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ABSTRACT

The adsorption behaviors of Hematoporphyrin-IX (HP-1X) on Kaolinite
and Montmorillonite were studied. The adsorption behaviors differed no-
ticeably according to the structure of the clay. The adsorption was more
preferable on Montmorillonite than on Kaolinite.

HP-1X adsorption is affected by temperature and increased by increasing
the dielectric constant of the used solvent. The adsorption capacity fol-
lowed the order ethanol<methanol <water. Langmuir and Freundlich equa-
tions were used to analyze the adsorption behaviors and quantify the ad-
sorption isotherms. The maximum adsorption showed a higher value for
Montmorillonite than Kaolinite. The HP-1X adsorption on Kaolinite clay
increased at acidic pH, while it decreased continuously in basic medium.
It was noticed that understanding HP-1X adsorption could be obtained by
studying the relationship among HP-1X properties and the kinetic param-
etersof thereaction, taking into account the effect of experimental tempera-
ture and clay type on adsorption. Thermodynamic parametersof the kinetic
reaction confirmed the adsorption isotherms data.
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The adsorption of Hematoporphyrin on clay sur-
facesisnot only an academicinterest, but also abasic
phenomenon in many applied processes. For example
the application in the remediation of contaminated
ground water and industrial effluentsas sorption tech-
nique produce high quality treated effluents. The sorp-
tion process has been investigated asamethod to re-
movedyefrom wastewater. In recent years, clayshave

been accepted as one of the most appropriatelow cost
sorbent!¥.

Clay-Hematoporphyrin complex attracted muchin-
terest in the view point of materials chemistry as
nanostructure; thelifetimeof Hematoporphyrinonthe
clay surfaceisestimated to bein the order of nano sec-
ond. Thesematerials could be useful for electricand
photo-responsibledevices?.

Hematoporphyrins considered asan evidencefor
thebiological sourceof petroleum and avariety of geo-
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logical and environmenta research dueto their exten-
sverolesin both plant and animal biochemistry and as
sorbed onthe clay®.

Theobjectiveof the present work isto examinethe
adsorption process of HP-IX on two clay minerals
(Kaoliniteand Montmorillonite). Al so thefactorsinflu-
encing the adsorption such as concentration, sol vent
dielectric constant, and temperature will be studied.
Findly, kinetic reaction of thismateria will be exam-
ined to find out the thermodynamic parameters.

EXPERIMENTAL

The experimentswere carried out using Na-satu-
rated Kaolinite (Aswan, Egypt) and Na-saturated
Montmorillonite (South Dakota, USA) as sorbents™
and HP-IX Figure 1 asadsorptive material.

The chemical analysis of Na-Kaolinite and Na-
Montmorillonite was presented in TABLE 1. Cation
exchange cagpacity (CEC) of Kaoliniteand Montmoril-
lonite clayswas measured according to the standard
method®.

TABLE 1: Chemical analysisfor Na-K adliniteand Na-M ont-
morillonite

Parameter Na-Kaolinite  Na-Montmorillonite
Ignition loss 13.20 8.44
SO, 45.60 52.52
Al,O3 39.20 23.66
TiO, 1.10 154
Fe,0s 0.87 10.72
Ca0o 0.20 0.42
MgO 0.08 3.23
Na,O 0.01 0.82
K,0 0.01 0.40
P,O5 0.00 0.10

Adsorptionisothermsweredetermined by shaking
0.05g of Kaoliniteor Montmorilloniteindark 100 mL
vesselswith HP-IX solutionscontaining 1, 5, 10, 15,
20, 25, 30, 40, 50 and 70 umol. The pH of these sus-
pensionswasadjusted at 7.0+0.05. After 24 hours the
vessa swerecentrifuged. Theremaining HP-1X inthe
supernatant was measured by UV-V1S spectrophotom-
etry’®. Theamount of adsorbed HP-1X was calculated
fromthedifferencebetweentheinitia and thefina equi-
librium concentrations. Theadsorption isothermswere

constructed at two temperatures 5°C and 25 °C. The
experimentswere carried out by using three different
solvents (methanol, ethanol, and water) to preparethe
HP-IX solutions,

OH

HO o8

o
OH

Figurel: Sructureof Hematoporphyrin I X

A kinetic study of the adsorption processwasfol-
lowed up by monitoring the progressof the adsorption
process at different timeintervals. For these purpose
two identical setsof acertain concentration (the con-
centration at maximum adsorbed amount) of HP-1X in
methanol, ethanol and water wererun simultaneously
at two different temperatures (5 °C and 25 °C). The
adsorbed amount of HP-IX was estimated at different
timeintervals.

