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Abstract Phenol is a pollutant that has caused many
problems even when present in low concentrations and still
represents an environmental problem with difficult solution.
This paper presents a study of phenol adsorption by orga-
nophilic clays, obtained from aVerde Claro bentonitic clay,
from Bravo, Paraiba State, Brazil, at different partial cat-
ion exchange degrees with hexadecyltrimethylammonium
(HDTMA) chloride, at increasing reacting ratios, from 20 to
120 mmol/100 g of clay, which were characterized in a
previous paper. By using Freundlich isotherms obtained for
each case, which presented the best correlation coefficients
with experimental data, it can be seen that for equilibrium
concentrations up to 0.53 mmol L™" of phenol, the adsorp-
tive capacity decreases for organophilic bentonites obtained
at cation exchange degrees higher than 80 mmol/100 g of
clay. This indicates that in these cases, the higher is the
exchange by organic cation, the higher is the difficulty for the
phenol diffusion and sorption in the interlayer space of the
organophilic clays. For higher equilibrium concentrations,
the maximum adsorption occurs for the organophilic ben-
tonite obtained at 100 mmol/100 g of bentonite exchange.

Keywords Phenol - Organophilic clays -
Partial cation exchange - Adsorption

E. P. Barreto - P. M. Biichler

Chemical Engineering Department, Sao Paulo State University,
Avenida Professor Luciano, Gualberto 380, Sdo Paulo,

SP 05424-970, Brazil

M. S. Lemos - I. B. Aranha - J. Dweck (D<)

School of Chemistry, Rio de Janeiro Federal University,

Bloco E do CT Sala E206, Rio de Janeiro, RJ 21949-900, Brazil
e-mail: jodweck @yahoo.com.br

Introduction

The result of systematic negligence of the environment for
many years, and still likely to meet, face major problems
with pollution of our soil, water, and air. Pollution affects
directly the life quality of people, as it harms the health of
people living in contaminated regions. The phenol is a
pollutant that has caused many problems and even at low
concentrations, it represents an environmental problem of
difficult solution. Phenolic compounds are considered
pollutants since 1975 [1]. Contaminants such as phenolic
compounds are common in industrial effluents from the
petrochemical industry and industries that use it, such as
the manufacture of phenolic resins, epoxy resins and
adhesives, and polyamide for various applications [2].

Bentonite clays are those which consist essentially of
smectite and whose properties are dictated by the compo-
nent minerals [3]. The clays possess negative surface charge
due to isomorphic substitutions [4, 5]. Sodium bentonite are
hydrophilic [6] and do not adsorb organic pollutants.
Therefore, they need to be transformed into organophilic
clays for that purpose. This transformation may be done
through cation exchange of the metal original cations by
organic cations from quaternary ammonium salts, which
adsorb organic pollutants [6]. These salts may have from
one to four hydrocarbon groups linked directly to the
nitrogen atom of the organic cation. When added to aqueous
dispersions of the sodium smectites obtained from original
clays, these organic cations replace sodium cations and
settle in the interlayer regions 2:1 of the smectite clay
mineral turning it organophilic.

The replacement of the inorganic cations by quaternary
ammonium cations reduces the hydration of the clay,
increases the interlayer spacing and simultaneously decrea-
ses the surface area of aluminosilicates. Depending on the
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extent that the inorganic cation is replaced by organic cation,
the properties change gradually from highly hydrophilic to
increasingly hydrophobic [7]. The property of organoclays to
adsorb organics, suggests its effective use in the retention of
organic chemical pollutants that are present in hazardous
wastes, industrial wastes, and effluents [8].

