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Considering the XRD traces of the 5, 14 and 27.5% HCEQ,
leached alloy (Figure 5.5 a-c) it can be seen that higher
concentrations of acld result in more extensive leaching.

Most noticeabls are dagreages in the Cul(Znlars, ch

togethor with intergranular Af and Zn. Aluminium leachad

1]

[N
[= 1]

more axtgnsivgly than zinc, snd in 27.5% perchloric acid no

Tase hour of resction, This
trend ig consistent with the Az data presanted In Table
5.8, The CuAf phase remained lmpaf?iﬁﬁﬁ to parchloric acid

attack, even at acld concentrations of 14 and 27.5%., The
Cuk? phasa was aleo rasistent to caustie leaching (see
Chapter 4, Flgure 4.7}. Elemental copper was obsarved to
be the primary product of leaching in the 27.5% HCeo,
solution, whilat ng CufI) or Cu(ll] was apparent after 1

hour eaxtractioen in perchloric and nitric acid at all

concentrations (Figure 5.5}).

Leaching Alley B in 5, 14 end 27.5% HNO, (Figure 5.7 d-f
did not change the XRD pattern significantly. As the ac

I)
olad
concentration was increaged, so tha relative intensity of
the Cu(ZnlAé, phase decreased by lessa than was chserved for

leaching in HZEQ,.

Also, the amount of intergranular Af and In decreased, with

tracas of only Af =seen after one hour of leaaching in 27.5%
HNO,. Once ageain, the Cuki phase appeared to be reszistant
ta leaching in all concentrations of nitric aciAd.

Elemental copper was identified in the XRD pattern obtained
for Alloy B extracted in 27.5% HHO,, but as expected, waz
more predominant in the pattern of the 27.5% HCLO, leached
allay (Figure 5.5}. The XRD traces show that the relarive

intensities {and hence content) of the 5 and 14% perchleric

—— e I T e ratw e i o TF SRR N i

and nitric acid leachad (Figure E.5 a,d and b,a
raspectively) alleoys are similar. The Ad analysis of the

catalysts {Table 5.61 is consistent with this trend,

Extraction of Alley B in all concentrations of both acide

——a dmlhad o Eide s

- [ Ty e om
Ior 1.5 I.'IIJ'I.I.EE Shows Thnat arTal LoNd TaEalt

£~ I—--.-.-...-... LA _ ..o
AWl LlluEn , AL B

EN are depleted to residual levels, whilst the bulk copper
content doves not exceed 8 maximum of 76.4wt% (Takle 5.6).
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5.3.4. Statisti isation o a st pre ion
variables

Alloy B was selected for the statistical evaluation of
three important preparation variables (see Chapter 6). 1In
this case, a 2> factorial design was chosen for investiga-
ting the effect of the variable particle size range, acid
strength and acid/metal ratio on total catalyst surface
area. Catalysts were prepared by leaching Alloy B in
nitric and perchloric acids for 1.0 hour according to the
design matrix presented in Table 5.7. The leach reaction

___________ A2dd s trara cimilar A Fhaca warasedead Jd o
p;upeuuxe and conditions were similar tTO tThose Ltepirceq in
Chapter 2, Section 2.1.1.

Table 5.7 The 23 factorial design matrix for

determining the effects of particle size,
acid strength and acid/metal ratio at two

levels using 8 experiments

Standard/ Particle Acid Acid/Metal
run size (pm) Strength ratio

number (%)
1 300 - 500 (-)* 5.0 (=) 1:1 (=)
2 1180 ~ 1400 (+) 5.0 (=) 1:1 (=)
3 300 - 500 (=) 27.5 (+) 1:1 (=)
4 1180 - 1400 (+) 27.5 (+) 1:1 (=)
5 300 - 500 (-) 5.0 (=) 3:1 (+)
6 1180 - 1400 (+) 5.0 (=) 3:1 (+)
7 300 = 500 (—) 27.5 +) 3Tl )
8 1180 - 1400 (+) 27.5 (+) 3:1 (+)

= P051t1ve and negative signs indicate the high and low
levels selected for each of the variables (see Chapter

VS for each

O\P

The BET surface area responses, together with the bulk

catalyst compositions (determined by AA) for the nitric and
perchloric acid leached alloys are shown in Tables 5.8 and

5.9 respectively.
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Table 5.8 BET surface area responses and corresponding
bulk compositions of the Raney copper
catalysts leached in nitric acid

Standard/ | Sper (response) Bulk Composition (wt$%)
run (m=.g™")

number Cu Zn Al
1 2.5 64.0 10.2 25.8
2 1.5 57.5 14.0 28.5
3 1.0 67.6 9.5 22.9
4 1.3 56.0 14.4 29.6
5 0.9 63.4 12.5 24.1
6 0.6 62.4 17.9 19.6
7 0.9 68.9 6.4 24.7
8 1.4 58.9 14.1 27.0

