
CHAPTER VI
GENERATION OF (ZnH3)+ SPECIES OVER HYDROGEN-TREATED 

Zn/HZSM-5 CATALYSTS FOR «-PENTANE AROMATIZATION 
(Submitted to Journal of Molecular Catalysis A: Chemical)

6.1 Abstract

T he  e ffe c ts  o f  h y d ro g e n  trea tm en t on  Z n /H Z S M -5  c a ta ly s ts  to  th e  ev o lu tio n  
o f  z inc  sp ec ie s  an d  th e ir  a c tiv ity  in  « -p e n ta n e  a ro m a tiz a tio n  w ere  s tu d ied . By 
hea tin g  Z n /H Z S M -5  c a ta ly s ts  u n d e r  in e rt a tm osphere , m o st o f  z in c  sp ec ie s  ap p eared  
as (Z n O H )+. T h e  X P S  an d  IP A -T P D  resu lts  sho w ed  th a t u s in g  H 2 as a tre a tm e n t gas, 
the  h y d ro d e h y d ro x y la tio n  o f  (Z n O H )+ generated  (Z n H )+ sp ec ie s  w ith  th e  reco v e ry  o f  
som e B ro n sted  ac id  s ites. It w as fo u n d  that un der the  h y d ro g e n  a tm o sp h e re , the  H 2 

m o lecu le  w as  d is so c ia te d  on  th is  Z n  species and  g en e ra te d  th e  a c tiv e  (Z n H 3)+ 
species. C o m p a re d  w ith  H Z S M -5  cata lyst, the p re se n c e  o f  (Z n O II)+ spec ies  
im proved  th e  a ro m a tic s  se le c tiv ity  from  11 %  to 22 % . N e v e rth e le ss , a fte r  p re
trea ting  Z n /H Z S M -5  w ith  H 2 , the  form ation o f  (Z n H 3)+ sp ec ie s  rem ark ab ly  
increased  th e  B T X  a ro m a tic s  se lec tiv ity  to 31 % . It w as  fo u n d  th a t th e  (Z n H 3)+ 
species w as n o t s tab le  d u e  to  th e  recom bina tive  d e so rp tio n  o f  h y d ro g en  from  
(Z n H 3)+ sp ec ie s  re c o v e re d  th e  (Z n H )+ species. H o w ev er th e  (Z n H 3)+ sp ec ies  cou ld  
be reg en e ra ted  by  H 2 trea tm en t.

Keywords: Z n /H Z S M -5 , (Z n O H )+, (Z n H )+, P en tane , B ro n s te d  acid , A ro m a tic s

6.2 Introduction

D ue to  th e  la rg e  v o lu m e  o f  ligh t para ffin ic  h y d ro c a rb o n s , co n ta in e d  in 
associa ted  gas an d  a  co n s id e ra b le  am o u n t o f  light n ap h th a  c o m p o n e n ts  ( « - C 5H 12 and 
« -C ô H 14), d e riv e d  from  p e tro le u m  re fin in g  p rocess, the  c a ta ly tic  c o n v e rs io n  o f  ligh t 
h y d ro carb o n s to  m o re  v a lu a b le  ch em ica ls  has g a in ed  m o re  a tten tio n  [1-7 ]. O n e o f  
the m ost p ro m is in g  p a th w ay s  is the transfo rm atio n  o f  ligh t n ap h th a  to  b en zen e , 
to lu ene , and  x y len es  (B T X  aro m atic s) , im portan t a ro m a tic  b u ild in g  b lo ck s  in  the
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pe tro chem ica l in d u s try . It is k n o w n  th a t the  H Z S M -5  s tru c tu re  p ro v id e s  a  g reat 
perfo rm an ce  in  b o th  a ro m a tic s  se le c tiv ity  and  s tab ility  fo r  th e  co n v e rs io n  o f  ligh t 
a lkanes to  a ro m a tic s . M o reo v e r, its a c tiv ity  and  se le c tiv ity  c a n  be  en h an ced  by 
in trodu cin g  d e h y d ro g e n a tio n  p ro m o te rs  such  as p la tin u m , g a lliu m  o r z in c  [8-10],

