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Abstract

Colloidal silica extracted from geothermal fluid swased as a reagent to produce zeolite Y
with high purity. The characteristics of this samplere compared to a sample prepared with
a conventional silica sol, namely Ludox. The twmpkes were treated with ammonium
chloride and calcined to partially convert the skspnto an H-form. The Na-FAU and H-
FAU zeolites were then loaded with Pd and testezhtaysts in the combustion of methane.
X-ray diffraction confirmed the characteristic FAYpe framework in all samples.
Experiments showed that after addition of Pd, tlzesdites were active catalysts in the
complete combustion of methane, where the mosteacttalysts were those prepared from
Na-FAU. These findings support the use of low SFAIU-type frameworks in model studies
of engine exhaust emissions abatement. The stuthefushows that the silica sol extracted

from geothermal fluids can be successfully utilif@dzeolites synthesis.

Keywords, Methane decomposition; dual-fuel; zeolite; exhamissions; geothermal silica

sol.



1. Introduction

Methane fuel can be sourced from natural gas dodical processes, and is used widely for
heating and electricity generation. The widespmgaalication of shale bed fracking has
greatly increased the amount of available methadeatas predicted that the USA has
reserves to last at least a century at currenteudggBiomethane is increasingly being
extracted from waste e.g. municipal landfill sitasd renewably using algal biomass [2].

In addition to diesel, dual-fuel engines use a@raltive energy source in a conventional
compression ignition engine [3]. During dual-fuglesation the engine is fuelled by two fuels
simultaneously, whereby combustion of the seconfislyoccurs alongside the conventional
compression-induced ignition of diesel [4]. Whertima@e is used as the secondary fuel, the
operating costs of transportation are reduced{gthane has the highest hydrogen to carbon
ratio of any hydrocarbon, 4:1 versdé®:1 for diesel, so produces less carbon dioxide tha
equivalent diesel engine, making dual-fuel a réalossibility in the decarbonisation of
transport systems, particularly for heavy goodsales. The main obstacle relates to the
concentration of unburned methane in exhaust gélsaes often greater than that allowed
by current emissions legislation (developed fogkaruel engines) [6,7]. As a result, there
has been an intensive research effort to decompesigane in exhaust emissions [8,9]. To
this end, methane oxidation has been studied @smgge of reactions, such as steam
reforming, partial oxidation, autothermal reformjand dry reforming of methane (DRM)
with carbon dioxide [10-14].

Complete methane oxidation occurs under stoichiomahd/or excess oxygen conditions to
produce carbon dioxide and water. Pd nanopartstipported on high surface area
aluminosilicate zeolites are active catalysts fiig teaction [15-18]. FAU-type zeolite is
classified by its Si/Al ratio as either type X (IS#Al < 1.5) or Y (Si/Al > 1.5). When used

as a catalyst support, FAU is usually in the fofraemlite Y with Si/Al ratios orders of



magnitude higher than 1.5. There are far fewerntepd using low Si/Al FAU-type zeolites
as heterogeneous catalysts. Zeolites have beearptepsing waste and/or naturally
occurring materials e.g. amorphous silica has leaémnacted from rice husk or diatomite and
hydrothermally treated to form zeolite [19-21]. Elecolloidal silica extracted from
geothermal fluid in the Taupo Volcanic Zone, Nevaldad, is used for the first time as a
reagent to prepare zeolite and, following addittdid, was tested in the complete oxidation
of methane. The zeolite characteristics were byosidhilar to those using Ludox SM, a
commercially available colloidal silica source oftesed for the preparation of sub-micron
sized zeolites [22]. Our results show that the areg materials were active catalysts, which
confirms that a freely available natural silica @, with almost limitless supply, can be used
to prepare zeolite catalysts that are effectivdaareasing dual-fuel engine exhaust
emissions. Furthermore, the findings support th@iegtion of low Si/Al FAU-type

frameworks in model studies of engine exhaust eanssabatement.

