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ABSTRACT KEYWORDS
Adsorption of cadmium on two different soils from Egypt (clays and sandy Cadmium;
loam soils) was studied. Data on adsorption isotherms, competitive effects NaCl, NaZ.SOLt
and/or inorganic complex formation of NaCl and Na,SO, are presented. The Langmgl r
adsorption was described by aLangmuir or aFrendlich equation. The maxi- Freundlich;
mum adsorption derived from the Langmuir equation wastaken to measure Egyptian soils.

the adsorption capacity, while the Langmuir parameter was taken to point
out therelative degree of affinity or energy at different cadmium adsorption
conditions. In particular, the clay soil had higher adsorption capacitiesin all
cases than the sandy oam soil. The higher clay content, CEC, OM and the
surface area of the clay soil may account for the higher capacity. It appears
likely that the existence of NaCl decreases the maximum adsorption of cad-
mium in both soils and also reduces the bonding energy coefficients less
than those in presence of Na,SO, apparently favoring the dissociation of
adsorbed Cd complex. Dueto this behavior, cadmium adsorption in case of
NaCl sat matrix was about three times less than for Na,SO,. This effect is
important since relatively moderate concentration of Cl in soil solution will
greatly reduce the adsorption of Cd on soil surface. Thereby relatively high
Cd concentrations in soil solutions will be maintained especially under
surface irrigation conditions, which increase the probability for ground
water pollution with thisharmful and toxic metal.
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INTRODUCTION dangerousinorganic pollutantion. Themgor question

hereisthe ability of thesoil to act asan attenuate and

Cadmiumisprobably theheavy metal of mostcon-  perhapseven asink for cadmium. Theanswer of this
cern associated with soil pollutants. Itisapotentialy — question could bethrough knowledge concerning cad-
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mium adsorption aswell as cadmium binding on soil

surfaces™.

Theknowledgeof themobility mechanismsof cad-
mium isanimportant parameter for therisk assessment
of polluted soils. Mobility ishighly dependent onthe
way and thestrength of thefixation of thecadmiumions
by the soil components. For risk assessment purposes
statements haveto be made about the mobility (migra-
tion, transport) and about the retardation (adsorption
and bonding forms)i*2,

Theoccurrenceof heavy metdsinthesoilscantheo-
retically includethefollowing fractiong™?:

1. Asfreeionsor complexed inthe porewater

2. Adsorptiveor exchangeable bound on soil
component surfaces, mainly oniron and manga
nese oxidesand hydroxides, clay mineralsand
organic matter.

3. Precipitated aschemica compounds (hydroxides,
carbonates and sulfides)

4. Co-precipitated onironand manganese oxides
and hydroxides, and on carbonate, sulfideand
phosphateminerds

5. Organicaly complexed (on organic soild phases)

6. Resdud, occludedinespecidlyintoslicates
Theobjectiveof thisstudy wasto investigatethe

behavior of thecadmiumionsin someEgyptian soils, to
describethetypeof adsorption under different levelsof
some el ectrolytes. The aspectsof itsmobility and the
thermodynamic free energy of adsorption will bede-
termined. Thesetogether might contribute our knowl-
edgefor better understanding metd-bindingin soilsand
thefactorsthat govern that behavior. The quantitative
informations about the soil adsorption mechanism of
cadmiumionswill involve:

1. Determination of adsorptionisotherms,

2. Competitiveeffectsof sodiumions,

3. Thespecificadsorptionsitesavailablefor cad-
mium on different soil surfaces, and

4. Theeffect of the counter ionsassociated withthe
salt matrix (Cl-or SO,*) onthe cadmium complex
formation.

MATERIALSAND METHODS

Two soil samplesfrom Egypt wereusedinthisstudy,
thefirst wasalluvia and the second was cal careous.
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TABLE 1 representschemica and physical character-
iicsandtheminera ogica andysisof theexperimenta
soils.

