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a b s t r a c t

Hybrid inorganic/organic adsorbents were synthesized using mixtures of diatomite and carbon charcoal
as precursors, and explored for the removal of p-cresol from aqueous solution. The carbon/diatomite
composites displayed a bimodal and interconnected porous structure which was partially inherited from
both precursors. They display moderate surface areas (between 100 and 400 m2 −1
vailable online 2 February 2011

eywords:
dsorption
-cresol
iatomite

g ) due to their large
inorganic content (between 70 and 90 wt.%), since the diatomite is a non-porous material. Compared to
activated carbons with a more developed porosity, p-cresol adsorption on the prepared carbon/diatomite
composites was much faster, showing adsorption capacities similar to those of conventional adsorbents
over a wide pH range. These results show a good affinity of p-cresol molecules towards the hybrid inor-
ganic/organic composites, and demonstrate the suitability of these novel materials for the removal of

es, de
arbon composite aromatic (polar) molecul

. Introduction

A direct consequence of the fast development of industrial activ-
ties is that the amount and variety of chemical wastes thrown into

ater resources has rapidly increased. Very often small amounts of
ynthetic organic compounds (including phenol and its derivatives,
esticides, aliphatic and aromatic hydrocarbons, dyes and surfac-
ants among most representatives) are detected in water streams
1,2]. These compounds are known to possess high toxicity and
ow biodegradability, for which their occurrence in wastewater has
ecome an important environmental issue.

Adsorption technology is a widely used technique for water
reatment, and carbonaceous adsorbents (particularly activated
arbons) are among the most common and effective ones due
o their adequate porous and chemical features [3–6]. Although
he market for activated carbons in wastewater remediation is
arge and growing, the large scale implementation of this tech-
ology is somehow limited due to the drawbacks associated to
he poor regeneration efficiency and high costs of the activated

arbons.

Our recent works have focused on the synthesis of car-
on/diatomite composites with a hierarchical porous structure [7].
eparately, both precursors are widely used as adsorbents in differ-
nt applications; the diatomite is known to show good adsorbent

∗ Corresponding author. Tel.: +34 985118846; fax: +34 985297662.
E-mail address: conchi.ania@incar.csic.es (C.O. Ania).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.01.108
spite their dominant inorganic character.
© 2011 Elsevier B.V. All rights reserved.

properties towards inorganic pollutants, whereas the carbon
matrix – being essentially microporous and hydrophobic – shows
a good adsorption properties towards non-polar molecules. Since
the adsorptive properties of both materials are complementary, a
mixture of both could be of high interest for some specific appli-
cations such as separation and purification purposes. Indeed, the
beneficial effect of mixtures of diatomite with a carbonaceous
matrix – choosing the right mass ratio followed by an adequate
heat treatment – on the chemical and porous features of the
obtained diatomite/carbon composites for an improved adsorp-
tion of toxic ions (i.e., lead) has been discussed in previous studies
[7,8].

The objective of this work was to investigate the application
of novel carbon/diatomite composites prepared from an alge-
rian diatomite and a carbon precursor in the removal of polar
aromatic compounds (i.e., p-cresol) from diluted aqueous solu-
tions. The adsorption performance of the hybrid composites has
been compared to that of activated carbons with a more devel-
oped porosity. In this sense, p-cresol (along with phenol itself)
is one of most abundant phenolic compound frequently found
in industrial wastewater. It is widely used in many chemical
industries, namely petrochemical, oil refinery, chemical and glass
fiber resins manufacturing, ceramic and steel plants, disinfectant
manufacturing, or metal refining. In recognition of its toxicity

(likely human carcinogen) and high mobility in the environment,
the Environmental Protection Agency (EPA) and the European
Environmental Agency (EEA) have included this compound in
the lists of priority pollutants to be monitored in industrial
effluents [10–12].

dx.doi.org/10.1016/j.jhazmat.2011.01.108
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:conchi.ania@incar.csic.es
dx.doi.org/10.1016/j.jhazmat.2011.01.108
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Table 1
Main chemical and textural parameters of the investigated adsorbents obtained from the N2 adsorption isotherms at −196 ◦C.

