CHAPTER 4

RESULTS AND DISCUSSION

The perovskite membrane used in partial oxidation of methane to syngas
should possess a high electronic and ionic conductivity, high oxygen permeability,
chemical stability, and a stable lattice structure for oxygen permeability over the used
range of oxygen partial pressure. Several ABOs-based perovskites, where La or Ba
was in A site and Co or Ga was iqh ‘:Vy ubic structure, had been reported to
have those appropriate propeki@ver,&:emvskites were prepared by the
methods other than the medifiedweitrate l_ﬂethodﬁll 3].

The aim of this fescazehis o "‘\q

vskites by the modified citrate
method. The synthes Os-based perovskites in

powder forms were pé t into membranes. The

FE T

followed by the corresponding nuiber which refers to the proportion of each metal in

the compound. For examples':-"-i:'ﬁéﬁ'r" ,Gag sFe )a.5 and LageS1o4Gag,FegsOss are
N 2 . |

-

, LBCF2828, BSGF5528, and B

105Gag1Cog,.1Fegs0s5 are

Lao.zBao.sCOO.zFeo.sOssgBaQ TosGagFe

abbreviated as SCF10 CF55118, respectively.
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based on the thorough literature reviews. Eight types of ABOs-based perovskites, as
shown in Table 4.1, were selected for synthesis by modified citrate method and
characterized mainly by XRD. These perovskites had tolerance number close to 1.00,
which meant that they all should have a cubic structure.
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Table 4.1 The selected ABOs-based perovskites and the tolerance number

pounds .
SCF1082 | 0.99
LSCF 2828 1.01
LBCF 2828 1.06
LSCF6428 1.00
LSGF 6428 | ‘ 1.01
BSCF552850 |}

BSGF5528
BSGGHSS

The equation ites assuming complete

O
combustion of the redos r example, LSGF, can be

written as;

(1-x)La(NOs)s+xSr(NOs)#(1-§ )1+ ¥EENO2)3 + 2HOC(COOH)(CH,COOH),
x=y=02-08 aass: - Tl

) +3N; () (19)

o
According to Equétien (19), two molésf citric acid are required to react with
2ttt A B Vo) P o) b et i

citric acid in th&lapproximately equimolar ratio. Eowever, in practice, the excess
o TN T U HATFR B 0o me
nitrates. Normally, three moles of citric acid were used to react with 2 moles of the
total metal nitrates. Therefore, every three molecules of citric acid originally present,
one remained uncombined and was removed from the mixture later by either
evaporation or decomposition to yield carbon dioxide and water during heating in the
vacuum oven [81]. In this research, the citric acid twice as much as the total metal

nitrate was used in the synthesis of each perovskite.
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4.2  Preliminary Study on the Synthesis of Perovskite Powder

In this preliminary study, the synthesis of SrCoQs;, LaCoOs, LaBaOs, and
BaFeOs-based perovskite was attempted by the modified citrate method. The

synthesis conditions of all perovskites are shown in Table 3.2.

4.2.1 SrCoO;.5and LaCoOs-based Perovskite

Teraoka et al. [87] wer&@m oups to report that the very high
oxygen-permeation flux w thg)ug 2 membrane. Attracted by its

SC IOMammed by several other

}gna eri very limited chemical and

high permeability, the
investigators [37, 88].
structural stability at " press especially in a reduced
i 'tyof such material, Fe in SCF1082

%u and Ti. However, the

environment. In order to
was replaced by other et

oxygen permeation flux

La; xAxCo1.yByOss , Cu, Ni) perovskites were

known to be highly oxygen‘anit :B‘efecu@' evated temperatures and reduced

oxygen partial pressure. The atorq;c;‘rguo o in the B site of the perovskites
-

was designated to be four, which gave a stable M{ amework and allowed

higher low-valent cation substitution in the A s ain/the desired property of

high oxygen permeatid flux [56]. Accordingly, SCFQSZ and LSCF2828 were

selected to be synthesized by modified gitrate method and their XRD were

wesiged. B Y BV HNIWNEINT

In the XRD analysis, the shape and size of the unit cell determmes the angular

e AT AT e T

with a cubic structure would exhibit the diffraction lines at the reflective planes 100,
110, 111, 200, 210, 211, and 220. The appearance of the splitting peaks indicates the
distortion from the cubic structure and the presence of the diffraction lines other than

greatly decreased.

those are due to the other compound or secondary phase.
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The XRD patterns of SCF1082 and LSCF2828 calcined at 1,030°C were

shown in Figure 4.1.

110

SCF1082

LSCF2828

Figure 4.1 XRD pat 1082 and LSCF2 dites calcined at 1,030°C
for 5 hou

Based on the XRD=analysis, SCF1082 had the cubic and distorted-cubic

structure. Thlsﬂauﬂ%ww@%@’}ﬂ ﬁlines 100, 110, 111,

200, 210, 211, a&\'d 220, and having the splttmg ak 110 at 20 6;2 degree. For
G0 O A T4 SHOp ) e s
secondary phase, which was the peak at 2@ = 30 degree. The unknown peaks in both
compounds could not be identified at this stage due to the lack of the standard
compound for comparison. However, by the XRD analysis, it clearly shows that the
lanthanum in A site of ABOs-based perovskite enhances the formation of the single
phase and the cubic structure of the cobalt-containing perovskite synthesized by the

modified citrate method.
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4.2.2 Phase Transformation of LaBaOs-based Perovskite by Calcination
Temperature

It has been known that Ba can be substituted in A site, several research groups
had studied the synthesis of LBCF2828 [56, 89]. Teraoka et al. [89] prepared LBCF
perovskites by dissolving the iron nitrate and the other metal acetates, evaporated and

calcined at 850°C for 10 hours. They found that barium-containing perovskite with
substitution in A-site, A’, had the hlgh gen permeation rate, i.e., A”= Ba> Ca>
Sr for Lag ¢A’04C0¢sFeq,05.5 axL\Ba& @

membranes. For LBCES%Mane th cture was stable in air and in
helium (Po, ~ 10*° atm at el vatedjm The membrane showed

n lof, N'?xygen\ﬁ‘bm.gm' in a helium/air gradient
with about 0.1 cm*/cm? e permeation flux. Consequently, LBCF2828
ate this work.

0.6 > SI‘06 for Lal xA C002F60803_5

100% oxygen selectivil

To investigate the ] f_ (o CF2§28, the uncalcined powder
was calcined at differe 11l ge £800-1,100°C Figure 4.2 shows
the effect of the calcinati rity of LBCF2828

It should be notic uncalcined powder existed in a
perovskite structure as shown by ﬁdlf&%ﬁs 100, 110, 111, 200, 210, 211,
and 220, at 20 = 22,'32,40, 46, 52, 58, '67, and z_ﬂg§ The powder calcined at

nt of BaCOj3 due to the
Cination temberature increased, BaCO;

800°C exhibited mo&@erovshte structure with
=

apparent peak at 20 = 24 degree. As fl

impurity was decreased asaevealed by the dower mten51ty of the peak at 20 = 24

degree. This ‘ﬂ uaﬂ t@ %ﬁﬂ q'ﬂ ﬁ ﬂ&%ﬂ@md CO,, which had

been cxplamed‘Uy Tasi et al. [56]. ;However, L%Q3 peak at 20,30 degree was
cer@ 419 4TI U Bororore
calcination temperature could influence the formation of the secondary phase in
LBCF2828 perovskite. Furthermore, the splitting peak appeared at 20 = 30 degree
disappeared when it was calcined at 1,000°C. Accordingly, the single phase of
LBCF2828 can be prepared by the modified citrate method, but the calcination
temperature at 1,000°C shall be used in order to minimize the formation of BaCOs

and La;O; as well as to suppress the distortion of its cubic structure.
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4.2.3 The Influence of Synthetic Method on the Formation of
BagsSro5Gag.1Coo.1Feo 5035

BSGCF55118 was synthesized by two different methods, the modified citrate
method and solid state method. In case of the solid state method, the equal amount of
BSCF5528 and BSGF5528 was ground and thoroughly mixed, then calcined at
1,100°C for 5 hours to obtain the BSGCF55118. Figure 4.3 exhibited the XRD
patterns of BSGCF55118 synthesnzed b both methods.

|

A

ﬁﬁEQﬂﬂﬂfwﬂWﬂi
RN IR ;?wgﬂ‘“w'm%'

js_—i.-!,hjzp_:_lxi_ik _i i . L _,A:

2-Theta (degree)
Figure 4.3 XRD patterns of BSGCF55118 (a) membrane, (b) powder synthesized by

solid state method, (c) powder synthesized by modified citrate method
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The XRD patterns clearly indicated that both perovskites had cubic structure
regardless of the small peak at 2@ = 30 degrees (intensity less than 4%). Surprisingly,
their membranes after sintering at 1,300°C for 10 hours, had the single phase with the
cubic structure as shown in Figure 4.4. It might be derived from the decomposition of
the unidentified compound during sintering. Similar phenomena had been observed
by Tasi et al. as well [56]. Therefore, according to the XRD pattern, the synthetic
method likely had no influence on the formation of BSGCF55118 structure.
However, the powder prepared by the |

size due to the lower calcinatio % | ‘

of the membrane later.

