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ABSTRACT

Hysteresis or irreversibility has been observed to occur in the sorption
and esorption of inorganic contaminants by many soils and sediments
under varying environmental conditions. Knowledge of the sorption and
desorption of Chromium in the environment can be important for predict-
ing its mobility and threats fromits presence. Hence the main objective of
this study is to analyse and quantify the sorption and desorption hyster-
esis phenomenon of Cr Il in commonly found clay mineral Bentonite.
Batch experiments were conducted for both sorption and desorption un-
der conditions of (i) varying pH from 4-10 (ii) soil solution ratios ranging
from 1:60to 1:100 and (iii) Chromium concentrationsranging from5mg/l to
30mg/l with incrementsof 5-mg/l. Linear and Freundlich isotherms arefit-
ted with curvefitting tool builtin MATLAB and best estimated parameters
are tabulated for both sorption and desorption stages. Hysteresis indices
are developed with Freundlich exponents and the first derivatives of the
functions describing the sorption and desorption isotherm branches. Both
pH and soil solution ratio have remarkable influence on theirreversibility
of Cr Ill in Bentonite. At higher pH and SSR the irreversibility is less
produced and at lower pH and lower SSR the irreversibility is more pro-
duced. © 2008 Trade Sciencelnc. - INDIA
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INTRODUCTION

Chromium isone of the heavy metal that can be
hazardous. Contamination of soil and groundwater by
chromiumisasignificant problemand believedtobea
long-term threat to the environment. Chromiumisa
widespread contaminant, typicaly having been rel eased
into theenvironment asaresult of industrial activities
such asmeta -plating operations, wood preservation,

andtanning. Itiscons dered to beanimportant source
of contamination dueto largevolumeof exhaust liquid
discharged and solid dudge produced and toitsability
to gain accessto groundwater and soil, whereit has
detrimental effects. Asaconsequenceit causessignifi-
cant pollution both in soil and ground water unless
treated in someway prior to discharge®24,

At steswhere such potentia risk exists, activere-
media measures such as Chemica reduction/fixation
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have been undertaken. Insitu treatment methods for
chromium-contaminated soil and groundwater gener-
dlyinvolvethereduction of Cr(V1) to Cr (111) with sub-
sequent fixation of Cr(l11).

The successof thein situ chromium geochemical
fixation technol ogy depends on the ability of the ap-
plied reductant to reduce Cr(VI) in groundwater to
Cr(l11), and on the capacity of the reduced chromium
tofix ontotheaquifer solids. After effectiveremediation,
chemicd parameterswithintheaguifer, particularly pH,
may bealtered??7*3, However, to ensure that desorp-
tionof Cr(l11) will not occur, theremediation siteshould
be characterized to determine how suitableit isfor
Cr(111) fixation or for other treatment applicationg®-2",

Hence an attempt has been madeto investigatethe
Cr(111) sorption and desorption mechanismsunder vary-
ingenvironmenta conditionslikepH, Soil solutionratio
and the changing concentrations of Chromium. Batch
experimentswere conducted with adsorbent Bentonite,
which ishaving unique properties of high CEC and
swdling. Higher levelsof CEC and day content increase
sorption and inhibit metals contaminant removal. Some
degreeof “irreversibility or hysteresis” is observed with
the corresponding sorption and desorption isotherms.
Themain objectiveof thisstudy isto develop Hyster-
esisIndex for quantitative assessment of the degreeto
the occurrence of desorption of chromium, which a-
tersitsenvironmental mobility. Higher theindex, stron-
ger thesoil irreversibly bindsthe contamianant and the
potentia risk isreduced.

Background

Thetwo mgor oxidation statesof chromium, which
occur intheenvironment, are Cr (111) and Cr(V1). Cr
(VI) existsin solution as monomeric ions H,CrQ,°,
HCrO, (bichromate), and CrO,* (chromate) or asthe
dimericion Cr,0,*(bichromate). Itisthemost oxidized,
mobile, reactive, and toxic chromium state. Inthe Cr
(111)-H,0 system, Cr (I11) exists predominantly as Cr*
below pH 3.5. Withincreasing pH, hydrolysisof Cr3*
yields CrOH*, Cr (OH),", Cr(OH ),?, and Cr(OH),
(Rai, etdl., 1987).

