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ABSTRACT
A backtitration technique was used to collect proton isotherm data

for an Al oxide, and was found to be stoichiometrically related to
the cation and anion isotherm behavior. The adsorption of various
ions by the Al oxide surface was modeled based on: (i) two surface
sites, (ii) pH+salt-dependent reactions (H+ and Cl~, 2OH~, or Na+

and OH"), (iii) competitive salt-dependent reactions (Na+ or Cl~),
(iv) COj(aq) pH-dependent reactions with the surface-OH groups,
and (v) presence of an unknown M+C1- salt (0.0005 M). The total
number of Al sites was 1.7 pmol mr2 or 3.4 tano\ m~2 of total avail-
able sites. The pH of point of zero salt effect (PZSE) represented
the surface condition in which the negative charges (or cation sur-
faces) equaled the positive charges (or anion surfaces); the cation
exchange capacity (CEC) equaled the anion exchange capacity < AEC)
at this value. The CEC-AEC data and proton isotherm data were
stoichiometrically correlated. The pH of PZSE values ranged from
7.SO to 7.76 depending on the electrolyte concentration present, with
lower values as the concentration increased. The negative shifts in
the PZSE values are due to anion impurities initially present on the
surface and positive shifts are due to cation impurities.

Additional Index Words: cation/anion/proton isotherms, compet-
itive reactions, equilibrium constants, mass balanced equations,
PZSE, PZNC, ZPC.
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THE ADSORPTION OF DISSOLVED SUBSTANCES OH a
solid phase (charcoal) was accidentally discov-

ered in 1785 by J.T. Lowitz (Figurovsky, 1973). A.L.
Lavoisier (1743-1794) advanced a chemical, rather
than mechanical, theory for the phenomenon of ad-
sorption (Figurovsky, 1973). Modeling of the surface
chemistry of oxides, colloids, or soils, has long been
recognized by researchers as essential in optimizing
crop yields, soil productivity, or the efficiency of any
system requiring an interaction with a solid phase.
Adsorption models were initially intended to describe
gas adsorption by solids, and have been applied with
some success to aqueous adsorption. The most fa-
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mous contribution was made by Langmuir (1918),
whose equation may be easily derived for cation ad-
sorption onto an oxide surface site. Assuming the fol-
lowing surface reaction

SOM — SO- + M+ [1]
where S is the surface of the solid phase, one can then
define the corresponding equilibrium constant, K, as

K = }SO-}(M+)
[2]{SOM}

The mass balance condition is then
Tmax = {SO-} + {SOM} [3]

where
fmax = total number of sites,

{SOM} = rM+ = concentration of sites adsorbing
M+,

{SO-} = concentration of sites lacking M+, and
(M+) = c = bulk solution equilibrium concentra-

tion of M+.
Combining Eq. [2] and [3] gives

- - 'SOM> + ,SOM>&(M+)

-(SOM,|l±^q [4,fc(M+)

where k = \/K. Rearranging one finds that
FM+ = kc
rmax 1 + kc' [5]

Equation [5] is the Langmuir adsorption isotherm, and
is often applied to cation and anion adsorption mod-
eling (Olsen and Watanabe, 1957; Huang and Stumm,
1973). The concentration parameters should be ex-
pressed as activity values.

If the cation in question is H+, the assumption is
made that the proton becomes progressively more dif-
ficult to remove with each incremental removal of
protons or degree of titration (Huang, 1981). Equation
[2] is redefined in terms of an intrinsic equilibrium
constant

£fnt {SQ-)(H+) exp(-F*0/RT)
{SOH} [6]
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The exponential term in Eq. [6] assumes that the sur-
face charge causes a change in reactivity between the
ions at the surface and in the bulk solution, which is
described by the Boltzmann distribution (Barrow,
1985). The A?nt value is then the acidity constant in a
completely chargeless environment (Huang, 1981).
Another hypothesis assumes the existence of a porous
gel layer with an exponential decay of porosity capable
of adsorbing ions (Lyklema, 1968; Romm and Ru-
bashkin, 1985), which also results in an exponential
adjustment to the H+ ion concentration sorbed on the
surface. In the presence of a divalent cation, the in-
trinsic equilibrium constant has been denned as (Bar-
row, 1985) {SOM+}(H+) eXp(-F*5/RT)^