Table 5.9 BET surface area responses and corresponding
bulk compositions of the Raney copper
catalysts leached in perchloric acid
Standard/ | Sa=r (response) | Bulk Composition (wt%)
1IN (m=. g—'l )

number ) Cu Zn Ae
1 5.1 80.7 11.0 8.3
2 6.5 65.5 10.5 24.0
3 5.0 69.8 7.6 22.6
4 4.3 67.9 12.6 19.5
5 5.8 64.9 9.9 25.2
6 7.7 69.6 10.6 19.8
7 8.8 83.5 3.6 12.9
8 7.0 80.9 5.3 13.8

No significant main effects or two factor interactions were

observed for either the nitric or perchloric acid

statistical experiments, and as a result, three catalysts
n on

were randomly chosen from eacn design on the basis of

"high" BET surface area and/or high Zn content for reactor
testing. Based on this criteria, Catalysts 1, 4 and 8 were
chosen from the nitric acid design, whilst Catalysts 6, 7

and 8 were chosen from the perchloric acid design.
Immediately evident from Tables 5.8 and 5.9 are the
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extremely low BET surface areas of all 16 Raney copper
catalysts relative to those of the caustic extracted
samples. The BET and copper surface areas, together with
the copper dispersion of the selected catalysts are

presented in Table 5.10.

. 3 "y .

selected Raney copper catalysts leached in

nitric and perchloric acid

Acid < F— Scu Copper

Catalyst (m*.g™*) (m*.g™%) Dispersion (%)
- number x 10™*

N (1) 2.5 0.49 2.2

N (4) 1.3 0.05 0.3

N (8) 1.4 0.27 1.4

P (6)° 7.7 0.31 1.3

P (7) 8.8 0.46 0.2

P (8) 7.0 0.19 0.1

nitric acil eache J e

.8)

4

b

H o

perchloric acid leached catalyst,number ... (see
e

able 5.9)

From Table 5.10 it can be seen that leaching in both nitric
and perchloric acids under the stated conditions resulted

in Raney catalysts with negligible copper surface areas and

ispersions. Interestingly,
perchloric acid leached alloys are at least twice the area
c acid extracted samples. XRD

the BET surface areas of the

[}

a
134

5) showed that more extensive extraction

Al e 2 F PN &=t
voSgcL veQu LOL Uil

analysis (Figure 5.
took place during perchloric acid extraction, especially in

+ri
N de

concentrated solutions. This observation may explain the

higher surface areas.
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(a)

The initial WGS activities of the selected nitric and

perchloric extracted alloys are presented in Table 5.11.
Specific activities are expressed as the rate (per hour) of
moles of carbon monoxide converted as a function of :
volume of catalyst particles (Rate a), composite (total)
mass of catalyst particles (Rate D),
surface area (Rate c) and BET surface area (Rate d).

specific copper

~nf
CL

.~

': r-Y-~4 e -

in nitric and perchloric

Danaw
l\mlc’

Q
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]
ct
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g

Ar~iA S Trarde anon cede € men Dadm fa) Dad+a fHh) odeo Lo~ oA s e
avaiay LA LL Q- LAVl NALE (|« ARELS (&) aRave (& rate (d)
Catalyst time (h) (moloo/ml/h) | (MOloo/Goems/R) | (MOleo/mic,/h) | (mOlo,o/m*/m)
number x 10~° x 102 x 102 X 10™<
N (1) 1.0 2.37 1.38 2.82 5.54
N (4) 1.0 0.16 0.09 1.84 0.71
N (8) 1.0 0.85 0.49 1.78 3.48
P (6) 1.0 0.7 0.50 1.62 0.65
P (7) 1.0 0.64 0.53 1.16 0.61
P (8) 1.0 1.10 1.09 5.67 1.56

= Temperature = 200°C; Total GHSV = 1000h~% Dry gas
composition = 10% CO/90% N,; CO:H.O = 1:22.5; Catalyst
Volume = 2 + 0.1ml

From Table 5.11 it can be seen that the copper and total

surface area turnover efficiencies (Rates ¢ and 4

respectively) are significantly higher than the equivalent
rates observed for caustic leached Raney copper catalysts,

as well as the industrial and co-precipitated alternatives
(see Chapter 4, Table 4.9). Rates c and d for the acid
leached catalysts are greater than expected because of the
high CcO conversions observed for low copper surface areas

at a GHSV of 1000h™™.
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Activities based on catalyst volume and composite mass
(Rates a and b respectively) clearly demonstrate that the
low surface areas render acid leached Raney copper

catalysts inappropriate for commercial operation.

