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Abstract. Single solute and simultaneous experimental adsorption isotherms of three phenolic compounds: gallic
acid, p-hydroxybenzoic acid and syringic acid, have been investigated at 20, 30 and 40°C, using a bituminous
coal based activated carbon. Regardless of temperature, the capacity of the activated carbon used to adsorb these
compounds presented the following order: syringic acid > p-hydroxybenzoic acid > gallic acid. The increase of
temperature slightly favored the adsorption capacity of the phenolic compounds. In binary and ternary component
adsorption, experimental data suggest that interactions between adsorbates improve the adsorption capacity of some
of the phenolic acid compounds. On the contrary, at high organic concentrations, adsorbed gallic acid was partially

removed from the activated carbon surface because of the presence of the other components.
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Introduction

Activated carbon, a material with porous structure and
large internal surface area, is commonly used as ad-
sorbent for the removal of organic matter micropollu-
tants (i.e. pesticides, phenols, aromatic hydrocarbons,
humic substances, etc.) in drinking water treatment
(Suffet and McGuire, 1981). Specifically, phenol like
compounds are usually target for adsorption studies
due to their presence in many water environments and
their affinity with the activated carbon surface. Liter-
ature reports many works on this subject where the
aims are the optimization of the adsorption to develop
new adsorbent products and to elucidate the adsorption
mechanism (McGuire and Suffet, 1983). Thus, Radke
and Prausnitz (1972) observed that adsorptions of
p-cresol and p-chlorophenol onto activated carbon
were stronger than other organic compounds such as
acetone, 2-propane, etc. Singer and Yen (1981) con-
cluded that adsorptive capacity of activated carbon
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for phenolic compounds increases with the increasing
number of aromatic substituting groups and molecular
weight. Costa et al. (1989) also reported the impor-
tance of the nature of substituting groups in the aro-
matic ring to increase the adsorption capacity. Tessmer
et al. (1997) pointed up the role of oxygen and surface
oxygen complexes onto activated carbons on their ad-
sorptive capacity for phenolic compounds. Ravi et al.
(1998) showed the anomalous influence of temperature
on the adsorption of some organic compounds, such as
phenols, benzyl alcohol, etc.

In this work, the adsorption equilibria of three pheno-
lic acid compounds: gallic acid, p-hydrobenzoic acid
and syringic acid, on an activated carbon are reported.
These phenolic acid compounds are present in wastew-
aters coming from agroindustrial activities related to
the manufacturing of olive oil, wine, spirits, etc, very
common in Mediterranean countries (Beltran et al.,
2000a). The concern of these compounds arises from
the malfunctions that they may cause in biological treat-
ment units of wastewater treatment plants (Borja et al.,
1995). These problems make necessary the application
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of other treatments to aid the biological oxidation of
wastewater. In this sense, chemical oxidation (Gémez
et al., 2000), activated carbon adsorption (Cotoruelo
and Marqués, 1998) or a combination of both (Ince and
Apikyan, 2000) have been proposed to remove such
biorefractory compounds, like phenols.

Materials and Methods

Reagent grade gallic acid and p-hydroxybenzoic acid
were obtained from Fluka while syringic acid was pur-
chased to Sigma. Millipore Milli-Q water was used
to prepare the aqueous solutions of these compounds.
A granular activated carbon, namely Hydraffin P110,
was procured from Lurgi (Donan Carbon GmbH & Co.
KG, Germany) and used throughout this study. The se-
lection of this activated carbon was in principle made
based on the characteristics supplied by the manufac-
turer. Additionally some selected properties were fur-
ther determined in the laboratory.

An Autosorb-1 (Quantachrome) gas adsorption sys-
tem was used to determine the specific surface area
(BET) and the micropore volume from the adsorption
isotherm of N, at 77 K. The volume of pores larger than
1.5 nm width was measured by mercury porosimetry
(Pore Master 60, Quantachrome). True and apparent
densities were determined using helium and mercury
pycnometers (both Quantachrome), respectively.