The removal of phenol from aqueous effluents is diffi-
cult because of several factors related to their properties as
its high solubility in water at ambient temperature, low
vapor pressure, and its tendency to oxidation. The pro-
cesses used to remove phenol are: solvent extraction,
adsorption on activated coal, chemical oxidation, electro-
chemical extraction, and the biological treatment. The most
used is activated coal [9] and as it is very expensive,
several non-conventional sorbent materials have been
object of study as alternative ways for the removal of
organic contaminants from aqueous solutions. These
alternative sorbents must have appropriate characteristics
for its use in industrial scale, such as high sorption
capacity, abundance, and low cost. This is the reason for
the use of organophilic clays [10].

The study of inorganic and organic pollutants removal
by organophilic clays has aroused great environmental
interest. Their use in adsorption of pollutants has been used
in soil remediation through the adsorption of 2,4-dichlo-
rophenol by organoclay/aquifer material mixtures [11],
removal of 2-phenylphenol from aqueous solutions [12],
treatment of emulsified oily wastewater [13], aquifer bio-
remediation through the adsorption of chlorobenzene [14],
adsorption of phenol [15], treatment of phenol pollution in
wastewater from oil refinery by dual cation modified ben-
tonite [16], adsorption of organic contaminant and heavy
metal [17], to enhance carbon filtration [18], adsorption of
phenanthrene from distilled and saline water [19], and
adsorption of phenthoate and acetochlor from polluted
water [20].

This work has as main objective, to study the adsorption
of phenol by organophilic clays obtained by partial and
total exchange of the inorganic cations by hexadecyl-
trimethylammonium of a polycationic Verde Claro ben-
tonite from Boa Vista, Paraiba State, Brazil, to study the
process and mechanism of adsorption as a function of the
degree of cation exchange.

Experimental

A Verde Claro bentonite (VC) was used, original from Boa
Vista, Paraiba State, Brazil, provided by Bravo Mining Co,
which has a greenish color. The original sample was milled
into samples 100% passing in ASTM no. 200 sieve (74 pm).
P.A. anhydrous sodium carbonate, provided by Casa
Americana de Artigos para Laboratdrio LTDA, was used to
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obtain the respective sodium clay (VCNa) from original clay.
Clariant S.A provided hexadecyltrimethylammonium chlo-
ride. P.A. phenol, provided by Casa Americana de Artigos
para Laboratdrio Ltda, was used to prepare the aqueous
solutions to simulate contaminated effluents.

Using the process developed by Valenzuela Diaz [21],
the VCNa sodium bentonite was obtained by cation
exchange through the addition of the 120 meq of sodium
carbonate per 100 g of the original bentonite clay in
aqueous dispersions containing 4% of clay. After resting
for 24 h, reactions with X = 20, 40, 60, 80, 100, and
120 meq of hexadecyltrimethylammonium chloride were
performed to obtain the respective VCX organophilic
clays. After another rest for 24 h, these clays were obtained
by filtering and washing with demineralized water until
negative test of the filtrate with silver nitrate. Then the
organoclay filter cakes were dried at 60 °C, followed by
milling until obtaining particles 100% passing in ASTM
no. 200 sieve.

XRD diffractograms were obtained in a Bruker-D4
endeavor equipment, already presented in part L.

The experiments of adsorption of phenol by organoclays
were conducted in duplicate, by the method proposed by
Biichler [22], and the presented data are average values. To
simulate effluent conditions, phenol aqueous solutions
were prepared at initial concentrations of 2.13, 4.26, 6.38,
8.51, and 10.64 mmol L™'. Aliquots of the solutions were
analyzed by total organic carbon (TOC) determination in a
Shimadzu, model TOC-5000A equipment. To 20 mL ali-
quots of each initial phenol concentration solution, 0.5 g of
organoclay was added, followed by agitation at constant
temperature (25 °C) for 24 h.

