Journal of Hazardous Materials 169 (2009) 291-296

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Effect of the pH in the adsorption and in the immersion enthalpy of
monohydroxylated phenols from aqueous solutions on activated carbons

D.A. Blanco-Martinez?, L. Giraldo?, J.C. Moreno-Pirajan -

3 Departamento de Quimica, Facultad de Ciencias, Universidad Nacional de Colombia, Ciudad Universitaria, Bogotd, Colombia
b Laboratorio de Investigacién en Sélidos Porosos y Calorimetria, Departamento de Quimica, Facultad de Ciencias, Universidad de los Andes, Carrera 1 No 18A-10, Bogotd, Colombia

ARTICLE INFO ABSTRACT

Article history:

Received 9 September 2008

Received in revised form 19 March 2009
Accepted 20 March 2009

Available online 31 March 2009

An activated carbon Carbochem™ - PS230 was modified by chemical and thermal treatment in flow of
H; in order to evaluate the influence of the activated carbon chemical surface in the adsorption of the
monohydroxylated phenols. The solid-solution interaction was determined by analyzing the adsorp-
tion isotherms at 298K at pH 7, 9 and 11 during 48 h. The adsorption capacity of activated carbons
increases when the pH solution decreases. The amount adsorbed increases in the reduced carbon at
the maximum adsorption pH and decreases in the oxidized carbon. In the sample of granulated acti-
vated carbon, CAG, the monohydroxylated phenols adsorption capacity diminishes in the following order
catechol > hydroquinone > resorcinol, at the three pH values. The experimental data are evaluated with
Freundlich’s and Langmuir’s models.
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carbon that has lower total acidity contents.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Phenol and its derivatives are raw materials in the chemical
industry and as a result, they are widely found in its effluents.
Therefore, its presence is more and more frequent in the bodies
of water and due to its high toxicity, high oxygen demand and
low biodegradability, the phenolic compounds are considered high-
priority polluting agents in waste water treatment [1-5].

The extended use of activated carbons as adsorbent of inorganic
and organic polluting agents in the water is due to both its tex-
ture and the chemical properties of the surface, which also depend
on the original materials and the method used to prepare the car-
bonaceous solid, which can be modified with physical and chemical
treatments to improve the adsorbent properties. The factors which
influence the adsorption process in the solution include the acti-
vated carbon, the adsorbate, the chemist who prepared the solution
and its temperature [5-7].

The immersion enthalpies of activated carbon in different solu-
tions provide a way to directly measure the energy involved in the
process, that s, the energy related to the surface area exposed to the
liquid and the specific interaction between the solid surface and the
immersion liquid. This is established as a thermodynamic property
that characterizes the solid-liquid interaction [8-12].
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This work analyzes the adsorption of three monohydroxy-
lated phenols, catechol, resorcinol and hydroquinone [13-14]. The
adsorption isotherms of phenols are determined in three activated
carbons samples: granulate activated carbon, CAG; modified chemi-
cally by oxidation with a solution of HNO3, CAO; and thermally in H,
flow, CAR. Other aspects reviewed include the effect of the monohy-
droxylated phenol solutions at different pH values (7,9 and 11) and
the influence of the chemical surface of activated carbons and the
pH solution value in the immersion enthalpy of activated carbons
in aqueous solutions of different phenols concentrations.

2. Experimental

A granulated activated carbon Carbochem™ - PS230 is used for
this experiment. The precursor of this carbon is coconut shell.

2.1. Modification of the granulated activated carbon

2.1.1. Hydrogen atmosphere heat treatment

About 20¢g of granulated activated carbon are placed in the
reducing system with hydrogen. Temperature is increased to 393 K;
vacuum is set to about 10~4 mmHg. Later the hydrogen is intro-
duced. In these conditions, the oven is warmed progressively to
573 K during 6 days. Finally the activated carbon is stored in a nitro-
gen atmosphere
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Table 1
Important properties of monohydroxylated phenols [18].

