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In this study the possibility of producing lead metal by
’loading lead 1into KELEX 100 (an alkylated B;hydroxyquiholine
rcommercial extractant produced by Sherex Chemical Company) from

an aqueous acetate solution and then reacting the 1loaded
organic with) hydrogen was investigated. ( .
Prior to hydrogen reduction, the extraction of lead by
KELEX 100 was studied, along with the stripping abilities of
beth nitric and acetic acid for removing lead from loaded KELEX
100. Lead was found,! by the method of siopq analysis, to be

extracted as a 2 to 1 organic¢ ligand to metal species (i.e. as

»

PbRy), and could easily be stripped from KELEX 100 -by either

v

gitric or acetic acid to produce supersaturated lead aqueous

<

solutions.

. ®

The thermal ‘and chemical stability of the extractant was
Gﬁnvesti;ated using, gas-Ifﬁuid chromatography and infrared
spectroscop& and found to exhibit-excellent .Sstability- Qithin
the temperature and pressure rangé used to study the kinetics
of reduction (493-533 K and 1.38-4.14 " MPa Hy). However,
pressure hydrogen stripping above the melg}ng point of lead
resulted in éecomposition of the organic molecule.) =
Tﬁé kinetics of lead reduction was stud@éd with respect to
the effectsqof temperature, hydrogen part%al p;eagure,'*seed
addition, agitation, apd'chelate age on the reaction rate. 6nly

temperature, pressure, and seed addition- influenced -the |

/
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reaction rate, and the effects of-seeding suggest a heterogeneous

.

nucleation mechanism.

The characteristias of the lead metal produced>by hydrogen
reduction were also investigated.
S .
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® - | mesone - -
Cette é&tude - é&value'la possibilité de produire du plomb
/ .

métallique par réduction directe d'un agent d'extraction chargé

’

- dans une autoclave sous | atmosphere d'hydiogéne. L'agent

d'extraction " est 1le KELEX 100. Ce' produit est un agent
d'extraction commercial |fabriqué 'éar la compagnie Sherex

"Chemical Co., il est chaﬁgé a partir d'umne soluti§h-.aqueuse

d'acétate de plomb.
En préalable 3 la reduyction par 1'hydrogéne, 1l'extraction

du plomb par KELEX 100 est &tudié ainsi que les capacités des

- / )

- - - 3

0y acides nitrique et acétiques de re-extraire le plomb & partir
des solutions de KELEX 100 Nous avons mis en évidence par 1la
“"E’ méthode d'analyse de pente que le plomb est extrait sous forme

*de chélate avec un rappoft ligand/plomb de 2 & 1 (comme par

_ / exemple PbR.). Le plomb ptut 8tre facilement extrait du  KELEX

400 par l'acide nitridue ot acétique, produisant des solutions

M -

' |
aqueuses supersatiurdes. |
|

. La stabilité thermiqu% et chimique de 1'agent d'ex;raction
est etudieé par chromatogiaphie en phase liquide et gazeuse et
c ‘par spectroscopie infra-rouge. L'agent possé&de une stabilité
' chimique et physique excéllente)pour des températures comprises

enére 493 a 533 K et des pression d'hydrogdne allant de 1.38 et

4.14 MPa. Par contre, on a montré que 1l'utilisation ‘de
température plus &levée- que le point de_ fusion du plomb

\
!

' provoque la décomposition de la phase organique.

o '
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‘ Ce travail presente des données décrivant les .effets de la
f pérature, de la pression d'hﬁdrogéne, de 1'1ntroduct1on du
plomb métalligue ern poudre commeiPermes, du degré d'agitation

et du vieillissement du c¢hélate de plomb sur la.cinétique de

‘précipitation. Ces rzéultats .démontrent que la vitesse

téactionelle ne .dépend que de la température, de la pression et

de 1la présence de germes. Ce dernier facteur suggére un

mécanisme de nucléation hétérogene. -,
':, ) »
Les' caractéristiques—~ du plomb métalliques produit par
: i s

4

reduction suos hydrogéne fuent aussi étudiées.
. . . .
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CHAPTER 1

INTRODUCTION

Solvent extraction is presently beinéfused commercially in
the hydrometallurgical industry as a unit process to purify and
concentrate metal values from very dilute 1leach 1liquors.{1l]
This 1is accomplished by tiansferring the metal, into and out of
immiscible aqueous and organic solvents. The organic phase in
this process is used solely as a transfer-medium for the metal.

