CHAPTER V

RESULTS AND DISCUSSIONS

The main feature 'v ‘ ch was to develop a copper
catalyst used for carbom. ) n reaction. Majority of
the work had beew ‘ mhe previous work of

artme -u " Chemical Engineering,
Chulalongkorn UniverS] 11: The results and discussions were
categorized into t

5.1 Effect sture on the Activity of

Ak
Catalysts: In this pagt, ationship between SMSI state and

calcination temperature in th ory step of copper catalyst

5.2 Eff ‘Platinmum on Co Ceglysbs: The variation
of platinum loading,?second metal ingcorporation in copper catalyst,

were made a uﬁj g mmmnﬂ m ilve the highest

activity for 00 oxidation reéction and then the calcimation period
- a{él VLA LI Vbt ing Wobier debdfst.  soveral
platmlm—copper catalysts were characterized by various methods in

order to discuss the results.

5.3 Metal-Metal Interaction in Platinum-Copper Catalysts:
In this part, metal-metal interaction in platinum-copper catalyst

was observed by the effect of copper on CO adsorption of platinum.
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5.1 Effect of Calcination Temperature on the Activity of Copper

Catalysts

The first experiment of this research was to study the
effect of calcination temperature on the activity of copper
catalysts for CO oxidation reaction. Huang et al. [5]1 found that

W@mg atmosphere produced a

a strong metal-support

interaction (SMSI) Ws @ase in activity. Foger

s in the SMSI state was

high temperature calcma\

carbon monoxide, such
as Fischer-Tropsché Ssis,” the CO-NO reaction.

Therefore, a series of per Atal | shown in Table 5.1, was

it "'.f-"" o

studied. In th1s:§roup of cata ination atmosphere and

| at.ion temperature was
varied from 500@ to Cc. All o e pre@red copper catalysts
were tested for itsgactivity on @GOroxidation reaction. After the

sosvity 1o “dopb| ot b Tparacersasa. 2 oo

adsorption capac1t.y measurements, tempepature-programmed desorption

or 0| ot stebr gl ol bocn 3, fbar - otive

sites measurement.s, and BET surface area measurements.

Figure 5.1 shows the conversion of CO as a function of
reaction temperature. It was observed that the activity of catalyst
was increased as a function of the calcination temperature. This
indicated that high temperature calcination in a reducing

atmosphere cause a beneficial effect which is in agreement with the
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Figure 5.1 Activity ma)wm‘,\am :rﬂ%ﬁ ﬁiﬁrtrﬂagm: CAT.1 was the copper

catalyst prepared by Huang method [5].; CAT.3, CAT.4, CAT.5, and CAT.6 were the copper catalysts
calcined at 500°, 600°, 700 ,and 800 C, respectively.
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Table 5.1 CO Adsorption Capacity, co, Adsorption Capacity,
co, Adsorbable Strength, and Specific Electrical
Conductivity Data of Copper Catalysts

Catalysts (0 Adsorption (0z Adsorption tda,max* BET Specific Electrical

(ref. to  Capacity Capacity | / 4(C) (we/g.cat)  Conductivity
Table 4.1) (pmol/g.cat.) | (ohartcrt)
CAT.1 1.79 x 10-¢
CAT.2 152.45 8 f26-4 1 0.71 x 108
CAT.3 ‘10 1.21 x 10-8
CAT.4 1.46 x 106
CAT.5 1.63 x 108
CAT.6 1.92 x 108
CAT.7 1.28 x 108
* t’a....x is the (ﬂ adsorbak 3 whi@ was expressed by the

temperature at the maximum desorption.

