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The extent of adsorption and the value of the adsorp-
tion equilibrium constant (Kq) for simple organic
ligands is influenced by the identity of the ligand donor
groups and other substituents on the aromatic ring.
Catechols adsorb onto TiO; to a significantly greater
extent than 2-aminophenols; the adsorption of 1,2-
phenylenediamines is negligible. The TiO, surface has
a high ionic contribution to bonding; ligands pos-
sessing donor groups with the highest ionic contribution
to bonding adsorb to the greatest extent. A covalent
contribution to bonding can increase binding to
Ti(IV)-containing surfaces, but only when the ionic
contribution is already strong. Within each ligand class,
substituents alter the competition between protons
and surface sites for binding the deprotonated
ligand. For this reason, pKai, pKas, and log Ky are
allimportant in determining the extent of adsorption.
Additionally, substituents that impart hydrophobicity
also raise the extent of adsorption and the value

of log KSintr.

Introduction

Organic ligands possess Lewis base functional groups (or
ligand donor groups) containing oxygen, nitrogen, or sulfur
atoms that are capable of forming bonds to protons,
dissolved metal ions, and metal-containing mineral sur-
faces. The adsorption of organic ligands onto oxides,
hydroxides, and other minerals is known to retard their
migration in soils and aquifers and to alter their suscep-
tibility toward chemical and biological transformations (1).
The adsorption behavior of a number of organic ligands
possessing carboxylic acid groups has been extensively
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studied, and the effects of pH have been successfully
modeled by choosing appropriate stoichiometries and
equilibrium constants for adsorption (2—13). Lessisknown
about the adsorption of organic compounds with hydroxyl
or amino groups as the sole ligand donor group(s) (14—19).

This work is concerned with the adsorption of aromatic
organic ligands possessing pairs of ligand donor groups
(catechols, 2-aminophenols, and 1,2-phenylenediamines)
onto titanium dioxide (TiO,). The objective is to evaluate
how the structure of organic ligand pollutants determines
the extent of adsorption onto metal (hydr)oxides. Our
efforts have focused on understanding why the extent of
adsorption and the value of the adsorption equilibrium
constant (Ksiny) change when the identity of the ligand donor
groups (hydroxyl vs amino) and other non-ligand substit-
uents on the aromatic ring are varied. In addition, the
effect of aqueous medium pH and ionic strength are
investigated.

The above-mentioned classes of organic ligands were
selected because they are important substructures of
potentially toxic and carcinogenic pollutants from phar-
maceutical, dyestuff, photographic, agrochemical, and
metal plating industries. Adsorption behavior is examined
with respect to one metal oxide (TiO,) in order to focus
attention on the effect of ligand structure on adsorption
behavior. Of the metal oxides encountered by organic
pollutants in highly weathered soils (e.g., tropical soils),
TiO, is most resistant to dissolution. Therefore, it serves
as a good model oxide to study adsorption behavior.
Subsequent reports will describe adsorption onto oxides of
iron and aluminum.

Qualitative and Quantitative Approaches to Adsorp-
tion. The adsorption of organic compounds represents
the net balance of water—water, solute—solute, solute—
surface, solute—water, and surface—water interaction forces.
It is established that the partitioning of nonpolar hydro-
phobic organic compounds (HOCs) onto soil organic matter
(20—23) is driven primarily by the hydrophobic effect (24);
water—water interaction energies are lower than HOC—
water interaction energies, resulting in HOC exclusion from
bulk water (25, 26). Organic ligands differ from nonpolar
HOCs in that they are polar and often ionizable. The
interaction of an organic ligand ion with a charged surface
adds an electrostatic component to the previously men-
tioned interaction forces. Additionally, the ligand donor
atoms can induce a dipole moment and can facilitate
hydrogen bonding. Thus, the degree of surface hydration
(water—surface interaction forces), ligand—water interac-
tion forces, and ligand—surface interaction forces all play
a crucial role in determining the extent of organic ligand
adsorption. These interaction forces are interrelated and
therefore difficult to quantify individually.

In view of this, previous studies of ligand adsorption
have classified interactions at the metal (hydr)oxide—water
interface into two categories: (i) those arising from long-
range electrostatic forces and (ii) all other interactions that
are difficult to quantify individually are collectively referred
to as near-range physical and chemical forces (15).

Long-range electrostatic forces affecting the distribution
of ions near charged surfaces can be estimated from surface
charge, solution species charge, and ionic strength of the
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TABLE 1
Properties of Ligands Included in This Study

pKal
name substituent oy (measd)
4-methyl-2-aminophenol CH3 —0.142 4.39
2-aminophenol H 0.02 4.7¢
4-phenyl-2-aminophenol CeHs 0.05 4.4d
3-amino-2-naphthol na 0.11b 3.94
4-chloro-2-aminophenol Cl 0.242 3.99
4-nitro-2-aminophenol NO; 0.812 3.14
2,3-dihydroxynaphthalene na 0.11p 8.89¢
4-chlorocatechol Cl 0.242 8.77¢
4-nitrocatechol NO3 0.812 6.88¢
2,3-diaminonaphthalene na na <19
4-chloro-1,2-phenylenediamine Cl 0.248 <1d
4-nitro-1,2-phenylenediamine NO, 0.812 <19

PKaz pKar € PKaz € log Sm "
(measd) (est) (est) log Kow (mol/L) log Kintr
10.09 4.99 10.21 1.11f —1.420 12.23
9.9¢ 0.62f -1.33 12.07
9.79 4.68 9.78 2.519 -3.50 12.68
9.2d 4.15 9.66 1.799 —-3.04 11.92
9.3 3.78 9.36 1.81f —-2.07 11.51
7.69 2.83 8.0 1.53f -1.57 10.89
12.93¢ 2.059 —2.63 21.81
12.73¢ 1.989 -2.32 20.52
11.24¢ 1.66 —2.36 18.38
4,14 0.89 4.35 0.869 -1.78
3.99 0.074 3.53 1.28f —-0.14
2.79 —0.18 2.57 0.88f —1.83