2. Experimental

2.1 Materials

Geosol 12 colloidal amorphous silica with a 12 neamparticle size (30 wt% water
suspension stabilised by sodium hydroxide, Geoi#ltéd); Ludox SM colloidal silica (30
wt% water suspension containing sodium stabilisimgnterion, Sigma-Aldrich); sodium
hydroxide (NaOH) pellets (anhydrous, Sigma-Aldridgdium aluminate (NaAl£) (50.5%
Al,03, 44.1 % N@O, Fisher Scientific); ammonium chloride (NEl) (Sigma-Aldrich);
palladium(ll) nitrate dihydrate (Pd(I1)(N§)»2H,0) (Sigma-Aldrich); ammonium hydroxide

(28% NH;, Alfa Aesar).

2.2 Catalyst synthesis



The FAU-type zeolites were prepared from a synghesiution with the following molar
composition: 8.6N# : 1.0ALO; : 16.7SiQ : 435H0. 4.90 g of NaOH were mixed with
distilled water in a beaker and stirred for 10 fiolhowed by the addition of 1.20 g of
NaAlO,, and, after additional stirring for 5 min, 20 gaafiloidal silica was added. The
mixture was stirred for 1 h and transferred to lygropylene reactor. The mixture was aged
at 30 °C for 20 h and then hydrothermally treatie@0a°C for 24 h [23]. After the synthesis,
the zeolites were purified by three-times centrftign and redispersion in distilled water and
dried at 90 °C overnight. The zeolites preparedh wie two colloidal silica sources were
labelled as Na-FAU (Geo-12) and Na-FAU (Ludox) pexgively. Samples were also
prepared, in which the as-made zeolites were figrtanverted into an Hform. For these
experiments, 1 g of corresponding Na-zeolites wxgdwith 100 g of 0.05 M NECI

solution in a beaker and stirred for 24 h. The ite®lWwere then purified by four times
centrifugation and redispersion in distilled watiied at 90 °C overnight, ground in a
mortar, and calcined at 500 °C for 4 h using aihgatte 10 °C miil. These samples were
labelled as H-FAU (Geo-12) and H-FAU (Ludox), cependingly.

Pd-loaded zeolite samples were prepared as follow&: M Pd solutions were prepared in 25
ml volumetric flasks; the pH of the solutions wagusted with ammonium hydroxide to a pH
range of 10-12. 25 mis of Pd solution was adde@l&ay of each zeolite sample in a beaker,
sonicated in an ultrasonic bath for 45 min and téned overnight. The samples were
recovered by filtration, washed with copious amsuwftdistilled water, dried and calcined at
550 °C for 4 h. Corresponding samples were labelteNa-FAU-Pd (Geo-12), Na-FAU-Pd

(Ludox), H-FAU-Pd (Geo-12) and H-FAU-Pd (Ludox).

2.3 Characterisation



X-Ray diffraction (XRD) was conducted in ambientddions using a Panalytical X'Pert
Powder diffractometer with Cudradiation { = 1.5406 A). All powder diffraction patterns
were recorded from 4 to 1208 vith step size 0.013 ° and step time 50 s, usmy-say

tube operated at 40 kV and 30 mA with fixed ¥ 9-anatter slit. A Rigaku NEX-CG XRF
spectrometer was used for elemental analysis tsatpose powder method under vacuum.
Nitrogen adsorption/desorption measurements weredaout using a Micromeritics ASAP
2020 surface area analyser at -196 °C. Samplesdeg@ssed under vacuum (p < bar)
for 12 h at 300 °C prior to analysis. BET surfapeaa of the samples were calculated in the
relative pressure range 0.05-0.30. Total pore vekimere calculated from the volume
adsorbed at a relative pressure of 0.99 after asioreto the volume of liquid adsorbate.
Micropore volumes were determined by the t-plouwneés. Microscopic images were
recorded using a Carl Zeiss Ltd Supra 40VP scanglgjron microscope (SEM). Samples

were coated with gold prior to analysis.