RESULTS

Theresultswereexamined by usngthe Freundlich
equation that isexpressed by:
logx/m=logK +1/nlogC (@]
Wherex/misadsorbed porphryin umol/g, Cisequilib-
rium concentration of HP-1X, umol/mL, K istheindex
for classifying the degree of adsorption, and /nisthe
intendty of adsorption.

If 1/n<1, bond energiesincreasewith the surface
density; if 1/n>1, bond energiesdecreasewith thesur-
facedensity and when 1/n=1, dl thesurfacesitesare
equivalent. Thel/nisoftento belessthanoneand it
variouswith thedegree of heterogeneity.

Theverification of theFreundlich equationswasdone
by calculating the standard error of theestimates(S.E.),
givenby:

SE=X(q*—q/n)¥? 2
Where g measured HP-I1X adsorption, g* isthe pre-
dicted HP-1X adsorption, and nisthe number of iso-
therm points
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Adsor ption behavior of HP-1X on Kaoliniteand
Montmorillonite

Theadsorption of porphyrin by heterogeneoussur-
facessuch asclaysareusually followsacomplex iso-
therm which may represent acombination of adsorp-
tive mechanism!”. The complete isotherm obtained
throughout thisstudy didn’t confirm to a single isotherm
type (Figure2 and Figure 3). Since Langumir isotherms
arevalid up to theformation of monolayer and charac-
teristic of moleculesthat adsorb flat on substrate, the
obtained datacouldn’t be explained by using this equa-
tion. Theadsorptionisothermsas shownin Figure 2
and Figure 3 have been divided into threedistinct re-
gions. Thesethreeregionswere obtained for HP-1X
adsorption on both of Kaoliniteand Montmorillonite
surfaced®. Theresultsreveal ed thefollowing observa
tions
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Figure2: Adsor ption isotherm of HP.IX on Kaoliniteclay in
threediffer ent solventsat twotemperatures
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Figure3: Adsorption isotherm of HP.IX on M ontmorillonite
clay inthreedifferent solventsat two temper atures

1. Atlow HP-I1X concentration, the adsorption iso-
thermrisesvery steeply, remaining closeto they-
ais

2. Theregioninwhichtheisotherm becomesconvex
tothex-axis.

—= Py Paper

3. Thelinear areaof theisotherm at mediumto high
concentrations.
For that reasonsthe results of the HP-1X adsorp-
tion onthetwo studied clayswererepresented well by
using Freundlich equation.

(a) Adsor ption isotherm of HP-1X on Kaolinite

Freundlich’s equation was used to analyze the ad-
sorption behavior, to quantify theadsorptionisotherms,
whereit fitsthe sub-monolayer range, especidly if the
adsorbent surface possesses heterogeneous structure®.

Figure4 showed that all theadsorption isotherms
of HP-1X on Kaolinitein thedifferent solventsobeyed
Freundlich’s equation. The adsorption isotherms had
identical formsfor al solvents. Thisindicated that the
mechanism of the adsorptionissimilar, which fitsthe
physical adsorption in sub monolayer rangeespecialy
if the adsorbent surface posses heterogeneous struc-
ture. The data of TABLE 2 and Figure 4 of the iso-
thermsindicated two-step mechanisms, astheisotherm
issplitintotwo straight lineparts.
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Figure4: Freundlich adsor ption isotherm of HP.IX on Ka-
oliniteclay in threediffer ent solventsat two temper atures

Thisindicated that two adsorption mechanismsare
involved throughout theseisotherms. Thereisachange
from onetypeto another withincreasing HP-1X con-
centration. Asthe Freundlich constants are different,
TABLE 2, sothere should beasignificant difference
between thesetwo parts. Thiswould be possibly due
tothat Kaolinite clay contains specific siteshaving dif-
ferent binding characteristic and the adsorption would
depend on the occupation of these sites*?. Freundlich
1/n parameter, rel ated to the adsorption affinity for the
first and second linear parts, TABLE 2, proved again
that thereisasignificant difference between thetwo
partsof theseadsorptionisotherms. Such phenomenon

AWater § ling end
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was discussed™ and postul ated that, Kaolinite clay
containsspecific sitesof different binding characteris-
tics and adsorption would thus depend on the percent
loadingi.e., theoccupation of thesesites. Theincrease
in prophyrin concentration and the changefrom one

typeof energy level of Kaolinite binding sitesto an-
other isprobably responsiblefor thevariation among
Freundlich 1/n parameter val ues obtained from these
isothermsTABLE 2.

