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The effect of phthalic acid (benzene 1,2 dicarboxylic acid), a surrogate compound for natural organic matter, and of
humic acid, on the adsorption of chromium to the surface of minerals was observed. In ternary systems involving
phthalic acid, chromium(IIl) adsorption decreases on clays, probably because of aqueous Cr(III)-phthalate
complexation, preventing ionic-exchange. Phthalic acid was also found to reduce chromium(VI) adsorption onto
alumina, because of a competitive effect. In ternary systems involving humic acid, Cr(III) adsorption is increased
in the low pH range because of the formation of surface ternary complex S-L-Cr(IIT) and is decreased in the high
pH range because of aqueous Cr(IIl)-humate complexation.
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1 INTRODUCTION

Mobility of heavy metals in soils is governed by different parameters such as pH, the content
of clay and organic matter (Schindler, 1990; Stumm, 1992). The adsorption of metal ions at
the oxide/water interface can be significantly modified by organic substances present in solu-
tion and forming complexes with metal ions (Boily and Fein, 1996). The co-occurrence of
dissolved metals and organic compounds is widespread in both natural waters and in con-
taminated groundwaters. Aqueous organic ligands can either promote or inhibit metal
adsorption on mineral surfaces (Boily and Fein, 1996).

As a result of its widespread industrial use (metal finishing, corrosion control, leather
tanning, textile dyeing, wood preserving...), chromium has led to serious water and soil
contamination (Wittbrodt and Palmer, 1995). Chromium occurs in two major oxidation
states, Cr(III) and Cr(VI). Hexavalent Cr(VI) is a toxic soluble anion (CrOﬁ_). Trivalent chro-
mium is a much less toxic cation (Cr’") that has a strong affinity for particles surfaces
(Peterson et al. 1997). For Cr(VI), tetrahedral oxo compounds, CrOﬁ‘ is the major species
at pH higher than 6.5 and HCrOj is the major species at pH lower than 6.5. In the case

* Corresponding author. Laboratoire des Multimatériaux et Interfaces, Bat Berthollet, 43 Bd du 11 novembre
1918, 69622, Villeurbanne, France; E-mail: laurence.bois@univ-lyonl.fr

ISSN 0275-7540 print; ISSN 1029-0370 online © 2003 Taylor & Francis Ltd
DOI: 10.1080/0275754031000154844



13: 30 15 January 2011

Downl oaded At:

264 L. BOIS et al.

of Cr(Ill), octahedral compounds are found and the main species are [Cr(H,O)s]>™,
[Cr(H,0)s(OH)]*", [Cr(H,0)4(OH),]*, [Cr(H,0)3(0H)3]®, [Cr(H,0),(OH)y]~ at pH
about 3, 5, 6 and 10 respectively (Deng et al., 1999).

Goethite is a common constituent of groundwater systems and is often present as coatings
on mineral surface. Silica, alumina and anatase were also chosen as models of minerals.
Montmorillonite was chosen to represent a 2:1 layer clay mineral carrying a high permanent
negative charge (Strawn and Sparks, 1999). Montmorillonite is a dioctahedral smectite
mineral. Substitution of Fe*™ and Mg?* for A" in the octahedral layer creates a positive
charge deficit, giving the overall structure a net negative charge. The OH and O sites on
the broken edges of montmorillonite hydrolyze and form functional groups which are the
source of the pH dependent charge. The gibbsite sheets are not available for acid-base reac-
tions (Kraepiel et al., 1998). Therefore, cations can sorb by either electrostatic attraction on
the basal plane or formation of covalent bonds with the functional groups at the broken edge.
Clay minerals such as montmorillonite can form both inner sphere and outer sphere com-
plexes with cations (Bradbury and Baeyens, 1999).

Kaolinite, Si,03Al,O¢Hy, a 1:1 layer type with only poor isomorphic substitution, is
nearly uncharged and includes tetrahedral silica sheet bonded to an octahedral alumina
sheet. Successive 1:1 layers are held by hydrogen bonding. The silica sheet has a small nega-
tive permanent charge because of isomorphous substitution between Si** by AI’*. The
alumina face and the broken edges have surface hydroxyl group, creating a pH dependent
variable charge. Therefore, adsorption of cations occurs via an ionic-exchange mechanism
in the lower pH range and then via an inner-sphere coordination mechanism (Ikhsan et al.,
1999; Angove et al., 1998). The main difference between montmorillonite and kaolinite is the
much higher cation exchange capacity for the montmorillonite (870 meq/kg) compared to the
kaolinite (between 20 and 100 meq/kg).

