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Abstract

Reactions of Al(lll) at the interface between ${@ and aqueous solution were characteristically and quantitatively studied us-
ing electrophoretic methods and applying a surface complexation/precipitation model (SCM/SPM). The surface and bulk properties of
Al(I11)/SiO 2 suspensions were determined as functions of pH and initial Al(Ill) concentration. Simulated modeling results indicate that
the SCM, accounting for the adsorption mechanism, predicts sorption data for low surface coverage only reasonably well. Al(lll) hy-
drolysis and surface hydroxide precipitation must be invoked as the Al(lll) concentration and/or pH progressively increase. Accordingly,
the three processes in the Al(lll) sorption continuum, from adsorption through hydrolysis to surface precipitation, could be identified
by the divergence between the SCM/SPM predictions and the experimental dajg, Sipensions with low Al(lll) concentrations
(1 x 1074 and 1x 10~° M) exhibit electrophoretic behavior similar to that of a pure i@ system. In Al(ll)/SIG systems with high
Al concentrations of & 1073, 5x 10~3 and 1x 10~2 M, three charge reversals (CR) are observed, separately representing, in order of
increasing pH, the point of zero charge (PZC) on the,SiGbstrate (CR1), the onset of the surface precipitation of Al hydroxide (CR2), and
at a high pH, the PZC of the Al(OH)coating (CR3). Furthermore, in thex110~3 M AI(I11)/SiO 2(s) System, CR2 is consistent with the
modeling results of SCM/SPM and provides evidence that Al(lll) forms a surface precipitate g)%iCpH above 4. Sig)) dissolution
was slightly inhibited when Al(lll) was adsorbed onto the surface of,gi9as compared to the dissolution that occurs in a pure&jO
suspension system. Al hydroxide surface precipitation dramatically reduced the dissolution@f B&ause the Al hydroxide passive film
inhibited the corrosion of the Sif, surface by OH ions.
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1. Introduction and mobility (soluble, colloid, or precipitated) [4,5], its inter-
action with silica may significantly alter the bioavailability
Silicon is the second most abundant elementin the earth’sof this element and its detrimental effects on aquatic or-
crust and is present as silicates and silica. ller [1] divided ganisms [6,7]. In the water-treatment industry the interac-
silica into five different phases, of which anhydrous and hy- tions between silica and aluminum also play a determining
drous amorphous silica are the most important from a col- role, because Al salts are common coagulants and silica is a
loidal perspective, since it is this phase that forms colloidal prevalent constituent of solid matter in raw water. Moreover,
and microporous structures. In acidic lakes and streamshydrolyzed aluminum is used to set rosin and dyes in the
throughout the world, aluminum is present in concentrations production of paper and to improve the retention of fillers.
from several umqll to several hundred pmgi[2], that is, The increased use of hydrolyzed aluminum salts has height-
at a level toxic to aquatic life [3]. Since the toxicity of Al ened commercial and research interest in aluminum hydrol-
depends strongly on its speciation (free and complexed Al) ysjs [8,9]. A number of studies on aluminum hydrolysis
have emphasized the stoichiometry or kinetics of complex
~* Corresponding author. hydrolysis, precipitation, and surface chemical reactions of
E-mail address: whkuan@ccsun.mit.edu.tw (W.H. Kuan). a pure aluminum system [9,10]. Some researchers [11-14]
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have pointed out that soluble aluminum has a high poten- 2. Materialsand methods

tial to form mixed oxides with other component oxides in

natural environments, and the characteristics of such mixed2.1. Batch experiments

oxides deviate significantly from either average collective

properties for the group or a collection of discrete pure solid ~ Batch experiments concerning Al(lIl) sorption onto $iO

phases. However, the understanding of when and how thewere conducted in 50-ml polypropylene bottles with caps.

sorption continuum for Al(lll), from soluble free ions to a  The used silica (Sig) was Cab-O-Sil M5 (Cabot Corp., Tus-

surface or bulk oxide precipitate, proceeds in SiQsuspen- colca, IL), amorphous and fumed silica with a BET surface

sions is quite limited. Limited knowledge of these processes area of 200 rfy/g (analyzed by ASAP 2000). Before the

has restricted the accurate prediction of the distribution of batch experiments were performed, the S80spension was

AI(Il) in aquatic systems and the adsorption properties of aged at23C in an N atmosphere for 2 h.

