the adsorption
of aromatic solutes. These w—7 interactions can appear as
a consequence of donor/acceptor interaction between the -
electron density of the graphene layers on carbon surface
and delocalized 7 -orbitals of the MB molecule. Therefore,
a flat orientation of the MB molecules in contact with car-
bon surface is assumed, the longitudinal axis of the adsorbed
molecules being parallel to the adsorbent surface (Hahner et
al. 1996).

Figure 2 shows that the experimental data of adsorption
isotherms fit well with both the Langmuir model and the
Freundlich model.

First, the Langmuir isotherm model (Eq. (2)) suggests
that adsorption takes place on specific homogeneous sur-
face active sites to saturated monolayer coverage of dye
molecules, gmax, and that the binding energy of this adsorp-
tion is related to the Langmuir isotherm constant, k1, (Yu et
al. 2009; Allen et al. 2004). Figure 3a shows that the capac-
ity of adsorption at monolayer coverage, gmax, of the car-
bon xerogel series (CX and activated samples CX-900) is
increased by effect of the increase of specific surface area.
If one assumes that MB molecules are adsorbed in flat orien-
tation and considering that its effective area is 7.2 x 10° m?
by mol of MB (m? moly, Hahner et al. 1996), then the spe-
cific surface area covered by MB at monolayer coverage,
SMB, can be calculated by multiplying gmax (expressed in
molvg g D) by 7.2 x 10° m? moll\_/l%. From Table 3, it is ob-
served that the ratio between the specific surface area cov-
ered by MB, Svs, and Sger (SmB/SBET) decreases from
1.01 for CX-900-4 to 0.77 for CX-900-16. This means that
the formation of dye monolayer is carried out without ag-
gregation (Syvp/SBer < 1) and that the intermolecular space
between flat-oriented MB-molecules increases with the spe-
cific surface area, Sggt.

The increase of the intramolecular space means a de-
crease in the intermolecular interactions, allowing a greater
dispersion of w—m interactions between the adsorbate and
the graphene layers, and leading to an increase in the bind-
ing energy of MB-adsorption. In fact, Fig. 3b shows that the
ki values for the CX-900 series increase with SggT, as a con-
sequence of physical activation and, possibly, as a result of
the increase in binding energy of MB-adsorption. The 77
interactions between the m-electron density of the graphene
layers on carbons surface and delocalized m -orbitals of MB,
can be the result of the chemical reactions occurring at the
solid/liquid interface leading to the formation of a MB-CX
adsorptive structure, similar to the one observed by Yan et
al. in the adsorption of MB onto carbon nanotubes (Yan et

al. 2005). Therefore, for the MB-adsorption, the active sur-
face sites are the m-aromatic electrons of the graphene lay-
ers (Moreno-Castilla 2004). Consequently, the significance
of these aromatic electrons or the amount of surface active
sites per gram of carbon xerogel (labeled MB-active sites
density, pMp) increases when the amount of oxygen surface
groups decreases. The density of MB-active sites, pvmp, cor-
responds to the value of gmax but expressed in molvp g L

Finally, the physical activation with CO; leads to the
improvement in the MB adsorption ability of carbon xero-
gels, reaching kp, values up to 13, 30 and 45 times higher
than in the case of commercial carbons NC35, BPL, and
R2030, respectively (Table 3). In addition, the capacity of
MB-adsorption at monolayer coverage, gmax, of the acti-
vated carbon CX-900-16 (= 714 mgyp g 1 not only was
superior to those shown by reference commercial carbons
(NC35, BPL, R2030), but was also comparable or higher
than those reported by literature for different activated car-
bons (Girgis et al. 2011; Benadjemia et al. 2011; Zhou et al.
2011).

