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electrolytes (NaCl, NaNOs;, CsCl and CsNOj) at different electrolyte

T he surface charge density (o) of colloidal alumina (a-Al;0) suspended in 1:1

concentration (c,) was determined using acid-base titration. The data were

described in terms of the Triple Layer Model (TLM) of electric double layer. It was
observed that the polarity of &, could be varied through a point of zero charge (PZC) by
varying the pH of the suspension. The PZCs were observed to occur atpH =7.8+0.1, 7.6
+0.2, 85+0.1 and 8.3 £ 0.1 in NaCl, NaNO;, CsCl and CsNO;, respectively. It was
concluded that the TLM adequately describes the titration data (within +10%) in the pH
and c, range of 100 ‘< ¢, <0.1 M, respectively.

Keywords: surface charge density, acid-base titration, Triple Layer Model, colloid,

alumina.

INTRODUCTION

The surface charge density (o,) and potential (\y,)
of oxides do influence interactions at the
oxide/liquid interface. Other parameters such as
the nature of the surface ionizable groups,
concentration and composition of the dispersion
medium also play a great role in characterising the
interactions at the oxide/liquid interface. The
interactions at the mineral oxide interface affect
many geo-chemical processes such as the uptake,
transport and release of adsorbed contaminants,
mineral dissolution and precipitation, various
redox reactions and the colloidal stability of
colloidal oxide dispersions (Stumm and Morgan,
1981; Cesarano et al., 1988; Dzombak et al,
1990). Therefore, experimental knowledge of these
properties allows a variety of model predictions to
be evaluated as part of the characterisation process
of a colloidal oxide.

It has been established that in the presence of
water, the surfaces of mineral oxides, especially
those of Al, Fe and Si are generally covered with
hydroxyl groups (Smit and Holten, 1980; James
and Parks, 1982; Hayes et al., 1991; Katz and
Hayes, 1995). Surface hydration and dissociation
of these groups, results in a pH dependent surface

charge density that is amenable to measurement by
acid-base titration of dispersed material. The
surface charge density determined by such
methods (o”) is essentially a relative or analytical
one. This is because the value prior to addition of
reagents to the dispersed material (¢” at the point
of zero titration) is often unknown and difficult to
establish. However, there are various procedures
(Hunter, 1996; Lyklema, 1995) that can be used to
transform measured values of ¢” to surface charge
density (o).

In this work, surface properties of a-alumina are
reported. The properties of this mineral oxide
appear to be very limited in literature despite that
those of a similar material (y-alumina) have been
reporied by many authors (Huang and Stumm,
1973; Wiese and Healy, 1975; Sprycha, 1989a,
1989b; Mustafa et al., 1998). These two materials
may have different surface characteristics arising
from their differences in their crystal structure.

The measurements of ¢” of a-alumina in four
electrolytes (NaCl, NaNO;, CsCl and CsNO;) at
various concentrations were made using automated
acid-base titration equipment. The titration data
were used to estimate o,. The values of o, were
then compared with those generated using a Triple
Layer Model as formulated by Yates et al. (1974)
and subsequently modified and used by Davis et
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al. (1978), Davis and Leckie (1978, 1980),

Table 1: Chemical analysis of alumina specified by the

Lutzenkirchen er al.  (1995) and manufacturer*
Lutzenkirchen (1998, 1999). S AB R = o Ve -
EXPERIMENTAL

% by weight 9999 0002 0005 0001 0001 000]

Materials and Methods

* Mandoval Zirconia sales Ltd, UK

Materials: a-alumina (AKP 30 grade)
obtained from Mandoval Zirconia sales Ltd, UK.
was used as obtained. The chemical analyses
provided by the manufacturer (Table 1) suggest
that the material is of high purity.

Specific Surface Area: The specific surface area
was determined using nitrogen gas adsorption and
the Brunauer, Emmett and Teller (BET) method.
The ASAP 2000 System Micromeritics
Instrument, USA was used.

Particle Density: The particle density was
determined by pycnometry using water as the
dispersion medium.

