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bstract

The sorption characteristics of palygorskite with respect to cadmium were studied with the aim of assessing its use in water purification systems.
sing a batch method the influence of time (0.5–48 h), initial Cd concentration (5–150 mg/l or 0.044–1.34 mmol/l), ionic strength ([Ca(II)]:
–0.1 mol/l), pH (3–7) and mineral dose (1–20 g/l) on Cd removal was evaluated. The sorption of Cd on palygorskite appeared as a fast process,
ith equilibrium being attained within the first half an hour of interaction. This process could be described by the Langmuir model and gave a
aximum Cd sorption of 4.54 mg/g. This sorption capacity value was greatly affected by both pH and ionic strength. Thus, Cd sorption decreased

s initial pH lessened, especially at proton concentrations similar to those of Cd, at which competition for variable charge sites (silanol groups on
alygorskite surface) appeared to be important. High competing electrolyte concentrations also decreased significantly (close to 60%) the amount of
orbed Cd, suggesting a great contribution of replacement of exchange cations in this metal removal by palygorskite. The increase of mineral dose
rovoked a Cd removal raise; removal values in the range 85–45% were attained for Cd initial concentrations of 10–150 mg/l (0.089–1.34 mmol/l)
hen a palygorskite dose of 20 g/l was employed. Column studies were also performed in order to estimate the potential of palygorskite to be used

 

 

n continuous flow purification systems, showing the effectiveness of this mineral to purify down to the legal limit of waste moderate volumes of
d-containing solutions with a similar concentration (50 mg/l or 0.445 mmol/l) to those mostly found in the upper range of concentrations usually
resent in industrial wastewaters.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Cadmium is a non-essential element and one of the most
azardous trace elements, being considered a “priority metal”
rom the standpoint of potential hazard to human health [1].
d can cause chronic health problems, such as bone disease,

ung edema, renal dysfunction, liver damage, anemia and hyper-
ension [2–4]. Its presence in aquatic systems poses, therefore,
erious risks to humans, and also to living organisms in water
nd to other consumers of it. Aquatic ecosystem pollution by
d usually arises from several industrial processes, such as elec-

roplating, battery and accumulator manufacturing, production

f ceramics and pigments, plastic manufacturing, metallurgical
lloying, smelting and acid mine drainage.

∗ Corresponding author. Tel.: +34 93 4095410; fax: +34 93 4110012.
E-mail address: ealvarez@ija.csic.es (E. Álvarez-Ayuso).
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Methods proposed for Cd removal from wastewaters are those
mployed for most heavy metals, these include precipitation,
on exchange resins, vacuum evaporation, solvent extraction
nd membrane technologies [5,6]. Among them, precipitation is
he treatment most widely applied due to its simple equipment,
apability to treat large volumes of water containing high metal
oncentrations and low cost. Nevertheless, precipitation is often
ncapable of meeting the legislation requirements for wastewa-
ers to be discharged to surface waters and sewage (0.1 mg/l [7]).
urthermore, this treatment produces large amounts of sludge
ard to handle. The other existing methods, although usually
ffective, are not free of drawbacks, high capital cost with recur-
ing expenses and capability to treat only small volumes, are
he most common. Economical, practical and efficient alterna-
ive techniques are, therefore, required to purify Cd-containing

astewaters. New practices have been focused on the study
f processes based on sorption approaches. Sorption appears
s a simple and low-cost method, with a great potential of
ecoming an actual alternative to conventional ones, overcom-
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Table 1
Mineralogical composition, textural properties and cation exchange capacity of
palygorskite sample

Property Value

Mineralogical composition (%) Palygorskite (70), quartz (30)
Specific surface area (m2/g) 112
Specific total pore volume (cm3/g) 0.18
Cation exchange capacity (cmol (+)/kg) 13.9
E

p
m
(
t
e
t
i
t
e
a

2

o
o
(
p
(
a
A
e
i
a
i
a
e
0
m
l
a
c
l
A
a
p
t
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ng the problems of insufficient efficiency and difficult waste
andling derived from the precipitation method. Different mate-
ials have been subject of study in this regard, most of them
an be classified in two groups, bio-materials, such as agricul-
ural by-products [8–12], algae [13–16], fungi [17] and chitin
ased sorbents [18,19], and minerals, such as iron hydroxides
nd oxyhydroxides [20–22], aluminium hydroxides and oxides
23,24], clays [25–30], zeolites [31–33], calcite [34,35] and
ollastonite [36,37]. In general, bio-materials display higher
d sorption capacity values, which could make their use in
urification systems preferable face to minerals; nevertheless,
ost bio-materials present the important shortcoming of being

