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Surface charge and surface adsorption on an alpha-alumina pow-
der were investigated in a 99.5/0.5 wt% ethanol/water suspension.
A model is proposed in which ethanol molecules are dissociatively
adsorbed as ethoxide ions and protons to Lewis acid and base sites
on the surface. These ions can then desorb separately from the sur-
face. The surface, therefore, acts as a catalyst for the autoprotolysis
of the solvent and creates its own ionic atmosphere which can-
not be predicted directly from chemistry in the bulk of the solvent.
3.5 umol/m?2 of HCl is reversibly adsorbed to the surface by replace-
ment of ethoxide ions adsorbed to surface acid sites by chloride ions.
2.4 umol/m? of KOH is adsorbed to the surface by replacement of
surface adsorbed protons with potassium ions. More rapid desorp-
tion of negative ions from the surface leaves the particles with a net
positive surface charge except when the concentration of negative
ions in solution is sufficient to supress this desorption and net sur-
face charge goes to zero. Surface charge is found to be a function
only of the activity of the negative ions in solution at the surface.
No significant negative surface charge was measured under any
conditions here. Equilibrium constants for surface adsorption and
charge density as a function of surface activity of ethoxide and chlo-
ride ions are calculated. No effect of adsorbed potassium ions on
the surface potential was found.  © 2001 Academic Press

Key Words: alumina; ethanol; zeta potential; surface potential;
adsorption; surface chemistry.

INTRODUCTION

This study is part of a larger effort to understand the proce
of electrophoretic deposition of particles from an electrosta
cally stabilized suspension. Electrophoretic deposition (EPD) is-l-he alumina—
a forming process for producing particulate coatings or Comp?s?ﬁwplicity,

tion creates an elevated hydrostatic pressure layer around |
particles. When two particles approach each other, their pre
sure layers provide a retarding force to keep the particles fro
coming within range of the strong, but short range, London:
Van der Waals force which would cause the particles to stic
together and sediment out of the suspension. In the second s
a dc electric field is applied across the suspension causing t
charged particles to migrate toward the oppositely charged ele
trode. With continuous application of the dc electric field the
particles will accumulate at this electrode. In the final step
combination of electrostatic, electrochemical, and electrohy
drodynamic effects will overcome the interparticle repulsion
the particles will come into contact, and a rigid deposition i
formed.

Ofthethree stepsin electrophoretic deposition—stabilizatior
electrophoresis, and deposition—the first two have been exte
sively studied and are well understood. The final step, depositio
where the interparticle repulsion is overcome at the electrode s
face has been the subject of far fewer theoretical studies and
still not well understood. This is due in large part to the complex
dynamic, and nonequilibrium electrochemical environment ne:
the deposition electrode. References (1-3) are some of the m
notable studies that have looked at this process.

The objective of this paper is to develop a model of the sul
face chemical reactions on the depositing powder that will alloy
prediction of its behavior in the unique chemical environmen
near the deposition electrode. This requires knowledge of tt

Srticle adsorption isotherms for individual ions independent c
he activity of their co-ions.
ethanol system analyzed here was chosen:
stability, and the level of information available in

particulate bodies on an electroded surface under an electr% literature on the system components. Alumina was chos

potential.

as the powder component for its low solubility and becaus

EPD can be divided into three basic steps. The first stepgg, o, experiments showed that it could be washed easily

to stably suspend the particles to be deposited in a solvent

'ré?nove surface contaminants. Ethanol was chosen as a reac

most systems for EPD electrostatic stabilization is used. An el%?/'ailable, nontoxic solvent. Because ethanol is very hydrophili

trostatic charge on the particle surface attracts a diffuse la
of counter ions in solution to the surface. The attraction b
ween the charge on the surface and the counter ions in s

¥'ﬁ5king and maintaining completely anhydrous ethanol is quif

ifficult. Therefore, ethanol with a known water content wa:s
Hed. Hydrochloric acid is a simple acid that is almost fully
dissociated in low concentrations in ethanol, has been shown

1To whom correspondence should be addressed. Fax: (814) 865-23&iS€ the surface potential of alumina in ethanol, and has be
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used previously for EPD (4).
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MATERIALS supernatant was equal to or less than the conductivity of t
D.l. wash water £0.5 uS/cm). For the powder used in this
Alumina. The powder used in this StUdy is AKP-50, fromstudy this required nine rinsing Cyc|e5_
Sumitomo Chemical Co., Osaka, Japan. For particle size meafo verify that the powder lost when pouring off the super
surement the powder was dispersed in water using an ultrrtants did not affect the specific surface area, the surface a
sonic horn, and size was measured by laser light scatteriggs remeasured after washing and was found to be unchan
(Mastersizer, Malvern Instruments Ltd., Worcestershire, UKt 10.0 n?/g.
The particle size distribution was bimodal with 90 vol% having Thermal gra\/imetric ana|ysis (TGA) of the powder after ex
an average size of 0.2#m and 10% having an average ok8. posure to liquid water showed a discrete weight loss as it w:
Ten vol% of the powder was less than 130 nm. Surface anggated from 220to 260°C. The magnitude of this weight loss
as measured by single point BET (Monosorb, Quantachronigreased with time held in room temperature water and did n
Corp., Boynton Beach, Florida) is 10.0%9. The powder is reach a saturation value over three days. However, by holdil
100%«a-phase by X-ray diffraction. The particles have on avethe powder in water at 8C, it was found that the weight loss
age symmetric with a rough, random, angular shape. reached a saturation value of 0.23% in two days.

Ethanol. The ethanol used in this study is from Pharmco, It has been reported previously that the point of zero charg
Inc., Brookfield, Connecticut. The as-received water content@a-alumina powders in room temperature water can drift ove
0.045 wt% as determined by Fisher titration. The conductivi§everal days from a pH of 6.7 to 9.2 (5). Water has been show
of the ethanol prior to water addition is less than p3/cm. to actually reverse the charge on very well driedlumina in
Deionized water, conductivityz0.5 1 S/cm, was added to ad-longer chain alcohols (6). To standardize the alumina surfa
just the water content to 0.5 wt%. The density of this mixtur@ll powder was equilibrated in 8 water for two days after
is 786.6 by linear interpolation of literature data at 100% anfashing.