Chemicals: All chemicals were of analytical
reagent grade (obtained from either Fisons Co.
Ltd, Acro Organics Ltd. UK, or Fisher Scientific
UK). Water was produced by reverse osmosis, ion
exchange, carbon adsorption and microfiltration of
the local supply to pH and conductance of 5.5-5.8
and 0.7-1.2 pS cm’, respectively. Electrolytes
were prepared by dissolving known amounts of
salt in water. Electrolyte solutions were prepared
every two wecks and allowed 1o stand at lcast one
day (24 hours) prior to use. Titrants HCl, HNO;
and NaOH were obtained as 1.0 M standard
solutions, whereas 1.0 M CsOH was made by
dilution from a stock (50% w/w) CsOH.

Sample Preparation and Titration: Samples were
prepared by dispersing 7.3 g air dry (6.9 g oven
dry) of a-alumina powder in 50 ml of electrolyte
solution inside thermostatted jacketed utration
cells. Samples were left 1o stand for 24 hours.
Titrations were performed using high precision
syringes (25 = 0.1 pl) adjusted by stepper motors
(Hamilton PSD/2). Reagents were drawn into the
syringes from large capacity reagent reservoirs and
were delivered to samples via micro-bore tubing.
Sample pH and temperature were monitored using
single junction electrodes and platinum resistance
thermometers, respectively. An inert atmosphere

above the sample was maintained using a supply
of CO; free N,. These facilities were controlled
with a computer that also served as a data-logger.
The system was configured to perform two
titrations, essentially, in parallel. Duplicate
samples were typically titrated, one with acid, the
other with base, from their initial conditions at the
point of zero titration (PZT).

The quantities of titrant added were adjusted using
a predictor-corrector method to provide a uniform
spread of experimental data points with respect to
pH. Sample conditions were monitored following
each addition of reagents. When sample pH was
invariant with time it was assumed to be at
equilibrium. Conditions were then recorded,
another dose of titrant was then delivered and the
process repeated until the pH reached a prescribed
limits. A similar procedure was used for the
titration of particle free electrolytes (blank
titrations). Titrations were performed in the
presence of varous electrolyte salts (NaCl,
NaNO;, CsCl and CsNO; in the concentration
range of 10™' ~107* M), using the conjugate acids
and bases, from which they are denved, as titrants.

Data Analysis: Titration data were processed to
provide continuous/semi-continuous functions of
pH in relation to the cumulative addition of titrant
for blank and corresponding sample titrations at
cach electrolyte concentration. This curve fitting
was heunstic and adjusted o achieve a correlation
coefficient (r) in the range 0.99 < r* < 1.00 The
funcuons obtained were used to calculate the
corresponding cumulative titrant additon to blanks
(Ns.) at corresponding pH points in the sample
titration (N ;). These values were then subtracted
from those of the samples to compensate for any
reagen! interaction with surfaces of the cells and
facilities therein 1o produce estimates of o” at
various pH from
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=, IO‘JF(N‘”_ = Nm.)
mpAsp

)

Where, " is analytical surface charge density
(nCem™®), F is Faraday’s constant (Cmol™), m, is
mass of the oxide (g), A, is the specific surface
area of the oxide (m’g') and N, and Ny are
moles of titrant for the sample and blank
respectively, expressed in pmol.

In circumstances where relationships obtained
from titration in various concentrations of the
same electrolyte possessed a Common Intersection
Point (CIP) (within an error of + 0.2 pH units), the
initial analytical surface charge density (o) at that
point was determined. In such situations, the
absolute surface charge density (o,) was

estimated from:

g,=0 t0, (2)

RESULTS AND DISCUSSION

The material was found to have a specific surface
area of 7200 + 200 m* kg'. The density of the
material was found to be 3900 + 100 kg m~. The
mean particle size on this basis is 0.40 £ 0.01 pm
and agrees well with previously experimentally
determined particle size (Ntalikwa et al., 2001)
suggesting that the surface is largely non-porous.

o" as a Function pH NaCl and NaNOj;: The effect

of pH on ¢"in various concentrations of NaCl

produces a family of curves which appear to have

Table 2: Summary of equations used in Triple Layer Model

MOH; <%+ MOH +H; (Protonation), K

al

MOH « 2 >MO™ +H}

+ + _FWG
H' =[H Jex
s =[H"] p[ RTJ

_[MOJ[H'] —Fwo)
& [MOH] RT

MOH + Cat} « K 3 MO Cat* + H! (Cation binding reaction), K, =

MOH ; An~ X 3 MOH + H + An_ (Anion binding reaction), K, =

[Cat}]=[Cat* ]cxp{

% = [MOHI(H ) An"] _ (F(w = wo)]