It was noti ced from thesevaluesthat:

TABLE 2: Freundlich isother m constantsof Hematopor phrin 1 X adsor ption on K aoliniteand M ontmorillonite

Type of clay Na-K aolinite Na-Montmorillonite
Type of solvent M ethanol Ethanol Water Methanol  Ethanol  Water
o First = 0.65 First=1.16 First =0.51
Temperature 25 °C 0.69 0.93 0.51
n Second=0.27  Second=0.33  Second =0.27
o First=1.6 First=0.9 First =0.59
Temperature5 °C 1.13 0.67 0.63
Second=0.26  Second=0.21  Second =0.21
First=3.15 First =0.34 First = 4.69
Temperature25°C " " 0.21 003 079
K Second=4.33  Second=3.19  Second=5.21
o First =0.61 First =0.12 First =2.96
Temperature5°C 0.03 0.01 0.34
Second=3.33 Second=2.19  Second =5.88
1. lnvauesof thesecond linear partsfor thethree creased'?.

solventsarelower than thefirst partswhich means
these partsof isothermsrepresent specific Steswith
higher binding energiesthan what are represented
by thefirgt parts. For that reason the adsorption of
the prophyrin on Kaoilinitecould not berepresented
by using Langmuir equation.

2. Thevauesof 1/ninthetwo parts are lower for
Water than Methanol and Ethanol. It meansthat
the affinity increasesby increasing thedielectric
constant of the solvent.

3. TheK, predicted quantity of adsorption, ishigher
for the second linear partsthan thefirst parts. The
lowest vduewasfor Ethanol at thetwo linear parts.
Thisisagain could be attributed to the dielectric
constant of Ethanoal.

Asshown previously in Figure 2 the HP-1X ad-
sorption wasinfluenced by changing thesolvent. Insus-
pensions contai ning charged macromoleculesand a
charged surface, theinteraction between bothis sub-
stantialy affected by the polarity of the medium. Obvi-
oudy, ahigh didlectric permittivity of thesolvent causes
agreater unfolding of theHP-IX moleculesdueto dec-
trostatic repulsion arising from the partia ionization of
theresiduesoriginaly buried inthefolded HP-1X inthe
non-ionized form. Therefore, the adsorptionincreases
with increasing diel ectric constant because of the un-
folding of HP-1X molecules. Under thiscondition the
degree of HP-1X exposureto the sorbent surfacein-

The magnitude of adsorption had the order: water
=methanol Ethanal, athoughinthecaseof water there
will bealittleaggregation of the HP-1X which may de-
crease the adsorption. The high dielectric constant of
water anditssmaller molecular volumecomparingwith
thea cohals, therewould be no competition between
water and the HP-1X molecules. Thismay causein-
creasingintheadsorption process. Theseresultsclearly
impliesthat the adsorbed amount constantly decrease
with anincreasein the number of carbon atomssothe
order of adsorbed amount was asfollows: Ethanol <
Methanol. Thisresult can be explained that upon addi-
tion of aiphatic acohol to thesuspensiontheremay be
interaction between a cohol and clay and it may get
adsorbed ontheactive sitesof theclay. Withincreasing
thenumber of carbon atomstherewill be moreeffec-
tive sitesto be adsorbed on the clay. Thiswould in-
crease the competition between HP-1X and ethanol
mol ecul esto be adsorbed on the clay, resulting in the
decreasing the adsorbed amount of HP-1X.

Asshownin Figure 2 and Figure4 the adsorption
was greater at 25 °C than at 5 °C, thismeansthat the
adsorption isan endothermic reaction process*3. This
can beexplained that at higher temperaturethe HP-1X
unfold and agglomerated, so that itshydrophobic part
interacted with thehydrophobic part of theclay. In ad-
dition the mobility of the HP-1X increased which re-
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sulted inincreasing the adsorption by raising thether-
ma energy.