Z n -e x c h a n g e d  H Z S M -5  w as  fo u n d  to be one o f  th e  m o s t e ffic ien t ca ta ly s ts  
for the d e h y d ro g e n a tio n  and  a ro m a tiz a tio n  o f  ligh t a lk a n e s  [10 -1 7 ]. T h e  reac tio n  
m echan ism  in v o lv es  a  co m p lic a te d  a c id -c a ta ly z e d  re a c tio n . W h ile  Z n  ca tio n s  
enhance the  d e h y d ro g e n a tio n  ab ility , th e  B ro n sted  ac id  s ite s  a re  re sp o n s ib le  fo r the 
cata ly tic  c ra c k in g  o f  p a ra ffin s  an d  a lso  the  o lig o m eriza tio n  an d  a ro m a tiz a tio n  o f  the  
o lefins [18, 19]. T h e  rem ark ab ly  h ig h  ac tiv ity  in a lk an e  d e h y d ro g e n a tio n  o f  Zn 
cations co m es  fro m  th e  h ig h  p e rfo rm a n c e  in d isso c ia tiv e  a d so rp tio n , re co m b in a tio n , 
and  d eso rp tio n  p ro c e sse s  o f  h y d ro g en  [1, 10, 18, 20-24],

S u m m a riz in g  th e  re su lts  fro m  p rev io u s  th eo re tica l an d  ex p e rim e n ta l s tu d ies, 
one can c o n c lu d e  th a t Z n  sp ec ies  a re  s tro n g ly  dep end ed  on  th e  p re p a ra tio n  m eth o d s. 
U sing aq u eo u s p h a se  io n  e x ch an g e  m e th o d , on ly  (Z n O H )+ a t iso la te d  A1 c e n te r  w ere  
form ed. W h en  th is  sp ec ie s  lo ca tes  in  a  p ro x im ity  w ith  a n o th e r  B ro n s ted  ac id  s ite , the  
(Z nO H )+ w as fo u n d  to  be  u n s tab le  at h ig h  tem p era tu re  an d  ten d  to  fo rm  Z n 2+ in the 
v ic in ity  o f  th e  tw o  A1 c en te rs  [25], H o w ev er, at h igh  S i/A l ra tio s , th e  p o ss ib ility  th a t 
tw o A1 ions lo c a tin g  a t th e  sam e r in g  o f  the  zeo lite  f ram ew o rk  is v e ry  low , th u s  m o st 
Z n species w as  re p o r te d  to  a p p ea r  as  (Z n O H )+ species. It is b ro a d ly  b e liev ed  th a t th is  
Z n species are  re sp o n s ib le  fo r th e  en h an cem en t o f  a ro m atic s  y ie ld  o v e r  Z n /H Z S M -5  
ca ta lyst due to  its  a b ility  fo r bo th  H 2 d isso c ia tio n  and  re c o m b in a tiv e  d e so rp tio n  [26, 
27], A lth o u g h  th e  Z n  c a tio n s  lo ca tin g  at the  ex ch an g eab le  s ite  c a n n o t be  co m p le te ly  
reduced  ev en  a t 9 0 0  ° c  [18], T riw ah y o n o  and c o -w o rk e rs  sh o w ed  th a t h ea tin g  
Z n /H Z S M -5  c a ta ly s t u n d e r  แ 2 a tm o sp h e re  cou ld  g en era te  B ro n s te d  ac id  s ite  th a t 
cou ld  en h an ce  th e  iso m e riz a tio n  o f  n -p en tan e . T he  p y r id in e - IR  ex p e rim en ts  
suggests th a t th is  s ite  is a re v e rs ib le  p rocess and  o n ly  e x is te d  in  th e  h y d ro g en  
a tm o sp here  [28], T h e o re tic a l s tu d ie s  on  hyd rog en  d isso c ia tio n  an d  rec o m b in a tio n  
p rocesses o f  z e o lite  Z n (II)  c a tio n s  h av e  a lso  been  in v es tig a ted  fo r a  d e c a d e  [27, 29], 
D esp ite  th a t th e  u n d e rs ta n d in g  on  th e  fo rm ation  o f  th e  ac tiv e  z in c  sp ec ies  up on  
reduction  has n o t b een  repo rted .



