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Abstract. The surface charge properties of two SiO2 and three Al2O3 mineral adsorbents with varying degrees of
framework porosity were investigated using discontinuous titration and ion adsorption methodologies. Points of zero
net charge (p.z.n.c) for porous and non-porous SiO2 were <2.82 and for Al2O3 minerals ranged from 6.47–6.87.
Silica surfaces possessed very slight negative charge in the acid pH range (pH < 7) and significant dissociation of
silanol groups occurred at pH > 7. Variation of surface charge density with aqueous proton concentration was nearly
identical within a mineral type (i.e., SiO2 or Al2O3) irrespective of the degree of framework porosity, indicating
that the densities of dissociable surface sites are equivalent, when normalized to surface area. The results suggest
that the use of titration methods alone may be insufficient for thorough surface charge characterization, particularly
at low and high pH. Proton titrations should be coupled with concurrent ion adsorption measurements to confirm
surface charge development. Discontinuous proton titration and ion adsorption data, which were in agreement in
the slightly acidic through slightly basic pH range, both indicated that p.z.n.c. was equal to the point of zero net
proton charge (p.z.n.p.c.) for the variable charge minerals investigated.
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1. Introduction

Porous materials with varying metal composition ratios
are being evaluated and used as molecular sieves [1, 2],

catalysts [3, 4], humidity sensors [5] and contaminant
barriers [6]. In particular, recent studies (e.g., [6]) pro-
pose the use of microporous (pores <2 nm) and meso-
porous (2–50 nm) minerals as adsorbents for pollutants
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in aqueous systems. However, to utilize these materials
for maximum economic and environmental benefits, re-
lationships between physical properties (e.g., specific
surface area and pore structure) and surface chemistry
(e.g., surface charge, adsorption behavior) must be elu-
cidated. Despite the importance of charge properties
to sorption of ionic and neutral solutes, pH-dependent
surface charge of synthetic mesoporous minerals has
not been investigated in detail. Without this informa-
tion it is difficult to assess whether compound sorption
differences between porous and non-porous materials
are due to porosity itself or to co-varying differences
in reactive site density. For instance, Goyne et al.
[7] observed significantly greater adsorption of 2,4-
dichlorophenoxyacetic acid to mesoporous alumina,
relative to non-porous alumina, in surface normalized
batch adsorption experiments. However, it is unclear
if these differences were attributable to mesoporosity
or increased reactive site density present on the porous
alumina surface. In addition, a thorough understanding
of points of zero charge, active site density and reac-
tivity, as affected by porosity will enable researchers
to select porous materials for specific applications to
aqueous systems (e.g., ion or contaminant adsorption).

Surface charge on natural and synthesized miner-
als can develop in three principal ways: (a) as a re-
sult of proton or other ion complexation at the particle
surface, (b) from lattice imperfections at the particle
surface, and (c) isomorphous substitution within the
crystal structure [8]. With regard to synthetic silica and
alumina minerals, surface complexation reactions are
expected to be the dominant source of surface charge.

Net total particle surface-charge, σP, is defined
quantitatively as the sum of four components [9]:

σP = σO + σH + σIS + σOS (1)

where σO is the net permanent structural-charge den-
sity due to isomorphic substitutions; σH is the net pro-
ton surface-charge density created by the difference
between the moles of protons and hydroxide ions com-
plexed by surface functional groups; σIS is the net inner-
sphere complex surface-charge density resulting from
net total charge of ions (excluding H+ and OH−) bound
into inner-sphere surface coordination; and σOS is the
net outer-sphere complex surface-charge density re-
sulting from net total charge of ions (excluding H+ and
OH−) bound into outer-sphere surface coordination. If
σP is non-zero (i.e., the particle possesses charge), then
the law of surface charge balance requires that σP be

balanced by the diffuse layer surface-charge density,
σD, which is equal in magnitude, but opposite in sign
to σP [9]:

σP = −σD (2)

Ions in the diffuse layer are subjected to counteract-
ing diffusion and electrostatic gradients such that they
move freely in solution but a net diffuse ion swarm
charge is sustained in local proximity to the surface,
effectively balancing σP [10].

Points of zero charge are traditionally defined as
pH values where one or more components of surface
charge vanishes at a specified temperature, pressure,
and aqueous solution composition [11]. The point of
zero net charge (p.z.n.c.) is defined as the pH value
where net adsorbed ion charge density (�q) is equal to
zero:

�q = (q+ − q−) = σIS + σOS + σD (3)

where q+ and q− refer to the adsorbed cation and anion
charge, respectively, in units of moles of charge per
square meter (molc m−2).