: . A .
But, investigations have been performed whereby chemical

\. =
a

reactions are conducted ?i:ggtly in the organic phase to

produce metal.[2]
Burkin [3] was the first to suggest that metals could be

reduced ‘in organic solutions with the use of hydrogen ‘gas to
broduce high purity metal powders and regenerate the organic .
extractant. Recent attention on the study of such a process

has focused on the KELEX lOO/decanol/keégsene system. [2] This

. system has been shown to have good chemical (resistant to

-hydrogenation) and thérmai (resistant to pyrolysis) 'stability'

‘[4], and was therefore chosen as the organic phase for - this

investigation.

Since ‘the extractan¥ used ;Es designed for the extraction
of copper - from sulphate solutions [5], its extraction
characteristics for lead were not known. 'Therefqre, it was
necessary to determine under what conditions it was possible to

extract lead, .and what species is extracted.

T 4
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Research in the hydromgtallurgical processing of lead and
other base metal §u1phides has concentrated oh chlogide media
as the lixiviant.[6,7,8,9] But none of thése processes has yet
to see commercial application. On the other hand, the use of
acetate media ,Has-been applied for the leaching of lead from
copper refinery anode slimes with two processes in commercial
‘o;eration.[lo,ll] Extraction of-~lead with KELEX 100 from an
acetate solufion followed by hydrogeq reduction may preovide a
suitable means for producing lead matal.

Successful application .of pressure hydrogen stripping
requires that the extractant molecule exhibit good chemical and
thermal stability under the experimentéligonditions required to
produce acceptqple } kinetics and “good metal prbduct
characteristics. Therefore, the chemical and thermal stability
of lead loaded KELEX 100 during the reduction of lead with
hydrogen~ at "high temperature‘;nd pressures was investigaxedl
o " The éffects of temperature, pressure, agitation, seeding,
"and lead-KELEX 100 chelate age dﬁythe\kinetics of reduction,

along with the lead metal product ¢haracteristics, were

examined.

&
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CHAPTER 2

LITERATURE SURVEY

2.1 SOLVENT EXTRACTION IN HYDROMETALLURGY
— In this

chapter the generalized -

hydrohetallurgical
flowsheet will "be briefly reviewed with emphasis on sélventn
extraction. Recent . advances in the hydrometallurgical
processing of

will also Dbe
extraction of lead

lead materials presented with
emphasis on the
‘y

from galena (PbS). A
“~detailed description of the use of ammonium acetate leaching.

processes for the removal of lead from copper anode slimes will
then be given.

The final section of the chapter deals

with °
previous work on the reduction of metals from aqueous and‘
_organic solutions with hydrogen.

A}
[
)

~

2.1.1 CONVENTIONAL SOLVENT. EXTRACTION

Solvent extraction is nowa well established process
hydrometallurgy.

in
Its first applicatién was to the recovery of
- nuclear materialg.[IZ]-' But, solvent extractiéé sees its
greatest application in the extraction of copper.
ranked, ’by some, as

It has been
thg most

important development in
separations since the introduction of° selective flotation

reagents in the early 1920's.[13]

P

Cma o

A geneg;lized flowsheet using sol'vent extraction to purify

and concentrate metal values prior to metal recovery is

shown
v - R
in Figure 2:; (a) , and compared to a novel flowsheet proposed
*
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for the recovery of metals from loaded organic extractants

using hydrogen.