IntheCr (I11)-H,0 system, Cr(l11) exists predomi-
nantly as Cr* below pH 3.5. Withincreasing pH, hy-
drolysis of Cr** yields CrOH*", Cr (OH) ,*, Cr(OH

., and Cr(OH) 9. At high concentrations, theseions
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impart agreen color tothesolution. Under dightly acidic
to alkaline conditions, Cr(l11) can precipitate as an
amorphous chromium hydroxide. In contrast tothenu-
merous pathwaysfor thereduction of Cr(V1), thereare
very few mechanismsfor theoxidation of Cr(111). Only
two constituentsin theenvironment areknown to oxi-
dize Cr(lI1) to Cr(VI): dissolved oxygen and manga-
nesedioxides (MnQO,)™.

Industria applicationsmost commonly use chro-
miumintheCr(VI) form, which canintroduce high con-
centrations of oxidized chromium (chromate) into the
environment. Cr (V1) does not alwaysreadily reduce
to Cr(l11) and can exist over an extended period of
time. Thegoa of geochemicd fixationtechnology isto
reduce Cr(V1) in groundwater and contaminated soil
to themorethermodynamicaly stable Cr(l11) with the
hel p of reductantsprovided therearesufficientironand
manganese oxide adsorption siteswithin the aquifer
treatment zoneto which the Cr(l11) can affix?3. The
reduced chromiumisexpected to geochemicaly fix onto
aquifer solidsthereby reducing chromium in ground-
water.

Thesuccessof geochemicd fixation trestment tech-
niquesisbasad on forminginsol ublenon-reactivechemi-
ca species. Precipitation and adsorptionresultinfixa
tion or solid-phaseformation of Cr(I11), each depend-
ing onthephysica and chemica conditionsexistingin
theaguifer sysem. Aquifer materid smust havetheabil-
ity to permanently “fix  Cr(IIT) and hence the perma-
nence of fixation must be evaluated for Cr(lI1)24,
Bartlett et. al.[¥!, states “the marvel of the chromium
cyclein soil isthat oxidation and reduction can take
place at thesametime.” This is an important principle
for the application of in situ technologies for the
treatment(reduction) of Cr(\V1) and permanent fixation
of Cr(l11).

Thereisoftenacertainfraction of Chromiumthat is
so strongly bound that it will either not desorb under
ordinary conditionsor will desorb at suchlow ratesas
to congtituteno environmentd threet. Itisthereforevery
much essentia to estimatetheamount of Cr 111 that can
beirreversibly sequestered by aparticular soil or sedi-
ment. Inthe case of chromium, itiscritical to havean
understanding of the Chromium Cycleintheenviron-
ment. Changesin acontaminant’s concentration, pH,
redox potential, oxidation Sate, rate of processes sorp-
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tion and desorption, cation exchange capacity (CEC),
clay content, soil solution ratio and carbon content may
reduce acontaminant’s stability at a site and release it
into the environment™, Littleisknown about the re-
leaserates of thesemetalsfrom soils.

Numerous studies of heavy metalsin subsurface
transport have suggested that sorption and desorption
exhibit hysteresisi.e., the two processes are not re-
versible#2918 |nthe past, many attempts have been
madeto study adsorption of metason clay mineral sur-
faces employing macroscopic, kinetic (short-term) or
equilibrium approacheg 5242518,

But the dynamic changesin contaminant concen-
trations caused by chemica reactions such asdesorp-
tion or dissolution hasnot been takeninto account. Itis
yet to find theory that isgenerally applicablefor fore-
casting the occurrence or extent of sorption-desorp-
tionhysteress. Theaffinity of chemicd speciesfor naturd
sorbents has often been observed toincreasefrom the
forward(sorption) to reverse(desorption) direction. The
corresponding isothermsare said to manifest non-sin-
gularity or hysteresisor different kinetic ratesfor sorp-
tion and desorption(e.g. slower ratesand longer time
scalesfor desorption processes). Somedegree of hys-
teresis, or irreversibility, hasbeen observedto occur in
the sorption and desorption of contaminantsby many
soilsand sedimentg®89,

Hysteressisthefailureof aparticular effect tore-
traceitsdf when theforcesactingto cause sorption are
reversed-in other words, acondition for which the ef -
fectisnot reversiblé*?, Determining theexistenceand
demongtrating theirreversibility of these mechanisms
arekey components of asufficiently protective moni-
tored natural attenuation remedy4.