2 Values cited in March (48). ? o value for annelated benzene ring in 2-naphthol cited in Barlin and Perrin (38). ¢ Literature values cited in Martell
and Smith (56). @ Values measured by procedure outlined in the Materials and Methods section of text. ¢ Estimated using linear free energy relationships
reported by Barlin and Perrin (38) and Clark and Perrin (39) (estimates not made if literature values were available). Measured values of log Koy
(octanol—water partition coefficient) reported in the computer program ClogP (40). 9 log K, calculated using ClogP. " log S, (aqueous solubility)
calculated from a semi-empirical relationship developed by Yalkowsky and Valvani (41).

aqueous medium. According to the Gouy—Chapman
theory of a single flat double layer (27), the activity of ions
at the plane of closest approach ({i} o) is related to the activity
of ions in bulk solution ({i}p) as follows:

{i}o = {i}, exp(=z{Fyo/RT) 1)

where z;is the charge on species i, F is the Faraday constant,
Yo isthe electrical potential at the plane of closest approach
(0), R is the gas constant, and T is the temperature. By
accounting for electrostatic interactions using eq 1, the
concentration at the plane of closest approach ({i},) can
be calculated from experimentally determined values of
bulk concentrations ({i}p). An intrinsic adsorption equi-
librium constant (KSi,) for a particular adsorption stoi-
chiometry can then be defined based upon the activity of
the species at the plane of closestapproach. Anillustration
is provided below:

>M-OH+H"+L —(>M-L)+H,0 (2

KSintr = {>M_I:} + (3)
{>M_OH}{L }o{H ]o

Ksntr @s defined in eq 3 incorporates the long-range
electrostatic interactions and represents the cumulative
effect of all of the near-range physical and chemical forces.

Asevident from the previous discussion, a value for K
that is independent of pH and oxide loading (g of TiO,/L
of solution) can be determined from experimental data by
invoking mass balance, equilibrium relationships, equations
that account for long-range electrostatic interactions, and
fitted values for the adsorption stoichiometry. This exercise
can be successfully performed using one of a number of
available computer programs (28—31).

Most equilibrium computer models represent neutral
surface sites as >M—OH®° since the exact coordinative
structure of neutral sites is unknown. Spectroscopic studies
have shown the existence of surface-bound metal ions with
one, two, or more coordination positions exposed to the
surrounding aqueous phase (edge, kink, adatom, and ledge
sites) (32). In the absence of other adsorbates, both
hydroxide ions and water molecules are coordinated to
these surface sites (33, 34).

From the point of view of inner-sphere ligand adsorption,
the representation of the neutral surface site as >M—0OH
merits reexamination. This representation may be mis-
leading because it excludes the coordination of water
molecules to surface metal ions and assumes that only one
OH~ ionis coordinated to the surface metal. Furthermore,
this representation implies that inner-sphere adsorption
of a monodentate ligand displaces the surface-bound OH~
ion, thereby increasing the protonation level by one unit
(displacement of a coordinated OH™ ion is equivalent to
gaining one H*). There is, however, no reason to dismiss
the possibility that a surface-bound H,O molecule is
displaced during adsorption, leaving the protonation level
unaltered.

Bidentate ligands occupying two coordinative posi-
tions only confound the problem. In principle, the datum
surface site can be represented in three ways. Writing the
site as >M—(OH), requires the displacement of two OH~
ions, increasing the protonation level by two units;
>M—(OH)(H,0) requires the displacement of one OH™ ion
and one H,O molecule, increasing the protonation level by
one unit; >M—(H20), requires the displacement of two
H,0O molecules, leaving the protonation level unaltered.
Alternative representations for surface-sites varying in the
number of surface bound OH™ ions and H,O molecules
have also been proposed (5, 14, 35—37). Implicit in all of
these representations is a predisposition concerning changes
in protonation level. The accuracy of these representations
will ultimately be tested by spectroscopic techniques.

Materials and Methods

All solutions and suspensions were prepared from distilled,
deionized water (DDW, Millipore Corp.). The glassware
was soaked in 5 N nitric acid and rinsed several times with
DDW before use. 4-Phenyl-2-aminophenol, 4-chloro-
catechol, and 4-chloro-1,2-phenylenediamine were pur-
chased from Tokyo Kasei (98+% purity). All other com-
pounds were purchased from Aldrich Chemical Co. (96%
purity and greater). HPLC-grade organic solvents were
purchased from Baker.

Pertinent organic ligand properties are listed in Table
1, and structures are shown in Figure 1. The pK, values of
some of the test compounds were determined in our
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FIGURE 1. Structures of the ligands included in this study.
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laboratory using UV spectrophotometry (Shimadzu UV-
160). A low concentration of the test compound (5 x 1075
M) was titrated with HCI or NaOH. An ionic strength
modifier was not added; the ionic strength of the medium
was calculated to be close to 1 x 1073 M. Absorbance was
measured at two or three selected wavelengths as a function
of pH. The inflection points in the plot of absorbance as
a function of pH corresponds to the pK,. The pK, values
were also estimated from compound structure using
established linear free energy relationships (38, 39). Es-
timated and measured values agree within 0.5 log unit. The
estimated pKj; value for the 4-methyl-2-aminophenol is
an exception; the calculated value is 0.69 log unit greater
than the measured value. Octanol—water partition coef-
ficients (log Kow) for the test compounds were determined
using the computer program ClogP (40). This program
calculates log Ko\, from compound structure and compares
predicted values with experimental values (where available).
For each test ligand, the aqueous solubility (Sy,) (in mol/L)
was estimated from a semi-empirical relationship developed
by Yalkowsky and Valvani (41).

