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ABSTRACT

Single and competitive removal of Cd and Cu from aqueous solutions by using
Darco 1220 mesh granular activated carbon in column systems has been investi-
gated. Seven experiments modifying theinitial pH and the flow rate were performed.
Results showed the efficiency of activated carbon as a sorbent for both metals. pH is
shown to be the decisive parameter on metal removal in the column; metal removal
increases when the influent pH value is raised. The influence of the flow rate for the
experimental conditions is negligible. Batch adsorption and column data are com-
pared. Column modeling assuming local equilibrium and rate-controlled pore diffu-

sion was performed.

Key Words. Activated carbon; Adsorption; Cadmium; Column; Copper

INTRODUCTION

Removal of heavy metals from aqueous wastes is a challenging task for the
correct management of waste disposal. The effectiveness of adsorption onto
activated carbon in removing heavy metals has been demonstrated (1-3). In
order to evaluate adsorption process performance and to design new treatment

* To whom correspondence should be addressed.
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1040 GABALDON ET AL.

units, predictions of the adsorbate partitioning between an agueous solution
and a solid surface are required. Such predictions can be achieved by an ade-
guate modeling of the adsorption process. For this purpose, batch adsorption
experiments are usually performed to obtain the distribution function of a so-
lute between the solid and solution phases at equilibrium. Nevertheless, ex-
trapolation of batch results to the prediction of removal capacities in column
systems should be carefully evaluated, since differences in contact and flow
conditions can result in discrepancies. Physical and chemical interactions dur-
ing the adsorption process give rise to a release of different species from the
solid phase. In batch systems the background composition of the liquid phase
changes to a greater or lesser extent depending on both the solute and adsor-
bent concentrations. In column experiments which are performed at solid/so-
lution ratios much higher than those used in batch systems, the released
species are removed by the continuous flow of the mobile phase.

Solution pH has been identified as the main solution parameter controlling
adsorption. pH affects not only the metal ion status (hydration, solubility, and
solution speciation) but also the hydrolysis of surface-active groups. For most
cationic heavy metals, the effect is an increase in metal removal with increas-
ing pH. By increasing the solution pH, simultaneous precipitation can aso
contribute to heavy metal removal. Several authors (4, 5) have reported that
surface/pore precipitation can occur in aadsorbent/solution system at pH val-
ues lower than those at which precipitation in a bulk solution occurs.

Cadmium and copper adsorption onto activated carbon Darco 12—20 mesh
was studied in batch experiments in previous work (6). The influences of pH,
cation concentration, and carbon concentration on metal removal were investi-
gated. The experimental results were used for the calibration of parameters of
the Freundlich adsorption isotherm, and a dependence on pH was obtained. Be-
cause of theinfluence of carbon concentration on heavy metal removal, column
experimentswere performed to check the possibility of prediction of adsorption
equilibrium in continuous flow, high carbon/metal concentration systems.

Experimental and modeling results obtained in laboratory columns for cad-
mium and copper adsorption onto Darco 12—-20 mesh granular activated car-
bon at different pHs and flow conditions are presented in this paper.

EXPERIMENTAL

Materials

The granular activated carbon used in this study was Darco 12—20 mesh
supplied by Aldrich. Carbon was used without further washing, oven dried at
110°C for 24 hours, and then stored in adesiccator. The column experiments
were performed on activated carbon sieved down to a fraction sized to less
than 200 wm. Analytical grade reagents were used. Solutions of 1 X 10~4 M

of the test metals were prepared by dilution of sulfate salts (CuSO4-5H h?Oaml Dexxer, Inc.

ew York, New York 10016
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CdSO,-3 H,0) with double distilled water. Solutions of 1 X 10~* M NaOH
and 1 X 10~ M HCI were used for pH adjustment. A constant ionic strength
of 1 X 1072M NaCl wasused in all experiments asthe background electrolyte
as in batch experiments, and 1 X 10~2 M KCI was used as a conservative
tracer for the calibration of the flow conditions.