-

There are two main stages in conventional solvent

eéxtraction, namely loading and stripping. 1In the loading stage
. 4
¢

the leach solution is brought into ¢ontact with an immiscible
organic phase into which the metal value is transferred. The
aquéous raffinate from loading is then recycled to leaching.
The loaded organic moves on to strigping where the metal is
transferred to an aqueous strip solution. The stripped organic

is recycled to the loading stage and the metal is regovered

from the strip solution, regenerating it to be reused for

stripping.

The best example .of this type of operation in commercial
use is the sulphuric acid dump or ﬁ;ap leaching of low grade (2
to 3 percent) copper oxide ores f&llSw;d by solvent.extgaction
and s%bsequent electrowinning ‘of copper.[14,i5]? Leach
solutybns contain between 1 and 2“grams per liter (gpl) copper

and a"'greater concentration of iron at a PH lying between 1 and

2. The copper is selectively extracted into the organic phase

and then stripped by spent electrolyte (100-120 gpl H2S04)r

upgf;ainq it from about 25 to 30 gpl copper. e
¥

o

A novel process for producing copper directly from
chelating type extractants by hydrogen reduction has been
proposed.[(16] In this process the’organic phase is stripped of

the copperoto produée fine copper powder and regenerate ;he

N Y




extractant by 'reaction with hydrogen gas at high temperatures
"and pressures (known as pressﬁre hydrogen stripping). This
combines the stripping and metal recovery step in conventional
" solvent extraction into one stage. A more detailed description

of the chemistry of hydrogen reduction of metals from organic

solvents will be given later in the chapter.(Section 2,3.2)

- 1

2.1.2 COMPONENTS IN THE ORGANIC PHASE

-

The successful application of solvent extraction to -
hydrometallurgy has been due to the production and use of
extractants highly selective for the reqaired metal, It is
usual to pdt th% exéractant in a diluent to enhance various
aspects of the extraction and stripping process., A diluent is
used to decrease the viscosity of the extractant, since most
extractants used in commercial solvent extractiqn are viscous
la;d cannot be used in the as-received form. Other reasons for . i
using a diluent are to provide a sqitable concentration of thé/
extractant as required for a barticular purpose, to decrease

e
~emulsion-forming tendencies of the extractant, and to improve

dispersion and coalesence properties of the sdlvent. Both
-

aromat;c and aliphatic materlals are available for use as

.diluents in solvent extractlon processes and are fractions of

+ crude 011, which makes them available in bulk and relatively

~

cheap. - —
Modifiers are commonly used to overcome third phase and,

emulsion tendencies in a solvent'system. The four most used



" _ reagents are isodecanol, 2-ethy1hexanol, p—nonylphenol and" tri-
w7 butylphosphate. Researchers have found that d1luents and

modifiers play a substantial role 1n/dererm1n1ng the

A
il

characteristics of an extraction system ([17;18,19].
/ There are several wqys of ciassify{ng extyactants. In a
recently published authoritative.book on solvent extraction in

hydrometallurgy the authors classify the various- extractants
N

according to the following classes:[20] v

"

, ' (1) those which involve, solvat1on of the metal

Y

ion
. (2) those which involve ion.association P

(3) those which involve compound formation
0 :

o ' '2.1.3 'EXTRACTANTS INVOLVING SOLVATION

"Extractants in th{s'group have an oxygen atom with a loné\'

. pair of electrons which extract'elecrrically neutral ‘inorganic

species by 'solvation. Solvation of the inorganic metal

containing species may occur either by coordination of the

oxygen bearing extractant molecules to the central metal ion or

by hydrogen bonding between the.proton in the extracted species
) o ~ /

and the oxygen in the solvent molecules [21].

