PUBLICGCATIONS




Colloid & Polymer Science

Colloid Polym Sci 269 242-247 (1991)

Thermodynamics of adsorption of polybutadiene on alumina and silica gel:

effect of temperature and solvent
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Abstract The adsorption of polybutadiene (PBR) on alumina and silica gel was
studied at different temperatures from cyclohexane and toluene solutions It
shows that the adsorption process was dependent on temperature and solvent
The adsorption 1sotherm and the thermodynamic quantities of adsorption were
determuned and 1t was observed that the adsorption process from both solvents
was stmular and the amount of adsorption increased as temperature decreased.
The silica gel-cyclohexane system was more exothermuc than all other systems
and was also relatively more ordered
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Introduction

The adsorption of polymers on an adsorbent 1s
an mmportant phenomenon both from academic
and industrial point of view It 1s also different in
many respects from the adsorption of small mole-
cules [1]. A survey of hiterature shows that both the
sophistication mn theoretical developments and the
range of experimental observation have been high,
although they have not always kept pace with one
another [2-10]. In the present study, we used the
fundamental thermodynamics in the adsorption
process of the ntle polymer, synthetic polybuta-
diene, on alumina and silica gel from toluene and
cyclohexane solutions at 30, 35 and 40°C.

Expernimental

Polybutadiene (PBR) was obtained from Indian Petrochemi-
cals, Vadodara, India Its composition was cis-1,4 { > 96%),
trans-1,4 (1-2%), and vinyl-1,2 (1-2%) [11] This was dis-
solved 1n toluene, filtered and then re-precipitated by adding
methanol The polymer so obtained was vacuum dried before
further use It has narrow molecular weight distnbution [11}
and 1ts viscosity molecular weight was 4 14 x 10° Methanol
(GPR, E Merck), toluene (synthesis grade, E Merck), and
cyclohexane {chromatography grade, E Merck) were distilled

K 811

before use Cyclohexane was passed through a column of
activated silica gel and alumina to remove the traces of any
olefimc impurines present

TLC grade silica gel (with 13% CaSO,, mesh size > 100)
was cbtained from Acme Synthetic Chemicals, Bombay, India
Alumina (acidic, mesh size > 100) was obtaned from BDH
{Glaxo Laboratories), India Surface areas of silica gel and
alumina were 1929 m%/g and 97 1 m*/g, respectively, and
were obtained by BET method using mitrogen gas Both were
dried for 3 h at 125°C before use The probability of the
presence of surface impunties 1n sthea gel and alumina was
checked by X-ray photoelectron spectroscopy (Fig. 1) and no
impurity was observed The spectra were recorded on a VG
Scientific Escalab MK 11 spectrometer using Mg Ko radiation
under vacuum, which was better than 5 x 10”7 mbar [12] The
SEM photographs were taken by a Jeol JSM-T3 scanning
electron microscope after gold coating by using the usual
procedure

PBR solution at highest concentration was made by dissolv-
ing weighed amount 10 a known volume of solvent. Other
desired solutions were made from 1t by dilution The weighed
amount of adsorbents were placed mn a series of jacketed
bottles and known amount of the desired solution was added
to each one of them These were then placed on a shaker for
continuous shaking Thermostated water (+01°C) was
pumped through these jacketed bottles for about 3 h before the
polybutadiene was estimated. The process was repeated a few
times until two consecutive readings were within 2% of each
other The same procedure was used at all temperatures Time
required to get a reproducible value varied with system as well
as temperature In most cases, 1t was more than 24 h In some
prelimimary runs, we determmed the adsorption values at
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intervals of 3, 5, and 7 days to check on the probable quas:-
equilibrium of the systems We feel that such problem does not
exist 1n this study