95% ethanol. This gives a 0.218 molar water concentration. The
conductivity measured at the beginning of each of the titratiof®nductivity Measurements

was less than 0.4 S/cm. Conductivity was measured using a rectangular parallel pla

HCI. Hydrochloric acid was titrated from 0.103 andconductivity cell having a cell constant of 0.22. The plates wer
0.0103 wt% solutions in ethanol prepared by dilution of af polished platinum 2.6 mm apart. The voltage across the co
37 wt% HCl/water azeotropic solution (Fisher Chemical Coductivity cell was measured using a voltage divider circuit. /£
Pittsburgh, Pennsylvania) into ethanol. The HCl contentwas v&ine wave input signal of1 V rms was provided by an HP
ified by pH titration in water against the KOH standard solutioB3120A signal generator. The voltage across the conductivi
below. Water contents as calculated from component compasgll was reduced te-0.5 V rms using a resistance decade box
tions were 0.11 and 0.05 wt% for the 0.1 and 0.01 wt% solutio$e total input voltage and voltage across the decade box we
respectively. measured using an HP 54645A oscilloscope and used to cal

KOH. A 0.098 molar potassium hydroxide standard sold@te the resistance across the conductivity cell. Frequency w

tion in ethanol (J. T. Baker Co., Phillipsburg, NJ.) was used f@diusted as a function of conductivity from 20 Hz to 20 kHz tc
titration both in as-received form and diluted by a factor of 1{gmain between double layer capacitance effects in the cond
using as-received ethanol above. The density of the 0.098 mdi4jty cell and capacitance effects in the measuring circuit.

solution at 25.0C was measured as 788.7 g/L. Water content was Calibration of the test cell and determination of absolute acc
0.45 wt% as determined by Karl Fisher titration. This equals/gcy of the measurement procedure was performed by comp
0.197 molar water concentration. ison of measurements to previously published data. Calibratit

was performed by titration of KCI into water using as a stan
dard the equation of Linét al. (7). This was verified and the
measurement accuracy was estimated by titration of LiCl int
ethanol compared to the data of Grahanal. (8) and Kay (9)
and HCl into ethanol containing 0.5 wt% water compared to th
To prevent the introduction of unknown ionizable compoundiata of De Lisiet al. (10). Measurement accuracy was within
into the system, the alumina powder was washed thorougiyl % over the range from 4S/cm to 120 S/cm and within
prior to use. The powder (150 g) was placed into a 0.5 litef2% from 1 to 4uS/cm. Percentage accuracy declined rapidl
HDPE bottle and filled with de-ionized (D.l.) water. The bottldelow 1 S/cm; however, absolute accuracy above ©@Sicm
was heated te=60°C in a commercial microwave and shakelis estimated to be withig-0.05 1.S/cm.
for ~1 min. The powder was allowed to sediment out for The conductivity test cell was held in the suspension with th
varying lengths of time, usually overnight. The conductivitplates aligned vertically. The bottom edge of the cell, 5.9 mr
of the supernatant was measured, the supernatant was powieg, was open so that powder sedimenting out of the suspe
off, and the bottle was refilled with D.l. water. This procedursion would not accumulate in the test cell. The surface condu
was repeated until the room temperature conductivity of thigity of the powder can be significantly higher than that of the

EXPERIMENTAL METHODS

Washing and Hydration of Powder Surface
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bulk solution. If sedimented powder is allowed to accumulate We were only able to produce credible measurements usil
between the plates, the higher conductivity of the sediment wiiis instrument for very stable suspensions that were also s
short circuit the cell. A small hole in the top of one side of thbilized against floccing to the quartz capillary wall. Although
cell allowed for free circulation of suspension through the celthere was no attempt to quantify the surface charge on the car

lary walls, in all of the measurements where a stable, symmetri
Titration Procedure parabolic electro-osmotic flow developed the flow indicated thz

Conductumetric and pH titrations were performed in a jacki€re was asignificant positive charge on both the capillary wal
eted beaker maintained at 250.02°C by a circulating isother- f';md the pa_lrncles. Wl_thout th_ls stablllty_, the horizontal capillary
mal bath. Titrants were added manually by weight. Where a|l§_suscept|b!e to sedimentation _of particles onto the bottom su
mina was added, it was first held in a drying oven at"T3for face. This gives the bottom a different surface pharge frqm tt
at least 2 h to standardize the quantity of adsorbed water. !fip @nd prevents the development of a symmetric parabolic flo
all cases alumina was added to yield an approximately 1 vol3§ & result we were unable to make any valid measurements
suspension. suspensions with added KOH.

The solution was mixed using a magnetic stirrer. The powd lectroacoustic Measurement
was sufficiently flocced from the washing process that it rapidly
sedimented out at all conditions when the stirrer was turnedThese measurements were made using an ElectroAcous
off. Conductivity measurements made with the powder held 8pectrometer DT-1200 with automatic titrator (Dispersion Tech
suspension by stirring and in the quiescent supernatant aftetogy, Inc., Mt. Kisco, New York). This instrument uses a
sedimentation were identical within the measurement error pizoelectric actuator to apply a 1 MHz acoustic signal to a pa

the apparatus and technique. ticulate suspension. Because of the density difference betwe
. - the particles and solvent, there will be a relative motion betwee
Electrophoretic Mobility the two in the acoustic wave. This relative motion polarizes th

Mobility was measured using a Delsa 440 laser doppler \/_%I_ectrostatic double layer around the particles. This polarizatic
locimeter (Beckman Coulter, Inc., Fullerton, California). Thi$& detected as a current at an electrode on the face of the acou
instrument measures particle velocity in suspension within@gtuator. . .
rectangular capillary. An electric field of 57 V/cm is applied T0 Prepare the suspensions for electroacoustic measurem
across the capillary for 2.5 s turned off for 2 s, applied again fie @lumina powder was placed in a 18%ven for 2 h to stan-
the reverse direction for 2.5 s. This is repeated 12 times and fgdize the adsorbed water. This was added to the 99.5/0.5w
results are averaged. Reversing the field is intended to minimg@anol/water solvent to produce a 1.00 vol% alumina suspe
the electrochemical double layer formation at the electrodesS{Pn- The mixture was placed on a vibratory mill fe6 h with
the velocity measured in each polarization direction was not tR¢nm spherical alumina milling media. The HCl titration was
same, the measurement was rejected. perfor_med the next day and the_ KOH titration was performed o

To separate the electro-osmotic flow of the fluid in the caf-Portion of the same suspension one day later. The suspens
illary from the electrophoretic motion of the particles, particl¥/@s very stable and the initial zeta potential reading for eac
velocity was measured at nine points across the capillary, fifgation was within£1 mv. . 3
results were fitted to a parabola, and the particle velocities at thel € instrument was calibrated with a 10 vol% silica Ludox
theoretical stationary levels were calculated from the parabopa!SPension with a zeta potential-e88 mV in water measured
For all of the data points reported here tRdit of the parabola independently with an optical zeta potential instrument. Reax
was better than 98%. ings were made in a partially covered beaker rapidly and contir

For a significant signal to be generated by the instrument tHgusly stirred with a magnetic stir bar at ambient temperatur
laser must be able to propagate across the capillary with oy = 3°C. An automatic titrator was used to inject fixed vol-
modest scattering. This requires that the sample have a voluiaes Of titrant. In the fitration with HCI, the suspension wa:
density of particles in suspension of 0.01% vs 1% in the stand&f¢PWed to equilibrate for 5 min after each injection of HCl so-
working suspensions used here. To prepare samples for meagiffi@n before two zeta potential readings were made, each 4(
ment a 1% suspension was prepared in a centrifuge tube. Heart. .In the KOH titration the equilibration time was reducec
solution was added, the suspension was mixed, and conduci/2 mMin-
ity was measured to determine the ionic strength in the solvenp|
The suspension was centrifuged at 3600%mfigs 3 min. This P
usually left enough particles suspended in the supernatant for aithe pH numbers reported here are the direct numerical rea
electrophoretic measurement. If there were too few particlesiig measured using a Fisher Accumet 20 pH meter (Fish
the supernatant, some of the clear supernatant was drawn @ientific, Pittsburgh, Pennsylvania). An Accumet combinatio
a syringe, the remaining material was resuspended, and a sipadbe was used consisting of a general purpose glass sens
amount was drawn into the same syringe and mixed. Volumeembrane and a Ag/AgCI reference electrode with a porot
density was judged visually. plug junction. The meter was calibrated using aqueous standz
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buffers at pH 4.00, 7.00, and 10.00. Below a conductivity eeduced mobility,E, was calculated from the electrophoretic
~1 uS/cm pH readings were not stable. Above this conductimobility, ug,

ity and below readings ofpH 9 stable reproducible readings

were produced within 3 min of imersion in the ethanol. When 3ne

the probe was replaced in the agueous standard it returned within E= 2e,60KT Ue- [2]