Reference pHPZC SBET (m2 g−1) VTOTAL
a (cm3 g−1) DFT method

VMICROPORES (cm3 g−1) VMESOPORES (cm3 g−1)

KC1 This work 7.3 104 0.076 0.035 0.031
KC3 This work 8.5 390 0.285 0.112 0.116

AC This work 8.9 1255 0.667 0.380 0.183
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bons, (AC, PC12 and C) which have been included for comparison
purposes. It can be observed that the diatomite/carbon composites
display hybrid I/IV type isotherms according to the BDDT classifi-
cation [14] indicating a bimodal micro/mesoporous pore structure,
partially inherited from both precursors [7]. In both samples the
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PC12 19 9.2 668
C 10 3.1 1548

a Evaluated at ∼0.99 relative pressure.

. Experimental

.1. Materials

The synthetic procedure followed for the preparation of the car-
on/diatomite composites has been reported elsewhere [7]. Briefly,
ifferent amounts of an Algerian diatomite (obtained from Sig
eposit located in the westward of Algeria, Kieselguhr) and a carbon
harcoal (wood-derived) were mixed and submitted to a thermal
reatment under nitrogen atmosphere (50 mL min−1) up to 850 ◦C
heating rate 5 ◦C min−1) for 1 h. Afterwards, a chemical treatment
ith hydrochloric acid (0.5 N, Sigma–Aldrich, Spain) and subse-

uent washing with distilled water were carried out. The samples
ere then dried overnight at 110 ◦C and preserved in desicca-

or until their use. Two composites, using carbon:diatomite ratios
0:90 and 30:70 (weight basis) were prepared; the samples will be

abeled as KC1 and KC3, respectively.

.2. Characterization of porous texture

Textural characterization was carried out by measuring the
2 adsorption isotherms at −196 ◦C in an automatic apparatus

Micrometrics ASAP 2010M, USA). Before the experiments, the
amples were outgassed under primary vacuum at 120 ◦C overnight
VacPrep 061, Micrometrics, USA). The isotherms were used to cal-
ulate specific surface area SBET, total pore volume VT, and pore
ize distribution using the DFT model and assuming slit-shape pore
eometry. Ultra high purity nitrogen (i.e., 99.9999%) was purchased
rom Carburos Metalicos (Spain). The morphology of the samples
as characterized by scanning electron microscopy (SEM) using
Philips XL30 apparatus (Philips, USA). Before the analysis, the

amples were dispersed on a graphite adhesive tab placed on an
luminum stub and metallized with gold. The point of zero charge
pHPZC) was determined by the mass titration method as indicated
lsewhere [13] (using a pHmeter Basic 20+, Crison, Spain).

.3. Adsorption measurements

p-Cresol (4-methylphenol) was supplied by Sigma–Aldrich,
pain (purity 98%). Unbuffered solutions were prepared using ultra-
ure water (Milli-Q Millipore 18.2 M� cm−1 conductivity) and pH
alue was around 6.2. All the adsorption measurements were
arried out at room temperature in a stirred batch system thermo-
tatically controlled with an external circulating bath. Before these
xperiments, kinetics studies were performed to determine the
quilibration time of the systems. Different amounts of adsorbents
from 5 to 40 mg) were weighted and added to glass vials containing
0 mL of p-cresol solution of varied initial concentrations (between
0 and 120 ppm). The covered vials were placed under contin-

ous stirring at controlled temperature for 24 h. For the kinetic
tudies aliquots were collected between 5 min and 24 h. After equi-
ibration, the residual concentration of p-cresol remaining in the
olution was determined using a UV–vis spectrophotometer (Shi-
adzu UV–2501, Japan) at 277 nm. A blank was checked for every
65 0.212 0.003
63 0.429 0.404

experiment to verify that adsorbate volatilization (or adsorption on
the walls) does not occur; all the adsorption measurements were
done in triplicate. The amount adsorbed was determined according
to Eq. (1):

qt = (C0 − Ct)
W

V (1)

where qt is the amount (mg g−1) adsorbed at time t, C0 is the initial
concentration (ppm), Ct is the concentration at time t (ppm), V is
the volume (L) of the adsorbate solution and W is the weight (g) of
the adsorbent.