other trace elements onto the undefined surfaces of these Solutions were prepared using reagent-grade chemicals

mixed oxides. and Millipore-Q water, following standard methods [33].
When a metal ion is present in an oxide suspension sys- | e initial concentration of Al(lll) (AI(NQ@)s-9H20) was

tem, a sorption continuum [15] may occur from mononu- 0—1x 102 M; the SiQ; concentration was maintained at

clear adsorption to hydrolysis, to multinuclear adsorption, 1 9/!, and the background electrolyte concentration was ad-

or to precipitation on the surface of oxide or in bulk solu- justed to 0.1 M by KN@ electrolyte solution. All experi-

tion: during these processes, system pH or sorbate/sorbenf€Nts were performed at 28, after adjustment to the de-

ratios increase [16—19]. At a low pH or sorbate/sorbent ra- Siréd pH using KOH and HN®solutions, with shaking at

tio, cations coordinate with surface functional groups of an

200 rpm. Since preliminary kinetic experiments suggested
oxide; the enhanced interaction between adjacent cationsat Pseudo-equilibrium was reached within 24 h, 24 h was
results in a sorption continuum with pH and/or the sor- selected as the reaction time for the equilibrium experi-
bate/sorbent ratio increasing. Because adsorption, hydroly-

ments [34].
sis, and precipitation of Al(Ill) occur over a very narrow

To elucidate these processes in the sorption continuum,
pH range, each process of the sorption continuum is diffi- samples were prepared in which Sify powder was equi-
cult to interpret and distinguish [20,21]. Xu et al. [22] also

librated with Al(Ill) aqueous solutions with concentrations
- . from undersaturated to oversaturated, with respect to the
indicated that such processes can proceed simultaneousl
and distinguishing them requires analytical methods with

ybulk phase precipitation in the absence of a solid sorbent.
. Two parameters, pH and total Al(lll) concentration, were
molecular-scale resolution. studied in batch experiments to determine sorption pH edges
The following definitions are adopted in the discussion
of the mechanism of the interface reactions. According to

and isotherms, respectively. After the reaction, a subsample
the relative concentrations and contact methods, interaction

of the suspension was taken for electrophoresis measure-
: ) . “ments; the rest of the suspension was centrifuged (Kubota
between hydrous oxides and metals include (1) sorption, re—6800) at 10,000 rpm for 15 min and the supernatant was
ferring to the uptake of a dissolved metal by a solid phase, passed thl’Ol'.Igh a 0.2-um membrane filter to analyze the sol-
irrespective of the mechanism [16,23,24]; (2) adsorption, uble Al and the Si dissolved out of bulk Si@) solid by an
referring to a surface complexation reaction between sur- ICP-AES (Perkin—Elmer, Optima 2000DV):

face sites and a metal sorbate [25]; and (3) surface precip-

itation, referring to the formation of a precipitate, induced 5 o Electrophoresis measurements

by the sorbent surface under solution conditions that are

undersaturated with respect to any known phase [26-28].  g|ectrophoretic mobility (EM) was measured at various
Depending on the type of interaction, metals exhibit vari- n4 and Al(IIl) concentrations to detect changes in net to-
ous solubilities that can markedly alter their environmental (g particle surface charge density associated with the sorp-
mobility and removal efficiency during wastewater treat- tjon of Al(lll). The electrophoretic mobility of the particles

ment [29-31]. o _ in SiO, suspensions with various amounts of Al(lll) at pH
This study aims to identify the reactions that occurred values between 1.5 and 12.0 was measured using a laser
during this sorption continuum of Al(lll) in Sigy) suspen-  Doppler electrophoretic light-scattering apparatus (Malvern

sion and to clarify how environmental conditions influence Instrument, Zetasizer 2000). Triplicate measurements were
these processes. The effects of a wide range of sorbatemade in crossed-beam mode with a 30-s count time, an
to-sorbent ratios and pH were modeled using SCM/SPM applied voltage of 150 V, and a modulator frequency of

to clarify the onset of each process in the sorption con- 1000 Hz.

tinuum. Electrokinetic measurements were performed to

determine the nature of the AI(Ill) interaction with the 2.3. Modeling approaches