77

In this work, the evolution of Zn species in Zn/HZSM-5 catalyst after 
different thermal treatments has been elucidated. Zn-containing HZSM-5 zeolite 
was prepared by aqueous phase ion-exchange. The Zn species, before and after 
thermal treatments under แ 2 and inert atmospheres, was analyzed by XPS. The 
change in acidic properties upon such treatments was observed by IPA-TPD 
(temperature programmed, desorption of isopropylamine). Catalytic activity of the 
Zn-containing HZSM-5 zeolites was investigated for the aromatization of ท -  
pentane.

6.3 Experim ent

6.3.1 Catalyst Preparation
The NH4ZSM- 5  zeolite with Si0 2 /Al2C>3 ratio of 30 was obtained 

from Zeolyst International. In order to convert to proton form, the NH4ZSM- 5  was 
calcined in air at 550 ๐c  for 5 h. The Zn2+ was loaded on the HZSM-5 catalyst by 
aqueous phase ion-exchange. Briefly, the HZSM-5 (4 g) was stirred in 0.05 M 
Zn(NC>3)2 solution (100 mL) at 70 °c for 12 h. The ion-exchanged sample was 
washed with excess deionized water, dried overnight at 1 2 0  °c, after that calcined at 
550 °c in air for 5 h.

6.3.2 Characterization
The Zn loading on HZSM-5 catalyst was determined by an atomic 

absorption spectroscopy (AAS). Nitrogen adsorption/desorption isotherms were 
measured to calculate the specific surface area and micropore volume of the 
catalysts, using Brunauer-Emmet-Teller (BET) method. The relative crystallinities 
of the HZSM-5 zeolites before and after loading Zn was analyzed by a Rigaku X - 
ray diffractometer (XRD) with Cu tube for generating CuKa radiation (k  = 1.5418 
Â) at room temperature. A temperature programmed desorption of isopropylamine 
(IPA-TPD) was performed in a homemade apparatus using a quarter inch quartz 
tube reactor connected to an online MS detector (MKS Cirrus series 903). The 
catalysts were heated under the process gas (He or H2) at 500 °c for 1 h after which 
IP A was pulsed with the process gas at room temperature until saturated as 
determined by the constant amount of detected IPA. The IPA-TPD was carried out
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in the range of 30-800 °c at a heating rate of 10 °c/min. X-ray absorption near edge 
structure (XANES) of Zn (9659 eV) K-edge were performed at beamline 8 , 
Synchrotron Light Research Institute (SLRI), Thailand. The samples were measured 
in the fluorescence mode using Ge(220) double crystal monochromator at room 
temperature. The data analysis was performed by Arthena version 0.9.18.2. X-ray 
photoelectron spectroscopy (XPS) was recorded by a. Kratos Ultra X-ray 
photoelectron spectrometer. A monochromatic AlKa was used as an X-ray source 
(anode HT = 15 kV). The XPS peaks were referenced to the binding energy of c  (Is) 
peak at 285 eV. In order to study the effects of hydrogen treatment, Zn/HZSM-5 
catalysts were heated under Ar or H2 flow at various temperatures for 1 h in an XPS 
catalyst reaction cell. The catalysts were then cooled down under the treated gas and 
then transferred to the XPS chamber for the analysis.

6.3.3 Catalytic Activity Testing
The catalytic activity was tested by using a pulse reactor. In each test, 

50 mg of catalyst was packed in a Va "  O.D. Pyrex fixed-bed reactor. The catalyst was 
heated under flow of He at 500 °c for 1 h. After that, 0.025 ทาL of /7-pentane vapor 
(at room temperature) was pulsed into the reactor under a He flow (180 mL/min). In 
order to study the effect of H2, the catalyst was heated under H2 atmosphere (20 
mL/min) at 500 °c for 1 h and then immediately changed the carrier gas to He and 
pulsed /7-pentane. The effect of hydrogen treating was repeated consecutively, 
denoted as experiments 3, 4, 5, and 6 . The products were analyzed on-line by gas 
chromatography using a Shimadzu 17A-GC equipped with an HP-PLOT/ALO3 "ร'' 
deactivated capillary column.