The intrinsic surface-charge density, σin, represents
components of surface charge developed from the min-
eral structure [11], which must be balanced by the
adsorption of ions from solution:

σin = σO + σH = −�q (4)

The point of zero net proton charge (p.z.n.p.c.) is
defined as the pH value where σH is equal to zero.
Therefore, by Eq. (4), this is the pH value where σO

is equal to −�q. For variable charge minerals where
σO is negligible or non-existent, p.z.n.c. must equal the
p.z.n.p.c. ( i.e., at the p.z.n.c., σH = −�q = 0).

The introduction of mesoporosity into colloidal par-
ticles significantly alters the specific surface area of the
solid phase. However, the extent to which chemical re-
activity (e.g., surface acidity, ion affinity) is affected
is not known. In the present work, silica and alu-
mina mineral adsorbents were synthesized with vary-
ing degrees of mesoporosity and their surface charge
properties were measured in aqueous suspension. The
objective was to assess the extent to which the introduc-
tion of framework mesoporosity affects particle surface
charge, background ion adsorption, and dissolution
behavior.



Surface Charge of Variable Porosity Al2O3(s) and SiO2(s) Adsorbents 245

2. Experimental

2.1. Adsorbent Synthesis and Treatment

Five mineral adsorbents were used in the present work:
(1) porous Al2O3 (Al-P242), (2) less porous Al2O3

(Al-P141), (3) non-porous Al2O3 (Al-NP37), (4) porous
SiO2 (Si-P700), and (5) non-porous SiO2 (Si-NP8),
where the subscripts refer to specific surface area in
m2 g−1. Al-NP37 and Si-NP8 were purchased from Alfa
Aesar (Ward Hill, MA) stock #’s 40007 and 89709, re-
spectively. Al-NP37 was washed with 0.02 mol kg−1

CaCl2 (0.208 kg L−1 suspension concentration) for
24 h in 250 ml polypropylene co-polymer centrifuge
tubes at 7 rpm on an end-over-end mixer to remove an
N-containing soluble constituent associated with syn-
thesis. Suspensions were then centrifuged for 40 min
at 18,830 g, followed by aspiration of the supernatant
solution. This procedure was repeated, prior to wash-
ing the mineral twice with 95% ethanol to displace any
entrained CaCl2 solution. Following centrifugation and
aspiration of the second ethanol wash, the mineral was
oven-dried at 50◦C for 48 h.

Al-P141 was prepared from boehmite supplied by
CONDEA Vista Co. (Houston, TX) and is sold under
the trade name Disperal. This mineral was calcined at
450◦C for 24 h to induce dehydroxylation, thus creating
a less-porous amorphous Al2O3.

Both Al-P242 and Si-P700 were prepared using a neu-
tral template route [5, 12, 13]. The general procedure
is as follows: 50.0 g of dodecylamine was mixed with
418.1 g ethanol and 532.8 g deionized water, followed
by the addition of 204.2 g of aluminum isopropoxide or
208.3 g of tetraethyl orthosilicate under vigorous stir-
ring. The mixture was then stirred for 30 min and aged
at room temperature for 24 h. After aging, the sam-
ple was transferred to a glass plate and air-dried. The
neutral template was removed from the air-dried mate-
rials by heating the minerals at 540◦C for 6 h. Removal
of the neutral template results in wormhole-like meso-
pores [13]. All minerals, except Si-NP8, were ground
gently prior to characterization. Samples were stored
in polyethylene bottles prior to use.

2.2. Particle Characterization

Mean particle size of the powdered minerals used was
determined by direct measurement of at least twenty
particle diameters on TEM images (Philips EM420ST).
Specific surface area (SSA) and pore structure of

the adsorbents were examined using N2 sorptometry
(ASAP 2010, Micromeritics). Samples (0.5–2 g) were
out-gassed for at least 6 h (150◦C, 5 µm Hg) prior
to analysis, and adsorption-desorption isotherms were
measured at 77.4 K. SSA was estimated using multi-
point adsorption data from the linear segment of the
N2 adsorption isotherms [14] in the relative pressure
range 0.05 to 0.2 using Brunauer-Emmett-Teller (BET)
theory. Pore size distributions were calculated from
adsorption branch isotherms using the Barrett-Joyner-
Halenda (BJH) method [15] assuming right cylindrical
pores closed on one end and using the Halsey layer
thickness equation [16].