TiO;, (type P25) was obtained from Degussa Corporation.
Results from transmission electron microscopy and electron
diffraction studies indicated that the TiO, sample was either
anatase or brookite. The BET surface area, measured using
N, adsorption, was found to be 39.5 m%/g (Micromeritics
Flowsorb 11 2300). The surface site density (total number
of surface sites/nm? of surface) of the TiO, surface can be
estimated in a number of ways including F~ adsorption
(42). A F~ adsorption isotherm was conducted at pH 4.0
and yielded an adsorption maximum of 2.5 x 10~4 mol of
F~/g of TiO,. Using the BET surface area quoted earlier,
the surface site density was calculated to be between 3 and
4 sites/nm2,

Acid/base titrations of TiO, were performed in our
laboratory at three different ionic strengths by Torrents
(43). From the calculations of surface charge as a function
of pH, it was determined that the pH, for this material is
6.3. The following surface protonation constants were
determined at an ionic strength of 0.1 M using the
extrapolation to zero surface charge technique discussed
by Stumm and Morgan (27): K3, = 10739 and K3,, = 1087
(43). Anearlier study by Berube and deBruyn (44) reported
surface pK, values for anatase also determined at 0.1 M
ionic strength. The pK, values determined by these two
studies are in agreement.

Adsorption Experiments. Predetermined amounts of
TiO, and DDW were added to 25-mL amber vials, sealed
with Teflon septa, and allowed to equilibrate for aminimum
of 30 min. The suspensions were then spiked with the test
compound, and the pH was set by the addition of HCI or
NaOH. Suspensionswere continuously stirred with Teflon-
covered magnetic stir bars throughout the experiment. After
allowing for the required contact time for adsorption, an
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aliquot of the suspension was removed and centrifuged
(Eppendorf5415 Microcentrifuge, at 13000 rpm for 15 min).

The concentration of organic ligand present in the
supernatant solution was determined by HPLC (Waters
Corp.) using a multiple-wavelength UV detector and a 3.9
x 300 mm uBondapack-C;g column (Waters Corp.). The
mobile phase employed for the analysis of NH;-containing
ligands was a mixture of 50 parts methanol and 50 parts pH
6.5 aqueous solution of Na,HPO4/NaH,PO, (5 x 1072 M),
triethylamine (1 x 1072 M), and acetate (1 x 1072 M). A
mixture of 40 parts acetonitrile and 60 parts pH 3.5 aqueous
solution of Hz3PO, (1 x 1073 M), triethylamine (1.25 x 1072
M), and acetate (1.25 x 1072 M) was used for the analysis
of the substituted catechols and 2,3-dihydroxynaphthalene.
The extent of adsorption was calculated from mass balance;
the concentration presentin the supernatant was subtracted
from the total ligand concentration to obtain the concen-
tration adsorbed.

The following experiments were conducted for each of
the organic ligands examined in this study:

Compound Stability. The stability of the test ligand was
assessed by monitoring the concentration of the compound
in TiO,-free solution as a function of time and pH. For
those compounds susceptible to oxidation, adsorption
experiments were conducted in an anaerobic glove bag.

Kinetic Study. In order to determine the contact time
required for adsorption, the extent of adsorption was
measured as a function of time for 24—36 h. For all the
compounds included in this study, the extent of adsorption
reached a constant value after 15—30 min (with the
exception of 4-phenyl-2-aminophenol, which required 24
h). For all subsequent experiments, at least 30 min was
allowed for adsorption to take place.

Effect of Total Ligand Concentration. Adsorption was
measured at different total ligand concentrations (from 1
x 1075t0 5 x 1073 M) at a fixed pH and oxide loading. For
oxide loadings in the range of 0.5—15 g/L, it was found that
a total ligand concentration of 5 x 10=> M fulfills four
objectives: (i) it falls within the linear range of the
concentration isotherm, (ii) it is the lowest concentration
that allows measurements of adsorption as high as 90% by
HPLC analysis, (iii) it is below the solubility of the test
compounds, and (iv) it results in surface coverage that is
not high enough to significantly alter surface charge. For
these reasons, a total ligand concentration of 5 x 107> M
was selected for all subsequent experiments.

Effect of pH. Experiments were performed to measure
the extent of adsorption as a function of pH (in the pH
range 2—11) at a fixed oxide loading and total ligand
concentration. The pH was set by the addition of HCI or
NaOH. The pH dependence was examined at low ionic
strength (no electrolyte added) and at high ionic strength
(0.1 M NacCl).

Effect of Oxide Loading. Consider a series of adsorption
experiments performed at fixed system conditions with a
set of ligands possessing different values of KSjn. When
Ksintr Values are high enough that nearly 100% adsorption
is attained, the predicted extent of adsorption is insensitive
to further increases in the value KSjn,. Likewise, when KSpng,
values are so low that it becomes difficult to distinguish the
existence of adsorption from its absence, the predicted
extent of adsorption is insensitive to further decreases in
the value of K. Because of these considerations, along
with the precision and accuracy of our analytical methods,
Ksintr values can only be reliably measured from experiments



TABLE 2

Possible Reaction Stoichiometries for Adsorption of
Catechols, 2-Aminophenols, 1,2-Phenylenediamines,
and Structurally Related Compounds

2-Aminophenol (HL%)

>S + 2H* + L= — [>S—L]* + xH20 (1)
>S 4 H* + L~ —[>S—L]° + xH.0 )
>S + L~ —[>S—L]" + xH.0 (3)
Catechol (H,L%)
>S + 2H* + L2 — [>S—L]° + xH.0 @)
>S + H* + L2 — [>S—L] + xHz0 (5)
>S + L2~ — [>S—L]> + xH,0 (6)
1,2-Phenylenediamine (L°)
>S + 2H* 4 L0 — [>S—L]2* + xH,0 7
>S + Ht + 10— [>S—L]* + xH,0 @)
>S + L0 — [>S—L]°+ xH,0 (9)

where the maximum extent of adsorption is greater than
5% and less than 95%. To meetthiscriterion, oxide loadings
were systematically varied at a fixed total ligand concentra-
tion (5 x 107> M) until the maximum extent of adsorption
fell within the desired range.