(b) Stability

Long term life-time microreactor runs were conducted on
catalysts N(1) and P(8) with EDAX determined zinc contents
of 3.2% and 2.0%. The results are shown in Figures 5.6 and
5.7 respectively. In each case, stability was evaluated at
temperatures of 200, 250 and 300°C, using the procedure and
conditions described in Chapter 2, Section 2.2. Activities
were expressed in terms of mass of catalyst copper content.
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Figure 5.6 Stability of a nitric acid leached Raney
copper catalyst [N(1)] at various

temperatures®

a motal GHSV = 1000h™%*; Dry gas composition = 10% C0O/90%
N.; CO:H,.0 = 1:22.5; Catalyst Volume = 2 + 0.1ml
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Figure 5.7 Stability of a perchloric acid leached Raney
copper catalyst [P(8)] at various
temperatures=

A = 200°c; [0 = 250°c; O = 300°C

= Total GHSV = 1000h™*; Dry gas composition = 10% C0/90%

N.; CO:H,O ume = 2 + 0.1ml
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For both representative catalysts (Figures 5.6 and 5.7) it
is evident that the evenly dispersed rim zinc contents
could not effectively stabilize the very low copper surface
areas (see Table 5.10) and consequently rapid sintering
resulted in decreases 1in catalyst activity at all

temperatures evaluated.
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5.4 SUMMARY

The caustic leaching of precursor alloys rich in zinc
proved to be an effective method for increasing the content
of zinc in the Raney copper rim without compromising the
formation of high copper surface areas, shown to result in
high WGS activity. The residual zinc had a stabilizing

influence on the catalyst surface area, and a quantitative
relationship was observed between the amount of zinc
dispersed in the catalyst rim, and long-term stability.
Caustic leached Raney copper catalysts exhibited a high

175 - 300°C) under a variety of reaction conditions.
Alloys leached in nitric and perchloric acids resulted in

catalysts with low surface areas and low WGS activities.
On this criteria alone, Raney copper catalysts prepared in
this manner are regarded as unsuitable for commercial

operation.
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CHAPTER SIX

T TISTICAL OPTIMISATI RANEY ER CATALYST

DO

6.1 INTRODUCTION

Raney copper catalysts have been shown to be very active
for catalysing the WGSR. Previous studies (Chapter 5)
demonstrated that the chemical and physical properties of
the resultant catalysts are dependent on the phase
constitution of the precursor alloys and the liquid phase

—diffusion kineties of the leach reaction - which isin turn——

dependent on the preparative experimental conditions (1).
In this chapter, an optimal Raney copper catalyst has been

formulated by considering the large number of variables
which may have contributed towards catalytic activity and
stability. Identification of the important factors in this
system is a task which could involve extensive
experimentation. An approach which has been shown (1, 2)
to have considerable merit in similar situations involves
the use of statistically designed experiments. The
"statistical design of experiments" refers to the selection
of suitable mathematically based experiments which enable

appropriate data to be collected and subsequently analysed

— by statistical methods in order to obtain wvalid and

objective conclusions (2).

The earliest designed experiments (2) were conducted in the
agricultural field at the Rothamsted Research Station in
1843, where Sir Ronald Fisher developed and first used the
analysis of variance as the primary method of statistical

i RV ey

analysis in experimental design. Today, such experiments
are widely employed for multi-disciplinary tasks.

Initially, a factorial design was employed to screen the
large number of predictor variables with the purpose of
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obtaining the most information from the least number of
necessary runs. Factorial experiments permit more than one
variable (factor) to be investigated simultaneou sly in

4]

single experiment whilst, in a complete trial, all possible

combinations of the levels of the variables are
. isti ign for € genera

2* factorial design (k variables, each considered at two

chemically meaningful levels designated as the low value or

"-" and the high value or "+" in the matrix design) enables
2*-1 effects to be calculated. The effect of a variable is
defined to be the change in response produced by a change
in the level of the variable (2). This is frequently
called a main effect because it refers to the primary
variables of interest in the experiment (2). Box et al.
(3) define ‘main effect’ as the measurement of the average
. effect of a variable under consideration, over all
conditions of the other variables. Also, 1/2k(k-1) two-
factor interactions, 1/6k(k-1)(k=-2) three factor

interactions...one k interaction may be evaluated from the
design. A measure of interaction (3) is supplied by the
difference between the average effect of say, variable A
and both levels of a variable B. By convention, half the
difference is called the "variable A" by "variable B"
interaction or, in symbols, the A x B 2 factor/variable
interaction. Interaction(s) between factors occur when
the difference in response between the levels of one factor

are not the same at all levels of the other factor(s) (2).