Adsorbate Catechol Resorcinol Hydroquinone
pKa 9.3-13.0 9.4-12.3 10.0-12.0
Solubility (g/100g H20) 298 K 45 123 8

2.1.2. Treatment with nitric acid

Six grams of the granulated activated carbon are placed with a
7mol L~ nitric acid solution in soxhlet equipment for 9h at the
solution boiling temperature, using 60 mL of acid per gram of acti-
vated carbon. The sample is then washed with distilled water until
a constant pH value is obtained and the activated carbon then dried
at 383 K for 24 h. Finally the samples are stored in a closed container
in nitrogen atmosphere

2.2. Textural and chemical analysis of the original and modified
activated carbons

The carbonaceous samples, about 0.100 g, are degassing at 523 K
for a period of 3 h in an Autosorb 3B, Quantachrome Co. The cor-
responding adsorption nitrogen isotherms are obtained with this
apparatus at 77 K. In addition, the acid and basic sites are deter-
mined by the Boehm [15] acid-base titration method and the point
of zero charge is determined by the mass titration method [16].

2.3. Adsorption in the aqueous phase

Table 1 presents the pKa and solubility of the adsorbates.
Monohydroxylated phenols concentration in aqueous solution is
determined by a UV spectrophotometric method. The maximum
absorbance wavelength is determined at pH values of 7,9 and 11 in
a Thermospectronic Genesys 10.

The adsorption isotherms data are obtained by putting
0.500-0.250 g of the carbonaceous samples in contact with a 50 mL
volume of monohydroxylated phenols solutions at known initial
concentrations ranging from 20 to 2000 mgL~!, with pH adjust-
ment at 298 K for 48 h.

2.4. Immersion Calorimetry

2.4.1. Determining immersion enthalpy

Phenolic solutions: 50.0 mL of aqueous solutions of pheno-
lic compounds at pH 7, at concentrations ranging from 20 to
1500mgL-! are placed in the calorimetric cell and between 0.500
and 0.250 g of the carbonaceous samples are weighed in a glass cell;
the cell is assembled and allowed to equilibrate for approximately
40 min. When the variation of the exit electrical resistance ther-
mistor is constant, the readings start at an initial period of 15 min,
with resistance readings every 20 s; then the activated carbon sam-
ples are put in contact with the phenolic compounds solutions, the
resistance readings are continued until they remain constant and
finally, the system is electrically calibrated [17]. The heat amount
for the process examined is equal to Q=Cp AT grrected; Where Cp is
the calorific capacity of the system studied plus the calorific capac-
ity of the cell, ATorrected 1S the temperature difference for which a
graphic correction is made because of the small but existing heat
leak [18]

Water: The immersion enthalpy measurements of the carbona-
ceous material are taken in distilled water at pH 7, in the same way
as for the previous procedure.

3. Results and discussion
3.1. Activated carbon properties

The physical and chemical characteristics of the activated car-
bons studied in this work are shown in Table 2. The Table displays
the values for the micropore and mesopore volume obtained by
the Dubinin-Raduskevich’s method. The results show that the oxi-
dation and reduction treatments done in the activated carbon do
not produce any significant changes in the textural characteristics
of carbonaceous materials, but if produce changes in the chemical
properties of the surface. The activated carbons used have similar
characteristics to the others research with phenol [19].

3.2. Adsorption from solution

3.2.1. Effect of solution pH on monohydroxylated phenols
adsorption

The adsorption of catechol and hydroquinone on granulated
activated carbon, CAG, is observed in function of the pH solution
in respective isotherms, Fig. 1, for pH values of 7, 9 and 11. This is
done in order to evaluate the system behavior at pH values near the
monohydroxylated phenols pKa values.

This Figure shows that as the pH solution increases from 7 to 11,
the amount of the phenols adsorbed diminishes. This indicates that
adsorption is increased when the protonated species of phenols are
present. The isotherms data exhibited on Fig. 1 do not follow the
behavior of the Langmuir model because the mass of the adsorbed
phenols, in an ample rank of concentrations like the one considered
in this work, 20 to 2000 mg L~!, does not become asymptotic at high
concentrations, but continues increasing when the concentration
rises. For this reason, the Langmuir model doesn’t interpret the data
of the isotherm correctly.

