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ABSTRACT

The single adsorption of Cd and Zn from aqueous solutions has been investigated
on Scharlau Ca 346 granular activated carbon in a wide range of experimental condi-
tions: pH, metal concentration, and carbon concentration. The results showed the ef-
ficiency of the activated carbon as sorbent for both metals. Metal removals increase
on raising the pH and carbon concentration, and decrease on raising the initial metal
concentration. The adsorption processes have been modeled using the surface com-
plex formation (SCF) Triple Layer Model (TLM). The adsorbent TLM parameters
were determined. Modeling has been performed assuming a single surface bidentate
species or an overall surface species with fractional stoichiometry. The bidentate sto-
ichiometry successfully predicted cadmium and zinc removals in all the experimental
conditions. The Freundlich isotherm has been also checked.

Key Words.  Activated carbon; Adsorption; Cadmium; Zinc; Triple
layer model
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INTRODUCTION

The toxicity of heavy metals released into the environment has increased
the number of studies concerning heavy metals removal from aqueous solu-
tions over recent years. Adsorption onto different carbonaceous materials (ac-
tivated carbon, peat, lignite) has become an accepted method for heavy met-
als removal (1-3). Both to evaluate the process performance and to design
new treatment units, predictions of the metal partitioning between the aqueous
solution and the solid surface are required. Such predictions can be achieved
by an adequate modeling of the adsorption process. Heavy metal adsorption
equilibrium has been modeled by using the classical empirical adsorption
isotherms (Linear, Langmuir, Freundlich) or by applying mechanistic models
such as surface complex formation (SCF) models (4). The adsorption equilib-
rium studies have consistently revealed that pH is the dominant solution pa-
rameter controlling adsorption, which limits the applicability of the isotherms
since adsorption parameters must be determined at constant pH. On the other
hand, the more general SCF models incorporate the complexity of the aque-
ous chemistry and the specific interactions between the surface of the solid
and the metal ion by taking into account the effects of pH, solution composi-
tion, and other factors. However, the application of SCF models to activated
carbon systems is still limited due mainly to the scarcity of information related
to the model definition and calibration. Since the predicted responses can be
highly dependent on the model formulation, model calibration involves the se-
lection of a set of possible surface species, not always previously identified.
Therefore, experimental data obtained in a wide range of solid-solution con-
ditions, including different pHs and adsorbent and adsorbate concentrations,
should be required for the model fit, and modeling efforts involving a com-
plete set of experimental data are still scarce.

The objective of this study was to investigate the adsorption characteristics
of two heavy metals, cadmium and zinc, onto a commercial granular activated
carbon (Scharlau Ca 346). The activated carbon used is an L-type carbon ad-
equate for cation adsorption. The experiments have been performed to study
the effects of such important factors as pH, metal concentration, and carbon
concentration on heavy metals removal in a wide range of experimental con-
ditions. The SCF Triple Layer Model (TLM) (5) has been used to predict
heavy metal adsorption onto activated carbon. For this purpose, a preliminary
characterization of the adsorbent was required. Hence, the specific surface
area of the adsorbent and its acid—base behavior were also determined. Mod-
eling procedures presented in this work are an additional contribution in a re-
search project studying the adsorption processes of different heavy metals
onto several granular activated carbons in both batch and column systems
(6-9).
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EXPERIMENTAL

The granular activated carbon used in this study was Ca 346 supplied by
Scharlau (La Jota, 86-08016 Barcelona, Spain). The activated carbon was
used without further washing, oven dried at 110°C for 24 hours, and then
stored in a desiccator. Analytical grade reagents were used. Stock solutions of
1 X 1072 M of the test metals were prepared by dilution of sulfate salts
(ZnSO,4-7TH,) and CdSO,-8/3H,0) with double distilled water. Solutions of 1
X 107! M NaOH and 1 X 10~' M HCI were used for pH adjustment in both
batch and titration experiments. The ionic strengths of the solutions were ad-
justed in all experiments, using NaCl as the background electrolyte.

