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ABSTRACT   
Small engines, such as conventional two stroke engines used in marine 
outboards and personal watercraft (PWC), are high polluters relative to 
their engine size and usage. Porous structures based on zeolites show 
promising characteristics as washcoat materials on cordierite ceramics 
for tail pipe exhaust emission control. This study reports the 
characterization of commercial grades of zeolites (Ammonium form of 
ZSM-5, Zeolite Y and Mordenite) and several transition phases of these 
zeolites aiming at their use as environmental washcoat materials. 
Thermogravimetry, X-ray diffraction, specific surface area and electron 
microscopy were used to characterize the zeolites. ZSM-5 shows high 
thermal and structural stability compared to the other zeolites 
investigated. As porogenic and increased active site agents, the 
transition phases showed a large quantity of meso-macro pores and a 
variation in the specific surface areas of the zeolites still large enough, 
which highlights their potential to be used in environmental catalysis. 
KEY WORDS:  Zeolite; transition phases; specific surface area; 
functional coating; porogenic; structural stability; thermal stability 
 
 
INTRODUCTION 
Application of catalytic converters in two-stroke engines based on 
zeolite washcoat is becoming one of the most realistic methods of 
decreasing the levels of exhaust gas emissions. Zeolites are important 
in view of their industrial applications, such as in ion exchange, as 
molecular sieves, catalysts and adsorbents. Zeolites are unique 
crystalline compounds containing uniform sized micropores in their 
crystal structures. They show excellent cation exchange capacities, 
strong solid acidities, high adsorbing abilities and molecular sieving 
properties (Tominaga, 1993). Zeolite catalysts can be extruded or 
coated onto metal or ceramic substrates. The coating process involves 
preparation of zeolite slurry using a binder, usually colloidal silica or 
alumina, dipping the monolith, then drying and firing.  
 
Various zeolites such as ZSM-5 (Seijger et al 2001; Garcı´a-Martı´nez 

et al,  2001; Basaldella et al, 2002; Ulla et al, 2003; Ohman et al, 2004) 
and Mordenite (Ulla et al, 2004) have been successfully coated on 
supports by the in situ hydrothermal synthesis method. Moreover, in 
situ synthesized monolithic zeolite/support and modified 
zeolite/support have proven to be successful catalysts for many 
important reactions (van der Puil et al, 1996; Oudshoorn et al, 1999; 
Basaldella et al, 2002; Li et al, 2004; Li et al, 2005). Currently, the 
study of in situ synthesis focused on the optimized preparation of 
zeolite coatings (mainly ZSM-5) on various supports, such as 
honeycomb cordierite (Ulla et al, 2003; Ohman et al). Li et al, (2005) in 
their study explored a series of zeolites (Linde A, Linde Y, Mordenite 
and ZSM-5) which were synthesized on honeycomb cordierite supports 
by an in situ hydrothermal method in the absence of organic templates 
or zeolite seeds. They suggested that such a simple synthesis system 
would provide a better understanding of the growth of zeolites on 
supports. 
 
Therefore the objective of this paper is to characterize commercial 
grade zeolites to predict which has more suitable properties for use as 
environmental materials. This is inspired by the development of ultra-
stable type zeolites with much improved thermal and hydrothermal 
stability, and such zeolites show good potential for their use as 
washcoat materials.  
 
 
 
MATERIALS AND METHODS 
Ammonium form of zeolites procured from Zeolyst Inc, USA was 
characterized by the thermo gravimetric /differential scanning 
calorimetry (TG/DSC), X-ray diffractometer (XRD), scanning electron 
microscopy (SEM) and BET- specific surface area analyzer. The as-
received zeolites were first characterized by the TG/DSC (ramped from 
2000 C –10000 C) and XRD to ascertain their thermal and structural 
stability before been calcined at 6000 C and 9000 C. The thermal 
conditions chosen for the calcination of zeolite samples was guided by 

777

Proceedings of the Twenty-sixth (2016) International Ocean and Polar Engineering Conference
Rhodes, Greece, June 26-July 1, 2016
Copyright © 2016 by the International Society of Offshore and Polar Engineers (ISOPE)
ISBN 978-1-880653-88-3; ISSN 1098-6189 

www.isope.org



 

the maximum temperature of exhaust gases from automotive tailpipes. 
Repeated XRD was carried out to determine whether the structures of 
the zeolites had been depleted by the application of heat. The samples 
were analyzed by X-ray diffraction. This was then followed by scanned 
images of the zeolites at different conditions. An investigation into the 
surface areas, pore sizes and pore volumes of these zeolites has also 
being explored. 
 
