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CHAPTER "I'NC

EXPERIMENTAL

2.1 CATALYST PREFARATTION

(@) Alloy preparation

The alloys Cue-A¢ and Cu-~Zn-aAl were prepared Dy Matex [Pty)
Limited Sputh Africa, using high purity metals (cenducti-
vity grade copper > 29% purity, zinc thermal spray wire >
93.8% purity and alwninlium thermal spray wire = 99 ,.5%

purity) melted in an ACS0 silicon carlyide crucikle, using

alloy was prepared by first melting the required amount of
coppar (M.F. = 1082'C)] and then adding the reguired
aluminium {(M.P. = &680°C). The alloy melt was =stirred
theroughly with a green pole and rapidly guenched by
pouring into agitated cold water. In come cases, a similar

preocedure was adopted to prepare the Cu-In-Af ternary
alloys. A Cu-af nmelt was made as described sbove, and

f‘nn1@|j_t,g_gelgy_¢2ﬂic_{_mejrting point of zinc) before the

reguired amgunt of 2inc was added to the melt.
procadure helped to prevent rapid vaperisation of the lower

melting zinc metal. Rapld etirriny and cold water
guenching ¢f the melt completed the process.

The second methed invelved tha preliminary formatien of

=TT

Af=%n and A£-Cu precursor alloys, which, taken in required

proportions were melted together, wvigorously atirred and
rapidly quenched in ceold water. This method was preferred

for the preparation of ternary allays as it ensured greater

homogeneity through moare thorough mwixing of metal

components .
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oxidation was prevented by the gas combustion products and
an artificial nitragen blanket inserted under the furnace
hood.

Tha 8lloy product, in tha form of prills + S0mm x Smn were

cyuszh

ed using a Christie-Norris hammer mill and scraensad to

provide a preduct range up te Zmm in diameter. Batch sizes

batwesn 500 and A00g were preparod.

Tha neowminal and atomic ebsorption [(see Section 2.5.1)

TV e el — -
1L1OYS PISRALTR

[ = o o B T |

Alloy Bl compoEition
Allocy Compositions (wti) =
Alloy Hominal Analyeisd
Cu &n At Cu Zn Al
A 10 40 B 13.4 34.0 51.0
B 25 25 S0 24.8 25.2 4H.3
4 35 15 B0 40.4 11.13 47.7
D 50 o ED BR.2 0 48.0D
E 13 18 3% 41.7 20.5 37.5%

= Error: + 2.0wtk {sae Section 2.5.1)

alloys A-D were chosen with 50 nominal wti aluminium and
varylng amounts of copper and zinc. The S0wWLH: aluminium
vields an alley which corresponds to a prodoct which
contains a maximom amount of tha primary precipitata Cuaif,
reported (1) to be the leachable phase that produces Raney
copper. aAlloy E was included because scme authors {2, 33
chzervad that catalysts prepared from these alloys had hoth
greater pethanol synthesls activity and greater mechanical
strength than those prepared from alloys with higher Al
contents. Thae nominal alloy compositions are shown plotted
on the Af-Cu-Zn liguidus projection diagram in Flgure 2.1.
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Figure 2.1 The liquidus projection {1, 4} for the Cu-

zn~aAf system showing thae compositions of the
pominal alloys (@) and specific phace
regicne of interest

=1 Caustic leachipg

Raney copper catizlysts were prepared from the alloys by a
procedure similar te that adopted by Marsden ot a2l. (5},
unless otherwise statod. In these experiments 20g of

allpy particles 0.50 to 1.180mm in diameter were placed in
1115 of de-ienized water, contained in an open hecked S00ml
round-bottomed flask, suspendad in a constant temperature
water hath at 50°C. After the soluticn reached temperature
equilibriom, 1t1ml of 14.1M agqueous sodium hydroxide
solution was added dropwise over one hour to achieve 2
final leach concentraticon of 7.06H The amount of caustic

solution provided was equlvalent te morea than four times



the stoichiomstric amount of aluminlum present in the
alloy. No means of stirring was provided as it could lead
to the unaven mechanical breakdown of the catalyst porous
reaction rim. The reaction temperature was controlled at
50 + 3.5°C. The extent of the reaction was determined by
the time of centact of alloy in the caustic selution.
After extraction nad taken place to the desired conversion,

the catalvst particles were thoroughly washed with de-

mwnd o =5 .

by drying in air at 120°¢ for ona hour, or W

by axposure to nitrous oxida. Passivation comprises tha

a1t E ] roaiare o . . [ S o O S
Wi lla LuVHELSLLILES UEJ-LI'HK-J-UH of the Ji[JUb'.‘:U. Leif | P L E.'.‘U.L.I.ﬂ.bt-',

using a technigue descpibed in Appendix ).