{SOH}(M2+)exp(-2F^/RT)-

Equation [7] is derived from a multilayer model that
assumes the inner layer (s) to adsorb H+ and OH~
ions, and the second layer (0) to adsorb the electrolyte
ions. It is not clear why the H+ ion should be treated
differently than any other ion. The "correction" in Eq.
[6] does allow for exponential fitting of the convex
behavior of surface charge vs. pH (cr0-pH) curves. The
assumption of two separate potentials for each layer
and corresponding exponential corrections in Eq. [7]
also allows for exponential fitting of the <r0-pH curves.
There are many models from which to choose (Bar-
row, 1985; Westall and Hohl, 1980), and they all fit
<r0-pH curves fairly well. Sposito (1983) observed that
"these surface complexation models are too success-
ful". However, there is insufficient proof as to which
model is more realistic, or as to why the Boltzmann
distribution correction term is necessary. Sposito
( 1 984) discusses that equations similar to Eq. [6] should
be formulated for metal surface reactions that result
in a charged surface; however, he also states that very
small or negligible dependence on the exponential
terms for metal surface reactions are observed in prac-
tice.

Potentiometric titration curves adhere to the prin-
ciple of electroneutrality that, upon rearrangement of
the electroneutrality terms, yields an equation of mass
conservation. The a0-pH curves are based on the same
principle of mass conservation that cation and anion
isotherms are based; i.e.,
mass adsorbed = mass added — mass recovered. [8]
Schulthess and Sparks (1986) argued that Eq. [8] has
not been properly applied to proton isotherm analyses
due to the solubility of the solid phase, which is pH
dependent. Applying a backtitration technique, a pro-
ton isotherm was obtained that showed maximum ad-
sorption limits, distinct plateaus, and titration breaks.
These observations were radical in that the assump-
tions used for Eq. [6] no longer apply. That is, the
proton isotherm is not convex, and does not need to
be fitted by exponential correction terms. It is strongly
suggested that the exponential term in Eq. [6] is merely
tracking the solubility behavior of the solid phase.

The Langmuir isotherm is a special case of the more
general mass balanced set of equations; specifically, a
single site with only one reaction assumed. In this
article, a backtitration analysis of an Al oxide was made
with the intention of presenting a proton isotherm

model based on mass balanced equations, without as-
suming a variable stability constant with increasing
degree of titration (i.e., K = tfntexp[F^0/RT] will not
be assumed). The objectives of formulating a model
were to (i) establish a definition, or interpretation, of
the point of zero salt effect (PZSE) value obtained by
the backtitration technique (Schulthess and Sparks,
1986), (ii) interpret the effect of the electrolyte con-
centration on the amount of proton adsorption, and
(iii) advance a discussion on the validity of zero point
of charge (ZPC) definitions determined through tra-
ditional singular reference curve methods (Schulthess
and Sparks, 1986).

MATERIALS AND METHODS
The Al oxide studied was a -y-Al2O3 made by the Degussa

Corp. of Teterboro, NJ, under the name of Aluminum Oxide
C®. The oxide was acid washed with HC1O4 at pH 4.2, fol-
lowed by an H2O wash. The H2O used was purified through
an ultrapure D8902 cartridge (Barnstead Co., Newton, MA)
and N2 purged for at least 15 min before each use. The oxide
was then washed with NaOH at pH 10.4 and a conductivity
value of 0.362 S m~', followed by 12 H2O washings to a
final pH of 7.4 and a conductivity value of 840 nS m~'.
With each wash the sample was agitated overnight on a re-
ciprocating shaker, and separated for 30 min on a RC-5B
Sorvall centrifuge (DuPont Co., Wilmington, DE) at 40000
X g for the acid suspensions, or 2000 X g for the alkaline
suspensions. After centrifuging and discarding the super-
natant, the oxide was scraped from the centrifuge tubes and
reagitated with fresh solution. Tiny dark spots («!%) were
noticed on the centrifuge tubes, particularly after the acid
washings, and were removed from the oxide sample when-
ever possible. An N2 atmosphere was maintained at all times,
except during the removal of the oxide from the centrifuge
tubes.

After the 12 H2O washings, the sample was again resus-
pended in H2O and used as the stock Al oxide suspension
for all experiments. Approximately 1 L of stock solution was
prepared and found to have a density of 84.06 g L~~' and a
specific surface area, using ethylene glycol monomethyl ether
(EGME), of 83.1 m2 g"'. Before the sample was washed, the
initial surface area by EGME was 95.0 m2 g~'; this value
compared well with the surface area by BET of 100 ± 15
m2 g~' supplied by the manufacturer. The objective of all
these washings was to obtain an Al oxide suspension that
was free of unknown impurities.

