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Abstract

The performance of the several different modified mordenite zeolites in the degradation of expandable polystyrene waste (EPSW) was
investigated in this study. The composition of the degradation products, especially the liquid fraction was compared to understand the role of
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-mordenite and the effect of its modification through framework dealumination and metal impregnation. The degradation was c
n a batch reactor at 360 and 400◦C. The dealuminated mordenite with SiO2/Al2O3 ratio of 86 showed enhanced styrene/styrene dime
tyrene/ethylbenzene molar ratios at lower (360◦C) and higher (400◦C) temperature, respectively. This was attributed to the intermediat
trength distribution generated on removal of framework aluminum by acid leaching. Modification of H-mordenite by metal impr
ubstantially changed the acidic and catalytic properties in polystyrene degradation. The 0.64 wt.% phosphorous loading on H
howed improved EPSW conversion, styrene yield and SM/EB molar ratio at 400◦C. The 0.32 wt.% phosphorous loading facilitated

mprovement in SM/EB molar ratio with higher styrene selectivity than thermal degradation at 360◦C.
2004 Published by Elsevier B.V.
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. Introduction

The amount of waste plastic discarded each year is con-
tantly increasing and is causing serious pollution problems.
f this material can be chemically recycled, it will become a
heap and abundant source for useful chemicals and energy.
mong various recycling methods, the chemical method
hich converts waste plastics to useful hydrocarbons, has
een recognized as a promising approach[1,2].

Among the different solid acids, zeolites are the preferred
atalysts for the conversion of plastic wastes[3]. Zeolite cat-
lysts are extensively used in petroleum refinery and in petro-
hemical industry. Shape selectivity, tunable acidity and ba-
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sicity, ion-exchange, isomorphous substitution and the
stability are substantial properties of zeolite catalysts.

It is reported that medium pore zeolite HZSM-5 d
to the presence of strong acid sites possesses potent
cleavage of C–C bonds in the waste plastics and can
drogenate olefins, yielded by the degradation, into para
Since olefins are easily oxidized or polymerized into unus
compounds during storage and transportation, oils conta
a large fraction of olefins might not be suitable for fuel oils[4].

Mordenite is a one-dimensional wide pore zeolite h
ing crystallographic pore size 6.7̊A × 7Å interconnecte
with an eight-ring pore of 2.9̊A × 5.7Å, one-dimensiona
It exhibits orthorhombic symmetry with unit cell formu
Nan[Al nSi40−nO96]24H2O [5]. It has proved to be a pote
tial catalyst in hydrocarbon processing[6–8]. However, its
use in the modified form is not much reported for polystyr
degradation. In the present work we have compared the u
of mordenite and its modified forms for title reaction.

381-1169/$ – see front matter © 2004 Published by Elsevier B.V.
oi:10.1016/j.molcata.2004.07.002
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2. Experimental

2.1. Zeolite synthesis (Na mordenite)

Synthesis of sodium mordenite was carried out hydrother-
mally from system containing Na2O–Al2O3–SiO2–H2O.
168.2 g of sodium silicate (27.2% SiO2, 8.4% Na2O, 64.4%
H2O) were diluted with 200 g of deionized water. An acidic
aluminum sulphate solution was made by taking 12.6 g of
salt [Al2(SO4)318H2O] in 226 g of deionized water. This so-
lution was then slowly added under stirring to the previously
prepared sodium silicate solution. The reaction mixture was
further intensively stirred for 1 h. The resulting gel having
pH = 11± 0.2 was then transferred to a stainless steel auto-
clave. The autoclave was kept in a static air oven at 120◦C.
After the gel was crystallized for 96 h under static conditions,
the crystallization process was terminated by quenching the
autoclave to room temperature. The crystalline solid was sep-
arated from the liquid by suction filtration. It was then thor-
oughly washed with hot deionized water till free of sulphate
ions and dried in an air oven at 120◦C for 8 h. This sample was
further calcined in flowing air at 500◦C for 12 h in a static
air furnace to obtain the Na form of zeolite. The catalytic
active protonic form (HM) was obtained by repeated ion ex-
change with dilute solution of 5% ammonium nitrate (solu-
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Fig. 1. XRD pattern of HM and HDM zeolites.

nace at 460◦C for 10 h to give the corresponding catalyst in
the oxide form. All samples were equilibriated with water
vapor before further characterization by placing them over
saturated ammonium chloride solution for 24 h at 25◦C. The
samples were named PHM (0.32), PHM (0.64) and PHM
(1.0) where figures in parentheses indicated wt.% of phos-
phorous impregnated.

2.3. Characterization

Crystalline phase identification was done by recording
XRD patterns on a Phillips diffractometer (PW-1730) using
Cu K� radiation (λ = 1.54014Å). The samples were scanned
in the 2θ range of 18–31.Fig. 1 depicts the XRD pattern of
different mordenite samples. Sorption measurements were
carried out in an all glass McBain–Baker type gravimetric
apparatus using a silica spring (sensitivity = 50 cm/g) bal-
ance. Prior to sorption measurements, a 50 mg sample was
activated at 400◦C for 4 h under vacuum (10−6 Torr). It was
cooled to ambient temperature (25◦C) under vacuum and
allowed to contact a sorbate vapor atP/P0 = 0.5 and 0.8.
Equilibrium sorption capacities were obtained over a period
of 2 h. The data on sorption measurement is shown inTable 2.

