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enantiomers. Data presented in Fig. 3 illustrate the cumulative urinary
excretion of the two methadone enantiomers in Patient 1. (S)-(+)-
methadone reaches a cumulative excretion plateau value of 5.2% by 120
hr. In contrast, the (R)-(~—)-methadone continues to be excreted
throughout the study; by 168 hr, 9.8% of the dose was excreted as the
unmetabolized drug. The urinary data, together with the plasma drug
level data, suggest a differential renal clearance mechanism for the ex-
cretion of the unchanged methadone enantiomers. Full assessment of
each step of the disposition of the separate enantiomers of methadone
and its metabolites, including hepatic uptake metabolism, biliary ex-
cretion, fecal excretion, and urinary clearance, is needed before the
mechanisms underlying the observed differences in overall disposition
can be evaluated (25).
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Abstract O The effect of surface charge and particle size on the gel
structure of aluminum hydroxycarbonate gel was studied through the
use of a specially designed tension cell. Surface charge has a major effect
on the coefficient of bulk compressibility. The charged state is more
compressible at lower tensions while the neutral gel is more compressible
at higher tensions. In addition, physical properties of gels having a small
particle size are more profoundly influenced by interparticle forces than
are gels consisting of larger particles. The effect of surface charge and

particle size on gel structure is applied to physical properties such as
viscosity and dewatering.

Keyphrases O Aluminum hydroxycarbonate gel—gel structure, effect
of surface charge and particle size O Gels—aluminum hydroxycarbonate,
effect of surface charge and particle size on structure 00 Physicochemis-
try—effect of surface charge and particle size on gel structure of alumi-
num hydroxycarbonate gel

Investigation of the structure of aluminum hydroxide
gel at an atomic level has led to improved understanding
of the arrangement of atoms and the types of bonds
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present in the various materials collectively known as
aluminum hydroxide (1-4). An equally important type of
structure, gel structure, which deals with the manner in
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which the aluminum hydroxide particles are arranged in
space, has not been as extensively studied. For this reason,
a series of studies was initiated utilizing a specially de-
signed tension cell to elucidate various relationships be-
tween gel structure and physical properties. The role of
surface charge and particle size in determining the gel
structure of aluminum hydroxycarbonate gel was exam-
ined in this study.

BACKGROUND

The tension cell was designed for the study of the gel structure of
aluminum hydroxide (5) and was developed from experimental methods
used to study clays and related porous materials (6). The tension cell was
used to measure the coefficient of bulk compressibility for two aluminum
hydroxycarbonate gels having a pH-dependent surface charge and a
substantially different particle size.

The coefficient of bulk compressibility, «, is used by soil physicists to
describe the degree of consolidation of a solid particle or colloidal matrix
on the application of an external load or stress and is typically defined
as (7, 8):

a=—-=— (Eq. 1)

where ¢ represents an applied stress and V is the volume of the system,
including both the particle volume and the pore volume. When the ten-
sion cell is used, the stress is supplied by applying a small negative
pressure or tension, 7. Since the cross-sectional area of the tension cell
chamber is constant, the coefficient of bulk compressibility may be ex-
pressed in terms of L, the length of the column of gel in the tension cell,
and the applied tension:

a=——— (Eq. 2)

The coefficient of bulk compressibility may be readily calculated if an
empirical relationship between the applied tension and the corresponding
length of the column at equilibrium can be established. Such a relation-
ship may be obtained through trial and error testing of various mathe-
matical relationships. A particularly successful equation is:

L=A(e5"+B) (Eq. 3)

where A, B, and § are constants adjusted to best fit the (r, L) data pairs.
Upon determining the proper empirical form, the coefficient of bulk
compressibility is calculated by substituting Eq. 3 into Eq. 2.

EXPERIMENTAL

Two aluminum hydroxycarbonate gels were obtained commercially,
and the coefficient of bulk compressibility was determined with the
tension cell following dilution to 9.3% equivalent aluminum oxide.