The adsorption behavior of H+ ions on the Al oxide was
determined by mass balance as outlined in the backtitration
technique of Schulthess and Sparks (1986). The procedure
was modified by adding 5 mL of Al oxide suspension to 30
mL of pH/electrolyte concentration adjusted water. The pH
was adjusted with known quantities of either 0.24 M HC1
or 0.24 M NaOH; the electrolyte used was NaCl. The total
volume on all samples was 35 mL. The exclusion volume
was estimated to be 0.145 mL; thus, the total initial aqueous
volume was set equal to 34.855 mL for the backtitration
technique calculations. Another run was made with 15 mL
of Al oxide suspension and 20 mL of pH adjusted water,
with no salt additions. After equilibrating overnight, centri-
fuging, and filtering through Q.2-nm GA-8 Gelman filter pa-
per, the weighed supernatant was backtitrated to pH 8.00
with either 0.03 M NaOH or 0.03 M HC1.

Prior to backtitrating, some samples were analyzed for Cl~
or Na+ concentration remaining in solution. The Cl~ ion
concentration was analyzed with an Orion Cl~ ion selective
electrode; the Na+ ion concentration was analyzed on a Per-
kin Elmer 5000 Atomic Absorption spectrometer buffered
with LiCl to minimize flame induced ionization problems.
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MODEL DEVELOPMENT
There are two aspects to a model: (i) a physical interpre-

tation, and (ii) a mathematical interpretation. The physical
model is intended to help conceptualize the effects exerted
on the oxide's surface. The mathematical model is usually
the core of the discussion, and it is based here entirely on
mass balanced equations. The assumed parameters control-
ling the transitions of one surface structure to another
(mathematical aspect) are independent of the assumptions
on what the surface structure actually looks like (physical
aspect).

Basis for a Two-site Model
The more types of sites that are assumed in a model, the

greater the number of mathematical parameters available
for controlling the behavior of predicted values. However,
it is essential that a model, and each of the mathematical
parameters, have a physical counterpart to maintain mean-
ing and correspondence with reality. The emphasis here is
therefore placed on the chemical nature of Al. With a val-
ence of 4- 3, each edge Al can support two amphoteric sur-
face-OH groups and still remain bonded to the solid phase.
For Al, a model involving more than two sites per surface
Al atom would be difficult to conceptualize.

Determination of rmax

Two values are needed in determining the maximum
amount of ions each site can adsorb: the total number of
protons adsorbed at the extreme pH values, TTOTAL, and the
amount adsorbed to reach an assumed neutral condition, Y0.
The backtitration technique in proton isotherm analysis of
an oxide should show a clear maximum amount of adsorbed
H+ at very low pH values, or a maximum amount desorbed
at very high pH values. At high pH, negative adsorption
values denote either OH~ adsorbed, or H+ desorbed. Elec-
trokinetic studies reviewed by Parks (1965) give ZPC values
of 8.0 for Al oxides. With ro as the value obtained at pH
8.0, the maximum amount sorbed per site, rmax, is

„ _
max

TOTAL
no. of site types ' [9]

CO2 Adsorption
Even with the precautions taken in using an ultrapure ion

exchange cartridge and N2 gas during the oxide washings to
purge CO2 from the system, CO2 would still be able to ad-
sorb on the oxide during the brief transfers from the cen-
trifuge tubes, particularly at high pH values. Martin and
Smart (1987) observed through x-ray photoelectron spec-
troscopy (XPS) that C contamination existed on all the goe-
thite (a-FeOOH) surfaces that were exposed to air. The pres-
ence of CO2(aq) in the system is therefore considered an
active species that can adsorb/desorb from the solid phase.
Though the authors were not able to obtain literature on
CO2 adsorption on Al oxides, the following model was as-
sumed

[10]

In a closed system, species B would exist at a higher pH
than C or D. Higher CO2(aq) concentrations would be ex-
pected at lower pH values in a closed system (Stumm and
Morgan, 1981), which would in turn increase equilibrium
towards CO2 adsorption on the Al surface. In an open sys-
tem, CO2(aq) concentration would be constant and pH in-

dependent (Stumm and Morgan, 1981). Caution should be
taken not to confuse CCs(aq) with total carbon, (CO2)TOTAL
= (H2CO3) + (HCOi) 4- (C0i~) + (C02)aq.

pH Dependent Reactions: Effects and Limitations
The adsorption and desorption of H+ ions on a two-site

model may be depicted by

'</& H+ bO- H"*- i
I • i. - A /¥ -- - >

[11]
Species A' would exist at very high pH values, C at the pH
of ZPC, and E' at very low pH values. To model Eq. [11],
four equilibrium constants (K) and a mass balance condition
are needed. The pK values (—logAT) used are determined by
fitting the curve to the data with no initial NaCl additions.
Four plateaus are generated by this model, and the center
of each plateau corresponds to 50% of each species involved
in the transition. The pK value for each transition controls
the location of only one of the plateaus, moving it up or
down like elevators. This type of model does not have a
parameter that would allow the predictions to vary with
changes in the initial electrolyte concentration; i.e., only one
line can be generated when plotting adsorption vs. pH.