The effect of solution pH on the retention of p-cresol on the
studied adsorbents was investigated by adding 0.1 M NaOH or HCl
(for pH adjustment) to the stock solution containing the aromatic
compound.

3. Results and discussion

3.1. Characterization of the composites

A detailed analysis on the effect of the different synthetic param-
eters during the preparation of the composites with varied carbon
to diatomite ratio has been previously discussed [7]. Here we
merely report the main textural parameters of the composites used
in the removal of p-cresol from solution for data interpretation
(Table 1).

The nitrogen adsorption isotherms of the selected car-
bon/diatomite composites are shown in Fig. 1, along with those
corresponding to selected commercially available activated car-
1.00.80.60.40.20.0

Relative Pressure

0

Fig. 1. Nitrogen adsorption isotherms at −196 ◦C of the synthesized
diatomite/carbon composites and selected activated carbons used as reference.
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ow pressure region displays a sharp knee that indicates the pres-
nce of micropores. The existence of a large hysteresis loop and
apillary condensation step at relative pressures above 0.5 also con-
rms that KC1 and KC3 are mesoporous systems. The shape of the
ysteresis loop (H4) is associated with capillary condensation in
lit-shaped mesopores [15].

Comparatively, it seems that the microporous character of the
omposites increases with the carbon content, even if diatomite
macroporous material) is the dominant component in these mate-
ials (mass fraction beyond 50 wt.% in both cases). This was
orroborated by the large apparent surface area (SBET) of sample
C3, along with its high micropore volume obtained from the DFT
ethod (Table 1).
The diatomite/carbon composites exhibit specific BET surface

reas which are tens of times greater than those of raw diatomite
ca., 8 m2 g−1) and slightly higher that that of the carbon char-
oal (ca., 120 m2 g−1) [7]. It is interesting to remark that sample
C3 displays a surface area similar to that of hierarchical porous
arbons prepared by nanocasting procedures using diatomite as
caffold and furfuryl alcohol as carbon precursor [9], despite the
norganic template is preserved in the composites herein described
as opposed to template procedures).

SEM micrographs (Fig. 2) show that the open macroporous net-
ork characteristic of the diatomite is inherited by composites KC1

nd KC3. The diatomaceous wall structure appears slightly cov-
red by the carbon layer incorporated in the synthesis, although
ts distribution is not uniform. This is more evident in the sam-
le with the lowest carbon loading (sample KC1). Nevertheless,
o pore plugging effects were observed as a consequence of the

ncorporation of the carbon layer, since the macropores charac-
eristics of the diatomite remained unblocked in both composites.
his was somewhat expected considering that the carbon loading of
he composites (ca., 10 and 30 wt.%) are below the saturation value
eeded to cover completely the diatomite surface (ca. 40 wt.%) eval-
ated in previous studies [7].

According to gas adsorption data and SEM images it can be
bserved that, despite the low carbon loading, the diatomite/
arbon composites possess an ordered structure consisting of
icropores (provided by the carbon charcoal) interconnected by

he ordered macroporous network (provided by the diatomite).
he reason for this is that, as opposed to nanocasting synthetic
outes reported in the literature for the preparation of hierarchi-
ally porous carbons where the inorganic scaffold is removed [9],
ur goal was to investigate the adsorption properties of the hybrid
iatomite/carbon composites and thus the diatomaceous matrix
as preserved. The macropore structure in the carbon/diatomite

omposites is expected to contribute to an enhancement in the
ass transport of the pollutant during the adsorption process.