d citrate would have the smaller particle

would enhance the relative density

-

In the prelimina it the modified citrate method
a0s3;, and BaFeOs;-based

perovskite. All perovskiies she i . ic st SCF had less phase purity

is suitable for the synth

than barium-containing pg ovsl ini1 g perovskite, in this order

sequence. For LBC g 8 ergvskite, aleinatio rature was found to affect
its formation. As the cal€in; ten rature increased, the intensity of the impurity,
BaCOs3, decreased while I ;

temperature. The single ph e@r- 0828

828 v be obtained when calcined at
1,000°C. The single-phase Bsg% 118 perovskite with the cubic structure was

..--l"

obtained by both uSL‘t_r_g the modified ci te metho alcination at 1,000°C for 5

g and its intensity increased with

e mixture of the equal

ﬂ‘lJEJ’Q‘VIEJWﬁWEJ']ﬂ'ﬁ
ammﬂmumwmaﬂ
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4.3 The Influence of A-site and B-site Cation on the Formation of
ABOs-based Perovskite

With proper partial substitution of Sr in SCF1082 with Ba, Yang et al. found
that a new mixed conducting material, BSCF5582 had both high oxygen permeation
flux and high phase stability [S1]. The results showed that the material still
maintained in pure perovskite phase under the oxygen pressure from 1 atm to 10~ atm

at 850°C. In recent years, Ishihara et ¢ also reported that LaGaOs has the

highest oxygen ionic conductivity and the o reduction and oxidation [10].
i
- 2
100 i~
~ LSCF6428
% (i)
= .
A Q""",‘ LSGF6428
(@ { N2t el
AIJ{’}J =
e BSCF5528
"JPF__"‘E:- - '
T S B T e A ‘A BSGF5528

LSCF6428

N LSGF6428

® < o Yae1A

ARANTART I T ™
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2-Theta (degree)

Figure 4.4 XRD patterns of LSCF6428, LSGF6428, BSCF5528, and BSGF5528
perovskites (a) before and after calcination at 1,000°C and (b) without

calcination
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The combination of these two studies might lead to new promissing perovskites. In
particular, LSCF6428, LSGF6428, BSCF5528, and BSGF5528 perovskites were
attemped to be synthesized by modified citrate method in this research work.

Figure 4.4 exhibits the XRD patterns of the four perovskites synthesized by
modified citrate method before and after calcination. Several observations from these
results can be drawn. The experimental conditions and data for the synthesis of these
compounds were shown in Table 3.3. These XRD patterns show the single phase

with the cubic structure of uncalcined um-containing perovskites, LSCF6428
and LSGF6428. The secondary phas‘év];?n d at 20 = 30 degrees of the XRD
pattern of LSCF6428, but oﬂ@_tmy amou&gd as the intensity was less than
5%. Both synthesized bz i1 g cqmpeugﬂ_'_LSCF6428 and LSGF6428,

before calcination did ngi€xhi :" S rovsklte ‘h%tenstlc peaks. In contrast,
XRD patterns of both langhan s i g perovskltes LSCF6428 and LSGF6428,

indicates that long-che

was confirmed by the @

the uncalcined powder to contam’ﬁ eo ly combustion compounds such as

btam the single-phase
erovskite, the calcma' n of this powder uire to get rid of the remained
P ;—)0 g

hydrocarbon and to pha%e transformation. The spontaneous combustion time and

weight loss weﬁ.\:g; moﬁcﬁwﬁmm mﬂﬁvely, in the barium-

containing peroy mparmg to anum-contalmng perovskite, the

M 1N Th N 11

uncalcined powder.

It should be noted that calcination of these produced powder for both cases led
to the formation of perovskites as revealed by XRD. The LSCF6428 perovskite had
been formed at the stage before calcination but BSCF5528 was developed only after
calcination. This conclusion was derived from the observation on the weight loss of

the material before and after calcination shown in Table 4.2. Moreover, the XRD
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patterns of calcined powder (in Figure 4.4) also confirmed this hypothesis. After
calcination, lanthanum-containing perovskite structure did not significantly change.
On the other hand, the barium-containing perovskite powder calcined at 1,000°C
exhibited the single-phase perovskite with a cubic structure. Unfortunately, the
influence of calcination temperature on BSCF5528 synthesized by modified citrate
method was not studied. It might show the phase transformation from amorphous-

uncalcined powder to single-phase perovskite as the temperature had been increased.
The unidentified phase was

sho
degree, for calcined BSCFSSK&\M

LSCF6428 and BSCF5528 pem\b struc sent at the same 20, the XRD
— ! e —
results showed the dlffe 1 of WS which indicated different

substances. Because the iraCe ¢ ‘ ‘&\sec phase was present in cobalt-

th the intensity less than 5% at 20 = 30

the unidentified phase in both

containing perovskite, om the modified citrate method is more
suitable for the synthesis of gall » ntammg perovskite.
The lattice parametgr of€ach perovs) N%d from its corresponding

Table 4.2 Lattice parameter of stkl@

Perovskite powdprij

Yot

1] 3.89

AL
LSCF6428 [

LSGF6428 ¥ 3.90 3.89
sscesgh ) ) 7 A 1|1 1715 2oe
BSGF5528 Not ava11able ' 3 96

AR AN AT

increased from 3.89 A to 3.96 A after calcination. On the other hand, changing the
cation in B site from Ga® to Co®* did not affect the lattice parameter. This can be
attributed to the larger size of Ba**, 1.61 A, than La*, 1.36 A. Because of the close
value of ionic radius of Ga**, 0.62 A, and Co?*, 0.65 A, the average lattice parameters

before and after metal replacement were the same.
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Accordingly, it can be concluded that all compounds listed in Table 4.2 had
the cubic structure. The single-phase powder was obtained from lanthanum-
ccontaining perovskite without calcination and barium-containing perovskite with
calcination at 1,000°C. The lattice parameter was varied with the size of each cation.

Several other research groups [89, 90] reported the single phase of LSCF6428.
Kostogloudis et al. [90] synthesized this perovskite by citrate method which the metal
nitrate precursor was calcined at 1,100°C for 15 hours [90]. Teraoka et al. [89]
prepared this compound by dissolving thf metal nitrates or acetates into metal salts
which were evaporated and calcined at Sf.éq‘}?f r 10 hours. Comparing with the
modified citrate method, the powder exhjbite'dﬂ/te'}mgle phase without calcination.

It was also report?_a;__gj,at..l‘Yang efJ al. [51] prep_a;cid BSCF5582 by using a new

developed method nam‘e‘d,as’c/

This compound was syn

ined citrate and EDTA complexing method [51].
1ssolving the metal nitrates in EDTA—NH;.H,0,
pH of ‘the solution to 6 by NH3.H,O, heating at
120-150°C for several'houss, 't:l}e'@i cal_'in,j.ng at 950°C for 5 hours. In comparison

adding the citric acid, adjusting

the XRD patterﬁs of BSCF552 pow'érler é;ipﬂlesized by the modified citrate method
(Figure 4.4) with BSCF5382 reba)red by::"faﬂg, it showed the same XRD patterns,

. - i * 44, 5 oz ,
which indicated that th methodSZéLW?re ‘appropriative to  synthesize
Sy g o

Bay.«Stx CoyyFeyOys. If the low Calcination temperature on BSCF5528 synthesized
-"‘I.,'-'- _..:-‘_.-:'-‘_‘ .r_;.:' At
by modified citrate method were studied, it might have shown the single-phase
< — o

Yo
perovskite at the cal¢iration temperature lower than 950°C a5 Yang reported.

Comparing the Biher synthesis method as mentiop-s above with the modified
citrate method, the si;gle phase of lanthanum-containi;g and barium-containing
perovskite was, obtained ‘without' cal¢indtion 'and calcination with short time,
respectively. Therefore, it could be shown that the modified citrate method was
suitable-for.synthesis ofthose peroyskites. dMoreoyver, the adyantages of this method
included less energy consumption, simplest technology, and obtainingfine particles
with a single phase.

In this experiment, the pure phase of uncalcined LSGF powder can be
synthesized by the modified citrate method and, from references [53, 55], this
perovskite shows the best combination of oxygen permeability and stability.

Consequently, LSGF compound was chosen for this study.
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4.4 Characterization of the LaGaQ;-Based Perovskites

In this section, the characterization of the LaGaOs-based perovskites was
performed by investigating the variation of Sr and Ga on the formation of these
perovskites, and studying the optimum condition, ie., pH of nitrate solution and

calcination temperature.

4.4.1 The Variation of Sr o ,/;n the LaGaO;-Based Perovskite

Two series of LaGe&l’ pezgvsl@quxGao 4Feos0s5 (x =0.2, 0.4,

and 0.6) and La;,Sr,G
- by the modified citrate
900°C.

