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Abstract

The interaction between negative colloidal particles of NHI -montmorillonite and particles of activated carbon was studied as a function of

particle concentration, pH, and time of contact. The results show that carbon particles act as a support/bridge for clay particles, the type of resulting
clay/carbon/clay associations depending on the pH and the clay/carbon ratio in the system. The relation between clay and carbon particles can be
described by equations of the Langmuir type. For the same carbon particle concentration in the system, the relation varies from 6820 to 36,100
and is dependent on pH. The interaction coefficients at pH 6.5 correspond to reaction of pseudo-first (k| =4.14 x 107310 1.93 x 1073 s~ 1) and
pseudo-second order (ko =9.36 x 10~ 1446247 x 1071 cm3 s~ 1) for different clay/carbon ratios. By using the Dubinin—Radushkevich equation,
the interaction energy (£22.42, £685.0, and £14.63 J molfl) was obtained for three different pH values (5, 6.7, and 7.6), demonstrating that the

reaction is mainly physical.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The interaction of colloidal particles with opposite charges
and/or of different sizes, leading to adhesion, adsorption, or
other association types, is a phenomenon of interest in many
natural and practical processes, such as flocculation, filtration,
water treatment, flotation of minerals, and migration of the clay
in silts.

Interactions between particles can generally be described by
the Langmuir adsorption model [1] and could also be stud-
ied by other equations such as the Freundlich and Dubinin—
Radushkevich [2-8] adsorption models and the Smoluchowski
flocculation model [9-12]. In all cases the repellent and at-
tractive interactions between similar and different particles are
considered and evaluated.

Montmorillonite is a clay mineral present in most soils,
where it plays an important role in retaining humidity and in
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binding particles. It is also much used in industry to lubricate
perforations, to bind foundry sand, and in pelleting, filters, sor-
bents, etc. Montmorillonite particles are negatively charged by
isomorphic substitution, the charge being independent of the
pH [13] and generally compensated for by cationic exchange
processes. The exchange cations are removed by the presence
of H* when the pH is low, and some change in the behav-
ior of the clay in the suspension (generally flocculation) can
therefore be expected. Activated carbon is used to clarify soil
suspensions in chemical analysis (determination of phospho-
rous, boron, etc.) and of course in industry. Negatively charged
clay colloids and the positively and negatively charged particles
of activated carbon (depending on the pH of the system) are
very well characterized, thus opening up interesting avenues of
research and study of the interactions between different-sized
particles with opposite charges.

The aim of this study was to analyze the interaction of sus-
pensions of NHI—montmorillonite (particle diameter = 0.1 pm)
and activated carbon (particle diameter = 10 ym) as a func-
tion of particle concentration, pH, and interaction time of
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these charged colloidal particles in terms of the Langmuir and
Dubinin—Radushkevich models.

2. Theoretical background
2.1. Interaction of particles

2.1.1. Langmuir isotherm

Assuming that the interaction of particles of opposite charges
and different sizes responds to treatment in a manner similar to
that of the Langmuir adsorption, we have

Ny _ [(No — Ng)/NclkiN;
(No — Ny)/Nc 1+ kiN;

) e))

where Ny is the initial number (particle cm 3, mg dm3, etc.)
of small positively or negatively charged particles (in our case
negatively charged montmorillonite), N; is the number of the
same particles at a given time, Ng is the number of small
particles at equilibrium, N¢ is the number of large particles
(particlecm™3, mgdm™3, etc.) of opposite charges (these can
be dependent on the pH—e.g., activated carbon) present in the
system, and ky (cm? particle™!, dm? g~!, etc.) is a proportional
coefficient of interaction of these particles in the system.

2.1.2. Dubinin—Radushkevich isotherm

To determine the interaction energy, we can use the Dubinin—
Radushkevich (D-R) equation [1-7,14,15]. Assuming that the
interaction occurs by adsorption of the small particles and that
these form a single layer on the surfaces of larger particles, we
have

Ing =1InQ — ke, 2)

where g is the quantity (mol g~!) of small particles (clay) that
interact with 1 g of large particles (carbon) for a given concen-
tration of small particles (C, in mol dm~?), Q is the maximum
adsorbed quantity (mol g~!) of small particles, k is the propor-
tionality coefficient of the energy interaction (mol? kJ—2), and
¢ is the Polanyi potential (k] mol~!) (see Appendix A) [1-7],

e=RTIn[1+ (Ca/Cp)]. (©)

where R is the gas constant (8.314 x 1073 kimol~! K~1), T is
the absolute temperature, C4 is the quantity of the extracted
adsorptive of the dispersion (g adsorptive dm—3), and C, is the
adsorptive equilibrium concentration (g adsorptive dm™3).