For example, thedistribution of acontaminant be-
tween the aqueous and solid phases after its sorption
from solutionto the solid isdifferent than after itssub-
sequent releasefrom that solid back into solution. Such
differences are also often observed to increase as a
function of the period of timethat acontaminant re-
mainssorbed to the soil or sediment.

Threekey factors must be addressed in consider-
ing the potential use of natura attenuation of Cr(VI)in
the subsurface. (i) thereduction capacity of theaquifer
(i) therateof reduction. (iii) oxidation of Cr(IIl) tothe
moretoxic hexavalent form. While contaminationis
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actively entering the subsurface, conditionsmay favor
thereduction of Cr (V1) to Cr(l11) thereby immobilizing
itintheaquifer soil matrix. After thesourceof theactive
contaminationisremoved, however, chemica param-
eterswithin the aquifer, particularly pH, may be a-
tered?>732, Under thenew conditions, whichmay dso
favour thedesorption of Cr(l11) and requiresan eva u-
ation of the potential risk of chromium entering the
groundwater flow system

Further research isneeded to identify conditions
whereitismost likely to occur more specificaly, the
rate processes associated with aphenomenon referred
to adsorption/desorption hysteresis. Any discussion of
sorption desorption of chromiuminthesubsurface must
focusonthe soil matrix. Determination of the sorption
and desorption behavior of theseindividual soil com-
ponentsinisolationisanecessary first step towards
very detailed understanding and prediction of the hys-
teresisbehaviour of soilsof arbitrary composition*3, It
also providesabasisfor incorporating hysteresisinto
equilibriumexpressonsin Chromium transport and fate
models.

Griffinet al.*" studied the effect of pH onthe ad-
sorption of Cr(V1) by theclay mineraskaoliniteand
montmorillonite, and found adsorption washighly pH
dependent; theadsorption of Cr(V1) decreased aspH
increased, and the predominant Cr(VI) species
adsorbed was HCrQ,, .

In order to analyse and quantify effect of sorption
and desorption hysteresisphenomenaof Cr(l11) in Ben-
tonite, oneof thecommonly found clay minerals, this
study aimed at devel oping ahysteresisindex (HI) that
alowsquantification of theincompl ete desorption be-
havior of Cr(l11) with respect to Bentonite. As such,
the HI may serve asacomponent that includesaquan-
titative assessment of the degreeto which occurrence
of desorption of chromiummay beidentified. Thiscould
sgnificantly impact theneed for setting design stlandards
for contaminated soil remediation in appropriatecir-
cumstances.

Several empirical indicesfor quantifying hysteresis
insoilsexist and are presentedin TABLE 1. Thesein-
dices can be subdivided intogroups (i) sorbed concen-
tration g(mol kg?); (ii) theexponent of the Freundlich
equation, N; (ii1) thed opeof thedesorptionisothermin
rel ation to thed ope of thesorptionisotherm or thefunc-
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TABLE 1: Hysteresisindices(HI) in theliteratur&?

Index
based on

Nomenclature Ref.

Osorbs Odesorb, Solid
phase concentrations
on sorption and 119]
desorption branches
of isotherms
respectively
Nsorb, Ndesorb:
Freundlich
exponents of
sorption and
desorption branch,
respectively
f sorb(C), f demrb(c):
first derivatives of
the functions
describing the 5]
adsorption and
desorption branches

Equation

HI=Max
(qdesorb —
qsorb)/ g sorb

1. Sorbed
concentration, q

2. Freundlich

exponent, N HI =

[28,8,30,35]
N sorb /N desorb

HI =f’Sorb
(C)“ 1:’deﬁorb
(C)ff'som(C)

3. Slope

of the
isotherm,respectively
TABLE 2: Geotechnical propertiesof Bentonite
Geotechnical property Bentonite

Maximum dry density g/cm® 1.37
Specific gravity 2.78
Liquid limit % 375
Plastic limit % 105
Shrinkage limit % 7
pH in water % 9.2
CEC (meg/100g) 80-150
Specific surface arealm?/g] 700-800
Type 21
Swelling potentia High
Silt (2 to 74um) (%) 18
Clay (< 2um) (%) 82

tions describing the sorption and desorption isotherm
branches®®221, Theobjectiveisto deriveameasure
of hysteresisindex for chromium based on thefollow-
ingempiricd indices.