The synthesis conditi 218 4Feg 035 powders at various Sr

Table 3.4. Basically, the XRD

,_,__

pattern of the single-phase perovs!f,ﬁé with, m structure exhibited the diffraction
Vi

and 220. For a LaGaOs-

s at20 = 22.5, 32.5, 40, 46,
erns in Fig;lre 4.5 clearly indicate that
all synthesized compoundsc-have the cubic ¢structure of LaGaOg—based perovskite.

Because there ﬂsw E&xgrgp% &J %tq %%*a) ﬂt%ns of LSGF8246, it

could be concluded that the single pJ;ase of LSGF8246 was obtauaj both with and

Wlthomt:jn@ \ ﬂl 2 mm 1’3 was Q smg@ Qse perovskite

both before and after calcination. XRD patterns of the other two compounds,
LSGF8246 and LSGF6446, both before and after calcination showed other small
peaks appeared at 20 = 24, 31, 43, 44, 56, 57, 65 degree, indicating the secondary

lines at the reﬂectlve,jﬂanes 100, 110, 111, ZOOM
based perovskite, these
52, 57.5, 67.5 degree. a'herefor_é all XRD pa

phase in the structure. The secondary phase could be due to the existance of the oxide
compounds such as, Ga;0O, La,0, SrO, SrGa0O,, SrLaGaO, and La,SrO; [8,9, 79]. By
comparing with the XRD patterns of the standard compounds, it could be identified as
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SrLaGaO4 (JCPDS-database: 24-1208). The amount of the secondary phase was
slightly increased when the Sr content in La;.,Sr,Gag 4Feq 055 was higher than 0.2 (x
>0.2). However, the intensity of the highest peak (20 = 31.2) of the secondary phase

did not exceed 13 % of that (26 = 32.5) of the perovskite reflection.
110

V SrLaGaO,

100

(a)<

o
A RN HAR
10 20 q 4 60 70 80
meingna
: )
Figure 4.5 XRD patterns of La; ,Sr,Gag 4Feo 0.5 (x=0.2,0.4, and 0.6)
(a) calcination temperature at 900°C (b) without calcination

Since the XRD analysis of these materials indicated the formation of the
perovskite-type phase with either a cubic or distorted cubic structure, and the lattice
parameter of each one based on their cubic structure was calculated. Figure 4.6 shows
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the plot of lattice parameter versus Sr content for both uncalcined perovskite powders
and perovskite powders calcined at 900°C. In the case of the uncalcined powders, the
lattice parameter was 3.91 A for 20% Sr in the A-site and slightly increased with
increasing Sr content. Generally, a larger amount of Sr doped composition will lead
to the larger lattice parameter caused by the replacement of La®* (ionic radius = 1.31

A) with the larger cation, Sr** (ionic radius = 1.44 A) [91].
4

3.93
3.92 - -0
-~ 391 = 0.0035% + 3.9107
&
5 = 0.8547
k) 3.9 -
g
g
g 3891
8
35 3.88 -
]
3.87 -
y = -0.0105x + 3.909
=0.9423

% of SrmA s1te

e B T I g

In the clse of calcination, %11 calcined perovsk1tes showed smaller lattice

R RIENTIN AT
reason ‘fﬁ ese t Clear yet, but the similar phenomenon was reported by

Mori et al. [76] who synthesized La; ,S1,CrOs.5 (x = 0-0.3) by the solid state method.
The XRD patterns showed clearly SrLaGaO; as the secondary phase [79]. This
secondary phase might be caused by the reduction of La and Sr content in the

W

perovskite structure, which made the average lattice parameter decrease in the unit
cell. Therefore, the higher Sr contents caused the appearance of higher amounts of

secondary phase and lower lattice parameters. This was confirmed by the increase in
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the peak intensity of the secondary phase in LSGF6446 and LSGF4646 from less than
4% of uncalcined powders to 10.8% and 12.7% of calcined powders, respectively.

4.4.1.2 Effect of Sr Content on Ga Lean La;..Sr,Gag,Fe 5035
Ming et al. [13] reported that the perovskite LSGF5528 had a higher oxygen

permeation flux than the non-perovskite oxide SFC. They also observed that Sr

content increased the mixed ionic and el

100

raAe
ergl‘{:‘ Fir
-'13;.:"’.-' < i

X=04
A == A A
) "_',P ,.-“:.f :{. - "'\1| ':r-._i"--a"

X=0.5

X=10.6

X=0.8

9
I I 1 1 1 1 1 1
10 20 30 40 50 60 70 80

2-Theta (degree)
Figure 4.7 XRD patterns of uncalcined La; ,Sr,Gag ,Feq 3055
x=0.2,04,0.5, 0.6, and 0.8)
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The list of synthesis conditions and the XRD patterns of all uncalcined
La; xS1xGayFep s03.5 was shown in Table 3.5 and Figure 4.7, respectively. A pure
perovskite phase with a cubic structure could be observed in all compositions except
for x = 0.8 where the unknown peaks existed (20 = 42 and 48). Because only two
unknown peaks were observed, these could not be identified by XRD. However,
these peaks might be belonged to the compound of Sr due to the observation of peak
at the highest amount of Sr (x = 0.8). The intensity of the highest peak of the

secondary phase did not exceed 5 % (26 = 32.5) of the perovskite reflection.
Because the intensity of the se 4628 (< 5%) was less than that
in LSGF4646 (<13%), the vskites seemed to be obtained

from the high Sr-content in.£ vskite.

i pagating high-temperature
Aing et al. [1 y the XRD analysis, the
| Q Y

thod showed the single-phase

structure as well as synthgSized by f method involved several
eating at 1,400°C, milling
, C. Therefore, the modified
mﬁs _ La; xSt,Gag,Fe 3055 due to the

steps, i.e. mixing meta

into powder, making men

citrate method is more con 0
less energy consumption and sm;&lc_”f l@;

GF5528, synthesized

Since the perqry.aute oxide, LaMSrMG%&gg;ﬁu
ved i ran€ in syngas production, it

m a redilh:ing environment with an

oxygen partial pressure ofé@beut 107 atm. Farthermore, it was %Ported that it gave a

s om0 ) W T ST MY

at the CHy pax'tlai*l)mdatlon temperature. Therefore&al_xerGao,zFepr synthesized

b e oA HEGFISY B3 GG B VI pleide i smees

productiof.

F in the application
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4.4.2 The Variation of Fe Content in LaGaO;-Based Perovskite

For providing the high oxygen flux in methane conversion, a large amount of Sr
is required, as it would increase the electronic and ionic conductivity. It has also been
reported that the suitable Sr content was in the range of x = 0.2-0.4 [89]. Besides
doping with Sr at A-site, it was reported that doping with Fe at B-site also mcreased
the high oxygen flux in LagsSto,Gay.Fe,Os5 series where y = 0.2-0.5 and the

appropiate amount of doped Fe was lt]r e of y = 0.3-0.4. The single phase of
these series were synthesized .by\ &1 ﬁ

calcined at 1,000-1,100°C foa.mdurs D, 0=

Therefore LaggSr, iith thé'm,of 40% Sr was chosen to

um“:of Fe\Mhﬁover since the synthesis of

od, which the metal oxides was

obtain the single phase b
Lag4S106Ga;.yFeyOs.5 sesi
modified citrate method,
formation of LaGaOs-

Lag St04Gay.yFe, 05 5
(y = 0.4, 0.6, and 0.8) we
at 900°C. The lists of the s C both perovskite series were shown
in Table 3.6 and Table 3.7. Phas#g_founaﬁm_aﬂ compounds with and without

calcination was determ?ned by the X-ray dw
2 - *

it was found that wh

r04GayyFeyO5_5 series,
2 .6 to 0.8, a single phase
of LSGF6428 was obtg.gled On the other hand, the sectﬂndary phase of SrLaGaO,
dramatically increased with., decreasing Feg content in both with and without

caleination, as s§O ) jh fabird 4] B4l houel efaltirdefidh peaks assigned to the

secondary phases%ere observed, the ta;plcal XRD patterns of LaGa%Jpased structure

were € Wm ﬁ l ﬂlﬁ}ﬁlﬁg precursor
precipitat = £'s eous combustion tlme was about 10 second and

the weight loss after calcination was less than 3%. These indicated that there was
sufficient fuel to decompose the citrate salt to carbon dioxide and water.

Comparing with the solid state method done by Ishihara et al. [10] who
synthesized the single phase Lao_gSro_zGal_yFeyOg where y = 0.2-0.5, the modified
citrate method seems to be suitable for synthesizing the single phase LSGF6428,
which has the higher Fe content than the previous once. The single-phase LSGF
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perovskite with high Ga content could not be synthesized by wet chemical method,
therefore, it might be possible that, for achieving the single phase of the Ga rich
perovskties, the temperature higher than the flame temperature to transform the gel
phase to solid phase is required.