Organic acids with low molecular weight are common in soil solution. Acetic, fumaric,
lactic, malonic, oxalic, phthalic acids were detected in unpolluted stream waters (Deng
and Stone, 1996). Organic compounds readily identifiable represent only a small portion
of the total organic carbon contained in most environmental media. For this reason, the con-
tribution of humic substances must also be evaluated.

Humic substances is a very complex organic material possessing various functional groups
(carboxylic, amino, phenolic groups, groups involving sulfur atoms) and moieties (aliphatic
chains and aromatic rings) which characterizes its composition and properties (Evanko and
Dzombak, 1999; Marx and Heumann, 1999; Boily and Fein, 2000). They can significantly
alter the characteristics of mineral surfaces. Organic acids sorbed onto mineral particles pro-
duce a net negative charge on the surface.

The purpose of this study is to determine the influence of phthalic acid (benzene 1,2 dicar-
boxylic acid) and humic acid on the Cr(III) and Cr(VI) adsorption on representative surface
minerals.

2 EXPERIMENTAL SECTION

2.1 Materials

Amorphous silica with specific surface area of 360 m?/g was obtained from SdS. Alumina,
Al,O3 (acid) with a specific surface area 130 mz/g (SdS, Peypin, France), anatase, TiO,
(Hombikat) with a specific surface area of 300 m?/g, goethite, FFOOH with a specific surface
area of 200m?/g, and kaolinite with a specific surface area of 15m?/g were obtained from
Fluka. Montmorillonite of Wyoming (SWy-2) with specific surface area of 30m?/g was
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TABLE [ Characterization of Oxides and Clay Minerals.

Minerals Surface area mz/ g PZNC (Stumm, 1992)
Silica 360 2

Alumina 130 9.1

Anatase 300 6.2
Goethite 200 7.3
Kaolinite 15 4.6
Montmorillonite 30 2.5

purchased from the Source Clay Mineral Repository, Columbia, Missouri. Point of zero
charge and BET surface area of the minerals are listed (Tab. I). Chromium nitrate, potassium
dichromate and phthalic acid (99%) were obtained from Fluka. Humic acid stock solutions
were made from a commercial Na-humic salt (Aldrich Chemicals) which allows the prepara-
tion of concentrated solutions.

2.2 Adsorption

The adsorption of chromium onto minerals in the presence of phthalic and humic acids was
studied as a function of pH. Mineral suspension with 1 g/L of 0.05 M NaNO; was prepared.
A fixed amount of mineral (30 mg) was weighed into a S0mL tube. Organic compound
(phthalic and humic acids) and sodium nitrate solutions were added to a total volume of
30mL and then solutions chromium were added (using a 10~>mol L' concentration solu-
tion). pH was adjusted by adding small volumes of NaOH or HNO;. The pH varied from
2 to 9. Considering the complexity of the chemical equilibriums involved, the use of a buffer
to stabilize the pH value would have been preferable. The reaction bottles were then placed in
a shaker at 30rpm for 24h. Unless otherwise stated, reaction suspensions contained
Cr(IIl) 10*molL™" and Cr(VI) 2 x 10~ *mol L', NaNO; 0.05molL™", phthalic acid
(10 molL™", 2 x 10> mol L") and humic acid (50 and 100 mg/L). Then the mineral
was separated by centrifugation (3000 rpm, 10min). The concentrations of metal in the
supernatants solutions were measured, after a 0.45um filtration, with an Inductively
Coupled-Atomic Emission Spectrometer (ICP-AES, MAXIM III, Fisons), using emission
lines at 205.552 nm and 267.716 nm. Minerals shaken in water releases amount of major ele-
ments which can produce interference during the ICP-AES measurement. For this reason,
two emission lines of Cr were used in order to detect any interference.