The chanji¢al reactions invelvVved in the leaching of the
- fu=-Zn=-AfL alloys with caustie solution (8} may be

representad azs follows:

Al+OH + IH,0 = AVNOH) .+ 3/2H, - (2.1]

Zre ZOHW2H,0 » Z0l0H1 34 F, — 2,2}

Frior to reactor testing, a11 passivated and air dried
Raney catalysts were re-sieved in order to remove smaill
copper fines geperated during the leach reaction. No

Formal ecaloination procedure was nacessary.

fc) Acid leachindg

In this case, 10.00g batches of tarpary Cu-2Z2n-Af zlloys of
diameter 0,50 to 2.1B0mm were leached in final sclutions of
gither npitric or perchloric acid of 5%, 14% or 27.5%
strength, using an alpest identlical procaedure already
outlined for base leaching. Acid solution corresponding to
three times the stolchionetric amount of aluminium was
added dropwise over 15 miputas to an edqual volume of de-
ionized water containing the alloy particles. Fellowing



the leach reaction at 50 * 3.5°C, the catalyst particles
= =

K|
wars rtemovad From the acid anvironment and thoeroughly
washed with de-i¢onized water until the pH of the wash water
was 7. Raney copper catalyst preparation was conpleted by
air drying at 120°C for one hour. Unlike with caustic
leached zlloys, it ie impossible to present the precise

stoichicmetry of chemical reactions occurring dua €o the

complexity of alley reaction wWith nitric and perchloric
acid. The following reaction eguations are therefore

assamptions:

Cu-Zn-Al+ HNO, (cone. ) = Cu{NO,]_+ NG, - [2.3)

The concentrated nitrie acid (Equation 2.3) acts as a&n

cxidising aqgent.

{ii) Perchloric acid leached alloys:

Cu-Zn-Als HOUO, = Cula) +A0° +2Zn* = (2.5}

The validlty of these assumptions are digrussed in Chapter 4.

fa) Alkali prometed Rapnev copper catalyets

The optimised Ransy cu-Zn=A¢ catalyst [see Chapter 6) was

wiﬁeﬂ—by—pPEm,t__ M with alkali metal, using a process
developed by Klier et al. (&) for similar prometion of co-
precipitatad Co-2no methanol synthesls/WGS catalysts. This

process was utilised O promcte the cptimised Raney cepper
catalyst with 0.1, 0.5 or 1.0 neminal mol% lavals of either

b .
Thus, & total of nin

pesium, rubidium or potassium.
promoted catalysts were prepared for reactal testing.
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aguaons sr:llut_u::n containing the caleculated pass of glkali
metal (CsOH, RBOH or KOH)}) reguired for promotion. The
golution ceohtalned i & 5wl &lass bealker weE slowly
avaporated o drynes:zz in a constant temperature water bath
controlled at 50 + 3,.57C.

(e} Zinc implavted Repey ¢opber catalysis

Catalysts were prepared for ion implantation as follows:
n¥F

211AY wariti clac __"L:nmn"l'i:l'r" 1,000 o 1 180 mmwi+h g hnm%nal

fffff J Ful— ‘-I'J-ﬁ"
gompositicon of B0WtE Cu and hOwtd A - Cu{S0)AL{50) - were
passivated after leaching in 5.3 wedH for one hour in
accordance with the procedure outlined in Appendix 1.

[ icLel ] DR AT B oL AF AR WL Rall & LAAdIL L

Batches eof 3.0008 of Raney cetalyst were Iimplanted

aceording to the detailed descripticn outlinad in Appendix
2 Por a dosage time that is related to tha tgtal ion dosage

level raguired by the following relationship:

DxAXg
T = ~FTxeo ~ [2.8]

dosage time [minutes)

E
=g
17}
-
o
-
]

m ion dogAge (ilons.cmm o)
= tmtal surface area of target material (cm™)

_____ 1T =L

cﬂarge of eleckron (1.602 x LO07"°C)

Mg o D
IL

= pperating current (A}
spherical particles were asgumed for the calculatian of

tortal surface area [A).

2.1.2 Pn-ﬂypninitﬂtiﬂn

The preparation of catalysts by co—-precipitation of the

constituent metal zalts under controlled reaction condi

tions !'tgm_paraturgf pH and reaqent flow T_’ﬂtE] ‘ usuﬂlly

e Tl . hn—ﬁ"g“ L

produces a 2 reproducible Romo

¥ Bl =)
WL 1%

L2

Y
LA

;.
|..u

raspective metal 1ons (7).
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The procedurs of praparation of og-precipitated cobalt-
manganese and cobkalt-chromium catalysts was developed by
co-workers {8) after gonsideration of several variations on
the method outlined By Maibti o 21, (%}, Nitrate metal

allivr LS

o b A~ o v Levs
a8, Witk S I

poiscns (Chapter 1) wera avelded. A spall scale labgratory
gset-up resulted in a npodest recovery of reagants (+ l0g pey
batch) as outlined in Appendix 3. Lerger ameounts {+ 1044g)
of catalyst werpe prepared et the {hemicsl Engineering
Pepartment, University of Potchefstraom, Vaal Campus | South
Africa) by a continuous co-proacipitation method, described
by Deckwer et ai. {10},