Second, the Freundlich isotherm model is another ap-
proach for adsorption on an amorphous or heterogeneous
surface (Wong et al. 2003). The Freundlich equation (3) is
an empirical model used to describe heterogeneous systems,
where 1/n corresponds to the heterogeneity factor of adsor-
bent and kp, the Freundlich constant, represents the adsorp-
tion capacity of the adsorbent (Wang et al. 2010). Like in
the case of the Langmuir isotherm model, the physical acti-
vation of CX causes a significantly increase in kr together
with the increase of SggT, as detailed in Fig. 3b. The MB
adsorption capacity of all synthesized carbon xerogels, &,
is superior to those displayed by the commercial carbons
NC35, BPL and R2030 (Table 3). Nevertheless, the fac-
tor 1/n of the non-activated sample (0.32) is smaller than
those corresponding to commercial carbons, between 0.58
and 0.83. This means that, compared to the commercial car-
bons studied, the non-activated carbon xerogel (CX) is a ma-
terial with a higher homogeneity of surface active sites. In
addition, Fig. 3d shows the behavior of this factor, 1/n, of
CX-900-series as a function of specific surface area, Spgr.
It is observed that the 1/n values remains in the 0.29-0.33
range, whereas Sggt increase. So, for the CX-900-series the
homogeneity of the surface does not change as an effect of
physical activation with CO; (Fig. 3d).

4.3 Adsorption kinetics

In order to obtain information about the adsorption mech-
anisms, a study of adsorption kinetics of methylene blue
was realized applying three kinetic models: the pseudo-first-
order model, the pseudo-second-order model and the in-
traparticle diffusion model. Table 4 shows that the experi-
mental kinetic data of all carbons are well represented by
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the pseudo-second-order kinetic model (R? values). This
means that the kinetic order is two with respect to the
number of available active sites (geq — g;) for MB adsorp-
tion, see Eq. (11). Therefore, the rate expression is not
described by the adsorption capacity of the carbon xero-
gels only: other phenomena can be considered, such as
chemical bonding or w—m interactions between the adsor-
bate and the carbon graphene layers (Moreno-Castilla 2004;
Yan et al. 2005). These reactions could be represented in two
ways (Egs. (15a)—(15b) and (16)):

XC-CO™ + MB* — XC-CO-MB (15a)
XC-COO™ +MB™" — XC-COO-MB (15b)
XC-Aryze + MB,

— XC-Aryz ez MB(7—m interactions) (16)

The first way (Egs. (15a) and (15b)) considers that the car-
bon surface contains polar functional groups (-CO~,
—COQO™) which participate in the chemical bonding, allow-
ing cationic dye adsorption (MB™). Nevertheless, from the
chemical characterization of the synthesized carbons, it was
observed that, during their physical activation and with the
increase of f,c, a decrease in the oxygen-containing sur-
face groups by surface area unit is observed. In addition,
it is also observed that under our MB-absorption kinetics
conditions, at a constant pH of 6.5 (pH < PZC, Table 2),
the carbon surface is positively charged, producing a repul-
sion of the cationic dye (MB™). In both cases, the carbon
surface charges and the physical activation would cause a
diminution in the initial adsorption rate of MB, h, obtained
from pseudo-second-order model (Eq. (14)). However, from
Fig. 5a one observes that / increases together with the spe-
cific surface area, SggT, in the CX-900 series.

In the second way, as it was proposed in the MB adsorp-
tion equilibrium isotherms studies, the s -aromatic electrons
of the carbon graphene layers (XC-Ar,,) are considered as
the active surface sites and the density of these MB-active
sites, pmB, was determined. Thus, 7— interactions between
MB (MBy,) and the graphene layers would favor the MB
adsorption (XC-Ary.—z.MB, Eq. (16)). The behavior of the
initial adsorption rate, &, as a function of pyp for CX-900
series is displayed in Fig. 5b. One observes that the initial
adsorption rate, &, increases when the density of MB ac-
tive sites, pM, increases, possibly because the MB adsorp-
tion mechanism is governed by w— interactions.