. [MOH An"] RT

F
eN, =

5

C;Agp

(Deprotonation), K, =

_[MOH][H[]
[MOH; ]
[MO"][H/]

[MOH ]

_ [MOH][H*]exp(— Fwo]

(Boltzmann’s law), K, =

Fy, T Fy, _ [MO Cat][H"]
RT ],[Aﬂ’]—[AH ]ex{J{ RT }‘ Cat — €

[MOH; | RT

_[MO Cat*][H;]
[MOH][Cat ]
[MOH][H [ ][An,]
[MOH ! An™ )

xP[F(W‘;;_ o )]

[MOH][Cat" ]

([MOH] +[MOH ]+ [MOH; An"]+[MO ]+ [MO Cat” ]) (Mass balance equation)

o, = B([MOH_;]+[MOH;AH"]+[MO']—[MO'Car* ]). oy = B([MO‘CH!‘ ] - [MOH ; An ])

v

o, = B[MO™ ]~ [MOH ]), where B = ~

O, +0,+0,= 0 (Neutrality requirement), 0, = G (yln -V, )

. ey,
o,=C, (1;/,, —r,r/ﬁ), o, =-0.1174-4/c, 'S"lh[-z%';f

!
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Table 3: Summary of TLM constants that gave best fits between predicted
and experimental values of @ for the salts investigated.

Salt ¢, (mol /) PRa PR pRew pK (', (Fm™) pé
0.5 6.3 9.3 9.00 6.60 1.90 0

NaCl 10" 6.3 9.3 830 730 1.50 0
10 6.3 9.3 700 800 118 0.3

10 6.3 93 600 900 1.00 0.3

10 6.3 9.3 300 10.00 0.80 0.3

0.5 6.1 9.1 880 640 1.65 0

NaNO, 10" 6.1 9.1 8.0 7.0 1.40 0
107 6.1 9.1 7.0 S0 1.05 0

10° 6.1 9. 6.10 9.10 0.90 0

10 6.1 9.1 520 10.20 0.88 0

0.5 70 100 99  7.50 1.60 0.2

CsCl 10! 7.0 100 920 8.20 1.45 0.2
10+ 70 100 820 920 1.25 -0.2

10 70 1000 720 1020 1.00 0.2

10" 70 100 650 1150 0.85 -0.5

0.5 6.8 98 970  7.20 1.45 0.2

CsNO, 10" 6.8 9.8 9.00 8.00 1.30 -0.2
10 6.8 98 800  9.00 1.02 0.2

10° 6.8 9.8 710 10,10 0.83 0.3

10! 6.8 9.8 6.00 1100 0.80 -0.2

aCIPatpH =78 101 and " =08 + 0.1 that above the CIP the positively charged surface is
nCem™ (Figure 1). At pH above the CIP the dominated by adsorbed anions whereas below the

curves spread more widely than at pH below it,
whereas at a given pH the absolute valucs of
o"appear to increase with increasing electrolyte

t=

concentration (¢, ).

] Concentration of NaCl
4 S s O05M
b, = 10'M
20 { e, ooy - 10°M
\o‘-l"n 0 v 1D!H

10°'M

--g 10 | 4‘1": 2
v 94
-10 ~ ﬂl-:i"‘\.
".;"
-20 "\fﬁ
e e e S B B me e s
2 3 4 5 & 7 8B 9 10 11 12

Figure 1: ¢"as a function of pH in various
concentrations of NaCl

The CIP of NaNO;, occurs at pH = 7.6 + 0.2 and
0" =1.4+0.1 pCem™ (Figure 2). It is apparent