ffected by the place or season of harvesting and by the grow-
ng conditions [38], what could limit greatly their application.
mong minerals, clays and zeolites, due to their chemical and

tructural characteristics, are those most suitable for Cd sorp-
ion processes. Numerous clays have been subject of study in
his regard, including mainly lamellar clays, such as kaolinite,

ontmorillonite and vermiculite, while the study of fibrous clays
as been restricted to sepiolite. Thus, although the feasibility of
alygorskite for the stabilisation of soils contaminated with Cd
as been reported [39], so far the study of the sorption properties
f this natural mineral for its application in the purification of
d-containing waters has not been considered yet.

Palygorskite is a hydrated magnesium silicate mineral with a
brous morphology, and with a structure consisting of parallel
ibbons of 2:1 layers. In contrast to its close relative sepiolite,
alygorskite contains cations other than Mg2+ in the octahedral
heets in significant amounts, such as Al3+ and Fe3+. The pres-
nce of trivalent cations in octahedral positions creates an excess
f positive charge which is compensated by vacancies, confer-
ing dioctahedral characteristics to the mineral. Palygorskite is
haracterised by a high viscosity, a high surface area, a moderate
ayer charge and a large number of silanol groups on its surface
s a result of its inverted structure and its fibrous morphology.
ased on these properties, the industrial applications of this min-
ral are numerous (drilling muds, agricultural carriers, industrial
oor absorbents, cat box absorbents, catalyst supports, gelling
gents in paints, adhesives and cosmetics, reinforcing filler in
ubbers and plastics and so on) [40–42], although those related
o environment protection are much more scarce.

The main objectives of the present work are to study the
orbent behaviour of palygorskite with respect to Cd, and to
xplore the possibility of using this mineral in continuous flow
ystems for the purification of Cd-containing waters.

. Materials and methods

.1. Chemicals

Cd-containing solutions were prepared from a standard of
000 ± 2 mg/l (Panreac) and their initial pH was adjusted using
.01, 0.1 and 1 M HNO3 and NaOH solutions.
.2. Sorbent mineral

A natural palygorskite from the Tenebrón mineral deposit,
alamanca province (Spain) was employed in this study. The
xchange cations (cmol (+)/kg) Mg2+ (9.3), Ca2+ (3.4), Na+

(0.9), K+ (0.3)

roperties of palygorskite sample are given in Table 1. The
ineralogical composition was determined by X-ray diffraction

XRD); the semiquantitative analyses were based on diffrac-
ometer traces of unoriented powder samples using the methods
mployed by Schultz [43] and by Islam and Lotse [44]. The
extural analyses were carried out from the nitrogen adsorption
sotherms at −196 ◦C obtained from a static volumetric appara-
us (Micromeritics ASAP 2010 adsorption analyser). The cation
xchange capacity (CEC) was determined by the ammonium
cetate method [45].

.3. Batch sorption studies

All batch sorption studies were carried out in centrifuge tubes
f 30 ml by subjecting a given amount of palygorskite to a period
f shaking with 25 ml of Cd solution on a vertical rotary shaker
50 turns/min) in a chamber set at 22 ◦C. After the interaction
eriod the sorbent was separated using a centrifugation step
4000 rpm) over 10 min. Cd concentrations in the supernatant
nd those of Mg were determined with a VARIAN SPECTRA
A-2002 Atomic Absorption Spectrophotometer equipped with

ither a cadmium or a magnesium hollow cathode lamp. The
nstrumental parameters employed in Cd determinations using
n air-acetylene flame were: wavelength (λ) 228.8 nm, lamp
ntensity 4 mA, and slit width 0.5 nm, and the corresponding
nalytical characteristics at the working conditions were: lin-
arity range up to 3 mg/l, and quantification limit (sensibility)
.01 mg/l. The instrumental parameters employed in Mg deter-
inations using a nitrous oxide-acetylene flame were: wave-

ength (λ) 202.6 nm, lamp intensity 4 mA, and slit width 1.0 nm,
nd the corresponding analytical characteristics at the working
onditions were: linearity range up to 20 mg/l, and quantification
imit (sensibility) 0.09 mg/l. Deionised water was used as blank.
ll assays were carried out in triplicate and only mean values

re presented. The following batch sorption studies, using the
rocedure and the general conditions just aforementioned and
he specific conditions described below, were performed.