The loss of aluminum from mordenite lattice by acid
treatment was confirmed by29Si and27Al NMR. The solid
state29Si and 27Al MAS NMR spectra were recorded at
ion/zeolite ratio 15). The final product was filtered, dried
ir oven at 120◦C for 8 h) and calcined at 500◦C for 12 h in a
ow of dry air. The unit cell composition of fully crystallin
ordenite sample in its H form, determined by wet che

al/gravimetric methods and atomic absorption spectrom
as Na0.33H6.11[(AlO2)6.44(SiO2)41.56]18H2O.
The HM zeolite was treated with mineral acid (HCl)

8◦C under reflux, washed with hot deionized water to
t from chloride ions and then dried at 120◦C for 12 h. The
-mordenite zeolites with higher SiO2/Al2O3 ratios were ob

ained by treating HM with mineral acid as shown inTable 1.

.2. Preparation of phosphorous modified mordenite
PHM)

These samples were prepared by impregnating HM
lite with appropriate quantity ofortho-phosphoric acid i
queous solution. The well homogenized slurry was slo
vaporated at 98◦C for 12 h. and calcined in a muffle fu

able 1
cheme of sample preparation by dealumination with mineral acid

eolite Treatment

a-M –
M (13) –

DM (86) (a) 5N HCl boil 24 h
(b) 5N HCl boil 24 h

DM (147) (a) 8N HCl boil 24 h
(b) 8N HCl boil 24 h
(c) 8.5N HCl boil 24 h

b) Product of (a) was used for second treatment; (c) product of (b) w
cell composition SiO2/Al2O3 molar ratio

a6.84[(SiO2)39.97(AlO2)8.03] 9.96
a0.46[(SiO2)41.76(AlO2)6.3] 13.26

a0.12[(SiO2)46.91(AlO2)1.09] 86.0

Na0.06[(SiO2)47.4(AlO2)0.64] 147

for successive treatment.
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Table 2
Equilibrium sorption data (molecules/u.c.) of HM and HDM zeolites

Zeolite HM (13) HDM (86) HDM (147)

Water 35.04 27.62 23.50
n-Hexane 3.18 3.68 3.86
Cyclohexane 2.87 3.27 3.38
Benzene 4.08 4.15 4.34
Cumene 1.40 1.88 2.47

Sorption measurement atP/P0 = 0.5 and at 25◦C.

ambient temperature using a Bruker MSL-300 FT-NMR
spectrometer. Three thousand FIDs were accumulated before
FT to get spectra with a good S/N ratio. A 5 s delay time was
used for 90◦ pulse. TMS was used as the external reference
for 29Si signal. While an aqueous solution of AlCl3 provided
the reference peak for27Al, the spinning rate was kept at
3.5 kHz for all samples.Fig. 2(a) and (b) depict the29Si and
27Al MAS NMR spectra for mordenite and dealuminated
mordenite respectively.

The thermo-analytical curves (DTA, TG, DTG) of alu-
minum deficient mordenites were recorded using a thermal-
analyzer under the following conditions: (1) sample weight
30 mg (2) heating rate 10◦C/min (3) sensitivity (DTA:
0.1 mV; DTG: 0.2 mV; TGA: 0–25 mg) (4) in the atmosphere
of flowing air in the temperature range of 25–1000◦C and (5)
�-alumina as a reference material. The TG curves of phos-
phorous impregnated mordenites (PHM) were recorded on
a Setaram PC 92 thermal analyzer. For scanning the curves
30-35 mg sample was used in a platinum crucible, the heating
rate being 10◦C/min and the temperature ranging from 25 to
1000◦C (�-alumina as a reference material).Fig. 3(a) and
(b) depicts the TG curves of modified zeolites.

R spectra of HM and HDM zeolites.

Fig. 3. TGA curves of HM, HDM and PHM zeolites.
Fig. 2. 29Si NMR and27Al NM
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2.4. Acidity measurement (NH3 TPD)

The total acidity of HM and modified mordenite was es-
timated by temperature programmed desorption (TPD) of
NH3. TPD measurements were done using a stainless steel
micro-reactor connected on line to a gas chromatograph. In
the typical experiment, 0.4 g of the zeolite sample (HM or
HDM, 10–20 mesh size) was taken in a micro-reactor. It was
initially heated to 400◦C at a rate of 10◦C/min in a flow of
pure and dry nitrogen and then coupled to sorptiometer for
evacuation. It was activated at 400◦C for 2 h and cooled to
150◦C. A calibrated volume of NH3 having 99.8% purity was
admitted to the sample which was further allowed to cool to
25◦C. The equilibrium adsorption of NH3 was determined
at 25◦C and 200 mmHg pressure. The loosely bound ammo-
nia was evacuated at the same temperature. Equilibrium ad-
sorption was once again determined at the same temperature
and pressure. The difference between the ammonia adsorbed
during the first and second determinations was taken as the
chemisorbed ammonia. The micro-reactor was then coupled
to the on-line GC after allowing sufficient time to stabilize
the GC. The sample was heated at a linear rate of 10◦C/min
with carrier gas flow rate of 60 ml/min. The total volume
chemisorbed at 25◦C was obtained by volumetric measure-
ments and the area % of desorption peaks are then used to
c
T f HM
a -
t by
a
t