Approximately 10mg of samples was used to perform 
thermogravimetric analysis (TGA) by the NETZSCH, STA 449 C 
Jupiter TG/DSC instrument at a heating rate of 10oC/min under an 
atmosphere of nitrogen. The samples have also been analyzed by X-ray 
diffractometry (Bruker AXS,D8 Advance) with CuKα radiation, 40kV 
and 30mA, time constant of 0.5s and crystal graphite monochromator to 
identify the phases present (metals and transition metal oxides). A step 
size of 0.02° 2θ and a counting time of 4 seconds per step were applied 
over a 2θ range of 5° to 90o. 
 
The morphology of the zeolite samples have been evaluated by 
scanning electron microscopy (FEIXl-30).The zeolite samples were not 
coated prior to examination using the SEM as it was felt this could 
occlude some of the salient features, instead, a low acceleration voltage 
was used to avoid charging in the samples. This approach resulted in a 
good resolution of the zeolite features. For the SEM imaging for all 
zeolite samples, the  samples were placed  and set for  vacuum pumping 
which took about 15mins This was systematically followed by 
adjusting  parameters such as the focal length, contrast etc. which also 
was done for about 15mins.Then the observation and acquisition of 
images followed. The magnification for all zeolite samples tested was 
10,000x. 
 
Sample textural characteristics were determined by nitrogen gas 
adsorption (Autosorb - Quantachrome) at liquid nitrogen temperature. 
Nitrogen gas was used with a 22-point adsorption-desorption cycle. The 
samples were outgassed at 200 °C for 12 hours before each analysis. 
The zeolites’ specific surface area, total pore volume and pore size and 
distribution was determined using a Micromeritics ASAP 2010 surface 
area analyzer. For the adsorption-desorption curves the adsorbate was 
N2 and pore size distribution was calculated from the desorption branch 
using the Barret-Joyner-Halenda (BJH) model. Prior to the pore 
measurement, the samples were pre-treated by degassing at  - 196 °C.  
 
RESULTS and DISCUSSION 
 
TG/DSC, XRD, SEM and BET of commercial grade of 
zeolites 
 
Thermo gravimetric analysis: The feasibility of employing zeolites as 
promising washcoat materials was investigated in this section. As it can 
be seen from Figs. 1~2 depicting temperature profiles of the 
investigated ammonium forms of zeolites, there are no obvious weight 
loss in ZSM-5 and Zeolite Y samples. When the temperature reached 
10000 C, the weight lost was just slightly less than 2%, so the DSC 
result also has no obvious change. The weight loss in these samples 
may have been caused by physically absorbed water or some organic 
impurities. However, the Mordenite sample presented in the 
temperature profile in Fig. 3 exhibited a 10% weight when the 
temperature reached 10000 C, so the DSC curve has a little rise between              
500-9000 C. This may be caused by some volatile materials burning off 
at this temperature. It is worthy of note that the thermal stability of 
these zeolite samples is due to the purity of the commercial grade 
zeolites which is devoid of organic impurities and physically absorbed 
water  to a large extent. 
 

 
Fig. 1: TG/DSC curves of Zeolite Y 
 
 

 
Fig. 2: TG/DSC curves of ZSM-5 
 
 

 
                Fig. 3: TG/DSC curves of Modernite. 
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X-ray diffraction analysis: The XRD patterns of the ammonium form 
of commercial zeolites (NH4-ZSM-5(SiO2/Al2O3=280), NH4-Mordenite 
and NH4-Zeolite (SiO2/Al2O3=80) are as presented in Figs. 4~6. It 
should be noted that at calcination temperatures of 600oC and 900oC, 
the zeolites are converted to the hydrogen forms because for organic 
coating zeolites, the removal of the alkali metal cations normally takes 
place following the destruction of the organics by calcination. X-ray 
diffraction patterns (XRD) of the as-received zeolites show highly 
crystalline structure. ZSM-5 with characteristic peaks at 7.88, 8.76, 
23.04, 23.88 and 24.360(Wang et al., 2000) can be seen at all conditions 
(as-received, 6000 C and 9000 C). The intensity of peaks relatively at all 
conditions of treatment for ZSM-5 was not affected by the heat 
treatment. This is a strong statement of the structural and thermal 
stability of ZSM-5 under heating/calcination conditions. 
. 