Samples were analyzed for structural composi-
tion by diffuse reflectance infrared Fourier transform
(DRIFT) spectroscopy. Adsorbents were weighed and
mixed with ground KBr powder (Spectra-Tech, Inc.)
to give a powdered sample concentration of 0.5 g
kg−1. All DRIFT spectra were obtained by averaging
400 scans at 2 cm−1 resolution on a Nicolet Magna 560
spectrometer. Powder X-ray diffraction (XRD) mea-
surements were made on all samples, except Al-NP37,
using a Philips’ X’pert diffractometer with Ni-filtered
Cu Kα radiation. Al-NP37 was determined previously
by Alfa Aesar (Ward Hill, MA) to be crystalline
γ -Al2O3.

2.3. Variable Surface Charge

Surface charge density was measured for each adsor-
bent as a function of pH at fixed ionic strength (0.06 M)
in a CaCl2 background solution. A discontinuous titra-
tion procedure, which permits simultaneous measure-
ment of proton and background electrolyte adsorption,
including accounting for proton consumption in min-
eral dissolution reactions, was employed [17]. Minerals
were suspended in a background electrolyte solution of
CaCl2/HCl or CaCl2/Ca(OH)2 (I = 0.06 M) to give a
sorbent surface area in suspension of 2.29 × 103 m2

L−1 in 50 ml Teflon or polypropylene co-polymer cen-
trifuge tubes. This total surface area (measured by
N2 BET) is accessible to the adsorptive ions used in
this study (H+, OH−, Ca2+, Cl−). Mixtures of the
background electrolyte, acid and base were prepared
to reach equilibrium supernatant solutions with −log
[H+] values ranging from 2 to 12. Blanks (no adsor-
bent) were prepared with the same mixtures of back-
ground electrolyte, acid and base used for the adsorbent
suspensions. All suspensions and blanks were prepared
in duplicate.
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Suspensions and blanks were reacted on an end-
over-end shaker (7 RPM) at 25◦C in a temperature-
controlled room for 24 h. Suspensions were then cen-
trifuged at 15,290 g and 25◦ ± 2◦C for 40 min, and
supernatant solutions were aspirated into individual
acid-washed 60 ml high density polyethylene (HDPE)
bottles. An aliquot of solution was removed for mea-
surement of electromotive force (emf), calibrated to
proton concentration using an Orion-Ross model 8115
glass semi-micro combination electrode in conjunction
with a Beckman 
 390 pH meter reading in mV. Cal-
ibration of the electrode was performed using a Gran
titration conducted at the same ionic strength as the
supernatant solutions [17]. Experimental proton con-
centrations are reported as −log [H+] in figures, but
will be referred to as “pH” (for simplicity) hereafter
in the text. The remaining sample was syringe-filtered
through a 0.2 µm (nominal pore size) Gelman GHP
Acrodisc and acidified to pH 2 by addition of trace
metal grade HNO3. Solutions were refrigerated (4◦C)
prior to chemical analysis. Blank solutions were treated
in a similar manner, but they were not centrifuged or
filtered.

Centrifuge tubes containing wet pellet adsorbents
were weighed to determine the mass of entrained so-
lution. Samples were then reacted with 0.020 kg of
unbuffered 0.1 M NH4NO3 solution on an end-over-
end shaker (7 RPM) for 8 h to displace adsorbed Ca2+

and Cl−. Samples were removed and centrifuged at
15,290 g for 40 min. Supernatant solutions were aspi-
rated into individual acid-washed, pre-weighed 60 ml
HDPE bottles and filtered. This extraction step was re-
peated twice, solutions were combined quantitatively
after filtration and the total solution mass was then mea-
sured and recorded. The NH4NO3 extracts were acid-
ified to pH 2 by addition of trace metal grade HNO3

and refrigerated prior to chemical analysis.
The concentrations of “index ions”, Ca2+ and Cl−,

were determined by atomic absorption (AA) spec-
trophotometry (IL Video 22, Allied Analytical Sys-
tems) and ion chromatography (IC; DX500, Dionex
Corp.), respectively, in both CaCl2 and NH4NO3 solu-
tions. Calibration standards were prepared on a mass
basis in ultrapure (MilliQ UV-plus) water for CaCl2
solutions and in 0.1 M NH4NO3 for NH4NO3 extracts.
Dissolution of adsorbents during batch titration was
assessed by measuring supernatant Al and Si concen-
trations using AA spectrophotometry or inductively-
coupled plasma atomic emission spectroscopy (ICP-
AES; Model 61E, Thermo Jarrell Ash). Calibration

standards for Al and Si were prepared on a mass basis in
CaCl2 and NH4NO3 background electrolyte solutions
using ICP reference standards (EM Science).