0 LaGaO based structure

\V4 SrLaGaOy

!I/,
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| 3:"
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Figure 4.8 XRD patterns of Lag ¢S10.4Ga;.yFe,055 (y = 0.2, 0.4, 0.5, 0.6, and 0.8)
(a) calcination at 900°C and (b) without calcination.
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For LaOASro_sGal_yFeyOu series, these perovskites exhibited the similar
phenomenon as Lao,GSrOAGal_yFeyOm series, leading to the single phase of
LSGF4628. The XRD patterns of uncalcined perovskites are shown in Figure 4.9.

O LaGaOs-based structure

V SrLaGaoO,

AuANgINeng
e ANAINIU AN Y

patterns of uncalcined Lag 4Sro6Gay.,FeyOs 5 (y = 0.4, 0.6, and 0. 8)
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4.4.3 The Effect of Sr and Fe on the Formation of LaGaOs-based
Perovskite

For varying the four series of Sr and Fe doped LaGaOs-based perovskite, the
effect of doped metals on the formation of LaGaO; was concluded by means of XRD
analysis as in Table 4.3.

Table 4.3 Secondary phases found

.vﬁently doped LSGF perovskites

LSGF Composition_~~ »  Obs&ived:Secondary Phase

8228
6428
5528
4628
2828

8246
6446
4646
6455
6464
6482
4664 SrLaGaO,

In this %u&a-mj‘l Z]vg‘ ﬂvi‘l ﬂ mto 2 main groups,
oo MBSt s T Y e e =
shows corresponds

to x = O.2qfor y < 0.8 and x = 0.6 for y = 0.8. This means that the solubility limit of
each dopant depends on the concentration of the other dissolved in LaGaOs;. The
samples with x < 0.2 and x < 0.6 for Ga rich and Ga lean, respectively, belong to
single-phase LaGaO;-based perovskite. If excess Sr was added, SrLaGaO, secondary
phase was clearly formed in addition to the Ga-rich perovskite, while, the Ga-lean

perovskite shows the other unknown secondary phase when x > 0.6. It might be

because, for the less amount of Ga, there was not enough Ga to form the complex of
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SrLaGaO, Secondary phase. On the other hand, this unknown compound would be
the complex of Sr and Fe due to the high amount of these metals.

The modified citrate method seems to be suitable for synthesizing the single
phase Ga-lean or high Fe-content perovskite. The results showed the single phase
with the cubic structure was obtained from LSGF8228, LSGF6428, LSGF5528,
LSGF4628, and, LSGF8264 both with and without calcination. Considering only the

variation of Fe in all compositions except at x = 0.2, the secondary phase was clearly

solution, and calcination tempera .} e, should"7 fluence on the formation of LSGF
powders. Therefore the inpu s of Ga ich LSGF6482 and the pure phase of
Ga-lean LSGF6428 were chisca'for further study om the optimum condition of the pH

of the nitrate solution and

AULININTNEINS
ARIANTUAMINAE
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4.4.4 The Variation of pH of Nitrate Solution

The high value of pH was expected to enhance the formation of the single phase
perovskite and its physical appearances such as small particle size, better crystal structure
since combustion was more rapid and complete at higher temperatrues. This was due to
the high pH generating the high amount of NH,N Os, which served as a fuel for
spontaneous combustion and caused ;]:E me temperature. This phenomenon was
comfimed by Chick et al. [64], who synt Sr)CrO; and La(Sr)MnO; by the
glycme-mtrate combustion mHﬁU&——The glyc@stead of citric, performed two

Oharmg 1t reported that the optimum

properties were obtainedsWhen'the glycine mt te ratio was adjusted to yield the peak
- '- .l "1 -

t;‘ls azine (TFTA). The mark
A cation and particle size, of
&(fd' 4TFT A@s depended on the nature of the fuel
which controls the nature of comby_st:lon (smp' g and flaming). Therefore, LSF
perovskite prepared by_I‘FTA has the goog optimum prop
is flaming with TFI‘A"* —

Even though, frog the previous

La; xStxFeOs.5 prepared by OP

L j because the combustion

F6482__$nd LSGF6428 powder had
been synthesued at high p}&( out 9), the vari Qus pH of nitrate solution from 1-9 of both

covos 3 AR I 3 et

the developing of | phase transformatlon, while, for smgle phase of LSGF6428 the

gt NP T VR a1

corresponding to the change of solution color or solution phase. The powder was ground
by using a mortar and a pestle before and after calcination at 900°C for 5 hours. The lists
of synthesis conditions for LSGF6482 and LSGF6428 were shown in Table 3.8 and Table
3.9, respectively.
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4.4.4.1 Ga Rich in Lao,ssro,4Gao,sFeo_203.5

Figure 4.10 showed the XRD patterns of uncalcined LSGF6482 at different pH.
It was certainly clear that the uncalcined powder showed perovskite characteristic peaks,
which indicated that some perovskite structure particles existed in the uncalcined powder.

The secondary phase of SrLaGaO4 was observed in all range of pH. The XRD pattern of

| LaGaOs-based structure
SrLaGaOy4
Unknown compound

pH=891

pH=5.36

pH=22385

2-Theta (degree)

Figure 4.10 XRD patterns of uncalcined LSGF6482 at different pH.



85

existed at 20 = 30 degrees seemed higher than that from the higher pH. The reason for
this phenomenon has not been found yet, therefore it should be further studied.

After calcination at 1,300°C, the XRD analysis showed the same XRD pattern as
uncalcined powder. Therefore the XRD patterns of calcined powder were not shown
here. The result shows that the phase purity of LSGF6482 could not be formed neither by
pH nor by calcination. It might be because the E, for the crystalline phase of Ga rich-

containing perovskite was so high M ture of spontaneous flame could not
reach the single phase as dlSC m secti herefore some LSGF and other
metal complex compoun enteﬂ as § a lot of peaks in Figure 4.10.

d calcm?(wr might be an indication that
n"liiounds in the powder formed the stable
lattice, separating wit h'

temperatures, the metal i '_ 7 d 01. combmg with each other and then

Figure 4.11 shows the XRD pattcms WFMZS samples. The results show
that a single-phase La,ﬁhog perovskite was ‘obtained i
should be noted that
precipitation might be d_‘l_lfé to the po

er except pH = 1.10. It
- 339. At this pH, the
metal cjrate-mtratc complex, which

solutlons were clear, ;

occurred and did not dlsagp during the combustion process. However, the obtained

powder still waﬁ ‘wg&}ﬁ% W % @ w E}ﬂom:rs This might be due to

the fact that, withithe sufficient NH4N , this powder could crystalhze at the spontaneous

e mmmmmw

XRD patterns of LSGF6428 at pH = 1.10 showed that the secondary phase of
SrLaGaO, existed in both the uncalcined powder and the powder calcined at 900°C. It
was possible that at pH = 1.10 the amount of the NH;NO; for initiating the combustion
was not sufficient to develop the high flame temperature. Generally, the combustion

involved two components, fuel and oxidant (normally air) which were heated to the
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suitable circumstance [92]. If there was sufficient amount of fuel, the combustion tended
to give the high rate of flame propagation leading to the high temperature of the flame
and less combustion time. Therefore, at pH = 1.10, the spontaneous combustion might

have taken place at a low rate, resulting in the longer spontaneous combustion.

0 LaGaOs-based perovskite

’, // V StLaGaO,
_—% \\
ol ///z.ﬁ

pH =927

pH =7.65

pH=3.39

pH = 1.36

pH=1.10

pH =927

pH =7.65

pH=3.39
P

pH = 1.36

(b) {

ARTBN I AT TA Y

10 20 30 40 50 60 70 80 90

2-Theta (degree)
Figure 4.11 XRD patterns of LSGF6428 at different pH

(a) calcination at 900°C and (b)without calcination.
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This is substantiated by the fact that the spontaneous combustion time for the
synthesized LSGF6428 at pH = 1.10 was about 20 sec, longer than those of higher pH
compositions (about 10 sec). The XRD data also provided the measurement of the lattice
parameters for the uncalcined and calcined powder of 3.90 and 3.88 A, respectively.

One of the important factors for the formation of a membrane disc is the particle

size distribution of calcined powder. The particle size distributions of calcined powder

are shown in Figure 4.12. The res 1ed from a centrifugal particle size analyzer
showed a significant differenc /nthesized from pH in the range of
3.39-9.27 and the powder H="1.36. The average particle size was
0.57 pm for the pH in th v WO um for pH=1.36.

80 -
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9
Figure 4.12 Particle size distribution of calcined LSGF6428 at different pH:
(a) pH = 1.36, (b) pH = 3.39, (c) pH = 7.65, (d) pH = 9.27.
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Wt. 50% Ve

80 = = V. .
§ Average = 0.56 pm /
& v
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= o
g &
O

Comparing between

e that powder calcined and

ground by mortar mclutﬁre glomerated powder.

e YT
and pH in the tration of the metal
citrate-nitrate solutions. In the case ofithe impregnation of the metal salt solutions to the

pors ofshe fppdrd i mprgtdnlobFech bl ok E8d, e avrse

size of thé'metal particles depends on the concentration of the solutions. The high metal

-.

concentrations tend to give larger particles than the lower ones [93]. According to this
hypothesis, the perovskite obtained at pH = 1.36 should consist of the largest particle size
since at pH = 1.36, the concentration of the solution was approximately 20% higher than
the solution at pH = 9.37.