. . ‘ \
Ritcey and Ashbrook [20] place this type of extractant

into two.main groups. Those organic reagents containlng oxygen

honded to carbon, such as ethers, este§£, alcohols and ketonesh

Y4

" and those containing oxygen or sulphur bonded to phosphorus, as

‘, in alkylphosphates or alkythiophosphates. -Examples of

0 [}

—

v‘. . ' ( - {
f
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commercially available extractants of this type are £ri-n-butyl
phosphate (TBP), tri—n;pctylphosphine_oxide (TOPO), ﬁethyl
isobutyl ketone (MIBK), and dibutyl carbitol (BUTEX).

) Examples of metal extraction by solvating reagents are

shown below: , '

C4HqO . ‘ -.— {C4HqO

2 | C4HgO —P=0|. + (UO51(NO3) 3) 3q === |C4HgO~—P=0[sUO, (NO3) 7

C4HgO |ter9) C4HgO 2 (org)
TBP

L 3

—

Solvation due to coordination to the central metal .ion (2.1)

[(C4HgOCH,CHy) 201 + [HAUCL,] === [(CqHgOCH,CHy) 20--- [HAuC1,]
(org) (aq) _ (org) °

Solvation due to hydroéen bonding-BUTEX (2.2)

2.1.4 EXTRACTANTS INVOLVING ION ASSOCIATION [20,22]

This type of extractant comprises amines and quarternary
ammonium~ halides. High molecular weight primary (RNHj,)
secondary (RpNH) and tertiary (R3N) amines that are
organophilic weak basgs are used for solvent extraction of
anionic species from aciddéjsslutiqn. While the simple am#nes
are'ineffective at higp pH, quarterpary ammonium halides (E;N)
extract metal-anionic speciés f;omMQ%rong alkali solutions,

Ih order for primary, secondary, and tértig:yf amines to

s .

form ion-pairs with anionic metal species in solution they must



‘ first be converted to the appropriate amine salts to provide an
«y %

anion to exchande with the metal species. The general

‘reactions for the extraction of an anionic species with ‘an

+

amine is shown below:

l. Formation of ammonium salt

[RyN]org + [HX]ag == [R3NH'X"]Jorg (2.3)
ion-pair ;w
- 2. Anton-exchange process '
[RyNH*X"Jorg + [MY"]Jag == [RyNH*MY™lorg + [X"Jag - (2.4)
. . | !
T Basic extractants have been-used widely for a variety of
applicat{ons-in the'extraction of U,v,W, and Co [23]. For the
'~" case of uranium extraction from sulphate media with a tert1ary’
o " ammine, the following extraction me;han1sm has been shown t:)H

operate: - N '

, First, the amine forms its corresponding ammonium salt,

2 [nau'lo:g + [HSO04laq == [(RyNH"),50,72]org (2.5)
+ and then the anion exchange reaction takeg place
2[ (RyNH) 2S04] + [092(504)3]‘4 [(R3NH)4U02(SO4)3] + 2[so4'2]
(oxg): (aq) . (oxg) . (aq).’
, ) (2.6)
2,1.5 EXTRACTANTS INVOLVING COMPOUND FORMATION N

Extraction involving Eompound formation occurs when using
acidic and chelating eitractants; Acidic extractants are

cationic liguid ion exchangers and extract metals by a cation

‘ »
- L]
, . 3
\ .
.
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exchange mgchanism.[24]‘ In its simple form it is exprf?sed by
the following e%pation: : ‘» ‘
MP*(aq) + nHR(org) == MR;(org) + nH*(a’q) ‘ (2.7)

One orgaﬂ}c réégent of this type QSed extensively ;n the
metallurgical industry is di-(2-ethyhexyl) phosphoric J;Té
(D2EHPA). D2EHPA sees applicationQ-in-uranimp recovery,nickel-
cobalt Beparation, and europium extraction.[25,26] Tﬁé viftues
of this extractant in sdlvent extraction processing are its
chemical stability, generally good kinetics of extraction, good
loading and stripping characteristics, low solubility in the
aqueous phase, versatility in extraction, and.availability;
Also included in this class of extractants are thg‘
synthetically proddéed 'Versatie' carboxylic acids (;hell.
Chemigal Co.). ‘ ! .7