Experimental Procedures

Two Pyrex glass columns of 22 cm length and 2.5 cm inner diameter were
used in this study. End pieces were provided with 0.25 wm porous plagues.
Columns were packed under water to avoid entrapping air by adding small
guantities while gently tapping the sides of the column. The complete cycle of
operation of each column experiment included three steps. pH precondition,
tracer injection, and metal adsorption until column exhaustion occurred.
Columns were operated in the up-flow mode. The feeding solution was
pumped through the column by a Watson—-Marlow model 101 U/R peristaltic
pump with a variable flow rate in the 0.05-8.10 mL/min range. Two pH
probes were inserted, one in the feeding tank and the other in acell at the end
of the column. pH was measured using aWTW combined electrode pHmeter
model 3000 with = 0.001 accuracy, equipped with a temperature probe and
multiplex system 3000/pM X, connected to a PC for data accumulation. Ef-
fluent samples were collected by an automatic fraction collector, acidified
with concentrated HNO3, and stored for analysis. Metal concentration was
measured using a Unicam model 939 Atomic Absorption Spectrophotometer.
Experiments were carried out in athermostatic room at 20.0 = 0.5°C.

Three experiments were performed with freshly activated carbon for each
metal. Two pH levels and two water flow velocities were investigated. An ad-
ditional column run was conducted with a combined cadmium-copper feed.
Table 1 summarizes the experimental conditions at each column run. To pre-

TABLE 1
Experimental Setup

Pore
Influent Flow rate Carbon Bed volume
Experiment  Cd*2 (M) Cu™2 (M) pH  (mL/min) mass(g) porosity (mL)

1 1.07 X 10~* 6.60 2.70 45.2 0745 915
2 1.02 x 10°4 6.40 5.54 44.7 0.728  86.0
3 9.78 X 1075 4.70 2.98 40.0 0.757 88.9
4 799X 10°°  6.50 2.72 434 0.754 889
5 9.65x 107°  4.80 5.53 40.7 0689 816
6 923x10°° 4.70 2.57 30.8 0.795 63.7
7 932x10°° 976X 10°° 470 2.67 319 0.791

MARCEL DEKKER, Inc.

270 Madison Avenue, New York, New York 10016
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1042 GABALDON ET AL.

condition the column, a distilled water feed containing the background elec-
trolyte (0.01 M NaCl) adjusted to the appropriate pH was pumped through at
the experimental flow rate. Effluent pH was measured and the column was
considered pretreated when pH differences between influent and effluent were
smaller than 0.05 pH units. The precondition step was a slow process collect-
ing 1000 to 2000 pore volume of effluent. Tracer solution containing 0.01 M
KCI with the pH adjusted to the pH of the pretreated column was fed to the
column until breakthrough occurred. At that moment the feed used in the pre-

70 +
pH:

« <50

e 5,055

» 55-6.0
6.0-6.5
6.5-7.0
7.0-7.5
7.5-8.0
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[J * L] >

C.-10° (M)
(@)

pH:

<3.5
3.5-4.0
4.0-4.5
4550
5.0-5.5
5.5-6.0
6.0-6.5

— Freundlich

q. - 10° (mol/g)

o * L] > > a *

C.-10° (M)
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Copyright © Marcel Dekker, Inc. All rights reserved.

Freundlich isothermsfor (a) Cd and (b) Cu (6). Marcer Dexxer, Inc.
270 Madison Avenue, New York, New York 10016

FIG. 1 Experimental batch adsorption data onto activated carbon Darco 12—20 mesh and ﬂ
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condition step wasintroduced to the column until complete elution of KCl was
achieved. To start the adsorption experiment, 10~4 M metal solution with 0.01
M NaCl was pumped into the column. The pH of the influent was adjusted to
the pH of the pretreated step, monitored, and controlled with an error of +0.05
pH units. Effluent aliquots of approximately 10 mL were collected every 60
minutes and measured for metal content. The column was run until the efflu-
ent pH was stabilized at itsinitial value, at which point it was assumed that
complete breakthrough had been obtained. The volumetric water content of
the packed columns was determined from the water volume collected by the
inversion of flow at the end of the experiment plus the difference in weight of
drained and oven-dry columns at 105°C. The bed porosities obtained for each
column run are presented in Table 1, along with the pore volumes.