The concentration of the polymer 1n solution was deter-
mined by both UV spectroscopy and gravimetry For the
cyclohexane solvent system, absorbance was measured art
Amax (240 nm} The concentration was computed from a calib-
ration curve obtained earlier. This process was followed by
gravimetry and the difference between the gravimetric and
spectroscopic results was less than 4+ 1%. In the gravimetric
procedure [13, 14], dry small-weighed beakers were taken To
obtain complete dryness, 2 ml of solution was pipetted out 1n a
beaker and placed under low vacuum at 50°C. The beakers
were then weighed to determine the amount of residual poly-
mer present The process was repeated until two consecutive
weighings gave the same result Each pomnt was duplicated
simultaneously to check for the reproducibility of the result
Duplicate blank experiments were also conducted with pure
solvents. PBR concentration studied ranged from 0.05% (w/v)
to 1 2% {(w/v} As UV spectroscopy could not be used when
toluene was solvent, only the gravimetric procedure was
used

Results and discussion

In Figs. 2-4, the amount of PBR adsorbed per
gram of adsorbent are plotted against the equilib-
rium concentration of PBR (Cpgr). The effects of
solvent and temperature in both cases are similar

alumina, b} silica gel

although the amounts adsorbed are different. The
amount of adsorption as a function of solvent 1s
similar m both cases, with adsorption from cyclo-
hexane being higher than that from toluene. These
isotherms, which are relatively more sharp than
rounded, show both maxima and minima and at
higher concentration they finally become level.
Such sitmilarity of isotherms also was observed
earlier [15]. It was suggested [16, 17] that as the
polymer 1s adsorbed on the surface of the adsorb-
ent, a second phenomenon, polymer spreading on
the surface of the adsorbent, starts. The rate of
adsorption 1s expected to be proportional to the
concentration of the polymer 1n solution, and the
rate of spreading is expected to be proportional to
the concentration of the adsorbed polymer on the
surface. Hence, the more the polymer spreads on
the surface, the less 1s the amount adsorbed. The
complicated nature of polymer isotherms s prob-
ably due to these two antagonistic effects, as well as
some others. In Figs. § and 6, SEM photographs of
the polymer adsorbed surface of alumina and silica
gel are shown respectively. In both cases, the ad-
sorbent was removed from the jacketed bottle after
24 h, dried, divided into two parts and then a SEM
photograph was taken of one part. The SEM of the
second part was taken after two more days. It can
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Fig 4 Plot of adsorption per gram of
alumina {x/m) aganst equilibrium’
concentration of PBR a) in cyclo-
hexane and b) n toluene at different

CppR (9/9)

adsorption processes are exothermic with negative
entropy change. Both the enthalpy and entropy
change values of the adsorption process in the silica
gel-cyclohexane system are highly negative in com-
parison to those of other systems.

The adsorption process from a solution, as 1n
these cases, are complicated due to the presence of
many different phenomena. We have already men-
toned the possibility of spreading of adsorbed
polymer on the adsorbent surface. Moreover, the

Table 1 Free energy AGC,,, the enthalpy AHD, and the
entropy 482, of PBR adsorption at mfinite dilution for differ-
ent systems (Concentration 1s expressed 1n g/100 g solution)

System Temp 4G, (k]) AHg k]) 453, (JK™Y)
Q)

1 Silica gel 30 —936
+ 35 —503 —318 — 740
toluene 40 — 866

2 Alumina 30 — 10 62
+ 35 — 979 — 46 0 — 1167
toluene 40 ~ 949

3 Sibica gel 30 — 16 48
+ 35 — 1414 — 1585 — 468 4
cyclohexane 40 — 1179

4 Alumina 30 —895
+ 35 — 8.61 — 287 - 65.2
cyclohexane 40 —832

08 temperatures O 30°C, A 35°C, O
40°C

1) polymer—solvent, 1) solvent—adsorbent and ni)
polymer—adsorbent teractions also complicate
the systems.