Kinetic studies. Palygorskite dose 10 g/l (palygorskite amount
0.25 g, and Cd solution volume 25 ml); mineral particle size
<0.1 mm; initial metal concentrations: 10, 50, 100 and 150 mg/l

(0.089, 0.445, 0.890 and 1.34 mmol/l); pH 6; shaking time: 0.5,
1, 2, 4, 8, 24 and 48 h.
Sorption isotherms. Palygorskite dose 10 g/l (palygorskite
amount 0.25 g, and Cd solution volume 25 ml); mineral par- 
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ticle size <0.1 mm; initial metal concentrations: 5, 10, 25, 50,
75, 100 and 150 mg/l (0.044, 0.089, 0.222, 0.445, 0.667, 0.890
and 1.34 mmo/l); pH 6; shaking time 24 h. The effect of ionic
strength in Cd removal by palygorskite was studied simul-
taneously using Ca(NO3)2·4H2O as background electrolyte,
varying its concentration from 0 to 0.10 mol/l.
Effect of pH. Palygorskite dose 10 g/l (palygorskite amount
0.25 g, and Cd solution volume 25 ml); mineral particle size
<0.1 mm; initial metal concentrations: 50 and 150 mg/l (0.445
and 1.34 mmol/l); pH: 3, 4, 5, 6 and 7; shaking time 24 h.
Effect of sorbent dose. Palygorskite dose: 1, 2.5, 5, 10, 15
and 20 g/l (palygorskite amount: 0.025, 0.0625, 0.125, 0.25,
0.375 and 0.50 g, and Cd solution volume 25 ml); particle size
<0.1 mm; initial metal concentrations: 10, 50, 100 and 150 mg/l
(0.089, 0.445, 0.890 and 1.34 mmol/l); pH 6; shaking time 24 h.

.4. Continuous flow studies

Continuous flow studies were carried out using percolating
ubes filled with 40 g of palygorskite (mineral particle size:
.1–0.5 mm). The Cd-containing solution (initial Cd concen-
ration: 50 mg/l or 0.445 mmol/l; pH 6) was passed through
he column (height 12.3 cm, diameter 2.9 cm, bed-volume (bed-
olume (BV) is the volume occupied in the column by the
alygorskite amount, 81 ml)) with a flow rate of 75 ml/h using
peristaltic pump. Effluent samples were collected periodically
ith a fraction collector (Foxy Jr., ISCO), and analysed by AAS

or Cd concentrations.

. Results and discussion

.1. Batch sorption studies

.1.1. Kinetic studies
The kinetic curves obtained for the sorption of Cd by paly-

orskite are shown in Fig. 1. Sorption on palygorskite is a fast

rocess with equilibrium attained within the first half an hour
f interaction, regardless of the initial cadmium concentration
sed. The short time required to reach the equilibrium suggests
hat most Cd sorption could take place on the mineral exter-

ig. 1. Kinetic curves of Cd sorption on palygorskite at different initial Cd
oncentrations (Ci). (Error bars indicate standard error of the mean.)
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ig. 2. Equilibrium isotherms of Cd sorption on palygorskite at different ionic
trength conditions. (Error bars indicate standard error of the mean.)

al surface since diffusion processes generally limit greatly the
orption rate. The porous structure of palygorskite with chan-
els of relatively small dimensions (3.7 Å × 6.4 Å) could hinder
r even avoid such processes [46]. It is also important to note
hat after reaching the equilibrium period, much longer times of
nteraction did not provoke release of Cd sorbed amounts, spite
f the proven instability of this mineral under very dilute acid
onditions, or even under neutral conditions [47,48].

.1.2. Sorption isotherms
The sorption isotherms are shown in Fig. 2. The determina-

ion of sorption isotherms is considered the most suitable form
f characterising the sorption phenomena in a simply approach.
he nature of slope of the initial portion of isotherms gives

nformation about the affinity between sorbent and solute, the
plateau” of isotherms gives information about the sorption
apacity of the sorbent material subject of study. Furthermore,
he determination of isotherms is required for the application
f the Langmuir equation which is considered one of the most
seful equations for the empirical description of sorption data.
ccording to the classification of Giles et al. [49], all isotherms

re divided into four main groups (S, L, H and C) in accordance
ith their initial slope. The isotherm initial slope depends on

he rate of change of site availability with increase in solute
orbed. According to this classification, all the isotherms of
d sorption on palygorskite are L-type, reflecting that as more

ites on palygorskite are filled it becomes increasingly difficult
or Cd to find a vacant site available. The L curve is consid-
red to be indicative of a high affinity between sorbent and
olute.