2.4 Catalytic tests

The catalyst activity of each sample was studieal guartz fixed bed reactor, shown in Fig.
1, placed inside a temperature controlled furn@aelfolite type 3216, Tempatron,
P1D500/110/330). 0.2 g of catalyst was taken diydfcbm the calcination furnace and
immediately placed in a quartz tube (10 mm diamédtenm thickness) between quartz wool
plugs. A feed mixture of 50 ml mincomprising CH:O,:He equal to 5:10:35 was used in all
catalytic tests. Gases were supplied from lectotddds (CKGAS filled to 200 Bar at 15 °C)
and regulated using single stage CONCOA 302 sgassegulators. The flow of each gas
was maintained using Bronkhorst UK model F-201C\ssnfdow controllers. The reaction
products were monitored by a Hewlett Packard 5&9i@s Il gas chromatograph equipped

with a Carboxen 1010 plot fused silica capillarjucon (30 m x 0.53 mm) connecteih a 6-



way gas sampling valve to a thermal conductivitied®sr. Measurements were recorded at
25 °C intervals (after holding at that temperafiore5 mins) starting at 75 °C using a heating

rate of 10 °C miit.

3. Results & discussion

3.1 Characterisation

XRD analysis of the samples prepared with the thwassources, Fig. 2, indicated that both
samples consisted of crystalline FAU-type framewforkthe as-made Na-FAU (Ludox) and
Na-FAU (Geo-12). The Ludox-based synthesis is &&sthblished preparation for zeolites;
its similarity, therefore, in both diffraction path and peak intensities to the material
prepared using Geo-12 validates both the use sggnthermal fluid extract as a reagent and
the method used in this paper to prepare FAU-tgmdite. A reduction in FAU-type XRD
intensities is observed following the partial rerabef N& and addition of Pd, evidenced by
the reflections indicated in Fig. 2. However, thsuits clearly confirm that the Pd catalysts
retain the characteristic FAU-type structure. SEMifcmed the FAU-type material with its
typical octahedral morphology (Fig. 3). The sampglestained agglomerated sub-micron
sized particles. No impurities of other crystallpieases or presence of amorphous material
were observed in the SEM images.

XRF analysis in Table 1 shows that the Si/Al ratibshe as-made Ndorms were 1.94 and
1.96 for preparations with Ludox and Geo-12, re8pely, which varied marginally after Pd
addition. The Nacontent reduced following addition of Pd to boshnaade zeolites,
particularly so after NgCl exchange; from 13.5 wt% to 4.40 wt% for Geo-drd from 12.6
wt% to 4.06 wt% for Ludox. All catalysts presentezte can be classified as ‘low’ Si/Al ratio
zeolite Y. Further, the textural characteristicshaf samples provided in Table 1 indicated

that the surface areas reduced slightly as a resNH,Cl treatment (surface areas of H-FAU



(Ludox) and H-FAU (Geo-12) were 587 and 564q1l, respectively, surface area, only,
determined for these two samples) and Pd introdndt Na-FAU samples. The reduced
micropore volume in the two Na-FAU-Pd samples, agganied with reduction in the
intensity of the XRD peaks (not shown) suggestsrtat degree of amorphisation of the
FAU-type material. The surface areas and micropohemes of the Pd-loaded zeolites
obtained from H-FAU samples were substantially lowehich could be due to the
introduction of defects during the NEI treatment and subsequent calcination, making the
zeolite framework vulnerable during the Pd treatmirshould be noted that preliminary
experiments to convert the zeolites into an H-forere performed with 2 M NI solution
[24]. The conversion procedure resulted in compheterphisation of both zeolites
independently of the silica sol used. These pralary results indicate that the NE

treatment is the main reason for the observed antist reduction of the surface areas and
pore volumes of H-FAU-Pd materials. The pore volarmesamples prepared with Ludox
were higher, which could be due to smaller parsites of this sample (Fig. 2).

