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A NOTE ON T H E  ADSORPTION OF ORGANIC 
M O L E C U L E S  ON CLAYS 1 
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The Volcani Center, Bet Dagan, Israel 

Abstract--Results of adsorption studies of several pesticides on soils and clays show that the application 
of the reduced concentration concept to adsorption can either reduce the temperature effect on the iso- 
therms, eliminate it altogether (e.g., parathion adsorption on Netanya soil), increase the temperature de- 
pendence (e.g., fl-BHC adsorption on Ca-bentonite) or even reverse the temperature dependence of the 
isotherms (e.g., parathion adsorption on Ca-attapulgite). 

Literature and experimental data for the adsorption of parathion by Ca-attapulgite and by attapulgite 
with organic exchangeable cations of different sizes demonstrate that for many surface interactions the 
terms organophilic or hydrophilic are misleading. Organic compounds which are insoluble in water and 
soluble in apolar solvents will not necessarily adsorb preferentially on "organophilic" surfaces. The spe- 
cific interactions between adsorbate and adsorbent and steric considerations (in addition to the relative 
solubility of the organic molecule in water and apolar solvents and the organophilic or hydrophilic nature 
of the surface) will determine the partition between the adsorbed and the solution phase. An outstanding 
example is the order of adsorption of parathion on attapulgite: HDMA-attapulgite > Ca-attapulgite > 
TMA-attapulgite. This order is neither directly nor inversely related to the "organophilic" nature of the 
surfaces. 
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INTRODUCTION 

The general concepts of "reduced concentration" 
and "organophilic vs. hydrophilic interactions" have 
been used by Mills and Biggar (1969) and Mortland 
(1979), respectively, to describe the nature of the ad- 
sorption of organic molecules on clays. Although these 
concepts can be properly applied to explain many clay-  
organic molecule interactions, experimental data as 
well as theoretical considerations suggest that many 
attempts to use these concepts may lead to erroneous 
conclusions. On the basis of literature data and some 
original experimental results, this note demonstrates 
the limits of applicability of these two general concepts. 

EXPERIMENTAL 

Attapulgite (Diluex, Floridin) and bentonite (Fisher 
Scientific Inc0 were rendered homoionic by repeated 
washings with various solutions of inorganic and or- 
ganic ions. Ca 2+, Na § TMA § (tetramethylammonium), 
and HDMA § (hexadecyltrimethylammonium) clays 
were prepared. Clays were dispersed by placing 0.1 g 
in an ultrasonic bath with 5 ml of distilled water for 5 
min and then shaking the slurries for 24 hr. Aqueous 
solutions of parathion (5 ml) of various concentrations 
were then added and the suspensions shaken for an ad- 
ditional 24 hr. After attainment of equilibrium, the sus- 
pensions were centrifuged and the supernatant solu- 
tions analyzed for parathion. [E thy l - l -C  14] parathion 
(Radiochemicals Ltd., Amersham) was used and de- 
termined in a Packard Model 3003 Tri-Carb Scintilla- 
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tion counter. The scintillation fluid used was as de- 
scribed previously (Gerstl and Yaron, 1978). Adsorption 
isotherms were run at 5 ~ 25 ~ and 37~ 

RESULTS AND DISCUSSION 

Reduced concentration 

The concept of reduced concentration (Kipling, 
1965) has been used to present a unified approach to 
adsorbate-adsorbent interactions in different solvents 
in which the adsorbate has different solubilities. It was 
also employed (Mills and Biggar, 1969; Yaron and 
Saltzman, 1972) to obtain "temperature-independent" 
adsorption isotherms. Reduced concentration is de- 
fined as C/Co, where C is the equilibrium concentration 
and Co is the saturation concentration of the solute at 
a given temperature. Rather than the standard iso- 
therms in which the surface concentration is plotted 
against C, a supposedly temperature-independent iso- 
therm is obtained by replacing C by C/C0. Yet, the 
equilibrium adsorption and Co are differently depen- 
dent on the temperature; hence, they are not directly 
related to each other. The temperature dependence of 
Co can be described as follows: 

d In Co _ AHois (1) 
d 1/T R 

where R is the gas constant and AHois is the enthalpy 
of dissolution. 