1 min to the standard value. Above readings-pH 9 there was

considerable drift in the readings and when the probe was figiese values were then used to find the reduced potedfial,
turned to an aqueous standard up to 20 min could elapse befgigphically from the charts for a 1:1 electrolyte published b

the probe returned to the correct reading. O’Brien and White (12). The zeta potential was then calculate
in mv using
RESULTS AND DISCUSSION
. ez
Surface Charge and Adsorption with the Addition of HCI E=1 17 (3]

Zeta potential. Mobilities measured by electrophoresis are )
given in Table 1. Without an independent mobility standard #Pefinitions of the terms used in these and all subsequent eq
ethanol the accuracy of the measurements could not be 4@0s can be found in the appendix.) .
mated; however, when a symmetric electro-osmotic flow profile Z8t& potential was also measured using an electroacous
was established in the measurement capillary, reproducibillitrument that measures the colloid vibration current and ce
was Within+5%. culates the particle zeta potential based on a thin double lay
The conductivity was measured using a commercial pargqssumption.Theinputs to this instrument are the suspension v
lel plate conductivity cell with a cell constant of 0.107 chn  Ume fraction, solvent and particle densities, and average parti
The edges of the cell were open and, therefore, due to e@@e. The instrument controls an automatic titrator and its outp
effects there is a great deal of uncertainty in the conductivi?the volume of an HCI sol'ution titrated into the suspension ar
measurements below4S/cm. Above this the estimated acculh€ calculated zeta potential. _ _
racy is10%. The first point represents only the washed alu- The quantity of acid titrated into the suspension was first cor
mina in ethanol with no added HCI and no conductivity mea€erted into bulk concentration of HCI by interpolation of the
surement was made. Previous measurements of this concerf@4-adsorption data as shown in the section on acid adsorpti
tion of alumina in ethanol have shown conductivity less tha?f!ow. Using the resulting zeta potential vs bulk ionic strength
0.05.S/cm. chloride adsorption isotherm was calculated and used to rec
The molar ionic concentration in the bulk solution was theﬁ;‘ulate the bulk ionic strength from the quantity of acio_l titrate
calculated with the Fuoss—Onsager equation (11) using valifgsThese data were then used as the bulk free molarity of H
for HCI in 99.5 wt% ethanol linearly interpolated from the dat@" the horizontal axis in Fig. 1. o
of De Lisi et al. (10) taken at 99.60 and 99.41 wt% ethanol: Concurrent with the calculation of bulk ionic strength, the

Ao = 5340, ap = 3.64, andK 5 = 21. zeta potential must be adjusted for double layer thickness ¢
The bulk molar ionic strength was then used to calculate tfRFtS- The zeta potential reported by the instrument is calculat
Debye length, based on a thin boundary layer assumption (13) and significan
underestimates the actual zeta potential for the range of doul

262 00 2 2 layer thicknesses considered hera & 1-20). Sawatzky and
= [m] [1] Babchin (14) have developed a theory for arbitrary double lay:

thickness. A key component of this theory is a function, nc
The relative double layer thicknessa, was calculated reproduced herefi(«a, a/8), which gives the ratio of the ac-
using the average particle radius of 150 nm. The nondimensiotil dynamic electrophoretic mobility to the mobility calculatec

TABLE 1
Properties of a-Alumina Powder Suspensions
Conductivity Bulk molarity Debye length Mobility Reduced Reduced Potentia

(nS/cm) (mM) (nm) ka (um-cm/V-s) mobility potential (mV)

<0.1 <1 0.81 2.27 2.36 61
0.46 0.009 58.5 2.6 1.00 2.80 3.55 91
1.23 0.023 36.0 4.2 1.00 2.80 3.38 87
491 0.095 17.7 8.5 0.88 2.46 2.28 59
12.02 0.242 111 13.5 0.84 2.35 1.97 51

19.81 0.400 8.6 17.4 0.74 2.07 1.65 42
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120 calculated. Loelet al. (16) used a numerical algorithm to cal-
culate the surface charge density of a spherical colloid partic
for a range of potentials and double layer thicknesses. They al
presented an empirical formula,

eoer KT (1~ 4 1
a= 2% (asmn(3F) + Gen(3E)).

that can be used to estimate the results of their numerical c:
culations for surface charge density in a 1-1 electrolyte syste
to within 1% for the range of potential and double layer thick-
ness values being considered here. We have used this equal

100

Zeta Potential (mV)

20 T to calculate the particle surface charge densjityn mC/n¥ for
the zeta potentials shown in Fig. 2. The results are shown on t
0 : : : : : | graphinFig. 3. These values were calculated using the linear ze

potential approximation except for the three data points belo
10 «M HCI, which diverge from the linear model. These points
Bulk HCI Concentration (mM) were calculated directly from the adjusted electroacoustic da

FIG. 1. Zeta potential vs bulk HCI concentration. Solid squares are ze?epd are shown as circles on the graph in Fig. 3.
potentials calculated from electrophoretic mobility; circles are calculated from Acid adsorption. Adsorption of HCI to the powder surface
electroacoustic current using thin boundary layer theory and adjusted using . . . .
correction factor of Henry (15). \}_VSS det_ermlned using conductivity measurements. HQI We
titrated into the 99.5/0.5 wt% ethanol/water solvent mixture
without alumina. This conductivity as a function of HCl addition

0 0.1 0.2 0.3 0.4 0.5 0.6

assuming a thin double layer. The parameter is shown as round points in Fig. 4. The line labeled (1) superin
posed onthese points is the predicted conductivity/concentratit
2 i curve using the Fuoss—Onsager equation (11) for an associa

§ = (p—w> [4] electrolyte,

is a characteristic distance related to the distance over whigh= A, — S(c)? + E'ca IN(6E;ca) + Lca — Kaca y2A.
the pressure waves generated by an oscillating particle decay. (6]
As the parametea/s — 0 the function f; goes to the func-

tion f(xa) of Henry (15) for calculating the dc electrophoretic

mobility of particles with intermediate thickness double layers.