Table 3
Acid sites distribution of HM and HDM zeolites

Zeolites HM (13) HDM (86) HDM (147)

SiO2/Al2O3 13 86 147
Al/u.c. 6.44 1.09 0.64
Acid sites/u.c. (weak + medium) 9.6 3.2 3.0
Acid sites/u.c. (stronger) 5.5 1.0 0.35
Acid sites/u.c. (total) 15.1 4.2 3.35
Stronger acid sites % 36.4 23.8 10.5
Tmax (◦C) (strong sites) 546 480 433

Table 4
Acidity data of HM and PHM zeolites

Zeolitea Acid sites covered
due to modifier
species (mmol/g)

Acid sites covered
due to modified
species (%)

Accessible Al to
NH3 moleculesb

(mmol/g)

HM (13) – – 1.72
PHM (0.32) 0.28 16.28 1.44
PHM (0.64) 0.64 37.21 1.08
PHM (1.0) 0.86 50.0 0.86

a Figures in parentheses indicate percentage phosphorous impregnated.
b From TPD profile of respective sample.

2.5. EPSW degradation

2.5.1. Material
Expandable polystyrene waste having Mn = 100,100 and

polydispersitivity index (Mw/Mn) = 2.2 was obtained from
Korean agricultural and marine market. It was crushed and
sieved into the range of 1–2 mm diameter prior to use in the
reaction.

2.5.2. Reaction procedure
Both thermal and catalytic cracking experiments were car-

ried out in a Pyrex batch reactor with an internal reactor
volume of 250 ml. In a typical experiment, the catalyst was
ground and sieved to get a particle size below 75�m. EPS
waste beads were ground and sieved to obtain a particle size
below 1 mm. A mixture of 20 g of PS and the correspond-
ing amount of catalyst (0.2 g) was loaded inside the reactor
and heated with a rate of 10◦C/min up to 375◦C, kept at
this temperature for 90 min. The reaction temperature was
measured by thermocouples which were directly in contact
with the reaction mixture. The volatile products were swept
out from the reactor by a nitrogen stream and separated into
gases and liquid oils in a condenser cooled by an ice-water
mixture. The coke deposit on the reactor and catalyst was
calculated by measuring the solid materials after extraction
o tract
c lated
b and
c and
c and
m is
s

alculate the acid strength distribution in the sample[9,10].
he TPD spectra of ammonia and the acidic properties o
nd HDM zeolites are shown inFig. 4 andTable 3, respec

ively. The TPD profiles of PHM zeolites were recorded
dopting the same procedure (not shown here).Table 4lists

he acidity data of HM and PHM zeolites.

Fig. 4. NH3 TPD profiles of HM and HDM zeolites.
f residue using benzene as a solvent and filtration of ex
arried out. The amount of gaseous products was calcu
y subtracting the sum of weights for liquid, residues
atalyst with coke from total weight of EPSW sample
atalyst initially loaded to the reactor, except inorganic
etallic impurities[11]. The schematic of reaction set-up

howed inFig. 5.
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Fig. 5. Schematic of reactor assembly employed for EPSW degradation. (1)
N2 gas cylinder; (2) temperature controller; (3) electric heater; (4) batch
reactor; (5) heat exchanger; (6) condenser; (7) wet gas meter; (8) receiver;
(9) balance.

The conversion, selectivity and yield were calculated by
employing following equations:

PS conversion= liquid fraction (%)+ gas fraction (%) (1)

selectivity to specific (I) Product

= specific product (I) in oil (g)

liquid product (g)
× 100 (2)

SM yield (wt.%)= SM obtained in oil (g)

initial feed material (PS) taken (g)
× 100

(3)

3. Results and discussion

3.1. Characterization of catalysts

From the XRD analysis of synthesized zeolite it was con-
firmed that the aluminosilicate had a mordenite structure
[12,13]. The spectra of dealuminated and metal impregnated
zeolite showed that there was no change in diffraction pattern
and samples were well crystalline after modification by dea-
lumination and metal impregnation. All samples were highly
c nce
o the
p s-
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T
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H
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P

Fig. 2(a) shows the spectra of29Si MAS NMR of the HM
and HDM zeolites. The spectrum of sample HM (13) showed
two different peaks at−105 and−112 ppm which are as-
signed to Si (1Al) and Si (0Al) unit, respectively. The peak
at −105 ppm arose not only from Si (1Al) but also from Si
(OH) group[15]. After dealumination with HCl, HDM (86),
the part of aluminum has been removed from the framework
mordenite structure which has been clearly seen from the
spectrum where Si (1Al) peak at−105 ppm decreased which
is direct evidence of removal of aluminum from framework
without disrupting the framework structure as is further con-
firmed by XRD pattern in the previous section. Further dealu-
mination led to complete disappearance of peak at−105 ppm
and fine crystallographic sites arose from the highly dealumi-
nated sample with SiO2/Al2O3 ratio 147 (peak at−112 ppm
split in to two). Our investigations are in agreement with those
of other workers[7,15,16].