150KV _10.0KX__2.00um

(b)
Figure 4.13 SEM pictures of calcined powder LSGF6428 synthesized pH =9.27
(a) cluster, (b) single.
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Considering the influence of pH of the nitrate solution in the range of 1-9 on the
formation of LSGF perovskite, it can be concluded that pH of the nitrate solution did not
enhance the phase purification of LSGF6428. A single phase of LSGF6428 was obtained
in all pH except pH = 1.10. In stead of phase purity, the pH influences the particle size of
perovskite powder. The average particle size of LSGF6428 decreased with the increase
of pH. It was approximately 1.70 and 0.57 um at pH=1.36 and pH in the range of 3.39-
9.27, respectively. Accordingly, 'x :

-3.39 was the optimum pH for the synthesis of the
single-phase LSGF perovskite 1 the \.”///-'

- \ /

Even though the calcination temp amce the phase purity of Ga
rich perovskite (LSGF 0 Ga-co ntent perovskite, the calcination
temperature might infh : The ~A he calcination temperature
should be further studi NN

AUEININTNEINS
IR TN ING I
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4.4.5 The Influence of Calcination Temperature on Phase Purification

For the comparison of calcination temperatures, the same uncalcined powder was
used as the starting material for each experiment. For the determination of the influence
of the calcination temperatures, non- single phase of LSGF6446 and single phase of

LSGF6428 powder was calcined at temperature in the range of 800-1,400°C for 5 hours.

The list of synthesis conditions for LS‘}‘-‘J{? d LSGF6428 were shown in Table 3.10
1!
and 3.11, respectively. Wiy //)

."‘I:ub._..

f‘
e of Ga"%ssro..t(;ao..sFeo.sOs-s

3 4
by the conventional method which the metal oxi

12 hours [10,

expected to improve as
XRD patterns of LSGF644 /
Figure 4.14. ez

The XRD analysis of thjs;@ iudicated that the intensity of the highest peak
(26 = 31) of SrLanE)_& secondary phase ciid not dmap_mv@ increasing of calcination
temperature. On the Other hand, th mtensity ing
Therefore, it was clearlffhown that the single phase of LS_—QF6446 was not obtained as
LBCF and barium-based perovskite when thiﬁalcination temperatures were increased.

By the modmﬁgﬁﬁﬂﬂsﬂ@%ﬁ@ﬂ@ not obtained when

calcined at 1,00 as by the conventional method. It might be because the
./

Ga contained_in_the_citrate- gi 5 ;Ii*?l t nl re than 20%,
requiredﬁ]e h Heﬁﬁo mm stion 't (ELs ‘ﬁtﬂugle-phase of

LSGF perovskite. This similar phenomenon was observed by Chick et al [64] who

increasing temperature.

synthesized LaSrMnOs by glycine-nitrate combustion method. They found that, under
moderately fuel-rich condition, Sr(NOs); was detected in the ash. Accordingly, the
calcination temperature could not promote the solid state reaction between the perovsktie

phase and secondary phase while the single phase would be obtained in the conventional
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method. Moreover, the presence of the secondary phase might be resulted from the use
of high amount of citric acid, twice as much as the metal cations, in all cases. This would
promote the secondary phase from the complex of Sr and Ga with citric acid. As reported
by Baythoun et al. [62], if the high amount of citric acid was used, the secondary phase of
Mn,O; was presented from the complex of Mn and citric acid as in Equation (10).
Therefore the amount of citric acid should be further studied.

, ﬁ LaGaOs-based perovskite
SrLaGaO,

9

\\ 0
. Tc = 1000°C
'l 4
5 W »

I ! -

10 2’OFJﬂ ng% ﬂ Mﬁ: ue:ﬁl f] ﬂs 80 90
e Gy A T b e
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4.4.5.2 Single Phase of Ga Lean in Lag 6Sto.4Gag Fe30;.5

The characteristic XRD patterns of the LSGF6428 without calcination and after
calcination are shown in Figure 4.15. Lattice parameters are shown in Figure 4.16. The

weight loss of powder after calcination as a function of the calcination temperature is

shown in Table 4.4 shows.

Tc=1,100°C

Tc=1,000°C
-

Te=900°C

Te=800°C
N

 Without calcination

v BRANTB NI NE R
i 2-Theta (degree)

Figure 4.15 XRD patterns of LSGF6428 without and after calcination
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According to Figures 4.15 and 4.16, and Table 4.4, the powder calcined at 800-
900°C showed a single phase of perovskite cubic structure with no significant change of
lattice parameters and weight losses. When the temperatures were higher than 1,000 °C,
the asymmetric peaks in the XRD patten were from two phases, in which the phase with a
larger lattice had the higher intensity. The lattice parameters were continuously

decreasing while the weight losses were increasing as well as the amount of the

secondary phase of SrLaGaO,. P ions by many researchers [78, 79, 95]
e volatilization of Ga,O from the

ppears-to-be consistent with the result of the

showed that the secondary phase w:
LaGaO; based perovskite st

weight loss osbserved in the

§ 3:88 _ |
el
AyEANENneIns

awﬁaﬂm@w TR IR T B

Calcination Temperature (°C)

Figure 4.16 Temperature dependence of lattice parameter of LSGF6428 powder



96

The minor mass loss (0.15 to 0.68%), observed at calcination temperatures between
800-1,100 °C, was probably due to the combustion of the carbon residue. While the mass
loss of 1.67%, occurred at 1,300 °C, was due to the volatizaton of Ga,O as mentioned
above. In addition, because we found traces of solid sticking on the alumina crucible, the
major loss might also be due, in part, to the melting of SrL.aGaO,, which had the melting
temperature about 1,400°C [16].

-

The decrease of the lattice par ]
Ga* (ionic radius 0.62 A) @\ ‘ /.44 A) in the formation of the
secondary phase. These cations have ionie radﬂﬁﬁhan La* (ionic radius 1.31 A)

and Fe’* (ionic radius 0.5 : d the at Tage UTTeeI] parameter to decrease.

ave come from the consumption of

Table 4.4 The weight loss'of at yari alcinat mperature
- NN
Temperature (°C) ight f— T weight loss (%)
. .I.l-!‘. " =
Y ' ?P -"jl" n
[ il
800 09102 . 0.15
900 970 ‘-gg:- 75 6 0.16
1,000 0. 96 1- 72, 9608 0.43
1,100 0.68
1,300 1.67

Therefore it can be gonc cluded that the i increase of the calcination temperature did

not enhance the ﬁglulﬁz %%%%Wﬁ &]ﬂﬂaqoybased or barium-

containing perovskite. On the other hand the secondary phase mcreased with increasing

rend) BV Y11 L
tempera ﬁ e'o the decrease

in lattice parameter.
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4.5 The Mechanism of Perovskite Formation

According to the experimental results, the postulated mechanism of perovskite

formation was proposed as shown in Scheme 1.

(1-0)La(NO3)3+xS1(NOs)2+(1-y)Ga(NOs)s+yFe(NOs); + 2HOC(COOH)(CH,COOH),
x=y=0.2-0.8

CH,CO

<) NENINGTNS "
PRIAINTU IR THETNY

@]

NH,OH
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Metal citrate-nitrate gel

CH,CO
CO0 La
u / /
\
O
CH2CO(I)
Sr —OOCHZC -

————

M
._,Heat

AULININTHEINS
qmwm:hi mrntrdy

Lay Sty Gay yFey03.5 (s) + 12C0, (g) + 8H,0 (2) +3N; (2)

Scheme 1. The posulated mechanism of the formation of perovskite
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By modified citrate method, the metal nitrates were dissolved in 70% nitric
acid, which then reacted with citric acid to form metal-citrate-nitrate complexes.
These metal-citrate complexes could under go polymerization when ammonium
hydroxide was added. Meanwhile NH;OH was added, the white fume of NH4NO;
was suddenly observed, which came from the free NO5~ reacting with NH4OH and
generating the heat. In the case of LSGF6428, the colour of the mixture had been
changed from brown to clear brown at pH=1 and fume stopped at pH=1. At this

point, the remained citric acid and NI{4 ight be dissolved in the solution due to

the adding of NH,OH (10 ml). Then the s
(pH=~1.5) and to green premp&iolutlgl (pt

‘ polymeérization of the metal citrate-nitrate
0 ‘2 [ The solutr"h'ihen changed to clear yellow
| lefe_-‘ dissolved brown solution (pH= 9), which
' bltﬁ'é ad ition of NH40H

el solution was composed of three

as changed to clear green solution

his precipitation indicated the

metal citrate-nitrate gel
complex when NH,OH
solution (pH=7.5) and
might be because the gel »

The combustion of the

iy ¥ J'i % ]
steps, evaporation, dec , and s _“ Y €0 cd@bustion. The excess solvent
was firstly evaporated u sﬁcm?gel'li. ob eci During the final stage of

evaporation, the mixture be f(f-__é_ﬁ’réll -@me viscous. The generated gases
could be observed from the lar,ge_,swellmgh?g—c_'@s mass. Finally, the spontaneous
combustion was lllltlakd by generated gases to _conﬂ.{g mixture to perovskite
powder [63]. A WpW’w‘és completed within 10

seconds.