EXPERIMENTAL

Themateriasused for the present study are com-
mercialy available Sodium BentoniteNa, . (Al, Mg),
S,0,,(CH),(H,0)  asadsorbent and Chromium Ni-
trate(Cr 1) asadsorbate. Bentoniteisknown as*‘swell-
ing” or “plastic” clay that effectively sorbs and retains
relatively high amounts of water. It isformed from the
dteration of sliceous, glass-rich volcanicrockssuch as
tuffsand ash deposits. Thegeo technical propertiesof
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Bentonite clay used for the present study is presented
inTABLE 2
Inorder to determinethe sorption /desorption hys-
teresisof chromium on bentonite clay soil batch equi-
librium testswere conducted.Batch testsprovideaquick
method of estimating the maximal contaminant reten-
tion capacity of any liner materia. Themethod usedin
this test was based on the work of Griffin et a.[*7,
ASTM 1987 and as per recommendationsof USEPA/
530-SW-87-006F
Thefollowing conditionswere undertaken during
experiment for eval uation of sorption/desorption hys-
teresisphenomenon of Cr(l11) in Bentoniteclay soil.
1. Varying the Cr(I11) concentration (5, 10, 15, 20,25
& 30mg/l)
2.Varying clay-contaminant solution ratio (1:70,
1:80,1:90 & 1:100)
3.Varying pH (4, 6,8 & 10)
4. Inducing desorption by replacing 80% of the super-
natant liquid with contaminant-free solution
Thistest consists of suspending and stirring clay
and contaminant solutions. Clay contaminant solutions
wereplacedin 1000cc glassjar with synthetic rubber
plugs and motor with shaft and blades provided for
continuoudly tirring thesolutionsat 250rpm. After agi-
tation thesampleswithdrawal for every two-hour from
thesugpension wastaken place. Thesuspensonsamples
are centrifuged in polypropylenetubesfor complete
phase separation. FlameAtomic Adsorption Spectro-
photometer (Chemito) was used to obtain the concen-
trations of the chromiumin the supernatantsunder the
operating parameters wavelength 357.9nm for con-
centrations 2-8ppm and 425.4nm for concentrations
10-20 ppm. Thedissolved chromium (trivalent chro-
mium) isconverted to hexavdent stateby oxidationwith
potassium permanganate. Thetimerequiredto reach
equilibrium concentration was studied. After agitation
thepH of the samplewastested and recorded. Sodium
hydroxideor sulphuric acidsisused to adjust pH of the
sample.The mass of the sorbed contaminant per unit
massof soil (S) isthen obtained through thedifference
betweeninitial concentration (Co) and equilibrium con-
centration (Ce) following
S=(Co-CeV/IM
WhereV isthe contaminant solution volume and M isthe dry
mass of the soil.
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TABLE 3: Thebest estimated parameter sfor Sorption | so-
thermsfor Soil solution ratioranging from 1: 60to 1:100