Desorption Study. Attempts were made to recover the
adsorbed organic ligand to ensure that loss from solution
was due to adsorption and not degradation. In order to
bring about desorption, the suspension pH was lowered to
2 by the addition of 1 M HCI, and sufficient NaF was added
to yield a suspension concentration of 5 x 1073 M. For
most of the compounds examined, about 90—95% of the
total ligand concentration was recovered. 2,3-Dihydroxy-
naphthalene was the exception; only 80—85% was recov-
ered.

Modeling. The adsorption equilibrium constant (KSint)
and the adsorption stoichiometry were determined using
the computer program FITEQL 3.1 (28). This program
determines equilibrium constants from experimental data
using an optimization procedure. The diffuse layer model
was used because it provides a representation of ligand
adsorption at fixed ionic strength using the smallest number
of fitting parameters. All the surface sites were assumed
to be chemically identical.

For the equilibrium problem posed, FITEQL requires
the input of both oxide surface attributes (oxide loading in
g/L, oxide surface area in m?/g, surface site concentration
in mole sites/L of suspension, and protonation constants,
Ks; and Ksp) and test ligand attributes (protonation
constants, K, and Kyp). The electrolyte concentration and
ion charge are also required. Three different adsorption
stoichiometries were examined for all ligands (Table 2).
Each adsorption reaction is written in terms of the
hypothetical neutral surface site and the fully deprotonated
form of each ligand and postulates a stated change in surface
protonation level and surface charge as organic ligand
adsorption takes place. Since the exact coordinative
structure of the neutral surface site is currently unknown,
we would like to use a representation that has no bias
concerning changes in protonation level during ligand
adsorption. For this reason, no assumptions are made
regarding the number of OH groups and water molecules
bound to the surface metal ion, and the datum surface
sites are simply represented as >S (Table 2). The charge
on the surface is dealt with in the conventional manner;
the neutral surface site is the datum, protonation yields a
positively charged site, and deprotonation yields a nega-
tively charged site.

The FITEQL optimization procedure was employed using
each one of the three adsorption stoichiometries (Table 2).
The adsorption stoichiometry that yields a pH dependence
that most closely matches adsorption data (the best fit
adsorption stoichiometry) was identified, and the value of
Ksintr corresponding to the best fit adsorption stoichiometry
was reported. For the optimization procedure calculating
KSintr, @an experimental error of £0.01 was allowed for the
pH values and an error of &1 x 107% M was allowed for the
value of the adsorbed ligand concentration. The modeling
exercises were constrained to use only one stoichiometry
for adsorption and one fitting parameter, log KSj¢. These
constraints facilitate ligand-to-ligand comparison of log
Ksintr Values. Values of log KSiny were determined from
experiments with a total ligand concentration of 5 x 107°
M, an ionic strength of 0.1 M, and a TiO, loading of 1 g/L
(for substituted catechols and 2,3-dihydroxynaphthalene)
or 10 g/L (for substituted 2-aminophenols and 3-amino-
2-naphthol).

For each test ligand examined, experiments were
conducted to determine the extent of adsorption as a
function of pH and ionic strength. The adsorption stoi-
chiometry and the value of K, were then determined using
the 0.10 M ionic strength experimental data and the diffuse
layer model. Finally, the resulting differences in the extent
of adsorption and the value of Ks; were used to interpret
the physical and chemical phenomena governing adsorp-
tion.

Results

All organic compounds included in this study possess two
Lewis base groups. Preliminary experimentsindicated that
2-aminophenol adsorbs to a significant extent, while
3-aminophenol and 4-aminophenol do not (15). Similarly,
catechols adsorb to a significant extent onto TiO,, while
hydroquinone adsorption is negligible. Itcanbe concluded
that the positioning of the two Lewis base groups (OH and/
or NH,) ortho to one another is usually necessary for
significant adsorption to occur. (2,4-Dinitrophenol and
other very acidic phenols are important exceptions; see ref
15.)

Adsorption Behavior of 2-Aminophenols. 4-Nitro-2-
aminophenol adsorbs more strongly onto TiO, than the
other substituted 2-aminophenols examined. The filled
symbols in Figure 2A illustrate that 4-nitro-2-aminophenol
adsorption increases with increasing pH until a plateau is
attained. The plateau of maximum adsorption lies between
pKa; and pKgp; increasing the pH above pK,, causes
adsorption to diminish to negligible levels. Model fits
shown in Figure 2A correspond to each of the three
alternative stoichiometries for adsorption listed in Table 2.
Equation 2 (Table 2) provides the best fit: a neutral surface
site along with a H* ion and a 4-nitro-2-aminophenolate
anion (L7) react to form a surface complex with no net
charge. Equation 1, yielding a positively charged surface
complex, and eq 3, yielding a negatively charged surface
complex, provide poor fits to the experimental data.