Knowing the value of the proportionality coefficient £ of in-
teraction obtained from the D-R equation, one can obtain the
adsorption median energy E (kJ mol™) = £(2k) =% (see Ap-
pendix B) [16].

2.2. Kinetics of the interaction

Chemical kinetics studies the velocity and mechanisms of
chemical reactions. Since the reactions of adsorption and/or
interaction between particles can be considered as pseudo-
chemical [3], we can consider the coefficients as corresponding
to reactions of pseudo-first and -second order.

For a reaction and/or interaction of pseudo-first order (Lager-
green equation), the velocity of change of concentration of
clay/carbon particles is dg/dt and therefore the differential
form is [3,17]:
dq

2= k1(ge — q1), “4)

and the integral form is
In(gg — q:) =Ingg — kit ®)

For a reaction of pseudo-second order the differential form
will generally be

dq ’

2 - 6
77 = kelqe — a0 (6)
and the integral form

t 1 t

—=—a+—, (7

qr  kogg 4E

where g is the quantity (particlecm™3) of small particles in-
teracting with larger particles when equilibrium is reached, and
g is the quantity (particle cm™3) of the same particles interact-
ing at time ¢ (s). In our case we define gg = (N9 — Ng) and
q: = (Nog — N;), where N; is the number of small particles per
cm? after interaction with the other particles at time ¢. Equation
(5) is thus

In(N; — Ng) =In(No — Ng) — kit, 3)
and Eq. (7) is
t 1 t

— . 9
(No—N) _ ka(No—Np)? | (No— Np) ®

The interaction coefficients k1 (pseudo-first-order) and k»
(pseudo-second-order) are expressed in s~! min~!, and

em? particle™! s™!, dm? g~ min~!, etc., respectively.
3. Materials and methods

The clay used was a montmorillonite from Cerro Ban-
dera (Neuquén, Argentina) with a specific surface area of
799.6 m> g~ !, as determined by orthophenanthroline adsorp-
tion [18,19]; a cationic exchange capacity (CEC) of 80.2 cmol,
kg~!; and a molecular weight of 735.48 g [20,21]. The clay
was saturated with NHZ ions by repeated washing with NH4Cl
0.1 M, washing with distilled water, and centrifugation until
elimination of CI™ [22]. The suspension was then dispersed
by ultrasound and centrifuged at 12,000 rpm for 15 min to
eliminate particles with radius >0.05 um. The resulting sus-
pension has a particle concentration of 4.16 gdm™3, pH 7.8,
a specific surface area of particles of 498.7 m?> g~!, obtained by
orthophenanthroline adsorption [19], and an electric conductiv-
ity of 11.35 mSm™!,

The powdered activated carbon provided by Mallinckrodt
Chemical Works (USA) had a density of 1.80 gcm™ and a spe-
cific surface area of 899.7 m? g~!, determined by orthophenan-
throline adsorption [23]. The activated carbon was washed with
distilled water, the particles were dispersed by ultrasound, and
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particles with radius >5 pum were eliminated by centrifugation,
giving a sufficiently stable suspension for 24 h with a concentra-
tion of 18.753 gdm~3. After prior shaking for 10 min, aliquots
of the suspension were taken to prepare more diluted suspen-
sions for the different experiments.

Data from a previous paper [1] show that in the range
pH 3.7-8, absorbance of a sol of 0.693 gdm™3 of NHZ-
montmorillonite is independent of the pH, allowing one to ob-
tain absorbance data and hence clay particle concentration with
a safety margin.

The volumes of clay particles and activated carbon were cal-
culated on the basis of the absorbance determinations in diluted
suspensions. Assuming the validity of the Raleigh equation for
the dispersion of light, this can be written in combination with
the Lambert and Beer law [1,22,24] as

2.303A =koN V2 =komV1/p, (10)

where A is the absorbance, N is the number of particles per
cm?, m is the mass of particles (gcm™3), V is the particle vol-
ume (cm?), [ is the optical path length (1 cm), and p is the
density of the clay (2.71 gecm™>) and/or of the carbon particle

(1.80 gecm™), and

ko = (24703 /24 [(n> = n2) / (n® + )], (1)

where ny is the refractive index of the water (1.333), n is that of
the clay (1.60) and/or of the carbon (unknown value), and A is
the wavelength in nm (360 nm for clay and 560 nm for carbon).