}n.ierms of tonnages of;metal produced and reagent use,
chelating type extractants are the most intensively used. It
is the develoément of copper-sbecific reagents which has made
copper\qolvent extraction a commercial reality, and mahy plants
havé-beén built.[27] ' To date, most of these plants treat
dilute leach liquors from the sulphuric a%id leaching of low
grade oxide ores. Copper production in this manner accounts
for ébout 15 percent of Ehe world's primary copperpmetal
proéuction.[l] ‘

Chelating type reagents for use in copper solvent

extraction were first developed in the sixties and thei;

1

!
1
1
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development has continued, such that today there exists a wide

variegy for use in copper extraction as well as for the
extraction of other mefals. A summary of the most widely.
available chelating type extractants is given in Table 2.1{23].
\ extractant

KELEX 100 was developed in 1968 as an

(5].

- ! . - - B

for -copper The application of this reagent to

'fable 2.1 Some solvent extraction reagents for hydrometallurgy.

Traée Name

Type

Manufacturers

Commercial Uses

Hydroxyoximes LIX63,LIX64N,
| LIX65N,LIX70,

Oxine

LIX71,LIX73

SME 529

P5000 ¢eries

Henkel Corp.

~

Shell cﬁemical
Coe.

Acorga Ltg)/

Cu extraction

& Ni extraction
(LIX65N) .

Pd extraction.

Cu extraction

Cu extraction

KELEX 100 Sherex Chemical Proposed for Cu
—_- derivatives & KELEX 120 Co. . extraction
Diketones LIX54 Henkel Corp. . Proposed for Cu
. extraction
t/ -
commercial operation has not been as successful as the LIX or
‘ , \
' ACORGA reagents, but it has received extensive investigations
“ up to the pilot plant stage [28,29,30]. A combination of 20
‘== v/o KELEX 100 in p-nonyl phenol is also available by the brand
: . name of KELEX 120. This mixture was formulated to improve the

-t
-

N

&
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physical characteristics of extraction, compared to
KELEX 100.[31]

i/ Initial investigations of KELEX 1&0 for copp;r extraction
from both dilute and concentFated solutions were encouraging,
with KELEX 160 reported as Baving superior extra?tion Kineticg
and a greater extraction“power when compafed to extractants
available at the time.[31,32] Discrimination of KELEX 100 E;r
copper over iron, attributed to kinetic factors, was also

lreported as very good.[33]

KELEX 100 is an alkyl derivative of a very commonly used
analytical reagent 85PXdroxyqinoline (also known as oxine or g-
quinolinol). * The main actiJ;pcomponent >® KELEX 100 used to be
7-(1-vinyl-3,3,5,5,-tetramethy1hfxyl)-8j%ydrox¥quinoline. fiﬁ

2 35] In 1976, the manufacturing process was'changed such that

the active component is now 7-(4-ethyl-l-methyloctyl)-8-

hydroxyqlinoline and its structure is shown below.

'
'
- S -
.
N
.

. O R = -clu—(cuz) H- (CH,) ,~CH,
' CH C.H

3 J 5
- . OH° R ;. -
|

The problem with KELEX 100, which hasiptevented it from

I
being applied commerc{glly for the recovery of copper, is its
ability to form salts with acids. 'This is dupe to the fact that

the tartiary ﬁitrogen on the molecule behaves as a base and can
- v

A
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pick up acid during stripping, which must be removed before
recycling to the extraction stage. Protonation of the KELEX

100 molecule is shown below.

+ —N ()
+ B (aq) ! N (org) (2.8)
Rn i_1+
on .t OH

(org)

basic nitrogen

This problem is eliminated if hydrogen stripping is used.

g * : )
2.2 HYDROMETALLURGICAL PROCESSING OF LEAD

The past twenty-fivegy-ears has seen a boom in the

development of hydrometallurgical techniques fbr) the winning of
lead and other bg,se metals (Cu and 2n) from both primary and

t , '
- secondary sources [{36]. The impetus has come from the need to

-

“find & more environmental ly acceptable alternative to smelting,

and the desire to exploit compl'ex materials for which
\

- hydrqQmetal lurgical techniques are particularly suited.