The zero point of charge (ZPC), the pH at which the net surface charge
is zero, is an important property of colloidal systems that possess a pH-
dependent surface charge. At this pH, the densities of the positive and
negative charges are equal (9). The zero point of charge of aluminum
hydroxycarbonate gels 1 and 2 was determined to be 6.34 and 7.60, re-
spectively, by a titration procedure (10). The desired surface charge was
obtained through adjustment of the pH relative to the zero point of charge
by the addition of small quantities of hydrochloric acid or sodium hy-
droxide to produce a positive, neutral, or negative surface charge. Alu-
minum hydroxycarbonate gel 1 was adjusted to pH 5.70, 6.34, and 7.40;
gel 2 was adjusted to pH 5.50 and 7.00.

The rate of acid neutralization was determined by pH-stat titration
at pH 3 and 25° (11).

The relative particle size of the two aluminum hydroxycarbonate gels
was determined by measuring the rate of sedimentation of 100 ml of a
1% (w/v) dilution of each gel in a 100-ml graduated cylinder following pH
adjustment to equal the zero point of charge. The sedimentation rate is
expressed as ¢ 50, the time required to settle halfway from the initial height
in the 100-ml cylinder to the equilibrium sediment height.

The previously described tension cell procedure (5) was used to de-
termine the equilibrium water outflow as a result of applied tensions up
to 15 ¢m of water. Two modifications were made in the tension cell ap-
paratus to provide more convenient and precise measurements. Since
the gel undergoes a decrease in volume due to the outflow of water, the
applied tension will decrease during the experiment. This undesirable
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effect was previously minimized through the manual readjustment of the
height of the tension cell chamber by 0.05 ¢cm for every 1.5 ml of water
outflow so that the applied tension remained essentially constant.

This procedure was replaced with a digital motor-drive system, which
readjusted the tension on sensing a downward movement of the upper
gel surface. The motor triggering mechanism consisted of a pair of plat-
inum electrodes sealed in glass tubing, which were positioned to contact
the gel surface. As long as the electrodes contacted the surface, a very
small de current (<0.1 gamp) moved through the completed circuit. As
outflow of water from the gel proceeded, the gel surface dropped below
the electrodes, interrupting the current and activating the digital
motor-drive system. The sample chamber was raised to reestablish
contact between the electrodes and the gel surface. This apparatus
maintained the applied tension within 0.03 cm. A vernier system was
attached to the digital motor drive so the accumulated height changes
of the tension cell chamber could be measured. At each tension level
setting, the overall displacement of the tension cell was equal to the length
change of the gel column.

A second modification was made to record automatically the water
outflow as a function of time. Water flowed dropwise from the outlet tube
and entered a small volumetric flask, which was fitted with a cover having
a capillary opening. The flask rested on a weighing pan, which was dis-
placed linearly according to the amount of water in the flask. The
downward movement of the weighing pan was monitored with a linear
variable differential transformer whose output was continuously re-
corded. Thus, the equilibrium outflow of water at a particular tension
could be easily determined. Equilibrium times ranged from 8 to 48 hr.
In every case, the equilibrium outflow of water was equal to the volume
change of the gel.

RESULTS AND DISCUSSION

The applied tension is related to the amount of work required, per mole
of water, AGn,0, to remove water from the system (12):

AEHQO = —ngT (Eq. 4)

where p is the density of water, V is the molar volume of water, and g is
the acceleration due to gravity. To remove dnp,o moles of water from the
system requires that an amount of work equal to 6W be done on the
gystem:

oW = A§H20 dnu,o (Eq. 5)
Equation 5 may be rewritten with the aid of Eq. 4 to give:
0W = —pgrA dL (Eq. 6)

where A is the area of the tension cell chamber and dL represents a small
displacement of the length of the gel column. The work of compression,
0W, is expended against the efforts of the gel to retain its original particle
arrangement or gel structure. A large work of compression implies either
that cohesive forces (van der Waals) are present, tending to prevent the
distortion of the particles into a smaller space, or that interparticle re-
pulsive forces (coulombic) are present, which resist a closer approach of
particle surfaces.