The electroacoustic measurements used here were performed 140 T
a frequency of 1 MHz, which for ethanol will give a value for
of 1.65um. Using the average particle radiaspf 0.15,m and 120 ®
evaluatingf; at its limits shows that the error in using the ad- _ &
justment factor of Henry over the more complex formulation ofE 100 T
Sawatzky and Babchin is everywhere less than 10%. ThereforZ’ 80 L
the adjustment of zeta potential values was done using value®
for the Henry formula interpolated from tabulated values. The% 60 +
resulting values, shown in Fig. 1, show the agreement betwee’;
the different zeta potential measurement methods. E 40 +
When these data are replotted as a functior-lofg, , of the
concentration of HCI in the bulk solution it appears reasonable 20 +
that for bulk molar concentrations of HCI greater than.dd
the zeta potential can be modeled as a straight line. Since tr 0 t ' ’ ! t y
deviation between the straight line model and the data is les 3.0 35 4.0 4.5 5.0 55 6.0
than the expected error in measuring and calculating the zet —Log10 Bulk Molarity HCI (pM)
potential &10%), values from the straight line approximation
will be used in the subsequent calculations. FIG. 2. Zeta potential vs bulk molarity of HCI. Solid squares are zeta po-

. . tentials calculated from electrophoretic mobility; circles are calculated fron
_ Surface charge. Given the surface potential and the bulkejectroacoustic current using thin boundary layer theory and adjusted using t
ionic strength of the solvent, the surface charge density candaeection factor of Henry (15).
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FIG.3. Surface charge density millicoulombsgireircles are data points for + HCI - KOH Added (mM)
bulk molarity less than 1M that do not correspond to the linear approximation
shown in Fig. 2. FIG.5. Indicated pH in ethane}0.5 wt% water, forward titration with HCI,
and back titration with KOH. Open circles are for ethanol only, filled circles ar
for ethanol plus 1 vol% alumina powder; surface ax&an?/liter.

Itis calculated using values for HCl in 99.5 wt% ethanol linearly
interpolated from the data of De List al. (10) as reported above.

The square data points in Fig. 4 are for the same conditiofgcurately by conductumetry, the question remains whether tt
with the addition of 1 vol% alumina powder. The molarity ofs by surface adsorption or by an irreversible chemical reactic
HCI in the solution is calculated from the conductivity. Theither changing the composition of the surface or converting tt
difference between the HCl in solution and the total HCl titrateid C| to nonionizing species in solution.
is taken to be the surface adsorption of the powder. The reversibility of the adsorption was tested by pH titra

tion as shown in Fig. 5. HCI was titrated into ethanol with anc

Reversibility of adsorption. Although the disappearance ofyithout alumina. pH readings were unstable until a concentr

HCI from solution in the presence of alumina can be measurﬁgn of HCl in solution of 0.02 mM was reached (conductivity
~1 uS/cm). Above that the difference between the HCl titrate
with and without alumina at equal pH readings confirms the a
140 + sorption of HCI as determined by conductivity. Back titratior
of the solutions with KOH then shows the buffering of the pH
change in the alumina suspension due to the adsorbed HCI.
As a further check for other chemical reactions, the supe
natants of alumina suspensions were checked by plasma sp
troscopy for dissolved species containing aluminum. Suspe
sions of alumina in ethanol were prepared in ethanol alon
ethanol with up to 0.5 mM KOH, and ethanol with up to 2.5 mM
added HCI. Supernatant was removed from the samples 2
1 day, and 10 days after preparation for analysis. No aluminu
was detected in the solvent from any of the samples above
90% confidence level minimum detection limit of 0.05 mM alu-
minum. This indicates that the adsorption does not involve rea
tions leading to a significant dissolution of aluminum from the
surface.

120

100

80

60

Conductivity (uS/cm)

40

20

0

Notes on concepts and terminologBefore beginning fur-
ther analysis of the data it will be useful to define some of th
basic concepts used here regarding the surface, diffuse layer, :
FIG. 4. Solution conductivity with and without alumina powder present.SOIUtlon ch_emls_try in an ethanol-water _SOlvent'

Line labeled (1) is Fuoss—Onsager equation [6] plotted based on data froml N€ particle is presumed to have a fixed number of surfa

De Lisi et al. (10). sites, which are unoccupied, occupied by a proton, or occupi

00 05 10 15 20 25 30 35
HCI Added (mM)



308 VAN TASSEL AND RANDALL

by a proton and a negative ion. There are neither assumptiondodeling adsorption and surface charge with HCWhen
about the nature of the bonding nor invocation of an electrthe alumina powder is first put into the ethanol it develops
statically bonded Stern or Helmholtz layer. All ions that are naignificant surface charge. The hypothesis for the developme
adsorbed to a surface site are presumed to be in solution afithis charge is that sites on the alumina surface act as a Lev
outside the shear plane. Thus the terms “on the surface” or “ddse, an electron donor. Ethanol molecules are adsorbed to th
sorbed to the surface” imply ions that are rigidly attached to tisites by their polar hydroxyl group:

particle surface and are inside the shear plane for electrophoretic

measurement. The term “at the surface” is then used to imply Ss+ HEtO = Ss- H* - EtO™.

activities and potentials immediately adjacent to the surface but

for ions still dissolved and moving freely in the solvent, and There s then an equilibrium dissolution of ethoxide ions fron

the potential measured at the shear surface, will be assumeghtg charge. The equilibrium for this reaction is given by
be equal to the surface potential.

The standard_ Contln_uum assumptions are made: first that the Ss-H' . EtO" = Ss. H* + EtOx,
surface charge is continuous across the surface and second that [8]
the solvent is a continuous dielectric medium with the ions be- K [Ss- H*]y_[EtOg]
l =

having as point charges. The second assumption seems reason-
able given that at the maximum ionic strength where we have
measured a zeta potential the Debye length is 7.3 nm, aboufs HCl is added to the suspension there is a very rapid ris
20 times the 3.6% distance of closest approach of oppositeljn the surface charge and in the zeta potential. This is likely du
charged ions in solution determined by conductumetry. The as-a sharp reduction of ethoxide concentration in the bulk of th
sumption that is likely to be violated first is that of a uniformsolvent due to reaction with the added HCI:

continuous surface charge. For the measurements with HCI the

c_alculated surface charge @fl mC/m?_ trgnslates to one posi- EtOg + Hg = HEO.

tive charge per 160 nfior a uniformly distributed charge—charge

separation distance of 13 nm. This is close to twice the Debye . . .
length mentioned above. The—log;, of the equilibrium constant for this reactiorkp,

Notation in square brackets indicates either volume concdfi-19 for pure ethanol (17) and 18 for a 90/10 ethanol/wate

tration in mol/n® (mM) or surface concentration in molfnThe m|xt_ure (18). . . C
activity of ions in the bulk solution is calculated as the product Simultaneously there is an adsorption of chloride ions to th

of the concentration and the Debyeudkel activity correction surface by substitution of chloride for the ethoxide ions at th
factor, ., calculated using surface. Surface charge now becomes principally a function

the equilibrium dissolution of chloride ions from the surface:

[Ss-H* -EtO]

Iny. = ke’ [7]
YT Breoe KT(L+x80) Ss-H* - ClI” = Ss.H' + Clg, o
If the particle surface is charged there will be separate activity K, = [Ss- H*]JL[CE].
correction factors for positive and negative ionsandy_, atthe [Ss-Ht - CI7]

surface since in this region the solution is not charge balanced.