Figure 3A depicts adsorption behavior as a function of
pH and oxide loading. The height and width of the plateau
of maximum adsorption increases as the loading is in-
creased. Modeling results indicate that Ksj,, determined
atan oxide loading of 10 g/L can predict adsorption behavior
at other loadings. Figure 4A shows that a change in ionic
strength from 1 x 10~3to0 0.1 M does not significantly affect
the experimentally measured extent of adsorption. Model
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eq 1, Table 2
eq 2, Table 2
eq 3, Table 2
experimental data

fraction adsorbed

eq 4, Table 2
eq 5, Table 2

eq 6, Table 2
experimental data

fraction adsorbed

-loglH*]

FIGURE 2. Diffuse layer model results based on adsorption
stoichiometries listed in Table 2. (A) 502 x 1075 M 4-nitro-2-
aminophenol, 10 g/L TiO, and 0.1 M NaCl; (B) 487 x 10=° M
4-nitrocatechol, 1 g/L TiO,, and 0.1 M NaCl. The symbols represent
experimental data, and the lines represent model results.
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FIGURE 3. Adsorption of 5 x 1075 M (A) 4-nitro-2-aminophenol and
(B) 4-nitrocatechol as a function of pH and oxide loading (0.1 M
NaCl). The symbols represent experimental data, and the lines
represent model results.

results show that KSi determined from experiments
conducted at an ionic strength of 0.1 M (NaCl) can
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FIGURE 4. Effect of ionic strength on the adsorption behavior of (A)
5.02 x 10~° M 4-nitro-2-aminophenol and 10 g/L TiO,; (B) 4.87 x 10~°
M 4-nitrocatechol and 1 g/L TiO,. The symbols represent experimental
data, and the lines represent model results.

successfully predict adsorption behavior at a lower ionic
strength.

The adsorption behavior of five substituted 2-amino-
phenols and the structurally related compound 3-amino-
2-naphthol was examined to explore the effect of ring
substituents on the extent of adsorption and the value of
log KSingr. Experimental measurements and model results
are shown in Figure 5A—C. As is the case with 4-nitro-2-
aminophenol, the placement and the width of the plateau
of maximum adsorption are set by pK,; and pKa. The
plateau becomes shifted toward more acidic pH values for
4-nitro-2-aminophenol (Figure 5A) because its pKy and
pKa2 values are significantly lower than are those of the
other ligands (Table 1). As with 4-nitro-2-aminophenol,
the experimentally measured adsorption for the other
substituted 2-aminophenols and 3-amino-2-naphthol are
also best fit by the adsorption stoichiometry represented
by eq 2 (Table 2). The values of log KSjn; determined from
the best fit at a TiO, loading of 10 g/L (Figure 5A—C) are
listed in Table 1.

Table 1 indicates that the substituted 2-aminophenols
differ in basicity (reflected by pKa; and pKjz) and solvation
properties (reflected by Ky, and Sy,). 4-Nitro-2-aminophe-
nol adsorbs to the greatest extent despite possessing the
lowest pK, value. The pK, values of the other five ligands
are comparable. Of these five ligands, the height of the
plateau of maximum adsorption for 2-aminophenal,
4-methyl-2-aminophenol, and 4-chloro-2-aminophenol is
similar, while the height of the plateau for 4-phenyl-2-
aminophenol and 3-amino-2-naphthol is significantly
greater. Both 4-phenyl-2-aminophenol and 3-amino-2-
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FIGURE 6. Log K% as a function of pK,, for (A) substituted
2-aminophenols and 3-amino-2-naphthol and (B) substituted cat-
echols and 2,3-dihydroxybenzene. Compounds with an additional
aromatic ring (open symbols) are omitted from the correlation. For
both ligand classes, a correlation between pKy and log KSin Showed
the same trend.

naphthol differ from the other ligands in that they possess
an additional aromatic ring as a part of their compound
structure and possess higher K, values and lower S, values.
Figure 6A shows that log Ksj values generally increase as
compound pK, values increase. Those ligands with an
additional aromatic ring, 4-phenyl-2-aminophenol and
3-amino-2-naphthol, fall above the line that correlates log
KSintr With pKa1 and pKyo.  Itisimportant to note that 4-nitro-
2-aminophenol, adsorbs to the greatest extent despite
possessing the lowest pK, values and the lowest log KSin.

Adsorption Behavior of Catechols. The adsorption
behavior of 2-aminophenols is compared to that of cat-
echols in order to determine how the identity of the Lewis
base groups affects adsorption. At an oxide loading of 1
g/L (illustrated by the bold dashed lines and the filled circles,
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FIGURE 7. Adsorption of 5 x 1075 M 4-nitrocatechol, 4-chlorocat-
echol, and 2,3-dihydroxynaphthalene (2,3-DHN) as a function of pH
in suspensions containing 1 g/L TiO, and 0.1 M NaCl. The symbols
represent experimental data, and the lines represent model fits used
to determine KSing.

Figure 3A,B) 4-nitrocatechol adsorbs to a significantly
greater extent than 4-nitro-2-aminophenol over the entire
pH range. Thissame observation is also borne out at oxide
loadings of 0.5 and 10 g/L.

Several similarities exist between the adsorption be-
havior of catechols and 2-aminophenols: (i) adsorption
increases with pH, reaches a plateau in the pH range
between the two pK, values, and decreases at pH values
greater than pK,, (Figure 2b); (ii) the adsorption stoichi-
ometry that best fits experimental data involves the reaction
between one ligand anion, one H*, and one neutral surface
site (Figure 2b); (iii) as the oxide loading is increased, the
height and the width of the plateau of maximum adsorption
both increase (Figure 3B); (iv) log KSit determined from
experiments with an oxide loading of 1 g/L can successfully
predict adsorption behavior at loadings of 0.5 and 10 g/L
(Figure 3B); (v) the experimentally measured extent of
adsorption is unaffected by a change in ionic strength
(Figure 4B); and (vi) the value of log KSin for substituted
catechols increases with compound pK, (Figure 6B).