RESULTS AND DISCUSSION

Batch Experiments

Batch adsorption experiments were performed in a wide variety of condi-
tions including different pHs, in ranges of 4.0-8.0 for cadmium and 3.0-6.5
for copper, various metal concentrations (4 X 10 °to 2 X 102 M), and car-
bon concentrationsin the 5-20 g/L range. Experimental and modeling proce-
dures were presented in previous work (6). Our experimental results along
with predictions with the adsorption isotherm are presented in Fig. 1. There-
sults show typical cation adsorption behavior, with higher adsorption for in-
creasing pH. Theisotherms are nonlinear, and each can be described by aFre-
undlich isotherm, g = Kec'". The determination of the parameters of the
Freundlich adsorption isotherm resulted in a pH dependence and are summa-
rized in Table 2.

TABLE 2
Freundlich Adsorption Isotherm for Cadmium and Copper onto Activated Carbon Darco
12-20 Mesh from Batch Adsorption Data (6)

Cadmium Copper

Ke Kg
pH [(mol/g)(mol/L)" n r2 pH [(mol/g)(mol/L)M n r2
<5.0 2.66 X 1074 1630 0.942 <35 1.08 x 103 1.758 0.910

5.0-5.5 594 X 10°° 2.893 0.893 3540 1.13 X 1073 1.888 0.934
5.5-6.0 313 X 1074 2108 0943 4.045 2.60 X 1073 1.756 0.966
6.0-6.5 9.10 X 10 1.858 0915 4550 2.02 x 1073 2.018 0.956
6.5-7.0 452 x 1074 2346 0938 5.0-55 1.61 X 1073 2.298 0.998
7.0-75 573 x 107% 2487 0912 5560 937 X 107* 2.842 0.952
7.5-8.0 2.25 % 1073 1998 0936 6.065 3.18 x 1073 2.257 0.988

MARrcEeL DEkkER, INcC.
270 Madison Avenue, New York, New York 10016
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Column Experiments

The normalized effluent metal concentration, C/C,, versus the number of
pore volumestreated (breakthrough curves) are presented in Fig. 2 for Cd and
Fig. 3for Cu transport experiments. The effects of pH and water flow rate are
shown. The breakthrough curves present asimilar shapein all cases. aninitial
rapid increase in the normalized concentration followed by an abrupt change
in the shape before slowly reaching column exhaustion (C/Cqy = 1). Theasym-
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FIG. 2 Experimental Cd breakthrough and effluent pH curves (Experiments 1, 2, and 3).
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FIG. 3 Experimental Cu breakthrough and effluent pH curves (Experiments 4, 5, and 6).

metry of the curves, with early breakthrough and tailing, reveals nonideal
transport (7).

The effluent pH versus the number of pore volumes has been aso plotted.
Ascan be observed, the effluent pH remains at approximately aconstant value
within 0.2 pH unitsfor Cd column runs and 0.5 pH units for Cu experiments.

To observe the metal breakthrough curve, it was necessary to leach the col-
umn with alarge number of pore volumes of the feeding solution, indicating
strong retention of the tested heavy metals onto Darco 12—20 mesh activated
carbon. The number of pore volumes needed to reach 90% of column exhaus-

MAaRrcEeL DEkkER, INc. m
270 Madison Avenue, New York, New York 10016 o
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tion varied from 20 at influent pH 4.70 to 120 at influent pH 6.60 in the case
of Cd and from 300 at influent pH 4.70 to 700 at influent pH 6.50 in the case
of Cu. As could be expected from the batch adsorption data (Fig. 1), Cu re-
tention is higher than Cd retention at the same pH, indicating a greater affin-
ity of the activated carbon Darco 12—20 mesh for Cu than for Cd. The pH is
the decisive factor for metal removal. An increase in retardation at higher pH
was observed due to the dependence of metal adsorption on pH.

For the two flow rates used, 2.6-3.0 and 5.5 mL/min, the breakthrough
curves obtained for similar influent pH conditions are nearly superposed for
Cu. In the case of Cd, the discrepancies observed can be related more to the
differencein 0.2 unitsin the influent pH than to the flow rate. The absence of
asignificant influence of flow rate on the breakthrough curveindicatesthat re-
tardation effects associated with dispersive transport and possible adsorption
rate-limited processes are of the same order on the time scale of the column
experiments for the flow rate range used.

Similar effluent pH curves have been obtained for al experiments, with a
decrease in pH followed by a slow stabilization to the influent pH boundary
condition. pH decreases because H™ is released as the metal adsorbs, as was
previously reported for the adsorption of heavy metals onto hydrous solids (5).
As adsorption proceeds to column exhaustion, H* release diminishes, creat-
ing apH profile heading to ward the influent pH. The minimum pH value cor-
respondsin all casesto a breakthrough C/C, value of approximately 0.7.