AHdis = Hc - H~oi (2) 

where Hc is the heat of sublimation of the pure 
solid and Hso~ is the heat of solvation of the solute. 
If the pure solute is a liquid, Hc in Eq. (2) should 
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Figure 1. Reduced (a) and normal (b) adsorption isotherms of parathion from water on a Netanya soil (reproduced from Yaron 
and Saltzman, 1972). 

be replaced by the heat of vaporization of the pure 
liquid. 

At  sufficiently low C (where the adsorption isotherm 
approximates a straight line): 

d In Kad~ AHads 
- -  - ( 3 )  

d I/T R 

where Kaas is the ratio between the surface concentra- 
tion and C, and AHad s is the enthalpy of adsorption 
defined as follows: 

AH~d~ = H s o l -  Hs (4) 

where Hs is the heat of vaporization of the organic mol- 
ecules from the adsorbed state. Frequently adsorption 

is actually an exchange process between solvent and 
solute molecules at the surface (e.g., Mortland, 1970). 
Hs in Eq. (4) will then have a different definition, but 
AHads can still be written in the form of Eq. (4), bearing 
in mind the proper  definition of H~. Hs is independent 
of Hc as both arise from completely different interac- 
tions. As long as H~ ~ Hc, Kad~ will vary with tempera- 
ture independently of Co, and hence the concept of 
reduced concentration lacks theoretical support. 

In general, Co increases with temperature (dissolu- 
tion being endothermic) while the specific adsorption 
at a given C decreases with an increase in temperature 
(the adsorption process is usually exothermic). This 
means that the reduced concentration isotherm may 
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Figure 2. Reduced (a) and normal (b) adsorption isotherms of y-BHC from hexane on Ca-staten peaty muck (reproduced from 
Mills and Biggar, 1969). 
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Figure 3. Reduced (a) and normal (b) adsorption isotherms of/3-BHC from water on Ca-bentonite (reproduced from Mills and 
Biggar, 1969). 

often decrease the temperature effect as compared with 
the conventional adsorption isotherm. This correction, 
however,  may be of any magnitude and may even in- 
crease the dependence of the isotherm on temperature 
by overshooting the correction. Figures 1-5 display 
various specific adsorption vs. concentration and re- 
duced concentration curves. In some cases the reduced 
concentration eliminates the temperature effect (Fig- 
ures 1 and 5), but not in others (Figures 2-4). Where 
the temperature effect is eliminated either Hs --- He or 
Hc and Hs are small as compared to Hso~. The latter pos- 
sibility does not apply to sparingly soluble compounds. 
The data demonstrate that the concept of reduced con- 

centration lacks universal applicability and predic- 
tive ability except for those systems where it has been 
proven to apply. 

Organophilic vs. hydrophilic 
interactions 

Hydrophilic groups display an attraction towards 
water molecules, and organophilic groups display an 
attraction towards apolar molecules. Hydrophilic col- 
loids, for example, will form stable suspensions in 
water, whereas organophilic colloids will form stable 
suspensions in apolar media. The terms organophilic 
and hydrophilic (as well as organophobic and hydro- 
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Figure 4. Reduced (a) and normal (b) adsorption isotherms of parathion on Ca-attapulgite (air-dried) from water. 
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Figure 5. Reduced (a) and normal (b) adsorption isotherms of parathion on HDMA+-attapulgite from water. 

phobic) have also been used to explain the differences 
in the adsorption of various organic adsorbates on clay 
surfaces. For example, Mortland (1979) stated that pes- 
ticides which are sparingly soluble in water will not 
strongly adsorb on clays in aqueous suspension, the 
clay being hydrophilic while the pesticide is organo- 
philic. Similarly, Ovacharenko (1966) referred to clays 
saturated with organic cations as organophilic. This im- 
plies that organic molecules, specifically those of low 
water solubility, should adsorb more strongly on or- 
ganic-cation saturated clays than on clays with an in- 
organic exchangeable cation. Experimental results 
demonstrate that this is not generally correct and 
hence, a classification of surfaces as hydrophilic or hy- 
drophobic with regard to the adsorption of organic mol- 
ecules may lead to erroneous conclusions. 