Substituted catechols are easily susceptible to oxidation,
and reliable adsorption data are difficult to obtain. For
this reason, the adsorption behavior of only three substi-
tuted catechols was examined. As indicated in Figure 7,
aromatic ring substituents influence the adsorption be-
havior of catechols. However, substituents have a smaller
impact on catechol adsorption than on 2-aminophenol
adsorption. 4-Nitro-2-aminophenol and 3-amino-2-naph-
thol, for example, adsorb significantly more strongly than
does 4-chloro-2-aminophenol. When the analogous group
of catechols is examined, the differences are less dramatic;
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4-chlorocatechol adsorption is only slightly less than that
of 4-nitrocatechol and 2,3-dihydroxynaphthalene.

Results of the modeling exercises of the adsorption
behavior of catechols and 2-aminophenols differ in im-
portant respects. Experimentally measured adsorption of
substituted 2-aminophenols and 3-amino-2-naphthol is
best fit by a reaction stoichiometry that yields a surface
complexwith a neutral charge. Incontrast, 4-nitrocatechol,
4-chlorocatechol, and 2,3-dihydroxynaphthalene adsorp-
tion is best fit through a reaction stoichiometry that yields
a surface complex with a —1.0 charge (eq 5, Table 2). The
quality of the model fit at low ionic strength is also different
for the two classes of compounds. In the case of 4-nitro-
2-aminophenol, model predictions (using the stoichiometry
and log Ksjh values from the high ionic strength experi-
ments) match experimental data at low ionic strength.
However, for 4-nitrocatechol, model predictions of adsorp-
tion at low ionic strength do not match experimental data;
the model slightly overpredicts adsorption below pH 3.0,
and dramatically underpredicts adsorption at high pH
values (Figure 4B).

Adsorption Behavior of 1,2-Phenylenediamines. The
extent of 4-nitro-1,2-phenylenediamine, 4-chloro-1,2-phen-
ylenediamine, and 2,3-diaminonaphthalene adsorption was
less than 5% in the pH range 2—11, even at TiO; loadings
as high as 15 g/L. For this reason, we were unable to
determine log KSinir values for these compounds. Ludwig
and Schindler (14) found that the maximum extent of 1,2-
phenylenediamine adsorption onto TiO, (at comparable
oxide loadings) was slightly higher than 5%, in agreement
with our results.

Discussion

Aminophenols and dihydroxybenzenes possessing Lewis
base groups ortho to one another adsorb to a significant
extent (e.g., 2-aminophenol and catechol) while those that
possess Lewis base groups meta and para to one another
do not (e.g., 3-aminophenol, 4-aminophenol, hydroqui-
none). Electronic effects are not responsible for these
observations, since resonance interactions among ortho-
substituted groups and among para-substituted groups are
comparable. Instead, these observations provide indirect
evidence that surface chelate formation takes place; Lewis
base groups ortho to one another can simultaneously
coordinate a single metal ion, while those meta or para to
one another cannot. Similarly, cylindrical internal reflec-
tance—Fourier transform infrared (CIR—FTIR) spectroscopy
studies by Tunesi and Anderson (45) have shown that
hydroxyl groups or amino groups substituted ortho to a
carboxyl group (e.g., salicylic and anthranilic acids) may
lead to amononuclear bidentate coordination complex with
a surface-bound Ti(IV) ion.

Comparison between Aromatic Hydroxyl and Aromatic
Amino Ligand Donor Groups. As mentioned earlier,
4-nitro-2-aminophenol and 4-nitrocatechol adsorb more
strongly onto TiO, than the other substituted 2-aminophe-
nols and catechols examined. For this reason, we have
chosen to compare the adsorption behavior of the nitro-
substituted ligands to understand the influence of ligand
donor group identity. We observe that 4-nitrocatechol
adsorbs more strongly than 4-nitro-2-aminophenol, while
4-nitro-1,2-phenylenediamine fails to adsorb. This trend
can be interpreted in terms of what is currently known
about the complex formation properties of Ti(IV) and the
test ligands included in this study.
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Complex formation results from both ionic and covalent
contributions to bonding. The charge-to-radius ratio and
the polarizability (the ease with which the electron distri-
bution is distorted in an electrical field) of the elements
involved in bond formation are the primary factors that
dictate whether ionic or covalent contribution to bonding
predominates. A high charge-to-radius ratio results in a
high ionic contribution toward complex formation, while
greater polarizability allows for a high covalent contribution
toward complex formation (46).

Because of the high charge-to-radius ratio of Ti(1V), the
ionic contribution toward bonding is predominant for all
Ti(IV)—organic ligand complexes. A small covalent con-
tribution to bonding (that compliments the ionic contribu-
tion) can also exist because the Ti(IV) lowest unoccupied
molecular orbital, LUMO, (the empty d° orbital) can accept
electron density from the ligand. Thus, a covalent con-
tribution can increase binding to Ti(IV)-containing surfaces,
but only when the ionic contribution to bonding is already
strong.

Asfar as Lewis base groups are concerned, the phenolate
group possesses a negative charge and a high charge-to-
radius ratio thatyields alarge ionic contribution to complex
formation. The amino group, in contrast, possesses a
neutral formal charge, and the ionic contribution to bonding
is restricted to the interaction between ionic charge of the
surface metal ion and the dipole moment of the amino
group. Sinceion—dipole interactionsare known to be weak,
the amino group has a lower contribution to ionic bonding.
However, the greater polarizability of the lone pair electrons
on nitrogen raises the covalent contribution to complex
formation.