Characterization of the Activated Carbon

The surface area was determined by the nitrogen BET method (10). The
pore site distribution was determined by the BJH method (11). Acidimetric-
alkalimetric titrations were performed using a microburet. pH measurements
were monitored with a WTW combined electrode pHmeter model 3000 with
*0.003 accuracy, equipped with a temperature probe. Samples of a 100 g/L.
suspension of activated carbon were closed to the atmosphere, and a period of
24 hours was used to equilibrate the suspension pH prior to titration. The titra-
tions were performed at four ionic strengths: 0.001, 0.01, 0.05, and 0.2 M
NaCl, and at room temperature (20-22°C). A 5-minute period between each
titration addition was used. Blank samples containing only NaCl were also
titrated.

Batch Adsorption Experiments

All experiments were carried out at constant 0.01 M NaCl ionic strength
and at 20°C. For each metal the experiments were designed to study the inflo-
ence of pH, metal concentration, and carbon concentration on the adsorption
process. For this purpose the adsorption of cadmium and zinc under several
metal concentrations for a constant carbon dose was studied in the 4-8 equi-
librium pH range. Three carbon doses in the 5-20 g/L range were employed.
Additional experiments with carbon concentrations of 40 and 100 g/L. were
also performed for the Ca 346—Zn system. For this granular activated carbon,
100 g/L is the maximum concentration that can be handled in batch experi-
ments.

Batch adsorption experiments were conducted by mixing 50-mL solutions,
containing one metal, with a constant dose of activated carbon (0.25, 0.5, 1, 2,
or 5 g) in 100-mL Pyrex Erlenmeyer flasks with cap. Flasks were shaken (180
rpm) at constant temperature using a New Brunswick Scientific G25KC
model incubator orbital shaker with temperature control in the 4 to 60°C
range.
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The adsorption of Cd or Zn from solutions with heavy metal concentrations
from approximately 2 X 107> M to 2 X 107> M was performed. For each
metal concentration, one sample was reserved for analysis to determine the
initial metal concentration in the flasks, and 6-8 samples were prepared with
different initial pH values by the addition to each flask of predetermined
amounts of 1 X 107" M HClor 1 X 10”! M NaOH. The reaction period lasted
72 hours, which was previously verified as being time enough to ensure that
equilibrium conditions were reached. At the end of the reaction period, pH
was measured using the WTW combined electrode pHmeter model 3000.
Samples were filtered with a Millipore filter and filter holders (25 mm diam-
eter, 1.2 mm pore size). Filtrates were collected in bottles and acidified with
concentrated HNOj3. The residual metal concentration in the supernatant was
measured using a Unicam model 939 Atomic Absorption Spectrophotometer.

RESULTS AND DISCUSSION

Characterization of the Activated Carbon

The specific surface area of the activated carbon Scharlau Ca 346 mesh ob-
tained from two replicates was 838 m?/g. Total pore volume was 0.58 cm®/g
and BJH pore volume of pores between 17.0 and 300.0 A was 0.23 cm®/g.

The experimental titration curves of the adsorbent are shown in Fig. 1. An
estimation of the surface site density of the adsorbent can be obtained from the
maximum proton uptake or release by the adsorbent at extreme pH values
since it represents the concentration of ionizable hydroxyl groups (4). Hence,
both sample and blank titrations were carried out up to extreme pH values (1
to 13), with the surface site density being evaluated from the titrant consump-
tion at the intercept point between sample and blank curves. At this point it
was assumed that all the ionizable hydroxyl groups of the sample have been
titrated. From the four titrations performed, both in acidic and basic zones, an
average surface site density of 3.80 X 107 mol/m? was estimated.

The single-diprotic-weak acid model was adopted to represent the
acid—base behavior of the carbon surface (6, 12-14). According to TLM, two
surface acidity constants are defined by mass action laws, including an elec-
trostatic correction term:

COH][H*

K, = Lfé%{%j_] exp(—FW¥,/RT) (1)
CO J[H*

g = *[—_[—Q%—I]—]— eXp(—F‘IIO/RT) (2)

where K, and K,, are the surface acidity constants; [COH3 |, [CO], and
[COH] are the concentrations of positively charged, negatively charged, and
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FIG.1 Titration curves of 100 g/L suspension of activated carbon Scharlau Ca 346 at 0.001,
0.01, 0.05, and 0.2 M NaCl ionic strengths. TOTH indicates added titrant concentration (mM).