The particle volume was calculated as a function of it’s the
half radius (a), obtained by centrifugation of the suspension,
based on [25]

x2 2, w?
In—==-a“(p— po)—t.
x1 9 n
Replacing the angular speed (w) with 2w n, where n is the num-

ber of revolutions per second (rps), we have

0.5124 [nlog(xa/x1)
a= ,
1ps t(p — po)

where a is the radius (cm) of the particle (supposedly spher-
ical), n is the viscosity of the water (zcm~!s™!), x1 and x,
are the smallest and largest radii (cm), respectively, of the cen-
trifuge head, 7 is the time of centrifugation in seconds, p and pg
are the densities (g cm™>) of the particle and the water, respec-
tively, and 0.5124 = \/(9 x 2.303)/(2 x 472).

Knowing the value of the particle radii, their volume can
be calculated, assuming them to be spherical. The particle half
radius can be calculated from the mean volume of the montmo-
rillonite particles, obtained by Eq. (10), and the slope in Fig. 1,
which is equal to kgVI/p [1]. The resulting estimate is in rea-
sonable agreement with that obtained by Eq. (12).

To study the interaction between carbon particles and nega-
tively charged clay particles, 5 ml of a carbon suspension with
a given particle concentration (1.0 gdm™3) was adjusted to pH
5 + 0.2 and placed in centrifuge tubes. To each tube was added
5 ml of clay suspension with particle concentrations varying
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Fig. 1. Absorbance dependence on the concentration of carbon (a) and mont-
morillonite (b) particles in aqueous suspension. The error is within a 95%
confidence interval of the mean, and the lines are the corresponding fit.

from 0.2 to 1.4 gdm™3 and having the same pH as the car-
bon suspension. The mixtures were agitated for 5 min, left in
contact at 28 °C for 60 min, and then centrifuged at 3000 rpm
for 5 min. The clay particle concentrations were determined in
the supernatant liquid from the absorbance measurements at a
wavelength (1) of 360 nm using a standard curve obtained by
measuring the absorbance of suspensions with known concen-
trations of clay (A = 360 nm) and carbon (A = 560 nm) parti-
cles (Fig. 1). The pH of the suspensions was also measured.
The experiment was repeated at pH 6.7 and 7.6.

The acid-base titration of activated carbon was carried out
by taking a 10-ml sample of the stock carbon suspension in
50 ml (3.75 gdm™3) of NaNO;3 0.1 and 0.001 M as electrolyte
supports and HNO3 and NaOH 0.2 M as titration solutions; the
pH was measured in each case. Blank tests were also carried
out using titrations of NaNO3 solutions without carbon parti-
cles in order to calculate the net sum of reception or discharge
of the protons [26]. The adsorption of Na™ and/or C1~ was de-
termined as a function of pH in carbon suspensions prepared
as in the previous paragraph, but containing NaCl 0.01 M at
different pH values (3 to 11). Sodium was determined with an
absorption spectrophotometer and Cl by titration with AgNO3
0.010 M according to the Mohr method [27].

To obtain the interaction kinetics between carbon and clay
particles, a 5-ml aliquot of the carbon suspension (0.0063 to
0.250 gdm™3) at pH 6.5 was placed in a centrifuge tube and a
5-ml aliquot of given concentrations of clay suspension (with
the same pH as the carbon suspension) was added to reach final
volumes of 0.511 to 0.128 gdm™>. The mixture was agitated
for 10 s and centrifuged at 5000 rpm for 2 min, the supernatant
was placed in a quartz cuvette (of 4 ml), and absorbance was
determined (A = 360 nm) at 2.5 min. The experiment was re-
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Fig. 2. Absorbance dependence on wavelength (A, nm) in aqueous suspension
at pH 7.5, a carbon particle concentration of 0.432 g dm—3 (M), and a montmo-
rillonite particle concentration of 0.525 g dm™3 (O).

peated to measure absorbance at 5 and 10 min and then every
10 min until 60 min was reached, after which the pH of the sus-
pensions was measured (pH 6.5 £ 0.2).