.2. Kinetics of adsorption from solution

Fig. 3 shows the evolution of p-cresol concentration with time
or the diatomite/carbon composites, along with data correspond-
ng to selected activated carbons used as reference materials. The
oncentration decay curves show that the removal of p-cresol
teadily increased with time and that it takes around 6–8 h to reach
quilibrium for all the samples (below 24 h in any case), regardless
f their nature. The same trend was obtained when the adsor-
ent dosage was varied (see data corresponding to KC1 in Fig. 3B
s an example), while keeping constant the initial concentration
100 ppm) and volume (30 mL) of the solution. These results are in

ood agreement with data reported in the literature for the adsorp-
ion rate of p-cresol on adsorbents of different nature [16–19].
he fact that equilibrium is attained after 24 h in all the studied
dsorbents points out the high affinity of p-cresol molecules to
oth the activated carbons and the carbon/diatomite composites
Fig. 2. SEM micrographs of the as-received diatomite (KNT) and the car-
bon/diatomite composites (KC1 and KC3).

(despite their different chemical composition). Such favored affin-
ity of p-cresol for the solid phase – particularly for the carbonaceous
adsorbents – is somewhat expected based on its low solubility in
water (1.9 g/100 mL).

The distinct shapes of the concentration decay curves show dif-
ferent steps on the kinetic uptake, pointing out to the important
role of the porous structure of the materials, and, more specifi-

cally, to their meso/macroporous network. The declining trend of
p-cresol removal was significantly much faster for the compos-
ites than for the activated carbons used as reference materials;
in contrast, the uptake in KC3 sample is similar to that of car-
bons PC12 and C (with more developed porous features). To better
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to be almost constant between pH of 2 and 10 for all the adsor-
bents with the exception of carbon C, and it gradually went down
as the solution became more basic. These results confirm that p-
cresol is preferentially adsorbed from its neutral form (pKa ∼ 10.2)
even on the carbon/diatomite composites; this is in good agree-

KC1
100%

it
io

n

Time [min]

ig. 3. (A) Kinetics of p-cresol adsorption of the studied adsorbents and (B) effect
oncentration of p-cresol 100 ppm; volume 30 mL.

omprehend and analyze these differences, the kinetic data were
tted to various kinetics models; the best fitting was achieved
ith the pseudo-second-order kinetics [20], with correlation coef-
cients higher than 0.99 (Table 2). Concerning the pseudo-second
rder rate constant, k2, the values quoted in Table 2 follow
he sequence: KC1 o KC3 � C ∼ PC12 ∼ AC. The largest value is
btained for the composite KC1 with the smallest carbon con-
ent, despite it showed the lowest p-cresol uptake. The other
arbonaceous adsorbents present relatively close k2 values, which
re one and two orders of magnitude smaller than those of the
iatomite/carbon composites. The same trends were obtained for
0 (initial adsorption rate) and t1/2 (half-life time) parameters con-
rming the faster adsorption rate in the hybrid adsorbents.

This is of paramount importance, as it confirms that the
iatomite/carbon composites are potential adsorbents for their
se in environmental remediation applications, particularly when
ast responses are needed. So far, carbon-based adsorbents with a

acroporous structure and potential applications in environmen-
al problems have only been obtained from nanocasting procedures
9]. In this regard, the use of the diatomite/carbon composites
ould avoid the high costs and risks associated to the manipu-

ation of HF or concentrated NaOH to remove the scaffold as well
s the high economic penalty associated with the use sacrificial
emplates.

Such extremely fast adsorption rate in the composites confirms
hat the accessible open pore structure of the composites provided

y the diatomite (Fig. 2), contributes to enhance the mass trans-
ort of the pollutant from the solution to the inner porosity of the
omposites (thereby accelerating the adsorption rate). In contrast,
he rate of p-cresol removal on carbon C, which also displays a

able 2
seudo-second order p-cresol adsorption parameters for the studied adsorbents: k2

s the pseudo-second order rate constant; h0 is the initial adsorption rate; t1/2 is the
alf-life time.

k2 × 104

(g mg−1 min−1)
r2 t1/2 (min) h0 (mg min−1)

KC1 3461 0.999 0.13 166
KC3 135 0.999 1.9 21
AC 3.8 0.990 63 0.7
PC12 4.4 0.999 37 1.6
C 5.1 0.998 42 1.1
Time [min]

orbent dosage on the removal of p-cresol from solution on KC3 composite. Initial

large contribution of transport pores (Table 1), does not seem to
follow the same logic (the rate constant is similar to that of micro-
porous PC12 with a negligible mesopore volume). This indicates
that the kinetics of adsorption is not exclusively governed by the
porosity of the adsorbents, and that there are other factors to be
considered (such as chemical composition, and/or affinity of the
adsorbent/adsorbate).