() Adsorbent titration, (——) blank.
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neutral surface sites; [H'] is the proton concentration in the bulk solution;
R, F, and T are the gas constant, Faraday constant and absolute temperature,
respectively; and s, is the electrostatic potential at the o-plane. K;, and K>,
were calculated by applying the double extrapolation method as described
by Kent et al. (15). This method requires calculation of the following quan-
tities:

ay .
1 —ay’

pQ- = pH — log —= 3)

pQ, = pH + log T—a_

where a; and a_ are the fraction of the positively and negatively charged
sites, respectively. These fractions were obtained from the net surface charges,
+0 for pH values lower than zpc (zero point of charge) and —ay for the
higher than zpc ones, as:

_ +0'0. _ —0p
“Nb T Na )

a+

where Nj represents the surface site density (mol/m?) and b is the conversion
factor from molar to electrostatic units. The net surface charge, oy, is here de-
fined as

0o = (FIAS) (C, — G, — [H'] + [OH™)) &)

in which A is the specific surface area, § is the solid concentration, and C, and
C, are the molar concentrations of the acid and base added. [H'] and [OH "]
are calculated from the titration pH measurements.

The intercept of the extrapolated curves pQ+ vs a+ + 0.05()°° and pQ-— vs
a— + (D*° (Fig. 2) at a4 —0 and at ionic strength (/)—0, and at a_—0 and at
I—0 becomes equal to pKy, and pK,,, respectively. The experimental values
obtained obtained were 3.48 for pK, and 11.54 for pK,, resulting in a pH,pc
of 7.51.

The adsorbent characteristics determined in this section, specific surface
area, surface site density, and acid—base constants, have been used in the ap-
plication of TLM to modeling of the metal adsorption experiments.

Batch Adsorption Experiments

pH-metal removal curves at carbon doses of 5, 10, and 20 g/L. are presented
in Figs. 3 and 4 for Cd and Zn, respectively. Zn pH-removal curves at carbon
doses of 40 and 100 g/L. are presented in Fig. 5. The experiments were carried
out for pH values below the pH where chemical precipitation of the metal hy-
droxides occurs. In these conditions, metal removal can be related only to the
adsorption process.
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FIG. 2 Double extrapolation method used for the estimation of pK,, and pK>, from titration
data.

Metal removal is strongly dependent on pH. Cd and Zn removals increased
from zero to 100% in a narrow pH range (3—4 pH units), with the greatest ad-
sorption occurring at the highest pH values. According to SCF theory, the in-
crease in metal removal as pH increases can be explained on the basis of a de-
crease in competition between proton and metal species for the surface sites, and
by the decrease in positive surface charge, which results in a lower coulombic
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FIG. 3 Experimental cadmium pH adsorption edges at various cadmium and carbon concen-
trations. (a) TLM calibration results for bidentate stoichiometry. (b) TLM calibration results for

fractional stoichiometry.

repulsion-of the sorbing metalAs can be observed by comparison of the exper-
imental data plotted in Figs. 3 and 4, Zn presents a greater removal percentage
than Cd at the same pH, metal, and carbon concentrations., The preference of
several hydrous solids for metals has been related to the equilibrium constant of
the first metal hydrolysis reaction (4, 14). The reported effect is a stronger at-
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traction for the metal showing a higher first hydrolysis equilibrium constant.
The hydrolysis equilibrium pK values are 8.96 for ZnOH™ and 10.08 for
CdOH™ (16). Therefore, the tendency observed for activated carbon Scharlau
Ca 346 is in agreement with those previously reported for other hydrous solids.

(=3
=

Carbon:

Znm Carbon:
n (M): .
20 80 Zn (M):
= -
g 2
=] o
2 50 g 6o -
[ o 2.04E-06 g o 2.04E-05
540 o 4.09E-05 5 o 4.09E-05
8 s 8.42E-06 ® & 8.42E-05

2 20

0 n 1.63E-04 » 1.63E-04

o — T 0 : , —TLM

4 5 6 7 8 4 5 6 7 8
pH pH

Carbon: 10 g/L| " Carbon: 10 g/l

3 Zn {M}: 3 Zn (M):
2 a 4.88E-06 3 O 4.88E-05
E ® 9.52E-05 5 ® 9.52E-05
5 a 2.11E-04 & & 2.11E-04
2 ® 4.03E-04 < e 4.03E-04
—TLM —TiM
pH pH