CIP the negatively charged surface is dominated
by adsorbed cations. At pH < 3 the concentrations

of Cl and NO: ions are enhanced due to the
addition of HCl and HNOj in the NaCl and NaNO;
systems, respectively,  Likewise, in  basic
40 - Concentration of NaNO,
" a 05M
. = 10'M
w nl a % 2
:q:_,. ; 2 10°M
\*u;“ % " 10.!M
c-E 2 < QN'\:tfi:J - TO‘M
2
.b |
0+
10 -
-20 T T T T T T T T T 1
2 3 4 56 7 8 9 1011 12

Figure 2 o"as a function of pH in various
concentrations of NaNQ;.
conditions, (pH > 10) the concentration of Na'
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Figure 3: o"as a function of pH n vanous
concentrations of Cs(C),

'w‘rr'r"'rr-!
2 3 4 & 6 7 #& @ 10 11 12

24

Figure 4: o"as a function of pH in vanous
concentrations of CaNO,

ions is very high due 1o the addition of NaOH.
This suggests that the two systems should comparc
well in the range of 3 < pH < 10, For instance, at
pH 4, o” spansthe range 12 < 0" 2 23 pCem " for
NaCl (Figure 1) and it ranges 15 < o< 20
uCem ? for NaNO, (Figure 2). This suggests that
the slightly smaller hydrated C1 jon (radius 0.33
nm) favours formation of higher o” than the
larger NO, ion (radius 0.34 nm).

a”as a Function plf CsCland CsNO . The CIP in
CoCl occurs at pH ~ 85 £ 0.1, 0"~ 09 £ 0.1
uCem ’ (Figure 3), whereas that in CaNO, occurs
atpH -~ #3101, a” 0240 ulem ”H'u;urc
4). From Figs. 3 and 4 1t can be noted that for 2 <
pH 7 12, CaNO, generally shows higher values of
a” than those of CsCl. Consequently, it appears
for this system, NO, 1ons have sigmficant impact
on o compared 1o Cl 1ons.

Since all salts studied cxhibited a CIP then
equation 2 was used 1o transform o” o o, The

4%

T
| Concentration o 1ell
204 ", . O&M
I[| TR s 10'M
*a LA ¥ 7
FOREN o
LA ', .
.‘5 10 -
“: ]
10
.20
A0 4o

P ———
2 3 4 &5 & 7 # 6 10 11 12

Figure 5: o, as a function of pH in vanous
concentrations of NaCl,

40
- Concentraton of HahlO,
0 % « 0&M
| S < 10'M
m m:"“_ -' & 10°M
I ""-f',;" w3 « 10°M
i . A5 « 10'M
§ 10 4
! 1
& 0
| 2
ot D
10 ¢ 4 %
| ';)\15
| K’
Y 1 S ——
3 4 &5 66 7 8 98 10 11 12
pH

Figure 6: o, as a function of pH in vanous

concentrations of NaN(O),
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results are presented in Figure 5 through 8. From
these it can be seen that they have similar features
as those of Figure 1 through 4.

Model Predictions of o,: The theoretical
prediction of &, was made using the Triple Layer

Model (TLM). The formulation of this model and
the equations involved are similar to those
presented by many authors (Davis et al., 1978:;
Koopal et al., 1987; Sprycha, 1989a, 1989b; Hayes
etal., 1991 and Zhang et al., 1994). The principal
equations are summarized in Table 2.

Estimation of Total Site Density (N;) and Outer
Capacitance (C,): Despite the uncertainties in
values of Ny and C, there is still no independent
and accurate method of determining these
constants so they are treated as adjustable
parameters. In so doing the total number of
adjustable parameters for the model is increased.
In order to minimize their number, some may be
assigned reasonable constant values. Experimental
values of N; were obtained by extrapolation of
titration data (o, versus pH curves) obtained at

high ¢, to asymptotic values.

This provides a maximum value of o, (&, ma)

which is related to N,. Performing this exercise for
the curves of o, versus pH at ¢, 20.1 M, showed

that o max Spans the range 35 < 0, max < 50 uC

40
o Concentration of CsCl
30 %. 05M
10'M
o .2
20 - 10°M
107°M
- 10'Mm
E 10
& 0
© a::':‘lolﬁ
10 - o
kS
.20 - 3
'30 L] T T T T ALl T T T T
2 3 4 5 6 7 B 9 10 11 12
pH

Figure 7: o, as a function of pH in various
concentrations of CsCl.

cm™ for all electrolytes. This corresponds to N in
the range 2.2 < N; < 3.1 sites nm " with an average
value of 2.65 + 0.45 sites nm™2. This is within the
range of 2-3 sites nm™ reported by Katz and
Hayes (1995) for a-Al,O; and the average value is
sufficiently close to 2.7 sites nm ™ reported from
crystallographic estimates for the same oxide
(Pivovarov, 1997). In the present work values of
N; = 2.7 sites nm™ and C; = 0.2 Fm™ were used
throughout.