3 RESULTS AND DISCUSSION

3.1 Binary Systems: Metal/Mineral

Cr(IIT) Sorption: The sorption of Cr(IlT) 10~*mol L™" versus pH on merals is represented on
the Figure 1. In the case of silica and goethite, adsorption edge is in the pH range 5-6. For
anatase, adsorption edge is at pH 2 and for alumina at pH 4. On silica and alumina, no
change in the adsorption with the chromium concentration was noted. On goethite, a
Cr(IIT) adsorption increase was observed in the lower pH range, when chromium concentra-
tion was decreased to 10> mol L™,

The sorption of Cr(III) 10~*mol L' versus pH on clays shows an adsorption edge in the
pH range 5—6. In the case of the montmorillonite, the adsorption is very high (90%) in
the low pH range, probably because of an outer-sphere adsorption mechanism. While for
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FIGURE 1 Adsorption edge for Cr(Ill) on minerals (a) silica, (b) goethite, (c) kaolinite, (d) montmorillonite.
1=0.05M, [Cr(IID]=10"*molL~" (0); I=0.05M, [Cr(II)]=10"molL™" (A); I=0.01M,
[CrdID]=10"*mol L' (#); I=0.1 M, [Cr(IID]=10"*mol L' ().

kaolinite, Cr(III) adsorption in the low pH range is about 20%. On kaolinite, a Cr(III) adsorp-
tion increase was also observed, when chromium concentration was decreased to
10> mol L™, as noted for goethite. On montmorillonite, a weak Cr(III) adsorption decrease
was noted, when the chromium concentration is decreasing to 10™> mol L™".

At 1=0.001 M, the montmorillonite removed nearly all the chromium from solution,
regardless of pH. At /=0.1 M, uptake of metal was strongly pH-dependent; only about
40% of chromium is removed from the solution in the low pH range, whereas 100% of
metal is removed from the solution in the high pH range. For montmorillonite, chromium
adsorption decreases as ionic strength increases, which confirms an ionic exchange mechan-
ism. There is also a slight dependency in the case of kaolinite. At /=0.1 M, only about 10%
of chromium is removed from the solution in the low pH range. As pH and ionic strength
increase, inner-sphere adsorption becomes more important.

Cr(IIT) adsorption has been investigated for a variety of soils minerals and soils (Koppelman
etal., 1980). On silica and alumina, the percentage uptake increases from about 0 to 100% over
a narrow pH range (Csoban and Joo, 1999; Fitts et al., 2000; Fendorf et al., 1994a Fendorf and
Sparks, 1994b; Charlet and Manceau, 1992). It is associated to the formation of Cr(III) hydro-
lysis products which appear at a pH as low as 4.

Adsorption of divalent transition metals on kaolinite, at low pH, occurs through ion
exchange on the permanent negatively charged siloxanol sites (Spark et al., 1995; lkshan
et al., 1999; Angove et al., 1998). Adsorption decreased as ionic strength is increased.
Then adsorption occurs on the variable-charged aluminol sites on the edges and alumina
faces of the kaolinite crystals. The same mechanism is probably observed in the case of
Cr(IIT) adsorption on kaolinite.
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Sorption edges of divalent cations (Ni, Zn, Mn) on montmorillonite suggested that two
mechanisms were also involved: the first one, where the sorption was pH-independent is a
cation-exchange mechanism and the second one, with a strong pH dependency is interpreted
in terms of surface complexation reactions (Bradbury and Baeyens, 1997). Sorption edge of
Cr(IIT) on montmorillonite is very similar to that of others divalent cations observed.

The Cr(III) adsorption decrease on kaolinite and montmorillonite as / is increased confirms
the outer-sphere mechanism in the lower pH range.