 
Fig. 4: XRD Patterns of ZSM-5(as received, 600 0C and 900 0C) 

The Modernite peaks found at Bragg's angle of about 7, 10, 15, 22, 25, 
26, 27, 32, and 370 (Corner et al., 2014) (Fig.5) could be observed in 
the two of the three XRD patterns (as-received and 600 0C). However, 
the Mordenite peaks at sample calcined at 900 0C showed depleted 
peaks at characteristic Bragg angles. The intensity of the characteristic 
peak of Modernite at Bragg’s angle of about 7.00 varied considerably 
among the samples. The sample calcined at 900 0C, shows a significant 
increase in peak at 7.00  which may be due the increase in surface area 
of the zeolite, hence, some degree of increased crystallinity. XRD 
patterns of as-received samples and samples calcined at 6000 C showed 
a similar trend with no significant disparity.  However, the sample 
calcined at 900 0C shows some minor depletion of other characteristic 
peaks implying a notable structural deterioration and instability of the 
zeolite at high temperatures.  

Fig. 5: XRD Patterns of Mordenite (as received, 600 0C and 900 0C) 
 

Fig.6 shows zeolite Y peaks found at Bragg's angle of about 6, 10, 12, 
16, 19, 20, 24, 27, 31 and 32˚ (Ginter et al., 1992; Robson, 2001; 
Treacy and Higgins, 2001) could be observed in the three XRD 
patterns. However, the intensity of the characteristic peak of zeolite Y 
at Bragg's angle of 6.13 varied considerably among the samples. The 
sample calcined at 900 0C, shows a significant reduction of 
characteristic peaks implying a notable structural deterioration and 
thermal instability of the zeolite at high temperatures. It is known that 
the XRD intensity of the characteristic peak of a mineral indicates the 
extent of crystallinity and the concentration of the crystalline content of 
the material. 

 

 
         Fig. 6: XRD Patterns of ZeoliteY(as received, 600 0C and 900 0C) 
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Scanning Electron Microscopy: The SEM images of all zeolites tested 
at different conditions are as presented in Plate 1. ZM-as, ZM-600 and 
ZM-900 (NH4 and H- ZSM-5),  MD-as, MD-600 and MD-900        
(NH4 and H -Modernite), ZY-as, ZY-600 and ZY-900 (NH4 and          
H -ZeoliteY) represents as-received zeolite samples, zeolite samples 
calcined at 600 0C and zeolite samples calcined at  900 0C respectively. 
Comparatively, the SEM images of ZM-as, ZM-600 and ZM-900, show 
spherical morphology of the structures. The ZSM-5 zeolite at the points 
of imaging was thermally stable and the XRD patterns suggest the 
same. This reflects on the SEM images at different conditions. The 
sphere-like structure of the ZSM-5 zeolites at varying conditions 
remains relatively unaltered, which corroborates the thermal stability of 
the ZSM-5 samples at various temperature conditions. 
 
Comparatively, the SEM images of MD-as, MD-600 and MD-900, 
show needle like morphology of the structures. The MD shows similar 
morphology for as-received samples and samples calcined at 600 0C 
except that the boundaries of the individual crystals were not as clearly 
obvious as in the micrograph of MD- 600. This is due to the relative 

similarity in trend observed by the XRD pattern. The morphology of 
MD- 900 implies loss of crystallinity after calcinations. This further 
confirms the observation made in the analysis of the XRD of these 
samples that after calcinations at 900 0C a reduction in crystallinity was 
observed. 
 