Estimation of Intrinsic Dissociation Constants
pKarand pK,»: Since alumina exhibited a PZC in
every electrolyte investigated, then the PZC and
ApK, could be expressed as follows:

PZC=%(PKAI*PK4:} 3)

APKA = pKn? - P‘Knl (4)

Equation 5 and 6, can be rearranged to give:
PK., = PZC - 8K, (5)

pK., = PZC+ % APK, ©)

Schindler (1981) suggests that, a value of ApK, =
3.0 is appropriate for oxides such as TiO,, AL,O;

50
Concentrationof CsNO,
40 - b s 05M
3{: = 10'M
30 4 ©o, < 107'M
v 10°Mm
o 10'M
T 2
& 10+
u_
}S’.oo
AR
10 - W:si
'20 T T T T T T T T T 1n
2 3 4 5 6 7 8 9 10 11 12
pH

Figure 8: o, as a function of pH in various
concentrations of CsNO;
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and FeOOH. For metal oxides, Huang (1981) and
Hunter (1993) suggest a value of ApK, = 3.0.
Hayes et al. (1991) were able to model different
oxides with ApK,, in the range of 3.0 < ApK,, < 4.0,
Katz and Hayes (1995) reported that, values of
ApK, in the range 2.0 £ ApK, < 4.0 resulted in a
reasonable description of their titration data of «-
AL O;. In view of these observations, a value of
ApK, = 3.0 was uscd here. Values of pK,, and pK..;
were estimated using equation 5 and 6 with
observed values of PZC.

Estimation of pK¢, and pK 4,

The values of pK¢, and pK,, can be estimated
from the following relationships:

rKe, = pK,, + log[Cat" ] + log ¢ (7)
where,
(MO ] eVy
= ————oexp| - — 8
? [MO Cat") P e )
and,
K, = pK,, - log[An-]1+ log¢, )
where,
[MOH ., An ] ey,

Y il Lol PV P80 2 10

@, ex e (10)

[MOIH ]

Assuming that, the positively charged surface is
essentially dominated by [MOH;’] and
[MOH,"An"] and the negatively charged surface is
dominated by [MO] and [MO Cat']. If these
assumptions are adopted here, it follows that:

(MO"] _  [MOH;]
[MO Cat'] [MOH,An"]
Substituting equation11 into equation 8 and 10, the

values of ¢ and ¢ appear Lo be equivalent (i.c. ¢
= ¢, = ¢ where ¢ is a function of y,). Also,

recognizing that [Cat'] = [An'] = ¢,, equation. 7
and 9 can be re-written in the form:

= 1.0 (11)

PKey = PK,y — pey — Pe (12)
FKAJ.' = P'Kﬂ'l + pcu il P¢ (13)
where,

pea=~log cg and pg= ~log ¢,

In this work, p¢ scrved as an adjustable parameter
for estimation of pK ¢y and pK 4.

Solution of TLM Equations

The TLM equations were solved using the TK
solver programme (Universal Technical Systems
Inc.. Rockford, 1L, USA) release 3.32(1999). In
this system, cquations are viewed as rules and arc
iteratively solved using a Newton-Raphson method
following assignment of initial gucss valucs to onc
or more of the adjustablc parameters.