Effect of Competitive Adsorption

A column experiment with a combined Cd-Cu feed at pH 4.70 was per-
formed to evaluate the influence of multicomponent adsorption on metal re-
moval efficiency. The results are shown in Fig. 4 along with the metal break-
through curves obtained for individual column runs. As can be observed, the
Cu breakthrough curveis essentially unaffected by the presence of Cd. Figure
4 alsoillustratesthat the presence of Cu decreases the amount of adsorbed Cd.
Cd retention in this experiment has been evaluated in 64% less than in the in-
dividual Cd transport experiment. Thus, the binary system shows competition
for the available adsorption surface sites. Cu, which is more strongly attracted
to activated carbon, decreases Cd retention.

Comparison of Adsorption in Column and Batch
Experiments

The extent of adsorption in column and batch experiments can be compared
from the adsorption isotherm applied to the column exhaustion point. The
metal retained in the column has been calculated from the area above the
breakthrough curve up to the experimental column end point. The results are

MAaRrcEeL DEkkER, INc.
270 Madison Avenue, New York, New York 10016
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FIG.4 Experimental breakthrough curves for individual and competitive adsorption. Top: Cd
(Experiments 3 and 7). Bottom: Cu (Experiments 6 and 7).

summarized in Table 3 aong with the predicted metal adsorption capacity
from batch isotherms. In the case of Experiment 3, adsorption isotherm pa-
rameters have been recalculated in the 4.5-5.0 pH range, instead of the previ-
ously reported isotherm for pH < 5 which included data up to pH 4. In al
cases the batch adsorption isotherms underestimate the metal retention ob-

MAaRrcEeL DEkkER, INc. m
270 Madison Avenue, New York, New York 10016 o
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TABLE 3
Comparison of Metal Retention in Column and Predicted Batch Adsorption Removal

Prediction from batch adsorption dataat C/Cy = 1

Freundlich adsorption isotherm

Column end point, Ke [(mol/g) Metal
Experiment  metal removal (mg)  pH range (mol/L)"M n removal (mg)

1-Cd 58.04 6.5-7.0 452X 10°* 2346 46.62
2-Cd 46.07 6.0-6.5 9.10x 107*  1.858 32.50
3-Cd 10.72 455.0 1.80 X 10°*  1.904 6.34
4-Cu 173.85 6.0-6.5 318x10°° 2257 134.14
5-Cu 68.50 455.0 202x10°% 2018 53.48
6-Cu 46.68 455.0 202x10°° 2018 39.59

served in column experiments. Relative deviations range from 20 to 40% for
Cd and from 15 to 22% for Cu, the higher values corresponding to the lowest
pH.

Such discrepancies may be explained on the basis of a combined removal
mechanism including adsorption and perhaps surface precipitation processes.
Surface precipitation in metal-activated carbon systems has been previously
reported (5). According to Reed et al., possible reasons for surface precipita-
tion may be: the surface pH is higher than the solution pH; the surface acts as
anucleus for metal hydroxide precipitation; OH™ accumulates in the carbon
pores. These effects may become higher as the adsorbate concentration ap-
proachesto the saturation concentration. In any case, surface precipitation was
not observed in batch adsorption experiments.

Clancy and Jennings (8) reported similar deviations between batch and col-
umn data for the single and multicomponent transport of Cd and Zn onto Sas-
safras soils; * sorption parameters measured under static conditions underesti-
mated the attenuation capacities observed during dynamic transport.” These
authors concluded that particular environmental conditions on column studies
produced specific interactions between solutes and soil at high soil /solution
ratios.

Column Modeling

Solute transport simulation assuming local equilibrium was performed in
the first stage. For one-dimensional transport in the positive z direction with
steady-state flow, the convection-dispersion equation is

ac a9 9%c ac

eﬁﬂ-pH:eD?—evE D

MAaRrcEeL DEkkER, INc.
270 Madison Avenue, New York, New York 10016
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where 6 is the bed porosity, ¢ is the solute concentration (M-L %), p is the
bulk density of the porous media in the column (M-L~3), q represents the
adsorbed amount (M-M~1), D is the hydrodynamic dispersion coefficient
(L2TY), and v is the average pore water velocity (L-T~1). For the local
equilibrium assumption, q is evaluated from the Freundlich isotherm at the
corresponding column pH range, as shown in Table 3. The hydrodynamic
dispersion coefficient was estimated from tracer experiments, resulting in 2
X 107 % and 5 X 10~® m?s for water flow rates of 2.6-3.0 and 5.5 mL /min,
respectively. Nonideal conservative solute transport was observed, indicat-
ing that solute access to portions of the porous medium can be constrained
by diffusive mass transfer.