2.4. Data Analysis

The surface excess (q) of ion i , in molc kg−1 of dry
adsorbent, following a 24 h equilibrium period was
calculated from:

qi = |zi |ni,(NH4NO3) − Ment|zi |mi (5)

where zi is the valence of ion i , ni,(NH4NO3) is the num-
ber of moles of ion i per unit dry adsorbent mass ex-
tracted in the NH4NO3 step, Ment is the mass of en-
trained CaCl2 solution per unit dry adsorbent mass,
and mi is the molinity (mol kg−1of solution) of species
i in the supernatant solution [10]. Surface excess values
are reported for Ca2+ (q+) and Cl− (q−). Readsorption
of Al and Si following their dissolution was found to
be negligible.

The net proton surface charge density, σH, was cal-
culated for each pH from the difference between the
final [H+] and [OH−] of a sample and corresponding
blank (to account for adsorption or desorption of pro-
tons and hydroxide) corrected for proton or hydroxide
consumption resulting from sorbent dissolution:

σH = Msoln

{
([H+]b − [H+]s) −

(
Kwc

[H+]b
− Kwc

[H+]s

)

+
(

−zavg

∑
[ci ]H+,dissoln

+ zavg

∑
[ci ]OH−,dissoln

)}
(6)

where Msoln is the mass of background electrolyte so-
lution per unit dry adsorbent mass, [H+] is the concen-
tration of protons in solution (mol kg−1), Kwc is the
conditional dissociation product of water at the exper-
imental (0.06 M) ionic strength (1.57 × 10−14; [18]).
The subscripts s and b denote sample and blank, re-
spectively. The correction for the consumption of H+

or OH− from solution because of Al or Si dissolution
was made by multiplying the average valence, zavg,
which varies with pH (degree of hydrolysis), by the
total aqueous concentration for a given element. The
correction is negative for proton promoted dissolution
(i.e., pH < point of minimum dissolution) and positive
for hydroxide promoted dissolution (i.e., pH > point
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of minimum dissolution) as indicated by the terms
−zavg

∑
[ci ]H+,dissoln and zavg

∑
[ci ]OH−,dissoln, respec-

tively. In the absence of such a correction, the consump-
tion of H+ or OH− would be erroneously attributed to
charge development during adsorption. Aqueous speci-
ation was calculated using ECOSAT [19]. All measured
constituents were input to the model. Hydrolysis con-
stants for Al and Si were obtained from Nordstrom and
May [20] and Stumm and Morgan [21], respectively.
Corrections for possible non-zero values of Eq. (6) at
the p.z.n.p.c. [16] were found to increase disparities be-
tween σH and −�q and, therefore, were not included
in this analysis.

The p.z.n.c. and p.z.n.p.c. values for each adsorbent
were determined by non-linear, least-squares fitting of
net ion adsorption data (�q , σH) versus −log [H+]. The
resulting equations were solved for −log [H+], subject
to the condition �q = 0, to obtain the p.z.n.c. Assum-
ing that these variable charge adsorbents contain no
permanent structural charge then p.z.n.c. = p.z.n.p.c.
This assumption was verified by comparing σH and
�q variation with pH.

3. Results and Discussion

3.1. Particle Characterization

The mean particle diameter of the five samples as de-
termined by TEM are: 141 nm (Al-P242), 105 nm (Al-
P141), 36 nm (Al-NP37), 118 nm (Si-P700), and 87 nm
(Si-NP8). Table 1 summarizes the SSA and pore charac-
teristics of the five materials examined. While the SSA
of Si-P700 differs greatly from that of Si-NP8, the sur-
face areas of the Al2O3 minerals fall within a narrower

Table 1. Nitrogen adsorptometry-derived structural information of adsorbents.