3.3. Effect of pH

Solution pH is one of the key factors that might control an
adsorption process, since it influences the electrostatic interac-
tions between the adsorbent and the adsorbate; these forces are
of paramount importance in the removal of a weak electrolyte
such as p-cresol. The adsorption of p-cresol was studied over a pH
range between 2 and 12 by adding adequate amounts of NaOH or
HCl diluted solutions to the initial unbuffered solution containing
the phenolic compound (Fig. 4). The amount adsorbed was found
12108642
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Fig. 4. Effect of pH on the removal of p-cresol from aqueous solutions on the inves-
tigated adsorbents.
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ig. 5. Equilibrium adsorption isotherms of p-cresol on the studied adsorbents (A)
nd lines account for the fitting to the Langmuir equation.

ent with previous studies reported for activated carbons [21].
ith the exception of carbon C, all the studied adsorbents display a

omewhat basic character (Table 1). In these cases, repulsive inter-
ctions between the negatively charged adsorbents and the anionic
orm of p-cresol become dominant at solution pH > pKa p-cresol,
hus the amount adsorbed is expected to be largely reduced. For
he hydrophilic carbon C, the retention of the aromatic compound
ppeared to be more pH-dependent, as the fall in the uptake began
rom lower pH (between 4 and 5). This behavior is due to the differ-
nt charge distribution on the surface of this carbon, which starts
o be negatively charged at lower solution pH due to its low pHPZC;
onsequently the repulsive interactions responsible for the fall in
he amount of p-cresol adsorbed arise from lower pH values.

.4. Equilibrium adsorption isotherms

Fig. 5A shows the p-cresol adsorption isotherms from aqueous
olution on the carbon/diatomite composites. A comparative with
he isotherms corresponding to the reference activated carbons
13,22] is included in Fig. 5B. For all the adsorbents, the equilibrium
dsorption isotherms display a concavity towards the abscissa axis,
haracteristic of L type isotherms in the Giles classification [23]. At
igh p-cresol equilibrium concentration in solution, the adsorp-
ion isotherms show a tendency to reach a plateau, indicating that
dsorption proceeds through the formation of a monolayer in the

ange of concentration used.

From the shape of the isotherms it can also be inferred that the
dsorption of p-cresol is favorable in all the studied adsorbents, and
hat there does not seem to be a strong competition of the solvent
or the adsorption sites; this seems reasonable considering the low

able 3
itting parameters of the equilibrium adsorption isotherms to the Langmuir and Freundli

Langmuir equation

qm (mg g−1) b (dm3 mg−1) r2 �2,ka

KC1 29 0.10 0.993 0.12
KC3 82 0.20 0.997 0.67
AC 86 0.34 0.998 1.23
PC12 92 0.66 0.999 0.33
C 76 0.15 0.996 0.04

a �2 =
∑

(qe − qe,m)2/qe,m where qe is the experimental equilibrium uptake and q

e = qmbCe/(1 + bCe) Freundlich equation: qe = kFC1/n
e .
Equilibrium concentration [mg l -1]

ormalized per unit area of the adsorbent (B). Symbols represent experimental data

solubility of p-cresol in aqueous solutions (and thus its high affinity
towards the solid phase).

With the exception of KC1, the adsorptive capacities are very
similar for all the adsorbents, and at first sight it would seem that
the uptake increases in adsorbents with a well-developed pore
structure. Nevertheless, the low adsorption capacity displayed by
carbon C (with the largest surface area and pore volumes) and the
fact that the highest retention was obtained with sample PC12 (i.e.,
moderate surface area, 668 m2 g−1) indicate that this cannot be
taken as a general rule.