SiOy() surface [32]. The measurement of silica dissolu-

tion yielded information on the onset of surface precipita-  Three categories of surface reaction were considered—
tion. surface complexation, surface precipitation, and bulk precip-
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Table 1
Category of surface reactions
Category Applied model Forming species Abbreviation
Surface complexation SCM Adsorption of hexaqua#Aion (AI(HZO)ng) onto SiOy) AA
Adsorption of 1st hydrolyzed hexaqua$Al ion (AI(OH)(HZO)§+) onto SiQyy) AH
Surface precipitation SPM Coprecipitation of Al(lll) hydroxide phase as a solid solution with the origingl,SiO PS
surface phase
Bulk precipitation Precipitation of ADH)3,) in bulk solution PB
Table 2 2.3.2. Surface precipitation model (SPM)
Fixed parameters for modeling with SCM and SPM Farley et al. [37] extended the DLM to include surface
Site concentration of Sig, (mmol/g) 1.62 precipitation by taking into account the formation of a new
Surface area of Sig, (m?/g) 200 surface phase, which is described as an ideal solid solu-
log K11 -152 tion [38,39] of M&OH),(;) and F&OH)3,. This approach
log K1t —552 yields a continuum between the adsorption of a solute on a
log Ksp Al 10.3¢ surface and the precipitation of this solute as a new bulk solid
log Ksp si —27% phase. In this study, the model was modified and applied to
a Meng and Letterman [13,14]. the AI(IIT)/SiOz) system.
P Measured in this study. The success of the surface precipitation model follows

¢ Database of MINTEQAZ program. from the fact that it provides a mathematical approach to

increasing the activity of the coprecipitating solid metal hy-
droxide phase continuously from near zero to unit activity
as the amount of surface precipitate that forms increases.

itation—to describe the sorption contlnuum. Ineach regctlon This continuous increase is accomplished by assuming that
category, Al(lll) forms several surface species, depending on 5 iqeal solid solution is generated by

the system conditions (Table 1). [Al (OH)3(,]
i bl OL

{AI(OH)3(5)} = T (5)
2.3.1. Surface complexation model (SCM) ’
The geochemical speciation code MINTEQAZ2, Ver- and )
sion 3.11 [35], was used to simulate the equilibrium partition (sjo, ) — [SiOz)] ’ (6)
of Al(Ill) in the SiOy(, /aqueous solution. The Sy, sur- Ts

face parameters were adopted from the work of Meng andwhere { } and [ ], respectively, represent the activity and
Letterman [13,14] and are presented in Table 2. Both the molal concentration of the corresponding species, and
diffuse layer model (DLM) and the database included in the represents the total mass of solid material in solid solution
MINTEQAZ2 were used for surface complexation modeling. and is given by

The DLM was a type of simple two-layer model, including .

one planar surface layer and one diffuse layer of counte- Ts = [Al(OH)35)] + [SiOzs)]- ()
rions [36]. The exponential coulombic term derived from Additionally, an ideal solid solution is assumed, so
Gouy and Chapman’s electrical double layer theory (EDL)

was introduced to correct the surface-reaction mass-law con—{AI (OH)3(0)} + {S10z)} = 1. (8)
stants for surface charge effects [32]. Table 3 summarizes theThis representation allows the solubility of the aluminum
surface reactions considered in the SCM (Egs. (1)—(4)). hydroxide phase to decline at lower surface coverages. For
Table 3
Surface reactions considered in SCM
Reaction Equilibrium constant expression
Surface ionization

SOH+HT = SOHJ Kj{l‘ = exp(Fo/RT)[SOH] 1/[SOHI[H] 1)
SOH= SO~ 4+ HT Kj{;‘ =exp(—Fg/RT)[SO ][HT1/[SOH] ®)

Surface complexation
SOH+ AI3t = SOART 4+ Ht KN — exp2F¢/RT)[SOAPTI[HT 1/[SOHI[AI®*] ®3)
SOH+ AI3 4 HyO = SOAIOHT + 2HT KN = exp(Fo/RT)[SOAIOH! [HT12/[SOH|[AI®F] (4

F: Faraday constang: the potential at the Sig; surface;R: gas constantf': absolute temperature.
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example, the aluminum hydroxide phase forms when the
AI(IIl) ion activity product (IAP) is exceeded, according to

IAP = {AI*T}{OH™}3 = [Al (OH)3(5)} Ksp Al )

whereKgp al is the thermodynamic solubility product con-
stant of A(OH)3,,. According to Eq. (5), a$Al(OH)3,)}
decreases, the value of the IAP required for the onset of
precipitation decreases. Hence, surface precipitation can oc-
cur at Al(lll) ion concentrations and pH values below those
required for precipitation of the pure solid phase from aque-
ous solution. A solid-phase activity continuously increasing
from almost zero to unity has been found to be necessary to
enable the solid solution model to describe Al(lIl) ion sorp-
tion as a function of the changing surface coverage.