4 co-praciplitated copper-zinc-mluniniym low temperature CO-
shift pstalvet was= prepared at ENERTEE,. C=IR. Pretoria;
South afri¢a, ueing a procedurs outliped by Stiles (11) and
reported in Appendix 3. A ratio of two zino to one copper
[y ma=zes) resulted in a catalyst of required formulation
that ig generally preferrsd (11) by plant operators,

2.1.3 Catalvst pelleting and calcination
aAfter calcination, the fine powdared catalyst precursors

wera pressed inte nan upifcrm digcs of + Zmm thicknass

betwean twe sheets of wax papar uslng a portable hydraulic
"""Tﬁﬁﬁﬁr‘tﬁi*tﬁnchmzlif————Th&—ﬂisEs—wef&—H%akan—dewﬁ—aﬁd

zieved to obtain 2 particle sigze distribution from ¢.500 to

L.1E0mm, Tha particles were then loaded

furneace and the Co-based material calcined in mir at s500°C
whilzt the Cu based materjal waz galso

mhtm @ o EFE
[FL [ I A L

[

1
i dd

I

for 24 hours,
celcined in air at 300'¢ for 7 hours,

2.1.4 Analysis of metal ¢optent

The bulk metz} composition of alloy and co-precipitated

=T'm EE 4 — Xl sl G bSO L L/ S PE S O

Details of the procedures used are ¢iven in Section 2.5,
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2.2 CATALYST TESTING

Catalyst batches of 2 + D.1nl were Ioaded jints figed-hsd
laporatery microresactors [detailed in Section 2.2.2) and
reduced in siftu under H,.

Allay and co-precipitated Cu-based catalysts wera reduced
nnnnn r E . e

according to & procedure similar to that described for the
ICI 53=1 lew tewperature shift catalyst (12 which iz

rollowing a reactor purge to remove oxygen, the catalyst
was heated in inert N, (99.939% purity) to 120°C at a rate

as g : was Sub—

gtituted at a GHS5V = S00h~" and reducticon commencaed. The

(ideally 30 C/hour) and maintzined for 18 houre, At mll
=tagaes of reduction, care wae taken to prevant excothermic

Tenperatuora run-aways,

Co-precipitated Co-based rcatalysts were reduced isother-
mally in a pure H. (GHSV = 200h™*) stream at 400°C for 16

hours.

After reducticn, the ¢catalyets ware cooled ta 200°C and the
reactor flushed with nitregen pricr to tha introduction of

reagent gases.

2.2.2 Microreactor svstems

Low temperature OCu-bhased WG5S catalysts ware tested for
activity and stebillty uslng twe banks of three fixed-bed,
stajinless steel laboratory microrsactors, as illustrated in
Figure 2.2. Sulphur co-feed experiments were conducted in
an lsclated bank of twe fixed-bed laboratory microreactors,
housed in a fume-hood. A schematic diagram 1s given in

Figure 2.3.
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Both reactor aesamblies enebled indepandent catalytic
tasting under approXimately identical experimental
condltions. censtruc¢tion was from 1/4" gstainless stesl)
tubing and etainless steel Swagelock connections
{ Tohanheaburq valve and Fitting, Sooth Africal.

~arbon monoxide and nitrogen (introduced as an inert tracer

gas and cetalyst coolant) of > 89. ok 'E:ll]l‘lt".l' {supplied by

S HRa ArRAdn L fES R SESS X
Afrox, South africa) or a prenixed gas (typleally 10% CO/H,
by wvol.) =up pplied by Fedgas, South Africa)l

and other
reagent gases g.g. hydrogen {(for redoction)i, wers

the evaporators of the respectiva reactor pssenbl les. Flow

rates were controlled using Wiltey fine contreol nezedle
valves, situated upstream from tha respective flow

— indicatorg (0 = 21 gaghoer Aalburg Insktruments and Contrel —
Inc. USA)l, De-ionized water from the regervoir was pumped
4““““iﬁtﬁ‘tﬁé‘ﬂ?ﬁpﬂrﬂtﬂTE4{ﬁFpEHdi#—4&—4&FHNHHH%49§—H—54LEGn—ggggggggf
Minipuls peristaltic pump. The evaporators were malntained
ot 130T using thermestatically contrelled alectric heating
tape {(supplied by Electric Elements, South Africa). To
prevent water condensation, the outlet lina of the
evaporator ko the inlet of tha nicroveactor was heated
petween 120°C and 1i50°C using electric heating tLapes
regulated by J—type thermocouplesd and thyristor

controllers.