The FT-IR spectrum of activated carbon was ob-
tained on a Perkin Elmer 1720 spectrophotometer.
About 1% of carbon was used on a 0.25 g KBr pellet.
The pellet was analyzed immediately after preparation
by compression at 10 tonnes for 10 min. in a hydraulic
press. The spectrum of a pure KBr pellet was used as
background.

Prior to its use in adsorption experiments, the acti-
vated carbon was washed with boiling Milli-Q water
for 2 hours, then oven-dried at 110°C for 48 hours and
eventually cooled down up to room temperature in a
dried atmosphere. The equilibria adsorption isotherms
for phenolic acids from aqueous solutions on activated
carbon were determined at various temperatures in the
range 20-40°C using the batch bottle-point method.
Different amounts of activated carbon were weighed
and suspended into glass bottles (19 mm i.d., 150 mm
height) containing 20 ml of organic solution (0.5 g -1~
phenolic acid, similar concentration to that observed
in the agroindustrial wastewaters where these com-
pounds are present (Beltrdn et al., 2000b)). The bot-
tles were sealed and placed in an orbital shaker where

samples were kept at constant temperature within
+0.1°C.

After the equilibration time was considered to be
elapsed, the concentration of phenolic acids in the water
was determined by HPLC with a 1100 Hewlett-Packard
chromatograph provided with automatic injection, a
kromasil 100 C-18 Tracer column (4 mm i.d., 150 mm
length), UV-visible detection system set at 280 nm
and a Chemstation for data treatment. The analysis
was made isocratically with a water/acetonitrile/ortho-
fosforic acid mixture (89.75/10/0.25 by volume) as the
mobile phase.

Finally, adsorption isotherms of solutes on activated
carbon were obtained from the mass balance of pheno-
lic compounds dissolved.

Results and Discussion
Activated Carbon Characterization

Characterization of the activated carbon used was per-
formed to ascertain its suitability for application as ad-
sorbent in water treatment. Figure 1 shows the exper-
imental isotherm of N, at 77 K. It can be seen that
corresponds to type II of the BDDT classification, in-
dicative of a porous solid where the adsorbed layer
thickness increases progressively with increasing rela-
tive pressure which is typical of a micro-mesoporous
solid (Brunauer et al., 1940). Figure 2 shows the cumu-
lative pore volume deduced from mercury porosimetry,
from which it can be concluded that the activated car-
bon has also an important volume of mesopores. The
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Figure 1. Isotherm of N»(g) at 77 K on Hydraffin P110 activated
carbon.
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Figure 2. Hydraffin P110 activated carbon pore size distribution.

Dubinin-Radushkevich equation was used to calculate
the micropore volume from the N, adsorption data.
True and apparent densities were determined by helium
and mercury pycnometry, respectively. The porosity, €,
and the total pore volume, V7, were calculated from the
apparent and true densities, p, and p;, as follows:

e=1-" (1)
Pt
1
Vi=——— @)
Pa Pt

Table 1 summarises the results of the physical char-
acterisation of the activated carbon. Accordingly, the
activated carbon possesses a micro-mesoporous struc-
ture and a large internal surface area which enables one
to choose it for applications as adsorbent in water treat-
ment to remove adsorbates of size like those studied in
this work.

On the other hand, surface chemistry of activated car-
bon may influences adsorption. Particularly, it is well
reported that the presence of oxygen-containing surface
functional groups on activated carbon can determine

Table 1. Hydraffin P110 activated carbon characteristics.
Particle size (mm) 1.6-2.0
True density (kg - m~3) 2030
Apparent density (kg - m~3) 810
BET specific surface area (m? - g~ !) 967
Porosity 0.601
Total pore volume (m3 - g~ 1) 7.4 %1077
Micropore volume (m? - g~ 1) 4.6x1077
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Figure 3. FT-IR spectrum of activated carbon used.

the mechanism and the extent of phenolic compounds
adsorption (Mattson et al., 1969; Vidic et al., 1993). To
study the chemical surface of the activated carbon the
FT-IR spectrum was recorded as shown in Fig. 3. To
exalt adsorption bands a multiple point baseline was
used before plotting the spectrum. Also a smooth func-
tion was applied to reduce noise. A tentative adsorption
bands assignment, which are also presented in Fig. 3,
indicates that the activated carbon used contains a num-
bers of atomic groupings and structures.