©

2.2.1 HYDROMETALLURGICAL PROCESSES-FOR PRODUCING LEAD
Focus on the extraction of lead from primary sourceéhas{
g been centered on the’ processing of PbS concentrates, bulk
complex sulphide concentrates, and the so-cal led'"dirt':y' PbS
2 éoncentrates obtained from the differential flotation .of
complex sulphides. Bulk concentrates are produced from the
flotation of fine-grainéd, intimate associations of

chalcopyrite {CuFeS,), sphalerite (ZnS) and galena (PbS) freely

-o disseminated in a pyrite (Fesz.) or pyrrhotite (Fey_,S) mhatrix

-
«

>
- ’

L4
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which sometimes contains valuable amounts of precious
2mtals[37]. Many pfocesses have been deQe}oped, and
exploitation st;ategies.pfoposed, for the treatment of complgx
sulphides [8,9]..0f the leaching media investigated chloride-
based systems are the most extensively studied [6,7].

The MINIMET RECHERCHE ({38] and U.S.B.M. [39] processes
have been developed dedicated solely to the hydrometallurgical-
treatment of-PbS'concentrates capable of directly producing
commercial lead. Both processes have similar flowsheets and use
a chloride leach followed by a purification step and then.
electrowinning. Table 2.2 shows relevant information for the
different unit processes.

Problems encountered with the operation of the 'molten salt
electrolytic cell used in the U.S.B.M. process, and the desfre
to produce a lead deposit in -a compact foEm from aqueous
chlorige media has spurred on investiga®ions into the
electrowinning of lead frqn various aqueous solutions. |

IPvestigatois have reported that deposits obtained from
the glectrowinnﬁng of lead from aquebus chloride media are
characteristically dendritic and non-compact [40]. The
electrodeposition of lead fréﬁ‘buffered electrolytes containing
ammonium acetate and acetic acid has been studied with the
researchers reporting that lead had ‘been deposiégd, in a smooth
and compact f;rm, oh lead and. coppér electrodes [41]. The high

+

éolubility of'PbC12 crystals in acetate media makes this



15

\ .
o
“) process attractive as an alternative to molten salt
electrolysis.

Table 2.2 Relevant information on the hydrometallurgical .
production of lead from PbS by the MINIMET

RECHERCHE and U.S.B.M., Processes.

PROCESS . LEACHING PURIFICATION _ ELECTROWINNING
) MINIMET - FeClg(+NaCl) 2 stage solution ~Pb electrowon
RECHERCHE?2 brine leach purification: from clear -
of PbS 1. Coarse chloride
concentrate "Purification: selution' in a
Cu,Aqg,Bi special cell
- cementation . (Ti cathode
2. Fine . and C anode)
: Purification: producing fine
i - Ion exchange Pb powderx
\ of Cut* and
‘[} o Agt
U.S.B.M.D°  Feclj3(+NaCl) Crystallization Electrolysis of
-~ . brine leach - ef PbCly from - PbClj in
27 of PbS leach liquor by LiCl-KCl-PbCl?2
concentrate cooling . fused salt
- electrolyte

.

.a- -developed to treat PbS concentrates from.mixed sulphide ores

b- developed to treaﬁ PbS concentrates ‘ - .

The use of'acetéte media has also been investigated to

‘brocess PbS concentrates. A study of thie kinetics of oxidation

- of PbS in ammonium acetate solution and oxygéaaander pressure
has shown that the reaction products are lead acetate in

i Aéolution and elemental sulphur, the latter forming a

e ' . nonpermeable film on the PbS\}crystal making this process

A
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unsuccessful [42]. But a successful attempt to use acetate
electrolyte for direct electrowinning of lead from PbsS

concentrate compact anodes has recently béen reported (43].