Two types of reactor design and heating metheds were used.
Madified Helico flex sealed Korf and Espincza {131) reactors
{Type 1, detailed In Appendix 4) were heated by means of
electric heating tapes as described for line tepperature
control. Modified type 1 vacuum sealed Korf and Espinoza
{13) reactors iType 2, detalled in Appendix 4] were heated
by means of elestronic heating Jjackets (Heating Element
Engineering, Scuth Africa) and the tenperature regulated by
K-type thaermocouples and thyristor controlliers. [ REL
Instruments). The pulphur co-feed experimental reaciors
and one bank of three low temperatura WGS reactars wWera

configured in thls design, (Type 2) whilst tha remaining
bank of threa were configured in the former design (Typa
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1). In both cases, an additional thermocouple was insertad
into the catalyst bed for accurate temperature measuremants
during the reacticn. For all data guoted, temperatore
control was better than + 1.07C.

HirEdram Famorasd 1 H
oF [ SR CTAE L TFLUSS ¥ TR el ar o L] e - W n et

Tap

gas mixture hefore analysis. This was necessary as water

could have damaded tha gas chromatographic columns. The
uld have damad o Ogran

trap eystem consisted of twe 500ml Dreschel bottlas par
TEAMTOY ., Wwater condensed in the fixst trap and was
completely removed in the second which contained anhydrous
loride drying agent. Both traps were kKept at

room temperature.

~— Tho mechanistic co—feeding experiments were carried out in—
a fglacs micro-reactor. The glass reactor agsembly also

— allowed for the introduction of —eorganic liguids by —
controlled avaporetion as detalled in Appendix 5.

2.3 PRCDUCT ANALY¥SIS

2.3.,1 Gas analygis from the reactor-assepbly testing
Cu-based catalysts

Gasecus products from the reactors were fad intoe three-way
golennid walves [ASCD, USR) which enabled the analysis of
product gases from a selected reactor by the on line
thermal conductivity detecter (TCD) of a Hewlett Packard
5730 A gas-selid chromatograph. A pnetmatically operated
six port sampla wvalve (Valce] was used to injact the
product gas from a 1lml sample loop inte a Im ¥ l/an0
stginless steel Carbosphere column {Alltech Associates,

50-B0 mesh) operated isothermally at 50°C [(using Ar as a
carrler gas). Separatlion was adequate for the Fixed gmses
i.e. H,, N,, CO, CH, and CO,, although separation of N, and
0., could not ke achieved with this column. However,
periodic separate ofF=1ine &analyses, Uusing a molecular
cigve column confirmed that O, levels of less than 0.001%

mal. were present in product gasas.
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An anp-line Spectra-Physics 4290 electronic  integrator
eguipped with an external avents module was used to fully
antomate the continuoue selective gas =sampling of each
reactor in the multi-reacter systems. Gaseous hydrocarbons
fC,~C,o) ware analysed using a temperature programmed 2m x

1/8% stpinlaszs steel Porapzk ¢ column [Waters Assooiates
Inc., BO - 100 mash) and tha flame lonisation detector

{FID} of an onff-lipa Pya Unigcam 204 gas ahromatograpt
{using N_, as a carrier gas). A manually operated six port
zample valve [(Valceo) waz used to inject gas mixtures from

L2 1 Bwch o = 24 4 - == L

a2 1mi sample loop inteo the column.

- - = -~ — == - = -— -

o - .
reector sgsgembly

B
Ll
%)

A similar three-way solencid valve set-up enzbled either of
— the remector gas streams to he channelled inta the 0.25ml
sample loop o©f an on=-line Hewlett Packard S890A [Flame
—— Phetometric batecter - FPFD}  gas  chromategraph. — &

prgumatically operated s8ix port sample valve [(Valcp)

injected the selected gas sample into a Chromesil 310,

2m ¥ 4mm ID glass column, isothermal at 8o L. Good
separation of CO0S, H,S, C5. and 50, was obsarved in the N,
carrler gas [(20ml/min).

simeltaneous TCD analyeie of the fived gas i.e. Hy, N5, CO,
CH, and CO., was achieved using a gas chromatograph bullt
for the application [(Wits University). Detactor and oven
temperature were regulated iscthermally at 1807C and 10070
respectively, using propertlonal ipntegral derivative [(PID)
control. Onee agein, a pnewmatically operated =ix port
sample wvalve farilitated accurate injection of a 1ml gas
sample into the Zm ¥ 1/B" stainless steel Carbosieve SII
column {Supelco, USA &0 = 80 mesh). He (99,5933 purity)
carrler gas wac used {25ml/min).
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2.4 DATA EVATIATTION

£11 gas chromatographic data cobtained was analysed by the
built-in data evalouation programs of & Spactraphysics

gpa2ep  eaelectronic integrater. These programs ware

2.5 CATALYST CHARACTERLSATION
z.5.1 pulk characterisatian
{a! = = - —a __ 1 — L

by atomie absorption spactroscopy [(Varian Techtron Aadd),

"""""tUbaIt‘manganE5e4uﬁtﬁ54anﬂ4cnbait4thrﬂmium*catai?st54w3Lu

analysed using the standard addition method. Samples of

— o100 g of these catalysts were dissolved in minimun —acgos
regia (£ 10ml, boiling for 5 minutes) and dlluted up to 11
with digtilled watar. The molar concentration of the metal
components was then determined using standard sglutione as

calibrants.