Mineral SSAa (m2 g−1) Pore Diamb (nm) Vt
c (cm3 g−1) SAfm

d (%)

Si-P700 (n = 3) 700 (±10) 3.43 (±0.02) 0.91 (±0.01) 99.7

Si-NP8 (n = 3) 7.5 (±0.1) 14 (±2) 0.024 (±0.003) –e

Al-P242 (n = 8) 242 (±6) 8.2 (±0.6) 0.6 (±0.2) 96.5

Al-P141 (n = 7) 141 (±8) 9.6 (±0.6) 0.42 (±0.03) 92.6

Al-NP37 (n = 6) 37 (±3) 20 (±3) 0.20 (±0.01) –e

aMean specific surface area (±std. dev.) calculated by Brunauer-Emmett-Teller (BET) method.
bMean pore diameter (±std. dev.) determined by the BJH method on the adsorption isotherm leg.
cTotal pore volume determined by BJH method.
dFramework surface area (within pores 2–20 nm diameter) as percent of total determined by BJH method.
eLack of adsorption/desorption hysteresis indicates absence of mesoporosity.

range (37–242 m2 g−1). Variation in SSA for each sam-
ple can be attributed to their different pore structures
(i.e., size and quantity).

We use the term “framework porosity” to refer
to confined or intra-particle pores, whereas “textural
porosity” refers to unconfined or inter-particle pores
[12]. Mesoporosity is indicated in N2 (g) adsorption
isotherms both by the presence of adsorption-
desorption hysteresis and by the slope of the adsorp-
tion step [12]. That is, a steeper N2-adsorption step
in the mid-relative pressure range of ca. 0.1 to 0.8 is
indicative of relatively more framework mesoporos-
ity [12]. Nitrogen adsorption isotherms for Si-P700 and
Si-NP8 (Fig. 1(a) and (b)) illustrate the characteristic
isotherms (Types IV and II; [22]) of mesoporous frame-
work and textural porosity, respectively. The isotherm
shapes of Al-P242 and Al-P141 (Fig. 1(c) and (d)) are
quite similar and display a character intemediate be-
tween (Types IV and II). However, framework porosity
is indicated, by the discernable hysteresis expressed in
both isotherms. The flatness of the Al-NP37 isotherm
in the mid-pressure region (Fig. 1(e); Type II) indicates
a lack of framework mesoporosity. None of these sam-
ples display isotherms typical of microporous samples
(Type I; [22]).

Pore size distribution relative to pore volume for the
five phases are shown in Fig. 2. In general, the pore
sizes of the mesoporous materials are slightly greater
and surface areas slightly less than those reported by
Komarneni et al. [5] for silica and alumina minerals
prepared by the same technique. Si-P700 exhibits the
most monodisperse pore size distribution, with a mean
pore diameter very similar to that of pore diameter of
peak pore volume (3.2 nm, Fig. 2(a)), and also the great-
est pore volume amongst the samples. In contrast, the
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Figure 1. Nitrogen adsorption/desorption isotherms of adsorbents: (a) Si-P700, (b) Si-NP8, (c) Al-P242, (d) Al-P141, (e) Al-NP37. Note different
y-axis scales.
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Figure 2. Pore size distribution of adsorbents: (a) Si-P700, (b) Si-NP8, (c) Al-P242, (d) Al-P141, (e) Al-NP37 (calculated from N2 adsorption
branch isotherms using the BJH method [14] and the Halsey layer thickness equation [15]). Note different y-axis scales.
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mean pore diameter of Si-NP8 is 14 nm (Table 1) but
peak pore volume occurs in pores with diameters of
44 nm (Fig. 2(b)). Both Al-P242 and Al-P141 have sim-
ilar pore size distributions with peak pore volumes in
17.5 nm pores (Fig. 2(c) and (d)). However, Al-P242

has a lower mean pore diameter and a greater pore vol-
ume than Al-P141 (Table 1). The large diameters and
variability in pore sizes for both Si-NP8 and Al-NP37

(Fig. 2(b) and (e), respectively) is further evidence that
these represent textural rather than framework porosity.

Although mesopores are defined as 2–50 nm in di-
ameter, interparticle-pores (20–100 nm) are likely to
exist for particles about 100 nm in diameter [23],
such as those used in this study. To make an estimate
of percent framework porosity, we conservatively de-
fine intra-particle pores (mesopores) as those between
2–20 nm in diameter. According to BJH calculations,
the great majority of surface area in Si-P700, Al-P242 and
Al-P141 phases is within framework pores (99.7, 96.5,
and 92.6%, respectively; Table 1), whereas all of the
surface area in Si-NP8 and Al-NP37 phases is found ex-
ternal to mesopores (textural porosity) as indicated by
the lack of adsorption/desorption hysteresis. The ma-
jority of pore volume in the Si-P700, Al-P242 and Al-P141

phases is also found within mesopores (2–20 nm; 91.8,
88.3, and 76.0% of total pore volume, respectively).
Since our surface charge measurements are conducted
in mixed, aqueous particle suspensions, textural poros-
ity effects are expected to be insignificant relative to
those derived from framework porosity.