Based on the above, it could be said that monohydroxylated
phenols adsorption is not due to a single mechanism; instead, it is
based on several types of interactions between the species present
in the solution and the surface of the activated carbon, as well as the
pH solution. At pHs lower than 9.8 corresponding to pHpgzc of the
CAG sample, the surface activated carbon is loaded positively, and
the species adsorbed at pH 7 are the protonated that are neutral
molecules. In these conditions, the dispersive interactions deter-
mine the adsorption process.

At pH 9, the adsorption isotherms show linear behavior at con-
centrations below than 200 mgL~! and later, the quantity retained
increases slightly. The adsorbed species are the protonated and
monobasic anionic and due to the positive charge of the car-
bon surface, attractive and dispersive electrostatic forces begin
to interact between the surface and the anion, favoring their
accumulation.

At pH 11, the surface is loaded negatively, the pH value is more
than pHpzc and the species present are the anionic monohydroxy-
lated phenols. Therefore, the anionic species present in the solution
repulse the surface activated carbon. The adsorption occurs when
the repulsive electrostatic forces win, and the adsorption at low

Table 2

Textural and chemical characteristics of the activated carbons.

Simple Surface area BET (m? g~') Volume micropore (cm?g=!) Volume mesopore (cm? g—!) Total acidity(meqg~") Total basicity (meqg1) pHpzc
CAG 1140 0.51 0.12 0.30 0.60 9.8
CAR 1171 0.56 0.12 0.20 0.61 10.1
CAO 1181 0.56 0.09 1.26 0.25 43
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Fig. 1. Monohidroxilated phenols adsorption isotherms on the CAG sample in function of the pH solutions.

concentrations is less than at high concentrations, as show in the
adsorption isotherms.

In general terms, in the adsorption of the three adsorbates, the
pH significantly affects the adsorption of the monohidroxilated
phenols on the activated carbon. This is more evident in basic con-
ditions since the adsorption capacity diminishes when the pH in
increased. The effect of pH upon adsorption of phenolic compounds
has been observed and related by various authors [20-24] to the
degree of ionization of the phenolic adsorbate

The electronic density of the aromatic ring is strongly affected
by the nature of its functional groups. A hydroxyl group acts as an
electron donor group, resulting in a high electronic density in the
aromatic ring 1 system. In these conditions, the dispersive interac-
tions of m—1r type are increased with the number of hydroxyls and
its position in the aromatic ring [25-27].

The difference in the quantity retained depends on the solubil-
ity, the adsorbate polarity and the hydroxyl group position in the
aromatic ring. Resorcinol solubility in water is much greater than
that of catechol and hydroquinone, which means that resorcinol
has a strong affinity with water. Perhaps this is one of the rea-
sons for the lower resorcinol adsorption. In addition, the difference
of the acidity of the monohydroxylated phenols due to contribu-
tions of the phenoxide ion resonance structures — which in this
case are greater for phenol with the hydroxyl group in ortho posi-
tion followed by meta and para positions - affects the interaction
between the activated carbon and the adsorbate as observed in
terms of isotherms. Thus, there is major interaction between the
catechol and the activated carbon: the effects of solubility and the
hydroxyl group position increase the adsorption capacity for cat-
echol, followed by hydroquinone and for resorcinol. A work with
polimeric resins [28] shows that the adsorption of catechol is larger
than resorcinol, as in this study, revealing the greater interaction
between the adsorbent and catechol.

3.2.2. Effect of chemical surface on monohydroxylated phenols
adsorption

In order to evaluate the reduction and oxidation of the activated
carbon surface in the adsorption of monohidroxilated phenols, the
isotherms of samples CAG, CAR and CAO are determined. Fig. 2
shows the resorcinol isotherms on activated carbons at pH 7

The reductive treatment diminishes the total acidity 1.3 times
with respect to CAG. Therefore, it is expected that the concentration
of m-electrons increases in the graphene layers, meaning that there
is an attraction between the m-electrons of the activated carbon
basal planes and the aromatic ring electronic density of monohy-
droxylated phenols [29]. Because the pH solution is less than pHpyzc,
only dispersive forces are acting in this interaction. Nevskaia et al.
[30] report that the specific adsorption capacity increases consid-
erably when the surface groups are eliminated, in agreement with
other studies on oxidized activated carbons [31].