From the band assignments it is deduced that some
oxygen complexes are present on the carbon surface.
Thus, the intense broad band with its maximum at
3490 cm™! is considered to be connected with the ad-
sorption of hydroxyl groups associated by hydrogen
bonds. The band at 1725 cm~! has been ascribed to
v(C=0) vibrations in carbonyl groups of ketones, alde-
hydes or esters. Finally, a great number of ether-type
structures both aliphatic and aromatic are likely to be
present on the carbon surface (notice the broad band
with maximum at 1179 cm™! and 1111 cm™").

From the standpoint of the adsorption of phenol-like
substances, it is highlighted the absence of carboxylic
groups onto carbon which are reported to have a nega-
tive impact on the physical adsorptive capacity. These
groups lead to increased removal of 7 electrons from
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the basal planes, which results in weaker dispersion
forces (Leng and Pinto, 1997).

The presence of other various oxygen complexes
leads one to think that oxidative coupling of phenols
which produces polymerization, is not favoured (Vidic
et al.,, 1997). However, carbonyl surface groups can
promote chemisorption of phenolic species according
to Mattson et al. (1969).

Preliminary Adsorption Experiments

A first series of single solute adsorption experiments
was carried out to determine the time needed to reach
equilibrium conditions, that it was found to be less than
150 hours. Therefore, this time was chosen for subse-
quent adsorption experiments since it surely covered
equilibrium time for all the conditions applied in this
work. Such a long time to reach equilibrium has also
been observed for adsorption of phenolic compounds
on other commercial activated carbons (Ania et al.,
2002).

The pH of water constitutes one of the factors that
most influences on the adsorption capacity of com-
pounds that can be ionized (Myers and Zolandz, 1981).
Also, acid or alkali species may produce changes onto
the carbon surface by reacting with surface groups.
These effects may lead to significant modifications of
the adsorption equilibrium depending on the pH.

Therefore, a series of preliminary experiments was
effected to ascertain the optimum pH for the adsorption
of the phenolic acids treated. The maximum adsorptive
capacity was found at a pH ranged between 3 and 4.
At higher pH values (pH > 4), an important decrease
of the adsorption capacity was observed likely due to
the increase of the concentration of the ionized organic
form which is adsorbed to a lower extent because of
its higher solubility in water (Manes, 1981). On the
other hand, at pH < 3, the adsorption capacity also
lightly diminished with respect to that at pH between
3 and 4. Although chemisorption of phenols is not ex-
pected to be of much significance at low temperature
(Vidic et al., 1993), it is reported to occur to some
extent depending on the nature of activated carbon sur-
face. In this instance, chemisorption would be hindered
at low pH because of interference of protons with high
electronic density centres of carbon surface, responsi-
ble of adsorptive bindings resulting from the formation
of bridge bonds with —OH groups of phenolic acids
(Nevskaia and Guerrero-Ruiz, 2001) or donor-acceptor
complexes as proposed by Mattson et al. (1969). In

accordance with these findings, isotherm experiments
were carried out at a pH between 3.4 and 3.7, that
resulted from the solution of phenolic acids in water
without adding any buffering substance.

Finally, once selected pH conditions a number of
adsorption experiments were repeatedly carried out to
evaluate reproducibility of results. Data deviations in
equilibria adsorption isotherms lower than 5% were
found in all cases.