4. Results and discussion

Absorbance of the clay suspension was very low compared
with that of the carbon suspension (Fig. 2). Furthermore, the
clay suspension proved to be very stable, showing the same
level of absorbance before and after centrifugation at 3000 rpm
for 5 min; at this same speed and centrifugation time, decanta-
tion of the carbon particles was complete. These two factors, the
low level of absorbance and the stability of the clay suspension,
speak for the reliability of the experimental procedures used in
this study. However, the concentration of clay particles could
not be determined in the presence of carbon particles without
centrifugation.

Using Eq. (10), we obtained a volume of V = 5.47 x
10716 ¢m?3 particle_l, a radius of 5 x 107° cm, and a number
of particles per gram of Ny = 6.75 x 10'# for montmorillonite.

The radius of carbon particles obtained using Eq. (12) is
4.1 x 10~* cm, giving a volume of V¢ = 4mwa®/3 = 2.89 x
10719 ¢cm? and a number of particles per g Nc = 1.92 x 10°.

4.1. Surface charge characteristics of the particles

The mixture of 0.492 gdm™3 of montmorillonite particles
with 0.960 g dm™3 of activated carbon after 18 h of contact has
a pH that varies with respect to the initial value in all cases (ex-
cept when close to pH 7), as shown in Fig. 3a. The initial pH
values of between 6 and 7 practically reach a plateau at a fi-
nal pH of 6.75, possibly owing to the proximity of the value
to the point of zero charge (pzc) of the carbon (7.5). The final
pH of the suspension is higher than the initial pH, probably be-
cause at pH < 6 a carbon/clay/carbon system forms (favored by
the replacement of NHj by H' and by the positively charged
carbon particles) that offers a slightly positive exposed surface.
At pH values >7, the level of interaction between the clay and
carbon particles is low, since both tend to be highly negative
(clay—water and carbon—water systems), and in the absence of
OH™ adsorption the final pH value increases more rapidly with
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Fig. 3. (a) Variation from initial pH in a suspension containing 0.432 gdm*3
montmorillonite and 0.960 gdm_3 of activated carbon. (b) Acid/base titra-
tion data of a suspension of activated carbon of concentration 3.75 g dm=3 in
NaNO3 10~ M (O) and 10~3 M (O) and adsorption of Na* (M) and/or C1~
(@) in a similar suspension in NaCl 1071 M.

respect to the initial value, as indicated by the steepest section
of the slope at these pH values (Fig. 3a).

Carbon particle charge is dependent on pH, as confirmed by
the data relating to the acid-base titrations shown in Fig. 3b,
which also show that carbon particles reach the pzc at pH 7.5.
The adsorption of Na™ and CI~ as a function of pH is also
shown; the position of the pzc is corroborated by the intersec-
tion of the adsorption data of Na™ with that of C1~.

4.2. Interaction isotherms

Fig. 4 presents the interaction isotherms of clay particles
with carbon particles at pH 5, 6.7, and 7.6 in accordance with
Eq. (1), where (N9 — N;)/Nc = g. The concentration of the
clay suspensions varies until a value of 1.4 gdm™3 is reached.
The isotherms at pH 5 and 6.7 are of the L type [28], showing
high affinity of clay particles for those of carbon, whereas at
pH 7.6 (a value close to the pzc) there is low affinity.

The higher level of interaction between particles whose
charges depend on the pH of the system is in agreement with the
fact that carbon particles have higher positive charges at lower
pH values (Fig. 3), whereas at higher pH the negative charges
prevail on the surface of the carbon. This observation demon-
strates the importance of electrostatic phenomena in the studied
interactions.

The data in all the interactions shown in Fig. 4 can be ad-
justed to the usual Langmuir isotherm, as evidenced by the
straight lines observed in the figure. The maximum quantity of
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Fig. 4. Adsorption isotherms of montmorillonite particles on activated carbon at
different clay concentrations and pH values. Full and open circles correspond to
adsorption according to the Langmuir equation and Eq. (1), respectively. The
error is within a 95% confidence interval of the mean, and the lines are the
corresponding fit.

clay acting reciprocally with carbon [Q; = (Ng — Ng)/Nc] can
be calculated from the slopes of the lines as a proportion of clay
particles with carbon particles expressed in mg/g or in particles
numbers per g (see Table 1).