Nitrogen adsorption desorption isotherms of thefd&J-Pd and the H-FAU-Pd zeolites are
shown in Fig. 4. The isotherms are of Type | cksation in agreement with the XRD
results. The retention of the shape of the isotBedespite the substantial reduction in the
micropore volumes for the latter samples, suggestéormation of a low surface area dense
amorphous material in H-FAU-Pd samples. Hysteldesigs caused by intercrystalline
porosity are present in all isotherms, howeveligbtherms do not appear to plateau at high
relative pressures, as one would expect for a Tymdassification. Such characteristics have
been attributed to Type llb isotherms by Rouquetdall. [25]. The shape of the hysteresis
loop changes from H1 in Na-FAU-Pd, which is chaggstic of agglomerates or compacts of
spheroidal particles of fairly uniform size, to H8H-FAU-Pd, suggesting the presence of

aggregated powders in the latter [26]. The lagesupported by corresponding BJH pore size



distributions (inserts in Fig. 2). The authors amkledge that assigning porosity
characteristics at relative pressures approachiity is prone to error so the discussion here

is given tentatively.

3.2 Catalyst testing

The complete oxidation of methane is used bothtastaeaction and to determine the
suitability of the zeolites prepared in this stadyprecious metal catalyst supports in engine
exhaust emissions treatment. Carbon monoxide wadatected in any of the experiments.
All catalysts containing Pd were active; the resalie shown as light-off curves in Fig. 5 and
the temperatures required for 10% and 50% conversig and T, in Table 2. Overall, the
Na' forms of the catalysts were more active than théokms. The highest reactivity was
measured for Na-FAU-Pd (Geo 12), which gayeahd T values 226 °C and 237 °C,
respectively. The fact that Na-FAU-Pd (Geo 12) wase active than Na-FAU-Pd (Ludox)
(241 °C and 261 °C) confirms that the geotherm#bwtal silica has comparably suitable
properties to those of a conventional reagent, kuaothe preparation of zeolite. The H-
FAU-Pd (Geo 12) and H-FAU-Pd (Ludox) catalysts baghdly similar activities, whereby
T10 and Tsp varied by no more than 5 °C from each other.

It is interesting to note that in addition to thigher activities of the Nacatalysts, there is
also a more rapid light-off for these catalystss@sn by the gradient of the conversion
increase with temperature. This effect can be gfieohby examining the difference between
Ti0 and Tsp values; the greater the rate of conversion ineréas lower this temperature
difference. The Nacatalysts had maximumsgFT 1o values of 20 °C, versus 40 °C for thé H
forms, and the lowest value overall, 11 °C, wasmeed for the preparation using the
geothermal source. There is also an importantreffiee in the shape of the light-off curves:

while the N4 catalysts approach 100% conversion almost immealgliafter light-off, the



conversion reaches 67% for H-FAU-Pd (Geo 12) artd #& H-FAU-Pd (Ludox) at 300 °C,
after which there is a relatively gradual convarditcrease towards 100%. The reduced
activities of the catalysts in"Horm are not attributed solely to the lower quigntif Na', as
studies have shown that that'Nes not promote diesel/methane oxidation [27, 1R8]
therefore the addition of Pd and/or additional iceltion step to form Hthat is attributed to
the partial reduction in catalyst crystallinity goorosity, which manifests as a decrease in
catalytic activity (although these catalysts sgllain activity). Thermodynamic data,
calculated up to 30% conversion, showed activatimergies in the range 71.1-90.3 kJ ™ol
these values are comparable to similar studiesiéishane oxidation e.g. in a recent study of

Pd-MOR catalysts the activation energies were tatled to be 75-84 kJ mid[15].

4. Conclusions

Silica sol extracted from geothermal fluid extraets used as a silica source for the synthesis
of low Si/Al zeolite Y. The similarity in the chasteristics of this sample to one prepared
with a conventional silica sol, Ludox, demonstrateat this natural silica source can be
successfully used for the synthesis of zeoliteh Wigh purity. The zeolite Y prepared from
the two silica sources was loaded with Pd, botmade Na-samples and after partial
conversion to H-zeolites. Na-FAU-Pd samples shoshggit decreases in surface areas and
micropore volumes as a result of the Pd loadingreds the reduction was substantial for H-
FAU-Pd samples, which was attributed to the add#i®ynthesis steps involved in the
preparation of these samples. All zeolites contgiftd were catalytically active in the
oxidative decomposition of methane, whereby thédmsg activities were recorded for
catalysts containing Na. Overall, the findings stibat a natural silica source, with almost
limitless supply, can be used as a reagent to pregemlite catalysts that are effective in

decreasing dual-fuel engine exhaust emissions.sktdy is particularly interesting in that it



makes use of a freely available natural resouraedéin contribute to the decarbonisation of

heavy goods transportation.