The experimental adsorption isotherms were fitted to the clas-
sic Langmuir [24] and Freundlich models [25] (non-linear forms of
the equations are displayed in Table 3). Both equations allow the
evaluation of the adsorption capacity (qm and KF), as well as the esti-
mation of the affinity adsorbate–adsorbent (parameters b and 1/n).
Table 3 compiles the main parameters obtained from the fittings
to both equations, along with the correlation coefficients (r2) and
chi-square (�2) values. The excellent goodness of the fit obtained
with the Langmuir equation compared to Freundlich model indi-
cates that the former is more suitable for data interpretation of
these systems. This was further corroborated by the non-linear chi-
square test analysis of the data, with smaller �2 values obtained for
the fitting with the Langmuir equation (Table 3).

The obtained data corroborated the large capacity of the KC3 and
the poor performance of activated carbon C. Moreover, the adsorp-

tion affinity of carbon C towards p-cresol molecules (evaluated by
the b parameter of Langmuir equation) is similar to that in the com-
posite KC3, although both values are twice and three times smaller,
respectively, than those obtained by the fitting of the isotherms
corresponding to carbons AC and PC12.

ch models and chi-square test analysis, �2.

Freundlich equation

1/n KF (mg1−1/n(dm3)1/n g−1) r2 �2,ka

0.20 11 0.981 0.03
0.29 24 0.889 2.05
0.34 25 0.692 13.1
0.20 45 0.912 0.82
0.27 23 0.967 0.21

e,m is the equilibrium uptake calculated from the model. Langmuir equation:
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Table 4
Comparison of p-cresol equilibrium adsorption capacities (Langmuir fitting) for adsorbents of varied nature.

Reference SBET (m2 g−1) Ads. capacity (mg g−1) Codes (Fig. 6) Remarks

KC1 This work 104 29 1 p-Cresol initial concentration, [p-cresol]0, between 20 and 120 ppm
KC3 This work 390 82 2 p-Cresol initial concentration, [p-cresol]0, between 20 and 120 ppm
AC This work 1255 86 3 p-Cresol initial concentration, [p-cresol]0, between 20 and 120 ppm
PC12 22 668 92 4 p-Cresol initial concentration, [p-cresol]0, between 20 and 120 ppm
C 13 1548 76 5 p-Cresol initial concentration, [p-cresol]0, between 20 and 120 ppm

NDA-150 27 906 194 6 Hypercross-linked polymer [p-cresol]0 from 200 to 1000 ppm
AP 2.5 21 490 99 7 Activated carbon, bituminous coal [p-cresol]0 up to 150 ppm
PAC 18 260 63 8 Phartenium-based activated carbon [p-cresol]0 from 100 to 1000 ppm
Wood FA 16 – 53 9 Fly ashes average adsorption capacity
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need to remove a sacrificial scaffold) along with their relatively
large p-cresol adsorption capacities and fast adsorption rate enable
their potential application in water remediation an economically
feasible process.
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Fly ash 28 5 6.7 10
KSF 29 19 8.8 11
MFI 30 360 70 12

To counterbalance the effect of the different porous features of
hese carbons, the isotherms were normalized vs the surface area of
he adsorbents (Fig. 5). The differences in the uptake of p-cresol in
oth composites become less remarkable after normalization, and
he uptake is now slightly larger than that for PC12 carbon.

A compilation of the adsorption capacities of selected adsor-
ents reported in the literature [26–30] is provided in Table 4,
or clarity purposes. Although it has to be considered that a
traightforward comparison with data reported in the literature
s a complex task due to the diversity of adsorbents and oper-
ting conditions used (i.e., initial concentration, specific surface
rea), our results indicate that the diatomite/carbon composites are
romising adsorbents with great potential in the environmental
emediation field. Not only their adsorption capacities are rela-
ively high (analogous or superior to those of adsorbents with
igher porous features) considering their low porous development
particularly for KC3), but the removal rate is much faster than
ommercial activated carbons (Fig. 3 and Table 2).