In this model, Al(ll) at the SiQ,)/aqueous solution in-
terface is treated as a surface species, while Al(Ill) is not in
direct contact with the solution phase; that is, it is buried un-
der the SiQ;)/aqueous solution interface and is treated as a
solid species (denoted by subsciipt) that forms a solid so-
lution. Surface precipitation reactions involved in the uptake
of Al(ll1) by SiO 2 can then be written as follows:

Adsorption of Al(IIl) onto SiGyy)

=Si—-OH + AI%* + 3H,0

® experimental data

80

60

40

AI(Ill) sorption %

20

pH

Fig. 1. Percentage of Al sorption vs pH and DLM simulation results of
1 x 1074 M AI(lI)/SiO 2(s) System. Three predictions according to ad-
sorption of AP* ion (AA), adsorption of AIOH™ ion (AH), and surface
precipitation (PS) reactions are given for comparison. Fitting parameters are

as follows: logk % = 0.5, logk M, = —3, and logk I = —4.8.

3. Resultsand discussion

B int
= SiOg) +=Al-OHZ +2H".  Kps (10) 31 AIQII1) sorption and simulation of SCM/SPM
Precipitation of Al(III)
EA'—OH-2'_+A|3+ +3H,0 The effect of the change in the concentrgtion of the
background electrolyte (KN§) on the Al(l11) sorption onto
= Al(OH)g,) + EAl—OHg +3H", 1/Kspa.  (11) SiOy(s) was examined before the pH-edge and isotherm ex-
Adsorption of Si(OH) on Al(OH)3,) periments to clarify the strength of the bonding between
. . Al(lll) and the SiGy,) surface. The experimental results
=AI-OH3 + Si(OH)4(aq revealed that ionic strength did not affect the sorption of
= Al(OH)3,) + =Si—OH + H* + 2H,0, Al(IIT) onto SOy (figure not shown). This finding suggests
int _ that Al(lll) tends to form an inner-sphere complex, which
1/KpsKsp A Ksp si. (12) bonds strongly to the-plane [41]. From previous studies,
Precipitation of Si(OH) the structure of strongly sorbed surface species is generally
ESi—OI-P+Si(OH)4(aq) described as monodentate or bidentate inner-sphere com-
] _ plexes at low and moderate surface coverage, and as mult-
= SiOy() + =Si-OH + 2H;0,  1/Ksp si. (13)  inuclear species and surface precipitation at high surface

coverage [17-19,42].

Fig. 1 shows the model predictions of X1 1074 M
Al(ll) reactions in SiGy,) suspensions at various pH for
the AA, AH, and PS configurations (Table 1) considered
atoms bonded to each Si atom, asd\l-OH° represents  in SCM/SPM. The experimental results display that Al(l11)
[Al(OH)3],, because Al(OH) is an octahedron, with three  sorption onto SiQ, increases with the pH value. The AH
O atoms bonded to each Al atom. Thus reactions (10) andand PS configurations excellently fit the experimental data
(12) are balanced with respect to H and O [37,40]. Although and both appear as one line, while the AA type does not sat-
the surface species indicated in reactions (11) and (13) di-isfactorily describe Al(lll) behavior in this region of the en-
vide out of the corresponding mass law expressions, theyvelope curve. The results of the PB simulation were ignored
are included to emphasize the link between adsorption andbecause homogeneous Al hydroxides cannot precipitate in

The surface symbols and= are used to denote the bonds
of the cations with the surface of the solid, and have dif-
ferent meanings for Si(IV) and Al(lI)=Si-OH’ repre-
sents[SiO»],, because Si®is a tetrahedron, with four O

surface precipitation. The termg‘é represents the intrinsic
equilibrium constant for Al(lll) precipitation, anfisp s;j is

the thermodynamic solubility product constant of &iQ
Importantly, only three of the four equations (10)—(13) are

such a low initial concentration of Al(lll), according to the
solubility product constant of ADH)3;). As the modeling
results suggest, the adsorption mechanism dominates the up-
take of 1x 10~4 M Al(Ill). Crawford et al. [43] stated that

mathematically independent expressions. Table 2 presentghe dielectric constant of the solid substrate plays a major

the parameters used to model surface precipitation.

role in determining the pattern of the complex species dur-
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Fig. 3. Modeling Al(lll) sorption isotherm using diffusion-layer model.
Four predictions according to adsorption of 3Al ion (AA), adsorp-