Main effects and interactions, can be represented
geometrically. Figure 6.1 shows the possible main effects
and interactions of a 2> design for 3 factors (namely T, C
and K).
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TxCxK
(¢) Three-factor interaction
Figure 6.1 Geometric representation of contrasts
corresponding to main effects and

interactions (3)

Main effects may be viewed as a contrast between
observations on parallel faces of the cube (Figure 6.1),
whereas interactions are a contrast between results on two

diagonal planes. Factorial designs are necessary when

interpretation avoids misleading conclusions (2) which
may arise from ‘traditional’ one-variable-at-a-time

. . . . . N

. 7 ’

the factorial results in better precision (3), and if the
variahlaec do0 not act additivelv. the factorial 1Y Flem
aries QO oL aCt allitively, e 1aCllorias, uniixkKe the

one-factor-at-a-time approach, can detect and estimate
interactions that measure the nonadditivity (3).
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Once the important variables have been established, then
further information about their effects can be obtained

from a more detailed experiment involving only this reduced
set of variables (1). Typically, a central composite
factorial design in conjunction with response surface

methodology was used to optimise our selected variables

with respect to high catalyst act1v1ty and stability.

designs are an arrangement of a two-level

factorial design together with a star design including the
central point (4), as geometrically shown in Figure 6.2.
The points in Figure 6.2 represent the chosen values of
variables. Points of the square (joined by continuous
lines) indicate the factorial design, whilst those
intersecting the six faces of the square at right angles
(joined by broken lines) form the star design. The open
circle is the central point.

Figure 6.2 Geometric representation of a central
composite design (4)

From Figure 6.2 the most complete evaluation of the
response surface, using a given number of experiments can

e to
accurately describe any curvature in the system by use of

a second order mathematical model if necessary. Response

- S o

surfaces are usually graphically presented as plotted
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rogntours of constant expected respence, or translated into
three—dimensional curves, The computer packages, ‘Design
gase’, ‘Design Expert’ and ‘Star. Graphics*' were used to
facllitate the analysis of statlstlcal datsa. Compoaite
tactorial designs are more efficient than cne-variable-at—
a-time experiments (5), particularly Lbed<ause the latter
approach often falls to tocate trwe oprtimums; since the
strategy tacitly assumes that the maximized wvalue of onhe

variable is independent of the level of the other

variaple{s), Which is usually net true (3.
6.2 SCREEHTNG STUDY

This phase of tha work finvolved the evaluation of the
effact of 7 Raney copper catalyst preparatlon variables and
4 yaacter condition weriables <on tha esponses: il
. ipitial activity, (ii) final activity and (iii) change 1in
activity wsing a fractional famtorial design. The nuonber
of exparimental runs reguired by a full 2* factorial desidgn

O =

increases exponentially as k is inecreased (3). Iin this
casa, the factorial design for 11 warlables each at 2
levels ts & 23 design and consicts of 2048
runs. Foprtunately, the desired informatien can &ften be
obtained by performing only & fraction of the full
factorial desfgn (3). A 17128 fracticon of this design

consisting of 16 runs was ¢tosen, and is called a

resclutien IITI design. The 2.,:7%77 design has no apain
effects irextricakly linked (aliased) with any other main
efferts, but mein effacts are aliased with two-factor

interactions, and two-factor interactions are aliased with
each other. Thus, only 1f the two-factor and higher order
interactipnns are assumed to be negligible, <an main effects

be estimated. The 2,,.**”7 design metrix is presented in

Takle 6.1
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Takle 6.1 The 2. ,**"7 fractionel factorial design matrix
for determining the effects of 11 variables at

twn lewals using L6 expetiments

' [ Yariakhle™
Standard Rin
Order order
a2 B ¢ Db E F & H I J K
1 k¥ - - = - = = = =
2 10 + - = - ¥ = + + = - =
3 & - + = - 4+ 4+ - + = - 4
4 15 + + = = = 4+ + = 4+ o+ -
5 7 - = 4+ =+ 4+ = = 4+ -
& 1€ + = 4+ - = 4+ = + 4 = 4
7 2 - + + = - - 4+ 4+ o+ = =
;! 11 + + + = + = = - -~ 4 4
g 12 - — =+ = 4+ o+ 4 - 4+
10 3 + = = + 4+ & = = 4+ = -
11 5 - + - % 4+ = & = £ - 4
1z : + =+ = -4~ 4
13 13 - - % 4+ = = 4 =
14 5 $ = + k& = = = = = g
1% 5 -+ + + - = = s =
|16 14 + + 4+ 4+ o+ + o+ + ok + o+
~ M-t = 1w Level
"+H = High Level

‘the standard order (Table £.1) denotes the original
fractiopal design, whilst the Iun order denctes the
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by properly randomizing an experiment this requirement is
validated and conseguently results in the reduction of

~ ~ h|
eXperimencaas e

variables to be assessed in 16 runs thereby allowing for
or

rror (2, 3)

121-7 3 +
(2, 3). The - design permits 11

anso LT TTIT =4 EX 3

error.