For cach set of adjustable paramcters, 11
unknowns (i.e. o, G, G4 Voo Vyr Vs
[MOH], [MOH,'], [MO], [MOCat'] and
[MOH,'An"|) were determined. Initial gucss
values [MOH], [MOH,'] and y, were assigned as
0.15 mol/l, 10°* mol/l and 0.01 V, respectivcely.
Convergence to a solution was rapid. The
adjustable parameters (Cy and pg) were varied
systematically to obtain agreement between
predicted and experimental values of o
Indicator of Goodness of Fit and Sensitivity
Analysis

The overall variance (¥y) was used as the indicator
of best fit between predicted and experimental
values of &,,. This was, defined as the sum of the
squarcs of weighted residuals (SOS) divided by the
degree of freedom (DF) (Dzombak and Morel,
1990; Hayes et al., 1991, Katz and Hayes, 1995),
i.e.

y 808 _
" DF N, N,-N,

(14)

where,

Y;= Residuals for cach data point. In this
work, ¥; = (U" Jaare (1)- (T, )npl (i).

S;= Estimated error for each titration data
point. This value is derived from the
accuracy of pH measurement during
titration. In this work, this crror was
estimated to be + 0.02.
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Np= Number of data points.

Ny = Number of components for which
both the total and the free concentration
are known. Since there was only one
component (i.e. H") for which both the
total and free concentrations were known,
then this parameter was always equal to 1.

N, = Number of adjustable parameters.
Since there were only two adjustable

parameters, then this parameter was equal
to 2.

Comparison of Experimental and Predicted
Values of o,

The comparison between experimental and
predicted values of o, for a-alumina in various

concentrations of NaCl are shown in Figures 9
through 12 from which the following general
observations can be made:

a) The model predicts well (within = 10%) the
values of o, in the concentration range of 10™
£ g S 107 M and pH range of 3< pH<
11.Above this range of ¢,, the agreement

between experimental and predicted values of
o, is generally not good (within £15%).

30
Concentrabon of NaQ
25 2 B e
20 4 o Iil‘llM- experimend
== 10 _ M- model
15 - A 10‘2 M- e spenment
10 S0 M- model
* o0 M. expenment
~ 5 - TR 1EI'3 M- model
g & iperiment
q 0 4 model
& 5
-10 .
15
=20 - .Q"n‘
.25 -
-30 T T T T T T T T

3 4 5 6 7 8 9 10 11 12

Figure 9: Comparison of experimental and
predicted values of o, at various concentrations

of NaCl

b) o, values below the PZC (negative charge) are
generally not predicted well compared to those
above it (positive charge) especially at high ¢,
(= 0.1 M).

The discrepancies between experimental and

predicted values of o, at ¢,> 10”2 M (observation

(a)) may arise from the effects of high
concentration of ions around the alumina particles.

% Cencenrabion of NaNO 3
o D5M- grperment
2 a, 05 M- model
= 107 M. erperment
2 qi\\, — - 10 M. expenment
15 o _ o . ID-ER-HHH'MM
; —= 107 M- model
-< 10 — v 07 M. eperment
5 — 107w model
Ci 5 . grpEnment
& 0 - - model
5 o= 3 % :
. bt
-10 4
-15 4 +5%
-20 T T T T T T T T
3 4 5 6 7 8 9 0 11 12
pH

Figure 10: Comparison of experimental and
predicted values of o, at various concentrations

of NaNO;

30
Concentradon of CsCl
O5M- e
25 oz u.:.::“m
‘-._ . o m" W -expefment
204 o%\ —- 10" M- modet
o IJ.:N- txperIment
15 = m;w-mu
% T M- eperment
E . 10'311 model
g 10+ g
= egparEment
65 - model
5 -
0 -
u-‘._“ @
-5 - \’:\\e
-10 T T T T T T T T
3 4 5 ] 7 8 8 0 1 12

Figure 11: Comparison of experimental and
predicted values of o, at various concentrations
of CsCl
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Concentration of CalC,

a  ME M. eepavione i
N model

- WAl
il
o wpeiimen|
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o, uClem’

®rpetimen!
mode|
|

madal

Figure 12: Comparison of experimental and
predicted values of at various concentrations of
CsNO3

Among of these is the discreteness of surface
charge, which was not taken into account by the
model. Furthermore, in this range of ¢, , binding of

electrolyte ions on the surface of the particle
dominates and it may constitute amajor fraction of
the total o,. This suggests that, inappropriate

description of the binding reactions may resultin a
significant lack of agreement between predicted
and experimental values of o,. In the TLM

suggested herein, the binding of clectrolyte ions
was taken into account through the intrinsic
complexation dissociation constants (K¢, and
Kzfﬂ)-