We are not m a position to compute the mnter-
action parameter of the polymer—solvent systems.
However, from the mtrinsic viscosity of the solu-
tion we can qualitatively characterize the two sol-
vents as good or poor [16, 24]. It 1s well known that
the adsorption 1s more from a poor solvent than
from a good solvent [25]. We determined that the
mtrinsic viscosities of the cyclohexane—PBR and
the toluene~PBR systems are 2.38 and 2.48 at
30°C, respectively [21], signifying that toluene 1s a
good solvent and, hence, there will be less adsorp-
tion from this solvent system. The solubility para-
meter 1s another criterion used to charactenize the
solvent [26]. The solubility parameter of PBR, cyc-
lohexane and toluene were calculated to be 8.13,
8.2 and 8.9, respectively, indicating that cyclohex-
ane should be a better solvent for PBR [27, 28],
which 1s contrary to what we expected from in-
trinsic viscosity. This type of conflicting observa-
tion was also observed earlier [6].

The other complicating factor 1s solvent-
adsorbent interaction. The characteristics of ad-
sorbent surfaces are important. It 1s a well-known
fact that the aromatics are easily adsorbed on the
alumina surface, and the adsorption occurs on the
AI¥* site of the alumina [29]. Hence, qualitatively
we expected that the toluene will be adsorbed on
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the authorties of IPCL, particularly Dr. T. § R. Prasada Rao,
for a gift of polybutadiene as well as for measuring the surface
area.
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Characterization of Natural Pblyisoprenes

and Synthetic Polybutadiene

VEENA VANGAN! and ANIMESH KUMAR RAKSHIT*

Department of Chemistry, Faculty ol Science, M S, University

SYNOPSIS

t Barada, Bartoda 190 002, Gujarat, Indha

:

Svnthetic polybutadiene { PBR) and natural rubbers from India (InR) and Guyana (GR)
have been characterized in detail. The characterization includes IR, NMR, GPC, DSC,
TGA., contact angle, and viscnsity measurements. Spectroscopic characterization helped
in the ditferentiation of InR and GR. Viscosity data is used in the evaluation of activation
+ parameters at infinite dilution of the viscous flow Viscosity data is also used for the de-
termination of the conformation of the macromolecules in various solvents. Surface char-
uscterization confirms the total hydrophobic nature of the three rubbers. Thermal analysls
shows different degradation pattern for natural rubbers than for the synthetic rubber.

INTRODUCTION

As a part of our interest in polymer behavior, we
decided to study the adsorption of polymers at the
solid-liquid interface. The adsorption of synthetic
polybutadiene was studied on inorganic substrates,
for example, silica gel and alumina from solvents
such as toluene and cyclohexane.! We are also
studying copolymer adsorption, which will he pub-
lished elsewhere We are presently studying the ad-
sorption of different natural rubbers on these sub-
strates. The natural rubbers chosen for the study
were: (a) natural rubber obtained from Guyana and
{b) natural rubber obtained from Kerala, India. To
explain and understand the adsorption of all these
rubbers on ditferent suhstrates, detailed character-
ization is necessary. The characterization includes
IR,? NMR, contact angle,? viscosity,” DTA, DSC,
and GPC, as were performed earlier The results are
presented and discussed in this article.

EXPERIMENTAL

Synthetic cis-1,4-polybutadiene (> 6% ) (PBR)
was ohtained [rom IPCL, Baroda, India Guyana
rubber { GR ) was natural rubber from Guyanas, and

* To whom correspondence should he addressed
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was obtained as a gift from Dr. J. T. Guthrie, De-
partment of Colour Chemistry, Leeds Unlversity, .
Leeds, UK. The Indian rubber (InR) was natural
rubber obtained from Kerala, India, as ribbed,
smoked sheet (RSS), from plant RRI! 105. The
polymers were purified by dissolving them In toluene
and leaving them overnight. The insoluble matter
was filtered out and the clear filtrate was poured in
excess methanol with constant stirring. The pure

. white rubber obtained was vacuum dried to a con-

stant mass at room temperature.

The solvents, that is, chlorobenzene, toluene, n-
heptane, cyclohexane, methylcyclohexane, metha-
nol, and chloroform, were obtained from Merck, In-
dia. The cyclohexane and methyleyclohexane used
were chromatography grade. All the solvents were
freshly distilled before use.