Adsorption isotherms

The adsorption isothermswere constructed at pH
7.8. Duplicate samples of each soil was applied. To
100 ml polyethylene tubes containing 2 g sampl es of
each soil, 50 ml of 0.05NaCl asanindifferent electro-
lyte, were added. An amount of astock solution con-
taining 500 mg Cd/L was added to obtaininitial cad-
mium concentrationsof 1-15 pg/ml in each tube. The
tubes were shaken in an end-over end shaker for 24
hoursat roomtemperature. The pH was adjusted three
timesto be 7.8 during thisperiod. Thedurry was sepa-
rated by centrifugation. Thesupernatant wasremoved.
The adsorbed cadmium was cal cul ated be the differ-
ence between the concentration of Cdintheoriginal
solution and theequilibrium solution.

Theeffect of NaCl concentr ation on cadmium ad-
sorption

The competitive effect of sodium on cadmium ad-
sorption was examined. Thiswas eval uated by con-
structing other cadmium adsorptionisothermsat 0.15
N NaCl. Theexperimentswere conducted as described
abovein thefirst one, except that 0.15 N NaCl salt
meatrix was added.

Effect of counter ions

To study theinfluence of the counter ion of thein-
different e ectrolyte and itsinorganic complex forma
tion on cadmium adsorption, Na,SO, asindifferent elec-
trolytewas used instead of NaCl. Two different con-
centrations of this salt (0.05 and 0.15 N) were pre-
pared. Theexperimenta proceduresweredsothesame
asfor NaCl. Cadmium concentration was measured
by the atomic absorption.

RESULTSAND DISCUSSION

Two soilsfrom different regions of Egypt were se-
lected for thisinvestigation. Thisfirst oneisanaluvia
and the second isacal careous soil. Some soil proper-
tieswhich arerelevant tothe adsorption of Cdionsare
presented in TABLE 1.

Thewiderangeof Cd concentration used through-
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experimental soils.

Alluvial  Calcareous

Parameters . .
soil soil

Texture of < 0.5 mm
% Sand (0.02-0.5 mm) 12.10 62.70
% Silt (0-20 um) 31.60 25.60
% Clay (2 pm) 56.30 11.70
% Calcium carbonate 2.14 21.80
% Organic matter 1.75 0.30
CEC (meg/100 g soil) 48.20 8.70
Specific surface area (m?/g),
O.P. method 233.80 87.60
Cd content (ug/g), hot 1:1
HNO; for 6 hrs; [17] 0.36 0.06
Mineralogical analysis
% Montmorillonite 51.50 14.20
% Kaolinite 15.00 17.20
% Mica 7.50 26.30
% Vermiculite 5.00 -
% Attapulgite - 22.00
% Quartz 4.00 4.00
% Feldspar 3.00 3.50
% Free oxides 14.00 12.80
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Figurel: Cadmium adsor ption isothermin alluvial soil at
different concentrationsof NaCl and Na,SO, assalt matri-
ces.

out thisstudy produced curvilinear adsorptionisotherms.
Theability of thesestwo soil sto adsorb Cd wasfound
to bedifferent. Thisability wascompared by reference
to the“Cd adsorption Isotherm Gradients”, calculated
fromthefirst linear partsof Figures1 and 2. Thevaues
of thegradientsweregivenfor dl of thesoilsin TABLE
2. Onthebasis of theseresultsit can be seen that the
Cd concentrationinthedluviad soil isinfluenced more
by its constituentsthan the cal careous soi 9,
Theformation of unchargedion pairsand/or nega:
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Figure2: Cadmium adsor ption isothermin cal car eous soil
at different concentrationsof NaCl and Na,SO, assalt matri-
ces.
tively charged complex can be observed from the com-
parison between theadsorption isothermsof NaCl and
those of Na,SO, asindifferent electrolyte. Figures 1
and 2 show that, for thesame Cd ionsconcentration in
solution, theamounts of adsorbed Cd are appreciably
lower inchloridesystems. Thedifferenceintheamounts
ranged between two to threetimeslessin NaCl sys-
temsascompared with Na,SO, systemsthisobserva-
tion can beattributed to the formati on of compl exes of
Cd* with CI- ligandslike (CdCl.°, CdCl,; and CdCl |
2 wherethe Cl-ionmay coordinatewith asurfaceligand
and be treated as an inner sphere complex with the
surface®. Ontheother hand from the sol ution chemis-
try studies, Na,SO, dose not formin these conditions
of concentrations, sincethe formation of thisspecies
would decrease the amount of Cd adsorption onthe
soil surfacesi.e., sulfateion form an outer spherecom-
plexintheakalineconditions®. Thisobsarvationtends
to confirmthe conclusions of theelectrolyte effect on
heavy metal adsorption. For instance, cationssuch as
thealkali metalsand earth alkali metals may compete
for low-energy adsorption siteson the soil and hence
reduce the sorption of cadmium when theseionsare
present in substantia amounts. Thiseffect isimportant
sincerelatively moderate amount of NaCl in soil solu-
tion will greatly reduce the adsorption of Cd on soil
surfacesand thereby tend to maintainrel atively high con-
centrationsof Cdin soil solutionf®.