Cr(VI) Sorption: Adsorption of chromate solutions 2 x 10~ *mol L™" on oxides is repre-
sented on the Figure 2. Almost no adsorption could be observed in the case of silica, goethite
and the two clays (not represented). A very strong adsorption was observed in the case of
alumina and anatase. Cr(VI) adsorption on alumina exhibited a maximum at pH 6. Cr(VI)
adsorption on anatase decreases as the pH increases as expected for an anionic adsorption
process. Adsorption strongly increases when the chromate concentration is decreased to
2x 10 mol L™

Like other oxyanions, CrOi’ adsorption is pH dependent with greater adsorption in
the lower pH range (Aide and Cummings, 1997; Zachara et al., 1987; Zachara et al.,
1988; Zachara et al., 1989). These features were observed in our study, for anatase and
for alumina.
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FIGURE 2 Adsorption edge for Cr(VI) on oxides /=0.05M, (a) alumina, (b) anatase. [Cr(V])]=
2x 107" molL™" (0) and 2 x 10> molL™" (A).
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At low solutions concentrations (5 x 10~ " molL™"), chromate adsorption on goethite
increases sharply from 0 to 100% as pH decreased from 10 to 7 (Ainsworth ef al., 1989).
Fractional adsorption decreased as the chromate concentration is increased at
5x 10> mol L™, as noted in our study. Chromate adsorption was not evidenced on silica,
goethite and on the two clays, probably because of the high chromate concentration used
(Buerge and Hug, 1999). Ward and Bassett (1990) studied the adsorption of Cr(VI) on kao-
linite and illite. Adsorption was observed in the lower pH range for chromate concentration
as low as 2 x 10 ®mol L™'. Reduction of Cr(VI) by Fe(Il) containing minerals have been
extensively studied; reduction of Cr(VI) was found not to be effective on montmorillonite
(Brigatti et al., 2000; Eary and Rai, 1998).

3.2 Ternary Systems: Metal/Mineral/Phthalic Acid

Cr(IIT) Sorption: The adsorption of Cr(Ill) (10 *molL™") on oxides with phthalic acid
(102 molL™" and 2x10>molL"") is almost unchanged. The Cr(IIl) adsorption
(10~*molL™") on clays with phthalic acid (10 >molL™" and 2 x 10> molL™") is repre-
sented on the Figure 3. In the kaolinite system, there is a high shift of the adsorption
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FIGURE 3 Adsorption edge for Cr(IlI) ([Cr(III)] = 10~*molL™") on clays in the absence (A) and in the presence
of phthalic acid: [AP]=10">molL~" (0) and 2 x 10> mol L' (A), (a) kaolinite, (b) montmorillonite.
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edge. As phthalic acid concentration increases, chromium partition is shifted to the solution
phase. In montmorillonite system, there is a different behavior since the decrease of
chromium(III) adsorption occurs in the pH range 4—6. In the more basic and the more acidic
regions, no change in the chromium adsorption was observed.

The Cr(IIT) adsorption edge shift at higher pH, observed on kaolinite, likely results from
strong complexation between chromium and phthalate ion which acts as a chelating ligand
and stabilizes metal cation in solution. The adsorption decrease may be explained by com-
plexation between phthalate and chromium (Barbier et al., 2000; Benyahya and Garniew,
1999; Puls et al., 1991).

On montmorillonite, the decrease of the adsorption in the middle range pH may be
explained by the formation of Cr(Il)-phthalate species as CrPht, , unadsorbed on the mon-
tmorillonite. In the higher pH range (pH > 6), these species disappeared as Cr(OH); become
the predominant chromium species, which could not form any complex with phthalate ligand.
The decrease of Cr(IlI) adsorption is very high in the case of the two clays, probably because
ionic-exchange mechanism may be prevented by the formation of anionic chromium species.

Cr(VI) Sorption: The adsorption of (Cr(VI) 2 x 10> molL™") on alumina and anatase,
with phthalic acid is represented on the Figure 4. An important decrease of the Cr(VI) sorp-
tion onto alumina is noted in the presence of phthalic acid. The same effect is observed on
anatase.