The sorption data were fitted to the Langmuir equation

X

M
= KbCe

1 + KCe
(1)

here X/M is the amount of solute sorbed per unit weight of

he sorbent, Ce the equilibrium concentration of solute remain-
ng in the solution, K the equilibrium constant (affinity term)
nd b represents the maximum amount that can be sorbed. The
earranged expression of Eq. (1) used to obtain its most suitable 
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Table 2
Characteristic parameters and determination coefficient of equilibrium data of Cd sorption on palygorskite according to the Langmuir equation

Ionic strength b (mg/g) b (�mol/g) K (l/mg) R2

[Ca(II)] = 0 mol/l 4.54 40.4 0.093 0.9831 (p < 0.001)
[Ca(II)] = 0.01 mol/l 3.15 28.0 0.054 0.9779 (p < 0.001)
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Ca(II)] = 0.05 mol/l 1.98 17
Ca(II)] = 0.1 mol/l 1.85 16

inear form is:

Ce

X/M
= 1

Kb
+ Ce

b
(2)

The Langmuir model parameters and the statistical fits of
quilibrium data to this equation are given in Table 2. This model
ffectively describes sorption of Cd on palygorskite with R2-
alues > 0.97. The K parameter values reflect a decrease in the
ffinity of Cd for the palygorskite surface with the ionic strength
ncrease, as was derived from the decreasing slope of the first
art of the isotherms as the ionic strength was raised. The b
arameter reflects a moderate sorption capacity (4.54 mg/g), but
ecreasing with the ionic strength increase, this decease ranges
rom 30 to 60% for Ca concentrations increasing from 0.01 to
.1 mol/l.

Table 3 shows the concentration of Mg present in solution
fter the interaction processes. In absence of calcium cations
g release increased progressively with Cd sorbed amounts,
hereas at high Ca concentrations (0.05 and 0.1 mol/l) the
g concentrations in solution remained more or less constant.

his behaviour is consistent with the avoidance of Cd removal
y cation exchange at high competing electrolyte concentra-
ions. In all the conditions, the released amounts of Mg were
igher than the Cd sorbed amounts, indicating the slight dis-
olution of palygorskite at the conditions subject of study;
his dissolution appeared to be promoted by the ionic strength
ncrease. It is worth mentioning that Ca can compete with Cd
or exchange positions in a very effective way due to their
imilar hydrated radius, rh, (rhCd: 4.26 Å, rhCa: 4.12 Å; [50])

nd to the lesser energy required by Ca to break its coordina-
ion sphere of H2O molecules (hydration energy, �Gh, values:

GhCd, −1755 kJ/mol; �GhCa, −1505 kJ/mol; [51]), making
asier its accessibility to sorption sites. Evaluation of the effect

e
t
r
s

able 3
quilibrium values from the sorption of Cd on palygorskite at the different initial Cd
d

i [Ca(II)] = 0 mol/l [Ca(II)] = 0.01 mol/l

g/l mmol/l pH Mg Cd pH Mg Cd

0.044 7.5 0.27 0.04 7.1 0.56 0.03
0 0.089 7.0 0.30 0.07 7.0 0.60 0.05
5 0.222 6.8 0.37 0.14 6.8 0.61 0.09
0 0.445 6.8 0.48 0.24 6.8 0.62 0.16
5 0.667 6.8 0.55 0.33 6.8 0.66 0.22
00 0.890 6.8 0.57 0.36 6.5 0.69 0.24
50 1.34 6.8 0.64 0.37 6.5 0.70 0.24

eleased Mg and sorbed Cd (mmol/l). S.D. for pH values is <0.2 and for Mg and Cd
0.050 0.9853 (p < 0.001)
0.045 0.9869 (p < 0.001)

f ionic strength in sorption represents a macroscopic method
f inferring sorption mechanisms. Thus, taking into account the
mportant decrease produced in Cd removal in high competing
lectrolyte concentration, and the progressive increase of Mg
elease with Cd sorbed amounts, it can be assumed that a great
mount of Cd was sorbed by replacement of exchange cations.
rom the light of the derived sorption values, it could be con-
luded that about 50–60% of Cd removal by palygorskite must
ake place by such a mechanism. Other different mechanisms of
orption can be responsible for the further sorbed amounts of Cd.
hese include precipitation, replacement of the Mg located at

he edges of the octahedral sheets of palygorskite, and sorption
y reaction with silanol groups (really numerous on the surface
f this mineral).