The ligands examined in this study possess pairs of ligand
donor groups; their contributions to ionic and covalent
bonding are likely to be cumulative. The presence of two
hydroxyl donor groups (4-nitrocatechol) allows for the
highest contribution to ionic bonding with the TiO, surface,
hence the greatest extent of adsorption. When one hydroxyl
and one amino donor group are present (4-nitro-2-
aminophenol), the contribution to ionic bonding is lower,
resulting in alower extent of adsorption. The ionic bonding
contribution from two amino donor groups (4-nitro-1,2-
phenylenediamine) is small, hence the extent of adsorption
is negligible.

Effect of Non-Ligand Ring Substituents. We observe
that a change in the identity of the ring substituent alters
the extent of adsorption and the value of log KS for both
2-aminophenols and catechols. The observed trends are
explained by examining how variations in ligand properties
resulting from ring substitution affect adsorption behavior.
The presence of a substituent on an aromatic ring can
change the properties of the organic ligand in a number of
ways: (i) electronic effects alter the properties of ligand
donor groups and (ii) changes in molecular size and dipole
moment alter solvation energies (interactions between the
ligand and surrounding water molecules).

Electronic Effects. It was established by Hammett (47)
that the presence of a ring substituent can alter compound
basicity (i.e., ability of the Lewis base groups to bind protons)
via inductive and resonance electronic effects. Hammett
(47) used differences in basicity (pK,) among benzoic acids
as a means to explore the nature of the electronic effects
of meta and para substituents. Based on these studies,
substituent constants (referred to as Hammett constants,
0) that measure the electron-withdrawing/electron-donat-
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ing capacity of aromatic ring substituents were determined.
For several classes of compounds, pK, was found to decrease
with increasing o (increasing electron-withdrawing capac-
ity) (48).

Studies of metal—ligand complexation in solution have
demonstrated that structurally related compounds with the
same donor groups show a linear increase in the log of the
equilibrium constant for metal complexation as the basicity
(pKa,) of the organic ligand is increased (or ¢ is decreased).
A ligand that serves as an effective Lewis base toward
protons also serves as an effective Lewis base toward metal
ions (49—51). Figures 6 and 8 show that an analogous
relationship may be valid for surface complexes: log KSintr
increases with increasing pK, (and decreasing o) for both
2-aminophenols and catechols.

For both ligand classes (substituted 2-aminophenols and
catechols), the nitro-substituted ligands adsorb to the
greatest extent despite possessing the lowest values for pK,
and log Ksiner. Insightinto thistrend is gained by examining
pertinent mass balance equations. For example, in the
mass balance equation (eq 4) for 2-aminophenol, total

Ly = [H,L] + [HL] + [L7] + [>Ti—-L] 4)

ligand concentration (Lt), dissolved ligand concentrations
([HoL1] + [HL] +[L7]), and adsorbed ligand concentrations
([>Ti—L]) are all expressed in units of moles/liter of
suspension. Rewriting this equation in terms of the lowest
protonation level of the ligand yields

Ly = {[H /K Ky, + [H/K,, + 1+
Ko [H 1[>STHL 1 (5)

Thus, protons and surface sites compete for L~ ; the extent
of adsorption depends upon the relative concentrations of
protons and surface sites and upon the relative magnitudes
of Ka1, Kaz, and KSin. For a change in the system to yield
an increase in adsorption, the last term in eq 4 must grow
at the expense of all preceding terms. An increase or
decrease in adsorption, as a result of ring substitution,
depends on changes in both pK, values and log KSiny.

The presence of an electron-donating or electron-
withdrawing substituent affects pK, values and log KSjn
values to different extents. Changes in pKy; and log KSjn
as a function of o can be compared to explore their relative
sensitivity to electronic effects (Figure 8A—B). In this study,
the substituent constant o~ is used for the nitro substituent
in order to account for through resonance with the
phenolate group (52); opara values are used for all the
remaining substituents.

Figure 8A indicates that both pKy, and log KSin for
substituted 2-aminophenols decrease with increasing o;
the line depicting pK,2 as a function of ¢ has a slope equal
to —1.78, while the line representing log Ksin¢ as a function
of ohasaslope equal to —0.99. The difference inthe slopes
indicates that the affinity of the ligand for protons decreases
more sharply than the affinity for the surface sites. This
observation indicates that strongly electron-withdrawing
groups such as the NO, group depress proton binding more
than surface site binding and, as a consequence, electron-
withdrawing groups favor adsorption at the expense of
protonation.

For catechols, the line depicting pKa. as a function of o
has a slope equal to —1.49 , while the line for log KSjn has
slope equal to —2.14 (Figure 8B). It would be tempting at
this point to conclude on the basis of the observed difference
in slopes that the overall effect of electron-withdrawing
substituents such as NO; should be to decrease rather than
to increase ligand adsorption. It must be kept in mind,
however, that the intercept of the log KSj¢ versus the o line
is considerably higher for catechols than for 2-aminophe-
nols, yielding an across-the-board preference for adsorption
over protonation.

Solvation Effects. Changes in solvation energy arising
from the addition of a substituent are difficult to evaluate.
The Henry’s law constant (air to water distribution coef-
ficient) is the best available measure of ligand solvation
(53). However, few reliable values of Henry’s law constants
are available for compounds with multiple polar functional
groups, such as those included in this study. In contrast,
octanol—water partition coefficients (Ko,) and aqueous
solubilities (Sy,) are more frequently reported and can be
more readily estimated (Table 1). Using such parameters
as indicators of the degree of solvation (ligand—water
interactions) must be done with caution: octanol—water
partition coefficients include a measure of ligand—octanol
interaction forces, and estimates of aqueous solubility
include a measure of ligand-ligand interaction forces.