6.4 Results and Discussion

6.4.1 Analysis of Zn Loading and Physical Properties
As shown in Table 6.1, approximately 0.87 wt % ofZ n was found on 

Zn/HZSM-5 catalyst. As discussed in previous work [30], the low amount of Zn 
loading prepared by aqueous phase ion-exchange method was due to the limited 
exchangeability of HZSM-5 catalysts. The BET analysis showed a slight decrease in 
total surface area and micropore volume. This could be due to the small amount of
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highly dispersed Zn loaded. The XRD results confirmed that the MFI structure 
remained intact after the modification (Fig. 6.1).

T a b le  6 .1  Analysis of Zn loadings and textural properties of HZSM-5 and 
Zn/HZSM-5 catalysts

Catalysts
Zn loading S b e t V micro

(wt %) (fim o ! Z n /g cat) (m 2/gcal) (cm 3/gcat)

HZSM-5 0 0 389.9 0.278
XT’

Zn/HZSM-5 0.87 133.07 345.5 0.218

F ig u r e  6 .1  XRD patterns of HZSM-5 and Zn/FlZSM-5 catalysts.
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6.4.2 The Acidic Properties
The Bronsted acidic properties of parent and modified HZSM-5 

catalysts were studied by a temperature programmed desorption of isopropylamine 
(IPA-TPD). The decomposition of isopropylamine to ammonia and propylene over 
Bronsted acid sites allowed us to quantify the amount of Bronsted acidity via 
Hofmann elimination reaction [31, 32]. As shown in Fig. 6.2, the propylene 
(เท/e=41) desorbed at 350 °c  was assigned to the strong Bronsted acid sites of the 
zeolites. After introducing Zn on HZSM-5 catalyst, the strong Bronsted acid sites 
significantly decreased from 373 to 189 pmol/gcat (Table 6.2). This is because 
cationic zinc species became counter cation for the negative framework charge [ 1 1 ], 
Compared with HZSM-5, Zn/HZSM-5 (inert atmosphere) showed new acid sites 
with relatively lower acid strength at 390 °c  and 480 ๐c  [32]. These acid sites might 
be induced by the presence of (ZnOH)+ species and part of it was formed via the 
hydrolysis with contaminated water in IPA. In line with previous studies on 
adsorption of CD3CN, El-Malki and co-workers found the new weaker Bronsted 
acid sites after the hydrolysis of Zn/HZSM-5 [33], The difference in the Bronsted 
acid strength was proposed to depend on the distance between (ZnOH)+ species and 
the Bronsted acid site [34], It was expected that the (ZnOH)+ species, stabilized with 
a closely proximate acid site, is able to reverse between (ZnOH)+ and exchangeable 
Zn2+ species. As this is a reversible process, the effect of water on this Zn2+ species 
was proposed by the hydroxylation with water molecules following equation 1 .

2(A102)‘ Zn2+ + H20  -  (A102)‘ (ZnOH)+ + (A102)‘ H+ ( 1 )

The effect of hydrogen to Zn/HZSM-5 catalyst was studied by heating 
the catalyst for one hour and performing the IPA-TPD under H? atmosphere. In 
contrast with Zn/HZSM-5 (inert atmosphere), the result showed an evolutioh of 
Bronsted acid site at 370 °c  with the disappearance of the one at 390 °c  and 480 ๐c. 
The change in desorbed propylene peaks illustrated that the acid site derived from 
the interaction with the original (ZnOH)+ species was modified. It was plausibly 
explained that upon heating Zn/HZSM-5 catalyst under the hydrogen atmosphere, 
most of (ZnOH)+ species performed the hydrodehydroxylation with the H2.
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F igure 6.2 Isopropylamine-TPD (IPA-TPD) profiles of HZSM-5, Zn/HZSM-5 
investigated under inert and แ 2 atmospheres. The mass monitored was propylene 
(m /e  = 41).

Table 6.2 Acidic properties of HZSM-5 and Zn/HZSM-5 catalysts investigated 
under inert and H2 atmospheres

C atalysts
B ronsted acidity ^ m o l /g )a

350 °c 370 ° c 390 ๐c 480 ° c Total
HZSM-5 373 - - - 373
Zn/HZSM-5 (inert atmosphere) 189 - 52 10 2 343
Zn/HZSM-5 (H2 atmosphere) 194 152 - - 346
aThe data were calculated from IPA-TPD curves (propylene, m /e  = 41).
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As a result, (ZnH)+ species was generated at the exchangeable sites following 
equation 2 .