The participation of precipitation processes in the removal
f Cd by palygorskite at the conditions subject of study can
e neglected since the pH increase produced after the inter-
ction periods (Table 3), either by proton sorption and/or by
ineral dissolution, did not reach the pH values required for

admium hydroxide precipitation. Concerning the replacement
f the Mg located at the edges of the octahedral sheets of paly-
orskite, this sorption mechanism was proven by Corma et al.
52] for a copper-exchanged sepiolite; afterwards, Brigatti et al.
53] also suggested this replacement when studying the sorp-
ion of zinc and lead on sepiolite. Mg has a hydrated radius
ery similar to that of Cd (rhMg: 4.28 Å; [50]), what makes
easible its substitution at the edges of the octahedral sheets
f palygorskite. Nevertheless, this mechanism could be greatly
estricted due to the slight dissolution experienced by this min-

ral at the medium conditions employed in this study. Therefore,
he further sorbed amounts of Cd on palygorskite should be
elated to its reaction with the silanol groups present on the
urface of this mineral.

concentrations (Ci) and ionic strength conditions: pH, released Mg and sorbed

[Ca(II)] = 0.05 mol/l [Ca(II)] = 0.1 mol/l

pH Mg Cd pH Mg Cd

6.9 0.70 0.02 6.7 0.74 0.02
6.8 0.70 0.03 6.6 0.75 0.03
6.7 0.69 0.07 6.5 0.75 0.06
6.7 0.70 0.13 6.5 0.75 0.11
6.7 0.69 0.14 6.5 0.74 0.13
6.5 0.69 0.15 6.4 0.74 0.13
6.5 0.70 0.15 6.4 0.75 0.13

concentration values <5%.  
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ig. 3. Effect of pH in the sorption of Cd on palygorskite at different initial Cd
oncentrations (Ci). (Error bars indicate standard error of the mean.)

.1.3. Effect of pH
The effect of pH in the sorption of Cd by palygorskite is illus-

rated in Fig. 3. When pH decreased Cd sorption by palygorskite
ecreased slightly in a steady way for moderately acid solutions
pH 6–4), to underwent a much sharper decrease for lower initial
H values (pH 3) at which proton concentrations attained values
imilar to those of Cd; in such conditions protons can compete
ore effectively with Cd for sorption sites. The tendency of

rotons to react with permanent charge sites (cation exchange
ositions) is very limited, and only monovalent cations can be
ubstantially subjected to hydrolytic exchange at low electrolyte
oncentrations [1]. Therefore, taking into account that divalent
ations are the major exchange cations present in palygorskite,
ompetition of protons with Cd for variable charge sites seems
o be the main cause for the sorption decreases produced with the
roton concentration increase. Palygorskite is characterised for
aving a large number of silanol groups on its surface, this kind
f sites seems, therefore, to play an important role in the sorption
f Cd by palygorskite, especially at neutral or slightly acid con-
itions. The sorption reaction taking place can be summarised
s follows:

Si–OH + Cd2+ → Si–OCd+ + H+ (3)

herefore, as was suggested before, reaction of Cd with silanol
roups appears as the other dominant mechanism responsible
or the sorption of Cd on palygorskite.

.1.4. Effect of sorbent dose
The influence of palygorskite dose in the removal of Cd is

hown in Fig. 4. An increase in the percentage uptake of Cd is
roduced with increased palygorskite dose. For low Cd concen-
rations (10 mg/l or 0.089 mmol/l) this increase is produced in a
harp way for the first palygorskite dose increments, becoming
uch less marked for the highest mineral doses, what suggests

hat the palygorskite dose at which the percentage removal of
d is maximum is close to 20 g/l. For intermediate (50 mg/l

r 0.445 mmol/l), and especially for high Cd concentrations
100 and 150 mg/l or 0.890 and 1.34 mmol/l), the percentage
ptake of Cd showed a constant increase with the palygorskite
ose increase; thus, in such cases higher Cd removals could

a
C
c
l

ig. 4. Effect of palygorskite dose in Cd removal at different initial Cd concen-
rations (Ci). (Error bars indicate standard error of the mean.)