Influence of the Nature of the Adsorbate

Single solute adsorption isotherms data at 20, 30 and
40°C of the three phenolic acids studied were plotted
in Fig. 4. Regardless of temperature, it can be observed
the following sequence for phenolic acids adsorption:
syringic acid > p-hydroxybenzoic acid > gallic acid.
With the exception of the 20°C and 30°C isotherms of
gallic, all the isotherms comport with a type L Giles
classification (Giles et al., 1960), which means favor-
able adsorption. However, gallic acid isotherms (20 and
30°C) can be categorized as type S isotherms, which
are typical of non-favorable adsorption at low equi-
librium concentrations. Both, solubility and chemical
structure of organics are factors of prime importance in
adsorption. On one hand, it is evident that the more the
solubility in water the lower the adsorption capacity of
a given compound. Results shown in Fig. 4 comport
the above statement since gallic acid was adsorbed to
a lesser extent than p-hydroxybenzoic acid likely due
to their different solubility in water (15 and 8 g - 17! for
gallic acid and p-hydroxybenzoic acid, respectively).
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Figure 4. Experimental isotherms of single components on acti-
vated carbon: Conditions: 40, 20 and 30°C, pH: 3.4-3.7. B Gallic
acid, e p-Hydroxybenzoic acid, A Syringic acid.
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Figure 5. Chemical structures of the three phenolic acids studied.

Similar behaviour was found for the case of syringic
acid, the least soluble in water (1 g-17"), which was
more strongly adsorbed onto activated carbon than the
other two phenolic acids studied.

On the other hand, chemical structures of the three
phenolic acids studied are presented in Fig. 5. It should
be kept in mind that some substituting groups in the aro-
matic ring such as carboxylic acids, may act as electron
withdrawing groups, thus enhancing the capacity of the
aromatic ring to act as an acceptor group. On the con-
trary, metoxy group and, specially, hydroxyl groups in-
crease the electronic density of the ring (Morrison and
Boyd, 1985). Although physical adsorption of phenolic
substances onto activated carbon is dominant at ambi-
ent temperature, some forces different than the electro-
static ones may also exert some influence on adsorp-
tion processes. Thus, Mattson et al. (1969) postulated
the formation of donor-acceptor complexes from the
interaction between surface carbonyl oxygen groups
and the aromatic ring of hydroxyl and nitro-substituted
molecules. Vidic et al. (1997) suggested that oxida-
tive coupling of phenols are promoted by basic oxy-
gen complexes of the carbon surface, thereby signifi-
cantly increasing the adsorptive capacity of activated
carbon for phenolic substances. The mechanism of
the adsorption is based on the ability of the surface
sites to donate delocalized electron pairs and behave
as Lewis bases. In both instances, substituting groups
of the phenolic acids can play a role. According to
the statements above, gallic acid should present the
lowest affinity to be adsorbed due to the presence of
three —OH groups, followed by syringic acid contain-
ing one —OH group and two —OCHj3 groups and, fi-
nally, the p-hydroxybenzoic acid that only contains one
single OH group. As it can be observed from Fig. 4,
gallic acid was the phenolic compound studied with the
lowest adsorption affinity, likely due to its high solubil-
ity and low activation of the aromatic ring. However,
syringic acid presented an adsorption capacity higher
than that of p-hydroxybenzoic acid, which does not
corroborate the hypothesis described above. One pos-
sible reason could be due to the moderate character

of —OCHj3; groups to deactivate the electronic density
of the aromatic ring (Morrison and Boyd, 1985). Then,
differences in adsorption capacity of syringic acid with
respect to p-hydroxybenzoic acid may be attributed to
differences in solubility rather than to differences in
chemical structures. Adsorption isotherm experiments
at 30 and 40°C can be discussed in a similar way to that
made for 20°C.