\
pH+Salt Dependent Reactions

The positive and negative charges that develop on the
oxide surface shown on Eq. [11] are balanced by counterions
in the bulk solution. However, if the adsorption of counter-
ions is stoichiometrically related to the adsorption of pro-
tons, then there is sufficient reason to incorporate the con-
centration of the counterions into the model; specifically, in
the definition of the equilibrium constants. With the as-
sumption that each transition is dependent on the pH and
salt concentration of the bulk solution, the model then would
generate a different line for each initial salt concentration
when plotting adsorption vs. pH. Again, the pK value for
each transition controls the location of one of the plateaus.
The assumed equilibrium constants were

high pH, Ka

Kh

low pH, Kc =

{SOH}(OH-)(Na+)
(SONa)
{SHCO3j(OH-)2

(SOH)
(SHCO3}(H+)(C1-)
{SCI} [12]

These reactions may be explained as two simultaneous steps.
At high pH, the OH~ anion neutralizes the surface-OH pro-
ton forming H2O and a negative surface, and the Na+ cation
satisfies the charge imbalance. Similarly, at low pH, the H+

cation reacts with the surface-HCO3 group to form H2CO3
and a positive surface, and the Cl~ anion satisfies the charge
imbalance. For the surface-HCO3 group, the transitions
shown in Eq. [10] are also assumed to involve two-step re-
actions, with the surface-HCOj to surface-OH transition
resulting in two OH~ anions removed from the bulk solu-
tion.

It is worthwhile to note that the following two species
cannot be differentiated by the potentiometric methods used
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[13]

The oxide surface on the right is the one used in this paper
since it emphasizes that the Cl~ anion is an active species
in the surface reactions.

Competitive Salt (pH-independent) Reactions
A set of exchange reactions may also be assumed based

on the salt concentrations only, with secondary neutralizing
reactions taking place in the bulk solution. For example, a
Cl~ anion may exchange with a surface-OH (or -HCO3)
group, with the reaction dependent only on the Cl~ concen-
tration. The exchanged OH~ (or HCOj) would in turn con-
sume H+ ions in the bulk solution. Similarly, the Na+ cation
may exchange with the proton of a surface-OH group. The
HCOr and CO2(aq) concentrations were ignored in all of
the competitive reactions; the reactions were assumed to be
dependent on Na+ or Cl~ concentrations only. The assumed
equilibrium constants were

Ke =

{SOH}(Na+)
{SONa}
(SHCO3}(C1-)
{SCI}

and

[14]

A reaction that consumes (or releases) H+ ions in the bulk
solution should also be pH dependent. However, the data
obtained by the backtitration technique is a result of two
reactions: first there is the titration-induced aqueous/surface
reactions, followed by the aqueous backtitration reactions.
Equation [14] describes the equilibrium constant for those
reactions that have had the pH-dependent characteristics
presumably factored out by the backtitration procedure.
Equation [12] describes the equilibrium constant for those
reactions that have remained both pH and salt dependent
after the backtitration procedure.

The equilibrium constants described by Eq. [14] generate
vertical lines, or pH-independent values, on proton adsorp-
tion vs. pH plot analyses. Changes in the salt concentrations
result in changes in the amount of H+ consumed in the bulk
solution (which cannot be distinguished from H+ adsorbed
on the surface). The pK values for these transitions control
the sensitivity of the reaction response to changes in the salt
concentrations.

APPLICATION OF MODEL
Stoichiometric Considerations

Figure 1 shows the adsorption isotherms of H+, Na+,
and Cl~ ions for the samples with 0.0 and 0.001 M
initial NaCl concentrations. The isotherms were de-
termined by mass balance (Eq. [8]) and by the back-
titration technique (Schulthess and Sparks, 1986).
Similar patterns were obtained at higher initial elec-
trolyte concentrations; however, the scatter on the Cl~
isotherm was greatly increased due to the difficulty in
detecting very small concentration differences at high
electrolyte concentrations. The Na+ cation was re-
moved from solution at pH >10, and correlates well
with the H+ desorption pattern. However, at pH > 11.8
the Na+ ion removal was too large and follows a con-
vex pattern. This suggested an error in the determi-
nation of Na+ ions in the bulk solution. It was hy-
pothesized that the Na+(aq) complexed with the
dissolved Al(OH)j(aq) and thus avoided detection by
atomic absorption spectroscopy. This would cause the

recovered Na+ concentration to be underestimated. It
was immediately noticed that these independent mea-
surements yield nearly identical results, particularly
the Cl~ isotherm and the H+ isotherm. These obser-
vations were central to the development and appli-
cation of the model in that they established a 1:1 cor-
relation between the salt and H+ ion removal from
solution. It therefore follows that the model should
not only predict the H+ isotherm, but also the re-
moval of salt ions from solution.