Alloys and catalysts containing Co, En and Af ware snalysed
by exactly matching the composition of standard and sample
solutions according to the procadere cutlined in Appendix

7. FError of determipation was * 2whi.

(i} Inductively Coupled Plasma-Mass SpectIoscopny
{ICP-MS)

The mlkali metal and icn implanted zinc content of Raney
copper catalysts was determined at MINTEK (Randburd, South
aAfrica) using ICP-M3, Standards wera matched to samnples
using the method eputlined in Appendix 7 to avold possiple
shemicel interforence effects. All concentration levels
analysed For, warae well within the detection limite ©f this

technigue.
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£ X-Ray Diffraction analysis (XRD)

A Phillips PW 1050 diffractometer (incorporating a copper
anode and graphite monochromator) was used to determine the
crystalline bulk structure af 3alleys, catalysts end
mh- A *

T ey w— L o
e wa il R, N e el

Analysis was ecarried out using a Dupont 9200 therma
analysis agystem linked te a 9210 DSC and 951 TGA modula.

atmospheres by use of a gas manifold systom. Gas flow
— rateswere typically 3tuolmin whiich esrmsured continued

aderuate flushing of the TGA and DSC cells.

2.5,2 Surface characterigation
fa) Scanning Fleckron Micrescopy. [SEM)

SEM meaguramants wara paerformad at AECI [Modderfonteln,
Sputh Africal using a JEQL JSM=2S5CF Scanning Microscope
witihh EDAX and elemental mapping facilities. EDRAX arror of

determination was 2 = 5Swti,

(k] surface area measuremnents

Specifiec copper surface areas were determined by nitrous
axida pulse gxperiments hased on the procedure reported by
Evana =t al. [id4). A deatailed description of the

technique and instrument is presented in Chapter 3.

Active copper metal dispersion iz expressed in terms of the
ratie of the total number of surface atoms to the total
number of metal atems prasent, according to Eguation Z.7.



T

D= WS} SN, - [2.7)

where! D, = activa maetal (M) dispersion (%)
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Copper particle volume-area maan diamotar (4.,.] was caloy-

lated from the exprossion (157 hacood n tho cnharissl
preszslon (12 DAzad spharioal

e e E e

atom in the surface
v, = Yolume per metsl atom in the bolk

0, = a&active metal (M) dispsrsion (%)

BET surfacs area waasnrements were determinaoed wsing a Carlo
Erba Sgrptomatic Series 1800 analyser. Pore sl2e distribu-
tions were determined from the Kelvin Eguation usipg data
nbtained from the desorption isotherm [(l6). In =it BET
surface areas were deternined wsing the copper surface area
analyser detailed in Chaptar 3I.

(<) Fourier Traosform-Infra Red Swectrogcopy (FT-IRY

A PBruker IF5 B5 Spectrometer with a Dlffuse Reflectance
Opticel accessory [(Marrick) was used to determine reacticn
intermadliates in an in situ Reaction Chamber {(Marrick]).

rdl X=-kay Photoeloctron Spectroscopy (XPS)

In-5itu XPS was used to determine the nature of sulphur

adsorption onte two cobalt besed high temparatura WGS
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catalysts {see Chapter B). Experiments were cepnducted in
B ¥acuum Generatar "Sclar 300" chamber (base pressure

4 x 107*° bar) with a V& *CLAM 100" system comprising of a
standard (Mg/A¢) water cooled anode and a LEGEl slectron
gun, mounted lpn the chamber. These sources shared a 150°

The catalyst reactor oonsisted of

M ~hamnhoayr whick wa
E RN EEF - H LT L= ) L ETE LT L

precsure cell which was in turn linked to the UHV chamber.
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which fitted into a recess in a motor driven cylindrical

rord. Tha sample was hested resistively by pessing a

current through the sample holder.
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effectivenass. A knowledge of the accepsikbllity of the

activa catalyst surface to reacting gases is not only of

=SSR arww =r - g R LT

conslderable importance because it is coftan closaly related

—  fo catalyst saotivity, but aleg for catalyst development angd

the study of sintering and palsoning (17.