Best estimated parametersfor sorption

g isotherm
no. SSR pH R? Sm L;gﬁ;r]orpn?gld N, % of
mg/kg £ (X) = pX + s blank
1. 1.60 4 0978 696 p;=33.62, p,=84.01 0.833 0.51
2. 6 0.987 766 p;=39.77, p,=83.69. 0.828 0.75
3. 8 0979 918 p;=66.82,p,=42.35 1.04 0.07
4. 10 0992 984 p;=66.35,p,=165 0.609 0.31
5. 170 4 0979 794 p;=38.9012, p,=76.01 0.873 0.24
6. 6 0.956 866 p;=42.14, p=146.7 0.695 -0.11
7 8 0925 750 p;=48.6,p,=196.3 0.744 0.45
8 10 0.910 1034 p;=52.8,p,=284.7 0.64 1.02
9 1:80 4 0.956 843 p;=43.18, p,=20.44 1.397 -0.67
10 6 0947 950 p=47.2p,=112.7 0.683 0.54
11 8 0.896 1021 p;=50.16,p,=267.6 0.636 0.73
12 10 0.963 1296 p;=95.63, p,=294.3 0.518 0.23
13 1:90 4 0.944 844 p;=45.34,p,=-49.1 1.591 -0.25
14 6 0969 942 p;=37.86,p=201 0.921 0.00
15 8 0953 1314 p;=75.99, p,=193.3 0.809 0.34
16 10 0.908 1429 p;=82.89, p,=370.7 0.574 0.23
17 1:100 4 0.933 900  p;=48.97,=-66.58 1.734 0.72
18 6 0.834 980 p;=49.78, p,=78.23 1.116 0.64
19 8 0.991 1240 p;=60.1, p,=324.2 0.737 0.38
20 10 0.965 1538 p;=82.79, p,=384.6 0.576 -0.09

Note: Sm -Maximum solid phase concentration, p,, p, & R?- Best
estimated parameters fitting with linear model polynomial, N,

- Freundlich exponents of sorption isotherms
TABLE 4: Thebest-estimated par ameter sfor desor ption | so-
thermsfor soil solutionratioranging from 1: 60to 1:100

Best estimated parametersfor Desor ption

isotherm
Sl no. SSR pH , Linear m(_)del % of
R mg/kg polynomial N> blank
f(X)=pi*x+p,

1. 1:60 4 098 486 p;=27.06, p,=-9.821 1.046 0.51
2. 6 0.984 654 p;=37.66, p,=64.59 0.844 0.42
3. 8 0.967 749 p;=58.73,p,=1.003 1.088 -0.34
4, 10 0.987 881 p;=61.14, p,=147.7 0.682 0.04
5. 170 4 0987 575 p;=31.81, p,=-1.1951.0184 0.68
6. 6 0975 743 p,;=39.73, p,=1258 1.132 0.40
7 8 0921 855 p;=5027p,=164.8 0.806 0.34
8 10 0.912 94156 p;=53.91p,=261.4 0.606 0.29
9 1:80 4 0.986 686 p;=37.75, p,=19.49 0.9568 -0.34
10 6 0.869 814 p;=46.49, p,=88.86 0.956 0.65
11 8 0.841 877 p;=45.2,p,=256.1 0.764 -0.12
12 10 0.9415 1164 p;=81.01, p,=324.4 0.378 0.32
13 1:90 4 0.946 710 p;=44.37,p,=15.28 0.920 0.27
14 6 0.816 802 p,;=46.99,p,=1035 0.683 0.33
15 8 0.927 1158 p;=74.36, p,=152.8 0.656 0.24
16 10 0.924 1311 p;=86.78,p,=306.9 0.413 0.34
17 1100 4 0.868 840 p;=51.14,p,=-23.26 1.586 -0.045
18 6 0.889 870 p,=48.35 p,=1049 1.019 0.26
19 8 0.725 1028 p;=50.97,p,=30.95 0.732 0.31
20 10 0.969 1360 p,=83.37,p,=285.7 0.46 0.34

Note: Sm -Maximum solid phase concentration, p,, p, & R?- Best
estimated parameters fitting with linear model polynomial,N,-

Freundlich exponents of desorption isotherms
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Soil solution ratioisdefined asthemassof thedry
soil divided by the volume of the solution used in the
tests. Thesoil solutionratio caninfluencethemass|oad-
ing on the soil solid phase and the magnitude of sorp-
tion nonlinearly increases asthe amount of sorbent in-
creases. Soil solutionratio of lessthan 1:60 would re-
aultin pastesthat could createdifficultiesinthemixing,
separation and analysis of batch contact. Since sorp-
tion isaphysico chemical processit isimportant to
eva uatethe sorption capacity after equilibrium between
the solid and liquid phases has been reached. Follow-
ing therecommendation madeby Roy et d.1*" equilib-
riumisconsidered to be achieved, when thereisnot
morethan avariation of 5% variationintheconcentra:
tionsof the suspensionsover a24hr period. Equilibra-
tiontimewasachievedin 24 hrsamostinall sorption
and desorption experiments.