Several works propose that the adsorption of dye mole-
cules can take place in pore diameters of 1.3—1.8 times the
dye molecular width (Ip et al. 2010; Li et al. 2002). In accor-
dance with Giles et al. (1960, 1974), most of dye molecules
probably diffuse into the pore structure through longitudi-
nal position. This diffusion is a random process and it is
restricted by the shortest side of dye molecule (Ip et al.
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2010). Different estimations of the MB-molecule dimen-
sions (Hahner et al. 1996) suggest that the average value
of the length is 1.69 nm, 0.74 nm for the width and 0.38
nm for the thickness (Fig. 8). Therefore, if one assumes
that the MB-molecule diffuses into the pores through lon-
gitudinal position by the shortest side (0.74 nm), then MB-
adsorption could take place into pore with diameters larger
or equal to 1.3 x 0.74 = 0.96 nm. On the contrary, the MB-
diffusion into the pore structure would be hindered in pore
diameters smaller that 0.96 nm. On the one hand, the mi-
croporous structure developed by the carbon xerogel (CX)
before physical activation displays an average microporore
size values (L) smaller that 0.96 nm, L = 0.79 nm (see Ta-
ble 2 in Contreras et al. 2010). In this case, the probability
of MB-diffusion into the micropore structure is low, limiting
the MB-adsorption rate by effect of intraparticle diffusion.
On the other hand, after physical activation at 900 °C (CX-
900-series), L values between 0.96 and 1.40 nm are reached
(Table 2 in Contreras et al. 2010). This means that the prob-
ability of MB-diffusion into the micropore increases, which
decreases the effect of MB-adsorption rate limitation via in-
traparticle diffusion processes. Consequently, the possibility
of interaction between MB-molecules and active sites inside
the micropores increases, enhancing the MB-adsorption rate
via adsorption reactions occurring at a solid/liquid interface.
In fact, the analysis of the adsorption kinetics shows an en-
hancement of the MB-adsorption rate together with the mi-
croporosity development in the carbon xerogels activated at
900 °C.

5 Conclusions

The effect of CO, activation of a carbon xerogel at 900 °C
on the textural and chemical properties resulted in several
changes in the MB-absorption performances of the final
carbon material. First, according to the Langmuir isotherm
analysis, the development of the specific surface area, Sggr,
and the cleaning of surface graphene layers both led to sig-
nificant enhancement in the MB-absorption capacity (up to
2180 m? gc ) together with an increase in the adsorption
binding energy, k1. This energy can be attributed to an in-
crease of the m—m dispersion interactions between the MB
molecules and the graphene layers (Egs. (15a) and (15b)).
Second, in agreement with the Freundlich isotherm anal-
ysis, an increase in the carbon surface homogeneity was
produced, due to the diminution in the amount of oxy-
gen surface groups by surface area unity after activation at
900 °C. This implies the formation of equivalent sites poten-
tially actives for the MB-adsorption. Third, related to MB-
adsorption kinetics analysis, it was found that two different
mechanisms control the MB-adsorption rate of the synthe-
sized carbon xerogels.
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Regarding the micropore structure, the average micro-
pore diameter of the non-activated carbon xerogel (CX,
with L = 0.74 nm) can originate a restriction in the diffu-
sion of MB into the micropore structure, limiting the MB-
adsorption rate by effect of intraparticle diffusion mech-
anism. The physical activation at 900 °C (CX-900-series)
leads to the development of microporosity with a wider size
range, diminishing the restriction by intraparticle diffusion
and hence, enhancing the MB-adsorption rate via mecha-
nism of adsorption by reactions occurring at solid/liquid in-
terface.

Finally, the capacity of MB-adsorption at monolayer cov-
erage, ¢max> Of the activated carbon CX-900-16
(E714 mgyp g 1) was higher than those shown by refer-
ence commercial carbons (NC35, BPL, R2030), and was
even higher than those reported in the literature for differ-
ent activated carbons (Rafatullah et al. 2010). The activa-
tion with CO; of carbon xerogels obtained by pyrolysis of
resorcinol-formaldehyde aqueous gels produces materials
with excellent MB-adsorption capacities form aqueous so-
lutions that can be used with high efficiency in water decon-
tamination processes.
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