e attained using higher palygorskite doses. The Cd removals
ttained using a palygorskite dose of 20 g/l were about 85, 70, 55
nd 45% for solutions with Cd concentrations of 10, 50, 100 and
50 mg/l (0.089, 0.445, 0.890 and 1.34 mmol/l), respectively. In
uch conditions the residual Cd concentrations in solution after
orption (1, 14, 43 and 81 mg/l, respectively) were still above
he legal limit for effluent discharge (0.1 mg/l). Therefore, con-
ecutive sorption cycles would be necessary to fulfil the required
imit, the number of sorption cycles to perform being dependent
n the initial Cd concentration.

. Continuous flow studies

Continuous flow systems appear, at first, more suitable to
erform purification processes. On the one hand, this method
llows a continuous displacement of reaction in the sorption
irection, which could drive to higher Cd removals. On the
ther, the column systems allow to perform the whole purifi-
ation process by means of a single stage, whereas the batch
ethod involves several steps (shaking, settling and/or filtra-

ion) performed repeatedly, requiring, therefore, more time and
lace to perform the purification process in an effective way.

A small particle size (0.1–0.5 mm), allowing the easy perco-
ation of Cd solution, was chosen to perform the column sorption
tudies. In not shaking systems this factor could influence in a
reat extent the removal of Cd, removal decreasing as the min-
ral particle size increases. The relatively short residence times
ttained in these systems make especially important this aspect.
he results obtained after percolating the Cd solution through the
alygorskite column are illustrated in Fig. 5. The reflected curve
hows the Cd concentration remaining in the effluent after the Cd
olution treatment in function of the percolated solution volume.
he Cd concentration in the effluent displayed very low values

<0.1 mg/l, discharge limit established by law) along a moder-

te percolated volume (33 BV, BV = 81 ml). Subsequently, the
d concentration values in the effluent increased quickly in a
ontinuous way to reach the saturation level when the perco-
ated volume was 51 BV, from which the Cd concentration in 
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ig. 5. Elution curve of a water solution containing 50 mg/l (0.445 mmol/l) of
d filtered through a palygorskite bed; C: concentration in the effluent.

he effluent attained similar values to that present in the influent
50 mg/l or 0.445 mmol/l). At this point the Cd sorption capac-
ty showed by palygorskite was 4.15 mg/g, and that displayed
t the percolated volume below which Cd solution was purify
elow the limit of discharge (33 BV) was 3.34 mg/g, both val-
es are higher than that obtained for the same concentration
t equilibrium conditions using the batch method (2.74 mg/g).
his proves that using the continuous flow system the Cd sorbed
mounts are increased, this happens as a consequence of the con-
tant displacement of reaction in the sorption direction that takes
lace in such systems. Therefore, the continuous flow system
bove described was able to purify below the limit of discharge
moderate volume (33 BV) of Cd solution with a similar con-

entration (50 mg/l or 0.445 mmol/l) to those mostly found in
he upper range of concentrations usually present in industrial
astewaters, using about 80% of the maximum sorption capac-

ty displayed by the palygorskite column. Higher volumes of
urification could be attained in similar conditions for solu-
ions with lower initial Cd concentrations, while similar or
igher volumes of purification for solutions with higher initial
d concentrations would require the use of longer palygorskite
eds.

. Conclusions

Palygorskite exhibited sorption properties towards Cd, the
orption process appearing to be relatively fast with equilibrium
eing attained within the first half an hour of interaction. The
aximum removal capacity was 4.54 mg/g as determined

y the Langmuir model. This sorption capacity value was
reatly affected by both pH and ionic strength. Thus, Cd
orption decreased as initial pH lessened, especially at proton
oncentrations similar to those of cadmium, at which compe-
ition for variable charge sites (silanol groups on palygorskite
urface) appeared to be important. High competing electrolyte
oncentrations also decreased significantly (close to 60%)
he amount of sorbed Cd, suggesting a great contribution of
eplacement of exchange cations in the removal of Cd by
alygorskite. Continuous flow systems were proven to be
ffective to purify (down to the legal limit of waste: 0.1 mg/l)

oderate volumes of Cd-containing solutions with a similar

oncentration (50 mg/l or 0.445 mmol/l) to those mostly found
n the upper range of concentrations usually present in industrial
astewaters.
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