AUSANEVITNEANS

findings of Huang et al. [514 o 'Y
YWIANNIUNRTINGIQE

qTable 5.1 shows the capacities of catalysts for CO, co,
adsorptions and €0, adsorbable strength expressed by the temperature
giving the maximum desorption of C0,. In addition, the values of
specific electrical conductivity were also included in this table.
From the table, it was observed that the increase in calcination
temperature has resulted in the decrease in the adsorption capacity

of CO while the change of specific electrical conductivity undergone




Table 5.2 Amount of Reacted N,O Data of Copper Catalysts

Catalysts Amount, of reacted N,O

(ref. to Table 4.1) (molecules/g.cat.)

in the opposite dlrect.m N adsorption capacity. This

indicates that ’b_he am' m A 53,491 and is in

agreement with et hat the SMSI effect
S ,

was stronger for hi r calcina perat.u.@s. Moreover, in this

research, it was alsesfound that the tendency for co, adsorption

capacity wa.'ﬂ u ﬂr’lm ﬂ&l gxﬂ ﬁ The evidence

that conflrms the type of CO'or adsorption, whether it is a
psicdl AN SN AANTIAY s =
Table 5. 1. From the physical properties data of the alumina as shown
in Appendix B, surface area of alumina is about 350 mz/g but BET
surface area, as shown in Table 5.1, of the catalysts was in the
range from 108 to 260 mz/g. This result could be explain that the
pores of support to be pluged by the loaded metal (copper).
Therefore, the surface area of catalyst was lower than the surface

area of alumina. BET data can confirm in the type of CO, co,,
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adsorption because N, used in BET method, is adsorbed on the sample
by the physical adsorption [54]1. If the amount of CO, CO, adsorbed
on the catalyst is in consistent with BET data, it can conclude that
o, ©o, adsorbed on the catalyst by physical adsorption. It was
obviously seen from Table 5.1 that BET data was not in consistent
with the data of the amount of CO, co, adsorbed on the catalysts

such as when compare CAT . Therefore, the type of

orption.

calcined under reducing atmospl ;, tem erature of 500°, 600°, 700"
and 800 'C for 3 hourS. /Iy was-observed that, the CO, adsorbable

’]

= ...-‘.-,.-' LA,

previously. As stn in flgﬁr'é 5.1 'If and CAT.6 had a

activity between tlg t.hr ormer catalysi sa il CAT.3 were caused by
the co, adsorbable’ ;strength whereas a little difference in

stvitios dabrg 1 FNHAIHYIDT: s v

the amount of 00 adsorption aon them.
ARIAINTUURIINYAY
able 5.2 shows the amount of copper active sites which was
measured by the reaction with nitrous oxide. It was seen that the
amount of copper active sites was decreased as the calcination
temperature was increased. This was presumably caused by the
sintering of copper atoms [5,261. In other words, the reductive

treatment. at higher temperature produces more sintered copper atoms.
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calcined at 500", 600°, 700 °,and 800 C, respectively.

o CAT.1
- CAT3
=-e=- CATA
— —-CATS

ﬁysts CAT.1 was the copper

re the copper catalysts
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Table 5.3 Copper contents of various copper catalysts and platinum
contents of platinum incorporated copper catalyst which
were measured by AA and ICPS methods

Catalysts sample Platinum contents Copper contents
(ref. to Table 4.1 (wt. %)
and 4.2)
CAT.1 7.48
CAT.3 7.56
CAT.4 7.45
CAT.S 7.52
CAT.6 7.46
CAT.11 7.25
Table 5.3 , ontents on various
catalysts which wg me T& data from the Table
indicates that thes eopper contents of copper catalysts which

e b U TUBIUSAD T e, 10 e

indicated that there was no e¢ffect of vapour loss ofy ,copper metal

from cie BN BV s e

surface area was only resulted from the sintering of catalysts.