The oxidation increases the quantity of acid groups that retire
the electronic density of the graphene layers, thus diminishing the
amount of adsorbed solute. This way, a main number of superficial
oxygen groups increases the water affinity, which would explain
the lower amount of retained solute [32,33].

3.2.3. Adsorption isotherms

The experimental data of adsorption isotherms are fitted with
Freundlich and Langmuir models. Deviation percentage are cal-
culated as follows: %Desv =1/N " |Qca1 — Qexp/qexp | x100 , where
N= number of experimental data [7].

Table 3 summarizes the resulting linearization parameters for
the adsorption data applying the Freundlich and Langmuir modes.
In general, if the kf value is analyzed, this is an indication of the
adsorption capacity, which is greater for the solution at pH 7 in
the CAG. The capacity decreases as follows: it is greater for pH 7,
followed by pH 9 and finally pH 11, with kf values of 2.17; 0.15 and
0.07mg!-1nlng-1,

The value of 1/n is a measurement of the surface heterogeneity.
A value near 0 indicates a heterogeneous surface [4]. When the
value of 1/n is less than 1, then the adsorption process is favorable,
again, for CAG, in the case of a pH 7 solution, the adsorption is more
favorable than for the other solutions (pH 9 and 11). The percentage
of deviation of the model is greater for pH 11 than for the other pH
values, which again shows the reduction of the adsorption process
at this pH for the three adsorbates.

Perhaps the most important parameter to compare is the Qs
value of the Langmuir model, because this measures the adsorp-
tion capacity of the adsorbate. Table 4 presents the results obtained
for the model mentioned. By comparing the results of the mono-

Resorcinol
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0.00

0 150 300 450 600 750 900
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Fig. 2. Resorcinol adsorption isotherms on activated carbons CAG, CAR and CAO at
pH7.
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Table 3

Parameter values of the Langmuir and Freundlich models for the monohidroxilated phenols adsorption on the CAG.

Adsorbate pH Langmuir Freundlich

Qmax (mgg1) K(Lmg!) R? %Des kf (mg!-1/nLl/n g-1) 1/n R? %Desv

Catechol 7 238.10 4.2E-3 0.90 0.21 1.49 0.81 0.96 3.15
9 nf nf nf nf 0.49 0.94 0.97 247
1 nf nf nf nf nf nf nf nf

Resorcinol 7 178.57 6.0E-3 0.94 0.51 217 0.70 0.95 3.41
9 156.25 3.2E-3 0.94 0.40 115 0.72 0.95 3.51
11 44.25 1.7E-3 0.93 1.00 0.07 0.88 0.81 16.33

Hydroquinone 7 169.49 1.3E-2 0.99 244 2.15 0.76 0.84 13.97
9 nf nf nf nf 0.21 1.08 0.91 777
11 nf nf n nf 0.05 1.01 0.92 777

nf: not fit.

Table 4

Parameter values of the Langmuir and Freundlich models for the monohidroxilated phenols adsorption on the CAG and carbons modified at pH 7.

Adsorbate Sample Langmuir Freundlich

Qmax (mgg1) K(Lmg') R? %Des kf (mg!-1/n L1/n g=1) 1/n R? %Desv

Catechol CAG 238.10 4.2E-3 0.90 0.21 1.49 0.81 0.96 3.15
CAR 181.82 5.7E-3 0.97 3.61 1.39 0.74 0.87 8.58
CAO 178.57 3.9E-3 0.97 0.09 1.62 0.70 0.96 1.79

Resorcinol CAG 178.57 6.0E-3 0.94 0.51 2.70 0.70 0.95 3.41
CAR 232.56 5.5E-3 0.97 1.72 2.00 0.73 0.89 6.61
CAO 163.93 4.8E-3 1.00 0.73 2.09 0.66 0.97 1.67

Hydroquinone CAG 169.49 1.3E-2 0.99 244 2.15 0.76 0.84 13.97
CAR 232.56 8.3E-3 0.97 4.60 3.98 0.62 0.84 10.73
CAO 232.56 3.2E-3 0.80 0.94 2.27 0.63 0.87 9.23

hidroxilated phenols adsorption at pH 7, which is the pH that is best
adapted to this model, the Q54 value is clearly greater for catechol,
followed by resorcinol and hydroquinone.