Despite his use of the term "organophilic" for the 
organic cation-clay complexes, Ovacharenko (1966) 
pointed out that the organic cation--clay complex ad- 
sorbs some organic polymers most strongly when the 
clay is only partially saturated with organic cations. 
Parathion, which is only slightly soluble in water (about 
13 ppm at 20~ Bowman and Sans, 1977), adsorbed 
strongly on various clays from the apolar hexane so- 
lutions (Yaron and Saltzman, 1972; Gerstl and Yaron, 
1978). The adsorption of parathion from hexane is af- 
fected by the moisture content of the clay surface. 
Work in this laboratory has shown that, in general, ad- 
sorption is strongest on clays at some intermediate 
moisture content and that parathion also adsorbs ap- 
preciably on clays from water (see also, Gerstl and Ya- 
ron, 1978; Bowman and Sans, 1977). Biggar et al. (1978) 
showed that much more parathion adsorbed on Na- 
bentonite and an illitic soil clay from water than did 

picloraml although picloram is much more soluble in 
water than parathion. Bowman and Sans (1977) stated 
that the extent of adsorption from water at low con- 
centrations of a group of organophosphate esters, in- 
cluding parathion, on Na- and Ca-montmorillonite is 
inversely proportional to the water solubility of the or- 
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Figure 6. Adsorption isotherms of parathion on Ca 2+-, 
TMA +-, and HDMA+-attapulgite from water (25~ 
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ganophosphate ester. Finally, adsorption of parathion 
on TMA§ was less than on Ca2+-attapulgite 
in an aqueous suspension (Figure 6). Here also, para- 
thion adsorbed more on the"hydrophi l i c"  Ca-clay than 
on the presumably more organophilic organic-cation 
TMA+-clay. 

Although organophilic molecules generally are at- 
tracted to organophilic surfaces, the number of  excep- 
tions (Biggar et al., 1978; Bowman and Sans, 1977; and 
Figure 6 of this work) indicate that a prediction of  ad- 
sorption on the basis of the organophilic nature of the 
surface is unwarranted. Many of the exceptions en- 
countered cannot be simply explained by steric effects. 
For  example, no interlayer spaces are involved in at- 
tapulgite-parathion interactions which occur only on 
the outer surfaces of the clay. The above data demon- 
strate that for many surface interactions, the terms h y -  
drophilic and hydrophobic are misleading. Many mol- 
ecules of interest,  such as pesticides, contain groups 
which may interact specifically with different sites on 
the clay surface. The partition between the adsorbed 
phase and the solution is determined, of course, by both 
the solute-solvent  (and solute-solute at higher concen- 
trations) interactions and the solute-adsorbent  inter- 
actions. These in turn depend on such factors as the 
adsorption sites on the surface and the structure of the 
adsorbed molecule. It is not enough to know that clays 
interact strongly with water (hydrophilic) to predict 
that organic species which are sparingly soluble in 
water will not adsorb strongly on clays from aqueous 
(or any other) solutions. Where water competes for ad- 
sorption sites, the net energy difference between the 
adsorbed and dissolved states of the adsorbate,  as com- 
pared with the net energy difference between the 
water -water  interactions and water-surface interac- 
tions (as well as steric or entropy considerations), will 
determine the extent of  adsorption. The complexity of  
the interaction of many organic molecules with the sol- 
vent and even more so with the surfaces precludes gen- 
eral predictions regarding the relative strength of the 
relevant interactions. 

The myriad of surface interactions which are possible 
between organic substances and surfaces was reviewed 
by Mortland (1970). A case in point is the adsorption 
of parathion by the various homoionic attapulgites. The 
order of adsorption is HDMA § > Ca 2+ > TMA § 
while the expected order for increasing "organophilic 
nature" is Ca 2+ < TMA + ~< HDMA § It is clear that 
there is no obvious correlation between the organo- 
philic nature of the clay and the extent of parathion ad- 
sorption. In this particular case the greater adsorption 
by the CaZ+-clay, as compared to the TMA+-clay, might 
result from specific interactions of the phosphate moi- 
ety of parathion with the Ca 2+. The fact that the ad- 
sorption on the Ca2+-clay is intermediate between the 
TMA§ and HDMA+-clay once again demonstrates 

that the extent of the surface's organophilic nature is 
not enough to predict the extent of adsorption. Thus, 
the classification of surfaces as hydrophilic or organo- 
philic is not sufficient to predict the adsorption of or- 
ganic compounds (such as pesticides) on many surfaces 
(such as clays). 