The SEM images of ZY-as shows clear picture of evenly distributed 
individual particles having regular tetrahedral shapes Therefore, it 
could be deduced from the images that the as-received (ZY-as) sample 
has an agglomerated tetrahedral morphology (Salaudeen, 2015). The 
image at ZY-600 shows a similar morphology of agglomerated 
particles with tetrahedral morphology. The morphology of sample   
ZY-900 also showed similar morphology except that the boundaries of 
the individual crystals were not as clearly obvious as in the micrograph 
of ZY-as and ZY-600. This implies loss of crystallinity after calcining 
at 9000  C. This further confirms the observation made in the analysis of 
the XRD of these samples that after calcinations, a reduction in 
crystallinity was observed. 

 

 

 

 
Plate 1: SEM images of ZSM-5, Mordenite and Zeolite Y(as received, 600 0C and 900 0C) at 10,000x; ZM-as, MD-as, ZY-as (as-received Zeolites),   
ZM-600, MD-600 and ZY-600 (zeolites calcined at 600 0C ), ZM-900, MD-900 and ZY-900 (zeolites calcined at 900 0C. 
 
 
 
 
 

ZM-as ZM-600 ZM-900 

MD-as MD-600 MD-900 

ZY-as ZY-600 ZY-900 
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Table 1: Physicochemical properties of samples 
Sample  BET Surface Area 

(m2/g) 
Micropore area 
(m2/g) 

Mesopore area 
(m2/g) 

Micropore Volume  
(cm2/g) 

Mesopore Volume 
(cm2/g)  

ZM- as 418.5895 160.644 55.6863 0.110221 0.059334 
ZM- 6000 C 362.0465 150.304 60.8960 0.115839 0.063054 
ZM-9000 C 354.4291 141.816 194.9792 0.115852 0.127370 
ZY- as 613.3555 120.905 166.8034 0.239108 0.256611 
ZY- 6000 C 573.0639 120.786 175.1513 0.247085 0.271552 
ZY-9000 C 417.8887 43.248 50.9796 0.092901 0.095549 
MD- as 358.5678 28.435 32.3730 0.076085 0.077048 
MD- 6000 C 438.3214 38.714 43.2349 0.089267 0.089717 
MD-9000 C 614.0414 127.793 170.1379 0.249609 0.265601 
 
 
 
BET specific surface area: Specific surface area of the zeolites was 
computed according to the BET method from the nitrogen adsorption 
isotherms obtained at 77 K, taking a value of 0.162 nm2 for the cross-
section of the adsorbed N2 molecule at that temperature. 
Physicochemical properties of the various samples are summarized in 
Table 1. The BET surface area, microporous area and microporous 
volume of calcined zeolite samples (ZSM-5 and Zeolite Y) 
significantly decreased compared to the as-received form of these 
zeolite. The loss of BET surface areas, which was re-measured at 
different time intervals (6000 C and 9000 C) during the test, indicates 
the degree of thermal deterioration of the tested material. Also, the BET 
surface area, microporous area and microporous volume of calcined 
Mordenite increased compared to the as-received form of Mordenite. 
This can be as a result of the texture of micro pores of zeolite structure. 
As can be observed from table 1, BET surface area and micropore area 
of the ZM-as, ZM-600 and ZM-900 decreased progressively under the 
heat conditions while mesoporous area, micropore volume and 
mesoporous volume increased progressively. This observation is the 
inverse for Mordenite because ZSM-5 has the MFI (Modernite 
Framework Inverted) structure. Also, BET surface area, micropore area 
and mesopore area of ZY-as, ZY-600 and ZY-900 decreased 
progressively under the heat conditions while micropore volume and 
mesoporous volume increased progressively. For Mordenite samples 
under the heat conditions, BET surface area, micropore area, mesopore 
area, micropore volume and mesopore volume all increased 
progressively (inverse of the ZSM-5 zeolite).  These results suggest that 
the zeolites (ZSM-5, Zeolite Y and Mordenite) samples still showed 
relative thermal stability in terms of the loss of BET surface areas as it 
is noted that the degree of thermal deterioration caused a reduction in 
BET surface areas of the zeolites still sufficient enough to serve as 
washcoat materials on catalyst supports for enhanced active sites. 
 