100
Carbon: 20 g/l Carbon: 20 g/L
- 80 o Zn (M): - Zn (M)
Q @
> >
g e £ O 8.42E-05 8 o 8.42E-05
H e 1.63E-04 @ e 1.63E-04
e 40 a 3.11F-04 'S a 3.11E-04
2 » 6.10E-04 I = 6.10E-04
>
20 —TLM —TLM
o i
4 5 6 7 8
pH pH
(@) (b)

FIG. 4 Experimental zinc pH adsorption edges at various zinc and carbon concentrations.
(a) TLM calibration results for bidentate stoichiometry. (b) TLM calibration results for fractional
stoichiometry.
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FIG.5 Zinc TLM prediction results at high carbon concentrations: (a) bidentate surface
species; (b) overall surface species with fractional stoichiometry.

The efficiency in metal removal is affected by the initial metal concentra-
tion, with decreasing removal percentages with increasing concentration at
constant pH. The pH-removal curves are shifted to more alkaline regions, as
previously reported (6-9, 17). This effect has been attributed to surface bind-
ing of the low-affinity surface sites as the high-affinity ones begin to reach sat-
uration, causing a reduction of removal efficiency.

The adsorption-pH edges are shifted to more acidic regions with an increase
in the carbon concentration. Such an improvement in metal removal can be at-
tributed to an increase in availability of the high-affinity surface sites with an
increase in the carbon concentration.

Modeling

Experimental data were used to determine TLM parameters for the single
adsorption of Cd and Zn onto Scharlau Ca 346 activated carbon. The TLM de-
scribes the adsorption reactions as chemical complexation reactions, but in-
cluding a coulombic correction factor which accounts for electrostatic inter-
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actions between the ionic adsorbate and the surface of the adsorbent. Thus, a
surface complexation equilibrium constant is defined by a mass law action
corrected by an electrostatic factor. The adsorption process involves several
metal-hydroxo surface species adsorbed onto a nonhomogeneous surface
characterized by a continuous distribution of surface sites energies (18). Prior
to the evaluation of the model constants, the types of surface sites, the number
of metal species to be adsorbed, and the stoichiometry of the adsorption reac-
tions must be selected. However, the description of the activated carbon sur-
face and the structure of the metal surface complexes is not yet well defined,
because it currently remains an area of research. In this work a simplified sur-
face complexation model, including a unique metal surface reaction, has been
considered. With this approach an overall surface complexation reaction, in-
volving all the metal species that participate in the adsorption process, is as-
sumed. Thus, the TL.M constant is defined as

Ko - [(CO).—M, (OH)—»][H'}
ads — [QOH]X [M2+]y

where [COH] is the concentration of total free surface sites, [(CO),-
M, (OH);—»] is the concentration of the overall surface complex, s, and sz
are the electrostatic potentials at the o- and B-planes according to TLM the-
ory, F is the Faraday constant, R is the molar gas constant, and T is the abso-
lute temperature.

The complete model formulation also includes possible aqueous complex-
ation and chemical precipitation reactions, represented by chemical equilib-
rium constants obtained from the available database (16). Two surface com-
plexation reactions for the adsorbent acid—base behavior, previously
characterized by pK,, and pK,,, were also needed.

In this work, two model calibration approaches have been checked, as pre-
viously discussed for another activated carbon (9). First, bidentate stoichiom-
etry (x =2,y = 1, z = 2) was selected, and the TLM constants for Cd and Zn
adsorption were calculated point to point from the experimental data. With
this approach the process is represented through a single surface species. Sec-
ond, the multiple surface metal—carbon interactions were represented through
the definition of an overall surface species including fractional stoichiometric
coefficients, representing the contributions of the model components (metal,
adsorbent, and proton) to the global adsorption process. In this case the stoi-
chiometric coefficients and the TLM constant values were fitted by using an
optimization technique.

exp(—F(zlio — 2yUp)/RT)  (6)

TLM Calibration for Bidentate Stoichiometry

The model calibration was performed point to point for the data series of
carbon concentrations of 5, 10, and 20 g/L. The chemical equilibrium code
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MINTEQAZ2 (16), which solves the nonlinear equations defining the equilib-
rium problem including adsorption processes, was used. The experimental
data series corresponding to Zn adsorption at carbon concentrations of 40 and
100 g/L. was used as test data to check the model capacity to reproduce the ad-
sorption behavior out of the calibration range, which finally will be needed to
use the model as a prediction tool in continuous column studies.