The IR spectra of the polymer films were taken
on a Shimadzu IR-408 spectrophotometer. The films
were made by dissolving the polymers in chloroform
and then pouring the solution over mercurv, The
films were obtained by vacuum evaporation of the
solvent. The NMR of the polymer solutions in CDCl,
were recorded on a Varian X1, a 300 MHz for PMR
and 75 MHz for 'CNMR at the RSIC, IIT, Bombay,
India. The GPC of the rubbers was run in tetrahy-
drofuran (THF) at ambient conditions (~ 27°C)
on “Waters™ (150 C ALC, Millipore Corporation},
with refractive index detector. DSC was recorded on
a Dupont 2000 system in nitrogen atmosphere. TGA
and DTA were recorded on the Shimadzu Thermal

R’e LS5



Analyzer DT 301 T'he contact angle? ! was deter- RESULTS AND DISCUSSION
mined with the help of a contact # meter, fabricated -

at the department of color chemistry, Leeds Um- IR and NMR Spectra

versity, Leeds, UK, and was obtained as a gift. Vis- :

cority studies of ditferent solutions were carried out The IR spectra of all three polymers are given in

with the help of un Ubbelohde Viscometer ' that wis Figure 1 The GR films were opaque, hence the IR

placed vertically in a thermostat at required tem- spectra was taken in chloroform solution. The spec-

perature (* 0.05°C). tra obtained compare favorably to those in literature,
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For InR, the bands at 740, 1130, and 1310 ¢cm ! are
due to vibrations of ¢is-C{CH,) = CH-group.* For
GR, the bands at 1150 and 1325 cm™! are due to
vibrations ot trans-C(CH ) ~ CH-group ' This sug-
gests that InRis a c1s and (i R.is trans torm of natural
polyisoprene. The PBR spectra compare favorablv
with those in the literature.”

The PMR spectra of three rubbers are presented
in Figure 2 and their 'CNMR spectra are presented
in Figure 3 The resonance peaks suggest the ar-
rangement of repeat unit, as shown in Figure 4. The
symmetrical untts of cis-1,4-polybutadiene (PBR)
exhibit one resonance peak from equivalent ethyl-
enic carbons (« peak) and one peak from equivalent
methylene carbons {8 peak) InR shows resonance
peak at 5.12 ppm indicating that the sample is 1,4
adduct ® The pesks at 203 and 1 87 ppm are given
by a-CH, and «—CH,, respectively The peak at 1.67
ppm indicates its cis structure The olefinic peak is
observed at 5.12 ppm. In GR, the a~CH, peak is
observed at 159 ppm. This suggests that the 1,4
unit is mainly trans in the repeat umit’

The ""CNMIR spectra of InR and GR further con-
tirms the configurational ditference between them
Both show five, clearly distinguishable, singlet res-
onance peaks, which are due to methyl, two meth-
ylene, und two ethylenic carbon atoms. From Figure
4, 1t can be seen that § methyvlene maoiety, being in
a similar environment tn ais-and trans-1.4-polyiso-
prenes, shows similar chemical shift values in buth

A A A
() 100 1000 $00 280

< WAVENUMBER cr'

Adiaved Erom dhe Preis ous Pq.g«."_}
e

cases. These values are 26.4 ppm for patural cis-1,4
and 26.8 ppm for natural trans-1,4, that is, for InR
and GR, respectively.? Unlike 5 carbon, y-methylene
carbons resonate ut 39.8 ppm for GR and 82.2 ppin
for InR, that 1s, a difference of 7.6 ppm. The methy!
carhons (¢ carbons) also show a difference, that is,
23.37 ppm for InR and 16.03 ppm for GR. This con-
firms that InR s ci1s-1,4 polvisoprene and GR is
trans-1,4-polyisoprene.®

Contact Angle Measurements

The contact angle, 8, of various liquids with polymer
surfaces (films) was determined with the help of a
contact “8"" meter, as mentioned earlier. The hquids
used are listed in Table . The surface tensions at

TableI The Surface Tension Values of the
Liquids Used for Determing v, on Various
Kubbers

Liquids Used ¥2°C mN m™' Polymers
ioxane 32.59 PBR, GR ‘aR
Nitrobenzene 43 90 PHR, GR, InR
Anmthne 41.75 PBR, GR, InR
Acetic acid 27.80 PBR, InR
Acetone 23.70 PBR
Glycerol 63 40 GR
Ethylene Glycol 4770 GR
Formamide 58.20 GR

BP .35k 3
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Figure 2 PMR spectra of {a) PBR, (b) InR, end (¢) GR.