Blank solutionswereused to eva uatethe chemica
stability of contaminant solutions. They were submitted
toa24hr period of rotation and the stability was cal cu-
lated using thefollowing coefficient
% of Blank = (C,,- C, ) x100/C, ,

Where C,, and C_,are the initial and final concentrations of
blank solutions respectively.

Desorption experimentswere performed by replac-
ing the80% of the supernatant liquid with contaminant
freesolution. After agitation the sampleswithdrawa for
every one-hour from the suspens on wastaken place.
The procedure was repeated the same as conducted
for the sorption experiments and the desorbed concen-
trationswere determined.

Sor ption isothermsand parameter estimation

Isothermswere devel oped for Constant Soil Solu-
tion Ratio(CSR). For CSR isothermsthe soil solution
ratio washeld constant while Chromium concentrations
were systematically changed. Linear and Freundlich
modelswereused for fitting and parameter estimation
and are presented Linear regression analysiswas ap-
plied and the best fitswere selected usng CurveFitting
Toolbox (acollection of grgphica user interfaces(GUIS)
and M-filefunctionsbuilt ontheMATLAB® technicd
computing environment. Thedataarefitted using para-
metric model ssuch aslinear polynomiasand the Good
nessof fitisevauated using graphica techniques. Para
metricfitting produces coefficientsthat describethedata
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TABLE5: Hysteresisindicesdeveloped with thefir s deriva-

tivesof thefunctionsdescribing the sor ption and desor ption
branchesof theisotherms E®
SSR 1:60 1:70 1:80 1:90 1:100 E o
pH4 0.195 0.182 0.125 0.021 -0.044 g ?gv
pH6 0.0528 0.05733 0.0149 -0.241 0.028 8 c
pH8 0.1361 -0.0324 0.0214 0.0987 0.1518 5B
pH10 0.0785 -0.0209 0.152 -0.0468 -0.007 8 g
TABLE 6: Hysteresisindicesdeveloped with theFreundlich = ‘
exponents of sorption and desor ption branches of the iso- 20 30
therms Equilibrium concentration in mg/l
SSR 1:60 1:70 1:80 1:90 1:100 —— Sorpt?on at pH4 —o— Desorpt?on at pH4
pH4 1256 1.166 0684 0578 0014 A— Sorption at pH6 4 Desorption at pH6
pH6 1019 1631 1400 0741 0913 ¢ Sorption at pH8 o Desorption at pH8

pH8 1.047 1083 1.201 0.811 0.994 —— Sorption at pH10 —B— Desorption at pH10

pH10  0.989 0.946 0.729 0719 0.798 Figure 3 : Sorption and desor ption isothermsfor solid
solutionratio 1:80

< 1200
B 1000 | 1600 -
2 £
e ® 2 1200 -
c ~~ 600 + §
o 2 1000 -
g S 400 - S2 800
§ 200 £2 600
o ] [=))
G 0 ‘ e E 400 -
8 0 5 10 15 20 8 200 |
= Equilibrium concentration in mg/l (Ce) S 0 - !
—e@— Sorption at pH4 O— Desorption at pH4 © 0 10 20 30
A— Sorption at pH6 —aA— Desorption at pH6 = Equilibrium concentration in mg/l (Ce)
&— Sorption at pH8 ©— Desorption at pH8 —e— Sorption at pH4 —o— Desorption at pH4
—&— Sorption at pH10 —&— Desorption at pH10 A— Sorption at pH6 A— Desorption at pH6
Figure1: Sorption and desor ption isother msfor solid so- &— Sorption at pH8 ©— Desorption at pH8
lution ratio 1: 60 —m— Sorption at pH10 —B— Desorption at pH10
Figure4: Sorption and desor ption isothermsfor 1:90
1400 -
kS
= 12007 1200 -
8 1000 | E 1600 -
=N
E 5 800 - ) 1400
§ E, 600 - & 1200 -
S = 400 1 5 1000 - 4
i 200
5 200 -
8 o S S8 6001
= 0 5 10 15 20 25 s 400
Equilibrium concentration in mg/l é 200 4
0 r s
—e— Sorption at pH4 —o— Desorption at pH4 a 10 20 10
A— Sorption at pH6 A— Desorption at pH6 Fyuilibrium conceniration in mgil {Ce)
&— Sorption at pH8 ©— Desorption at pH8 + Sorvtion ai wHi De om at oE4
—m— Sorption at pH10 —B— Desorption at pH10 R el L
. 2 - Sorpti dd . isoth f lid & Sorpton at pHa —— Dezorption at pHb
Fllgure - rptlgn an esorption Isothermsfor soli +  Sorption at pHS & Desorption at pHS
solutionratio 17 —8— Sorption at pHI10 —8— Dezorpton at pHIN