Following the pre.ﬁ/ms results, thetsingle-phase perovskite with the fine

powder was obﬁl u@j{’}%ﬂ&%@ w%m ﬁse at pH = 3.39, all

metals in the me&l citrate-nitrate gel solution were glosed to each other, which could
e eI M IR Frbr.
increase of pH more than 3.39 did not influence the structure and paricle size of
perovskite powder because the metal citrate-nitrate gel was not further polymerized.
The additonal NH4OH was only to dilute the gel. On the other hand, at pH = 1.10, the
non-single phase was present because NH,OH was not enough to polymerize the long
chain of metal citrate-nitrate gel. After spontaneous combustion, the short chanin of
metal citrate-nitrate gel would be transformed to the secondary phase, SrLLaGaO,. In
the case of high Ga-containg perovskite, such as LSGF6482, even though the gel was
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formed, the non-single phase perovskite was obtained. It was possible that the high

Ga-containing gel required higher temperature than the flame temperature to cause
phase transform.

AUEINENINYINS
AN TN NN ING 1Y
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4.6 Characterization of the Perovskite Membrane

| The synthesized perovskite powder was typically calcined at 900°C for five hours
and then pressed into disc. The mixture of wax, polyvinyl alcohol, and polyethylene
glycol was added as a binder to improve the shape of perovskite disc. Finally, it was
sintered in air at 1,250-1,400 °C for 10-20 hours. It was observed that the membrane was

cracked when the rate of heatmg to t.h‘g, i{# E perature and rate of cooling to the

room temperature were at 2 Therefi ating and cooling were performed
at a lower rate, 1 °C/mmmctl¢ de‘ﬂﬂon and microstructure of each
\ f uence of sm‘;@perature and binder addition

v;stlgated,

membrane were dete

on the morphology of

To achieve the d
sintering were important. I1s, gas pre
(HIP) was used for preparin, thélﬁbrané?" u methods utilized a combination of
high—pressure inert gas and high ,temperat@denmfy the membrane. The other
method required orgaml binder for compactmgth_em;ng pressing. The binders
provide lubrication (k:&i_l flowing) dunn?_wme pressed part enough
strength and toughness ggbt can be handled prior to densiﬁd‘akion [69].

It was reported thatthe densed LSGF membranes were obtained after sintering at

temperature in %ﬂ {}%@%?w E ’q;ﬁd@ on the composition.

The dense LSGF5528 (high Fe contcn;) and LaygSr, 2Ga1_ Fe O35 where y=0.2-0.5 (low

Fe cont m gﬁm mt[er'at ww lﬁ(ﬂ, respectively
[9, 10, 1 La, €035 compounds, the densed membrane was obtained when

sintered at temperature, 1,250 for 4 hours [66]. Accordingly, it seems that the perovskite

membrane with the higher Fe content (Ga lean) requires the lower sintering temperature.
Generally, the lower sintering temperature requires the longer sintering time to achieve

the densed membrane, which has the smaller grain size and vice versa. It was also
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reported that the higher Sr content provides the better oxygen permeation and the
appropriate amount of Sr was in the range of 0.2-0.4 [10].

Consequently, Lag 6S1o.4Ga;yFe, 055 w‘here y=0.2,0.5, and 0.8 membranes were
prepared. However, HIP was not available in this laboratory, the membranes were
prepared by mixing the perovskite powders and the mixture of PVA 1.5%, PEG1%, and
In general, the non-agglomerated and fine
powder enhances the good sinterdbh‘j‘ u/%} ation at low sintering temperature.
Because it is easily to achjq‘E:Dnigﬁﬁu‘ épacking and uniformity, so that
minimum shrinkage, unifi -_-_ grﬂwmm‘fmed porosity will result during

densification [6]. Due to the pew esu;d oy the modified citrate method having

wax 4% by weight of perovskite powdij.

dith the les: ~.;fa,ggreg‘aﬁon particles, its membrane might
ure, 1,250°C for a long time, 20 hours.

Figure 4.17 showed tiie XRD pa T' three Lao,§ro_4Ga1.chyO34s membranes
where y = 0.2, 0.5, 0.8 aftgf sigitefing a 1,2 hoxirs. All membranes remained
cubic structure as shown by,th \araceris ' =225, 32.5, 40, 46, 52, 57.5,

s at
33
67.5,77.5 degree. The splitting @é’tl@ .1,58.2, and 67.6 degrees were found in

addition to the pattern of LaGaOy-based p@ in both LSGF6455 and LSGF6482

the smaller average pa

be densed when sinteris

) DV

but not LSGF6428. This indieated fhe distortion of the cubic structure of LSGE6428

W
membrane. As pcmsﬁsﬁte wders, the LSC &/still exhibited the single-

phase structure while'the other membranes s ce of the secondary phase
of Srl.aGaO, as in Figh}e 4.8. Therefore it might be sajﬁlthat, even the powder was

compacted and heated at the-higher temperatute’than calcination temperature, the phase

transformation i %gg,la %ﬂ sﬁtcw &L;}fl]ag perovskite was not

presented. ¢ - Y
RTINSO SHARIING oo ven
investigated by SEM tec ‘ ique as pnesénted in Figure 4.18. All three membranes had

average grain diameters of around 1 um when sintered at 1,250°C. It was confirmed by
the results of Beaker et al. [94]. They prepared the three membranes, namely
LagoS101Ga0s5,  LagsSto1GapssFeoosOss, and  LagoSry GaosFeo20s5 from  the

corresponding powder synthesized by solid state method. All membranes have average
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grain diameters of around 1 um after sintering at 1,500°C [94]. Therefore the Fe content

in the perovskite powder had no influence on the grain size of membrane after sintering.

O LaGaOs-based perovskite
V SrLaGaO,
| Splitting peak

110 20 80 9C

2-Theta

e 417 x5 e 5 SIS0 R Y 0 02,0500

aftefi§intering at 1,250°C ‘for 20 hours

AWAANINUIN VLY, .o...

also showed the intermediate stage during which the necks become large, resulting in the
formation of an interconnected pore structure. In Figure 4.18 (a, b), SEM showed the
spherical morphology of grains of LSGF6428 membrane whereas the other SEM
pictures, Figure 4.18 (c-f), showed the other shape, needle shape, lying on the matrix
surface and cross section of LSGF6455 and LSGF6482 discs. The characterization of the
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needle shape should be further studied. However, it might be due to the presence the
secondary phase of SrL.aGaO,, which appears on the perovskite structure. This was
supported by the results of Beaker et al [94]. They reported the two other phases lying on
top of the Sr- and Fe- doped perovskite membranes. These were vitreous pla.tés—, which
had the appearance of a solidified liquid, and needle-shaped crystals, which appeared to

have crystallised from this liquid phase. After characterization, these phases contained

La, Sr, and Ga. ' y
The densification of aJ]\&‘&. @ied. The relative densities were

calculated from the bulk d@ed by the theofetical density as described in section

3.3.4. Generally, to ¢ ] : !iv;mh-,q-f'!\le-zembrane, the percentage of
relative density shoul |

i i 1 | ) . r synthesized LagSrto4Ga;.
#ey03 5 membranes w 5, an ive densitiy was about 69, 72,

and 80%, respectively.

90% and the observation of the
interconnected pore (diam i) lsug . e - densification of samples was

% YEPErT ! | ; )
not complete after sint 250°C for 20, . The undensed membranes were
g i

sintering temperature should be mgmased above 1250°C to complete the densification.
The XRD analysis showed that thertrwa,s 5""

'""..-F' -

membrane preparatlo‘_jstep The LSG£6428 membrane

in the perovskite structure during the

xhibited the single-phase

> presence of the secondary
phase of SrLaGaO,. Beades the low sinterin peratu.xgkmd the use of high amount
of binder, especially 4% dwt of wax, m1ght e caused the low density due to the

presence of opeaw tﬁg &ﬁnﬁwﬁs %qﬁgﬁgure 4.18(d and f).