Comparing the results for resorcinol adsorption, it can be
observed that based on the pH for CAG, the Q3 value diminishes as
the pH increases, 178.57; 156.25 and 44,25 mgg~!,at pH 7,9 and 11,
respectively. In the case of the K value (which measures the adsor-
bent affinity by solute molecules), the K value decreases while pH
increases as can be seen on Table 4 for resorcinol: 6.0 E-3; 3.2E-3
and 1.7E-3Lmg~1, at pH 7, 9 and 11, respectively.

Table 4 presents the linearization parameter results of adsorp-
tion data for the original and the modified activated carbons when
the Freundlich and Langmuir models are applied. According to the
values obtained for the kf constant, adsorption occurs in the follow-
ing order: itis greater for the oxidized activated carbon, CAQ, less for
the granulated activated carbon, CAG, and lowest for the reduced
activated carbon, CAR. This is not what occurs for the adsorption
isotherms.

In the case of the maximum quantity adsorbed, Q,,s, of the
Langmuir model, the superficial chemical modifications affect the
Qmax value, so that it is greatest for CAR, than for CAG and CAO.
When the hydroquinone is the adsorbate, the order changes, with
values of 232.56; 232.56 and 169.49mgg-! for CAR, CAO and
CAG, respectively. For catechol, the order is 238.10; 181.82 and
178.57 mgg~! for CAG, CAR and CAO, respectively [34].

3.3. Immersion calorimetry

Fig. 3 presents the results obtained for the immersion enthalpy,
—AHjpmm, at pH 7, in function of the quantity of monohydroxylated
phenols adsorbed in the granular activated carbon, CAG. Differences
can be observed in the value of the immersion enthalpy at small
magnitudes; at pH 7, the protonated species of the monohydrox-
ylated phenols predominate and mainly dispersive interactions
occur.

In addition, as shown on Fig. 3, the immersion enthalpy increases
with the adsorbed amount, and becomes asymptotic when the
quantity retained is greater. This is because the surface has been sat-
urated with the adsorbate. For example, the immersion enthalpy for
catechol increases with the amount retained from 21.5 to 45.7 ] g~
[35].

The immersion enthalpy for the CAG sample in water at pH 7
was 16.6+0.8] g1, value smaller que el obtenido por Stoeckli et
al. [36], however to evaluate the interactions that occur, the solvent
effect was also considered because is important to take into account
that the influence of the species which compete for the adsorption
places in solution depend not only on the pH, but also on the adsor-
bate molecule pKa and of the activated carbon pHpzc. The full effect
is interesting to evaluate [10,37].

3.3.1. Effect of solution pH on immersion enthalpy
Fig. 4 shows the relation between the immersion enthalpies of
activated carbon CAG in a solution with an initial concentration of
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Fig. 3. Immersion enthalpies of CAG in function of quantity phenols adsorbed at pH
7.
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100mgL-! for the monohydroxylated phenols and pH; values are
higher for the immersion enthalpy at pH 9 than at pH 7 and the dif-
ference is owed to the energetic interactions produced on the solid
surface and the species present in the solution. This is because at
these pH levels, the non-dissociated species predominate, although
the monobasic anionic forms are present for the three adsorbates.
For this reason, dispersive and electrostatic interactions will occur
to modify the energetic interaction.

In addition, Fig. 4 shows that at pH 11, lower values of
immersion enthalpy appear. For this level of pH, the anionic
species predominate and the conditions are less suitable for
the adsorption, probably because the surface of the activated
carbon is loaded negatively and repulsive electrostatic interac-
tions will occur. On the other hand, immersion enthalpies of
-AHjpm, of 35.7; 30.8 and 24.6]g~! are obtained for the cate-
chol, resorcinol and hydroquinone, respectively at pH 7, which
establish an order in the enthalpic contribution of the phe-
nolic compounds adsorption according to the position of the
hydroxyl group: catechol is greater than resorcinol and resorcinol
is greater than hydroquinone. Kumar et al. [38] study the adsorp-
tion of resorcinol and catechol on granular activated carbon, in
this work catechol is adsorbed to a greater extent than resorci-
nol.