Results of Cd and Cu local equilibrium transport simulation are shown in
Figs. 5 and 6, respectively. In al cases the smulated breakthrough curves do
not represent the early breakthrough and tailing of the experimental data due
to overprediction of the initial metal retardation. Such a discrepancy reveals
that mass transfer limitations superposed to advective-dispersive transport
cause the nonideality of experimental transport.

Rate-controlled simulations assuming pore diffusion limitation where per-
formed. Pore diffusion was modeled by first-order kinetics with alinear driv-
ing force. Thus, system equationsfor solute transport assuming pore diffusion
mass transfer rate control are Eq. (1) plus

dq/ot = Kp(qe — 0) )

where K, isthe first-order masstransfer coefficient (T~1). In this case, g rep-
resents the adsorbed concentration at the external surface of the adsorbent, in
equilibrium with the adsorbate sol ution concentration, and g representsthe av-
erage adsorbed concentration. Transport simulations were performed to esti-
mate the mass transfer coefficient directly from transport data. Results are
shown in Figs. 5 and 6 for both metals. The mass transfer coefficients range
from6 X 107°t04 X 10" %s 1 for Cdand 2 X 10 °to 5 X 10 °s *for Cu.
The mass transfer coefficients of Experiments 5 and 6 shown a nondepen-
dence on flow rate. From the mass transfer coefficients of Experiments 1 and
3, or 4 and 6, adependence of K, on pH isobserved. Diffusionis slower as pH
increases, indicating an increase in the molecular size of the metal hydroxy-
|ated-complexes to be adsorbed. The smaller values of K, obtained for Cu
seem to indicate that kinetic effects are more important for the most retained
Species.

The predicted simulations matched the experimental data quite well up to
the tailing of the breakthrough curves, but it is not possible to simulate the fi-
nal zone of the breakthrough curve due to the increase in metal removal from
batch data. The results seem to indicate that an additional removal mechanism
not explained by the adsorption isotherm, but probably negligible at alow ad-

MAaRrcEeL DEkkER, INc.
270 Madison Avenue, New York, New York 10016
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FIG. 5 Experimental data and predicted ssimulations for local equilibrium adsorption model
and first-order pore diffusion rate-control model for Cd transport (Experiments 1, 2, and 3).
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FIG. 6 Experimental data and predicted simulations for local equilibrium adsorption model
and first-order pore diffusion rate-control model for Cu transport (Experiments 4, 5, and 6).

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

)



Downl oaded At: 11:00 25 January 2011

ORDER ||l REPRINTS

1052 GABALDON ET AL.

sorbed metal concentration, becomes adecisive retention factor asthe column
tends to saturation.

CONCLUSIONS

Cadmium and copper remova onto Darco 12—20 mesh granular activated
carbon in continuous flow systems has been investigated. Metal removal
showed a decisive dependence on influent solution pH, and a nondependence
on water flow rate for our experimental conditions. Cu is more strongly re-
tained than Cd at the same pH, as could be expected from previous batch ad-
sorption data. In binary transport the presence of Cu decreases the capacity of
the activated carbon to retain Cd. Otherwise, Cd has no effect on the removal
of Cu.

Metal retentionsin column in all cases were much higher than the removal
expected based on batch adsorption isotherms. These results indicate that the
same removal mechanisms do not occur in batch and transport experiments.
For the systems studied, which are characterized by a strong adsorption ca-
pacity with high metal concentrations, using batch extrapolation resultsfor the
prediction of removal capacitiesin column systemsis not possible. Predicted
simulations based on the assumption of pore diffusion rate-control conditions
matched the experimental datain the initial zone of the breakthrough curves,
but not in the final tailing zone. This indicates that specific interactions be-
tween solutes and carbon which increase metal removal from adsorption equi-
librium seem to become decisive retention factors as the column tends to
saturation.
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