At the end of this time, centrifugation for 30 min was
promoted at 1000 rpm. Total organic carbon (TOC)
determinations of the supernatant solutions were analyzed
to determine the respective phenol equilibrium concentra-
tion. The corresponding amount of phenol in each solution
was obtained by multiplying the TOC results by the ratio
between the mass of one mol of phenol and its corre-
sponding mass of carbon. The amount of phenol adsorbed
by each organoclay was calculated from the difference
between the initial and equilibrium concentrations, in
mg L' of solution. This value, multiplied by the value of
initial solution volume and divided by the used mass
of clay, provides the mass of phenol adsorbed per mass of
adsorbent clay, which was then converted in mmols of
adsorbed phenol per 100 g of organophilic clay to be easier
to compare the present results with results from other
laboratories.

The analysis of the results of the phenol adsorption
experiments by the partially exchanged organoclays, were
performed by using Freundlich isotherms, which consider
the non-uniformity of real surfaces [23], according to
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equation log 0 = log kf + (1/n)-log C, where 0 is the
mmols of phenol adsorbed per 100 g of clay; C is phenol
equilibrium concentration in mmol L' of solution; 7 is
reactivity of energetic sites of the clay, and kf is adsorption
coefficient [23].

XRD characterization

As seen in Fig. 1, basal spacing of VCNa clay is lower than
that of the original VC clay. The basal spacing of the VC20
and VC40 organoclays is practically equivalent, and from
their value it seems that even at this degree of cation
exchange, a single layer of organic radical is formed in the
interlayer spacing of the clay. As the amount of quaternary
salt available for exchange with sodium ion is increased, an
inflection point occurs at the point correspondent to the use
of 70 meq, after which the increase in basal spacing by
increasing the amount of quaternary salt begins to decrease,
reaching new values, in the order of 2.3 nm for VC100 and
VCI120 clays, characterizing the formation of a pseudo
trilayered interlamelar spacing [24]. As was seen in part I,
the actual mass of exchanged organic cation of VC120 clay
is a little higher than that of VC100 clay, what explains
their similar behavior and adsorbing properties as will be
discussed in next items.

Analysis of the phenol adsorption process

The amount of phenol adsorbed changed according to its
initial concentration in the solution and to the degree of
cation exchange of the organoclay. In general, the higher is
the adsorbed amount per unit mass of clay, the higher is
the initial concentration of the solute and the higher is the
degree of effective cation exchange [25-30]. In Fig. 2 the
values of adsorbed phenol mass per unit mass of clay are
shown as a function of the amount of quaternary ammo-
nium salt used to obtain the different organoclays, for each
initial concentration of phenol.
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Fig. 1 Basal spacing of VCX organoclays as a function of quaternary
ammonium salt used for the exchange

Phenol adsorption data follow Freundlich isotherm
model, as shown in Fig. 3, where the mass of adsorbed
phenol is shown as a function of the equilibrium concen-
tration for each case. From the excellent linear correlation
coefficients obtained for each case, the applicability of the
Freundlich model is evidenced within the limits of initial
phenol concentration used for the adsorption essays, which
also indicates the non-uniformity of the adsorption areas
[23].

Figure 4 curves shows the amount of phenol (in mmol)
that can be adsorbed, as a function of the equilibrium con-
centration, per 100 g of each VCX organoclay clay, calcu-
lated from the respective Freundlich isotherm expression. It
can be noticed that for equilibrium concentrations (C) greater
than 1.17 mmol L™, generally, the higher is the number of
milliequivalents (meq) of exchanged quaternary ammonium
radical, the higher is the amount of adsorbed phenol. For
equilibrium concentrations lesser than 1.17 mmol L™ this
does not occur and VC80 clay curve shows higher phenol
adsorption than VC100 and VCI120 clays, for values of
C < 0.85 mmol L™".Itis also observed for VC20 and VC60
cases an almost linear behavior of the amount of phenol
adsorbed with equilibrium concentration, which does not
happen for VC80, VC100, and VC120 clays.