Acknowledgments
Roxana Postolache is grateful to Erasmus+ and MestehMetropolitan University for

financial assistance.

References
[1] U. Izquierdo, V.L. Barrio, J. Requies, J.F. Gam M.B. Giemez, P.L. Arias,
International Journal of Hydrogen Energy, 38 (202&23-7631.

https://doi.orq/10.1016/j.ijhydene.2012.09.107

[2] X. Shan, Y. Qian, L. Zhu, X. Lu, Fuel, 181 (Z#)11050-1057.

https://doi.orq/10.1016/j.fuel.2016.04.132

[3] C. Abagnale, M.C. Cameretti, L. De Simio, M.i@®aino, S. lannaccone, R. Tuccillo,
Thermal Engineering, 65 (2014) 403-417.
[4] J. Benajes, A. Garcia, J. Monsalve-SerranBalloul, G. Pradel, Energy Conversion and

Management, 123 (2016) 381-391. https://doi.ordA06/j.enconman.2016.06.059

[5] J. Klimstra, 11 - Fuel flexibility with dual-®l engines A2 - Oakey, John, in: Fuel
Flexible Energy Generation, Woodhead Publishingt&o, 2016, pp. 293-304.
[6] B. Bharathiraja, T. Sudharsanaa, A. Bharghdvdayamuthunagai, R. Praveenkumar,

Fuel, 185 (2016) 810-828. https://doi.org/10.1046#§.2016.08.030

[7] M. Crippa, G. Janssens-Maenhout, D. Guizz&diGalmarini, Journal of Environmental

Management, 183, Part 3 (2016) 959-971. https:6dpi10.1016/].jenvman.2016.09.068

10



[8] Y. Karag0Oz, T. Sandalci, U.O. Koylu, A.S. Ddigj S. Wongwises, Advances in

Mechanical Engineering 8 (2016) 1-13. https://doy.00.1177/1687814016643228

[9] B. Challen, R. Baranescu, Diesel Engine RefeedBook, Society of Automotive
Engineers, 1999.
[10] R. Horn, R. Schlégl, Catalysis Letters, 148X2) 23-39.

https://doi.org/10.1007/s10562-014-1417-z

[11] B. Christian Enger, R. Ladeng, A. Holmen, ApplCatalysis A: General, 346 (2008) 1-

27. https://doi.org/10.1016/j.apcata.2008.05.018

[12] P. Gélin, M. Primet, Applied Catalysis B: Emmmental, 39 (2002) 1-37.

https://doi.org/10.1016/S0926-3373(02)00076-0

[13] J.H. Lunsford, Catalysis Today, 63 (2000) 16&. https://doi.org/10.1016/S0920-

5861(00)00456-9

[14] J. Kamieniak, P.J. Kelly, C.E. Banks, A.M. DeyFuel 208 (2017) 314-320.

https://doi.orq/10.1016/j.fuel.2017.07.012

[15] A.W. Petrov, D. Ferri, F. Krumeich, M. Nach&ad, J.A. van Bokhoven, O. Krdcher,

Nature Communications 9:2545 (2018). https://dgi1.1038/s41467-018-04748-x

[16] R. Gholami, M. Alyani, K.J. Smith, Catalyst{Z015) 561-594.

https://doi.org/10.3390/catal5020561

[17] Y. Li, J.N. Armor, Appl. Catal. B: Environ. @994) 275-282.

https://doi.org/10.1016/0926-3373(94)0006Z-H

[18] C. Montes de Correa, A.L. Villa, Appl. Cat8: Environ. 10 (1996) 313-323.

https://doi.org/10.1016/S0926-3373(96)00039-2

[19] A.V. Rawtani, M.S. Rao, K.V.G.K. Gokhale, Infing. Chem. Res., 28(9) (1989) 1411—-