Influence of Temperature

Temperature is a major variable in adsorption processes
since it affects the solubility of adsorbates and the ad-
sorption equilibrium constant. Figure 6 shows the ex-
perimental adsorption isotherms in single solutes on
activated carbon at various temperatures. The effect of
temperature on the isotherm equilibrium studied was
observed to be rather low. This fact has also been re-
ported in literature for the adsorption of several or-
ganic compounds present in liquids (Seidel et al., 1985;
Ravi et al., 1998). In Fig. 6, it can be observed a
slight increase of the adsorption capacity when tem-
perature was risen which is in contradiction with the
expected trend of any physical adsorption, because its
exothermic nature. The experimental results, therefore,
suggest endothermic adsorption processes. Similarly,
a priori, anomalous results have also been observed
for phenol and substituted phenols and several expla-
nations have been reported in literature. Thus, Costa
et al. (1989) attributed the increased phenol adsorption
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Figure 6. Experimental isotherms of gallic acid, p-hydroxybenzoic
acid and syringic acid as single components on activated carbon.
Effect of temperature. Conditions: pH: 3.4-3.7. l 20°C, ¢ 30°C, A
40°C.
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with temperature to the high percentage contribution
of micropores to the porosity of the activated carbon
used. They reported that an important fraction of these
micropores could have a size similar to that of the
phenol molecule so that access to these pores would
only be possible at certain conditions of temperature
at which the phenol molecule could penetrate and dif-
fuse. Seidel et al. (1985) for the case of phenol adsorp-
tion and Chiou and Manes (1974) for other compounds
(including some phenols), explained the results in terms
of the increased packing density of adsorbate molecules
in the pores of activated carbon above its melting point.
More recently, Ravi et al. (1998) also observed a sim-
ilar anomalous behaviour on the effect of temperature
on the adsorption of cresols, phenol and benzyl alco-
hol. These authors (Ravi et al., 1998), as first pointed
out by Mattson et al. (1969), proposed that the adsorp-
tion of compounds they studied was due to an irre-
versible chemisorption and/or polymerization of ad-
sorbed molecules. This adsorption mechanism would
be positively affected by temperature. In the present
work, the reasons why temperature presents the effect
observed could likely be due to a combination of effects
similar to that reported by Costa et al. (1989) and Ravi
etal. (1998) according to the micro-mesoporous nature
of the activated carbon used (see Table 1) and its surface
chemistry discussed above. In any case, more research
is needed to clarify the mechanism of adsorption of
these phenolic acids onto activated carbon.

Binary and Ternary Multicomponent Adsorption

Binary and ternary mixtures of the three phenolic acid
compounds studied were also prepared for isothermal
equilibrium determination. Since in a practical case
multiple compounds of wastewater are to be adsorbed
onto activated carbon, it is convenient to know the ef-
fect that the presence of some compound exerts on the
adsorption capacity of other compounds.

(a) Adsorption Equilibrium of Gallic Acid. Experi-
mental adsorption isotherms of gallic acid as a single
solute of the aqueous phase and in binary and ternary
mixtures with p-hydroxybenzoic acid and syringic acid
are presented in Fig. 7. As can be observed, for aque-
ous equilibrium concentrations of gallic acid higher
than 0.05 g-17! the corresponding adsorbed concen-
trations, n., in binary and ternary mixtures were lower
than those of the single gallic acid adsorption. This neg-
ative effect noted on the adsorptive capacity of the acti-
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Figure 7. Experimental isotherms of gallic acid as single compo-
nent and in binary and ternary mixtures with p-hydroxybenzoic acid
and syringic acid on activated carbon. Conditions: 20°C, pH: 3.4-3.7:
Binary mixture initial mass ratio: 1/1. Ternary mixture initial mass
ratio: 1/1/1: M In single component adsorption, e in binary mixture
adsorption with p-hydroxybenzoic acid, A in binary mixture adsorp-
tion with syringic acid, ¥ in ternary mixture with p-hydroxybenzoic
acid and syringic acid.