Theadsorption of Cd on these soilsconformedto
thelinear formof Langmuir equation:
C/(x/m) =1/(a.b) +[Cl/aq] (1)
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TABLE 2: TheLangmuir and Freundlich coefficientsfor thetwo examined soilsunder different conditionsof salt matrix and

concentration.
L [ et Freundlich et
Soil type  Salt matrix  Salt matrix Conc._N angmuir paramerer s ac>:<El80 reundlich parameters
a(pg/g) b (ml/ug) k (ml/pg) n
Na.SO 0.05 544 0.232 2.05 16.51 1.270
B 0.15 448 0.242 1.69 14.09 1.297
Alluvia ki 5.62 n, 1.077
- 0.05 255 0.137 0.96 ks 27.03 2333
ki 5.21 n, 1.296
0.15 198 0.190 0.75 k13,74 o 2.188
Na.SO 0.05 170 0.368 312 15.31 2.026
. 0.15 163 0.272 2.99 12.92 1.984
o 0.05 116 0.294 2.13 Ky 17.93 o 2.494
0.15 85 0.330 16 jo>% m17
2 . 2 O.
R E— - |ated to bonding energy. To find out the maximum ad-
5] —=— 005 NaCl T sorption, aand thebonding term, b for these soilsun-
—6—005Na2504 g _a der different salt matrix conditionsand different ionic
g FOODNERGE S — strengths; C/(x/m) was plotted against C (see Figures
-, - . . . . . oy .
2 P " 3and4); whichgaveasdtraight line. Thevariability in
I o surface hydroxyls, notably thevariationin point of zero
“ d -t charge and surface charge density, the calcium carbon-
PP - ;:ZEE:#—@*-"“"' ate, thevariationsin clay mineral composition and the
10 —g— &% presence of organic matter combined withthedifferent
affinitiesof the cationsfor sites, might beresponsible
0 . : ; 3 . ) for thedifferentiation in the specifically adsorbed Cd,

C (ug/ml)
Figure3: Langmuir isotherm for cadmium adsor ption by
alluvial soil
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Figure4: Langmuir isotherm for cadmium adsor ption by
calcar eous soil

Where (x/m) istheamount of Cd adsorbed by unit
welght soil (ug/g), Cisequilibrium Cd concentrationin
solution (ug/ml), A isthe Langmuir adsorption maxi-
mum («g/g), and bisthe Lagmuir “bonding term” re-