(A102)' (ZnOH)+ + Ha -> (A102)' (ZnH)+ + H20  (2)

Accordingly the strength of acid sites previously interact with the 
(ZnOH)+ would be modified. This hypothesis was also confirmed by the quantitative 
analysis of desorbed propylene (m /e  = 44), as shown in Table 6.2. The amount of the 
new Bronsted acid sites at 370 °c (152 pmol/gcat) approximately equal to the 
summation of those at 390 °c (52 (imol/gcat) and 480 °c (102 pmol/gcat). The 
increase in acid strength of such acid site is in line with the higher electronegative 
nature of the new (ZnH)+ species, as compared to the (ZnOH)+ species.

One could dispute that instead of forming (ZnH)+ species, the 
hydrogen treated Zn/HZSM-5 catalyst might lead to the complete reduction of the 
(ZnOH)+ species to metallic Zn. However the formation of metallic Zn would result 
in the increase in total Bronsted acidity, which is in contrast with the IPA-TPD 
results (Table 6.2). A comparable total Bransted acidity over the Zn/HZSM-5 
operated under both inert (343 pmol/g) and H2 (346 pmol/g) atmospheres was 
observed, confirming the absence of metallic Zn species upon reduction.

6.4.3 Analysis of Zn Species
The analysis spectra of Zn species using X-ray photoelectron 

spectroscopy (XPS) are exhibited in Fig. 6.3. Compared to the standard ZnO (Fig. 
6.3a), the Zn (2p3/2) XPS spectrum of the as-prepared Zn/HZSM-5 catalyst showed 
a higher binding energy at 1024.1 eV (Fig. 6.3b), attributed to (ZnOH)+ species [26], 
The hypsochromic shift was a result from Zn2+ interacting with the electronegative 
oxygen framework [35, 36], Near-edge X-ray absorption spectrum at the Zn K - 
edge of the as-prepared Zn/HZSM-5 catalyst compared to standard ZnO and 
metallic Zn are illustrated in Fig. 6.4. The XANES spectrum of ZnO can be taken as 
a standard of tetrahedrally coordinated Zn species whereas the increased white line 
and the decreased edge widths in as-prepared Zn/HZSM-5 catalyst is dedicated to 
the presence of octahedrally coordinated Zn. The change from tetrahedral to 
octahedral coordination can be explained by the existing of hydrated shell around the
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B i n d i n g  e n e r g y  ( e V )

F igure 6.3 XPS (Zn (2 p3/2)) spectra of standard ZnO (a), As-prepared Zn/HZSM-5 
(b), Zn/HZSM-5 catalysts treated under inert atmosphere at 125 ๐c  (c), 500 °c (d), 
and 500 ๐c  following with exposed to atmosphere at room temperature for 1 h (e).
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Zn ion at the exchangeable sites [37]. The results confirmed that most of the Zn 
species in as-prepared catalyst appeared as isolated cationic species, presumably 
(ZnOH)+ [33],

E n erg y  (c V )

F igure 6.4 Zn K-edge X-ray absorption near edge structures of metallic Zn foil, 
ZnO, and As-prepared Zn/HZSM-5 catalyst at room temperature.

In order to identify Zn species existing upon the reaction condition, 
the XPS was performed on the Zn/HZSM-5 treated under inert gas or H2 