vated carbon for gallic acid has also been observed for
other compounds (Espinola, 1998; Frick et al., 1981)
being likely due to the competition of other solutes for
the active centres of the adsorbent surface (notice that
in multicomponent adsorption the carbon/compound
mass ratio was lower than in single adsorption). In addi-
tion, at the highest gallic acid concentrations, the corre-
sponding adsorbed equilibrium concentration slightly
decreased with the increasing equilibrium dissolved
concentration, a phenomenon already observed in other
adsorption systems (Frick et al., 1981). This could
likely be attributed to some displacement of gallic acid
from the active centres where it was adsorbed because
of the presence of the other solutes. Another conse-
quence of this is the reversibility of the process as also
reported by Ravi et al. (1998). These authors proposed
a multilayer adsorption process in which a fraction of
adsorbate remains bonded through electrostatic forces
which makes the process reversible. Always at gallic
acid concentrations higher than 0.05 g - 1=! both binary
isotherms of gallic acid were similar so competition of
p-hydroxybenzoic acid and syringic acid for the avail-
able active centres can be considered to be alike. On the
other hand, the isotherm curve of the ternary mixture re-
mained below those of the binary mixtures which sug-
gests that the competitive effect of p-hydroxybenzoic
and syringic acids was limited and it had reached the
maximum value.

Finally, at the lowest equilibrium gallic acid concen-
trations in water when there was an excess of activated
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carbon relative to the amounts of phenolic acids the
isotherms of the binary and ternary mixtures were sit-
uated slightly above that of the single gallic acid ad-
sorption. These experimental results suggest that there
was not at all competition between adsorbates but inter-
actions between adsorbates favoured the adsorption of
gallic acid. Similar results have been reported for other
systems (Deryto-Marczewska et al., 1985; Weber and
Van Vliet, 1981).

(b) Adsorption Equilibrium of p-Hydroxybenzoic
Acid. Figure 8 shows the experimental adsorption
isotherm results of p-hydroxybenzoic acid as sin-
gle compound or mixed with the other two pheno-
lic acids in binary or ternary mixtures. In this case,
curves of isotherms for binary and ternary mixtures
were found to be situated below that corresponding to
the single adsorption equilibrium of p-hydroxybenzoic
acid. Hence, the competitive effects of gallic acid
and syringic acid for the available active centres of
the adsorbent surface seems to be the main reason
of the low adsorbed p-hydroxybenzoic acid equi-
librium concentration in multicomponent mixtures.
It can be highlighted the experimental isotherm of
p-hydroxybenzoic acid in the presence of syringic
acid. Especially for equilibrium concentrations in water
higher than 0.05 g - 17!, this isotherm presents the low-
est values of the equilibrium adsorbed concentration,
ne, which is due to the strong adsorption of syringic
acid.
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Figure8. Experimental isotherms of p-hydroxybenzoic acid as sin-
gle component and in binary and ternary mixtures with gallic acid
and syringic acid on activated carbon. Conditions: 20°C, pH: 3.4—
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Figure 9. Experimental isotherms of syringic acid as single com-
ponent and in binary and ternary mixtures with gallic acid and p-
hydroxybenzoic acid on activated carbon. Conditions: 20°C, pH:
3.4-3.7: Binary mixture initial mass ratio: 1/1. Ternary mixture ini-
tial mass ratio: 1/1/1: M In single component adsorption, e in binary
mixture adsorption with gallic acid, A in binary mixture adsorption
with p-hydroxybenzoic acid, ¥ in ternary mixture with gallic acid
and p-hydroxybenzoic acid.

(c) Adsorption Equilibrium of Syringic Acid. Ex-
perimental isotherms of syringic acid obtained from
solutions when present alone or in binary and ternary
mixtures are presented in Fig. 9. Also in this case,
binary and ternary isotherm curves were below the
corresponding of the syringic acid in the absence of
other phenolic compounds. The isotherm correspond-
ing to the ternary mixture presented adsorbed equilib-
rium concentrations of syringic acid higher than those
corresponding to the binary mixtures and single ad-
sorption. This suggests the development of interaction
effects between phenolic acid compounds to improve
the adsorption of syringic acid.