Determination of Tmax

Figure 2 shows the proton isotherm for the samples
containing 1.2609 g of Al oxide with a maximum at
3.15 Mmol m~2 of H+ adsorbed (rTOTAL) at the low pH
values. At the high pH values the maximum is not
distinct, and it appears that H+ ions may still be re-
leased at higher pH values. There is definitely no con-
vex shape to these curves. The isotherm is shifted by
-0.25 Mmol m~2 (ro) at pH 8.0, and Eq. [9] gives a
displacement of 3.4 jumol m~2 (= rToTAL ~~ T0). A
two-site model, therefore, yields a maximum amount
of adsorption per site (r^J of 1.7 /ttmol m~2. This is
equivalent to 0.977 nm2 site~' of surface Al containing
two active site types of 0.488 nm2 each.

Determination of pK Values
Based on the results shown in Fig. 1, it was assumed

that all surface reactions must involve a Cl~ anion (or
Na+ cation), and thus the ion concentration was in-
corporated in the equilibrium equations. The Cl~ and
Na+ concentrations used in the equations were cal-
culated from the sum of the constituent sources:
(Cl-)eq = (NaCl)added + (HCl)added - (Cl-)adsorbed [15]
(Na+)eq = (NaCl)added + (NaOH)added

- (Na+Uorbed. [16]
The loss due to adsorption is determined by an iter-
ation procedure. It is important to note that it is im-
possible to add H+ cations without Cl~ anions (con-
jugate base), or OH~ anions without Na+ cations
(conjugate acid). Thus, to generate a prediction on the
amount of protons adsorbed at a given pH, the amount
of acid or base added had to be known. If no data
were available at a given pH, the trapezoidal rule was
applied to estimate the amount that would be added.
The concentrations were expressed as activities; the
ion activity coefficients (7) were determined with the
Giintelberg equation (Stumm and Morgan, 1981):

-0.5z2V!
1 +

[17]

where I = ionic strength, and z = valence of the ion.
The assumed pH+salt dependent reactions are il-

lustrated vertically in Fig. 3, and the corresponding
equilibrium constants are assumed to be dependent
on one pH term (H+ or OH~), and one salt term (Na+

or Cl~, but may also be OH~ again); see Table 1 for
definitions of K, to K5. The transitions B =^ C ̂  D
(Fig. 3) are presumed to consume H+ ions only in the
bulk solution. This gives one H+ desorbed for each
species A formed, one H+ adsorbed for each species
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E formed, and two H+ adsorbed for each species F
formed. Likewise for the Cl~ anion, species E and F
correspond to one and two Cl~ adsorbed, respectively.
Each pK value (Table 1, [l]-[5]) was determined one

at a time and all the other reactions were ignored.
These pK values control the location of the plateaus,
and the values were chosen based on the best fit of
the curve corresponding to the data with no initial

Na~,Cl~ HT.OH- [NaCl]. M

—2

Fig. 1. Adsorption isotherm on AI oxide: (a) proton adsorption with no initial NaCl additions; (A) proton adsorption with 0.001 M NaCl
added; (0) Cl~ ion adsorption (pH <8), or Na+ cation adsorption (pH >8), with no initial NaCl additions; (V) Cl~ ion adsorption (pH <
8), or Na+ cation adsorption (pH >8), with 0.001 M NaCl added. Proton isotherms traced with solid lines; Na+ and Cl~ isotherms traced
with dashed lines.

—a

Fig. 2. Proton adsorption isotherm on AI oxide with predicted values of pH+salt/salt-competitive model shown by solid line (impurities
ignored). Symbols (+) correspond to samples with 1.2609 g of AI oxide; all other symbols correspond to samples with 0.4203 g of AI oxide.
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NaCl additions. The resulting curves (not shown)
greatly underestimated the data for high electrolyte
concentrations, but this was to be expected without
the incorporation of the salt-dependent reactions.