The lack of a correlation between p-cresol adsorption capaci-
ies and the surface area of the adsorbents indicates that porosity
s not the only parameter to be considered for the removal of
-cresol. The adsorption performance of the studied adsorbents
as also examined in terms of their chemical composition. For

he diatomite/carbon composites a direct correlation was found
etween the uptake and the carbon content, since the amount
f p-cresol adsorbed increases with the carbon loading (Fig. 6).
owever, no clear trend was observed when this dependence was
xtended to other carbonaceous and inorganic materials (Fig. 6),
hich carbon content has been estimated by elemental analysis.

hese results indicate even though there is an evident correlation
or the diatomite/carbon composites, were the adsorption capacity
s favored for large carbon contents, when the panel of adsorbents is
xtended, rather than porosity or composition themselves, a global
iewpoint needs to be considered.

For the diatomite/carbon composites there seems to be a direct
orrelation between the uptake and the carbon content, since the
mount of p-cresol adsorbed increases with the carbon loading
Fig. 6). However, no clear tend was observed when the depen-
ence was extended to several carbonaceous (labels 3, 4 and 5)
nd inorganic (labels 10, 11 and 12). For instance KC3 outperforms
amples labeled as 5 and 8 (Fig. 6), despite its lower carbon content.
he results indicate that even though there is an evident correlation
or the diatomite/carbon composites, the carbon content is not the
nly parameter to be considered when adsorbents of varied nature
re considered.
In this regard, the obtained results point out that the adsorption
apacity of the polar compound seems to be linked to the hydropho-
ic/hydrophilic nature of the materials. Indeed, this explains the

ow retention ability of carbon C – which has a hydrophilic charac-
er characterized by a large oxygen content (ca. 11 wt.%) – as well
Fly ash [p-cresol]0 from 50 to 600 ppm
Clay [o-cresol]0 from 20 to 1000 ppm
Silicalite [p-cresol]0 from 50 to 600 ppm

as the relatively high affinity of p-cresol molecules towards the
diatomite/carbon composites likely due to their hydrophobic char-
acter (Table 1). Thus, it can be inferred that p-cresol adsorption
is governed by the hydrophobic character of the adsorbents. This
seems reasonable considering that when retention occurs in aque-
ous medium, the competitive adsorption of water for the active
sites becomes very important in hydrophilic adsorbents [13,31].
Although large water adsorption could be expected on the car-
bon/diatomite composites as a consequence of their large inorganic
fraction – silica and alumina as the main constituents – the compet-
itive effect is minimized due to their hydrophobic nature. In the case
of carbonaceous adsorbents, it is well known that the hydrophilic
character is given by the presence of oxygen functionalities, which
withdraw the �-electron density of the basal planes reducing the
affinity of the carbon surface towards aromatics.

Summarizing, the diatomite/carbon composites present an ade-
quate combination of interconnected open porous structure and
hydrophobic character. Moreover, the low cost impact associated
to the synthesis of these composites (related to the absence of the
806040200

Adsorption Capacity [mg g-1]

Fig. 6. Dependence of the adsorption capacity vs the carbon content. Numbers
account for the samples codes as indicated in Table 4.
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. Conclusions

The results reported in this work show that hybrid diatomite/
arbon composites are adequate materials to be used in the removal
f polar aromatic compounds (p-cresol) from aqueous solutions,
howing adsorption capacities comparable to those of other mate-
ials reported in the literature.

The hybrid diatomite/carbon adsorbents are characterized by a
ydrophobic nature and an adequate open porous network com-
rised of transport pores and micropores. These characteristics are
artially inherited from the diatomite and the charcoal, and are a
irect consequence of the synthetic route employed in the prepa-
ation, avoiding the removal of the inorganic phase as a sacrificial
atrix. As a result of such combination of physicochemical features,

he rate of p-cresol removal in the diatomite/carbon compos-
tes is extremely fast. Moreover, these hybrid adsorbents present
dsorption capacities similar to those of conventional adsorbents
including activated carbons and zeolites with more developed sur-
ace areas) over a wide pH range. This is attributed to the high
ffinity of p-cresol molecules towards the composites likely due
o their hydrophobic character.

All these results demonstrate the suitability of these novel
ybrid materials for the removal of aromatic (polar) molecules;
he combination of fast adsorption and large capacities (despite
low porosity) makes them extremely attractive for their use in

emediation of highly polluted streams when fast responses are
eeded.
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