A reference catalyst in this experiment is a copper catalyst
which was prepared by the same method as reported by Huang et al.
[5]. From the data of catalysts characterization, CO adsorption
capacity and specific electrical conductivity, it was seen that the

SMSI effect of this catalyst (CAT.1) was lower than CAT.6 whereas
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its activity was higher than CAT.6 (see figure 5.1). This argument
seems to indicate that another effect is also acting. From figure
5.2, it could be seen that CO, adsorbable strength of CAT.1 was
lower than CAT.6. Retrospect to the mechanism of contact catalysis
£481, when co, (product. from CO oxidation reaction) can be strongly

adsorbed on the copper active sites, it will prevent CO and o, (the

reactants of CO oxidation r m reaching that copper active

sites. In this case, he%.\ ; of CAT.6 might be caused

< | ,
by its higher CO, adyptrd&gt

Pert.aining‘ ‘ gtfe . Jof ) Q\ matlon temperature on
C0 oxidation activity of the ‘catz lowing conclusions
can be drawn from th Increasing the
calcination tempera! igf red e can produce an effect
on copper catalysts b hang .- ivity but the catalyst will
tend to lose their cap"ae‘s‘;ér. 5 This was
presmnably resultﬁ fral‘ﬂis ich was induced by
high temperature &;‘:::: Lio Oppe! pponted catalysts [49].

The data of specif 19 el
have confirmed that '@ pport cou be reduced by hydrogen at high

R TP Y (T ITTE IRy

co, adsorba.blcg strength played an im rtant role o on catalytic

prover@ T AT RN 2

5.2 Effect of Platinum on Copper Catalyst

Y s & shown in Table 5.1,

In this part of experiment, it was intended to study the
effect of platinum incorporation on copper catalyst. Method for the
preparation of platinum containing copper catalyst was described in

section 4.1.3.2. An expediently route for this study was to fix one
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parameter in the preparation method, in this case the calcination
temperature of 500 °C, the suitable calcination temperature for both
platinum [55]1 and copper. Then the other two parameters would be
varied to find the suitable value, as discussed below.

5.2.1 % Pt loading: In this section, period of calcination
: é@g&’ loading was done in the
\ prepared catalysts were

tested by CO oxida%f::::ggﬁﬂi

for the remaining ex

would be fixed and the vari

range of 0.05% to O.

Pt loading was chosen

5.2.2 Peri

section 5.2.1 woul

.,
section 5.1 and t.h@}esu

ﬂﬂmu&mwmm
ARMINEY ANAIRYN B B o «

sultable order of impregnation of the two metals, copper and
platinum, on support. Three Pt.-Cu/Ale3 catalysts were prepared by
co-impregnation, separative impregnation with Cu prior to Pt, and
separative impregnation with Pt prior to Cu. The catalytic activity
of the three catalysts were evaluated at the temperature that the
conversion of CO reached 98 # (T__ ). Conditions for calcination and

results of T, . were shown in Table 5.4.
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Table 5.4 Condition for preparing and varying the order of

impregnation Pt-Cu/Al ,0, and the data of their
cat.aiytic activity

impregnation calcination in ,
N

Order of Time of 1st Time of further T

o8

lcination in reducing (‘o

/Jtmosphere ¢h)
e

coimpregnation 150
Pt prior to Cu S 140
Cu prior to Pt g 160
" T, 1is defined t.empers it the conversion of €O

¥

N

reached 98 %. It ‘using 100 cc/min of gas

mixture, consisting (0] 90 % by volume of

air, passed oVe urly space velocity

of the gas

mentioned in sect.*on 4.2 3%

ﬂumwﬂmwmm

Further c1nat.10n was ‘made 1mmed1at.ely aft.e the first

~FRANNN TN NW]’]WEH@ d

Further calcination was made after re-impregnation with the

same apparatus as

JJ

solution of chloroplatinic acid or copper nitrate was

accomplished.
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From the data of T _, as shown in Table 5.4, it was

seen that the best method of impregnation was the separative
impregnation with Pt prior to Cu because this catalyst gave the
lowest temperature for reaching 98 % of CO conversion. The tendency
of catalytic activity data 5 indicated that chlorine in

chloroplatinic acid, precursor of platinum metal, has an effect on

the catalytic act.ivit.y._ lorine may poison a metal by

enhance sintering via

J
WEZGJ. From the results

hat effect of chlorine in

forming a surface -et.a

the formation of

shown in Table 5. |

impregnation which pésultéd in the ime between chlorine and

on the order of

three catalysts AT.11. It was seen that the
highest act1v1t.‘;5 cat.al CAT/T , platinum incorporated copper
catalyst. CAT.17and CAT > refert ‘rcatalysts, had lower