(b) Adsor ption isotherm of HP-1X on Montmoril-
lonite

Asillustratedin Figure 3 theadsorptionisotherms
of HP-1X on Montmorillonite showed aturning point
of the curvewhich indicate the completion of thefirst
layer and the subsequenceriserepresentsthe devel op-
ment of asecond layer of adsorption. Thisdevel op-
ment can betreated asthat, for thefirst withthediffer-
encein the place of the substrate surface, the adsor-
bate is attracted by alayer of itsown moleculein a
particular orientation. Theforcesgeneratesfor the sec-
ond arewesker than those generatethefirst. Thismeans
that the secondrising portion of theisothermislikey to
be S— shapel®3.

Asshown in Figure 3, the adsorbed amount in-
creased withincreas ng thetemperatureandthedielec-
tric constant of the sol vent taking the samebehavior as
inKaoliniteclay. Asillustrated in Figure3and Figure5
the adsorption of HP-1X on Montmorilloniteismuch
higher than onKaolinite. Thisresult can bedttributed to
thefact that each clay containspecific Stesof different
binding characteristic specificfor itsown. Itisaso due
tothedifferencein surface area, cation exchange ca-
pacity and structure of the clay. Kaolinite and Mont-
morilloniteclaysrepresent two different familiesof days.
Montmorilloniteclay, hasamuch higher available sur-
facefor adsorption than Kaoliniteclay, and thisis prob-
ably responsible for the larger amount of HP-1X
adsorbed on Montmorillonite as compared with Ka-
olinite®,

Figure 5 showed that the adsorption isotherm of
HP-1X on Montmorillonite can be represented by
Freundlich equation. Thedatawas represented with-
out using the splitting technique. By comparing theva -
uesof 1/nin Freundlich equation of thethree sol vents,
they had the same order of Kaoliniteand followed the
sequence of water methanol Ethanal. It meansthat, the
binding of HP-IX on Montmorillonite dependson the
dieectric congtant of the solvent. Besidethat theK val-
uesfollowed the same sequence. From thedataof 1/n
anditsrelationwith temperatureit can bedeclared that
theaffinity for HP-1X adsorptioninto thethree solvents
increased by increas ng temperature. Thisbehavior can

—= Pyl] Peper

be explained again through the effect of the adsorbant/
adsorbateinteraction.
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Figure5: Freundlich adsor ption isotherm of HP.I X on M ont-
morilloniteclay in different solventsat different tempera-
tures

Kineticand thermodynamic studies

Studying HP-IX kinetic of adsorption processonto
clay-liquidinterfaceisone of fundamental importance
for completeunderstandinginterfacial phenomena. Nor-
mally, the adsorption of HP-IX moleculefrom abulk
solution onto clay is cons dered to occur in thefollow-
ingthreesteps:

a. Diffusion of HP-IX moleculefrom thebulk of the
interface.

b. Attachment of HP-1X moleculeto active sites of
thesurface.

c. Reconfirmation of the structure of theHP-1X mol-
eculeafter adsorption.

Of thesethree steps, thelast oneisnot only con-
trolling the adsorption kineticsof HP-1X, but also it
modifying the surface properties of the substrate™.

Therate of HP-1X adsorption on the clay can be
cd culated by using multiple-order kinetic equation

dC n,
T K.C ©)
WhereCistheHP-IX concentrationinsolution, tisthe
reactiontime, K_istherate of HP-1X adsorption and
n, istheorder of thereaction.

Integration of thisequation gives, initssmplified
logarithmicform:

1 1

i-n Iog(na—l)Ka+1_ logt (4)

a na

logC =

Thus, plottinglog C asafunction of logt according to
(EQ. (4)) will givesastraight line. Therate of adsorp-
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tion; K_ can becalculated from theintercept of theline,
while the order of the reaction; n_can be calculated
fromitsslope?®,

The standard enthal py change of adsorption “H,
can be determined through Van’t Hoff relationship:

Kp)_AHu(1 1
) )

In terms of absolute reaction rate theory, thereaction
rateconstant K_at two temperatures T, and T, for ad-
sorption can be expressed as:

K'T AH,
K,= Texp(ASa)/ R.exp(ﬁ) (6)
WhereK_ istherate constant, K* is Boltzman con-
stant, hisPlank’s constant, T is the temperature, and
AH_, AS  isthe entha py and entropy energy respec-
tively.

Eq. (6) would enablethe cal culation of AS,_ since
AH_isfoundfrom Eq. (5).