The data in Fig. 4 can be interpreted as follows: the car-
bon particles are sufficiently large in size (Vc/ Vi = 528,000)
and specific surface (Ac/Am = 1.80) to act as a support/bridge
between clay particles that form associations at these pH val-
ues. The quantities of clay per gram of carbon and/or number
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Fig. 5. Interaction isotherms of activated carbon with montmorillonite parti-
cles in agreement with Dubinin—Radushkevich equation for three pH values:
(a) pH S5, (b) pH 6.7, and (c) pH 7.6.

of clay particles (Ny/Nc = 26,500, 36,100, and 6820 clay
particles/carbon particle, respectively) involved at pH 5, 6.7,
and 7.6 indicate that interaction is favored at pH 6.7. Fur-
thermore, it is a process involving a different interaction, as
can be appreciated from the different values of the coefficients
ks = 0.3251 dm® g~! clay and kg7 = 5.591 dm> g~! clay and
the different form of the two isotherms. This could be due to the
fact that at low pH values the quantity of positively charged sites
on the carbon particles increases significantly but the number
of protons HT also increases in the system, causing competi-
tion between these and the positive carbon particles. At pH 7.6,
the negative and positive charges of the surface carbon particles

Table 1

Ratio of montmorillonite particles (small) to carbon particles (large) (Ng — Ng)/Nc and interaction coefficients at equilibrium (according to Eq. (1))

Carbon concentration (No — Ng)/Nc Interaction coefficient (k) r2

(g dm73) pH ((mg clay)(g carbon)™ 1 ) (particle particle™ 1 ) (drn3 (gclay)™ 1 ) (cm3 particle™ 1 )

1.0 5.0 75.41 26,500 0.325 0.482 x 10~12 0.973
1.0 6.7 102.9 36,100 5.628 8.34 x 10712 0.996
1.0 7.6 19.41 6820 0.6315 0.935 x 10~12 0.947
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are the same (pzc = 7.5), causing a phenomenon of repulsion
between these and the clay particles. This effect is manifested
in low adsorption and/or interaction (Ny/Nc = 6,820 clay
particles/carbon particle) and in the value of the coefficient
k7.6 =0.7795 dm> g~ ! clay.

Tracing Ing (g, clay particles adsorbed on those of carbon,
in mol g_l) as a function of &2 (kJ? mol—2) obtains Q (mol g_l)
and k (mol? kJ~2) for the intercept and the slope of the line, re-
spectively (see Fig. 5). The results of Q in mgg~' and k in
mol? kJ =2 are presented in Table 2. As can be observed, with
the D-R isotherm, values of Q are obtained that are inversely
proportional at the pH of the equilibrium and are also higher
than those obtained with the Langmuir isotherm. This can only
be explained by the fact that the linear Langmuir equation (for
a homogeneous surface) at pH 5 fits a lower correlation coeffi-
cient (r2 = 0.973) than that of the D-R equation (r2 =0.995)
(see Tables 1 and 2) for this same isotherm, and also by the fact
that the empirical equation of D-R is based on a model of gas
adsorption by microporous sorbents [14,29].

From the physicochemical point of view, the clay/carbon/
clay aggregates formed at pH 5 and 6.7 are adequate for the
association, as are agglomerates with a clay—water interface,
forming a more stable equilibrium condition than carbon—water
and clay—water interfaces together in a system at pH > 7.6.

4.3. The interaction energy

The median adsorption energy and/or interaction, defined
as the energy required to transfer one mol of the adsorp-
tive (clay) from the solution to the adsorbent surface (car-
bon), was obtained from the relationship £ = +(2k)~05 given
by Hobson [2,5-8,16] (see Appendix B). The E values for
pH 5 and 7.6 are of the same order of sign and magni-
tude (£22.42 and +14.63 JTmol~!, respectively), whereas at
pH 6.7 a value of +685.0 Jmol~! is obtained. In all cases
the interaction is a completely physical process since the value
lies within the range in which physical processes develop: 8-
20 kImol™! [5,25]. The E values and the parameters of the
D-R equation are given in Table 2.

4.4. Interaction kinetics

The interaction isotherms between carbon and montmoril-
lonite particles show high affinity and the straight line in the
graph of the experimental data C./q against C. (Fig. 4) sug-
gests the possible application of a Langmuir-type treatment of
the reaction data shown in Fig. 6 [1].
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(d) 0.256/0.188, (O) 0.383/0.125, and (M) 0.511/0.063 (g clay)(g carbon)_l.