activity, respect.jely. realts, it indicated that

platinum in the cabalyst has a pr tlng effect on copper catalyst

SR T, CTTOE O TSl

spillover t%'at can lower gthe reducHon temperaﬁyre of oxides
oo 5T ST V) 108 e r e
promotmg effect of platinum on copper catalyst was the higher
concentration of active sites on surface of CAT.11 that had been
caused by the lower reduction temperature. Retrospect to the result
and discussion of section 5.1, SMSI caused a large increase 1in CO
oxidation activity of the catalyst for CO oxidation reaction, so the
SMSI effect might also be induced in CAT.11, the second assumption.

The reasons for the promoting effect of platinum on copper catalyst
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Figure 5.3 Activity in O ox1da on of copper catalysts compared Ao platinum mqg)orated copper catalyst:
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in reducing gtmosmere at 800 C for 3 h., respectively. CAT.11 was the platinum incorporated copper
catalyst calcined in reducing atmosphere for 7 h.
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would be found out by the characterization of a series of platinum

incorporated copper catalyst.

Figure 5.4 shows the CO conversion of platinum
incorporated <copper catalysts as a function of reaction

temperature. It was seen from the figure that the activity of the

catalyst was enhanced w1th\ age of platinum loading in

copper catalyst up to ytic behavior could be
—

explained that the Wf p tiw (from 0 to 0.3 wt%)

leads to the incre : ntm di
effect of platin catalyst an .occur throughout the

surface of copper.

+11JHJ‘.-" J

of CuO with increasing o:)t.en of /pallad .. They showed that an
increase in palladium amo e . eésier reduction of CuO. The
promoting eff ectL;:lof aﬁi‘fﬁﬁh xide reduction was
explained by the €48] _ “vand the activation of
hydrogen on met.aﬁic hydrogen is then

transferred to CuO, which is easilygeduced.

F’T‘UEJ’WIEJWTWEJ’]ﬂ‘E

n case of CAT#11, it was believed that the presence
or pialiny ok B b il ion drbir b owever.
with plat.lnum content more than 0.3 wt%, the activity of t.he
catalyst was fallen down. This effect could be explained by the
promoting effect of platinum on copper catalyst which does not exist
throughout. the surface of copper because the metal crystallite size
for higher platinum loading would be bigger [57]1. Therefore, the
higher platinum content would result in the lower platinum

dispersion on the surface [581. Consequently, a suitable amount of
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platinum in platinum incorporated copper catalyst is 0.3 wt%. Period

of calcination was the next parameter that would be studied.

5.2.2 Effect of Calcination Period on Platinum Incorporated

Copper Catalyst

Like activity test of the

catalysts was the fir on of the best catalyst.
In this section, W on platinum
incorporated copper cats as| bhe result of activity

calcination period was incr © 7 hours. More than 7 hours

Figure 6.8.shows the results of activity test of four

ouatyoas 114680 JOERY] s Bk Ton riawe 5.0 o,

the lowest act.1v1t.y catalyst was CAT.16 which was prepared in oxide
rorn. g " Ekobieg) She bt b bl B recucing
at.mosphere produces a high activity platinum incorporated copper
catalyst. From figure 5.6 (b), when the conversion of CAT.11, CAT.7,
and CAT.16 were compared at the reaction temperature of 180 C, it

was obviously shown that synergistic effect existed in CAT.11.