By studying the data shown in Fig. 2, it becomes
apparent that there must also be a pH-independent
reaction involved in the model. It is easy to see the
pH-dependent behavior (proton adsorption not pres-
ent at high pH, and proton desorption not present at
low pH), but a pH-independent behavior is also shown.
In Fig. 2, between pH 5 and 7, there are adsorption
maxima reached whose values depend on the salt con-
centration present. The same thing is observed in var-
ious parts of the graph: between pH 2 and 3, 8 and 9,
and 10 and 11. Therefore, competitive pH-indepen-
dent reactions have been introduced into the model.
The hypothesized reactions are shown in Fig. 3 with
the pH+salt-dependent reactions drawn vertically and
the pH-independent reactions drawn horizontally.

Table 1. The equilibrium constants for the reactions
illustrated in Fig. 3 (pK = -log £)-t

Equilibrium constants
if _A! =

A", =

K3 =

V —A4 =

K, =

If _A6 =

ifA, =

If _A8 =

rfA9 =

K —

if _
An -

{A}
{B}(Na+)(OH1

{B}
{C}(OH12

{C}
{£»}(OH-)2

{£>}(H*)(C1-)
{B}

{£}<H+)(C11
{F}

{G}
(H}(OU-)2

{B}(Na*>
{G}

{C}(Na1
{H}

{£>}<«-}
{1}

{E}(Cl-)
{J}

{B}(M1
{M}

pK

3 9

-8.5

-15.5

7.5

4.2

8 C

1.2

0.5

3.0

1.6

2.8

Reaction no.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

The pA values for the salt-dependent reactions were
also determined one at a time; the pH+salt-depen-
dent reactions and their respective pA values previ-
ously determined were not ignored. For the pH range
5 to 7, the hypothesized Cl~ anion dependent reaction
(Table 1, [9]) is essentially a substitution reaction of
Cl~ for HCOj. The pAT9 value was calculated based
on the best fit of the data. The same procedure and
hypothesis were applied for the pH range 2 to 3 (Table
1, [10]). For the pH range 8 to 9, and 10 to 11, the
competitive Na+ ion dependent reactions are assumed
to be substitution reactions of Na+ for H+. These pK
values (Table 1, [7]-[8]) were determined by the best
fit with the high initial NaCl concentration data. An
important observation was made in trying to fit the
alkaline data: The competitive products must be in-
terconnected by pH+salt-dependent reactions. With-
out these connections (Table 1, [6]) the predicted val-
ues would reverse themselves. For example, if Reaction
[6] is ignored, then the model would predict proton
desorption at pH >8 (due to some formation of spe-
cies H), proton desorption reversal at pH >8.5 (due
to formation of neutral species B, and depletion of
species H), followed by proton desorption at pH >9.5
(due to some formation of species G). These reversals
do not occur as long as the competitive products are
connected. Since these pK values cannot be fitted, they
are assumed to be identical to the paralleled reactions;
e.g., p#6 = pA^.

The solid lines drawn in Fig. 2 show the predictions
generated based on the pA' values defined in Table 1
for the pH 4- salt/salt-dependent reactions just de-
scribed.

,OH

*OM

t Braces {i} are activity of surface species i shown in boxes
next to corresponding oxide surface in Fig. 3. Parentheses
(i) are activity of species i in bulk solution. The subscripts
correspond to reaction numbers shown in boxes in Fig. 3. Fig. 3. The competitive pH+salt/salt-dependent reactions.
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-2

Fig. 4. Proton adsorption isotherm on Al oxide determined by the backtitration technique for several initial NaCI concentrations. The lines
drawn are the predicted values of the pH+salt/salt-competitive model.

The Adsorption Shift: Impurity Effects
In Fig. 2, for the data with no NaCI additions, the

model underestimates the amount of protons ad-
sorbed in the slightly acidic pH range (5-7). To un-
derstand this discrepancy, note that the isotherm data
for washed Al oxide differ from the unwashed Al oxide
data previously reported (Schulthess and Sparks, 1986),
particularly with respect to the amount of shift of the
PZSE from the zero adsorption readings. Since the
washings narrowed the amount of shift, it was as-
sumed that any shift observed was due to initial salt
impurities still remaining on the oxide surface after
washing. The source of the salt may be from the oxide
lattice itself, as well as from the product of the acid
followed by base washings.

The Al oxide was manufactured by flame hydrolysis
of anhydrous A1C13. The Degussa product quality con-
trol indicates <0.5% HC1 may be present. For this
reason, Cl~ anions are the presumed impurity that
causes the negative PZSE shift. This is in contradic-
tion with Huang (1981), who states that negative PZSE
shifts are due to specific cation adsorption. However,
assuming an initial Cl~ concentration of 0.0005 M due
to impurities (determined by a best fit analysis), the
model predictions are almost on target with all the
data in the acidic range (Fig. 4).