Table 2
Parameters of the Dubinin—Radushkevich isotherm of the montmorillonite/carbon interaction for different pH values
Parameters pH

5.0 6.7 7.6
Maximum interaction (Q) ((mg clay)(g carbon)_l) 146.2 89.24 16.37
Proportional coefficient of energy interaction (k) (mol2 kJ*2) 994.8 1.066 2335
Correlation coefficient (r2) of Eq. (2) 0.995 0.931 0.953
Mean interaction energy (E) (Jmol™ 1 +22.42 +685.0 +14.63
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Table 3

Data of the interaction kinetics at pH 6.5 for different montmorillonite/carbon ratios

Parameters Clay/carbon ratio ((mg clay)(mg carbon)_1 )

128/250 256/188 383/125 511/63
Number of carbon particles per cm?, (N¢) x 1073 4.80 3.61 2.40 1.21
Number of clay particles per cm?, (Ng) x 10710 8.64 17.28 25.85 34.49
Number of clay particles at equilibrium per cm3, (Ng) x 10-10 245 4.20 9.20 12.20
Clay/carbon interaction, (Ng — Ng)/Nc, (particle particle_l) x 1073 1.29 3.62 6.94 18.42
Interaction coefficient (k) of Eq. (8), s~ x 10 3.36 1.94 2.06 2.25
Correlation coefficient (r2) of Eq. (8) 0.950 0.981 0.994 0.978
Interaction coefficient (ko) of Eq. (9), (crn3 particle_l s_l) x 1014 9.36 2.47 5.12 3.77
Correlation coefficient (r2) of Eq. (9) 0.992 0.973 0.997 0.994

In equilibrium, all small clay particles should interact with
all large carbon particles. This condition was not observed in
the present study, as can be seen from the data shown in Ta-
bles 1 and 3 and in Fig. 7, where equilibrium was reached in
between 30 and 40 min.

It is clear from Eqgs. (8) and (9) that a graphic representa-
tion of In(N; — Ng) and/or t/(Ny — N;) as a function of ¢ (s)
will give straight lines, from whose slope can be calculated the
coefficients of pseudo-first (k1) and pseudo-second (k») order
of the clay/carbon interaction. Graphs of this type are shown in
Fig. 7a. The data obtained from these graphs have a high corre-
lation coefficient and are valid within the time range it takes for
the interaction to reach equilibrium (30 to 40 min). The straight
lines obtained confirm the concept expressed above through
Eq. (8) and indicate that the level of interaction is directly pro-
portional to the concentration of clay particles. In other words,
the interaction is of pseudo-first order in terms of clay particle
concentration.

Table 3 gives the interaction coefficients obtained from
Eq. (8), corresponding to a reaction of pseudo-first order. The
values for the coefficients are of the order of kj ~ 1073 s71.
The fact that the clay/carbon ratio is >1:1, a value that normally
applies to the factor of bimolecular collision, may be responsi-
ble for the high interaction coefficients.

By applying Eq. (9) we obtain the coefficients of pseudo-
second order (ky ~ 10~ cm? particle’1 s~1) shown in Table 3
(see Fig. 7b). These pseudo-second-order interaction coeffi-
cients are very similar to those obtained for the interaction
between the same clay particles and positively charged Fe-oxy-
hydroxyde (8-FeOOH: akaganeite) particles, which have a vol-
ume ratio of Vreoon/Vm = 2.44 and k| = 10~ em3s 1 [1].

5. Conclusions

Positively charged carbon particles appear to act as a sup-
port for negatively charged montmorillonite particles and form
associations even at values of pH 5 and 6.7, under which con-
ditions the presence of positive charges in the carbon does not
have much effect. At pH values > 7.6 the interaction is smaller,
and at pH > 9 any interaction would not be detectable, ow-
ing to the presence of negative charges in the carbon particles.
At the same concentration of carbon particles, the ratio of clay
particles to carbon particles was 6200 to 36,000, depending on
the pH of the system. The interaction of the particles as a func-

tion of the suspension concentration gave place to isotherms of
high affinity with interaction coefficients of pseudo-first order
(k1 =3.354x 103 t01.94 x 1073 s~ !) and pseudo-second or-
der (ky =9.36 x 1078 t0 2.47 x 1078 cm? particle™! s~!) when
the data were adjusted to Egs. (8) and (9). The energy (£14.63
to £685.0 Jmol~!) data show that the reaction is mainly phys-
ical.