1414. https://doi.org/10.1021/ie00093a021

11



[20] H.Katsuki, S. Furuta, T. Watari, S. Komarnévlicroporous Mesoporous Mater., 86

(2005) 145-151. https://doi.org/10.1016/j.microm&865.07.010

[21] G. Garcia, E. Cardenas, S. Cabrera, J. Hedllindouzon, Microporous Mesoporous

Mater., 219 (2016) 29-37. https://doi.org/10.1016ifromeso.2015.07.015

[22] B.J. Schoeman, J. Sterte, J.-E. Otterstedilités, 14 (1994) 110-116.

https://doi.org/10.1016/0144-2449(94)90004-3

[23] D. Reinoso, M. Adrover, M. Pedernera, UltrasBonochem. 42 (2018) 303-309.

https://doi.org/10.1016/j.ultsonch.2017.11.034

[24] A. M. Doyle, Z. T. Alismaeel, T. M. Albayath. S. Abbas, Fuel 199 (2017) 394-402.

http://dx.doi.org/10.1016/j.fuel.2017.02.098

[25] F. Rouquerol, J. Rouquerol, Kenneth Sing, Adgon by Powders and Porous Solids.
Principles, Methodology and Applications, Academress, London, 1999, p. 441.

[26] K. S. W. Sing, D. H. Everett, R. A. W. Haul, Moscou, R. A. Pierotti, J. Rouquerol, T.
Siemieniewska, Pure Appl. Chem., 57 (1985) 603-619.

https://doi.org/10.1002/9783527610044.hetcat0065

[27] X. Auvray A. Lindholm M. Milh L. Olsson, Catgsis Today, 299 (2018) 212-218.

https://doi.org/10.1016/j.cattod.2017.05.066

[28] Y. Xie, M.E. Galvez, A. Matynia, P. Da Cos@ean Technologies and Environmental

Policy, 20 (2018) 715-725._https://doi.org/10.1800098-017-1412-3

12



Table 1: Si/Al ratio, Na and Pd wt % as determibgXRF, and textural characteristics determined

from nitrogen adsorption measurements at -196 ¥ Burface areas ), micropore volumes

(V,) and total pore volumeg,§).
Sample Si/Al Na Pd SgeT Vi Viotal
W% Wt ) _ _
oo W) gy enfgh)  (entg?)
Na-FAU (Geo-12) 1.96 13.5 - 652 0.28 0.74
Na-FAU (Ludox) 1.94 12.6 - 672 0.30 0.85
H-FAU (Geo-12) 2.11 6.87 - 561 n.m. n.m.
H-FAU(Ludox) 191 7.40 - 587 n.m. n.m.
Na-FAU-Pd (Geo-12) 2.13 8.24 5.65 556 0.24 0.56
Na-FAU-Pd (Ludox) 2.05 7.75 6.21 612 0.24 0.57
H-FAU-Pd (Geo-12) 1.92 4.40 2.30 321 0.09 0.32
H-FAU-Pd (Ludox) 2.01 4.06 5.25 312 0.11 0.39
n.m. - not measured

13



Table 2: T, Tso and thermodynamic data for methane oxidation.

T10(°C) Tso(°C)  TsoT10(°C) Ea(kd mol)

Na-FAU-Pd (Geo 12) 226 237 11 711
Na-FAU-Pd (Ludox) 241 261 20 82.6
H-FAU-Pd (Geo 12) 253 290 37 90.3
H-FAU-Pd (Ludox) 248 288 40 76.5

14
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Fig. 3: SEM images of FAU-type zeolites preparethya) Geo-12 and (b) Ludox.
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prepared with Ludox and Geo-12. Closed symbolgration; open symbols, desorption. The
isotherms of Na-FAU-Pd (Geo-12) and H-FAU-Pd (G@pHave been shifted by 100 along the y-
axis for clarity. The inserts show correspondingdBre size distributions (desorption branch).
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Fig. 5: CH, conversion vs. reaction temperature over fixedreadtor.
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Highlights

First report of zeolite prepared using geothermal fluid extract.
Active in the oxidative decomposition of methane in simulated engine exhaust.

Structural characteristics and catal ytic activity comparable to reference sample.