In Fig. 2, the model also underestimates the amount
of proton desorbed in the alkaline pH region (>9.5).
Again, the reasoning is based on salt impurities. How-
ever, there is no information as to what kind of cation
may be present as an impurity. For the low initial
NaCI additions, the model shown in Fig. 2 underes-
timates the data by an amount nearly equal to the
PZSE shift. It was therefore assumed that the amount

of cation (M+) impurity present was equivalent to the
amount of anion (Cl~) impurity assumed earlier
(0.0005 M). The M+ cation may be related to the tiny
dark spots observed during the washings.

Figure 3 illustrates the M+ cation competing with
the pH+salt-dependent reactions, just like the Na+

cation. The pK value for this competitive metal re-
action was determined by best fit of the data, and is
shown in Fig. 4.

Overview: Speciation of Surface
The proton isotherm shown in Fig. 4 was modeled

based on the observations of five plateaus correspond-
ing to five pH +salt-dependent reactions, and four ad-
sorption shifts corresponding to four competitive salt-
dependent reactions. Mathematical modeling of the
reactions illustrated in Fig. 3 was based on the equi-
librium constants shown in Table 1, and the following
mass balance condition:
{AlKoTAL = {A} + [B] + (Q + {D} + {E} + {f]

+ {G} -f (H\ + {/} + {J} + {M]. [18]
Each species was denned in terms of a common spe-
cies with the equilibrium constants in Table 1. The
speciation fraction, a,, for each species was defined as
the ratio iyrmax by

«, = «,/D [19]
where D = S«,, and the n, values defined in Table 2.
Note that S«, = 1.0, and each surface speciation frac-
tion may be independently determined given only the
pH and the equilibrium salt concentration (Eq. [15]-
[16]). The model finally predicts the proton adsorp-
tion isotherm by



SCHULTHESS & SPARKS: TWO-SITE MODEL FOR ALUMINUM OXIDE 1143

Table 2. Numerator values, n,, for determining surface
speciation fractions, a,-.

nA = /Cs(Na+)(OH- 2

n/ = (C1-)

nD = 1
(H*)(Crf

nF =

K4

(H*)"(C1-)2

?H+,OH- = rmax(«/ + aE + 2aj + 2aF

- aH~ au) + (Shift)
aA — aG

[20]
where Tmax = 1.7 Mmol m~2, and Shift = -0.25
m~2. It should be emphasized that the data were not
force fitted. Force fitting involves at least one inde-
pendent empirical parameter that cannot be experi-
mentally determined. All the pK values were obtained
by best fit with the data, but there were no empirical
parameters involved. All concentration values used in
the model were experimentally confirmed. An excep-
tion is the (M+C1~) impurity concentration, which may
be improved upon in future model revisions. The ex-
istence of the M+C1~ impurity, however, is strongly
suggested by the visual observation, the manufactur-
ing procedure, and by the decrease in the amount of
shift of the PZSE from the zero adsorption readings
after washing the oxide.

Figure 5 shows the speciation of the Al oxide surface
for various initial electrolyte concentrations as a func-
tion of pH. Species M, A, G, and H all consume one
OH~ anion, and are summed under the — 1 curve in
Fig. 5. Species B, C, and D are neutral, and are summed
under the 0 curve. Species 7 and E consume one H+

ion, and are summed under the +1 curve. Finally,
species /and Fconsume two H+ ions and are summed
under the +2 curve. The removal of Na+ cations are
also summed under the — 1 curve, and the removal
of Or anions are also summed under the +1 and +2
curves. Two vertical lines are drawn in Fig. 5 that
indicate the pH of two surface conditions: negative =
positive surface concentration, and maximum con-
centration of neutral surface sites. The former always
occurred at lower pH values than the latter.

RESULTS AND DISCUSSION
The intersection of the curves in Fig. 4 at pH 7.5 is

the PZSE, and Fig. 5 shows that it coincides with the
surface condition of H+ adsorption equivalent to H+

desorption (or, H+ consumed = OH~ consumed).
Technically, Fig. 5 shows that the PZSE decreases with
increasing electrolyte concentration (7.76-7.50). How-
ever, in Fig. 4 it is the high ionic strength (I) curves
that are visibly seen intersecting the other curves at
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Fig. 5. The surface speciation of the Al oxide.

pH 7.50 (or, at the pH of PZSE for the high I curves).
The amount of Cl~ adsorbed is also equivalent to the
amount of Na+ adsorbed at the PZSE, based on Fig.
1 and on the stoichiometric relationship assumed in
the proposed model. It is emphasized that the proton
isotherm, and the cation and anion isotherms, are
stoichiometrically related. The term point of zero net
charge (PZNC) has been suggested for the condition
of cation exchange capacity = anion exchange capac-
ity (CEC = AEC) (Sposito, 1984), and would therefore
be equivalent to the PZSE; i.e., these two indepen-
dently measured isotherms should agree on their re-
spective neutral values or intersection points.