(2

he determ
The
the
magnitude, except that fewer two factor interactions are
Thus by careful choice in the

of experimental variability

Nean pr -

fractional factorial design is in essence the same as

"classical"™ Plackett and Burman design of similar

aliased with main effects.
combination of predicted aliased effects, the optimum
information from the least possible runs can be obtained.
The higher order, three-factor interactions are considered
to be redundant. In summary, the low resolution fractional
factorial design may only be used for screening purposes.
These designs do not permit the separate estimation of main

————effects, two factor and higher order interactions. —Table —
lists the low and high levels of the 11 variables

Table 6.2 Low and high levels of the 11 variables screened
using the 2,y:**"7 fractional factorial design
Variable Description Level
Low (—) High—(+)
A Alloy particle size 0.3 - 0.5mm 1.0 - 1.18mm
B Final caustic concentration 10% 30%
c Leach reaction temperature 30°C 80°C
D Reduction 240°C/3.5h 240°C/16h
E Passivation NO YES
F Ccaustic/soluble metal ratio 1/1 3/1
G Leach time 10min 2h
H Zincate solution NO YES
I CO/H_0 ratio 1/20 1/30
J Reaction temperature 200°¢C 300°C
k GHSV 1000h~?* 4600h-*
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6.2.1 Experimental

g

.
lloy B of nom

154
£

»

see Chapter 2, Table 2.1) was used to prepare the Raney
u o

talysts by leaching 20g of the alloy wit

Q
)

hydroxide. The catalysts were prepared and tested for
selected responses in random order according to the

conditions of the variables listed in Tables 6.1 and 6.2.

If required, (see Table 6.1) leaching took place in caustic
solutions containing 0.5M zincate (variable H) whilst
passivation was conducted according to the procedure
outlined in Appendix 1 (Variable E). The reduction
(variable D) was similar at both levels, (see Chapter 2,
Section 2.2.1) except for the total reduction time at
240°C. Responses chosen were (i) initial activity: taken
—————after steady-state conditions had beenachieved, up toa —— —
maximum of 20 hours-on-stream, (ii) final activity: taken

which 1is a measure of stability of the Raney copper
catalyst, calculated from Equation 6.1.

Change in Activity= |final activity-initial activityl (6.1)

The WGS activity is expressed as percent CO conversion for
2 + 0.1ml of catalyst tested in each case. CO conversion

enabled easy and efficient recognition of chemically
meaningful data predicted from mathematical models derived
from the central composite design (see Section 6.3).

In all cases, after the leaching reaction was complete, the

lyst was washed with distilled water (until the

p=1
ALy wleiiTW =il Ll LL LAl wa L=l Lo 0§ ST TN § —iaT

pH of the wash solution was approximately 7) and
subsequently air dried or passivated. Catalyst was loaded
into e fixe e stain i ribe

in Chapter 2, and a gas mixture of CO/N, = 10/90 vol% was

passed over the catalyst at the operating temperature at

atmospheric pressure (0.825kPa).
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6.2.2 Results and discussion of screening experiment

- ot TR L= %o

orted in Table 6.3.

Table 6.3 Fractional factorial responses for initial

activity, final activity and change in

activity

Run Initial Activity | Final Activity Change in
Order (%) (%) Activity (%)
1 92.0 39.0 53.0
2 58.8 44 .5 14.3
3 87.2 71.8 15.4
4 99.9 948 51
5 56.7 45.8 10.9
6 90.1 40.9 49.2
7 94.7 71.3 23.4
8 891 86.1 350
9 78.5 63.6 14.9
10 84.6 82.3 2.3
11 go.9 89.2 10.7

12 99.9 99.9 0
13 88.2 52.8 35.4
14 99.9 99.9 0
15 78.6 77.7 0.9
16 84.9 60.8 24.1

The effect of a variable on each response (known as the
estimate) is simply the difference between the average
value of the response for the eight runs at the high level
and the average value of the response at the low level,

according to Equation 6.2 (1).
~ _ LRat (+) XR at (-) p
= = - (6.2)
A 8 8 (6.2)
where: E, = estimate of the effect of variable "A"
R = response or result (see Table 6.4)
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The results of the 2,.;.**~7 fractional factorial analysis
are presented in Table 6.4. Only "real" main effects with
significant estimates are included, together with the
standard error of determination. Estimates of the main
effects of variables on chosen responses were considered

———  significant if they were approximately three times the —

magnitude of the calculated error (5).

