CHAPTER 3
EXPERIMENTAL STUDIES
The apparatus and expen'mental procedures include processing of perovskite

membranes, disc—shape membrane charactenzatlon of membrane materials,
which are described as below: - \

3.1  Processing of Pe

3.1.1 General by a Modified Citrate

Method

The powder prepration was mo« ied itrate pyrolysis method [80, 81].

Stoichiometric amounts of€o ding high puri al nitrates (based on 0.02 mole

specified. Then c1tr1<‘:ﬁc1d with & Eifounf 0 ime tl?otal metal ions was added.

The nitrate solution n—---—-—-:-—--—-—-----:—--? ----------- “controlled rate of 2-3 ml/min.
] thod) or ~ 9 (basic method),
depending on the perovsklte to be synthesmed To prepare a basic homogeneous

—— ihaien il (rhi 1o e I
AT AN

BaysSt05Gao1Coo 1FeosOss, LaixSnGapsFeosOss (x = 02, 0.4, 0.6),
Lag 4S196Ga;.,Fe O35 (y = 0.2, 0.4, 0.6), and Lay6S104Ga;FeyO35 (y = 0.2, 0.4, 0.5, 0.6,
0.8), were synthesized from basic solution. While LageSrosGagsFeosOss was
synthesized from pH in the range of 1~9.
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Depending on each component, during the titration of the metal nitrate solutions
with NH,OH, the solutions were changed following the pH as shown in Table A in
Appendix A.

For La;.,Sr:Ga;.,Fe,Os5 compounds, the solution changed from partially
dissolved brown solution to clear brown solution (pH=1), to clear green solution
(pH=1.5), to green precipitated solution 3-6), to clear yellow solution (pH~7.5), and
finally to completely dissolved bm%\gw

solution was adjusted to (pH= %d (pH

The homogeneous solutl()7|ﬂ§tate overni

~ 9). Consequently, the pH of the

tam the homogeneous solution.

Company

Aldrich
Aldrich

St(NOs),
Fe(NOs);:9H,0
Ga(N 03)313
Ba(N O;l':'

Co(NOQrﬂzO !-.'] Aldrich
Citric Acid 995 192.12 Aldrich
-9
IR0 G b
- A‘CSgr'ade 3505 I E A Baker

ok Vomohdab o o SDAMATNEIALL. o e

(Cornmg) at around 200°C in a three-liter beaker covered with a fine sieve to prevent the
loss of the fine powders. The water was evaporated until a sticky gel was obtained. Then
it became a large swelling viscous mass and finally self ignited by NH,;NO;. The
combustion lasted for about 10-20 seconds. The sponge-like solids that expanded to
occupy almost 2/3 of the beaker volume at the end were obtained mainly from the acid-
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solution synthesis. While flake, or fine particles were formed from the basic-solution
synthesis. This may be due to the amount of fuel INH4NO3) in the basic solution, which
was more than that in the acid solution. The resulting powder was ground by mortar and
pestle, and then calcined in the air at 800-1,300 °C for 5 hours with heating and cooling
rates of 2 °C/min to achieve phase purity or reduce the residual carbon. The particle were
ground completely well by mortar before being subjected to characterization.

A list of the experimental ¢ ions fou's esis of the perovskite compounds is
given in Tables 3.2-3.10. | ‘

]

AU INENTNEINS
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3.1.2 Powder Preparation by a Solid state Method

For synthesis of BagsSrosGagCog1FeqsOss by a solid state method,
BagsSrgsGag Fen 3055 and BagsSrysCog,FeqsOs5 were mixed with the ratio 1:1
by weight, ground in a mortar, and then calcined at 1,100°C for 5 hours. The prepared

particles were ground again before be 15'1’/cted to characterization.

3.1.3 Membrane Wn 1_--_"_'_,

A KBr die was M : é—.fgrminMs, which includes loading,

pressing and ejecting. 'saggregéﬁedwil’)y 5 ml of iso-propanol in

7 lightly banging on the table for
! . After the die was completely
assembled, the plunger was brough&-_t;tthe st s fthe powders gently for final leveling
and then rotate to smooth the surffcé -Ab i e was then applied on the
plunger of the die b'jl's he uniaxial picssing-imachines-wiioll gave about 39,000-56,000

kg/cm? pressure on th
g p

jowders At the beg; the pressing, the pressure was

ve minutes, the pressure was relaased and then the die was
removed from t m ents iﬁ Stri ay except for the die
assembly and pﬁ ﬁ en EZTIEIYL ﬁhﬂ lﬁfﬁvs’ was slowly pumped
until the pellet eJected The produced green disc was about 1 mm thick and 13 mm

cincis 3RO EPRT Y TS Siebe| nlel b g Phen e grcn

discs weré generally sintered in air at 1,250-1,350 °C for 5-20 hours, depending on the

slowly applied. After

composition. The sintering conditions used were that the sample was heated to (1) 110°C
for 3 hours with the heating rate 0.5 °C/min., (2) to 600 °C with the same heating rate and
kept at 600 °C for 1-2 hrs, and (3) to 1,250-1,400 °C with the heating rate 1-2 °C/min.