There will be no attempt to calculate either these correctidfiuations [8] and [9] can be combined to yield

factors or the surface ionic concentrations. Only the product of

the two, the surface activity, will be calculated from the bulk [Ss-H* - CI7] K1 y_[Clg]

actn_nty using the Boltzmann rt_alatlon, Eq. [11]. . [Ss- H* - EtO] Kz y_[EtOg]"
Finally, a note on the behavior of acids and bases in ethanol-

water solvents is needed. In the case of a Brgnsted acid, the . .
. L : is shows that the adsorption of chloride can be modeled as

proton will have a greater affinity for water molecules in the o A .
o : Substitution of a chloride ion for an ethoxide ion on the surface
solvent. Based on the equilibrium constant calculated in (10)’\;\pth the adsorption ratio determined by the ratio of dissolve
a 99.5/0.5 wt% ethanol/water solvent mixture the protonate P y

. . Chloride to ethoxide at the surface.
0, kD+ 0, O+
species will be 70 wt% ‘f"”d 30 wi% HEtO™. Fpr a From conductivity measurements we know the bulk activity o
Bragnsted base such as KOH in the same solvent mixture me

L . : é chloride ion, and with the zeta potential, the surface activit
negative ions will be 96 wt% ethoxide and the balance hydrox: . . . .
. L : of chloride can be calculated using the Boltzman relationshi
ide, based on the equilibrium constant in (18). In the follow-
ing discussion references to hydronium and ethoxide ions wil
implicitly include equilibrium concentrations of the protonated v [CIZ] = y2[ClZ]exp er [11]
ethanol and hydroxide ions, respectively. s +~'8 ’

(10]

pd the bulk activity coefficient,

kT
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Then it will be assumed posteriorithat the surface ethoxide @ 0.55 T
concentration can be estimated as a constant multiplied by a
exponential of the zeta potential: 05 +
EtOg] = K it 12
y-[EtOg] = Kgo€X T ) [12] — 0.45 -
<
[=
Substituting [11] and [12] into [10] we generate an equilib- % 0.4 -
rium equation in which the ratio of chloride to ethoxide ad- §
sorbed to the surface is a function of a constant and a lumpeg
parameter, which is the bulk chloride concentration times ar 3% T
exponential of the zeta potential, as shown in the following eg-
uation: 0.3 A
[Ss-Ht . CIT] Ky
— e = . [13] 0.25 ' 1 I I I I y
[Ss-Ht - EtO Jy:[Clglexp(5ns)  KoKeo - ' ' ' ' ' ' '
0 1 2 3 4 5 6 7
To simplify the following equations we collect all of the con- f(CI)~-1
stants into one lumped parameter and write a simplified expres-
sion for the chloride dependence: b
Ky
KL = 14
"7 KoKeo [14]
F(Cl) = y + [Clz] exp == [15]
B 2kT

Note that the functiorf (Cl) depends on both the bulk chloride
concentration and the zeta potential.

Assuming that there are a fixed number of surface sites an<
that these can be broken down into sites that are occupied g
an ethanol molecule, HCI, a proton or are unoccupied, the tot:=
surface site concentration is given by

dsorption (umol/im?)

0.0 : : : :
0.00 0.50 1.00 1,50 2.00
+[Ss- H'] +[Ss] [16] Variable f(CI) (Cl in mM)

[SSro = [Ss- H - EtO™] + [Ss- H* - CI]

A further approximation can be made assuming that the numE!G. 6. (a) Inverse of surface adsorption data for bulk molar HCI concen

ber of surface sites that are only occupied by a proton or dfgions above 0.04 mM plotted as a function of the inverse of Eq. [15]. Th
ied Il relati h | b f f straight line is fitted by least squares. (b) Surface adsorption data plotted a
u_noccup_|e are sma er' at|v_e to the total number of sur aﬁﬁction of Eq. [15] superimposed on a fitted plot of the adsorption isothern
sites. With these approximations Egs. [14]-[16] can be substi. [17].
tuted into Eq. [13] and algebraically manipulated to obtain an
equation in the form of a Langmuir adsorption isotherm:
concentration). The resulting values arg,8s 3.48 pmol/m?

K f(Cl) and K, = 7.7. The direct form of the equation, Eq. [17], is

+ -1=—
[Ss-H™-Cl'] = Ssml+ K f(Cl) (7] plotted using these parameters and is shown in Fig. 6b. Tl
actual adsorption data points are superimposed on this cul
By plotting the inverse of this equation, showing the level of fit.
Having developed an equation which accurately describes t
[Ss-H™ - CI"]™ = Ss& + (KL Ssot F (CI) 77, [18] chloride adsorption, it is now necessary to review the assum

tions that were made in the derivation.
which is linear, the values for the total number of surface sitesThe assumption that the number of surface sites occupied ol
and the lumped equilibrium paramet€r can be estimated by by a proton is small relative to the total number of surface site
a least-squares fitting. This is plotted in Fig. 6a for data point®es appear reasonable. The maximum surface charge den
taken at conductivities above;2S/cm (0.04 mM bulk molar measured here is 1.14 mC/ror 11.8 nmol/m. This is 0.34%
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of the total number of surface sites estimated by the chloride 5.0
adsorption isotherm.

The assumption that the number of unoccupied surface site
is smallis more difficult to address as there is no direct measure_, 4 4 emmrmr— —

(32 .
ment of empty surface sites. However, if the equilibrium constantg, // T
for the dissolution of an ethanol molecule from a surface site, ¢ 3.5 1=
w
¥
Ss-Ht . EtO™ = Ss+ HEtO, 9] ¥ 39
25

is significantly larger than the equilibrium constant for the re-

moval of a proton from a surface site by either an ethanol or 2.0 y : ¢ - - i
water molecule, 0 0.1 0.2 0.3 0.4 0.5 0.6

Bulk Molarity (mM)

Ss-H* 4+ H,0 = Ss+ Hz0*, [20]
FIG.8. PlotofK1/Kgio from Egs. [8] and [12]. Variation around the aver-

[ i : lue is:8%.
it can be shown that the concentration of empty surface sites Wil e S

not affect the results derived here.

The assumptionthat there are a fixed number of surface site§ jiije the data do not conclusively prove théi is a constant
supported by the excellentfit of the adsorption data to a standgt(l assumption seems reasonable and is well within the limi

isotherm model. _ o of measurement error for the data used here.

It was also assumed that there is an equilibrium among theyqjification of the next two assumptions is somewhat mor
surface charge, free chloride ion concentration at the surfagg,q|yed, and they will be treated together. The first is that ther
and the total adsorbed chloride. If this is true the valukef is an equilibrium among surface adsorbed ethanol, protonat
calculated from Eq. [9] should be a constant over the range Whe{gace sites, and dissolved ethoxide ions at the surface (eq. [¢
there is a significant level of chloride adsorbed to the surfacerya second is that the concentration of the ethoxide ion at

As can be seen from the plot in Fig. 7, the calculated valug s ce changes in proportion to the square root of the Boltzma
of K3 varies by~+10%; however, although the denominator i$g|tion of the zeta potential (Eq. [12]).