Where a true apolar or polar phase occurs at the sur- 
face, predictions can be made regarding adsorption of 
organic adsorbates.  Such a situation occurred, for ex- 
ample, when parathion was adsorbed on soils equili- 
brated with 98% relative humidity from hexane. While 
drier soils strongly adsorbed parathion, this wet soil 
adsorbed very little (Yaron and Saltsman, 1972). The 
surface was coated with a water layer of  sufficient 
thickness to form an aqueous phase with the parathion 
partitioning almost exclusively in the organic (hexane) 
phase. In addition, the adsorption of parathion from 
water on HDMA+-attapulgite (Figure 6) was much 
greater than with inorganic exchangeable cations (Ca 2§ 
and Na§ In the case of HDMA, as opposed to the 
aforementioned TMA, the apolar tail of the organic ion 
is long enough to form a true apolar phase into which 
parathion may partition from the aqueous solution. 

Several authors have already pointed out the impor- 
tance of specific interactions in the systems studied 
(e.g., Mortland, 1970). The present work suggests that 
the general terms "organophil ic"  and "hydrophi l ic"  
are often not sufficient for predicting specific organic 
molecule-surface interactions. 

CONCLUSIONS 

The use of the reduced concentration concept,  as 
well as the terms organophilic and hydrophilic as they 
have been applied to the adsorption of organic mole- 
cules, is not universally justified. In some cases, which 
have to be verified, the reduced concentration can be 
used to extrapolate (or interpolate) the temperature de- 
pendence of the adsorption isotherm. Similarly, in 
some systems the interface constitutes a true polar or 
apolar phase. In such cases the solubility of  the organic 
molecule in water as compared to its solubility in apolar 
media can be used to predict its adsorption. 
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Pe3mMe----Pe3yJlbTaTbI n3yqeHns a;xcop6tmH fleCKOJIbKHX IleCTHHH~OB B noqBax n r.qHHax noKa3hlaa[oT, 
tITO yMeHbmeHHe HX KoHRenTpat~n npn a41cop6Rnn MO~eT npnsecTn HJIn g yMeHbmermlo TeMnepa- 
xypnoro adpdperTa na naoTepMbI, HCKJIIOqHTb ero HOJIHOCTblO (nanp., a4Icop6Ima napaTnoHa a no,~ae 
HeTanna), yBe21HqnTb 3aBHCHMOCTb OT TeMnepaTypbi (nanp., aj1cop6Rnn fl-reKcaxnop6eH3oaa Ca-6en- 
TOHHTOM) HJ1H aa~e  n3MeneTb TeMnepaTypnyio 3aBHCHMOCTb naoTepM Ha npoTnnonoaox~nym (nanp., 
ajIcop6I~na napaTnona Ca-aTTany~rnTOM). JInTepaTypnble n aKcnepHMenTaJ1bHb~e ~IaHnble no aJIcop6I~Hn 
napaTnoHa Ca-aTTany21rHTOM H aTraHy2IFHTOM C opFaHHqeCKHMH O~MennbIMn KaTHOHaMR pa3JInqHblX 
pa3Mepoa nOKa3bIBalOT, qTO ~Jln MHOrHX HoBepXHOCTnb[x a3anMo~1el~cTanfi TepMnHbl "opranoqbn~in- 
TOBblH" H "FH~pO0t~HYlHTOBhlH" MOFyT BBO~I~ITb B sa6ayx~IenHe. OpraaHqecKne eoe~mnenna, nepacT- 
BOpHMbIe B ao~e H paCTBOp~lMbIe n neno:mpm, lX pacTaopnTeJlnX neo6fl3aTeabno 6y~yT a~cop6HpOBaTbC~a 
npe~noqTnTe.rlbno "opranoqbn.rn4TOablMn" nonepxl-lOCT~lMH. Cneandpn'qecKne B3aHMoJIeI~CTBH~ Menc41y 
a,acop6aToM i4 a,~cop6eHTOM tl t~pocTpancTaeunble Oco6eHHOCTn (n ~ono/Ineune K OTHOCnTe2/bHO~ 
paCTaOpnMOCTn oprannqecrnx Monerya a aoJle n nenoJinpnhtx pacTaoprITeaax n a JlonoaneHne K 
opranoqbnnnTOaOfi nan rn/IpoqbnJInTOaOfi nptlpo/Ie noaepxnocTt0 onpe~enmoT OT~IeneHne a/Icop6npo- 
8aflHO~ 14 pacTaOpeHHOl~ dpa3. 3aMeqaTe~IbHbtM npnMepoM flaJI~eTC~t nop~tJIOK ajlcop6Imn napaTnoHa 
aTTanyJ~rnTOM: HDMA-aTTanyJ~rnT > Ca-aTTany~rnT > TMA-aTTanyJIrnT. DTOT nopnJlog Hn np$1MblM 
HH o6paTHbIM o6pa3oM ne OTHOCHTC,Sl K opraHoqbnJ11tTOaOfi npnpo/Ie HoBepXHOCTe~. 