The27Al MAS NMR spectrum of HM and HDM (147) are
depicted inFig. 2(b). It is seen from spectrum A that there are
two different environment of aluminum present in the sam-
ple. The peak at 55 ppm has been assigned to aluminum in
the tetrahedral coordination present in the framework while
peak near 0 ppm has been assigned to aluminum in octahedral
(non-framework) environment[7,17]. After dealumination
aluminum from the framework can be removed as an octahe-
d se in
p
r

en-
i xi-
m ve Al
e
c ion
c r
t k up
t mal
s es.
A de-
h ade
t f the
i 50
f -
t n
o ates
t d by
i tion
i sug-
g ame-
rystalline and were in the range of 95–98%. No evide
f lattice degradation was apparent in agreement with
revious report[14]. The X-ray diffraction patterns of pho
horous impregnated mordenites were found to be sim
nd products were well crystalline (spectra not shown h

able 5
hermogravimetric data of HM and PHM zeolites (wt.% loss in differe

eolite Total weight loss (%) Dehydration up to

M (13) 12.86 11.83
HM (0.32) 11.64 10.66
HM (0.64) 12.10 11.18
HM (1.0) 12.49 11.66
erature range and hydroxyl groups/u.c.)

Dehydration (750–400◦C) Number of hydroxyl groups/u.

1.03 3.31
0.98 3.15
0.90 2.92
0.83 2.70

ral soluble species. This is further confirmed by decrea
eak intensity at 0 ppm for the sample with the SiO2/Al2O3
atio 147.

Fig. 3(a) shows the TGA curves of dealuminated mord
te. It is seen thatTmax (temperature corresponding to ma

um endotherm) continuously decreased with progressi
xtraction from the zeolite framework. The reduction inTmax
an be attributed to the reduction in the number of sodium
ausing faster dehydration of the zeolite[18]. It is also clea
hat none of these samples exhibit an exothermic pea
o 1000◦C due to structural collapse indicating high ther
tability. Fig. 3(b) shows the TG curves for PHM zeolit
ssuming that one molecule of water is liberated by the
ydration of two hydroxyl groups, an attempt has been m

o calculate the number of surface hydroxyl groups/u.c. o
mpregnated samples in the temperature range of 400–7◦C
rom the TGA curves of PHM zeolites[19]. The values ob
ained are shown inTable 5. A reduction in the concentratio
f hydroxyl groups/u.c. of the impregnated samples indic

hat some of the surface hydroxyl groups are eliminate
ncorporation of phosphorous and the extent of elimina
ncreased with the amount of impregnating material. It is
ested that elemental phosphorous binds the zeolite fr
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work through oxygen causing reduction in acidic sites[20]
as indicated below:

Sorption of water,n-hexane, cyclohexane and cumene
(isopropylbenzene) over HM and HDM are shown inTable 2.
The adsorption properties of mordenite depend upon the
SiO2/Al2O3 ratio. With increase in the SiO2/Al2O3 ratio the
water adsorption decreased, while there is a marginal increase
in the sorption of benzene, cyclohexane and cumene[21]. A
continuous increase in then-hexane sorption capacity shows
thatn-hexane has access to more surface than either benzene
or cyclohexane. This can also be explained on the basis of
molecular size andn-hexane also enters those cavities that
occur periodically along the walls of the main adsorption
channels. From the sorption data of PHM zeolites (described
in Table 6), it is seen that there is a decrease in an equilibrium
capacity for hydrocarbon molecules as a result of reduction
in effective pore volume due to increase in phosphorous (P)
loading.n-Butylamine gives an estimation of the acid sites
p -
t ase
w ld be
d pho-
r
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t NH
m pho-
r umbe
o
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S
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lated to the presence of extra-lattice Al in the HM mordenite.
Unlike in HZSM-5 zeolite we observed only two des-

orption peak maxima for mordenite in TPD of NH3 [9,10].
We consider the peak maximum in the range of 113–122◦C
(386–395 K) is due to weak and medium acid sites and the
peak maximum in the range of 425–548◦C (698–821 K) is
due strong acid sites. The % of stronger acid sites decreased
from 36.4% to 10.5% with increasing SiO2/Al2O3 ratio from
13 to 147 (Table 3).

The number of surface hydroxyl groups per unit cell was
calculated from the TGA curves of PHM in the temperature
range 400–750◦C (Table 5). A reduction in the concentra-
tion of surface hydroxyl groups/u.c. of the impregnated sam-
ples indicated that some of the surface hydroxyl groups are
eliminated by incorporation of phosphorous. The extent of
elimination increased with increased amount of incorporated
material. This phenomenon resulted in the coverage of acid
sites due to modifier species[19]. This is also reflected in the
reduction in total acidity (as accessible to NH3 molecules)
from TPD (NH3 desorption) as shown inTable 4. From the
sorption measurement of water on HM and HDM zeolites it
is inferred that the zeolite became hydrophobic on dealumi-
nation[26]. The decrease in sorption capacities with progres-
sive increase in the incorporation of phosphorous indicated
the penetration of modifier species into the zeolite channel
a

3

idue
a rene
m (B),
t PB),
� P).
T OT).
T om-
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a ity,
S ion.
F arly
i the
d rease
i ained
o the
p nver-
s
i tion.
T and
H tion
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p tio
d r of
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H sity
(

resent in the solid catalysts like zeolites[22,23]. The sorp
ion capacity forn-butylamine was also found to decre
ith increasing amount of phosphorous loaded. This cou
ue to increase in concentration of POH groups of phos
ous species covering bridging hydroxyl groups[20]. From
he acidity data of PHM zeolites (Table 4), it is reasonabl
o state that a reduction in total acidity (as accessible to3
olecules) is in correlation with the percentage of phos

ous doping and is can be considered as a measure of n
f acid sites covered due to modifier species.