Table 5.5 shows the results of catalysts

characterization. The fourth column of the table shows the BET
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(AT.8, C(AT.9, CAT.10, CAT.1l, and CAT.12 were platinum incorporated copper catalysts calcined in
reducing atmosphere for 1 h, 3 h, 5h, 7h, and 9 h, respectively.
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Table §.5 CO Adsorption Capacity, co, Adsorption Capacity,
CO, Adsorbable Strength, BET Surface Area and

Specific Electrical Conductivity Data of Platinum

Incorporated Copper Catalysts

Catalysts (D Adsorption 0z y; \\.\ #}. x BET Specific Electrical
(ref. to Capacity _ Capacity / (w/g.cat)  Conductivity

Table 4.2) (pmol/g.cat. (ohwriam?t)

CAT.8 1.24 x 10-¢
CAT.9 1.29 x 10-¢
CAT.10 3.33 -x 10-¢
CAT.11 1.47 x 108
CAT.12 1.53 x 10°®
CAT.16 0.79 x 10-%

] N
¥ b, e 18 the adsorbable < whi@ was expressed by the

temperature at the maximum CO, desorption.

ﬂumww*ﬁwmm

surface area of catalysts used to confi irm that the type of CO or co,
wasorf ] 14 DIRENAID BEAD B 0 =
method is adsorbed on the sample by the physical adsorption [541.
It was obviously seen that, when compared CAT.16 to the others, BET
data did not in consistent with the data of the amount of CO, co,,
adsorbed on the catalyst. Therefore, the type of adsorption of CO,
0, was not a physical adsorption. For CAT.8-CAT.12, CO adsorption
capacity decreased as the calcination period was increased while the

values of specific electrical conductivity increased. The tendency
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of co, adsorption capacity was similar to the tendency of ©0O
adsorption capacity, the amount of adsorption capacity decreased as
the calcination period was increased. From the results as shown in
Table 5.5, it might be concluded that SMSI effect would probably

occur in the platinum incorporated copper catalysts but it need

/&s n of TPD profile of co,

on five catalysts, 2. Ibwwas bowas Soe en that 00, adsorbable

further confirmation.

1. . 0. the lower
catalytic act1v1t.y:]
2. If7 the value ofi/CO_ adsorbable strength of

the catalystﬂ,il‘l 28] ﬂﬂﬁ(}e‘iﬂﬂgﬂl A ARG

be con51dered.
awnmn‘sm uwnwma t

From all of the results discussed above, it was
seen that SMSI effect would probably occur in the platinum
incorporated copper catalysts. Retrospect to the characteristic data
of copper catalyst (Table 5.1) and considering figure 5.3 again, an
obvious argument was shown. If SMSI effect has occured in CAT.11,
the catalyst should have CO adsorption capacity lower than CAT.1 and

CAT.6 with higher value for specific electrical conductivity. But it
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Figure 5.8 The temperature-programmed desorption préfiles of 00 <n platinum incérporated copper catalysts:
CAT.8, CAT‘Q':‘ ﬁl‘rll)ﬁﬁm imluuﬂ&m’rlmnler catalysts calcined in
reducing atmosphere for 1 h, 3h, 5h, 7h, and 9 h, respectively. CAT.16 was platimm incorporated
copper catalyst calcined in air for 7 h.
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found that the value of specific electrical conductivity were not in
agreement. with the activities of catalysts as shown in figure 5.3.
Consequently, increasing in activity of CAT.11 should not have
resulted from SMSI phenomena, the second assumption as mentioned in
section 5.2.1 was rescinded. Further assumption apart from the first
assumption in section 5.2.1 was the assumption of metal-metal

r. The result of further

experiment for testing

in the next sectio'?,

5.3 Metal-Metal Interaction

Y

In this reseca ¢ tal int iv tion between platinum

and copper was observed by using the'method as mentioned in section

Table 5.6 shlows. the result @©f CO chemisorption on platinum

T E&M&J&&nﬂ%‘ﬁiﬂﬂ 1 @ £rom the tale

obviously indicates that platinum and copper were in aclose contact
and pitbebly bl ] iidrpdtion i bach bHES. b6\ dbbuisorption
behavior'q of platinum in platinum incorporated copper catalysts was
altered after the copper metal in the catalysts reacted with N,O.
This characteristic result might be described by the two proposed

explanations : alloy model and geometric dilution model.