 
Porosity Texture: The porous structure of all samples was determined 
by N2 adsorption-desorption measurements and the nitrogen isotherm 
for the samples is illustrated in Figs. 7~9. For the purpose of this study, 
N2 adsorption-desorption measurements of samples at extreme 
calcination temperature is presented. According to IUPAC (Sing, 
1985), the shape of the adsorption isotherm can be classified into one of 
six groups. Of these, the most common are type I (Langmuir) isotherms 
for purely microporous solids, and type IV for mesoporous solids in 
which capillary condensation takes place at higher pressures of 
adsorbate as well as a hysteresis loop. As is shown in Figs. 7~9, the 
adsorption volume at very low relative pressures (p/p0 <0.1) is high, 
indicating the presence of microporous adsorption. Increasing the 
relative pressure causes capillary condensation, which illustrates type 

IV behavior. All the zeolite samples show hysteresis loops that 
resembles the H4 type in the IUPAC classification. This can be 
attributed to the crystalline agglomerates that results in the mesoporous 
structure formed by the interparticle space and heat treatment that 
causes the formation of secondary pores. A distinct increase in the 
adsorbate volume in the low p/p0 region and the hysteresis loop in the 
high p/p0 region indicates the presence of micropores associated with 
mesopores. Therefore, the isothermal type of all samples is a 
combination of type I and type IV. The isotherm of all the samples 
shows a steep increase in N2 adsorption at low relative pressure P/Po 
between 0.0 and 0.4 exhibiting type I isotherm which is normally 
observed for microporous materials. However, the micropores in the 
samples are assumed not to be accessible to N2 molecules at the 
analysis temperature, thus type I isotherm suggests the presence of 
small mesopores with size close to micropore range. At high relative 
pressure, in the range between 0.4 and 0.99, N2 adsorption increases 
significantly displaying type IV isotherm with H3 hysteresis due to 
capillary condensation of N2 gas within the mesopores (Kruk and 
Jaroniec, 2001; Huang et al., 2011). The absence of the plateau at P/Po 
close to 1.0 suggests that the substrate particle consists of aggregated 
crystallites, this is also in agreement with Huang et al., (2011) 
 

 
            Fig. 7: N2 adsorption-desorption isotherms of Modernite 
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Fig. 8: N2 adsorption-desorption isotherms of ZSM-5 

 
 

 
Fig. 9: N2 adsorption-desorption isotherms of Zeolite Y 

 
CONCLUSIONS 
 
The thermal stability of these zeolite samples as characterized by 
thermo gravimetry is due to the purity of the commercial grade zeolites 
which is devoid of organic impurities and to a large extent physically 
absorbed water. The intensity of peaks relatively at all conditions of 
treatment for ZSM-5 is not affected by the heat treatment. This is a 
strong statement of the structural stability of ZSM-5 under heat 
conditions. XRD patterns of Zeolite Y and Mordenite samples calcined 
at 6000C and 900 0C showed depletion of characteristic peaks implying 

a notable structural deformation and thermal instability of these zeolites 
at high temperatures. The sphere-like structure of the ZSM-5 zeolites at 
varying conditions remains relatively unaltered, which corroborates the 
thermal stability of the ZSM-5 samples at various temperature 
conditions. The morphology of sample ZY-900 also showed similar 
morphology except that the boundaries of the individual crystals were 
not as clearly obvious as in the micrograph of as received zeolite Y. 
The morphology of MD- 900 implies loss of crystallinity after 
calcinations. The BET surface area, microporous area and microporous 
volume of calcined zeolite samples (ZSM-5 and Zeolite Y) 
significantly decreased compared to the as-received form of these 
zeolite. The loss of BET surface areas, which is re-measured at 
different time intervals (6000C and 9000C) during the test, indicates the 
degree of thermal deterioration of the tested material. Also, the BET 
surface area, microporous area and microporous volume of calcined 
Mordenite increased compared to the as-received form of Mordenite. 
This can be as a result of the texture of micro pores of zeolite structure. 
These results suggest that the ZSM-5 samples still showed relative 
thermal stability as shown by TG and XRD results and obviously in 
terms of the loss of BET surface areas as it is noted that the degree of 
thermal deterioration only caused a slight reduction of BET surface 
areas. 
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