3.2. XRD and DRIFT Spectroscopy

Powder XRD analyses for Si-NP8 and Al-P141 yielded
broad amorphous humps, indicating that these solids
do not exhibit long-range crystalline order. However,
mesoporous materials synthesized by the neutral tem-
plate pathway did yield broad peaks at about 3.4 nm for
silica and about 5.1 nm for alumina indicating the pres-
ence of somewhat ordered pore walls. Transmission
electron microscopy revealed worm-hole-like pores.

DRIFT spectra of the five adsorbents are shown in
Fig. 3(a) and (b). The sharp peak in the Si-P700 spec-
trum (Fig. 3(a)) at 3745 cm−1 is indicative of terminal

SiOH groups [24]. The same peak (3740 cm−1) is
greatly diminished in the Si-NP8 spectrum (Fig. 3(a)).
This suggests that on a mass basis Si-P700 contains
a greater number of terminal hydroxyl groups rela-
tive to Si-NP8, likely as a result of increased SSA.
Peaks in the 3675–3540 cm−1 wavenumber range can

Figure 3. Diffuse reflectance Fourier transform infrared (DRIFT)
spectra of: (a) Si-P700 and Si-NP8, (b) Al-P242, Al-P141, Al-NP37.

be attributed to O H stretching of sorbed water and
structural OH, and bending of H O H (sorbed wa-
ter) bonds appear at 1632 and 1630 cm−1 in Fig. 3(a)
for Si-P700 and Si-NP8, respectively [25, 26]. Peaks in
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the lower wavenumber range (1200–400 cm−1) are at-
tributed to Si O Si stretching (1200–950 cm−1; [27]),
O H bending of structural OH (950–800 cm−1; [25,
26]), and Si O Si bending (550–400 cm−1; [27]).

The DRIFT spectra for the aluminum minerals
(Fig. 3(b)) show several interesting trends. The band in
the 3495–3470 cm−1 frequency range (O H stretching
of sorbed water and structural OH; [25, 26]) increases
in intensity relative to peaks in the 815–535 cm−1 range
(stretching of Al O in tetrahedral and octahedral co-
ordination; [28, 29]) as framework porosity increases.
Bending of H O H at ca. 1630 cm−1 (Fig. 3(b)) also
increases with increasing framework porosity. In ad-
dition, there is an emergence of a peak at 1047 cm−1

(Al-P141) and a shoulder at 1060 cm−1 (Al-P242) that
are not present in Al-NP37 (Fig. 3(b)). Infrared stud-
ies of boehmite have attributed this peak to Al O H
bending [28, 29], suggesting increased hydroxyl group
content in the porous relative to non-porous adsorbents
when the two are compared on a mass basis. Lastly,
the spectrum for Al-NP37 suggests the presence of Al
in octahedral (750–500 cm−1; [28, 29]) and tetrahe-
dral coordination (850–750 cm−1; [28, 29]). However,
peaks indicative of tetrahedral coordination are absent
from Al-P141 and Al-P242 spectra.

3.3. Acid-Base Chemistry

Acid-base titration data for Si-P700 and Si-NP8 show
substantial OH− consumption, relative to the blanks, at
pH > 6 (Fig. 4(a)). The buffering of base additions can
arise from mineral dissolution and/or surface proton
dissociation reactions. Proton dissociation on silanol
surface sites starts at circumneutral pH [30] and results
in increased negative surface charge [30–32]:

SiOH + OH− ↔ SiO− + H2O (7)

Whereas, base consumption due to OH− promoted dis-
solution becomes significant at pH > pKa of silicic acid
(pH 9.46; [21]):

SiO2(s) + OH− ↔ SiO(OH)−3 + H2O (8)

For Al2O3 solids, significant H+ consumption at low
values of pH (Fig. 4(b)) may be the result of either
proton adsorption [33, 34]:

AlOH + H+ ↔ AlOH+
2 (9)

Figure 4. Titration curves showing −log [H+] vs. the hydroxide
[OH−] or proton [H+] concentration added to suspensions of: (a)
Si-P700 and Si-NP8, (b) Al-P242, Al-P141, and Al-NP37.

or Al dissolution [35]:

0.5 Al2O3(s) + 3H+ ↔ Al3+ + 1.5 H2O (10)

Likewise, at higher pH (>6), base consumption reflects
proton dissociation [33, 34]:

AlOH + OH− ↔ AlO− + H2O (11)

and/or mineral dissolution [35]:

0.5 Al2O3(s) + 1.5 H2O + OH− ↔ Al(OH)−4 (12)

Whereas proton adsorption/desorption reactions
(Eqs. (7), (9), (11)) give rise to positive/negative
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surface charge, mineral dissolution reactions (Eqs. (8),
(10), (12)) do not [8]. Further, these two mechanisms
of acid-base consumption can not be distinguished
on the basis of titration data alone. Distinguishing
surface charge development (Eqs. (7), (9), (11)) from
mineral dissolution (Eqs. (8), (10), (12)), therefore,
requires independent measures of background ion
adsorption and framework metal (Al) or metalloid (Si)
dissolution.

3.4. Surface Charge Characteristics

Surface excess data for Cl− (q−) and Ca2+ (q+) are pre-
sented in Fig. 5(a)–(e). The data for Si-P700 and Si-NP8

(Fig. 5(a) and (b), respectively) show negligible adsorp-
tion of Cl− throughout the pH range of the experiments
(i.e., q− = 0). In contrast, a sharp increase in Ca2+ ad-
sorption occurs at pH > 7, indicating the onset of signif-
icant proton dissociation from silanol groups. Negative
charge increases exponentially at pH > 8.5. The sur-
face charge behavior of porous Si-P700 and non-porous
Si-NP8 is very similar (Fig. 5(a) and (b)), indicating
similar densities and reactivities of SiOH groups per
unit surface area. At the highest pH studied (9.7) an-
ionic site densities are within the range reported pre-
viously for amorphous Si [36–38] and are in excellent
agreement with potentiometric titration measurements
reported by Karlsson et al. [32]. James and Parks [36]
reported surface hydroxyl site densities of 3.5–11 sites
nm−2 for amorphous silica using several different tech-
niques, whereas Tamura et al. [34] reported values of
5.8 and 9.6 sites nm−2 for two amorphous Si minerals
using the Grignard reaction method. Zhuravlev [38]
employed deuterium exchange to measure surface hy-
droxyl concentrations for 100 amorphous SiO2 solids
and reported a range of values from 4.0–6.1 sites nm−2

for surfaces subjected to the maximum degrees of hy-
droxylation. As shown in Table 2, the p.z.n.c. values
for the Si adsorbents are below the lowest pH em-
ployed. This is attributed to the strong acidity of the
silica surface, which promotes net cation adsorption to
very acidic pH, but no net retention of anions.

Variable surface charge behavior of the Al2O3

solids is likewise essentially independent of framework
porosity (when normalized to surface area; Fig. 5(c)–
(e)). In contrast to SiO2(s) adsorbents, significant Cl−

adsorption is observed at pH < 7, whereas Ca2+ reten-
tion increases at pH > 6, and p.z.n.c. values range from
6.5 to 6.9 (Table 2). Evidently, proton consumption
and dissociation (Eq. (9) and (11)) predominate below

Table 2. Points of zero net charge (p.z.n.c) and points of minimal
(p.m.d.) dissolution for the five adsorbents.

Mineral p.z.n.c.a p.m.d.

Si-P700 n = 24 <2.85b <2.85b

Si-NP8 n = 20 <2.82b <2.82b

Al-P242 n = 23 6.47 (±0.05) 6.40c

Al-P141 n = 22 6.87 (±0.05) 6.40c

Al-NP37 n = 22 6.66 (±0.06) 6.40c

aPoint of zero net charge (±95% C.I.).
bValues of p.z.n.c. or p.m.d. not encountered in the pH range of the
experiments. Lowest pH values of experiment are shown.
cValues obtained from [Al]T solubility diagrams (see Fig. 7).

and above the p.z.n.c., respectively. Maximum values
of adsorbed Ca2+ and Cl− charge per nm2 are some-
what lower than most published alumina hydroxyl site
densities. For example, Tari et al. [34] and Halter [39]
measured 1.75 sites nm−2 at pH 6 and 25 sites nm−2, re-
spectively, using potentiometric titration; Tamura et al.
[37] reported a value of 19.3 sites nm−2 determined
using the Grignard reaction method; and Kummert
and Stumm [33] measured 8.5 sites nm−2 by employ-
ing tritium exchange method. However, Kummert and
Stumm [33] also measured site density by titration and
found that the measured value (1.3 sites nm−2) was sig-
nificantly less than that determined by tritium exchange
(8.5 sites nm−2). Thus, whereas it is possible that the
data shown in Fig. 5(c)–(e) underestimate the total den-
sity of surface hydroxyl groups, they do provide an
accurate measure of active sites for ion exchange [40].