Although not given much attention, observation
(b) is evident in the work of many authors (Hayes
et al., 1991; Zhang et al., 1995; Sprycha, 1989a,
1989b). This apparently does not arise from the
selection of ApK, value, because, Hayes e al.
(1991) who investigated three oxides including
alumina at different values of 4pK,, still observed
the same behaviour. It therefore appears that, it is
difficult to model both the positively and
negatively charged surface of an oxide using the
same values of adjustable parameters. The
underlying problem for this observation may be
due to the assumption that C; is constant through
out the pH range. Since values of o, are normally

very sensitive to '), its slight variation may result
in a significant effect on the predicted values of
a,. Henee if € is expressed as a function of pH,
then different values of C'; may be used for the
positively and negatively charged surface. If this
modification were to be incorporated in the model,
it would certainly be possible to model the two
surfaces with the varying values of Cj. The
problem, however, is how to obtain the C, = f(pH)
relationship. The physical approach towards
elucidating this relationship would to be to model
values of o, above PZC scparately to those below
PZC. This would provide two values of C; that
adequately fit the data at the extremes of their
respective ranges. These values would represent
limits useful in the elucidation of the C) = f (pH)
relationship.

Variation of C, With Type of Electrolyte

The optimal values of C, at various ¢, (Table 3)

are plotted as a function of -log ¢, in Figure 13 for

all electrolytes studied. From this it can be seen

that:

a) For all chlorides and nitrates studied, C|
generally decreases with decrease in ¢, .

b) At high ¢, (¢, = 10" M), C, decreases
according to the following order of cations Na"

25
Legend
¢ NaCl
s CsC
2.0 = NaNO,
= « CsNO,
E .
= 164, 2
U" -
.
1.0 - ¢ -
.
0.5 ‘I T T T T
0 1 2 3 4 5
-logec,

Figure 13: C, as a function of -log ¢, for
various electrolytes studied

78

Uhandisi Journal Vol. 26, No. 2, December 2003



Surface Titration of Colloidal a-Alumina

=Cs".
¢) Atextreme low ¢, (c, =10 * M), the values of

C, for all electrolytes appear to converge at the
same value (0.85 + 0.02 Fm™).

Observation (a) indicates that at high ¢, the

concentration of ions in the suspension is relatively
high compared to that at low ¢, and consequently

more ions are attracted to the surface of the
particle resulting to the high values of C,than that

at low ¢,. Assuming that the effect of screening

the charge with a chloride ion is the same in NaCl
and CsCl, then the variations of C; at constant c,

are essentially due to the effect of cations. The
observed decreasing trend of C, (observation (b))

suggests that cations with large ionic size are less
attracted to the surface compared to those with
small ionic size. This observation may be
described in terms of the hydrated ionic radii of
cations and their tendency to loose their water of
hydration as they approach the surface.

Observation (c) suggests that at low ¢,(c,=10"*

M), the variations in C, are not so pronounced. The
limiting value of C, (0.85 Fm™) has uncertainty of
2%, indicating that the values are adequately close.
It is therefore apparent that at extreme low values
of ¢, the amount of ions attracted to the particle

surface is independent of the type and the hydrated
ionic size of cations.

Effect of Variation of Adjustable Parameters on
Goodness of Fit

The results of variation of C, and p¢ on the
goodness of fit parameter (Fy) for NaCl are
presented in Table 4. Similar results were obtained
for other electrolytes studied. From Table 4 it can
be seen that

values of Vy are generally very sensitive to change
in C, rather than to change in p@. The predicted
values of o, are consequently more sensitive to
variation in C, than in pg. It is evident that at a
given ¢, and constant value of p¢. vanation of C,
results in Vy passing through a minimum value,

where the fit of the model is best. Away from this
value, Vy continues to rise indicating that the fit is

Table 4 Effect of variation of C; and p¢ on FVy at various

concentrations of NaCl.