The values of the pseudo-first-order coefficients (1073 571
are much bigger that those of the pseudo-second-order coeffi-
cients (10_14 cm? s_l). These, in turn, are smaller than those
obtained with the flocculation kinetics, usually on the order
of 10712 cm3s~! [1]. This could indicate that the collisions
between the clay and carbon particles form clay/carbon/clay ag-
gregates at first, and later bigger aggregates are formed, which
eventually produce the flocculation and sedimentation.
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Appendix A. Calculation of the Polanyi potential

The equation of the Polanyi potential (¢) given by Hobson
[16] for the adsorption of gases on solid surfaces is

e =—RTIn(p/po),

where p is the gas pressure in contact with the adsorbent sur-
face at equilibrium and pg corresponds to the initial pressure.
To apply this equation to the adsorption of an adsorptive in
aqueous media, po = CrkgT and p = CgkgT [30] must be re-
placed, where Cf is the initial concentration of the adsorptive,
Ckg is the equilibrium concentration, kg is the Boltzmann con-
stant (1.381 x 10723 JK~ ! molecule™!), and T is the absolute
temperature. C4 = C1 — Cg, where Cy is the amount adsorbed.
The quantities Ca, C1, and Cg have the same units, i.e., mole-
cule cm_3, molecule dm_3, particle cm_3, etc. Equation (A.1)
can thus be written as

Ca
=RTIn( 1+ — ).
& n< +CE)

(A.1)

(A2)
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Table 4
Different parameters of the Dubinin—Radushkevich equation obtained by the
three equations of the Polanyi potential (¢) for pH 5

Parameters Eq. (A2) Eq. (A3) Eq. (A4)
Ca ((gclay)dm—3) 0.0128 0.0128 0.0128
Ce ((gclay)dm™3) 0.6373 0.6373 0.6373
&2 (k%2 mol—2) 0.002476 5.575 7.9602

k (kJ? mol~—2) 994.8 0.08618 0.09044
Q ((mgclay)(g carbon)_l) 146.2 23.46 17.81

E (K mol™1) +0.02242 +2.409 +2.351
Correlation coefficient 12 0.996 0.954 0.871

This equation is written by many researchers [2—8,31-33] as

1
8=RT11‘1(1+—>, (A.3)
Cg
1
&=RTIn —, (A4)
Ce
and also as [34,35]
S
£=RTIn—, (A.5)
Cw

where S is the adsorptive solubility in water (gdm~3) and
Cw is the equilibrium concentration of the adsorptive in wa-
ter (g dm_3).

The results of Egs. (A.3) and (A.4) are similar but differ
considerably from those obtained by Eq. (A.2) proposed in the
present paper (see Table 4). We are not aware of adequate sup-
port in the literature for the use of Egs. (A.3) and (A.4), nor
of any proposal for Cg units: mol L™!, (g solute)(g solution) ™",
etc. In Egs. (A.1) and (A.2) the units correspond to the pres-
sures (dyn cm™2) but these are eliminated in both, so that the
units depend solely on RT (Jmol~!, kI mol~!, etc.).

Appendix B. The adsorption energy

According to Hobson, “the most probable energy of adsorp-
tion” [16] is given by

E = (2k)~9, (B.1)

where k is the energy constant of the equation of D-R [14,15].
In Eq. (B.1), the sign & should be assigned, since it is the
result of a square root. We obtain in this way

E =+2k)07. (B.2)

This would solve the different interpretations that various au-
thors give to Eq. (B.1), even those who cite Hobson, giving the
adsorption energy E positive [2,5-8,31-33,36-38] and/or neg-
ative [3,39-41] values. Another form of presenting the energy
E is [32,33,39]

E =1/v=2k.

This equation is mathematically impossible to solve with
real numbers, unless the sign of k is negative; but according to
the D-R equation it has a positive value. To correct this, some

(B.3)

authors [42,43] write Eq. (B.1) as

E=—(2k)"%. (B.4)

The sign of the value of adsorption energy should be deter-
mined by the adsorption enthalpy A H, which will be negative
in exothermic and positive in endothermic processes.
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