AR supported copper catalysts are of immense industrial

importance (sea Chapker 1, Sectien 1.4}, it is nat

surprising that many chemisorption technigues and adsorbate
gases [Vprobe malecules") have been used Ln an attempt to
agtimate the exposaed copper matal surface area. Carbon
monoxide cheml=zcrption has bheen used at ambient conditions
(2), but due £o the low heat of adsorption, it js difficolt
to differentiate betwaen physically and chemically adsorbad
gas. Thus the difference hetwean the total CO adscorption
isotherm and a physical adgsorption isotherm of nitrogen
must be used to determine total monglayer coverage. In
catalysts whare the metallic surface area is smell compared
to the total surface area, thip differsence beconss
impossible to determine because the physical isotherm lles
vary close ro the iscotherm representing the total amount of
adserbed carbon monoxida. The problem is further
compaunded because of unknown CO0/Cu,, staichiometry.
Echolten ot al. (3) concluded that hydrogen was not a good
chalee for gas adsorption onte copper hecause of plane
spacificity characteristics and a Jlow degrese of mnetal
covarade at ambiant temperaturea and preassurs. His findings
worg based on extensive work by Fritchard £t al. (4) who
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proved that the low index faces of copper, namely (100),
{110} =and (111} were inactiva at ambient temperaturs.
Dxygen iz readily chemisorbed onto copper in a complex and
temperature dependant interaction which often results in
partial and slow oxidation of the bulk material (2).

[ S Ry [ — Tim e
HEVELGNELCSE » b B

carefully controlled conditlons, reliable surface area
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provided an alterpative approech to oxygen chemiscrptien
for determining the wetal surface areas of bothh pure and

supported copper catelysts (6). The reaction of nitrous
=

h popper surfaces was studied by Dell et al. (7)

who observed that fizectly, only oxygen 15 taken up oy
_ copper and secondly, that decomposition of ane nltrous
— oxide molacole correspomded bt the formation of only one
an molecule, resulting in no prescura change during
— the reaction:

M O{g) = Opyge v, (2} - (3.1}

The lower raactivity of both surface and bulk copper with
nitrous oxide as compared ter the raactiocns with oxygen are
considered by Scholten et al. {3} to be relatad to the
difference in electronic structure beatwesn the two
melacules. The linear nltrous oxide molecule ie stabilized
by resonance, whereas oxygen is the more reactive, owing to
ite ‘psendo-radical® character, caused by the presence of
two uppairad electrons in different p-levels. Thus, the
kinetics of the reaction With nitrous oxide iz more ideal
tfor copper surface area determination because greater
sontrol between bulk and surface oxidation is possible.
From Figure 3.1 the point of oxygen breaskthrough [oxidation
of subsuorface leyers) can be clearly identifiaed at
temperatures of 120°C and 140°C.
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Figure 3,1 oxygen chemiscrption wvia nitrous oxide

decooposition on a copper—ocn-Mgo catalyst at

various texperatures rs a function of time
of contact with NGO (1)

Machanistically, 1t ha= been considered (7} that tha
nitroue oxide moleculs iz adeerbed onto the surface of a
copper particle prior te decomposition inte a nitroagen and
an adsgorbed oxygen ion. HNitrogen is subseguently descrbed.

Dall et al. (7) measured the reaction enthalpy for various
values of opxygen coverage and found them to be eguel to
half the heat of chemicorption of oXygen plus the enthalpy
of dacompozition of nitrous oxide. From the thermodynamic
correspendence between the two surface reactions, they
concluded that the oxygen atoms from nitrous oxide and fronm

oxygen are adsorbed on the same sites and in the same form.

fhe same authors also established a surface stoichiometry
OFf Cl,g)/Onaw = 2 at approximately 25% surface coverage by
oxygen and a temperaturs of 20°C. This ratio was confirmed
by Scholten and Eeonvalinka (1) who =showed better
reproducipility around 90 - 100 C with almest full surface
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coverags by axygen. Thus, the conplete reaction of nitrouos
oxide with copper may be represented according to Eguation
3.2,

where: & = surface atoms

The quantity of nitrogen formed by the decomposition af the
dir

nitroue owide give=z a means of ect nmeasnrvamsnt aof the

irL il =1 Lllletr

metallic coppar surface aroa.

—  There iz no agreement in the literature 28 to the optioum
tempearature at which the reaction should be performed.
Evans et al. (81 reported data which is in agreement with ——
a reaction temparature of 50 = 100°C as reported by
oxidation occurs from a tenperatura of approximately 12002,
Sengupta af al. (9} stete that a shaxp lncreaasa in N 0
decomposition at 70°C may be interpretad es the onset of
bulk oxidatlon. Thay alsc consider that bulk oxidation
starts as low as 67 O, whilet Chinshen et &l. (6) recommand
an operating temperature of &0 C, which iz in accordance

with the result of many researchers who conéluded that no
aupstantial change in the uptake of H_0O occurs bhetween 20
and Bo°C. Alsc, Osinga eof al. [10) recommend weasurements
be carried out at temperatures of 20 -~ 120°C as bulk
oxidation le only apparent from 150 C.