The bulk analysis and MAS NMR study also confirm
he dealumination of HM with retention of mordenite str
ure (as evidenced by XRD)[7,8,24,25]. Aluminum conten
y chemical analysis is always higher. This difference is
ussed in detail by Meyers et al.[7]. It is observed from
able 3that stronger acidity obtained at the high-tempera
esorption peak is around 36% (for HM) and varies with v
tion in the SiO2/Al2O3 ratio in the dealuminated mordeni
his difference is noticeable in HM and HDM zeolites,

able 6
quilibrium sorption data (mmol/g) for HM and PHM zeolites

eolite HM (13) PHM (0.32) PHM (0.64) PHM (1.

-Hexane 0.85 0.75 0.79 0.61
enzene 1.24 1.05 0.93 0.73
umene 0.38 0.44 0.39 0.31
-Propylbenzene 0.49 0.52 0.46 0.36
-Butylamine 1.58 1.51 1.27 1.18
oid vol. (cm3/g) 0.1082 0.0962 0.0927 0.0903

orption measurement is atP/P0 = 0.5 and at 25◦C. Sorption ofn-butylamine
tP/P0 = 0.8 and at 25◦C.
r

nd blocking the pores partially[20].

.2. Catalytic degradation of EPSW

The degradation products of EPSW were oil, coke, res
nd gases. The composition of oil mainly included sty
onomer (SM). The styrene dimer (SD), benzene

oluene (T), ethylbenzene (EB), isopropylbenzene (I
-methylstyrene (�-MS), and 1,3-diphenylpropane (DP
he heavier fractions were termed other aromatics (
able 7(a) and (b) shows the product distribution and c
osition of oil obtained on thermal degradation (without
lyst).Table 8indicates the PS conversion, SM selectiv
M/SD and SM/EB molar ratios in thermal degradat
romTable 8it can be seen that the PS conversion is line

ncreased with rise in temperature. The oil yield (one of
egradation components of EPSW) increased with inc

n temperature. The absence of ethylbenzene in the obt
il is preferred on account of commercial acceptability of
rocess of EPSW degradation. On the basis of PS co
ion, SM selectivity and SM/EB ratio, it appears that 400◦C
s the optimum temperature for non-catalytic PS degrada
able 9(a) and (b) show PS degradation products over HM
DM zeolites along with product from thermal degrada
t 360◦C. Accordingly, the catalytic performance calcula

rom this data is shown inTable 10. HM zeolite showed com
arable SM selectivity and a slightly improved SM/SD ra
ue to its acidic nature. The SM/SD ratio was in the orde
DM (86) > HM > HDM (147). The higher SM/SD ratio
DM (86) could be ascribed to its medium acid sites den

Table 3). The results of catalytic degradation at 400◦C are
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Table 7
Thermal degradation of EPSW

Temperature (◦C)

350 375 400 425

(a) Product distribution (wt.%)
Oil 50.5 71.0 82.0 83.5
Coke 1.0 1.1 1.3 2.3
Residue 35.0 14.9 6.3 5.9
Balance (gaseous) 13.5 13.0 10.4 8.3

(b) Composition of oil (wt.%)
SM 62.7 63.9 64.7 61.0
SD 1.2 4.1 5.8 6.6
B 0.1 0.1 0.1 0.1
T 6.4 4.9 4.5 4.4
EB 5.5 3.0 2.6 2.7
IPB 1.0 0.4 0.3 0.3
�-MS 13.1 7.7 6.1 6.0
DPP 2.1 5.2 4.7 5.0
OT 7.9 10.7 11.2 13.9

SM: styrene; SD: styrene dimmer; B: benzene; T: toluene, EB: ethyl-
benzene; IPB: isopropylbenzene;�-MS: �-methylstyrene; DPP: 1,3-
diphenylpropane, OT: other aromatics.

Table 8
Characteristics of EPSW degradation (thermal degradation)

Temperature
(◦C)

PS conversion
(%)

SM selectivity
(%)

SM
yield
(%)

SM/SD
mole
ratio

SM/EB
mole
ratio

350 64 49.5 31.7 104.5 11.6
375 84 54.0 45.4 31.2 21.7
400 92.4 64.7 53.1 22.3 25.4
425 91.8 55.5 50.9 16.2 23.0

shown inTable 11. Nearly the same conversion as that of ther-
mal degradation indicates that at higher temperature the cat-
alytic degradation behaves as thermal degradation. At 400◦C,
the HDM (86) showed improved SM selectivity and yield

Table 9
EPSW degradation over HM and HDM zeolites at 360◦C

Catalyst Thermal HM (13) HDM (86) HDM (147)