3.3.2. Effect of chemical surface on immersion enthalpy

Finally, the results obtained show correlations between the posi-
tion effect of the —~OH~ functional group in the molecule, since
this group leads to a modification in the immersion enthalpy as
a result of the different interaction of each solute with the acti-
vated carbon. Fig. 5 shows the immersion enthalpy for a resorcinol
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Fig.5. Relation between immersion enthalpies in resorcinol solution of 1500 mg L~!
and the total acidity.
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Fig. 6. Immersion enthalpies in function of the hydroxyl group position for the CAG.

solution of 1500mgL-! at pH 7, as a function of the carbona-
ceous samples total acidity; as acidity increases, the immersion
enthalpy increases, which is related to a lower adsorption capac-
ity, product of the carboxylic groups that retire electronic density
of the graphene layers. The interaction with the adsorbate then
decreases.

Fig. 6 shows the enthalpic contribution of the -OH~ functional
group position when the interactions of the monohydroxylated
phenols atan initial concentration of 100 mg L~ are compared with
the CAG sample. In this Figure, it can be seen that the catechol has
the greatest contribution, followed by resorcinol and hydroquinone,
461.7; 380.6 and 338.0 k] mol~1, respectively.

Regarding the enthalpic contribution of the -OH~ group, in
which the change is constituted by the position in the aromatic
ring, 2, 3 and 4 (ortho, meta and para respectively), there is a lin-
earrelation with a slope of —61.9 k] mol~1, which corresponds to the
enthalpic diminution in the process of adsorption for each phenolic
compound that has been studied and which favors the adsorption
for the catechol.

4. Conclusions

The capacity of granulated activated carbon to adsorb mono-
hidroxilated phenols catechol, resorcinol and hydroquinone
depends on the pH of the solution; the quantities adsorbed in
accordance with the adsorption isotherms decrease when the pH
is increased from 7 to 11 and the maximum adsorption is obtained
atpH 7.

The chemical modifications, oxidation and reduction on the sur-
face of the activated carbon increase the adsorption capacity in CAR
and decrease in CAO.

The values of the immersion enthalpies increase with the quan-
tity adsorbed of phenols for pH 7, in which one obtains the
maximum adsorption chosen of the isotherms.

The enthalpic contribution according to the position of the
hydroxyl group in the aromatic ring is —61.9 k] mol~1.

The results show a variation inimmersion enthalpy, based on the
quantity adsorbed and on the initial concentration of the solution,
similar to what occurs in the adsorption isotherms and which allow
for the conclusion that the intensity of the interaction changes in
function of the liquid phase composition.

Acknowledgements

The authors wish to thank the Master Agreement established
between the Universidad de los Andes and the Universidad Nacional
de Colombia and the Memorandum of Understanding entered into
by the Departaments of Chemistry of both Universities.



296 D.A. Blanco-Martinez et al. / Journal of Hazardous Materials 169 (2009) 291-296

References

[1] Y.Sun,]. Chen, A. Lj, F. Liu, Q. Zhang, Adsorption of resorcinol and catechol from
aqueous solution by aminated hypercrosslinked polymers, React. Funct. Polym.
64 (2005) 63-73.

[2] F. Stoeckli, M.V. Lépez-Ramén, C. Moreno-Castilla, Adsorption of phenolic
compounds from aqueous solutions, by activated carbons, described by the
Dubinin-Astakhov equation, Langmuir 17 (2001) 3301-3306.

[3] Q. Liao, J. Sun, L. Gao, The adsorption of resorcinol from water using multi-
walled carbon nanotubes, Colloids Surf. A: Physicochem. Eng. Aspects. 312
(2008) 160-165.

[4] M. Ahmaruzzaman, D.K. Sharma, Adsorption of phenols from wastewater, J.
Colloid Interface Sci. 287 (2005) 14-24.

[5] A. Dabrowski, P. Podkoscielny, Z. Hubicki, M. Barczak, Adsorption of pheno-
lic compounds by activated carbon—a critical review, Chemosphere 58 (2005)
1049-1070.

[6] C. Moreno-Castilla, ]J. Rivera-Utrilla, M.V. Lopez-Ramén, F. Carrasco-Marin,
Adsorption of some substituted phenols on activated carbons from a bitumi-
nous coal, Carbon 33 (1995) 845-851.