These pores might be resulted from the decomposmon of the high molecular weight wax

= °°“‘§‘W‘1”R‘€ﬂﬁm°ﬁw IMNYINY



Figure 4.18 Surface and cross section of LSGF membranes sintered at-1 ,250°C
(a) surface LSGF6428 membrane; (b) cross section of LSGF6428 membrane:;
(c) surface LSGF6455 membrane; (d) cross section of LSGF6455 membrane;

(e) surface LSGF6482 membrane; (f) cross section of LSGF6482 membrane

105
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4.6.2 Microstructure of Membranes

The microstructure of membranes at different composition of Sr in
La;.xSryGag,Feos0s5 and La;,SrGagsFeos0s5 was studied by SEM as shown in
Figure 4.19 and 4.20, respectively. From the previous section, the results indicated that
the undensed membrane was obtained due to the low sintering temperature and the use of
binder. However, to form the dise Qhw;,
samples were prepared from ca.lg;‘nfd powde

inder still was used. Therefore, all

ith wax 2%, polyvinyl alcohol 1%,
and polyethylene glycol l%mfm'een discs mred at 1,380°C for 10 hours as
Ming et al [13]. The SEMﬂfc—-f ‘were ﬁScE'tE?E!Eulate the average grain size of
the particles in each ¢ N

In Figure 4.19

showed that the grain si

La; ,Sr,Gay4Fe( 6055 whe .f, ,64 '& 6, respectively. The grain growth
T ¥ | A

phenomenon was supportediby ¢ results. 'SEM micrographs of cross section of

1 [

La;.xS1xGag,Feg 3035 mem S sh&:@n n" re 4 0,' The average grain size was

_ I;hg of unpolished-surface membranes clearly
- |

a - *
‘from 1, 2, and 5'um with increasing Sr content in

L

about 5 pm for LSGF6428 merfibrane while the loose interconnectivity of grain was

—

observed from the higer Sr conteﬁﬁﬂi{iﬂbx?hé&ﬁ@GZS membrane. The average grain
b
size, developing with_ﬁ}, content, should indicate that the do Sr in LaGaO; decreased
L7 :
the sintering temperatthé_:l This means, at the same perature, the bulk density

of membrane would be;ixicreased with the amount of Sr. ’hge similar phenomenon was
observed by several other‘researchers [75, 76}/ Kleveland et al [75] found the grain

s rom e b (3630 i efoboid mebrancs. The powcers

were prepared from nitrate precursors using the g}ylc:i.ne-nitmte and the EDTA method.

e TR ATRANITIMAR s
substituted by Sr or Ca. M. Mori et al [76] studied the bulk densities of the La;,Sr,CrO;

membranes, whose the powders were synthesized by solid state method, after sintering at
1,600°C for 10 hours. The results also showed that the bulk density increased with
increasing Sr content. It was also reported that the heavy doping causes a large thermal

expansion under a reducing atmosphere, therefore, the Sr-dopant content in the
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lanthanum chromites was significantly limited [76]. However, Sr doping was also
indispensable in obtaining a dense lanthanum chromite body.

Figure 4.19 Unpohshed surface of Lal.,erGao 4Fep 605 samples sintered at 1,380°C for
10 hours: (a) x=0.2 (b) x=0.4 (c)x=0.6

As seen in Figure 4.20, the membrane should be in the final sintering stage
because the pores became isolated and the interconnectivity of pores were eliminated

[70, 71]. Eventhough the cross section of LSGF4646 membrane was not characterized,
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its grain size equal to the grain size of LSGF6428 (5 pm) would indicate that this
membrane was also in the final stage of sintering. Therefore, the LSGF4646, LSGF6428
and LSGF4628 membranes should be densed when sintered at 1,380°C. However, the
large open pores (10 pm) indicated the undensed membranes. These pores might be
resulted from the decomposition of wax. Because of the large molecular weight of wax,

the pores could not be eliminated even though the membranes were sintered at high

Figure 4.20 Cross s 10 intered at 1,380°C for 10

Fouowmﬂ»u&i '&dﬂfe&lﬁ;’l@ ottuion oSt Laa0, decresed

the sintering tem rature due to the grain growth in ﬂa samples w1th@gher Sr content.

smtc:lﬁﬂft ﬂﬁ WNW Hre’]nah al stage of

these membranes were not dense due to the use of binder. On the

other hand, the grain growth phenomenon was not found when the Fe content was
increased. The grain size with a diameter around 1 um was observed in all
Lag ¢S10.4Ga;yFe, O3 s membranes.

Therefore, the influence of sintering temperature and binder on the morphology of
membranes should be further studied.
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4.6.3 The Influence of Sintering Temperature on the Morphology of
Lag¢Sro4Gaog,Fe)s0;3.5 Membranes

Since LSGF6428 melted at 1,400°C, its membrane was sintered at the temperature
from 1,250 up to 1,380 °C. Three membranes prepared without binder sintered at 1 ,250-
1,380°C were characterized by XRD as shown in Figure 4.21.

Wy

LaGaOs-based perovskite

Ts =1,250°C

Ts =1,300°C

)

Ts =1,380°C

) ﬂﬁﬂ"mﬂﬂ'mﬂ“ﬂ‘i"’ T

heta (degree)

roe AV RSN IAIMIANLAL ...

for 10 hours
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The peaks of each sample can be clearly indexed at 2O of 22, 32, 40, 46, 53, 57,
68, 74, and 77 degrees and no impurity peaks were observed, indicating the membranes
prepared by the modified citrate method were most likely single phase with cubic
perovskite structures.

SEM of the surface and cross-section of the LSGF6428 samples, which had been
sintered at 1,250 and 1,380°C were shown in Figure 4.22. The average grain size of both

samples was 1um and 4 pm, respectively. 1lts clearly demonstrated the sintering
temperature affected the grain ze. Aft ‘ 1,250°C many closed pores were
still observed as expected from the densificati mhjch exhibited the incomplete

densification at the relative’densities of grain size and density of the samples

increased steadily with in€reasin g €interi ; ; : re ' Vhen sintered at 1,380°C, the
materials became dense | din g \ ,\. losed pore which indicated
the final sintering stage afid diic clatively defsities, of 95% which implied the

completely sintering.
According to th “-‘ clative density, it could be
concluded that the membranes pn 5- ithout binder having the single-phase

perovskite structure were successfully den: r sintering condition, 1,380°C for 10

L
e, LN

AUEINENITNYINS
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: 6 o - ,
o ARG o

at different temperyure for 10 hours

ISR ENATNAA Y
q  (b) cross section of membrane smtered at 1

(c) surface membrane sintered at 1,380°C;

(d) cross section of membrane sintered at 1,380°C
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4.6.4 Characterization of Lay.sSrosGag 4Feo 6035 Membranes

According to the results from section 4.4.2 and 4.4.3, LSGF4646 membrane
prepared without binder was sintered at 1,380°C for 10 hours. The XRD pattern of the
membrane was shown in Figure 2.23. Due to the observation of the characteristic peaks

of LaGaOs-based perovskite structure and the low intensity of impurity peak 20 = 30

st likely single phase with the cubic

embrane had the relative density

\

aGaO;-based perovskite
LaGaOy,

S AIRIWANE N E © =

2-°Thela (degreg

e AR AS AARUANI NG DAY, ...

According to the SEM (Figure 4.19), the XRD pattern (Figure 4.23), and the
relatively density, it can be concluded that the LSGF4646 membrane prepared without

binder having the single-phase perovskite structure was successfully densed under

sintering condition, 1,380°C for 10 hours.
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4.6.5 The Influence of Binder on the Morphology of LSGF6428 Membranes

Even though the membrane with the relative density over 95% was obtained after
sintered above 1,350°C, the preparation of membrane without binder was hardly used.
The spring back effect was appeared on membrane without binder.

Normally, a pore-free ceramic membrane can be made by one of the following
methods to carry out the sintering ﬁ*t’s cessfully, to apply an extremely high
temperature, to control the disti'ibutioﬁ of[@/ iameter, to use an additive such as
poly(vinyl alcohol), poly(ngiycq», and WAk, tosutilize a chemical reaction, to
employ HIP (hot isotrop‘-pﬁ'—!f ) hp‘ pres'éiﬁEBT‘!ﬂolten particle deposition [74].
Generally, the use of a td'-;:;()btain the -free membrane due to the

inder. However, in this work, the use of a binder
e e

- LU

good compacting with

rane beca ﬂ;gre was; no available instrument.
To enhance the compaction, the jgoioﬁan 1 Was used to disaggregate the powder
before pressing. The te vgas §:et at'{%&u%h [;Q‘ssﬁ)le, which was 1,380°C. The
LSGF6428 membrane wa: arééﬁyg,mi_fﬁ_} ig pero Kite powder with binding agents,
1 ‘}jzjigbhol){ 1% poly(ethylene glycol) (PEG), and
4% wax. Then the membrane was;g.:ﬁcd. at% for 10 hours.

S
e

As shown in Figure 4.24 (a,b), it was obvious Mtgégmembrane contained the
= —

——n

open pore with the didfneter about 10 pm inside the ven though the SEM picture
=
showed the densed suIBte. This pore came f

he combustion of the binder which
generated CO, and H,O eyaporating to the surface. Although the sintering temperature
"% ] g g P

was kept at 60@ % %ﬁ %t%‘ t% ﬁ?tﬂl%emperature, the open

pore still remain: ormally, these pores should sinter together, when the temperature
was risen to, sintering t qﬁa:ai ight causesthe thi — t of the high
molecu@m“i"fid ﬂ ﬁﬁeg:ﬂm&& pictures of
membrang] cross section in Figure 4.24 (c, d). For sintered membrane without binder at

1,250°C for 10 hours, the cross section of membrane contained the small pore with the

diameter less than 1 pm which should be closed when the temperature was increased.
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These results showed that when the binder was used, the large pore in the

membrane was developed, which could not be sintered even high temperature was used.