Figure 5 also shows that the maximum concentra-
tion of neutral surface sites falls at pH values > pH
of PZSE (pH range 7.95-8.41, depending on the NaCl
concentration). This emphasizes that neutral surface
conditions are not equivalent to maximum concentra-
tion of neutral sites. The difference between them in-
creases with the electrolyte concentration of the anal-
ysis.

A ZPC analysis (not shown) of this washed Al oxide,
using traditional potentiometric methods (Schulthess
and Sparks, 1986), showed an intersection of the iso-
therms at pH 7.5. The reference used for this analysis
was theoretical (singular reference curve method) and
the pH plotted was the supernatant pH. It was also
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observed that since the data tend to be in close prox-
imity between pH 7 and 9, it is easy to misplace the
ZPC value by as much as one pH unit. Thus, if suf-
ficient data are collected near the pH of neutral surface
conditions, the ZPC values obtained by singular ref-
erence curve methods are similar to the PZSE values
obtained by the backtitration method. The advantages
of the backtitration technique are primarily on the
analyses of the proton isotherm. It is not clear at this
time if the PZSE and ZPC values would agree in sys-
tems with multiple surface sites; this uncertainty is
due to the variable solubility of each surface present.

The concept of competitive behavior also suggests
that anion adsorption envelopes (Kingston et al., 1967,
1972) are merely an adsorption competition between
the anion studied with all the other anions in the sys-
tem. One should keep in mind that as acidic H+ ions
are added, anions are also added. The anion specificity
is pH-dependent due to the competitive behavior of
OH~ anions. If the anions in solution vary with pH,
then the model is obviously more complex. However,
for an anion such as F~, the adsorption pattern is com-
peting with OH~ anions at high pH values (right side
of adsorption envelope), and also competing with Cl~
anions added as HC1 at low pH values (left side of
adsorption envelope). The presence of CO2(aq) may
also complicate any proposed model. Therefore, it is
strongly recommended that if pH-dependent studies
are performed, that the form of the acid or base used
be clearly stated, and that the amount used be con-
sidered as a significant factor in the experiment.

CONCLUSIONS
The proton isotherm behavior of an Al oxide can

be successfully modeled with mass balanced equa-
tions. Intrinsic equilibrium constants and exponential
terms were avoided due to an error in the develop-
ment of these terms. A backtitration technique (Schul-
thess and Sparks, 1986) was used to collect the proton
isotherm data, and was found to be stoichiometrically
related to the cation and anion isotherm behavior.
The assumed model was based on: (i) two surface sites,
(ii) pH+salt-dependent reactions (H+ and Cl~, 2OH~,
or Na+ and OH~), (iii) competitive salt dependent re-
actions (Na+ or Cl~), (iv) CO2(aq) pH-dependent re-
actions with the surface-OH groups, and (v) presence
of an unknown M+C1~ salt (0.0005 M). The total
number of Al sites was 1.7 jumol m~2 (equivalent to
0.977 nm2 site~' of surface Al), or 3.4 Mmol m~2 of
total available sites. Figure 3 shows the assumed phys-
ical interpretations of the proposed model. The pH of
PZSE represented the surface condition in which the
negative charges (or cation surfaces) equaled the pos-
itive charges (or anion surfaces); the CEC equaled AEC *
at this value. The CEC-AEC data and proton isotherm
data were stoichiometrically correlated. The pH of
PZSE values ranged from 7.50 to 7.76 depending on
the electrolyte concentration present, with lower val-

ues as the concentration increased. The initial pres-
ence of impurities on the surface studied will cause
the intersection of the curves on the proton isotherm
analysis to shift from the zero adsorption axis. Neg-
ative shifts are due to anion impurities adsorbed on
the surface at initial experimental conditions; con-
versely, positive shifts are due to cation impurities.
These theories would also explain the anion adsorp-
tion envelope phenomena as the result of competitive
anion reactions.

The ZPC intersection of the <r0-pH curves generated
by traditional potentiometric methods, or singular ref-
erence curve methods (Schulthess and Sparks, 1986),
was found to coincide with the PZSE value of the
backtitration method. However, since the singular ref-
erence curve methods do not account for the pH-de-
pendent solubility of the surface, their resulting proton
isotherms are not representative of the proton ad-
sorption phenomena. The solubility effects greatly
overshadow any adsorption phenomena, and it may
be the solubility phenomena that is being tracked by
the exponential terms in models involving intrinsic
equilibrium constants.
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