(a) Product distribution (wt.%) (catalyst = 1 wt.%)
Oil 61.0 61.50 50.50 59.0
Coke 1.74 3.47 3.26 2.98
Residue 16.0 19.40 24.20 18.30
Balance (gaseous) 20.56 15.63 22.04 19.22

(b) Composition of oil (wt.%)
B 0.06 0.07 0.06 0.06
T 5.82 6.49 6.17 5.72
EB 4.01 4.85 4.32 4.23
SM 67.36 64.21 66.94 67.71
IPB 0.59 0.73 0.63 0.60
�-MS 11.39 11.30 11.64 11.53
DPP 1.90 3.22 2.06 2.60
SD 0.92 0.86 0.61 0.93
OT 7.87 8.26 7.57 6.62

SM: styrene; SD: styrene dimmer; B: benzene; T: toluene; EB: ethyl-
benzene; IPB: isopropylbenzene;�-MS: �-methylstyrene; DPP: 1,3-
diphenylpropane; OT: other aromatics.

Table 10
Catalytic performance of EPSW over HM and HDM zeolites at 360◦C (cat-
alyst = 1 wt.%)

Catalyst Thermal HM (13) HDM (86) HDM (147)

SD (wt.%) 0.92 0.86 0.61 0.93
OT (wt.%) 7.87 8.26 7.57 6.62
SD + OT (wt.%) 8.79 9.12 8.18 7.55
SM/SD 146.4 149.6 219.5 145.6
SM/EB 17.2 13.5 15.8 16.3
PS conversion (wt.%) 81.6 77.1 72.5 78.2
SM selectivity (wt.%) 50.4 51.2 46.6 51.1
SM yield (wt.%) 41.1 39.5 33.8 39.9

(with no substantial difference in SM/EB ratio) compared
to the corresponding values of thermal degradation which
again can be ascribed to its medium acid site density. The de-
crease in the SM/SD ratio with increasing SiO2/Al2O3 ratio
is attributed to decrease in reduction in stronger acid sites on
dealumination of mordenite. It can be seen that the presence
of HM in the reactant mixture decreased SD + OT (from 17.0
for thermal degradation to 15.9 for HM and increased SM/SD
(from 22.3 for thermal degradation to 32.1 for HM). How-
ever, on dealuminated HDM (86) and HDM (147) the reverse
trend is observed for SD + OT and SM/SD mole ratios when
compared with that of HM. This indicates that cracking activ-
ity of mordenite is governed by acid site density. The HDM
(86) showed higher SM selectivity and yield than thermal ac-
tivation, HM and HDM (147) mordenite zeolites at 400◦C.
This means that medium acid site distribution in HDM (86)
facilitated PS degradation selectively into SM. The acid site
distribution shown inTable 3indicates that the total acidity of
HDM (86) and % strong acid sites lies intermediate between
HM and HDM (147). Although overall oil yield is important,
the amount of styrene in the obtained oil is also important.
Therefore we assigned the SM/SD mole ratio as a measure
of quality of oil.

It is widely accepted that incorporated phosphorous
species binds the zeolite framework concomitantly block-
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ng the acid sites (as shown previously)[20]. The PHM
0.32 wt.%) showed an increased SM/SD ratio with impro
M selectivity by about 6%. SM/SD ratio is also increa

185.3) by a factor of 1.27 than thermal degradation (146.
hown inTable 12. The PS degradation at 400◦C over phos
horous modified mordenite is demonstrated inTable 13.

able 11
atalytic performance of EPSW over HM and HDM zeolites at 400◦C (cat-
lyst = 1 wt.%)

atalyst Thermal HM (13) HDM (86) HDM (147

D (wt.%) 5.8 3.9 6.0 7.0
T (wt.%) 11.2 12.0 14.0 20.8
D + OT (wt.%) 17.0 15.9 20.0 27.8
M/SD 22.3 32.1 21.8 16.5
M/EB 25.4 19.3 33.3 29.4
S conversion (wt.%) 92.4 95.7 96.7 96.4
M selectivity (wt.%) 64.7 56.0 62.0 54.6
M yield (wt.%) 53.1 53.6 59.9 52.2
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Table 12
Catalytic performance of EPSW degradation over HM and PHM zeolites at 360◦C (catalyst = 1 wt.%)

Catalyst Thermal HM (13) PHM (0.32) PHM (0.64) PHM (1.0)

SD (wt.%) 0.9 0.86 0.74 0.80 1.47
OT (wt.%) 7.87 8.26 6.43 6.61 7.03
SD + OT (wt.%) 8.79 9.12 7.17 7.41 8.50
SM/SD 146.4 149.6 185.3 164.1 90.4
SM/EB 17.2 13.5 16.6 14.6 15.9
PS conversion (wt.%) 81.6 77.1 73.7 76.6 78.6
SM selectivity (wt.%) 50.4 51.2 55.8 55.3 53.3
SM yield (wt.%) 41.1 39.5 41.1 42.3 41.9

Table 13
Catalytic performance of EPSW degradation over HM and PHM zeolites at 400◦C

Catalyst Thermal HM (13) PHM (0.32) PHM (0.64) PHM (1.0)