Although the work of compression is a macroscopic concept, it is ulti-
mately tied to phenomena occurring on a microscopic scale. As illustrated
in Fig. 1, each particle may be viewed as residing in a potential well, the
depth and width of which are controlled by interparticle force fields.
Movement of any particle along some trajectory from one well to another
requires that the particle attain sufficient energy to pass over the inter-
posed barrier. If thermal energy is insufficient, there is no appreciable
translational motion and the system gels. In such cases, the necessary
energy may be provided by applying an external stress such as shear or,
in this case, a pressure gradient (tension). The extent to which particles
are free to move under an applied external stress is directly dependent
on the nature of adjacent energy barriers.

The work of compression is further illustrated in Fig. 2 (A and B) by
the shaded regions that are proportional to the work of compression re-
quired to displace the gel from a length of 4.5-4.0 cm. The work required
to compress the neutral aluminum hydroxycarbonate gel over this range
is approximately twice that required to compress the charged aluminum
hydroxycarbonate gel, indicating that cohesive forces present in the
neutral gel tend to prevent the movement of the particles to a greater
extent than the repulsive forces present in the positively charged
system,

It is clear that Eq. 3 is a suitable mathematical expression to describe
the tension versus gel column length relationship since the solid lines
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Figure 1—Energy-distance profiles. Key: A, high particle density gel;
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teristic width of the potential well; and r,, equilibrium position of the
particle.

representing the fitted equation coincide with the data points. Thus, the
data in Fig. 2 were used to calculate the compressibility curves shown in
Fig. 3.

The coefficient of bulk compressibility of aluminum hydroxycarbonate
gel 1 is clearly affected by the presence of surface charge (Fig. 3, A and
B). At tension levels less than ~9 cm, the positively charged system was
considerably more compressible than the neutral gel. This result is similar
to the previously observed effect of surface charge on the viscosity of
aluminum hydroxycarbonate gel in which the maximum viscosity oc-
curred when the pH equaled the zero point of charge (10).

The underlying mechanism explaining both phenomena is that when
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Figure 2—Change in the column length as a result of applied tension.
Shaded areas indicate the relative work of compression required to
displace aluminum hydroxycarbonate gels 1 and 2 from a length of 4.5
to4.0cm. Key: A, gel 1 at pH 6.34 (ZPC = 6.34); B, gel 1 at pH5.7; C, gel
2at pH7.0(ZPC = 7.60); D, gel 2 at pH 5.5; data points are from tension
cell experiments and the solid lines were obtained by fitting Eq. 3 to the
data points.
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Figure 3—Effect of tension on the coefficient of bulk compressibility,
a. Key: A, gel1at pH6.34 (ZPC =6.34); B,gel 1 at pH 5.7; C, gel 2at pH
7.0 (ZPC = 7.60); and D, gel 2 at pH 5.5.

sufficient coulombic repulsion is developed to overcome van der Waals
attractive forces, the particles are free to move in a less restricted manner.
Particles are considered to be more free or mobile under the influence
of repulsion than attraction since repelling particles tend to utilize the
entire space of the system, whereas attractive forces usually produce
structures that confine the particles to rigid, linear chains so that con-
siderable unused space exists (13). Since the charged particles are not
so severely confined in space, consolidation of the colloidal matrix in
response to water removal may readily take place, leading to a more
compressed system. In addition, the absence of attractive forces tending
to lock the particles into position permits shear rather easily. At the zero
point of charge, however, substantial cohesive forces (van der Waals)
resist distortion of the gel structure to form some new structural ar-
rangement.