Fig. 2. Percentage of Al sorption vs pH and DLM simulation results of
1x 1073 M Al(II)/SIO 2 system. Four predictions according to adsorp-
tion of AI3T ion (AA), adsorption of AIOH™ ion (AH), surface precipita- - i S X
tion (PS), and adsorption of AIOH ion incorporated with bulk precipita- 10N 0; AIOH *ion (AH), surface precipitation (PS), and adsorption of
tion (AH + PB) reactions are given for comparison. Fitting parameters are AIOH *ion incorporated with bulk precipitatio®AH + PB) reactions are
as follows: IogKK‘}\ — 05, logkint — _4, IogKiF?éz _58. given for comparison. Fitting parameters are as foIIows:KQQ =05,

AH = - -
log K, = —4, logk Bt = —5.8.

ing metal ion adsorption. The dominant sorbing species is
the free metal ions when a solid substrate with a dielectric (b) failure to account for Al(lll) polymerization and sur-
constant €) approaching that of watek (= 78.3) is used. face precipitation [31]. When the number of surface sites
However, the hydrolysis product of metal ions is the dom- of SiO; is taken to be 8.35 pmgin? (calculated by data in
inant adsorbing species when a solid substrate with a low Table 2), the 1x 10~2 M Al(lll) sorbed by SiQ suspen-
dielectric constant is used. Accordingly, AIGHis the dom- sion in the range pH 4-5 occupies just 14% to 48% of the
inant adsorbing species in this system since the dielectricsites. This phenomenon implies that the postulate (a), insuf-
constant of Si@ (e = 6) is much less than that of water. ficiency of surface sites for Al(lll) removal, does not apply
Fig. 2 presents the model-predicted and experimental datato this system because of the surface geometry [24]. With
for 1 x 102 M Al(Ill) reactions between SiQy) and solu- reference to postulate (b), Fig. 2 indicates that the surface
tion as a function of pH. As illustrated, attempts to describe precipitation model with the solid solution assumption rea-
the pH-edge data using the adsorption ofAlons (AA type sonably fits the data over the whole range of experimental
in SCM) were unsuccessful above pH 3. This results could pH. Therefore, surface precipitation occurs at pH 4, which is
be attributed to the fact that the hydrolysis of freé#Alons about one pH unit lower than for homogeneous Al hydroxide
occurs above pH 3, and the hydrolyzed species (&QH  precipitation. Over the pH range from 4 to 5, surface precip-
Al(OH)3*, and Ag(OH)S") begin to dominate [44]. Sim- itation is the dominant reaction in this system. A number
ulation that involves the AH type successfully describes the of researchers have demonstrated that the SCMs are satis-
interfacial behavior of Al(lll) below pH 4, but significantly ~ factory only for low surface loading, while SPM can provide
underestimates the experimental data above pH 4, wherereasonable fits to the data over a wide range of coverage con-
high surface loading occurs. Other combinations of reactionsditions, from low to high [18,19,30,31,37,40,45]. Increasing
were considered to improve the fitness of predictions and ex-the initial concentration of Al(lll) by one order of magni-
plore the events that occurred at high pH. The predictions tude (1x 107*-1 x 10~3 M) results in a great variety of
based on AH configuration incorporated with the reaction governing surface reactions; therefore, both the pH and the
of homogeneous precipitation of Al(Okfdmporphosfin the sorbate/sorbent ratio importantly affect sorbate reactions at
database of the MINTEQAZ2 Program, v. 3.1) in bulk solu- the solid/solution interface.
tion (PB) were denoted as crosses in Fig. 2. The-ARB The effect of sorbate-to-sorbent ratio on surface reac-
modeling curve has a discontinuous point at pH 5 and thention is depicted using sorption isotherms at pi80t- 0.03
rises gradually to meet the experimental data as pH in- (Fig. 3), where total Al(lll) concentratiofiog [Al]7) is plot-
creases. Consequently, the increase in the removal of Al(lll) ted against sorption density (1@, where I'a is mole
above pH 5 can be attributed primarily to Al hydroxide de- Al(lll) uptake per gram of Si@ solid). This isotherm ex-
position in bulk solution. Two possible reasons account for perimental data plotted in double logarithmic format follow
the underestimation of SCM from pH 4 to 5: (a) saturation a linear trend with unit slope over the whole range of to-
of SiOy(y) surface sites with increasing Al(ll1) sorption, and tal Al(lll) concentrations. Karthikeyan et al. [30,31] tested
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the sorption of copper onto hydrous oxides of iron and alu-
minum and found out that the copper isotherms for both ox-
ides have an initial region with unit slope at low total Cuand &~ 2
a Freundlich region with a slope of less than 1:1 at moderate <