SD (wt.%) 5.8 3.9 5.6 5.8 5.2
OT (wt.%) 11.2 12.0 13.3 16.1 13.1
SD + OT (wt.%) 17.0 15.9 18.9 21.9 18.3
SM/SD 22.3 32.1 23.0 21.7 24.8
SM/EB 25.4 19.3 28.5 32.1 26.3
PS conversion (wt.%) 92.4 95.7 96.4 96.3 96.3
SM selectivity (wt.%) 64.7 56.0 60.1 60.1 61.0
SM yield (wt.%) 53.1 53.6 58.0 57.9 58.7

Phosphorous mordenite (PHM) showed behavior similar
to that of dealuminated mordenite when compared with ther-
mal degradation of EPSW. In general the phosphorous mod-
ified zeolites showed higher SM yield and selectivity than
thermal degradation (by≈5%). The observed SM/EB molar
ratio in the thermal degradation at 400◦C was 25.4 which
was decreased to 19.3 in the presence of HM. This means
that the SM produced on PS degradation got reduced to EB
due to further hydrogenation by HM due to high acid sites
density (mostly Br̈onsted type) associated with it. On doping
0.32 wt.% P and 0.64 wt.% P on HM, the SM/EB ratio was
increased. This is attributable to the reduction in available
acid site density of HM due to doping of ‘P’ which conse-
quently lowered the reduction of styrene to EB. However, at
1 wt.% ‘P’ doping the SM/EB was lower than that observed
on 0.64 wt.% P doping. This could be due to spaciousness
factor (less void-space available as a result of complex for-
mation) at relatively high metal loading. This means that the
diminution of pore volume due to higher metal loading re-
sults in decreased chances to stay in pore for further cracking
to lighter gaseous products. We believe that the initiation of
PS degradation takes place at the external surface or at pore
margins of the catalysts since PS is too large to diffuse into
internal sites. The decomposed fragments of the appropriate
sizes on the end bodies of the fragments will then diffuse into
t fica-
t rce
o acid
s enon
o ty of
t r of
a r-
m lite)

has been observed by other workers[27–29]. The effect of
metal loading on variation of acid sites and its correlation
with catalytic performance is reported for HZSM-5 zeolites
elsewhere[30]. In the present study, we have observed sim-
ilar behavior by dealumination and phosphorous doping on
mordenite and its effect on acidity and acid sites variation
affecting catalytic performance in EPSW degradation.

The cracking of hydrocarbon on solid acids has been ex-
plained in terms of�-scission of C–C bonds[4]. The styrene
monomer and dimer were probably produced by�-scission
of C–C bonds in the PS main chain as follows:

d on
s d on
s o
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he zeolite pore where further cracking occurs. The modi
ion of HM by removal of surface hydroxyl groups (the sou
f Brönsted acid sites) by acid leaching and masking of
ites by metal loading invariably affects these phenom
f PS degradation leading to SM depending on severi

he treatment of the parent zeolite (HM). Such behavio
cid treatment on variation of Brönsted acidity and its perfo
ance in polymer degradation using zeolite (clinoptilo
In the present work the lower yields of styrene obtaine
olid acids (HM and HDM catalysts) than those obtaine
imple thermal degradation (at 360◦C) are probably due t
urther cracking of styrene into toluene and benzene and
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ther hydrogenation into ethylbenzene (Tables 9 and 10). Coke
formation caused by the strong interaction between acid sites
and styrene or its precursors is also responsible for the lower
yields of styrene on solid acids. Our results obtained at 360◦C
(633 K) for PS degradation over HM and dealuminated mor-
denites well agreed with those reported by other researchers
at 623 K[27]. The catalytic cracking of PS proceed through a
complex combination of different reactions involving radical
mechanism, based on chain reaction concepts, embodies el-
ementary steps of initiation, propagation and depropagation,
H-abstraction and termination[31,32]. It is reported that the
benzene and ethylbenzene were produced by catalytic degra-
dation over the solid acids[4]. This is probably because of
the further cracking and hydrogenation of styrene produced,
which resulted in a decrease in the fraction of styrene in the oil
produced. The formation of indan derivatives on solid acids
starts with an attack of a proton on the branched phenyl group
to produce�-complex cation. This is then converted into�-
complex cation which is subsequently released as benzene as
follows [33]:

we
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led to improved styrene monomer selectivity and yield when
compared with thermal degradation at identical experimental
conditions.

References

[1] H.S. Joo, J.A. Gain, Fuel Process. Technol. 57 (1998) 25.
[2] D.P. Serrano, J. Aguado, J.M. Escola, Appl. Catal. B 25 (2000) 181.
[3] S.Y. Lee, J.H. Yoon, J.R. Kim, D.W. Park, Poly. Degrad. Stab. 74

(2001) 297.
[4] Z. Zhang, T. Hiroshe, S. Nishio, Y. Morioka, N. Azuma, A. Ueno,

H. Ohkita, M. Okada, Ind. Eng. Chem. Res. 34 (1995) 4514.
[5] W.M. Meir, D.H. Olson, Atlas of Zeolite Structure Types, Butter-

worths, London, 1987.
[6] P.E. Pickert, A.P. Botton, M.A. Lanewala, Chem. Eng. 75 (1968)

133.
[7] B.L. Meyers, J.H. Fleisch, G.J. Ray, J.T. Miller, J.B. Hall, J. Catal.