A point of view of the first hypothesis, alloy model, is

that both the platinum and copper metals were uniformly dispersed on
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Table 5.6 CO Chemisorption on Platinum in Platinum Incorporated

Copper Catalysts

Catalysts (0 adsorption before no. of reacted O (0 adsorption after
(ref.to reaction with N2O (molecule/g. cat.) reaction with N2O

Table 4.1  (molecule/g. cat) |\ ',// (molecule/g. cat.)
and 4.2) N /

CAT.7 -
CAT.8 1.64 x 10t°
CAT.9 2.25 x 1012
(CAT.10 2.13 x 10t°
CAT.11 1.98 x 10t°
CAT.12 2.01 x 109
CAT.16 2.52 x 1019
CAT.17 .

the support and they &rmed the bi a111c clusters (see figure 5.9

(a)). When ﬂ % m%@new ’} ﬂ‘}atalysts, some of

(0] molecules%ere adsorbed by plat.lnum the surf they could

= BRI W WV . e

decom ition of a nitrous oxide molecule on copper surface which is
accompanied by the liberation of one nitrogen molecule according to

the reaction [16];
MO @) -+ LB, e N (@) £ (GH-00W)

It was believed that the copper metals at the surface
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After reaction

support

ALO,

(b)

Figure 5.9 Alloy Model
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Figure 5.10 Geometric Dilution Model
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undergoing the reaction with N,O was segregated to form Cu_0 and
create the hole through the surface to platinum in bimetallic bulk.
Therefore, after reaction with N O, the amount of adsorbed CO is
augmented because CO molecule can diffuse through the created hole
to adsorb on platinum in the bulk (see figure 5.9 (b)).

eometric dilution model can

#sorp’clon of platinum in
Mor geometric dilution

monometallic clusters.

In addition to s
also explain the phenomena
platinum incorporat
model, platinum a
Some of copper 7 mg: latinum clusters and cause a
blocking of a fr ‘ A ‘,.. copper (see figure
atinum can adsorb CO

5.10 (a)). Therefo iy Lunbléck
molecules. Figure 5. y#' ws the segregation of copper surface
due to the formatio of ‘ber. the decomposition of N,O0 on
copper surface. The for atior R

,...--,f..,.f

copper layer to ﬂat,lma QIM :
of adsorbed CO mp o

For the twd proposed models’as above-mentioned, the alloy

sl s ﬂ%ﬁ;&%&lﬂ:ﬁgﬂ&l’] [3iBi0n domet.’ ‘e

results from Table 5.6 shows that coepper catalysts (CAT.7) and
prasit Vbbbl oo sbafr] Ot} bl cne - sone
preparat.lon condition had a large difference in the amount of Cu
surface active sites (determined by reaction with N ,0). It was seen
that new sites were created in CAT.11 and in agreement with Tomanek
et al. [591 who have shown that the alloy surface of Pt-Cu alloys
are only moderately enriched in Cu. If the geometric dilution model
was possible, the amount of Cu surface active sites should not be

altered.
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Retrospect. to the data of CO adsorption capacity of the
platinum incorporated copper catalysts as shown in Table 5.5, it
could be explained by the electronic effects. The feature of an
electronic effects used to explain the phenomena is the same as used
for bimetallic Pd-Cu catalyst [25]. For this explanation, electrons

were donated from copper to platlmnn and brought about hlgher

oxidation state copper. er, the amount of cu’’ was

orption capacity because

e — P
0 had been shown ? @ weakly on Cu  [601.

be explained by thg same e when tlg heat of adsorption of

carbon monoxide is lowered comparedito the normal situation, oxygen

competﬂeuﬂ’}l%l hbrd ‘i&&lmowmm site. and

the coverage of oxygen on thefcatalyst surface is inere
ARIANN I WNNENay

For platinum incorporated copper catalysts, two post,ulat.mns
can explain why its activities were increased. The first postulation
was an enhancement of Cu surface active sites which was caused by an
alloy formation between platinum and copper. The second postulation
was an interaction between platinum and copper which caused the
phenomena similar to SMSI phenomena, the suppression of CO

adsorption capacity.
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