!mown to within a percent over most of the range, the_ numergtorOne way of testing these assumptions is to substitute Eq. [1
is the product of tyvo val_ues that are an exponential functhﬁltO Eq. [8] and calculate the valué; /Keo to see how closely
of th(_—} zeta potent_|§1l. This makes _the calculated value o_f tmﬁs approximates a constant over the range of HCl concentr
function very sensitive to the magnitude of the zeta potential. s used here. The result of this calculation as shown in Fig.
change of 5% in the value of the zeta potential at 100 mV leadsithin +8% of a constant. As with<, above, this is a very
to a 30% change in the calculated valuekof This sensitivity - sgnsitive function of zeta potential and the assumption that tt

to a+5% change in the zeta potential is also plotted in Fig. zalueKl/KEto is a constant does not appear unreasonable.

Although a theoretical justification can be made for why the
surface concentration of the ethoxide ion should be approx

7
i mated by Eq. [12], the best test of this assumption is to return |
Eq. [10], substitute Eq. [8] for the surface ethoxide concentre
6 tion, and recalculate the adsorption isotherm. Although there a
insufficient data to estimate the absolute ethoxide concentratit
o 5 at the surface, and therefore a value Kar, the adsorption can
< be plotted as a function of the surface chloride concentration ¢
:N 4 vided by the ethoxide concentration o¥ér. To do this, Eq. [18]
is replotted replacing (CI) with f’(CI) given by
3 () — 1S ()
_[EtOg]/K
2 : : | : : | (r-[EOs)/Ka) [21]
0 0.1 0.2 0.3 0.4 0.5 0.6

_ [Ss-H'T x y+[Clglexp(&)
- _[Ss.-H+.CI-
Bulk Molarity (mM) [Ssrot] — [Ss- Ht - CI7]
FIG. 7. Plot of K, from Eq. [9]. Quantities are in moles or mofimas (Fig. 9). The fit to a straight line is slightly worse than shown

appropriate. Gray lines show the sensitivity of the calculation&86 change 1N Fig. _5: Particmarly at the eXtre.m.a; howeVer: the assumptio
in zeta potential. embodied in Eq. [12] has been eliminated and it has been sho
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0.00001 + } i
0.001 0.01 0.1 1
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0 50 100 150 200 Bulk Molarity HCI (mM)
f(Chr-1 FIG. 10. Log/log plot of surface activity of Fi ion calculated from bulk

concentration using the Boltzmann relation.
FIG.9. Inverse of surface adsorption data for bulk molar HCl concentrations
above 0.04 mM plotted as a function of the inverse of Eq. [21]. The straight line

is fitted by least squares.
by less than a factor of 7.

that surface charge and the adsorption of HCI to the surface can v-[EtOs] — [SSrod — [Ss-H" - CI]
be modeled using only the very basic Egs. [8], [9], and [16]. K1 [Ss- H*]

The one significant reaction that has not yet entered into the.

discussion isgthe autoprotolysis equilibrium ?‘/or ethanol, . This contrac_]iction only exists if the au_toprotolysis_ equilib-
rium constant is taken to be constant. If this constant is higher
the surface than inthe bulk by three orders of magnitude or mol
HEtO = EtO5 + Hg. 22 then this contradiction disappears. In other words, our model
y2[H*][EtO"] 221 surface adsorption and charge formation remains consisten
Ks = W the surface also acts to catalyze the autoprotolysis reaction

the ethanol-water solvent.
This controls the ethoxide ion concentration given the concetrF]—(;r ZI:t;SIyrs]?st ?e?crt?:njuhzs ;ﬁgﬁ;ebgegsnptgzgiz f;rssttrs],teeghci
tration of the protonated species and vice versa. If the surfa}ﬁs mechanism for the alumina surface in the pure solvent. /
proton activity is calculated from the bulk concentration and ZeE)arloposed above. an ethanol molecule adsorbs to the surfac'e |

potential using the Boltzmann relation, f

desorbs as an ethoxide ion, leaving a proton on the surface. T

8, 16]

—e
y+[HE] = y2[HE] eX|o<k—T§>, [23]
450 3,

400 A
350

this activity would be expected to rise by four orders of mag-
nitude over the measurement range, as plotted in Fig. 10. If thx"
autoprotolysis equilibrium equation (Eq. [22]) is valid at the sur-< 300 +
face, then the activity of the ethoxide ion at the surface would b@ 250
expected to decline proportionally by four orders of magnitude'f.',l 200 +

That, however, contradicts the model developed above Whe@
the ethoxide concentration at the surface is set by a surface eqiz
librium reaction. The relative change in ethoxide concentratior 190 T
can be plotted from a combination of Egs. [8] and [16] Eq. [8, 50 +
16]. This is shown in Fig. 11, where the ethoxide concentratior 0 ' ' ' } ' |
is seen to change by only one order of magnitude. Even furthe 0 0.1 0.2 0.3 0.4 05 0.6
over the range of bulk HCI concentrations from 0.01 to 0.5€
mM, the predicted concentration of the proton at the surface is
seen in Fig. 10 to increase by a factor of more than 1000 while-jc.11. Relative surface activity of EtOion calculated from surface equi-
the relative ethoxide concentration as shown in Fig. 11 declin@sgium equations [8] and [16].

150 T

Bulk Molarity HCI (mM)
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gives the particles their positive surface charge. The next ste 32
would be for some of the protons on the surface to desorbas € |
ther hydronium or protonated ethanolions.Thesetwoionswoul§ 30
then diffuse outward a finite distance from the surface and rea-

in solution, re-forming a neutral ethanol molecule. The voltagg 28
gradient in the double layer around the particle would accelerg
ate the outward diffusion of the positive ions while retarding€

the outward diffusion of the ethoxide ions. The outward flux of&

positive ions from the surface would balance the inward flux 0% 247
positive ions being consumed by reaction with ethoxide near th-§
surface. The result is that the particle would be able to maintaig
a layer containing a significant concentration of ethoxide ion: : \ : \ : , |
even when the bulk solution has a significant proton activity an

therefore an effectively zero concentration of ethoxide.

26 1|

22 1

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5
Millimolar KOH Addition

. . FIG. 13. Conductivity per molar addition of KOHota 1 vol%alumina
Behavior with Added KOH suspension.

Having examined the surface chemical behavior with the ad-

dition of a simple acid, we next proceed to add a simple base.

Potassium hydroxide was chosen because it was readily aflic distance of closest approadiy = 3.50; and ionic asso-
able in a low water content ethanol solution. As was mefiation constant, = 0. The resultis plotted in Fig. 12 along
tioned above, potassium hydroxide will react with ethanol, arffth the dgta points belgw 1 mM not used n the fitting. '
in a 99.50.5 wt% ethanol/water solvent it will convert to 96% Adsorption. Adsorption data were obtained by measuring
potassium ethoxide (18). conductivity changes as KOH was titrated into a stirred 1 vol%

Conductivity. Inorderto measure ionic strengths in solutiof “oPENSIoN of alumina powder. The concentration of KOH i

itis necessary to know the conductivity function for KOH in thi solution was determined from conductivity measurements usir

. . he Fuoss—Onsager equation with the parameters fitted abo
concentration of ethanol. Because of the lack of literature d . . .
! - . e difference between the KOH in solution and the total KOF
our first step was to measure the molar conductivity and fit this

to the Fuoss—Onsager equation [6]. The curve was fitted to dggded was taken as the powder surface adsorption.