Table 6.4 Main effects which significantly influence
initial activity, final activity and change
in activity

Main Effect ' Estimate + S.T.D. Error
INITIAL ACTIVITY 1

Passivation 13.3 + 2.5

Leach temperature -7.5 + 2.5

GHSV ) 13.5 + 2.5

Reaction tenperature 12.7 + 2.5

FINAL ACTIVITY

CO:H.O0 ratio -18.2 + 4.7
Alloy_particle size 17.8 + 4.7
Cgustlc/soluble metal ratio 15.5 + 4.7
Zincate solution 15.3 + 4.7
CHANGE IN ACTIVITY
CO:H,0 ratio i5.2 + 4.3
Alloy particle size -17.8 + 4.3
Caustic/scluble metal ratic -12.9 + 4.3
Zincate solution -131.8 E 4.3

From Table 6.4 it can be seen that "initial WGS activity"

is influenced by catalyst passivation and leach

temperature. Passivation controls the oxidation of Raney

affects the rate of the leaching process which is known to
e

determine the Raney copper catalyst morphology (see » Chapt

= E=A = LA Y

|

4y, Using a Placxett-burméﬁ‘ﬁésign to screen predictor
variables, Friedrich et al. (1) found leach temperature to

be +the most 1i1mportant preparation variable in the



It has been shown in Chapter 5 and confirmed by the low
resolution statistical screening experiment (see Table 6.4)

that GHSV and reaction temperature affect the (initial) WGS
activity of Raney copper. In the case of "final activity"

and %change in activity" the same four variables are

significant. The extent of the forward WGS reaction is
known to depend on the proportion of CO and steam (CO:H.O
ratio) in the feed gas, (see Chapter 1, Section 1.2.2) as
highlighted by the results of the fractional factorial
design, whilst long term catalytic performance (assessed by
responses ii and iii) was influenced by the alloy particle
size distribution, caustic/soluble metal ratio and zincate

solution (see Table G-A)_

= O A} -—— Vs e

Raney copper stabilitv wags shown

to be enhanced by the addition of zinc to the catalyst

during the extraction of precursor ternary Cu-Zn-Af alloys
olutions a , i 3.4,

Ml - e ma e Y e ~ 13— PR R S T PR . 3

The low resolution Lyox sScreening experiment conrirmeaq

the significance of a number of variables to affect the
appropriate responses, thus demonstrating the applicability
of selecting statistical methods to optimise the Raney
copper catalyst system. Although high initial Raney copper
WGS activity was easily achieved by the straightforward

caustic leaching procedure over a large extraction time
range (see Chapter 4, Section 4.3.2), rapid deactivation
too i ime-on-

optimisation of a Raney copper catalyst for the WGSR
required more detailed knowledge of the variables

specifically affecting long_term activity which have been
identified from the screening experiment as alloy particle

0
N
o
F
n

concentration
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6.3 CENTRAL COMPOSITE DESIGN FOR CATALYST
OPTIMISATION STUDY

The central composite design matrix for the three variables
selected for further analysis is shown in Table 6.5.

Table 6.5 The central composite design matrix for
estimating the effects of particle size

and =zincate concentration on catalyst

stability

Standard Run Alloy Caustic/ Zincate

Order Order particle soluble solution
size (A) metal (H)

ratio (F)

1 2 -1 -1 -1
2 3 +1 1 1
3 1 =1 =1 1
4 13 +1 1 =1
5 14 +1 -1 1
6 7 -1 1 -1
7 8 +1 -1 -1
8 S -1 1 1
9 4 0 (0] ¢]
10 5 0 (o] 0
11 6 0 0 0
12 10 0 C C
13 11 0 0 0
14 12 0 0] 0
i i -a 0 0
ii ii 0 0 -a
iii iii 0 o] a
iv iv 0 -a 0
v ‘ \Y 0 a 0
vi vi a 0 0

This phase of the work was carried out in two steps.

Initially runs 1-14 constituting a high resolution 27
factorial experiment with six repeated determinations of

the central point (from which experimental error could be

accurately assessed) was conducted. From the 2% factorial
design, the seven "degrees of freedom" between the eight
treatment combinations are associated with the main effects



of each of the 3 variables together with each 2-factor
ion of the
interaction (2). Thus from these results an understanding
of the chemical nature of the selected variables on the
responses was obtained. Completion of the star points
(runs i1 - vi in Table 6.5) in the second step enabled

response surfaces to be generated from mathematical

equations fitted to "final" and "change in" activity data
obtained from a consideration of each variable at 5
distinct levels. The strategy for the optimisation of
Raney copper involved selecting the alloy particle size
distribution, caustic/soluble metal ratio and zincate
concentration which resulted in the maximization of final
activity and the minimization of change in activity.