Cu concentrations. A saturation region also exists, in which & ¢

Cu removal increases sharply with total Cu, since all the sor- wE 1

bent reactive sites are fully occupied and Cu is removed by o

precipitation reactions. The linear and Freundlich regions T 21 .. pure Si0,

in the isotherm can account for the two types of reactive E‘ --0- - 1x10° M AVSIO,

sites high and low binding strength, for Cu uptake by iron '-g 4T s LaetMarsio, 4
or aluminum oxide surfaces. However, the isotherm data for = —— 1x10° M ALSIO,

AI(I11) in this study all follow a linear trend with unit slope
over the entire range of total Al(Ill) concentrations, even in
the zone where homogeneous Al hydroxide precipitate may
be formed. This result implies that there is only one reac-
tive site with the same binding strength for Al(Ill) uptake Fig. 4. The EM of Al(lll)/SiO, suspensions as a function of pH in 0.1 M
by SiOys) surface, and at high Al(lll) concentrations, some KNOg3 electrolyte in the presence or absence of various concentrations of
reactions lead to a transition between adsorption and bulkA(!)-

precipitation. Attempts to describe these isotherm data using

SCM, illustrating adsorption of various Al species (AA and zeta potential of Al(II1)/SiQ) suspensions, but the tested
AH), SPM, assuming a solid solution formed on the surface Al(lll) concentration was too high to observe electrokinetic
(PS), and homogeneous precipitate of Al hydroxide in bulk behavior similar to that in pure Sguspension. James and
solution (PB) are shown in Fig. 3. As illustrated in Fig. 3, Healy [20] examined the electrophoretic behavior of La(lll)
all models yield suitable fits at low surface coverage, but in a SiGy,) suspension system and obtained similar results,
only SPM reasonably fits the data at high surface coverage.with no significant shift in electrophoretic mobility, for low
Therefore, the onset and domains of adsorption, hydrolysis, specific adsorption amounts of La(lll).

surface precipitation, and bulk precipitation are delineated Three charge reversal (CR) points (strictly, the pH values
from the divergence between the model predictions and theat which the electrokinetic potential reverses), CR1 (charge

6 T —— 5x10°MAUSIO,

—&—  1x10” M AISIO,

-8

isotherm data. Assuming adsorption of freéAlons (AA) reversal fromy4 to —), CR2 (charge reversal from to +),
and AIOH+ (AH) resulted in the model’s fitting satisfacto- and CR3 (charge reversal from to —), correspond to in-
rily up to a surface coverage of 182°mol Al(ll1)/g SiO (). creasing pH for the curves of Sjvith 1 x 1073, 5x 103,

This value of coverage also indicates the onset of surfaceand 1x 1072 M of Al(lIl). The top right corner of Fig. 4
precipitation. To clarify the surface and bulk precipitation, schematically depicts the general features of these electroki-
a homogeneous precipitation reaction o{@H)3, incor- netic curves, including charge reversals. Several recent spec-
porated with the adsorption of AIGH (AH + PB) is also troscopic studies [17,18,46,47] demonstrated that the value
considered. In Fig. 3, the predictions using AHPB include of 10% surface coverage is a criterion for the structure of

a discontinuous point at surface coverage of 2& mol surface complexes. The inner-sphere monomeric reactions
Al(Il1)/g SiO 2, and underestimate the range of surface cov- can describe the sorption phenomenon in the low- and mod-
erage between 1G2° and 10°22° mol Al(lll)/g SiOxyy), erate coverage range (up to 10%). As coverage increases

which can be regarded as the onset of the bulk precipitationbeyond 10% (high-coverage region), spectroscopic evidence
of Al(OH)3(,, and the surface precipitation domain, respec- is consistent with the formation of multinuclear species and

tively. surface precipitation. This study utilizes two coverage clas-
sification schemes, based on the percentage of occupied
3.2. Evidences from electrophoretic mobility (EM) surface active sites and the area percentage covered by hy-
measurements drated APt ions with an assumed hydrated radius (H.R.) of
3 A, to elucidate the surface electrophoretic behavior as a
In the authors’ earlier study, the EM of pure SiGus- function of surface coverage. Table 4 presents the surface

pensions over a range of pH values and in three different coverage values calculated at the 50% Al(lll) uptake point
salt solutions (0, 0.1, 0.5 M) lie on a curve and the isoelec- on the pH edge for the specified conditions. Each pH edge
tric point (IEP) is 2.00 for an Si@particle [34]. Therefore,  yielded a range of surface coverages, extending from 0%
0.1 M KNO3 was adopted as the background electrolyte to twice the value shown in Table 4. For the<110~° and