A variety of es¥perimental techplgues have bean used to
detarmine the extent of the reaction of N O with the copper
surface. Early experiments by Dell er &l. (7} and Osinga
et al. [10) employed a stalic system which involved
freazing out unreacted KH,0 and measuring the residual
nitrngen pressure in a volunetric adsorption apparatus.
Scholten and Konwvalinka (1) used a high vaculum apparatus
which permitted alternate cireulation of HW.0 over the



g4

catalysts at constant temperature and pressurae. After
required time intervals small gas samples waera wirhdrawn
from the wystem and analysed by thermal conductivity and
MAass gpectraoscopy. Giamello et al. (11) used
microcalorimetry to follew the interaction of N0 with

HOppAr . A microcalorinaeter was connected to a volumetric

. . —

apparatus which ensbled the dosing »f small amounts of H,0
onto a catalyst., Various forms of pulsed chrometographic

[ — —~

methods have beon teste

For example, Dvofak and Padek

d.
f121 injected pulzses of H.0 into a hellum cArriar stream as

it passed over a sample of catalyst.

"-ﬂ:

a
oxide from reaction was removed From the He-No gad mixture

thermal conductivity.

Evans ot al. (8) further refined this method by using a
—  thermister ¢lement of a thermal condbetivity detector o 000
analyse gas nmixtures directly. Their apparatus also

permitted in situ BET determination of samples. Chinchen
gt af. (6] developed a flow chromakegraphic wmathod by
exposing the sanmple to a dilute mixture of N,0 in heliuw.
A mass spectrometer and katharometer were used for gas
detectian.

Bond and Namija (2) have recently used TPR to directly
determine +the number of oxygen etoms chemisorbed by
reaction of H_.0 wilth reduced copper catalysts. This was
dene in an attempt te firstly minimize tha disadvantages
encounterad whan measuring very low H, pressures 1ln the
volupetric method and secondly, to aveid the reported
difficulty wof identifying conditions giving complete
reactlon put no bulk oxldation when wkilising the pulsa

technique.

In this study an attempt has been made to demonstrate that
a pulse chromatographic technique may be used to obtailn
reiiable and comparable results. Dptimis&tiﬂn of the
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technigue invalved censidering the following aspects:

(1) Copper surface atomic density (Cu atoms.n™%). The
coppar surface areag ara calculated on the basiz of a

knowledge of thae COpRer purface atomic densit

I g

* the walue to kbe uvaed ig avident in

axr FLianar - wr rr rvTm s ™ -

literature. Osinga &t &l. [1D] and Dvolak and Pasek |

calrnlated a wvalue of 1,358 x 107*fu eptoms.m™®

acsumption that the (100), (1103 and (111) planes arsg

enually oresent on the surface. Using the sBme assumptlion,

kil s S 8 B
-

Dall &t ai. (7)) calculated 1.46 x 10*® Cu atoms.n™= based on

a value of 6.8 &7 for the mean area per copper sikte, as

compared to 7.41 AT used by Osinga of al. |
and Pasek (12). Schpolten and Konvalinka (1) calculated
—valoe of 1.7 x 1t0*+*Cu atons.m* on the basis of an——

egquilibriom surfaca plane distributlon in &opper of 25% of

— {100y planes; 5% of {110y planes and 7ot of (11t} planess—————
The plane distribution reported by Sundguist (14) gives an

1= —nl
L - ]

o, A L o - | | 9 " A
L] Al UvoLdnR
] a

(ii) Volpme and number of nitrous oxide pulses. Evane et
al. (8) recommended A single pulse of 3 to 4 times graater
volume than that decomposed is negessary to eliminate
kinetic effects aespociated with Reaction 2.2, whilst
Koeppel et 21. (13} injected a number of pulgses aof a

standard 0.5cm”® volume.
{1ii] Mas=s of sample.

(iv) Temperature of reaction and the identification of

surface and bulk oxidation.

(%] Suitability of the method for determining the copper
gurface area of Raney and co-precipitated catelysts. CO
back titration was employed to determine the accuracy of
the pulsa technigue. Thizs involved reducing the copper
surface (oxidised by the decomposition of nitrous oxide)
with carbon monoxide, to form CO, gas accerdiny to Eguatian
3.3.
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CAlgy » (Quy) .0~ 00, (g) +20Cu - (3.3}

o
[

By guantifying the C0. formed during reduction, the copper
i t

may show zome N_ O decompasition activity,
al. (8} found that copper catalyste containing oxides of
chromium, zine and aluminium promoted bulk oxidation.