Finally the sample was cooled to room temperature with the cooling rate 2 °C/min.
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3.2 Disc —Shape Membrane Reactor

Due to the ease of fabrication and temperature control, disc-shaped membrane
reactors are ideal for experiments to assess the membrane stability and its oxygen
permeability. This section includes assembling disc-shaped membrane reactors, analyzing

products, and operating reactors.

\\\ V
3.2.1 Joining of Cera@ Tubes klte Discs
The process of mvﬂr—-ﬂ

To separate oxygen

rovskite 31:;:3@:1’(2 tube has been developed.

iit?‘eﬁal has to be able to form an airtight bond

with quartz and with 10date the thermal expansion mismatch
between quartz and pe \
and has a high melting
temperature partial oxidati ei:':'tion. Gold, the most ductile
element with a melting ! =ss for most chemical reactions,
fulfills the criteria mentione abejﬁ:ﬂ - :@

De Bruin et al. (1972)J§%@ t%c,ﬁ@sms of noble metals and transition
metals bonding on g;i&ceramics. They showed a vMﬁ}t bond between gold and
Pyrex glass [82]. Ba

strong vacuum-tight l_JJlds between gold 2

ods for fabrication of some

: umjnaJS3] Those methods were
modified as follows: puredA foils (99.99%, Qg.nch) with thickness of 0.050 nm was cut

into rings w1thﬁnu ﬂ W ﬂeﬁww %qulﬂo@d to ensure flatness on

the surface. A die-foot-long quartz tube with an extremely flat end was fire polished to
remov: diameter were
hand- a;ﬁ Tﬁﬁﬁ j;m gnﬁ:jﬁ Wﬂjﬂﬂ demark). The
extra low-lint wiper (34155, Kimberly-Clark) was used to clean the surfaces of the discs.
If needed, a resintering process would be applied to the perovskite discs. Immediately
before use, one end of the quartz tubes for contacting with Au rings, Au rings, and

perovskite discs were then cleaned with acetone by ultrasonic agitation for 20 min. Two

more additional treatments were applied to the quartz tube and Au rings. They were
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cleaned in 10% HNO; diluted with ethanol and then in 80°C hot water, each for 20 min,
by ultrasonic agitation. The pieces were then air-dried or wiped by an extra low-lint
wiper. Heat treatment was applied at 1030°C for three hours to remove the carbon
deposited on the contact surface if strong bonding is required. A near 0.1 MNm™
pressure was applied by releasing an air-cooled spring (spring rate = 7.1 Ibf\in) from the

bottom of the ring to provide intimat tact for quartz/Au/perovskite joints while

temperature was controlled at 10

urotherm 818 programmer) with a
S

0.5°C/min heating rate to fo ndin 'g'ogen in the permeate side was

nitrogen was detected in the helium flow, the furnace then was cooled to the temperature

Its showed that the air tight

.\..'

between permeate and f of the perovskite discs.

An inexpensive 13 in the literature for sealing,
was Pyrex glass. However ous glass covered part of the
open area for O, permeatior tension and flow. It diffused into the
grain boundaries, causing the di ebranes. Thus, pyrex-ring sealing

AuEINENIneIng
ARIANIUUNIINYAY
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3.2.2 Gas Chromatography Analysis

The inlet, the permeated oxygen and nitrogen were analyzed by the on-line gas
chromatography (HP5890 series II) equipped with two automatic valves (Figure 3.1). a
sampling valve and a by pass valve and HP Chemstation computer software for data

collection and analysis.

—or 10" 80100 36" 45/60

ysepQ ::'--...__ MS 13 x

From Port A Carrier Gas I ‘ * ///

Sample In .
Sample Out i
‘ To TCD
Sample Loop ’
©5ml) §
From Port B - e

From qut A

Sample In

To TCD
Sample Out

From Port B

'QW’] mmm URIINYIAY

Figure 3.1 The configurations of on-line gas chromatography sampling system
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A serial/bypass configuration was arranged for two isothermal columns (80°C)
Hayesep Q and molecular sieve 13X. The valve two was set to off during the entire
experiments because none of hydrocarbon gas was separated by Hayesep Q column.
While the valve one was set to on and off for 30 seconds and 4 minutes, respectively, to
allow injection of sample gases. The carrier gases directed the mixture of O, and N,

through the Hayesep Q column, and then quickly entered the serial-arranged molecular

sieve 13X, where those gases w liand passed to the thermal conductivity
detector. The inlet temperatus \ptiafuie; and the detector temperature were
setto 35, 35, and 120°C, respee , forthe gﬁien between those gases

In the reaction experiments,fhe nitrogen con ion appeared to be the same
magnitude as the oxygen ¢ sity inside the membrane. An

external standard was percentage by volume of the

cak area of oxygen
(16)
area of nitrogen

Where 40 a
Rosie and Grob [84].Fhe

and some oxygenated

response values generated by
: \“ for many of hydrocarbons
ectors. They found that the

response values were independent of temperature, carrier gas, flow rate, and

e SR WO RUTTIEE Y
ARIANIUUNIINYAY
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3.2.3 Permeation Operation