Although the aqueous site density measurements
show no discernable differences between the number
of surface hydroxyl groups within a mineral type when
normalized to surface area, comparisons on a mass ba-
sis are very apparent (e.g., 4.0 × 1021 and 5.1 × 1019

sites g−1 for Si-P700 and Si-NP8, respectively, at pH
9.5). This result is consistent with differences in DRIFT
spectra discussed above, since all IR spectra were
collected on the same mass of sample.

As indicated in Eq. (4), σH = −�q if σO
∼= 0. Net

proton surface charge densities, σH, calculated from
Eq. (6) (i.e., acid-base consumption, corrected for min-
eral dissolution) are compared with −�q (Eqs. (3),
(5)) in Fig. 6(a)–(e). These two independent measure-
ments of variable surface charge agree reasonably well
in the intermediate pH range although some discrepan-
cies exist at high and low pH. Discrepancies increase
with increasing mineral dissolution, as indicated by
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Figure 5. Adsorbed ion charge density of q+ and q− as a function of −log [H+]: (a) Si-P700, (b) Si-NP8, (c) Al-P242, (d) Al-P141, (e) Al-NP37.

comparing dissolution data (Fig. 7) with Fig. 6. Rel-
ative to net adsorbed ion charge (�q) measurements,
proton titration data (σH) under-predict the magnitude
of negative surface charge at high pH for all sam-
ples and over-predict positive charge at low pH for

mesoporous Al2O3 samples (Fig. 6). This is despite
the fact that σH was corrected for Al or Si dissolu-
tion. In addition, because of the log-linear relation
between [H+] and emf, small emf measurement er-
rors at high and low pH may result in large errors in
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Figure 6. Apparent proton surface charge density (σH), corrected for Al or Si dissolution, and negative net adsorbed ion charge density (−�q)
as a function of −log [H+]: (a) Si-P700, (b) Si-NP8, (c) Al-P242, (d) Al-P141, (e) Al-NP37.
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Figure 7. Dissolution of (a) Si-P700 and Si-NP8 with respect to
amorphous SiO2 (log Ksp = −2.71; [20]) and (b) Al-P242, Al-P141,
Al-NP37 with respect to γ -Al2O3 (log Ksp = 11.49; [32]) and
α-Al2O3 (log Ksp = 9.73; [32]). Hydrolysis constants for Al and Si
were obtained from Nordstrom and May [19] and Stumm and
Morgan [20], respectively.

σH as calculated from Eq. (6). The data are in agree-
ment where σH = − �q = 0, indicating that for these
variable-charge minerals p.z.n.c. = p.z.n.p.c.

The drastic Al over-correction for σH in Fig. 6(e) is
attributed to dispersion of positive-charged colloids at
low pH. Transmission electron micrographs of Al-NP37

show spherical primary particles of diameter ca. 37 nm,
which may have passed through the 0.2 µm nominal
pore size filter prior to ICP analysis and calculation of
σH by Eq. (6). The data in Fig. 7(b) suggest Al concen-
trations for several samples exceed values expected to
occur in equilibrium with γ -Al2O3 and α-Al2O3. This
apparent over-saturation is attributed to microcolloidal
material in filtrates. As a result, we suggest that ad-

sorbed ion charge measurements more accurately re-
flect the actual surface charge characteristics of the
minerals investigated.

4. Conclusions

The effects of framework porosity on surface charge
were investigated for SiO2 and Al2O3 solids compris-
ing framework pore volumes ranging from 0.008 to
0.85 cm3 g−1 (SiO2) and 0.06 to 0.50 cm3 g−1 (Al2O3).
Despite large differences in specific surface areas and
porosities, surface charge behavior was very consistent
for a given adsorbent chemical composition, when data
were normalized to surface area. These results suggest
that reactive (i.e., protonating and dissociating) silanol
or aluminol groups populate the surface of these adsor-
bents to an extent that is unaffected by mesoporosity.
Uptake of ionic solutes from aqueous solution is, there-
fore, expected to scale linearly with the increase in spe-
cific surface area for a fixed mass of porous material.
This work also underlines the potential shortcomings
associated with assessment of surface charge solely on
the basis of proton titration.
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