¢, (mol/) C\ (Fm*) pé ¥y
10" 1.6 0 15.66
1.5 0 0.50

1.45 0 11.93

1.5 0.1 28.42
1.5 0.1 15.36

107 1.2 3 5.92
1.18 0.3 0.29

1.15 3 5.37

1.18 0.1 82.24

1.18 0.2 23.04

10° 1.05 3 22.01
1.0 0.3 1.11
0.95 0.3 47.59

1.0 0.1 51.87

1.0 0.2 9.41

10! 0.85 0.3 8.32
0.80 3 0.24

0.75 0.3 9.91

0.80 0.1 52.35

0,80 04 8.25
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poor. Variation of pgat constant €'y and ¢ results
in a similar effect, but less pronounced. The best
fits of experimental data were therefore obtained
when the Fy value fell within the range 0.1 < Fy s
10.

CONCLUSIONS

In this study, experimental values of o, as a
function of pH have been processed using a TLM.
Model parameters were obtained using procedures
described herein. The inner layer capacitance (C'y)
and a negative logarithmic parameter (p¢) were
given prescribed (adjustable) values. The overall
variance (1)) suggested by Dzombak and Morel
(1990); Hayes er al. (1991); Katz and Hayes
(1995) was used to indicate the good fit between
experimental and predicted values of a,. It was
observed that, for the pH range of 3.5 <pH < 11.0
and 107 < ¢, = 0.1 M, best fits (within £10%)
were obtained using Cy in the range of 0.8 < () <
2.0 Fm™ and p¢in the range of —0.5 < pg< 0.3 for
all electrolytes investigated. This range of () is
within the optimal range of this parameter (0.1-2.0
Fm™) suggested by Hayes er al. (1991).

It was also observed that, for all electrolytes
studied optimal values of C; decreased with
decrease in ¢,. At ¢, 2 10" M, values of C,
decrease according to the following order of
cations Na* > Cs* whereas at ¢, =10 M, values of
C, converged to a value of 0.85 Fm™. At low ¢,,
the amount of ions attracted to the particle surface
appears to be independent of the type of electrolyte
and the hydrated size of cations.

A sensitivity analysis carried out on all electrolytes
studied indicates that the predicted values of o,
are much more sensitive to variation of C rather
than p¢.

The TLM suggested herein can adequately predict
o, within + 10% accuracy for a wide range of ¢,.

From this work following conclusions can be
drawn:

a) The data presented  herein augment the
available data of a-alumina and provide a
resource for surface modeling,

b) The absolute values of @, increases with
increase of ¢, and it decreases with decrease
inc,.

¢) The TLM adequately predicts o, over the
range 3 < pH < 11, 10" < ¢, < 0.1 Mto
usually better than £ 10%.

d) Values of () decrease with decrease in ¢, . At
constant ¢,, they vary with the type of
clectrolyte.

¢) The polarity of the values of o, can be varied

through zero by varying pH of the suspension,

NOMECLATURE

Ay Specific surface area m’/g

€y Electrolyte concentration mol/l

s Oxide concentration g/l

C Capacitance of the Inner layer Fm™

C> Capacitance of the Outer layer Fm™

e Electronic charge C

k Boltzmann constant  JK'

K. Acid Intrinsic dissociation constant -
K.>  Base Intrinsic dissociation constant -
K4, Anion intrinsic dissociation constant -
K¢y Cation intrinsic dissociation constant -

M Element of the mineral oxide e¢.g. Al, Fe,
etc.-

my, Mass of the particle g

N4 Moles of reagent consumed by sample
(alumina) titration pmol

Ny~ Moles of reagent consumed by blank
titration pmol

Np Number of data points-

Nk Number of components for which the total
and free concentrations are known -
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Wo

Surface density of adsorption sites
sites/nm’

Number of adjustable parameters-

Gas constant JK 'mol

Estimated error for i " titration data point -
Absolute temperature K

Overall variance -

Residuals for i " data point -

Analytical (titratable) surface charge
pCem™

Absolute surface charge density pCem™

Initial surface charge pCcm™
Surface potential mV

Subscripts  and d, refer to the distances from the
particle surface. Car and An represent Cation and
Anion, respectively.

ABBREVIATIONS

BET Brunauer, Emmett and Teller

CIP  Common Intersection Point

DF  Degree of Freedom

PSD2 Precision Syringe Drive (2 modules)
PZC Point of Zero Charge

SOS Sum of Squares

TLM Tnple Layer Model
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