[7] F. Villacafias, M.ER. Pereira, ]J.J.M. Orfao, ]J.L. Figuereido, Adsorption of simple
aromatic compounds on activated carbons, ]. Colloid Interface Sci. 293 (2006)
128-136.

[8] E. Stoeckli, T.A. Centeno, On the determination of surface areas in activated
carbons, Carbon 43 (2005) 1184-1190.

[9] E. Diaz, S. Ordéiiez, A. Vega, ]. Coca, Evaluation of adsorption properties
of zeolites using inverse gas chromatography: comparison with immersion
calorimetry, Termochim. Acta. 434 (2005) 9-14.

[10] L. Giraldo, ]J.C. Moreno-Pirajan, Determinacién de la entalpia de inmersién de
carbdn activado en soluciones acuosas de fenol y su relacién con la capacidad
de adsorcién, Rev. Colom. Quim. 32 (2003) 45-54.

[11] F. Stoeckli, T.A. Centeno, On the characterization of microporous carbons by
immersion calorimetry alone, Carbon 35 (1997) 1097-1100.

[12] L.Giraldo, ].C. Moreno-Pirajan, Calorimetric determination of activated carbons
in aqueous solutions, J. Therm. Anal. Cal. 89 (2007) 589-594.

[13] A. Derylo-Marczewska, ]J. Goworek, A. Swiatkowski, B. Buczek, Influence
of differences in porous structure within granules of activated carbon on
adsorption of aromatics from aqueous solutions, Carbon 42 (2004) 301-
306.

[14] E.Sh. Mohamed, W.A. Khater, M.R. Mostafa, Characterization and phenols sorp-
tive properties of carbons activated by sulphuric acid, Chem. Eng. J. 116 (2006)
47-52.

[15] H.P. Boehm, Some aspects of the surface chemistry of carbon blacks and other
carbons, Carbon 32 (1994) 759-769.

[16] E. Ayranci, O. Duman, Adsorption behaviors of some phenolic compounds
onto high specific area activated carbon cloth, J. Hazard. Mater. B. 124 (2005)
125-132.

[17] L. Giraldo, G.I. Cubillos, J.C. Moreno, Evaluacién de las pérdidas térmicas en
calorimetria isoperibdlica. Importancia de los alrededores en la obtencién de
constantes instrumentals, Rev. Colomb. Quim. 34 (2005) 147-159.

[18] J.C. Moreno, L. Giraldo, Determination of the temperature change by means of
an outcoming signal of electric resistance in an isoperibolic calorimetric cell
obtainment of heats of solution, Sensor 5 (2005) 633-643.

[19] S.H. Lin, R.S. Juang, Adsorption of phenol and its derivatives from water using
synthetic resins and low- cost natural adsorbents: a review, J. Environ. Manage.
90 (2009) 1336-1349.

[20] D. Richard, M.L. Delgado, D. Schweich, Adsorption of complex phenolic com-
pounds on activated charcoal: adsorption capacity and isotherms, Chem. Eng.
J. 148 (2009) 1-7.

[21] A.A.M. Daifullah, B.S. Girgis, HIM.H. Gad, A study of the factors affecting the
removal of humic acid by activated carbon prepared from biomass material,
Colloids Surfaces A: Physicochem. Eng. Aspects 235 (2004) 1-10.

[22] F. Haghseresht, S. Nouri, G.Q. Lu, Effects of the solote ionization on the
adsorption of aromatic compounds from dilute solutions by activated carbon,
Langmuir 18 (2002) 1574-1579.

[23] K. Laszlo, E. Tombacz, P. Kerepesi, Surface chemistry of nanoporous carbon
and effect of pH of adsorption from aqueous phenol and 2,3,4 trichlorophenol
solutions, Colloids Surface A: Physicochem. Eng. Aspects 230 (2003) 13-22.

[24] H.T. Li, M.C. Xu, Z.Q. Shi, B.L. He, Isotherm analisys of phenol adsorption on
polymeric adsorbents from nonaqueous solutions, J. Colloid Interface Sci. 271
(2004) 47-54.

[25] R. Morrison, R. Boyd, Quimica Orgdnica, quinta edicién, Addison-Wesley
Iberoamericana, Estados Unidos, 1990.