Ind e Lot 1 to helb identifyv &I ired

conditions. Table 6.6 lists the levels of variables A, F
h 1 1 4=

and H calarntrad far +
A diNAa EX [ A= Sp S—L R ] L5

Table 6.7 shows the "standard conditions" of all other

factors.

Table 6.6 Levels of the three Raney catalyst
preparation variables selected for
optimisation

Variable Description Level

-a -1 [+ i +a
A Alloy particle | 0.3-0.5/0.5-0.85|0.85-1.0|1.0-1.18(1.18-1.4
size (mm)
F Caustic/soluble [ 0.1/1 1/1 2/1 3/1 4/1
metal ratio
H Zincate concen- 0.25 0.4 0.5 0.6 0.75
tration (M)
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Table 6.7 Constant levels of all non-optimisation
variables
Variable Description Level
A Alloy particle size VARIABLE™
B Final caustic concentration 20%
C Leach reaction temperature 50°C
D Reduction 240°C/16h
E Passivation YES
F Caustic/soluble metal ratio VARIABLE®
G Leach time 1h
H Zincate solution VARIABLE=
I CO:H_,O ratio 1:22.5
J Reaction temperature 200°C
K GHSV IcdO0h™=
= See Table 6.6
6.3.1 Experimental

The experimental procedure was similar to that reported for

the screening experiment in Section 6.2.1. In each case 20g
of Alloy B was leached in caustic solution according to the
conditions set out in Tables 6.5, 6.6 and 6.7. The
experimental runs were carried out randomly according to

the order stipulated in Table 6.5

6.3.2 Results and discussion of central composite
design

Mla o £ e - A P g 2 -~ smde 4 - - l meremam o~ .2 s _ . P
ine rinai ana cnange 1in actlvilty (expressed 1n percent CO

conversion) for all runs was determined after 168 hours-on-

stream, and the results are presented in Table 6.8.
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Table 6.8 Composite design responses for final
activity and change in activity

Run Order Final Activity Change in Activity
(%) (%)
1 81.2 1.6
2 84.4 6.4
3 80.5 10.5
4 78.6 11.4
5 59.3 17
6 76 24
7 73.8 2.3
8 82.3 0
9 69.2 11.2
10 71.6 14.7
11 70 13.5
12 69.7 9.8
13 76.8 12.7
14 74 .4 6.3
i 58.1 0
ii 80.9 6.8
iii 89.1 8.1
iv 73.8 3.6
v 76.8 4.9
vi 66.4 6.6
(a) Effects

The estimates (and standard error) of the main effects and

two factor interactions on final activity and change in

activity a i . . ively.
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Table 6.9 Estimates of the main effects and two factor

interactions on final activity

Main Effect Estimate + S.T.D.

Error
Alloy particle size -5.9 + 3.0
Caustic/Soluble metal ratio 6.6 + 3.0
Zincate solution -0.8 + 3.0

Tworfactor Inter;étions Estimate + S.T.D.

Error
Alloy particle size X C/S ratio 8.3 =+ 3.0
C/S ratio x Zincate solution -3.6 + 3.0
Alloy particle size x Zincate solution 6.8 + 3.0

interactions on change in activity

Main Effect Estimate + S.T.D.

Exrror
Alloy particle size 0.3 + 3.1
Caustic/Soluble metal ratio 2.6 + 3.1
Zincate solution -1l.4 + 3.1

Two Factor Interactions Estimate + S.T.D.

Error
Alloy particle size X C/S ratio -3.4 + 3.1
C/S ratio x Zincate solution -13.5 + 3.1
Alloy particle size x Zincate solution 6.2 + 3.1

be seen that non

1 = == a2 S aAa

e of the

i i i ibution, caustic/soluble

metal ratio and zincate concentration) have a singular main
-« dela manm me e em o am o - _—— ke L A

effect on either response, but rather the interaction of

alloy size and caustic/soluble metal ratio significantly
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influences the final activity, whilst the change in
activity is significantly affected by the interaction of

To
check the significant effects, normal probability plots for

caustic/soluble metal ratio and zincate concentration.

each response were constructed according to the method

~ described by Box et al. (3). Curves were obtained by =
plotting the percentage normal distribution P,
= 100