in all experiments. Fig. 4 shows the EM data of Si€ls- 1x 10~* M Al(llI)/SiO 2(s) Systems with electrophoretic be-
pension with various Al(lll) concentrations as a function of havior similar to that of pure Sig), suspension, both the
pH. The electrophoretic behavior of SiQuith 1 x 107° coverage of the area and the site density are lower than
and 1x 1074 M of Al(lll) is similar to that of pure SiQ 10%, within the range in which inner-sphere monomeric
suspension. Meng and Letterman [13] also measured thereactions occur [18]. Both the area and the site concentra-
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Table 4
Surface coverage for Al(lll) sorption pH edges in $iQ suspension system
Total Al(Ill) conc. Coverage of 50% Coverage for area, Coverage for site concentration
(mol/l) uptake (umoim?) H.R. of ARt =3 A (%) 1.67 mmolg SiOy(s) (%)
1x107° 0.025 Q42 030
1x10°4 0.25 424 299
1x10°3 25 4241 2994
5x 1073 125 21206 14970
1x 1072 25 42412 29940
. 3 3 _2 100
tion coverage of the ¥ 1072, 5x 1072, and 1x 10°- M -
AI(I1)/SiO (s) system are beyond 10%, the electrophoretic [ —e- pureSiO; 7
behavior in these systems clearly differ from that of the __ 80 | ..o.. 1x10*m aAusio, e Ao
1x 1075 and 1x 104 M AI(Il1)/SiO 2, systems. Thus, the g ) e
electrophoretic behavior reflects the mechanism of Al(lll) € T4 DI0TMALSIO; // s
sorption onto the surface of SjQ). ;—; 60 I —e— 1x10°M AISIO, S ,x'/
These experiments do not reveal any significant shift in S
CR1 with the concentration of Al(lll). The significance of S 4o | S
CRL1lis clearin that M and OH" ions are potential determi- 9 S
nants for the original oxide; thus, CRL1 is the point of zero £ ,,’9;','-’
charge (PZC) of the Si©suspension. 20 - Ol
Abundant evidence now supports the claim that at high
pH charge reversal, CR3 reflects the metal hydroxide coat- 0 :
ing on the colloid substrate [20]. If sufficient metal ions are ) 3 4 5 6 7 8 9
adsorbed at a pH suitable to form a complete coating of ad-
sorbed metal hydroxide, then CR3 is the PZC of the metal pH

hydroxide. Incqmplete Coat'”g' duetoa lF’W concentration F’f Fig. 5. Si dissolution of Sig\;) suspension with or without Al(lll) over a
metal or to a high concentration of colloidal substrate parti- pH range 2-9.
cles, reflects both coated and uncoated surfaces being mixed
together. Thus, CR3 will occur at pH values at or below the ;4401 (~pH 4) in Fig. 2, which was determined by the
PHpzc of the Al(OH)s, depending on the coverage achieved. i ergence between the SCM/SPM predictions and the ex-
According to Fig. 4, CR3 is made.to approach theppH perimental data. Accordingly, these electrokinetic findings
of amorphous Al(OH) (9.0) [48] by increasing the Al(lll)  ¢4hfirm that the SPM, based on the solid solution assump-
concentration. The CR3 of the colloid in thex110-2 M tion, can successfully describe the transition from adsorption
of Al(II1)/SIO 2 suspension is the same as the,pdf pure 4 1k precipitation and indicate the onset of surface precip-
Al(OH)s, suggesting that Al(OH)completely covered the  jiaion . Furthermore, the occurrence of CR2 near the IEP of
SiO pgrucles. . 4 SiOy(y), almost obscuring it, could be regarded as represent-
In Fig. 4, the CR2 of the curves for Sjvith 1 x 107, ing the strong hydrolysis of Al(lll) [20]. CR2 approaches

-3 —2
5x 1077 and 1x 107 M of Al(lll) ranges from pH 210 R4 iy 4 strongly hydrolytic cation system but approaches
4 and increases as the concentration of Al(lll) decreases.~p3 i, a weakly hydrolytic cation system.