From Freundlich equation, the higher is the equilibrium
concentration, the higher is the amount of adsorbed phenol,
which is also due to the greater concentration of phenol in
the initial solution. However, the higher is the difference
between the concentration of phenol in the external solu-
tion and the solution adhering to the surface of the particles
of organoclay, the higher is the capacity and speed of
diffusion of phenol to the sites where the adsorption occurs,
which also depends on the free space available for this
diffusion. This may explain the behavior of VC100 and
VC120 clays with respect to VC80 clay for lower phenol
equilibrium concentrations.

Figure 5 shows the phenol adsorbed by the organoclays,
as a function of the different amounts of quaternary salt
used for their synthesis, for a same equilibrium concen-
tration of phenol. It is observed that in all cases from 20 to
80 meq of quaternary ammonium salt used to form the
organoclay, the greater is the amount of cations of qua-
ternary ammonium salt used and present in the organoclay,
the greater is the amount of phenol adsorbed, indicating an
apparent same adsorption capacity of the organic phase in
these organoclays.

For equilibrium concentrations up to 0.53 mmol L™ the
adsorbed amount decreases for VC100 and VC120 orga-
noclays indicating that in these cases, the largest amount of
organic cation exchanged, promotes a greater difficulty for
diffusion and adsorption of phenol in the available interlayer
space of these organoclays. As the equilibrium concentration
increases, as a consequence of a higher concentration of
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Fig. 2 Adsorbed phenol as a
function of the cation exchange
degree of the organoclay, for
different initial phenol
concentrations: a 2.13, b 4.26,
¢ 6.38, d 8.51,

e 10.64 mmol L™

Fig. 3 Freundlich isotherms for
the adsorption of phenol by
different organoclays a VC20,
b VC40, ¢ VC60, d VC80,

e VC100, f VC120
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Fig. 5 Adsorption of phenol by the organoclays obtained at different
exchange degrees as a function of phenol equilibrium concentration
and the number of milliequivalents of quaternary ammonium salt used
for the exchange

phenol in the original solution, at C = 1.06 mmol L™ there
is a limit on the maximum amount of phenol that can be
adsorbed. For equilibrium concentrations greater than
1.06 mmol L™}, the amount of phenol adsorbed increases
with increasing equilibrium concentration, but with a smaller
variation due to the increase of the quaternary ammonium
salt present, when compared to what happened to the case of
VC80 organoclay. This fact confirms the greater difficulty of
adsorption for the organoclays obtained by exchange of more
than 80 meq of organic cation. In cases of a greater amount
adsorbed it may be occurring a secondary adsorption with
weaker links on the outside surface of the organoclay
particles.

Conclusions
e The Freundlich isotherms represent with good correla-

tion coefficients the data of phenol adsorption by
organoclays obtained from the Verde Claro bentonite

with different degrees of substitution of cationic
hexadecyltrimethylammonium.

e For a given equilibrium concentration, the amount of
phenol adsorbed per unit mass of organoclay depends
on the degree of substitution of the sodium ions by the
organic radical.

e Analyses of the interplanar basal spacing by X-ray
diffraction, indicate that a monolayer is formed in
VC20 and VC40 organoclays, which increases gradu-
ally depending on the amount exchanged organic
radical, to a new limit when a pseudo molecular
trilayer is formed in the case of VC100 and VCI120
organoclays, which present a same basal spacing.

e There is practically a same limit on the maximum
phenol adsorption capacity for VC100 and VC 120
organoclays. For VC20 to VCS80 organoclays, the
higher is the amount of cations of quaternary ammo-
nium salt present in the organoclay, the greater the
amount of phenol adsorbed, indicating apparently the
same adsorption capacity in these cases.

e As the equilibrium concentration increases, in the case
of 1.06 mmol L™}, there is a limit on the maximum
amount of phenol that can be adsorbed.

e Although for equilibrium concentrations of phenol
higher than 1.06 mmol L_l, the amount of phenol
adsorbed increases with increasing equilibrium con-
centration, with possible secondary adsorption, there is
a minor variation of this increase with the increasing
degree of cation exchange in the case of the organoc-
lays obtained with 80 or higher meq of cation
exchange.
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