Compounds that possess two or more aromatic rings
(e.g., 4-phenyl-2-aminophenol, 3-amino-2-naphthol, and
2,3-dihydroxynaphthalene) are more difficult to solvate than
compounds with a single aromatic ring (54). This is
substantiated by the fact that these ligands possess higher
octanol—water partition coefficients and lower aqueous
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solubilities (Table 1). The value of K, increases as the
compounds become more hydrophobic, whereas the value
of Sy, decreases as the compounds become more hydro-
phobic. 4-Phenyl-2-aminophenol and 3-amino-2-naphthol
adsorb to a greater extent than compounds with comparable
pKa values (Figure 5A—C) and have higher values for log
KSintr (Figure 6A). Similarly, 2,3-dihydroxynaphthalene
adsorbs more strongly than the substituted catechol of
comparable basicity, 4-chloro-catechol (Figure 7), and
possesses a higher value of log KSin (Figure 6B). These
observations can be attributed to the presence of an
additional aromatic ring, which makes interaction with
water less favorable. As a result, the ligand is excluded
from bulk solution, and the extent of adsorption and,
consequently, the value of log Ky are higher. This analysis
establishes the importance of both basicity and hydro-
phobicity in determining the extent of adsorption and the
value of log KSin for organic ligands with hydrophobic
substituents.

Ring substituents have similar effects on the extent of
adsorption of catechols and 2-aminophenols. However,
the effect on catechol adsorption is less pronounced. Itis
likely that the high log Ksj values obtained for catechols
render this class of ligands somewhat less sensitive to
substituent effects.

pH Effects. Adsorption is typically diminished at very
high pH (where OH~ effectively competes with the depro-
tonated ligand for surface sites) and at low pH (where
neutral surface sites are converted into protonated sites
and ligand molecules become successively protonated)
(Figure 3A,B). The pH affects the protonation equilibria of
ligands in solution and the protonation level of individual
surface sites. The net protonation level of the surface in
turn determines surface charge and surface potential. Below
the pH,, of the surface, positive surface charge increases
with decreasing pH and above the pH_,. negative surface
charge increases with increasing pH.

lonic Strength Effects. lonic strength of the aqueous
medium plays an important role in determining the long-
range electrostatic forces and the near-range physical and
chemical forces involved in ligand adsorption. Anincrease
in ionic strength decreases the activity coefficient, y, of the
ions in solution (55). As a consequence, the relative
concentration of protons and protonated and deprotonated
forms of the ligand are altered. Athighionicstrength, there
is a greater density of electrolyte ions per fluid volume, the
developing surface charge is easily balanced by counterions
in the nearby solution, and the diffuse layer thickness is
decreased. As a result, the surface potential (yo,) is
decreased, the surface is more easily charged, and long-
range electrostatic interactions between dissolved ions and
the charged surface are diminished (15). Additionally, if
the adsorption of electrolyte ions (e.g.,, Na* and CI7) is
significant, ligand adsorption is expected to decrease at
high ionic strength as the electrolyte ions are likely to
compete with the ligand for available surface sites.

There are other subtle effects of ionic strength that are
difficult to quantify. The concentration of electrolyte ions
affects water—water, ligand—water, and surface—water
interactionforces. Thus, solvation of the ligand in solution,
the free surface sites, and surface—site—ligand complex
are likely to be influenced by ionic strength.

In Figure 4, the diffuse layer model results are shown
along with experimental adsorption dataat 0.1 and 103 M
ionic strength. The diffuse layer model treats ions as point
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charges and is believed to overestimate the degree of ion
accumulation at charged surfaces at high ionic strength. In
addition, the diffuse layer model does not have adjustable
parameters that can explicitly account for all the factors
that are sensitive to changes inionic strength (e.g., solvation
interactions and relative dielectric permittivity). In the
diffuse layer model, parameter values (e.g., KSiny ) deter-
mined atagiven ionic strength are in principle “conditional
constants” valid only for that ionic strength (31). For these
reasons, successful prediction of adsorption at 1072 M ionic
strength based on pK, values and Ksj, determined at 0.1
M ionic strength is not expected to occur.

However, it is interesting to note that the model
extrapolation to 10~2 M ionic strength is successful for
4-nitro-2-aminophenol. This is a consequence of adsorp-
tion stoichiometry (eq 2, Table 2) used to determine log
Ksintr; the long-range electrostatic correction terms for H*
and L~ exactly cancel out, yielding

>Q_ O
Sintr = % (6)
[>SIH T,[L 1,
The value of log KSi for 4-nitrocatechol adsorption, in
contrast, was determined using an adsorption stoichiometry
in which electrostatic correction terms for H* and L2~
remain in the governing equation, yielding

Ks — [> S_L_] (7)
" > SIHT,IL2 T, eXp(ZFyo/RT)

As a consequence, model predictions based on eq 7 are
more sensitive to changes in ionic strength than predictions
based on eq 6. Therefore, for 4-nitrocatechol, either the
choice of the adsorption stoichiometry or the procedure
for estimating vy, is not accurate, causing the model to
predictan ionic strength effect that is greater than the effect
observed experimentally.

Conclusions

By examining the adsorption behavior of three classes of
organic ligands, we have been able explore how hydroxyl
and amino Lewis base groups and other aromatic ring
substituents determine the extent of adsorption and the
value of log KSj,y. In this work, physical—chemical phe-
nomena that govern adsorption behavior were examined
by making systematic changes to structure of the organic
ligand and the composition of the aqueous medium. This
approach could be profitably used to predict the adsorption
behavior of other commercially important aromatic ligand
compounds.
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