James and Healy [20] suggested that CR2 might indicate

surfa_tcg precipitation induced at a pH beI(_)w that of bulk 3.3. Effect of Al(I11) on SOy, dissolution
precipitation. They also used the relationship between stan-
dard free energy and the dielectric constants of the interfacial
medium to derive the conclusion that the electric field of the
surface-induced precipitation at the interface is established
before bulk precipitation occurs, even though the solution
is unsaturated with respect to this precipitated solid. Addi-
tionally, CR2 shifts to a lower pH as Al(lll) concentration
increases. Pugh and Bergstrom [49] also successfully inter-
preted the uptake of Mg(ll) or-ultrafine silicon carbide  SiOy) + 2H20 < Si(OH) 4(aq): (14)
and«-alumina by applying James and Healy’s model [20], <. _ . _

and found that strong adsorption of Mg(ll) occurred well SiOH)4(ag +OH" < S'(OH)3O(aQ) +H20. (15)
below the bulk precipitation threshold. With respect to the Fig. 5 also indicates that the solubility of Si) decreases

1 x 10-3 M Al(lI)/SiO 2(s) System, the CR2 in Fig. 4 is as the Al concentration increases. In a system with low
coincident with the point of the onset of surface precip- Al(Ill) concentration, such as ¥ 1074 and 1x 107> M,

Fig. 5 shows the solubility characteristics of 1 g &iGY|
suspension with or without Al(lll) over the pH range from
2 to 9. The results imply that the release of silicate (rep-
resented as Si m@) from SiOy, solid increases with pH,
perhaps because the ionization of monosilicic acid enhances
the dissolution of BSiO4 from SiOyy), as illustrated below:
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the concentration of the dissolved Si is slightly lower than SiOy( surface. Electrokinetic measurements suggest that
that in a pure SiQ;) system. Stumm and Wollast [50] re- no significant shift in electrophoretic mobility occurs dur-
ported that a surface-coordinated metal ion, such as Cu(ll) oring the specific adsorption of Al(lll) onto Si,. However,
Al(Il1), can block an oxide surface group, thus suppressing under these solution conditions £110°3, 5 x 1073, and
dissolution. Aqueous Al(lll) forms an aluminosilicate com- 1 x 1072 M Al(lll)), which lead to surface precipitation,
plex on the reactive silica surface site [1, Eq. (16)]; and this three charge-reversal points exist and separately represent
complex more strongly suppresses dissolution of the reactivethe IEP of SiQ, surface precipitation, and the Al hydrox-

silica surface in an alkaline medium than that in an acidic
medium, as compared the dissolution in pure Sigstem.

| |
—S‘i(OH) +Al(OH); < —SliOAI (OH)+H™.

reactive silica
surface site

(16)

aluminosilicate
complex

In the system with a high Al concentration ok110~23 M,
the concentration of dissolved Si is similar to that in the other

systems below pH 4, but much lower than that in the pure

SiOy(s) system above pH 4. The concentration of the Si in
this system at pH 8.6 approaches 0.83imghich is two or-
ders of magnitude less than that of the pure gisystem.
Furthermore, the trend of the concentration of Si is quite dif-

ferent from that in other systems; the concentration increases

with pH for pH < 4 but slightly drops as pH increases for
pH > 4. These results imply that, while the surface alumi-
nosilicate complex inhibits the dissolution of $iQ, other

mechanisms may be responsible for the dramatic restraint

of the dissolution. Stein [51] also observed the dissolution
reduction of 3Ca@A\l>03 solid by surface precipitation of
Al(OH)3, but this reactivity reduction had been prevented
by the presence of SO This different trend of dissolution

in 1 x 1073 M AI(IlI)/SiO 5y, can be explained by the for-
mation of an Al hydroxide surface precipitate, which leads
to a passive film on the surface of $iQ and inhibits the
corrosion of the Si@) surface by OH ions.

4. Conclusions

Al(Ill) sorbs onto SiQy in different modes at vari-
ous pH and Al(lll) concentrations, as an AI;(EI)SJr com-
plex at low pH and Al(lll) concentrations, hydrolyzed
AI(OH)(HZO)§+ complex at medium surface loading, and

surface-induced precipitate at high sorption densities, con-
firming earlier suggestions that sorption mode changes with

surface loading [17-19,27]. The modeling results of the
SCM/SPM prediction showed that the solution from which

the surface precipitate formed was not saturated with re-

spect to A{OH)3(;). The SCM is an adequate model only
when Al(111) sorption occurs as complexes binding at surface
coordination sites of Sig)), while inconsistency between

ide coating onto the Si©surface. In the 1x 1073 M
AI(II/SIO 25y system, CR2 (near pH 4) is coincident with
the onset pH of surface precipitation, as determined by the
SPM. The dramatically low concentration of dissolved Si
above pH 4 in the x 1073 M AI(IlI)/SiO » system is
evidence of the formation of an Al hydroxide surface pre-
cipitate, which leads to the formation of a passive film on
the surface of Sig)y), inhibiting the corrosion of the Si,
surface by OH ions.
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