atmospheres. After heating the Zn/HZSM-5 catalyst under inert atmosphere up to 
125 °c (Fig. 6.3c), a new peak at the binding energy around 1022.2 eV was emerged 
and become more pronounced upon heating to 500 °c (Fig. 6.3d). This new peak at 
lower binding energy (1022.2 eV) was dedicated to the exchangeable Zn2+ species, 
generated by the dehydroxylation of (ZnOH)+ species with a proximated Bronsted 
acid site, i.e. via the reversion of equation 1. The decrease in the binding energy of 
Zn2+, as compared to (ZnOH)+ inferred that the Bronsted acid site, previously 
interacted with the (ZnOH)+ species was disappeared upon dehydroxylation to Zn2̂  
species. Despite increasing temperature to the reaction condition (500 °c, Fig 6.3d),
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the (ZnOH)+ (peak at 1024.1 eV) was the dominant zinc species in the sample. It is 
worth to emphasize that in our case, Zn cations were exchanged with HZSM-5 
catalyst that has the Si/Al ratio of 15. The high Si/Al ratio implied that the 
opportunity that Zn cations will locate as Zn2+ on two adjacent A1 centers is very 
low. Therefore, only small part of the exchangeable Zn2+ was formed at the reaction 
temperature while the majority remained as (ZnOH)+ species. One might suggest 
that the dehydroxylation of (ZnOH)+ species could occur by reacting with the 
neighbor (ZnOH)+, forming 2 (A10 2)’ (ZnOZn) 24 [14, 18] as shown in equation 3. 
However, the formation of 2 (A1 0 2)’ (ZnOZn)2+ species shall not be generated over 
the high Si/Al sample with relatively low Zn content, prepared by aqueous phase 
ion-exchange method [26, 38], According to our previous work [30], the TPR, XPS, 
and EXAFS results also confirmed the inexistence of this 2 (A1 0 2 )’ (ZnOZn)2+ 
species.

(A102y (ZnOH)+ + (A102)‘ (ZnOH)+ -  2(A102)' (ZnOZn)2+ + H20  (3)

By exposing the thermal treated Zn/HZSM-5 (Ar 500 °C) to 
atmosphere at room temperature for one hour, the exchangeable Zn2+ species would 
promptly react with water from the humid air, regenerating (ZnOH)+ species. 
Accordingly, some of the (ZnOH)+ species was recovered as seen by an increase in 
the intensity of the peak at 1024 eV, together with a proportional decrease within the 
intensity of the peak at 1022 eV as illustrated in Fig. 6.3e.

The effect of hydrogen to the evolution of zinc species was also 
investigated as illustrated in Fig. 6.5. After treating the catalyst under hydrogen flow 
at 150 ๐c  for 1 h, the XPS spectrum of Zn/HZSM-5 (Fig. 6.5b) showed the peak of 
the remaining (ZnOFI)+ at 1024.1 eV and the new peak at 1023.5 eV. The 
appearance of lower binding energy peak was dedicated to the (ZnPI)+ species, 
generated by the hydrodehydroxylation of (ZnOH)+ species, as in equation 2. This 
explanation was in agreement with the theoretical studies showing that (ZnOH)+ was 
transformed by accepting the H from ethane molecules and releasing water as a 
product [39], The decrease in binding energy of (ZnH)+ species was resulted from
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1028 1026 1024 1022 1020 1018
B in d in g  e n e rg y  (e V )  -

Figure 6.5 XPS (Zn (2 p3/2)) spectra of as-prepared Zn/HZSM-5 (a), Zn/HZSM-5 
after different treatments; for 1 h under แ 2 at 150 ๐c  (b), H? at 300 ๐c  (c), H2 at 500 
°c (d) following with Ar at 500 ๐c  (e), and น 2 at 500 °c (f).
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the lower electronegativity of dissociated hydrogen atoms compared with oxygen of 
the hydroxyl group. After further heating the catalyst to 300 °c (Fig. 6.5c), a nearly 
complete transformation of (ZnOFI)+ species was clearly noticed. At this 
temperature, the results showed not only a significant increase of (ZnH)+ species 
(1023.5 eV) but also the formation of new peak at 1021.8 eV. The lower binding 
energy peak illustrated that this new active Zn species possessed the lower electron 
affinity as compared with (ZnH)+ species. The formation of this Zn species might be 
explained by the chemisorption of another hydrogen molecule on the (ZnFI)+ species, 
resulting in the formation of (ZnFft)"1" species. The dissociation of H2 molecule on the 
exchangeable cationic center was widely studied in the case of Ga+ species. In that 
case, the dihydrido gallium species (GaH2)+ was generated and could be stabilized 
only under hydrogen atmosphere [40, 41].