20°C were taken {rom the literature and were used
for determination of *¢. The Cos 0 was plotted
against the surtace tension of the liquids. The linear
plot obtained was extrapolated 1o Cos 8 = L (8 = 0)
and the corresponding surface tension was taken to
be the critienl surfnce tension *¢. The values were
16 5, 15.5, and 13 0 mN m ! for PBR, GR, and InR,
respectively. This indicates that the liquids _thl{

-

Ba,7d -('71 24

B8P 35,

surface tension than higher Yc will not easily spread
on polymer surfaces. We can surmize that all three
polymers are hydrophobic in nature.'®

This conclusion indicates that liquids with hy-
droxyl or other hydrophilic groups will spread less
on these rubbers. It is clear that synthetic polybu.
tadiene and natural polyisoprenes show similar
wetting bebaviors.



Figure 2

Thermal Analysis

It is seen from the T'GA of PBR, GR, and InR that
the maximum weight loss 18 different for each rub-
ber Weight loss is tound to he 84%%, 90%, and 947
for PBR, GR, and [nR, respectively, From Figure 5,
it can be seen that the DSC thermograph of PBR
differs considerably from those of InR and GR. PBR
falls 1nto the class of elastomers, showing degrada-
tion by exothermic reaction in nitrogen atmosphere.
This exotherm peak precludes oxidation and indi-
cates crosslinking and cyclization reactions.'’ The
energy change associated with this is found to be
9654 J/g. InR and GR fall into another class, de-
grading both by the exothermic and endothermic
reactions in mtrogen '*!'' Both exothermic and en-
dothermic reactions show a diffused exotherm up to
about 255°C, followed by an endotherm, an exo-
therm, and finally a devolatalization endotherm he-
tween 330°C and 450°C. The absolute values asso-
cinted with individual trangitions differ tor heath the

(Continued from the previsus page)

rubbers; the values are dependent un the molecular
structure, configuration, and chemical composition

Viscosity Study of Polymer Solutions

The viscosity of rubbers was studied in different sol-
vents and at different temperatures. This enabled
us to calculate the viscosity average molecular weight
for different rubbers The values are listed in Table
i1. The values obtained trom GPC analysis are also
cited in Table [1. GPC of InR could not be run be-
cause of its insolubility in THF. The intrinsic vis-
cosities of all three rubbers in different solvents, and
at different temperatures, are listed in Table 111 The
intrinsic viscosities were computed by a well-known
procedure '* It can be seen that the intninsic viscosity
hnearly decrenses with an increase in temperature
The accuracy of the data was checked by calculating
K', K*!* and their difference was 0.5, as expected.'”
Intrninsic viscosities were plotted agninst solubility

Table 11 Average Molecular Weights and Polydispersities of Rubbers
' lvmer K< 10" a*t M, M, M. b
PBR 319 0 688 L 1o 59 ¢ 1 2410 )
GR 302 0 667 D B {1 sy 1. 1" 2 50
Ink 5y 2 687 §oan v {0 —-
* Mark-Houwink eonstants V'
Bay7u 47,67, 7T BP - 350
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Figure 3 !'C NMR spectra of (a} PBR, (b} InR, and (¢) GR.

parameters of ditlerent solvents for each of the rub-
hers. The plots show maxima, corresponding to the
solubility parameter of the rubber The solubility
parameter of PBR was found to be 8 75 at 30°C and
8 4 at 35°C. The solubility parameter for GR was
tound to be 8 8 at 30°C The solubility parameter
for InR was diflicuit to find because fewer solvents
were used