Theactivation energy E_andthechangeinthefree
energy AG, can becal culated using thefollowingrela-
tionships
AH,=E_,-RT @
AG,=AH,-TAS, )
Thethermodynamic parameters cal culated from the
adsorption kinetic data of HP-1X on Kaolinite and
Montmorilloniteclaysat 5°C and 25 °C are presented
inTABLE 3. Theeffect of temperature showed that the
processisan endothermic reaction processwhich was
proved by the positivevalues of AH [,

The absolute rate constant of HP-1X adsorption
K increased withincreasing thetemperature. Thisisin
agreement with the data obtai ned from the adsorption
isotherms. Alsothevauesof thisparameter werehigher
for water than methanol, which noticed in the adsorp-
tion experiments. Besidethat therate constant K _inthe
case of Montmorilloniteislower than in the case of
Kaolinitewhich meansthat theHP-1X moleculeiseas-
ily adsorbed on Kaoliniterather than on Montmorillo-
nite. Thisisduetothat Koliniteis1:1 clay mineral type,
thereforeitsavail able exposed surfacesfor adsorption
ismuch moreaccess blethan Montmorillonite™®. These
observationsarefurther supported by themagnitude of
theactivation energy E_ values. Henceat adsorption
processon the Kaoliniteclay the Eawaslower thanin

thecase of Montmorillonite clay meansthat therate of
adsorption in thefirst case should belarger than the
second one. Thelow values of the activation energy
under different conditionsindicated that thetype of HP-
IX adsorptionisphysical in nature onthesetwo clays.

TABLE 3: Kinetic and thermodynamic parametersof He-
matopor phyrin adsor ption on Kaoliniteand M ontmorillonite

Typeof Clay Na-Kaolinite Na-Montmorillonite

Type of Solvent Methanol Water  Methanol  Water

Temperature
5°C
Temperature
25°C

212 1.88 12.04 8.898
Ny
194 177

10.18 6.51

Temperature
Ka 5°C
(umol T**) Temperature
25°C
Ea(Kcal/ pmole)
AH4(Kcal/ pmole)
AS,(esu)
AG,(Kcal/ pmole)

213*10° 6.7* 10° 7.3*10% 14*10%

4.89*10° 11.7* 10° 9.14* 10" 1.48* 10™
2.88* 10* 1.93* 10* 246* 10* 32.1* 10°
26*10*° 1.68* 10* 24.43* 10° 31.8* 10°

-13364 -1574 -317.06  -683.2
6.18* 10* 6.371*10* 14.98* 10° 11.45* 10°

n,istheorder of reaction and K _ istherate of Hematopor phrin
adsor ption

The positive values of AH_ as expected; proved
again that thereaction isendothermic and agreed with
theadsorptionisothermsexperiments. Alsoitisinagree-
ment with the Hemogl obin adsorption ontheclay min-
erad®,

The negative AS valuesindicated that the HP-1X
mol ecul esbecome more ordered after their adsorption
ontheclay surfaces. Thevauesof ASweremorenega
tiveinthecaseof Montmorillonitethan Kaolinitemeans
that the arrangement of the HP-1X molecule on the
Montmorillonite surfaceismoreordered asit hasmore
surfacesto accommodate HP-1X molecules.

Thefreeenergy of adsorption AG had lower posi-
tivevauesfor Montmorillonitethanfor Kaolinite. The
low positivevauesof AG meansthat HP-1X molecules
can gpproachthesurfacemored osdly, resultingin stron-
ger adsorptiveforceswith moreordering. Asthevaue
of AG becomeslow the adsorption increases, thisex-
plainsthereason for more adsorbed HP-1X on Mont-
morillonitethan Kaolinite. Thisisagreed with al the
previouskinetic parametersand thereasonsthat have
been mentioned earlier,

CONCLUSION

Adsorption and kinetics of Hematoporphrinwere
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ggnificantly depending onthestatusof surfacestesavail-
ableontheclay minerds, dielectric constant of the sol-
vent, pH and temperature of themedia. For thermody-
namic parameters especially AS; it can be concluded
that the type of the clay surface and its ordering ori-
ented ASva uestoward more negativity. These param-
eters should be considered during the application of
Hematoporphrininfieldssuch asnanostructure, search
of petroleum and diagnosis of animasand plantsbio-
chemical properties.
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