and to obtained differences of Langmuir parameters.
Atthediluted indifferent electrolyte (0.05N), the
cadmiumionswill be adsorbed at the diffused parts of
thedoublelayer, Wherethey arein afully hydrated or
partialy hydrated forms. On the other hand, at thehigh
level of theed ectrolyte (0.15N) the doublelayer of the
clay mineralswill be compacted and the adsorbed ions
would bepartidly or fully un-hydrated. So theadsorbed
cadmium under this condition would occupy the spe-
cific surface charged sites®. Thedifferencesbetween
the maximum adsorption, b, at 0.05and 0.15 N of the
indifferent el ectrolyte might represent the non-specific
adsorbed cadmium (see TABLE 2). It appearsfrom
thedataof TABLE 2 that the specifically adsorbed cad-
mium represents about 80% from thetotal adsorbed
amount in these soils. Moreover, thistotal adsorbed
cadmium representslessthan 3% fromthetota surface
charges (CEC) inthesetwo soils. It meansthat theto-
tal adsorption of cadmiumisvery low and consequently
most of thecadmiumwill befreeinto the soil solution,
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causing aharmful condition ontheenvironment inthe
caseof thedluvia soil, whileinthe case of calcareous
soil many authors have reported that the mechanism
correspondsto surface preci pitation, copreci pitation or
diffusoninto theexistingmineralswhichmayleadtoa
solid solution formationf3 1115161,

Theminera composition of the ca careoussoil (see
TABLE 1) anditslower content of the organic matter
may bethereason to exhibited lower cadmium adsorp-
tionthanthealluvid soil* "9,

Thermodynamicfreeener gy of cadmium adsor p-
tion

An attempt was madeto cal culatethefree energy
of cadmium adsorption under different conditionsof so-
diumionic strength and/or the co-ion. In thismethod
thefractiona surface coverage, 6, was fixed at 5x 10
19 meq of cadmium adsorbed per cm? of the surface
areato providetherational basisof comparingthesur-
faceof thesesoils. By combining theknowledge of sur-
facearea(see TABLE 1) and the adsorptionisotherm,
0 was calculated through the values of X)m per gram
taken from the adsorption isotherm at alevel reaches
to al theadsorption isotherms. Thereby the principle of
thismethod depends on keeping constant 6 value for a
rationa comparison between soilsunder their different
experimentd conditions. Findly, thecorresponding va-
uesfor x’m divided by surface area of theindifferent
electrolytewill betakento caculatethefree energy of
adsorptionAG?,.

The standard free energy of adsorption at fixed 6,
AG°, isdetermined from foll owing equation:

AGo, =—RTIN[M_ye -Yegeq]=— RT N2y, 2

Whereeg, m, v, and a oo refer to the equilibrium
conditions, moldity, activity coefficient and activity re-
spectively of agueouscadmiumions. Theactivity coef-
ficient,y, of Cd ions will be calculated from the equilib-
rium concentration and from the EC values by using
Debye-Huckel theory eventualy Cd activity, a, canbe
caculated.

The negativevalues of the standard free energy of
adsorption AG®,, indicatesthat the reaction proceeds
spontaneously. These negative values of AG®, (see
TABLE 3) can provideameasurefor cadmium binding
onthesoilssurfaces. The stronger the cadmium bind-
ing, themoreisthe negativevaueof AG®,.
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TABLE 3: Freeenergy of cadmium adsor ption for thetwo
examined soilsunder different conditionsof salt matrix and
concentration.

o
Salts Freeenergy AG®°, KCal./mole

Alluvial Soil  Calcareous Soil
(0.05male) -6.70 -7140
NeCl - 015mde)  -662 -6.01
(0.05male) -759 -8.00
" (015mole) -744 772

Thereisagenerd behavior for AG°, vauesinthese
experiments. It wasfound that theval uesof freeenergy
of adsorptionin calcareoussoil had higher valuesthan
inthedluvid soil; however, themaximum adsorptions
for thefirst soil werelower than the second oneasshown
iInTABLE 2. It meansthat the cal careous soil exhibited
stronger surfacesto bind cadmiumionsthanthedluvid
s0il. Theminerd composition of theca careous soil (see
TABLE 1) may have been the reason to exhibit the
higher free energy of adsorption. The mica and
atapul gitecontentsarehighinthissoil. It hasbeenfound
by many authorsthat these clay mineradshaveahigher
tendency to adsorb cadmium and thistendency dose
not changes by changing the e ectrolyte concentration
concentration* 9. The Freundlich equation,
Log(x/m)=LogK +(1/n)LogC 3
was also used to evaluatethe data. It isexpressed in
termsof soil equilibrium concentration (ug/g), XYm, ad-
sorption parameter (ml/g), K and adsorption param-
eter, dimensionless, n.