TheFreundlich exponentsand thefirst derivativesof ~ Figure5: Sorption and desorption isothermsfor solid
the functions describing the sorption and desorption ~ Solutionratio1:100

isothermsare cal culated and presented in TABLES 4

and 5.
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0.3
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-0.3

HI Values
o

pH Values

—o— SSR 1:60 ®—SSR 1:70
—aA— SSR 1:80 —— SSR 1:90
—%— SSR 1:100

Figure6: Variation of HI values(developed on thebasisof
first derivativesof thefunctionsdescribing the sor ption
and desor ption branchesof theisother ms) with pH and
Solid solution ratioswith pH & SSR

HI1 Values
=
- (6)]
.

o
o

0

0 5 10 15
pH Values
—e—SSR 1:60 —m—SSR1:70 —O0— SSR 1:80

—A—SSR 1:90 —%— SSR 1:100

Figure7: Variation of HI valueswith pH developed on the
basisof Frendulich exponentsof sor ption and desor ption
isotherms

RESULTSAND DISCUSSIONS

Thehysteresisindiceswerecalculated (asgivenin

TABLE 1) intwoways, onewith Freundlich exponents
and the other with thefirst derivativesof thefunctions
describing the sorption and desorption isotherm
branches. Both ways expressed agood representation
of variation of HI valueswith pH. Solid solutionratio
a so hasremarkabl einfluence on the sorption and des-
orption hysteres seffect of Chromium with bentonite

1.

Itisevident fromtheresultsthat both pH and Solid
solution ratio haveremarkabl einfluence and pro-
duce Hysteresiseffect in the sorption and desorp-
tion behavior of Cr I11 in Bentonite.

It isobserved that the sorption of Cr 11 increases
withincreasing pH in Bentonite.

When theHI va uesincreased there exists stronger
irreversibility of the contaminant and viceversa

4.

5.

10.

(1]

[2]

(3]

(4]
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TheHI va uesdecreasewithincreasing pH and Solid
solutionratio.

From TABLE-4 for thepH 4, whenthe SSR value
increased from 1:60to 1:100 the HI values gradu-
ally decreased andfor SSRvalue1:100it isalmost
negativethat indicatestheirreversibility doesnot
OCCUI.

For pH 6, when the Solid solution ratio increased
from 1:60 to 1:80 it is observed that thereis no
much variationinthe HI value. But whenthe SSR
isincreasedto 1:90theHI vauedecreased tolarge
extent. Againwhen the SSR increasedto 1:100 the
HI vaueincreased.

Littleamount of irrevergbility exigsfor pH 8in SSR
vauesfrom 1:70,1:80& 1:90.

Higher irreversibility ispronounced for lower pH
vauesandviceversa

FromTABLE 5 tisobserved that for higher Solid
solution ratio as observed for 1:100, the effect of
pH onisnot significant onthevariation of Hyster-
essindex.

However the HysterisisIndices devel oped suffer
thefollowinglimitations (a) they depend on aspe-
cificisotherm modd (b) depend arbitrarily on solid
solution ratios(c) applicableonly toasinglestep
desorptionisotherms. Therearepossibilitiesof multi
step desorption stages. In spite of theabovelimita
tionsamolecular level knowledgeinthequantifica
tion of HysterisisIndex for ngtheoccurrence
of irrevergbility of the contaminant isattained.
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