However, as seen in Fig. 3 (A and B) the charged gel was less com-
pressible than the neutral gel when the applied tension exceeded 9 cm
of water. This is a consequence of the initial freedom of movement of the
charged particles during consolidation and leads to a more efficiently
packed collection of particles. This dense collection of particles is able
to resist further compaction more effectively than the neutral gel due to
the substantially increased level of coulombic repulsion. In addition, when
the aluminum hydroxycarbonate gel is at the zero point of charge, the
initial randomness or disorder of the gel structure is locked into place by
van der Waals cohesive forces, preventing the formation of an efficiently
packed particle network. Consequently, the compressibility of the neutral
gel is greater than that of the charged gel at high tensions.
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Figure 4—Rate of acid neutralization at pH 3.0 and 25°. Key: A, gel 1;
and B, gel 2.
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Figure 5—Effect of particle density on interparticle distance. Key: \,
interparticle distance; V, volume of each particle; S, total surface area;
and d, diameter of each particle. The volume of each particle is reduced
by 50% in each step while the total volume of the particles is con-
stant.

A practical consequence of this behavior is that the charged state
permits more convenient water removal, but only when the water content
is below that corresponding to a tension of 9 cm of water. Above 9-cm
water tension, the neutral state is more desirable for operations involving
water removal.

The zero point of charge of gel 2 was 7.6. This gel is believed to have
a smaller particle size and, therefore, a greater surface area than gel 1 since
this gel became too viscous to mix as the pH was brought to the zero point
of charge. It was not possible to adjust the pH to 7.6 where the maximum
viscosity occurs because of the high viscosity. This behavior is in contrast
to that of gel 1, which became more viscous as the pH was adjusted to its
zero point of charge but still remained fluid at the zero point of
charge.

The smaller particle size of gel 2 was confirmed by comparing the rate
of settling of 1% equivalent aluminum oxide dilutions of gels 1 and 2. The
t5o value for the sedimentation of gel 1 was 1.8 hr while gel 2 required 4.3
hr for an equivalent degree of sedimentation. The more rapid rate of acid
neutralization by gel 2 at pH 3 (where both aluminum hydroxycarbonate
gels will be highly charged) also reflects its smaller particle size (Fig.
4).

It was not possible to repeat exactly the tension cell experiment for gel
2 since the viscosity was too great at the zero point of charge. However,
the effect of charge on the gel 2 structure was similar to that observed for
gel 1 (Fig. 2, C and D). Gel 2 was more compressible when in a highly
charged state, i.e., at pH 5.5, up to a tension of ~7 cm of water (Fig. 3, C
and D). The less charged state, i.e., at pH 7.0, was more compressible at
higher tension levels. The point at which the charged gel became more
compressible than the neutral gel (7 cm of water) occurred at a lower
tension than was observed for gel 1 due to the much greater charge on gel
2.

The most striking difference between gels 1 and 2 was that gel 2 was
less compressible regardless of its charge. Since the same types of forces
are present in both gels and each gel has the same equivalent aluminum
oxide content, the factor responsible for the difference in behavior must
be the smaller particle size and, consequently, the greater surface area
of 2. Reducing the particle size while maintaining a constant solids con-
centration will cause gel 2 to have a higher particle density.
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The effect of particle density may be illustrated by the example pro-
vided in Fig. 5 in which individual particle volume is sequentially halved
in a one-dimensional arrangement of particles. Such a system is especially
relevant since linear chains are frequently formed under the influence
of van der Waals attractive forces (13). Although surface area does not
increase substantially upon two subdivisions, the average interparticle
distance decreases signficantly. Consequently, a gel having a smaller
particle size is much more likely to form an extended chain-like network
when cohesive interparticle forces exist.

The effect of particle density for the general case of three-dimensional
particle arrays with either attractive or repulsive interparticle forces
present may be further clarified through the microscopic energy—distance
profiles of Fig. 1 (A and B). As was shown, a higher particle density leads
to a smaller average interparticle separation distance. Since forces depend
inversely on separation distance, the net restoring force exerted on a given
particle by all others during a small displacement of the particle from its
equilibrium position is greater (as in Fig. 1A). A low particle density yields
the opposite effects (as in Fig. 1B) so that particles are less influenced
by one another and are not held as tightly in place. This conclusion follows
for coulombic-type forces as well as van der Waals forces so that gel 2 is
predicted to be less compressible than gel 1 in both its charged and dis-
charged states. The experimental results observed in Fig. 3 support this
conclusion.
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