At 500 °c, the deconvolution of XPS spectrum exhibited the complete 
disappearance of (ZnOH)+ species (Fig. 6.5d). The dominant of (ZnH3)+ over 
(ZnH)+ species suggested that (ZnFft)+ was formed with the expense of 
(ZnH)+ species. It should be emphasized that the evolution of (ZnOH)+ to (ZnH)+ and 
(ZnFft)"1" species only occurred on the bivalent Zn cation, stabilized on isolated one 
A1 center. On the other hand, in the case of exchangeable Zn2 ' located on two A1 
centers (2(A102)~Zn2+), even the dissociation of hydrogen was formed, generating 
(ZnH)+ and recovered Bronsted acid site, the recombinative desorption of hydrogen 
between (ZnFI)+ species and H+ of recovered Bronsted acid site can also occur easily. 
That led to the remaining of the exchangeable Zn2+ species. As proved by XPS, the 
exchangeable Zn2+ species was observed as a minor part at 1022.2 eV, agreed very 
well with the XPS spectrum of Zn/HZSM-5 catalyst heated under inert atmosphere 
at the same temperature (Fig 6.3d). The stability upon the absence of แ 2 of 
(ZnH3)+ species was further studied by switching the treating gas from H2 to Ar and 
heating at 500 °c for 1 h (Fig. 6.5e). The significant decrease of (ZnH3)+ species 
(1021.6 eV) was detected with the increase of the (ZnH)+ species (1023.6 eV). 
Notwithstanding, the regeneration of (ZnFl3)+ species was observed again after 
introducing of H2 (Fig. 6.5f), suggesting that the process is reversible depending on 
H2 atmosphere. This is in a manner similar to the fonnation of (GaH2)+ as mentioned 
earlier.
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One might argue that heating under hydrogen atmosphere could lead 
to the complete reduction of bivalent Zn cations thus the lowest binding energy peak 
(approximately 1021.6 eV) might be the metallic Zn°. This assumption was excluded 
due to the comparable amount of Bronsted acidity of Zn/HZSM-5 treated with and 
without hydrogen as formally confirmed by IPA-TPD (Table 6.2). Moreover, the 
reversibility between both two reductive Zn species ((ZnH)+ and (Znfl3)+) in the 
absence of oxidizing agent (Fig 6.5d, e, f) also ensured the same oxidation state of 
the Zn species, but different in number of the hydrogen-incorporated.

6.4.4 The Dependence of Aromatization Activities on (ZnOH)+ and ZnH+ 
Species

The effect of Zn species on ท-pentane aromatization was studied in a 
pulse mode under He atmosphere. The HZSM-5 and Zn/HZSM-5 catalysts were 
treated with and without H2 prior to introducing the pulse of «-pentane. As shown in 
Table 6.3, 19 % conversion of «-pentane with 11 % and 34 % selectivity of BTX 
aromatics and paraffins were respectively obtained over the parent HZSM-5 catalyst. 
Without the IT treatment, Zn/HZSM-5 catalyst showed a lower conversion (14 %), 
but higher BTX aromatics selectivity (22 %) with the decrease in paraffins selectivity 
(18 %). As widely accepted [26, 30, 42], the dehydrogenation activity of (ZnOH)+ 
species reinforced the transformation of light paraffins to olefins, resulting in low 
paraffins and high aromatics formations.

The catalytic activity of the reduced Zn species was tested by heating 
Zn/HZSM-5 catalyst under the H2 atmosphere for 1 h, denoted as Zn/HZSM-5 (H2 

Treatment). Although, a similar conversion was observed with non-reduced Zn 
species, the results showed that the BTX aromatics selectivity remarkably increased 
from 22 % to 31 %. To confirm that the significant increase in aromatics selectivity 
was a result from the presence of zinc, parent HZSM-5 catalyst was also treated 
under H2. As expected, a comparable product distribution was detected over both 
treated and untreated HZSM-5 catalysts.
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Table 6.3 Product distribution of «-Pentane transformation over HZSM-5 and 
Zn/HZSM-5 catalysts with and without the H2 pre-treatment

P roduct d istribu tion C atalysts

(w t % ) HZSM-5 HZSM-5 Zn/HZSM-5 
(H2 Treatment)

Zn/HZSM-5 
(H2 Treatment)