. ; L i1—|gure 13 shows the molar conductivity as a function of the
points taken between concentrations of 1 and 6 mM, which lie in . . . S
. total KOH addition to the alumina suspension. This highlight:
the most accurate measurement range for our system. An it

S : . . hae_counterintuitive behavior of adsorption below an addition ¢

tive fitting algorithm was used which converged unambiguous o . .

to the following values: molar limit conductivity\o = 40.75; A mM. Inthis |n|t_|al region Fhe more KOH that_|s adsorbed the
' ~ 7" larger the proportion of additional KOH that will be adsorbed.

This is exactly the opposite of what would be expected from

normal adsorption isotherm and can be explained by first unde

standing the surface charging of the particles.

Zeta potential. As a result of the low surface potentials and
consequently low stabilities of alumina suspensions with adde
KOH, zeta potentials were measured only electroacousticall
Electroacoustic measurements were made in a continuou:
stirred suspension of 1 vol% alumina powder. An automati
titrator was used to inject a solution of 0.1 molar KOH in/2
increments. An unadjusted zeta potential of 44.6 mV was me.
sured before the titrator tip was inserted into the solution.

The bulk ionic strength was used to calculate the Debye leng
and Henry correction factor for the zeta potential as in the me:
surements with HCI above. The corrected zeta potential valu
as a function of bulk KOH concentration are shown in Fig. 14
0.0 1.0 2.0 3.0 4.0 5.0 6.0 Atabulk molar concentration of approximately 0.2 mM the in-

millimol/L dicated zeta potential dropped below zero and wentitd mV

- . at the maximum KOH concentration measured.
FIG.12. Molar conductivity of KOH in 99.5/0.5 wt% ethanol/water solvent. ) . o
Circles are measured data points. Curve is the Fuoss-Onsager equation fitted f8Urface charge. With the zeta potential and the bulk ionic

data points between 1 and 6 mM. strength, the surface charge density can be calculated usi

uS-dm3/mol-cm
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FIG. 14. Zeta potential as a function of molarity of KOH in bulk solution.
FIG. 16. Plot of K1 from Eq. [8]. Quantities are in moles or mofas
appropriate.

Eq. [5]. The results are shown in Fig. 15. The zeta potential

is again assumed to be the same as the surface potential. The first three points in Fig. 16 have a relatively high de

Modeling surface charge with KOH.Returning to the model gree of uncertainty both because of uncertainty of the exa
for surface charge of alumina in pure ethanol above, we ngjgantity titrated in the initial injections of KOH titrant and
that ethanol molecules adsorbed to the surface dissociate gl uncertainty of the interpolation of free molarity from ad-
ethoxide ions desorb from the surface, leaving a positive Sgorption data taken in a region where the conductivity is les
face charge. Knowing the bulk ethoxide activity and zeta penhat 1 xS/cm. Furthermore, if the hypothesis that the sur
tential, the surface ethoxide activity can be calculated using thge catalyzes the autoprotolysis of ethanol is correct, the
Boltzmann relation, Eq. [11]. With this itis now possible to plogt low ionic strengths in the bulk, the ionic strength at the
K1 from Eq. [8], and this is shown in Fig. 16. surface cannot be calculated from the bulk. This adds &

Looking at this plot more closely, it can be seen that if thgdditional uncertainty to the surface charge density calcul
first three points at the lowest KOH concentrations and the lagh, which depends on knowing the ionic strength near th
four points at the highest KOH concentrations can be neglectegdrface.
then the remaining data points are well within 5% of a constant, The final four data points plotted in Fig. 16 represent dat
as shown in Fig. 17. Moreover, there are very reasonable baggmts where the measured zeta potential is less than 5
for believing that these points at the extremes can be neglectegere are two easily identifiable sources of error in surface p

tential measurement at values this low: floccing of the part
cles and the nature of the surface charge. DLVO calculatiot

035 1

0.30
—~ 58 T
2 025
E ' 56 +
(3}
é 0.20 T 54 1 ] .
o -3
o < B m
g 0.15 1 © 52 f ] iy -

X
- 1 &
t 0.10 50
(7]
48 T
0.05 -
46 + + + 4
0.00 ‘ ’ ; ’ 0.02 0.04 0.06 0.08 0.10
0.00 0.05 0.10 0.15 0.20 Bulk Molarity KOH (mM)
Bulk Concentration KOH (mM)
FIG.17. PlotofK; from Eqg. [8]. Zeta potentials range from 21 to 5.7 mV;

FIG. 15. Surface charge density in millicoulombs per square meter vs bullulk conductivities range from 1.3 to 4.4S/cm. The dashed line is the average

concentration of KOH. value of 5.25¢10~8. Gray lines indicatet5% from average.
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written as an equilibrium with a generic surface sité&ss

SS+ K¢ = Ss- K™,

o 24
E [Ss-K*] (24]
= K = t< 7 1=
% [SS]y+[KS]
=
o This can be rewritten in the form of a standard Langmuir ad
8 sorption isotherm,
=]
(7]
°
< Ky [KE
[Ss- K*] = Sspo o s] [25]
1+ Kky4[Ks]
0.0 f y f f i As above in the case of Cladsorption, the inverse of
0.0 0.5 1.0 1.5 2.0 25 Eq. [25] is plotted and a straight line is fitted to the data by lea:

squares. The result is a total surface adsorption ofi2aél/m?
and an adsorption equilibrium constédy of 1.8 with quantities
FIG. 18. Surface adsorption as a function of surface &ctivity. in millimolar or millimoles/n?. The data along with the fitted
isotherm are shown in Fig. 18.
What is interesting about this adsorption isotherm is that |
indicate that the interparticle repulsion goes to zero at a biiRP€ars to be a function only of the surface activity of the pos

molarity of 0.06. Therefore as zeta potential continues to drHEely chg\rgeqt pcgassittJr:n ionand %/ett.has no effecht onthe ls;grfq
arge density. Over the concentration range shown in Fig.

and ionic strength to rise with further additions of KOH, if

is reasonable to expect that floccing of the particles wouf'€re surface charge appears to be only a function of ethoxi
cause the measured zeta potential to deviate from the §encentration, the adsorption oftgoes from 2% to 60% (0.047

tual value beyond this point. Furthermore, at the highest iorf¢ 1.4 pmol/?) of total surface sites, and the surface activity
strength/lowest zeta potential point in Fig. 18, the unifor0€S Up by afactorof 70, from 0.011t0 0.75 mM. From this it i
surface charge assumption implicit in the calculations pér€ar that the adsorption of Kmust be by some charge-neutral
formed here becomes questionable. At this point the zeta pBechanism. The adsorption of & Kon must either be accom-
tential is 5.7 mV and the bulk ionic strength is 0.10 mmPanied by the adsorption of a negative ion or the desorption
this gives a surface charge density of &110°° C/n? and & positive ion aqd must occurin sgc_:h a manner that it does n
a Debye length of 17 nm. If the charge sites are uniform@ffect the ethoxide adsorption equilibrium.