For all calculations, the surface oXygen coverade, O, is

Jefined ¥ : - lafiniti :

—  Fonvalinga soch thatt 0 = 1 for Cu/U oo =* 2

WieTres

g - = - (3.4)
SB&T

and & = syrface area (m”.g™*)
J.2 EXPERTMEHTAL.

3.2.1 Apparatus

The atpospherlc pressure flow system was designed  to
determine copper surface areas by pylse chemiscrption and
total surface area of the reduced {or oxidised) samples by
the single point BET method. The apparatus is similer to
the design emploved by Evane of al. (B) and is shown in
Flgure 13.2.
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Fiqyre 3.2 Schematic diagram of the pulse chemisorption

apparatns, configurad for BET determination
{modified from reference 8)

A modified Warian 3300 ges chromatograph with = thermal
conductivity detector was linked to a 3Spectra Fhysics
EP4270 integrator, and used for gas analysis. Helium
carriar gas (59.999% purity, FEDGAS) or a mixed carrier gas
of composition 27.3% nitregen in helium (FEDGAS) could be
selectively brought on line as reguired by means of the
three—way walve as graphlcally portrayed in Flgure 3.2,
Both carrier gases and nitrous oxide (93.39%% purity,
FEDGAS}) were further purified by wmeaps of axisorbs
{guarantaed f£inal purity of < 0.lppm O, and < 0.5ppm H_O
and €O, contaminants. Nitrogen {99.99%% purity. FEDGAS)
apd the 5% hydrogen in nitrogen gas mixture (FEDGAS) wWere
net further purified. Flow rates were contrelled using
Wnitey fine flow control needle valves and flow Indicaters
{Aalburyg Instrument=s and Control Inc., USA O - 21 gas/sh).
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Three Valco =ix port valves and ohne ten port Valeco wvalve
{all pneumatically controlled by salencid wvalvas) were
mountad axternally on the gas chromatograph, and are
labelled ¥ - 4 in Figure 2,2, ©ne eight port valmo wvalve
(valve No. 5) was positioned in the gas chromatograph oven

= WEmridas 8 mamuial mAAne AF
e Bl Ned W ooke el bed e Ay P Ry m i | BN -t A

steel 1.5m1/8" Porapek @ columns (Sgpelco, USA). The five

sample was placed on the sintéered frit of s reactor chamber

positioned midwav alrma am drnrioht arm of thae Duraw Il-
E y n tpright arm of the Puraw U

—
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)
tep opening of tThe upright arm. An a
thermecouple wall extended to just above the =zintered frit

— of the reactor chamber, providing a means of maiptaining

sample tepperature via a 1Type J thermocouple probe rinked

— to 3 digital readout (Rex—=Cl, REC Instrumnentsy. AT

interchangeable FPID (Rex P9) temperature controlled

, 3 e | 5 i e iom ]

pneunatically cantrolled cylinder without moving tha sanpie
U~-tube, thus enabling both BET and pulse chemisorption
meaguraments without sample transfer.

1.2.2 Samples

Raney catalysts were prepared according to the method
reported in Chapter 2, ESesticen 2.1.1 by base leaching
allcys B, C and D to achieve final respective atomic
compasitions of (i) Cul(el.7) Enf{ll.Q) AE(2R.9), (i1}
Cule0.2) Zn(4.2) A€{3L.3) and {1ii) Cu{79.2) AL[29.B].

A co~precipitated catalyst and commercial ICI 53/1 catalyst
of Cu:Zn:Af atomic ratio 1:2.5:3 and 1:1.2:1.6 raespectively

wWere also teprad. All catalyst compositions were
detarmined by AAS using the tochhigque reported in Chapter
2, Seaction 2.5, 2 rcoppar powder was prepared from

Cu.{OH) _CO, {Merck analytical reagent grade) by caleination
fin 3 muffle furnace at 200°C for 16.0 hourc and ip-ziig
reduction {saes Section 3.2.3)).
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3.2.2 Sample agtivation

For beoth the chemisorption (copper =urface area) angd
rhyslsorption ("alngle point" BET surface araal)
gxperiments, each sample was redused in a 52 hydrogen in

tfrooen gas mivikures (R
Lroger g4ds BLMLUrE (2

fa

Before sanmple actlivation commenced, wvalve No., 4 2 was

switched tn a position which isolated the cample U-tube
from the main apparatus, but simultanecusly permitted the
reducing 4as to flow past the sample. Filgure 3.3 ghows the

correct valva pocition far activation.
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Fimqure 3.3 Schematic diagraw of the pulse chemisorption

apparatus, configured for sample activation
(modified from references 8)

In order o minimize sintering, a temperature ramp rate of
30°C/h to a maximum of 230°C for 5 hours was adopted, AL
the end of the reduction peried carrier gas was substituted
for the hydrogen nixture (by reversing valve Ho., L'z
pe=ition), thus enabling hydrogen ta ba flushed froam the
system pefore commencing with surface area determinations.