Conversion 

Product selectivity
tr

19 20 14 16

Paraffins 34 34 18 16
Methane 3 3 3 2

Ethane 12 11 8 8

Propane 15 14 7 6

Butane 4 5 0 0

Olefins 55 55 60 52
Ethylene 2 2 2 2 25 23
Propylene 28 28 32 27
Butene 5 5 3 2

BTX arom atics 11 11 22 31
Benzene 4 4 7 10

Toluene 5 5 10 14
Xylenes 2 2 5 7

Regarding the Zn/HZSM-5 catalyst with H2 treatment, the 
dehydrogenation over the reduced Zn species ((ZnH3)+ or (ZnH)+) could occur via 
the heterolytic dissociation of C-H bond. It is likely that the carbocation would 
interact with oxygen bridge while the H interacts with the Zn species. This leads to a
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reductive elimination of the hydrido complex bearing hydrogen gas while the active 
Zn species was recovered by the H-transfer from the carbocation yielding an olefin 
[25].

4 0

๐x 
>
t P  3 0

ร:
Figure 6 .6  n-Pentane conversion and BTX selectivity over HZSM-5 and 
Zn/HZSM-5 catalysts with different treatments. Reaction conditions: atmospheric 
pressure, 500 °c, catalyst = 50 mg, 0.025 mL of n-pentane gas, 180 mL/min of He.
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Number of pulse

.In order to clearly understand the catalytic activity of (ZnH)+ species, 
the cycles of H2 treatment and catalytic activity testing were investigated as shown in 
Fig. 6 .6 . When Zn/HZSM-5 catalyst was treated with H2 (Experiment 3), selectivity 
of BTX is increased by approximately 10 %. However, it was declined within 3-4 
pulses of n-pentane. By re-treating Zn/HZSM-5 catalyst (Experiments 4, 5, 6 ), 
aromatics selectivity was increased again. The similar results can be repeatedly 
observed, implying that the active species is not stable. It is worth noting that the
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aromatics selectivity of treated Zn/HZSM-5 catalyst finally dropped to the same 
level as untreated Zn/HZSM-5 catalyst. Nonetheless, the absence of water during the 
reaction confirmed that (ZnOH)+ species was unable to be regenerated.

According to above observation, it is likely that the active species, that 
gives high selectivity to BTX at the first pulse, is the (ZnH3)+ formed during H2 

treatment. As H2 is removed, the (ZnH3)+ is decomposed under inert, presumably to 
(ZnH)+ and H2, as observed by XPS (Fig. 6.5e). However, the active (ZnH3)+ species 
could be reproduced upon re-treating with H2 The (ZnH)+ species is also active for 
«-pentane aromatization, but in a less extent as compared to the (Znfl3)+ species. 
The results led to the conclusion that compared with (ZnOH)+, (Znfl3)+ and (ZnH)+ 
species perform the higher catalytic activity in aromatization of «-pentane.

6.5 Conclusion

In this work, we explored the evolution of Zn species over Zn/HZSM- 
5 catalysts by using the thermal treatment under inert or hydrogen atmospheres. The 
effects of each Zn species to the aromatization of «-pentane were revealed. By using 
aqueous phase ion-exchange method, only (ZnOH)+ species was found in as- 
prepared Zn/HZSM-5 catalyst. Under the reaction temperature, most of Zn species 
stabilized in the form of isolated (ZnOH)+ while a minor part of (ZnOH)+ combined 
with the neighboring hydroxyl group and created the exchangeable Zn2+ species. The 
conventional (ZnOH)+ showed the improvement in the aromatization activity as 
agreed in previous studies. Nonetheless by introducing the hydrogen treatment, the 
hydrodehydroxylation of (ZnOH)+ generated the new active (ZnH)+ and (ZnH3)+ 
species. The remarkable increase in aromatics selectivity was noticed, illustrating the 
higher aromatization activity of (ZnH)+ and (»ZnH3)+ species, as compared with the 
conventional (ZnOH)+ species. However, under the absence of H2, the most active 
species, (ZnH3)+, decomposed to (ZnH)+, resulting in a somewhat lower the 
aromatization activity. Even though the (ZnH3)+ was unstable in the absence of H2, it 
could be reproduced upon H2 treatment.
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