100
AA A A
80 N
8 A
P,
5 60
&
-
]
5 40
=
A
20 Ao O Oa Ok A A g
4 (a) . Alumina
0
2 3 4 5 6 7 8 9 10
pH
100
80
-] AA
g A
-,g 60 A
] A
3
= 40 A A
5] A A
= Ap °5 &
20 Loag Oy
D a (b) : Anatase
0
2 3 4 5 8 7 8 9 10
pH

FIGURE 4 Adsorption edge for Cr(VI) ([Cr(VI)]=2 x 107> mol L’l) on oxides in the absence (A) and in the
presence of phthalic acid: [AP]=10"molL~" (0) and 2 x 10> molL~" (A), (a) alumina, (b) anatase.
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Phthalate adsorption on alumina and anatase may explain that less numerous sites are
available for chromate adsorption. A competitive effect between chromate and phthalate
adsorption certainly explain the lower adsorption of chromate.

The organic acid adsorption was found to enhance the mobility of chromate in acidic
environment (Mesuere and Fish, 1992): oxalate diminished the adsorption of chromate
most effectively at low pH. A significant reduction of chromate adsorption edge on goethite
to lower pH values in the presence of CO, was noted and explained via site competition
(Villalobos et al., 2001). A reverse effect has also been observed for numerous low molecular
weight organic compounds, which were found to reduce Cr(VI) and an appreciable catalytic
effect of goethite and aluminum oxide was observed (Deng and Stone, 1996). Therefore, in
this study, organic acids, such as phthalic acid, may contribute to the lower adsorption of
inorganic contaminants such as chromate.

3.3 Ternary Systems: Metal/Mineral/Humic Acid

Cr(IIl) Sorption: Adsorption of chromium(IIl) with humic acid (50 and 100 mg/L) on clays
is represented on the Figure 5. In the case of kaolinite, a shift of the Cr(IIl) adsorption edge is
also observed and then an high adsorption reduction, as noted for silica, alumina and goethite
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FIGURE 5 Adsorption edge for Cr(IlI) ([Cr(III)] = 10~*molL™") on clays in the absence (A) and in the presence
of humic acid: [HA]=50mg/L (0) and 100 mg/L (A), (a) kaolinite, (b) montmorillonite.
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(not shown). Onto montmorillonite, a small decrease of chromium(III) adsorption is observed
between pH 6 and 8. On anatase, no change in the Cr(IIl) adsorption process was noted.

Humate ions enhance Cr(IIT) adsorption in the low pH range, except in the case of anatase
and montmorillonite where the adsorption was already very high. This enhancement may be
explained by the formation of a surface ternary complex of the type SOH; -L*~-M"*. This
mechanism of metal-organic co-adsorption has been suggested for in a number of studies
involving low molecular weight organic acids (Boily and Fein, 1996; Boily and Fein,
2000; Ali and Dzombak, 1996) or fulvic acid and humic acid (Schroth and Sposito, 1998;
Takahashi ef al., 1999).

At high pH (pH > 6), chromium(III) adsorption is decreased. This is the result of aqueous
Cr(IlT)-humate complexation which competes with Cr surface complexes and the ternary sur-
face complexes. This was observed in the case of Pb**/aluminum hydroxide/humic acid
(Boily et al., 2000) and in the case of Cd*"/corundum/citrate or polyacrylic acid (Boily
et al., 1996; Floroiu and Fein, 2001).

Cr(VI) Sorption: On alumina and anatase, almost no change in the chromate adsorption
was induced by the presence of humic acid (not represented).

4 CONCLUSIONS

The aim of this study is to improve the understanding of adsorption properties within a multi-
component system which contains a complexing agent, a solid phase and a metal.

Phthalic acid was found to significantly affect adsorption of chromium(IIl) on minerals
surfaces. It appears that Cr(IlI)-phthalate complexation reduces chromium(IIl) adsorption
on kaolinite and montmorillonite. The impact of phthalate ion can modify the mobility of
metals in an aqueous environment. At pH below 6, there is an increase in metal-phthalate
complexes in solution, which suggests a greater mobilization of metal as metal-organic
complexes.

Phthalic acid was also found to affect chromate adsorption on minerals. Chromate adsorp-
tion was decreased by the presence of phthalic acid, probably because of a competitive effect
in the adsorption.

Cr(IIT) adsorption may be strongly influenced by the presence of large concentrations
of humate. At low pH, Cr(Ill) adsorption may be enhanced through the formation of a
Cr-humate ternary complex. At high pH, Cr-humate complexation competes with Cr surface
complexes and may significantly solubilises Cr(III).
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