(d) Other Aspects Concerning the Multicomponent
Adsorption Equilibrium. For comparative reasons
the individual isotherms of each phenolic acid obtained
from different binary and ternary mixtures are pre-
sented in Fig. 10. Although gallic acid presented the
lowest adsorption affinity as shown in preceding sec-
tions, when it took part of binary mixtures the adsorbed
equilibrium concentrations were similar to those of
p-hydroxybenzoic acid and slightly lower than those
of syringic acid. It seems that interaction between ad-
sorbates (Derytlo-Marczewska et al., 1985; Weber and
Van Vliet, 1981) in binary mixtures favoured the ad-
sorption of gallic acid compared to the adsorption
when it was alone in water. Also, in binary mixtures at
high gallic acid concentrations adsorbed equilibrium
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Figure 10. Experimental isotherms of binary mixtures of phe-
nolic acids studied. Conditions: 20°C, pH: 3.4-3.7. Binary mix-
ture initial mass ratio: 1/1. Binary mixtures: W gallic acid and OJ
p-hydroxybenzoic acid; e gallic acid and o syringic acid; A p-
hydroxybenzoic acid and A syringic acid.

concentrations of this acid decreased which suggests
a displacement of adsorbed gallic acid to the aqueous
phase. Similar situations have been reported for other
compounds like pesticides (Espinola, 1989), halo-
genated phenols (Alvarez, 1989) and p-nitrophenol
(Fritz and Schliinder, 1981). On the contrary, the p-
hydroxybenzoic acid-syringic acid binary system did
not show this behaviour. Syringic acid was the strongest
adsorbed phenolic acid but it does not seem to exert any
effect on p-hydroxybenzoic acid to be displaced from
the active centres.

Finally, Fig. 11 presents the individual isotherms
of the three phenolic acids studied obtained from the
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Figure 11. Experimental isotherms of the ternary mixtures of phe-
nolic acids studied. Conditions: 20°C, pH: 3.4-3.7. Ternary mixture
initial mass ratio: 1/1/1. W gallic acid, e p-hydroxybenzoic acid, A
syringic acid.

ternary mixture. As before, adsorbed equilibrium con-
centrations of syringic acid were the highest ones.
In addition, adsorbed equilibrium concentrations of
gallic acid and p-hydroxybenzoic acid were simi-
lar likely due to the interaction effects among adsor-
bates. In Fig. 11 it is also observed that for high dis-
solved equilibrium concentrations (>0.1 g-17!) ad-
sorbed equilibrium concentrations of gallic acid and
p-hydroxybenzoic acid reached a plateau value while
that of syringic acid still presented an increasing trend
towards higher concentration values.

Conclusions

Main conclusions of this work are:

e High adsorption times are (150 h) needed to reach
equilibrium values within the experimental system
used.

e Maximum adsorption capacity of the phenolic acids
studied was reached at pH between 3 and 4.

e The adsorptive capacity of the activated carbon var-
ied depending on the nature of phenolic acid. In sin-
gle component aqueous solution the adsorption trend
was found to be syringic acid > p-hydroxybenzoic
acid > gallic acid, regardless of temperature.

e A low significant influence of temperature in the
range studied (20 to 40°C) was observed. In any case,
adsorption capacity decreased by a little with the in-
creasing temperature, regardless of the phenolic acid
adsorbed.

o Interaction effects between adsorbates were noticed
to favour the adsorption of one or two components.

e At high dissolved equilibrium concentration, in bi-
nary and ternary mixtures, adsorbed gallic acid was
likely displaced from the active centres to yield lower
adsorbed equilibrium concentrations.

e Adsorption of phenolic acids of agroindustrial
wastewater on activated carbon can be an alterna-
tive technology to reduce the presence of these com-
pounds which are difficult to be removed by biolog-
ical oxidation.
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