distributed across the surface, this gives a charge—charge se@”e possible explanation for the absence of an effect of tt

aration distance of 46 nm, almost three times the Deb{fe adsorption on surface charge would be that theiuld only
length. stably adsorb along with a negative ethoxide or hydroxide ion

So, ifthe hypothesisis thatthe equilibrium of Eq. [8] describes

the particle surface charge, the test of this hypothesis is whether
the value ofK; calculated from measured data is a constant. L _
Given the above arguments, the range of data that supports_'ﬂ?é("ever'_ this implies a dependehcy 9f adsorption on the etho
contention thak ; is a constant, as shown in Fig. 17, is actuallffi® activity at the surface, which is not supported by th
better than might be expected. data

Surface Activity K+

SS+ K¢ + EtO; = Sg-K* - EtO. [26]

Another charge-neutral mechanism would be the substitutic
Adsorption of KOH. As can be seen from Fig. 13, theofa potassiumion for the proton from a surface adsorbed ethar
marginal adsorption of KOH increases with increasing KOirholecule:
concentration. This is only possible if adsorption is mediated by
the positive K= ion. With the initial small additions of KOH, Ss-H" - EtO” + K{ = Ss- K" -EtO" + H{  [27]
the positive surface potential repels the positive ions and little
adsorption occurs. As more KOH is added, the surface potékn argument against this mechanism would be that there shot
tial drops and the surface concentration df Kses many times be an effect of the activity of the proton in the solution at the
faster than the concentration in the bulk. This leads to the invemgface. This means that the adsorption should be a function
marginal adsorption behavior in the region where the particlbsth the K activity and the inverse of the ethoxide activity, but
have a positive and declining surface charge, as illustratedhiere again there is no indication of an ethoxide dependency
Fig. 13. the data.
Without making any assumptions about the nature of the sur-However, if we accept the hypothesis that the surface acts
face adsorption site for the potassium ion, the adsorption canaeatalyst to dissociate ethanol molecules into adsorbed protc
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and ethoxide ions, then the adsorbed proton concentration vidié ions even when they are virtually nonexistent in the bul
be a function of ethanol activity, which is effectively constansolution.

This mechanism can then fulfill the two seemingly contradictory Of the two ions, the ethoxide ion is more readily dissolve
conditions that: 1. adsorption is only a function of activity of thérom the surface. This leaves behind a net positive charge «
positive potassium ion and 2. the adsorption of theih has the particles in pure ethanol. When HCl is titrated into the su:
no effect on the surface charge, which remains only a functipension the activity of the ethoxide in the bulk drops effectivel
of the ethoxide activity. to zero due to reaction with the acid. This reduces but does r

A second possible argument against this adsorption medhminate the ethoxide in solution at the surface. The reductic
anism is that the number of sites does not match the numioéethoxide in solution at the surface does mean that more ethc
of sites determined by Cladsorption. The total K adsorp- ide desorbs from the surface and the net positive charge on
tion is 2.4umol/n? vs a CI adsorption of 3.5:mol/m?. This surface increases. The positive charge increases until it beg
can potentially be explained by the size difference of the prts be suppressed by the increasing concentration ofaCthe
ton and the K ion. An adsorption site density of 3/Bmol/m?  surface.
would give a site—site spacing of 7Al assuming a uniform  The CI ions are adsorbed at the same Lewis acid sites
hexagonal spacing of sites across the surface. Given that the ethoxide ions on the surface. This leads to a competitiy
sites are likely not uniformly spaced, it seems reasonable tialsorption process where the ratio of @ EtO™ adsorbed to a
there would be sites that would not fit the 3.0 to B.8iameter fixed number of sites on the surface is determined by the activi
K* ion. ratios of the two ions in solution at the surface.

An implication of this adsorption mechanism and the lack The adsorption energy of the Clon to these sites is lower
of an effect of K~ adsorption on the surface charge is that ththan that of the EtO ion. Therefore the number of unoccupied
positive and negative surface adsorption sites are separate sites, which determines surface charge, will be higher at a give
and do not interact. There has to be a significant physical sepancentration of Ci compared to the EtOion. This is seen in
ration between positive and negative sites for the substitutiontb& very rapid suppression of surface charge with the additic
the much larger potassium ion to have no effect on the ethoxioievery small quantities of potassium hydroxide/ethoxide.
adsorption. This in turn implies that surface adsorbed ethanolThe strongest base in ethanol is the ethoxide ion. Any strong
is completely dissociated into ethoxide and a proton adsorbease will react with the ethanol solvent to form ethoxide ions
to different sites. This again supports the picture of the alumitra the titration of potassium hydroxide/ethoxide the increase
surface as a catalyst for the autoprotolysis of the ethanol-watencentration of ethoxide in solution suppressed the dissoci
solvent. tion of ethoxide from the surface, eliminating the net positive

charge on the particle surface. However, despite a significa
SUMMARY AND CONCLUSIONS concentration of free ethoxide in the solvent, the desorption
protons from the surface never significantly exceeded the de

The picture of the behavior of the alumina surface in ethanotption of ethoxide and no net negative charge formed within tf
that emerges from the data above is as follows. probable margin of error of the measurements made here. Tt

When the alumina powder is put into ethanol it adsorbsitappears unlikely that in the absence of specific adsorption tf
coating of ethanol molecules. This is a dissociative adsorptibgdrated alumina will develop a negative surface charge in th
process in which a proton is adsorbed to a Lewis base site a&advent.
an ethoxide ion is adsorbed to an adjacent Lewis acid site. Thélhe objective of this study was to better understand the st
dissociated ethanol will also desorb from the surface as ndgee chemical behavior of an oxide powder in a particular syste
ative ethoxide ions and protons in the form of hydronium dor electrophoretic deposition, with the ultimate goal of being
protonated ethanol ions. The alumina surface therefore acts abke to quantitatively predict adsorption and surface charge
catalyst for the autoprotolysis reaction of ethanol-water, an arbitrary chemical environment. Based on the formulae at

quantities developed in this paper, we are now able to mal

HEtO + H,0 = EtO™ + H3O™ 22 quantitative estimates of the particle—electrode double layer i
N _ " teraction for many conditions during electrophoretic depositior

or  2HEIO= EO™ + H,EtO" and can at least qualitatively describe the interactions at all tim

. o . .and positions in the depositing layer.
This behavior is critical to understanding the surface adsorption P P gy

and surface charging of the alumina powder.
As the two types of ion diffuse outward from the surface APPENDIX
they will recombine to form neutral ethanol molecules until
at some distance from the particle they reach the equilibripyndamental Constants
prevailing in the bulk solution. The effect of this is that the& elementary charge (1.602 107° C)
particle surrounds itself with its own ionic atmosphere. At the  Boltzmann constant (1.38¢ 10723 J/K)
particle surface there can be significant concentrations of ethex- permitivitty of free space (8.85% 10-12 C2/J- m)
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General Symbols o measurement frequency in acoustophoresi¥) (s
a particle radius (m) p solvent density in acoustophoresis
ao geometric mean distance of closest approach of ions
in solution (nm) ACKNOWLEDGMENTS
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Ss surface adsorption site coustic measurements.
T temperature (K)
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