Resiimee---Resultate von Untersuchungen der Adsorption verschiedener Pflanzenschutzmittel auf Erden 
und Ton zeigt, dab die Anwendung des Konzepts der reduzierten Konzentration auf Adsorption entweder 
den Effekt der Temperatur auf die Isothermen reduzieren kann, ihn v611ig eliminieren kann (z.B., Ad- 
sorption yon Parathion auf Netanya-Erden), die Abh~ingigkeit vonde r  Temperatur zunehmen kann (z.B., 
/3-BHC Adsorption auf Ca-Bentonit) oder sogar die Temperaturabh~ingigkeit der Isothermen umkehren 
kann (z.B., Parathion Adsorption auf Ca-Attapulgit). 

Daten aus der Literatur und von Experimenten f/Jr die Parathionadsorption von Ca-Attapulgit und von 
Attapulgit mit organischen austauschbaren Kationen verschiedener Gr6Ben demonstrieren, dab f/Jr viele 
Wechselwirkungen an der Oberfl/iche, die Bezeichnungen organophil und hydrophil irreffihrend sind. Or- 
ganische Verbindungen, welche wasserunl6slich sind und in nicht-polaren L6sungsmitteln 16slich sind, 
werden nicht unbedingt vorzugsweise auf "organophilen" Oberfliichen adsorbiert. Die spezifischen Wech- 
selwirkungen zwischen Adsorbat und Adsorbens und sterische Erwiigungen (auger der relativen L6slich- 
keit des organischen Molekfils in Wasser und nicht-polaren L6sungsmitteln und die organophile oder hy- 
drophile Natur der Oberfl~iche) wird die Verteilung zwischen der Adsorbierten- und der L/3sungsphase 
bestimmen. Ein ausgezeichnetes Beispiel ist die Reihenfolge von Parathionadsorption auf Attapulgit: 
HDMA-Attapulgit > Ca-Attapulgit > TMA-Attapulgit. Diese Reihenfolge ist weder direkt noch umge- 
kehrt verbunden mit der organophilen Natur der Oberfl/iche. 

R6suin6---Les r6sultats d'6tudes sur l 'adsorption de plusieurs pesticides sur des sols et des argiles montrent 
que l'application de la conception de concentration r6duite h l 'adsorption peut soit r6duire l 'effet de la 
tempgrature stir les isothermes, soit l'61iminer compl~tement (adsorption de parathion sur un sol Netanya), 
soit accroitre la dgpendance de la temp6rature (adsorption fl-BHC sur la bentonite-Ca), soit m&me renverser 
la d6pendance de temp6rature des isothermes (adsorption de parathion sur l'attapulgite-Ca). La litterature 
et les donn6es exp6rimentales concernant l 'adsorption de parathion par l'attapulgite-Ca et par l'attapulgite 
ayant des cations organiques 6changeables de tailles diffgrentes dgmontrent que pour beaucoup 
d'interactions superficielles, les termes organophiliques ou hydrophiliques peuvent induire en erreur. Des 
compos6s organiques insolubles dans l 'eau et solubles dans des solvants apolaires n 'adsorberont pas n6- 
c6ssairement de pr6ference sur des surfaces "organophiliques." Les interactions sp6cifiques entre 
l 'adsorb6 et l 'adsorbant et les consid6rations st6riques (ajout6/t la solubilit6 relative de la mol6cule orga- 
nique dans l 'eau et dans les solvants apolaires et la nature organophilique ou hydrophilique de la surface) 
d6termineront la partition entre la phase adsorb~e et la phase de solution. Un exemple excellent est l 'ordre 
d'adsorption de parathion sur l'attapulgite: HDMA-attapulgite > Ca-attapulgite > TMA-attapulgite. Cet 
ordre n 'est  ni directement ni invers6ment apparent6/~ la nature "organophilique" des surfaces. 