1
-~ s . i ® o eiun aAa -~

P (i - 1/2)/m for i = 1.2 m and

of eiffect 1) against the appropriate estimate of each

respective response, and are presented in Figures 6.3 and

6.4.
8  o9e-
R
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AF  8.325 L 90+ FH
FH 6.824 % 80- +
F 6.625 P 70
AFH 3.325 R N
H -.775 (o] 50 AFH F
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A 5.975 g 204 — -~
I 104 AR
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Figure 6.3 Normal probability plot for final activity
N g9
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M 95
{904 AFH
AH  6.200 L
AFH 3.300 80 +
F 2.600 § 70— .,/////
A .249 R 50— %
H -1.350 o) A
AF  -3.350 E gg"' ‘/////4(//H
FH -13.150 -
® 40 FH AF
Ll > /
R
Figure 6.4 Normal probability plot for change in

activity
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The vertical axes (see Figures 6.3 and 6.4) are altered to
represent the sigmoidal cumulative normal curve as a

demem ] dem £ 21T P BN o~
el LW Jlall Qlully a o

"final activity") that the interaction AF (or alloy size x
caustic/soluble metal ratio) lies furthest from the 1line.
Similarly, the interaction FH (or caustic/soluble metal

ratio x zincate concentration) is well displaced from the
normal probability straight line of Figure 6.4 (graph of
"change in activity"). The normal probability plots
therefore confirm the significant interactions calculated
from the estimates (see Tables 6.9 and 6.10).

(b) Interaction plots

The interactions with respect to final activity (AxF) and

. .
change in ac y (F x H) are graphicall

Figures 6.5 and 6.6 respectively. The calculated BET and
copper surface area responses for each interaction point
are also included.

Ma x]
F- F+
=~ ‘
i F+ \
1| \
N
A
L
S
E-
|"llin=
A- ALLOY SIZE A+
Variable Final (%) Sper S.
A F (m>.g—*) (m2.g~%)
- - 80.9 19 2.5
+ - 66.6 13.5 1.9
- + 79.2 16.5 2.5
+ + 81.5 14.5 2.2
Figure 6.5 Interaction of alloy particle size (A) and

caustic/soluble metal ratio (F) with respect

to final activity
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Max-

mOZ>»I O

n= Nt
ll+

Min-

F- C/S RATIO F+
Variable Change (%) Saxr Scu
F H (m2.g™2) (m*.g™*)
= = 1.9 19.0 2.4
+ - 17.7 17.5 3.2
- + 13.8 13.5 1.9
+ + 3.2 13.5 2.0

Figure 6.6 Interaction of zincate concentration (H) and

to change in activity

Plots of this nature show the appropriate activity response

—  from the interaction of the two variables involved at all
extreme combinations.

The final activity in Figure 6.5 is
observed to be at a minimum for high alloy particle size

distribution and low C/S metal ratio (A+F-). The A+F-

combination also represents a minimum in BET and copper

surface area (see Figure 6.5).

Clearly, if limited caustic
is used to leach large alloy particles,

"insufficient"
extraction fails to produce the surface area required for

high activity.

Combination A-F+ may represent the onset of

the opposite situation in which

(possibly due to

large

eXxcesses

Y"extensive"

caustic

extraction

solution

required to leach smaller alloy particles)

smaller surface areas.

results in

A similar trend was reported in

Chapter 4 for Raney copper surface area and extent of leach
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reaction.

From Figure 6.6 it can be seen that change in activity is

minimized at extreme combinations of both caustic/soluble

metal ratio (F) and zincate concentration (H). At the high
@@ Jevel of caustic solution (F+), a high zincate ===

concentration (combination F+H+) decreased the leach rate

(see Chapter 4, Section 4.3.4) and consequently surfa

=== A 2 S L aiil

area (as compare O CO

additional =zinc dep051t from the increased zincate

I T Wy S TR, L em Arede 3 C I Sy
d the change in activity

oia

concentration (F+H+) minimiz i

wit
time-on-stream. At the low level of caustic solution (F-),
the addition of a low zincate concentration (combination F-
H-) resulted in a faster extraction rate which produced a
Raney copper catalyst with high BET and copper surface area

(as compared to combination F-H+) after one hour of

leaching (see Figure 6.6). A higher zincate concentration

(combination F-H+) slowed the leach rate to such an extent

resulted from the preparation. It was predicted that the

Raney copper catalyst produced from the F-H+ combhination

would be unsuitable, and the large change in activity
confirmed that excessive sintering of the small copper area
resulted with time-on-stream.

—~ == .l__

=L 2
upi

Q
F
)

From each set of response data presented for runs 1-8 (2°

factorials) in Table 6.8, three dimensional cubic plots can
be constructed (3) to combine all the information from the
eight '"treatment" combinations together. Figure 6.7
represents the cubic plot for the "final activity"
response, whilst the cubic plot for the Ychange 1in

_ activity" response is displayed in Figure 6.8.
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Response is FINAL in
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Figure 6.7 cubic plot of final activity response

Response is CHANGE in
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Figure 6.8 cubic plot of change in activity response