The correlation coefficients for the linearized
Freundlich equationweredsofairly high. Then-vaues
obtained were comparable with those reported inthe
literature, 1.00-1.70. TheK-vauesarenot comparable
toliteraturevauesasmentioned previoudy for Langmuir
avalues. Fromthe gtatistica anaysisit wasfound that
thefit of the Freundlich equation to represent the ad-
sorption data, in the presence of NaCl as salt matrix
was excellent when these curves were resolved into
two linear portions(Figures5 and 6). Thetwo portions
of the curve were considered separately where the
lower six points (referred to aspart 1) inthemost in-
stanceshad an obvioudy different dopesfrom theup-
per six points (referred to aspart 2).

Thisbehavior may be dueto the existence of two
energy level sitesfor Cd adsorption inthe presence of
NaCl. Inthe case of Na,SO, theisotherms have one
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Figure5: Freundlich plotsof cadmium adsor ption by alluvial
soil.
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Figure6: Freundlich plotsof cadmium adsor ption by calcar -
eous soil.

dopeadlover the Cd adsorption points, indicating ho-
mogeneity inthestesof cadmium adsorption. Theabil-
ity of NaCl to produce such behavior could be attrib-
uted to the competition between Na" in NaCl and Cd
ions, to occupy some specific sites, where Cl- have a
tendency to make complex ionswith Cd*1®. ThusNa
inthat e ectrolyte could have higher probability to com-
pete for some of the specific Cd?** sites. Thistype of
sitesis not accessible for Na“ in Na,SO,. It may be
possibleto suggest that thistype of sitesbelongsto the
low energy level sites, since Cd? adsorption increased
by increasing the salt content from 0.05t0 0.15 N.
Several soil constituents are ableto adsorb cad-
mium; itisprobablethat high contentsof clay, silt,
organic matter, iron and manganese oxides, calcium
carbonate and high soil pH indicate ahigh capacity
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for adsorbing cadmium. However, no smplelinear re-
lationship should be expected. For example, thealu-
via soil of thisstudy exhibited threetimeshigher ca-
pacity than the calcareous soil (see TABLE 2), al-
though it contained fivetimesmore clay and six times
more cation exchange capacity than the cal careous
soil (see TABLE 1). The higher capacity of theallu-
vid soil for Cd?* adsorptionislikely duein parttothe
formation of an organo-clay complex with ahigher
affinity for Cd?* or to the formation of a clay-Cd,
organo-Cd bridgethat increased the adsorption ca-
pacity of the system(6 7,

CONCLUSIONS

It appearslikely that theexistence of NaCl asasdlt
matrix decreasesthe maximum adsorption, aand re-
ducesthebonding energy coefficient, b, apparently fa-
voring thedissociation of adsorbent-Cd complex. Un-
der semiarid and arid zones, soil wherehigher CI- con-
centrationsare common, Cd* might beleached more
readily inthe soil profile, especidly under surfaceirri-
gation systems. Thisremoval or leachingmight resultin
pollution of theground water with thistoxic heavy metd.
Thehigher, a vaueswerefor theadluvid soil, whereas,
thehigher, b, vdlueswerefor the cal careous soil. Thus
it seemsthat thea luvial soil hashigher adsorption ca-
pacities and the cal careous soil hasahigher bonding
energy sites; due may betoitshigher CaCO, content
and thisconclusionisconformed by thefreeenergy of
cadmium adsorption. According tothe AG®, behavior it
can be concluded that cal careous soil exhibited stron-
ger surfacesto bind cadmiumionsthanthedluvid soil.
However, themaximum adsorptionsfor thedluviad soil
were higher than those of cal careoussoil.
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