From the viscusity data, various activation pa-
rameters of the viscous flow were evaluated using
the Frenkel-Eyring equation,' that is

n = (NR/V)explAGL/KT) (1)

Where V is the molar volume of the solution, N is
the Avogadro number, h is the Plank's constant, i
is the gas constant, T is the temperature, and

BP- 3506 : (-1
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A6, is e setivation tree energy change of the vis- Where M1, and AS!. are the activation enthalpy
cous How. Equation { 1) can be rewritten as and entropy change of the viscous flow The linearity
1s observed by plotting In (yV/Nh) against T' ',
In(nV/Nh) = AGHL/RT I'he slope and the mtercept gave M, and A8,
= AH! JRT = ASL /R (2 respectively  On plotting ASY, agomst concentra-
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Table Il Intrinsic Viscosities of Rubbers in Various Solvents and Temperatures
Intrinsic Viscosity {n} (dl./g)
Solvent Type of
System Rubber 25°C 30°C 35°C 40°C 46°C
n-heptane PBR 160 156 1.51 1.48 -—
(3" = 7.4)
Methyl GR — 153 1.51 1.49 1.47
Cyclohexane InR - 420 4.05 385 3.70
(6% = 78) :
Cyclohexane PBR 2 41 237 234 2.30 —
{(6* = 8 2) GR 1.55 1.52 1.50 1.47 —
Toluene PBR 2.56 248 2.34 ' .2.08 1.94
(6* = 8.9) GR 1.73 1.70 1.62 1.58 1.64 \
fnR ,4.90 4.75 4.60 4.45 4,30
Chlorobenzene PBR 2.44 2.33 2.16 1.84 —
(§* = 8.9) GR 1.70 157 1.50 © 1.48 -
InR 4.26 312 2.27 217 —

¢ Solublility parameter, 3, ns given in Ref 17

tion, and extrapolating to C = 0, A8}, values were
obtained. AH, values were also similarly obtained.
AGH, values were then computed at 30°C by well-
known thermodynamic relations  All these nctiva-
tron parameters, at anhnite dilaton, are compied
th ‘Tuble IV, It can be seen that the heats of "acti-
vation of the viscous [low are positive lor all'systems
The entropies of activation of the viscous How are
also positive, However, free energy of activation of
viscous flow seems to be independent of polvmer
and solvent. i

The relative viscosity data at different concen-
trations helps us 1in the calculation of the volumi-
nosity (V,) of polymer solutions at a hxed temper-
ature. Recently, the data have been used'® to deter-
mine the shape of the protein molecules in solution,
that is, the so-called “shape factor " V, wes calcu-
lated by plotting Y against concentration C (in g/
mL), where

Table IV Viscosity Activation Purameters at Infinite Dilution

Y = (98" - 1)/1C(1.35 0" —0.1)] . (3)

The straight line obtained was then extrapolated to
C = O and the intercept yielded V, . T'he shape tnctor
» was obtained from the equation

In} = oV, )

The shape factor gives an idea ol the shape of the
macromolecules in the solution.!” Vnlues of shape
factor in different solvents are listed 1n Table V. It
1s seen that the value for all the systems is around
2.5, suggesting that the macromolecules acquire
spherical formations® in all solvents chosen lor this
study Moreover, » values were found to be almost
independent of temperature, varying between 2 4
and 2.6, indicating that the ratio between the major
axis and the minor axis varies by about 2%, There-
fore, we suggest that the formations of these poly-
mers are independent of temperature

PRBRR GR InR
AHt, A8, A6, AL, A8t A6t AH3Y ARt Attt
Solvents tkdy K " (k1= C tk h (K 1 th iy (k1) GIK Y (kv
Toluene 114 90 87 101 57 85 96 -1 2t 10.0
Chlarohenzene 96 38 84 g} 27 85 (R R 9.0 8.1
Cyclohexane 11.8 TH 96 1y 132 90 - - —
n-Heptane H8 28 30 -— - — - - -(—-
Methyl Cyclohexane — — — 86 -08 RBb 91 17 99
aquay —L9, 727 B8P 5L Q

M"‘
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