[26] K. Shakir, H.F. Ghoneimy, A.F. Elkafrawy, Sh.G. Beheir, M. Refaat, Removal of
catechol from aqueous solutions by adsorption onto organophilic-bentonite, J.
Hazard. Mater. 150 (2008) 765-773.

[27] N.Yildiz, R. Gonulsen, H. Koyuncu, A. Calimli, Adsorption of benzoic acid and
hydroquinone by organically modified bentonites, Colloids Surf. A: Physic-
ochem. Eng. Aspects 260 (2005) 87-94.

[28] J. Huang, K. Huang, C. Yan, Application of an easily water-compatible hyper-
crosslinked polymeric adsorbent for efficient removal of catechol and resorcinol
in aqueous solutions, (2009) doi:10.1016/j.jhazmat.2008.12.120.

[29] J.E. Garcia-Araya, FJ. Beltran, P. Alvarez, FJ. Masa, Activated carbon adsorption
of some phenolic compounds present in agroindustrial wastewater, Adsorption
9(2003) 107-115.

[30] K. Laszlo, Adsorption from aqueous phenol and aniline solutions on activated
carbons with different surface chemistry, Colloids Surface A: Physicochem. Eng.
Aspects 265 (2005) 32-39.

[31] D.M. Nevskaia, E. Catillejos-L6opez, A. Guerrero-Ruiz, V. Muiioz, Effects of the
surface chemistry of carbon materials on the adsorption of phenol-aniline mix-
tures from water, Carbon 42 (2004) 653-665.

[32] M. Franz, H.A. Arafat, N.G. Pinto, Effect of chemical surface heterogeneity on the
adsorption mechanism of dissolved aromatics on activated carbon, Carbon 38
(2000) 1807-1819.

[33] C.Moreno-Castilla, Adsorption of organic molecules from aqueous solutions on
carbon materials, Carbon 42 (2004) 83-94.

[34] D.M. Nevskaia, A. Santianes, V. Mufioz, A. Guerrero-Ruiz, Interaction of aque-
ous solutions of phenol with commercial activated carbons: an adsorption and
kinetic study, Carbon 37 (1999) 1065-1074.

[35] G.A. Rodriguez, L. Giraldo, ].C. Moreno, Calorimetric study of the immersion
enthalpies of activated carbon cloths in different solvents and aqueous solu-
tions, J. Therm. Anal. Cal., 2009, doi:10.1007/s10973-007-8976-9.

[36] E. Stoeckli, C. Moreno-Castilla, F. Carrasco-Marin, M.V. L6pez-Ramén, Distri-
bution of surface oxygen complexes on activated carbons from immersion
calorimetry, titration and temperature-programmed desorption techniques,
Carbon 39 (2001) 2231-2237.

[37] E. Fernandez, D. Hugi-Cleary, M.V. Lépez-Ramon, F. Stoeckli, Adsorption of
phenol from dilute and concentrated aqueous solutions by activated carbons,
Langmuir 19 (2003) 9719-9723.

[38] A.S.Kumar, S. Kumar, Kumar, Adsorption of resorcinol and catechol on granular
activated carbon: equilibrium and kinetics, Carbon 41 (2003) 3015-3025.


http://dx.doi.org/10.1016/j.jhazmat.2008.12.120
http://dx.doi.org/10.1007/s10973-007-8976-9

	Effect of the pH in the adsorption and in the immersion enthalpy of monohydroxylated phenols from aqueous solutions on activated carbons
	Introduction
	Experimental
	Modification of the granulated activated carbon
	Hydrogen atmosphere heat treatment
	Treatment with nitric acid

	Textural and chemical analysis of the original and modified activated carbons
	Adsorption in the aqueous phase
	Immersion Calorimetry
	Determining immersion enthalpy


	Results and discussion
	Activated carbon properties
	Adsorption from solution
	Effect of solution pH on monohydroxylated phenols adsorption
	Effect of chemical surface on monohydroxylated phenols adsorption
	Adsorption isotherms

	Immersion calorimetry
	Effect of solution pH on immersion enthalpy
	Effect of chemical surface on immersion enthalpy


	Conclusions
	Acknowledgements
	References