Air (Airco) was used without further purification. Helium (Airco, < 99.9950%)
flowed through an adsorptive oxygen trap (Oxy-Purge N®, Alltech) to remove oxygen
and moisture before being introduced to the system. The experimental layout is shown in

Figure. 3.2. Mass flow controller (Brooks 5850C) calibrated by a digital bubble flow

meter (Alltech) regulated the ﬂow*#' to the reactor. An electronic pressure
transducer (MKS Instrument @ e ly detect the reactor pressure, and
a back-pressure regulatorw R, 'mntain the feed-side pressure to

780 mm Hg. A prog “(Eurotherm 818 programmer)

controlled a pre-calibrs thermocouple K (Omega),

allowing the reaction il a temperature programmed

mode.

polished to the thickness of iftefest : \ ou quartz tube using a gold ring
f sed to gasses was 0.283 cm?.

O.D. The clearance between the

end of the central tube (2 mm LD/ 4.mm O.D.;
T

was less than 3 mm fofjall of the cases. It was i

r the clearance as small as

Before tuming o the air, helium was flushied through the permeate side of the

possible to reduce the possible dead volume.

reactor until air was compkgy replaced. Onfasjde of the membrane disc was exposed to

e} QB BRGNS Y8 o

permeation run permeated gases were analyzed by on-line gas chromatography

TTaIn sl A INgnat
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Mixing
—_— Loop
(He) . ? A
|
MFC (Oxygen) ’ ! '
MFC (Air) BPR
A
(5 )
),
— ¥
To BFM

AULANENINGNS
A iREIER ey

P : Pressure Transducer

Figure 3.2  Experimental layout
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lHELIUM I METHANE IN

QUARTZ TUBE <~

QUARTZ TUBE

MIXED CONDUCTING
= » MEMBRANE

SPRING *

el AIR OUT

AUt MBI NN
ARIANNT [sumaned

AIRIN

Figure 3.3 A Disc-shaped membrane reactor used in all experiments
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33 Characterization of Membrane Materials

3.3.1 X-ray Diffraction (XRD) [85]

The X-ray patterns, for either powder or membranes, were taken by using General

Electric diffractometer model XRD-5 with a graphite monochromator, using CuKo

to calibrate the diffractometers before
each experiment. The experimen \ tion s were collected at room temperature
over a range of 20-80° 20 (Stép=sean ed.pt (ﬁh a dwelling time 5 s). The
quantitative analysis of ¢ ' based on the comparison of
‘ e value of the lattice parameter
(411), and (420) reflections

observed peak heights
(a) for the (110), (200)

were plotted against sin parameter was obtained by a

linear extrapolation of such the
3.3.2 Scanning Electron Mi “

The morphology of the mvggf;‘f., ne discs was carried out using the
SEM by AMRAY, A "his inst ent uses X ras ";i electrons scattered back

. : . - 2
from the surface “illuminate am 10 generate an image with

Specimens, if neces were sputter cdated with carbon to reduce charge effects.

A scanning eled@nli®)s | P& VP SIod e Jenode 41 Avcm? at

282OK) will has aqﬁnal probe-diametersize of arouxg 150 nm (lee 1&93) under a probe

e G 115 G VR 4] AR s r

specimen and the acceleration voltage of the electron beam. Experiments performed

remarkable three-dimensional qualities.

under 15 KeV accelerating voltage corresponded to a depth in anal&sis of 0.3 pm for

specimen.
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3.3.3 Particle Size Analysis

Particle size measurements of powders were carried out by using a centrifugal
particle size analyzer by Shimadzu, SA-CP2. The sample solutions were prepared by
stirred 0.5 g of powder with 50 ml of NaHMP (hexametaphosphate). All parameters,
including temperature, density of water and powder, and viscous of water, were set in the

centrifuge mode of measuring condition. | The density of powders was calculated from the

molecular weight and the volumeé measured the lattice parameter. The relative
‘ ided the particle size distribution
in the range of 0.2 to 5 um. The % i i he diameter at 50% by weight

of powder and determined k g e ¢umu | tage of the weight of powder

Percentage theoreti 1eS Were : | ai 0 pre-screen the densities of the

The calculation of percent

theoretical density is shown as follows: =

Nac

Bulk De (7)

4
el iy d 1] BV DY)\ 115
LT :oretical Density
="

@/

Btk Yolure oMt sai 4 blutid pbrodioh o b bk by the dis
geometrica? shape. The dimensions and masses were measured by using a micrometer
caliper and a sensitive analytical pan balance, respectively. For obtaining the theoretical
density as shown in Appendix D, the dimensions can be calculated from the X-ray
powder pattern. The oxygen nonstoichiometry § was presumed to be from 0 to 0.5:

therefore, a range of % theoretical density was obtained.
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