For both metals the calculated constants showed pH, metal, and carbon con-
centration dependencies. These dependencies of the constant could be ex-
plained on the basis of the assumption of a unique adsorption reaction with
bidentate stoichiometry to represent the multiple interactions that occur on the
surface of the adsorbent.

The pH, metal, and carbon concentrations dependencies of log K,q, were
studied, and the resulting expression for log K,4; was

log Kaas = a + b'pH + clog TM + d-log Cean N

where TM represents the total initial metal molar concentration, Cear, repre-
sents the activated carbon mass concentration, and a, b, ¢, and d are adjustable
parameters.

The adjusted values of the four parameters in Eq. (7) are shown in Table 1
along with the experimental pH, metal, and carbon concenirations ranges. Pre-
dicted results obtained with the constants in Table 1 are shown in Figs. 3(a)
and 4(a). A good correlation was obtained with mean absolute deviations be-
tween experimental and calculated removal percentages of 3.3 for Cd and 3.9
for Zn.

TLM Calibration for Fractional Stoichiometry

In this second alternative, which avoids the observed dependencies of the
TLM constant on pH, metal, and carbon concentrations, a different model cal-

TABLE 1
Log K.4s for the TLM Bidentate Stoichiometry Single Adsorption of Cadmium and Zinc onto
Scharlau Ca 346 Activated Carbon at 20°C:
log Kags = a + b'pH + c-log TM + d-log Ceame

Cadmium Zinc
a —~0.7046 -2.3209
b —1.5342 —1.4252
¢ —0.4216 —0.6485
d —0.6435 —0.6402
pH range 4-8 4-8
Initial metal concentration range (M) 2% 107°-8 X 1074 2 X 10757 x 107*

Carbon concentration range (g/L) 5-20 5-20
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TABLE 2
Log K4 and Stoichiometric Coefficients for the Single Adsorption of Cadmium and Zinc onto
Scharlau Ca 346 Activated Carbon at 20°C:
Adsorbed species [(CO),~M,(OH),_ )]

Cadmium Zinc
Log Kags —0.638 -2.082
x 2.068 1.401
y 0.597 0.451
z 0.436 0.374
pH range 4-8 4-8
Initial metal concentration range (M) 2X 10758 x 1074 2% 1077 % 1074
Carbon concentration range (g/L) 5-20 5-20

ibration was performed. A unique adsorption reaction with fractional stoi-
chiometry was assumed, and the equilibrium constant value was optimized
along with the set of stoichiometric coefficients. This procedure involves the
determination of four TLM parameters, the same number as in the bidentate
stoichiometry approach. A Rosenbrook optimization (19) technique was im-
plemented in the chemical equilibrium code MINTEQA?2, and an experimen-
tal data series with carbon concentrations of 5, 10 and 20 g/L. was simultane-
ously used.

The adjusted values of the four parameters, log K,4s and the x, y, and z sto-
ichiometric coefficients in Eq. (6), are shown in Table 2 along with the exper-
imental pH, metal, and carbon concentrations ranges. Mean absolute devia-
tions between experimental and predicted removal percentages were 7.7 for
Cd and 4.7 for Zn.

Comparison of the results obtained for the two calibration procedures
shows that different predictions in the experimental calibration range of 5 to
20 g/L. of activated carbon can be achieved with both models. This result
points out how the selection of the simplified approach in the TLM calibration
stage can affect the model prediction capacity.