110 (1988) 82.
[8] M. Sawa, M. Niwa, Y. Murakami, Appl. Catal. 53 (1989) 169.
[9] N.Y. Topsoe, K. Pederson, E.G. Derouane, J. Catal. 70 (1981) 41.

[10] G.P. Babu, S.G. Hegde, S.B. Kulkarni, P. Ratnasamy, J. Catal. 81
(1983) 471.

[11] J.S. Kim, W.Y. Lee, S.B. Lee, S.B. Kim, M.J. Choi, Catal. Today
87 (2003) 59.

[12] L.B. Sand, Molecular Sieves, Soc. Chem. Ind, London, 1968.
[13] P.K. Bajpai, M.S. Rao, Ind. Eng. Chem. Prod. Res. Dev. 17 (1978)

223.
[ eor.

[ Phys.

[ usi,

[ as,

[ 13.
[ ntific

[ r, J.

[
[ 990)

[ hem.

[ , E.

[ 991)

[
[ ad.

[ J.

[ o,

[ hem.

[ Res.

[ oly.

[ no,
However, in the product distribution of oil obtained
id not notice the indan derivative, which is probably

o insufficient quantity which could not be detected by
olumn employed.

. Conclusions

Dealumination by acid leaching of synthetic morde
ncreases silica-to-alumina ratio without loss of framew
tructure. Dealumination reduces both weak and strong
ites. Theortho-phosphoric acid impregnation reduces a
ites of HM due to binding of elemental phosphorous w
eolite framework through oxygen with diminution of po
olume. The catalytic degradation of EPSW over mord
te and modified mordenite resulted in the difference
olystyrene conversion and oil yield. The reduction in a

ty of H-mordenite by dealumination and metal impregna
14] R.M. Barrer, E.V.T. Murphy, J. Chem. Soc. (A) Inorg. Phys. Th
2506 (1970).

15] P. Bodart, J.B. Nagy, G. Debras, Z. Gabelica, P.A. Jacobs, J.
Chem. 90 (1986) 5183.

16] G.R. Hays, W.A. Van Erp, N.C.M. Alma, P.A. Couperus, R. H
A.E. Wilson, Zeolites 4 (1984) 377.

17] C.A. Fyfe, G.C. Gobbi, J.S. Hartman, J. Klinowski, J.M. Thom
J. Phys. Chem. 86 (1982) 1247.

18] A.J. Chandwadkar, S.B. Kulkarni, J. Thermal Anal. 19 (1980) 3
19] P.A. Jacobs, Carboniogenic Activity of Zeolites, Elsewhere Scie

Publ. Co., UK, 1977.
20] W.W. Kaeding, L.B. Young, C.C. Chu, B. Weinstein, S.A. Butte

Catal. 67 (1981) 159.
21] K. Itabashi, R. Fukashima, K. Igawa, Zeolites 6 (1986) 30.
22] S.P. Mirajkar, A. Thangraj, V.P. Shiralkar, J. Phys. Chem. 94 (1

8589.
23] G.N. Rao, P.N. Joshi, A.N. Kotasthane, V.P. Shiralkar, J. Phys. C

94 (1992) 3073.
24] G.E. Engelhardt, U. Lohse, A. Samoson, M. Maegi, M. Tarmak

Lippma, Zeolites 2 (1982) 59.
25] T.J. Rocha, S.W. Carr, J. Klinowski, Chem. Phys. Lett. 187 (1

401.
26] N.Y. Chen, J. Phys. Chem. 80 (1976) 60.
27] J.R. Kim, Y.A. Kim, J.H. Yoon, D.W. Park, H.C. Woo, Poly. Degr

Stab. 75 (2002) 287.
28] E.Y. Hwang, J.K. Choi, D.H. Kim, D.W. Park, H.C. Woo, Korean

Chem. Eng. 15 (1998) 434.
29] D.W. Park, E.Y. Hwang, J.R. Kim, J.K. Choi, Y.A. Kim, H.C. Wo

Poly. Degrad. Stab. 65 (1999) 193.
30] K.H. Chandavar, S.G. Hegde, S.B. Kulkarni, P. Ratnasamy, J. C

Tech. Biotechnol. 34 (1984) 165.
31] G. De la Puente, J.M. Arandes, U.A. Sedran, Ind. Eng. Chem.

36 (1997) 4530.
32] H. Nanbu, Y. Sakuma, Y. Ishihara, T. Takesue, T. Ikemura, P

Degrad. Stab. 19 (1987) 61.
33] H. Ukei, T. Hiroshe, S. Horikawa, Y. Taka, N. Azuma, A. Ue

Catal. Today 62 (2000) 67.


	Catalytic degradation of expandable polystyrene waste (EPSW) over mordenite and modified mordenites
	Introduction
	Experimental
	Zeolite synthesis (Na mordenite)
	Preparation of phosphorous modified mordenite (PHM)
	Characterization
	Acidity measurement (NH3 TPD)
	EPSW degradation
	Material
	Reaction procedure


	Results and discussion
	Characterization of catalysts
	Catalytic degradation of EPSW

	Conclusions
	References