Therefore the appropriate amount of binder should be determined in further study.

e SR AN DIRAL LI NENA Y
(a) and (b) with binder and sintered at 1,380°C, x 1500 and x 10000, respectively;
(c) and (d) no binder and sintered at 1,250°C, x 2500) and x 15000, respectively
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4.6.6 Summary of Characterization of the Perovskite Membranes

The membranes were prepared by pressing the powders using a uniaxial pressing
machine to form a disc (13 mm diameter, 1 mm thickness) and sintering at 1,250-1,380°C
for 10 hours. These membranes were characterized by studying the structure,
densification, and microstructure. The substitution of Sr in LaGaO; decreased the
sintering temperature due to the glﬁi the membrane with higher Sr content,
while this phenomena was no nt of Fe was increased. All the
different Fe containing me
sintered at 1,250°C.

membrane was not e

eters of around 1 um when

smgle-phase perovskite of
."The densification of samples

was not completed a GF6428 and LL.SGF4646

e 1,350°C, the densification
of samples was nearly complete .; Ve over 95%. The membranes
inter Inperature below 1,400°C.

The spring back effect ap_peg%pnf nen brane

L
.ﬂ',a-ﬁ.r

binder was necessary :}Iowever, this caused the las

without binder, therefore the use of

1de the membranes, which

Appropriate amount of binder
should be further studiey

ﬂ'L!EJ’WIEJWﬁWEﬂﬂ‘ﬁ
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4.7  Oxygen Permeation of La, ¢Sr4Gao,Feos0s.5 and Lag.4Sro.6Gag4Fep 0.5

membranes

The oxygen permeation of LSGF6428 and LSGF4646 membranes was determined
at 900°C. Before starting the experiment, helium was flushed into the permeate side of
the reactor to replace air completely which was monitored by GC. During the oxygen

permeation testing, the membrane disc was exposed to the air on the feed side and pure

helium on the permeate side with the fl te of 150 and 30 cm’/min respectively
(Figure 3.2.). Then the gas mixture e on th /de was analyzed for the individual
gas presented in the mixture. ._:::_ 2 ___A‘:_‘:-r
f ’ [ KE
- 4.7.1 Lao_ssro_.gGM \

mm thickness had the relative
A =
€, 1S oxygen permeability was

Although the LSGF
density 80%, indicating ‘
investigated. During the r section 3.2, the nitrogen was
flowed into the feed side of t d checked for the amount of
unt of nitrogen detected by gas

chromatography indicated the complete—geahng o

Each highly punﬂ_ﬁd gas, hehu;n: h1trogen, or M\?vs passed into the feed
side of the reactor at t "'. rate o 0 ml/min. ° ¢ pressure was adjusted by

using pressure valve until 1t red pres&hre difference between feed

side and permeate side of t}ae eactor (AP = Pist = Pam). The flux of each gas was

i measured from thﬂ W%J ?}eﬁaw ‘3? W"Ejas’]sﬁmﬁn Figure 4.25. The

flux increased with ﬂlbreasmg AP, which was a drlvmg force of perrneatlon It was found

 that the IW W ﬁﬁffxpa-% mﬁnﬂﬂw pressure
differenc:‘bﬁv fee and permeate sides up to 0.4 atm.

Oxygen exhibits the highest flux among three gases while helium shows a slightly
higher flux than nitrogen. If the membrane were densed and gas-tight, the direct passage
of every gas molecule would be blocked. Only the oxygen ions can migrate selectively
through the mixed ionic and electronic conductivity membrane. Dissociation and
ionization of oxygen occurred at the oxide surface at the high-pressure side (feed side,

P’0,), where electrons are picked up from accessible (near-) surface electronic states.



117

Upon arrival at the low-pressure side (permeate side, P”0,), the individual oxygen ions
with their electrons recombined again to form oxygen molecules, which are released in
the permeate stream. In the case of helium and nitrogen, both gases could not receive
electron and were not able to permeate. Therefore, in this experiment, the observation of
the flux of helium and nitrogen indicated that these gases diffuse through the pore inside
the membrane. Because the lower molecular weight of gas would diffuse faster than the
higher one, the higher flux of helium than nitrogen was also confirmed the diffusion of
gas. Even though oxygen can diffuse Wt e undense membrane, the highest flux of

ee gases indicated that oxygen

mostly permeated from the me& " dlgom& ionization. Therefore, it could

.’ _could merane for separation of
N N

;.ET 300 - /" W #=10973x - 05257
B —_— 0.9967
% 250 1 )
% 200 - y=96.048x +0.0772
s | 0.9986
s0{ P EJW?WEJWT]%
o v = 11524 - 10.028
5 Qﬂﬁﬂiﬂ‘iﬂ?ﬂﬂ?ﬂ%
o wa ''''
0 0.1 0.2 0.3 0.4 0.5
A P (atm)

Figure 4.25 Flux of each gas at different AP
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The membrane was then used for separation of oxygen from air. Figure 4.26
shows the efficiency of oxygen separation from air during the permeation run by using
LSGF6428 membrane.

/ _ % Time (min)
2 LTy 400 :

Figure 4.26 Gas Chromatoggam from an gx s meat periment through
LSGF6428 membrane

The oxygen and nitrogen/were“6bscrved atetention time, 2.38 and 2.59 minutes,
Iy s :

respectively. The percentage of perme ated -oxygen ffom air is shown in Figure 4.27.
LTI

.
b
L =

}5_'1 AINIUNRINYINY

% of Pérmeated O,

25 T T T T T T T T T g
0 50 100 150 200 250

time (hour)

Figure 4.27 The percentage of permeated oxygen as a function of time at 900°C
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Due to the permeation of oxygen and the diffusion of oxygen and nitrogen on the
undensed LSGF6428 membrane, instead of oxygen permeation flux, the percentage of
permeated oxygen was measured. By the GC external standard method, the percentage of
permeated oxygen was calculated from the deduction of the total concentration of oxygen
with the concentration of diffused oxygen (0.21/0.79 x concentration of diffused nitrogen)
divided by the sum of total concentration of oxygen and nitrogen. Figure 4.27 shows the
percentage of permeated oxygen as a function of time at 900°C.

As shown in Figure 4.27, after th t
were passed through the membrane st
a much higher value, decreases

the lessening of surface %{)

procedure had proceeded, gas streams

t' of oxygen permeation, starting at
v vels off. This might be due to
aﬁﬂ.ﬂg‘ d the readjusting of the lattice

ption

parameters as reported by se e percentage of oxygen was

decreased from 47% to the 15 hours. Even though the

undensed membrane was use 3 28 membrane could enrich

the oxygen in air up to 459 able fi i rmeation.

perfect seal, the separation efﬁmency“f@x o€ air is 100%. Figure 4.28 shows an

el 3

75 27 el
example of 100% O, seleﬁmty for the ¢ s'e‘parétlogg\ air in a helium/air

ﬂummwf“mnm
qwmmm' 1INY1AY

1.00 2.00 T S
Figure 4.28 Gas Chromatogram of the permeated gas through LSGF4646 membrane
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gradient. Oxygen flux was near 0.1 cm® (STP)/min/em?®. A single oxygen peak was at
retention time, 2.38 minute, in the chromatogram. The nitrogen peak was below the
detectable level by the high sensitivity TCD detector.

The oxygen permeation rates for LSGF4646 membrane compared with
membranes from the other reports is shown in Figure 4.29. Experimental data in Figure
4.29 were correlated to the equation indicated in Appendix B.

mumwwswmn?o

Operatlon Temperature O

Q‘W%Nﬂ‘im UAIINYAY

Figure 4.29 Temperature dependence of oxygen permeation rate for LSGF4646 membrane
@ ) our study (Lag4SrosGag 4Feq 6055, 0.62 mm);
(O Yang et al. (2001) (BagsSro5CoosFeq204.5) [51];

(V) Tasi et al (1998) (Lag¢Bag4CoosFep20s.5, 0.55 mm) [56].
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Oxygen permeation could be observed at temperatures higher than 800°C, and the
fluxes increased with an increase in temperature.  The oxygen flux of 1.5
cm’(STP)/cm”.min was achieved at 925 °C. It was reported that oxygen permeation rate
of Bag 5S10.5C00.sFe0203.5 Lag 7S103Gag ¢Feg 4045, and Lag ¢Bag 4Cog sFeg 055, was 1.1 (at
850°C), 1.8 (at 1000°C), and 2.1 (at 854°C) cm*(STP)/cm® min, respectively, under similar
condition [13, 51, 56].

Considering the oxygen permeating rate of 1.5 cm*(STP)/cm”.min at 925°C, it can

{
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