TLM Simulation Results

Once the TLM parameters were determined for the two tested model ap-
proaches, simulations of Zn adsorption at activated carbon concentrations of
40 and 100 g/L. were performed, and the results are shown in Fig. 5. Inspec-
tion of the figure corroborates that the model responses are quite different.
Model predictions corresponding to simulations with the bidentate stoichiom-
etry were closer to the experimental data than the predictions obtained with the
fractional stoichiometry model. Although both models showed acceptable
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predictions in the calibration stage with a wide carbon concentration range for
batch experiments, the discrepancy obtained in the simulation of the adsorp-
tion behavior for severe experimental conditions (high carbon concentration
data series) confirms the importance of the model fit process in the subsequent
applicability to column studies. Mean absolute deviations between experi-
mental and simulated removal percentages were 4.9 for the bidentate stoi-
chiometry and 6.6 for the fractional stoichiometry. Therefore, the model based
on the bidentate stoichiometry with a K,4s dependent on pH, metal, and car-
bon concentrations has been shown as the best alternative to be used at high
carbon concentrations for the system Zn-Scharlau Ca 346. These conclusions
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FIG. 6 Adsorption isotherms: (a) cadmium; (b) zinc.
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TABLE 3
Freundlich Isotherm for Cadmium and Zinc onto Activated Carbon Scharlau Ca 346
Cadmium Zinc
pH Kr (L/g) n P pH Kr (L/g) n r

4045 434 X107° 1532 0.864

4.5-5.0 144X 1073 1396 0959 45-50 798X 1075 2451 0.954
5.0-5.5 1.73 X 107 1.381 0960  5.0-5.5 133 X 1073 2429 0.954
55-60 558x107%  1.245 0920 55-60 211x107* 2394 0.916
6.0-6.5 1.54 X 107% 1619 0.966  6.0-6.5 154X 107% 2914 0.950
6.5-7.0 1.79 X 107*  1.677 0942  65-70 7.03Xx107* 2178 0.903
7.0-7.5 163X 107  1.850 0912 >7.0 101 X 107*  2.289 0.922
7.5-8.0 1.60 X 107*  2.015 0.927

are in agreement with those previously obtained for the adsorption of Cd and
Cu onto activated carbon Darco 12-20 mesh (9).

Adsorption Isotherms

The experimental data can also be shown as adsorption equilibrium
isotherms at constant pH. For this purpose, single metal data of the series with
carbon concentrations of 5, 10, and 20 g/L have been grouped in several
isotherms through the experimental pH range, each one corresponding to 0.5
pH unit interval. Such a representation is shown in Fig. 6 as plots of a solid-
phase equilibrium metal concentration (g.), expressed as mol metal per gram
sorbent, versus the liquid-phase equilibrium metal ion concentration (C,), ex-
pressed as molar concentration. The adsorption isotherms exhibit non-Lang-
muir behavior, which indicates a nonmonolayer adsorption. Data were math-
ematically modeled by the Freundlich adsorption isotherm:

ge = KrC" ®)

The isotherm parameters obtained by linear regression are presented in
Table 3. Although experimental data were correlated with the Freundlich
equation, estimation of removal percentages resulted in greater mean absolute
deviations (5.4 for Cd and 6.6 for Zn) than TLM predictions. Correlation of
the isotherm parameters with pH were not found, so the applicability of the
Freundlich model to the prediction of the adsorption in the Cd—Scharlau Ca
346 and Zn-Scharlau Ca 346 systems in the whole pH range should require
the conjunctive use of one equation for each pH. Furthermore, even Fre-
undlich predictions of removals at higher carbon concentrations (40 and 100
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g/L) were unacceptable, corroborating the limitations of the adsorption
isotherm.

CONCLUSIONS

Scharlau Ca 346 granular activated carbon is able to remove Cd and Zn
from aqueous solutions. The adsorption in these systems depends on the solu-
tion pH, the initial metal concentration, and the carbon dose at constant tem-
perature. Increases in pH and carbon concentration yield greater removal effi-
ciency, while increases of the initial metal concentration reduce the metal
removal percentages. Single Cd and Zn adsorption SCF modeling was carried
out by assuming the simplest surface complexation reactions with two alter-
native models: a single surface bidentate species and an overall surface
species including a fractional stoichiometry. The bidentate stoichiometry
model successfully predicted experimental pH-removal curves for the single
adsorption of Cd and Zn in the complete experimental carbon concentration
range, so the model should be adequate for column system application. The
Freundlich adsorption isotherm was also tested and showed limitations when
compared with TLM in a wide range of pH and carbon concentration condi-
tions.
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