- —

2.2.2 REMOVAL OF LEAD FROM COPPER ANODE SLIMES

Use of acetate media has been applied successfully té
the treatment of copper anode slimes previously unsuitable for
treatment by conventional means becausé of high lead content
(S5]._  This pa?ent describes a process for the removal of lead
content in anode slimes by primary and secondary leaches in
ammonium acetate solution at a temperature not exceeding 353 K.
Lead dissolution’'is maximized, with minimal coextraction of
other metals. The leach solution is then separated from the
undissolved slime residue, while lead is crystallized ‘and

recovered from the sepérated leacg solution as 1lead

acetate.(See Figure 2.2)

A similar process has been developed by Kidd Creek Mines
Ltd,, of Timmins, Ontario, Canada, in which an acetic acid
pre'ssure leach is used to remove the lead from their anode

]

slimes., The lead is recovered as lead acetate cf&stals and

sold as a marketable product. Details of the process are not

well known since a patent search is{pngoing [11].

Whereas the above patents call for ‘the residué from
leachi?g to -be treated for recovery of precious metals and
other metal values by conventional means, the INER Process

[10]'is a totally hydrometaflurgical process 'which recovers
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all metal values (including Au,Ag,Te,Se and Sn) from copper
an;de slimes, This process has,beenafested successfully in a
pilot plaﬁé, and ﬁased on those results a produétion plant
with a capacity of 300 tonnes of anode slime per year has been
constructed, Figure 2.3 shows qhaf part of the brocess which
involves removal ‘of lead. Five to'séven normal acetate solution
is ugsed as the leachiAg reagent, The pafﬁiallywdecopperized
slimes are leaéhed at a temperature Eanging from 27§ K to 543K.
After 2 to 3 hours, 95% of the lead content is dissolved along
with a’small amount of copper. The lead and copper are co-
extracted and selectively stripped using LIX 34 [44] or LIX
64N [45]. '

- As evidenced from above, future hydrometallurgical

techniques 'developed to treat anode slimes containing

appreciable amounts of lead will focus some attention on-~the

I
J

processing of lead from acetate solutions.

3

2.3 HYDROGEN REDUCTION OF METALS

.

2.3.1 HYDROGEN REDUCTION OF METALS FROM AQUEOUS SOLUTIONS

Many laboratory studies have been cpndpc}ed on the

¢

reduction of.mgtals in aqueous solutions by hydrogen,
[46,47,48,49] and commercial application of this process (;

as
been realized [50,51]; . Ptessure hydrometallurgy is used by
companies, such as Sherritt Gordon Mines Ltd.; for both
leackl;g and hydrogen reduction to produce nickel and cobalt

. . ¥
powders as well as small amounts of copper powder for special

°
L]
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reaction for the reduction of metals in

aqueous solution by hydreogen’ gas is shown below.

—
s

mMn+ (aq) + nHy

(q) M

“(8) + nH?

(aq) (2.9)

The thermodynamics of this reaction -can be explained using

the electrode potentiéls, E ,

reactibns

]
’
MRt + pne~ ———M

2Ht + 2e-

The Nernst poténtials for the above

. given by

Ey ¥ Ey® + 00592 1ln [3yn+]

n

for reaction 2.10, and

L4

Ey
2

"for reaction 2.11, where

‘ Ey© = standard Nernst reéuction.g

n = number of electrons per ion
aMn+ = metal ion activity

' Py = hydrogen pressure
2 ,

= -0.0592 pH - 0.0296 log Py,

of the following opposing half-

(2.10)

(2.11)

e

reactions at 298 K are

(2.12)

(2.13)

potential




‘e

satisfied when the .line representing the potentkpl of the

21
The tétai‘éotentia;,ET , for reaction 2.9 is given by the
sum of potentiéls-bf the opposing half—gegctions {ET &'EM +
(BEy )} For reduction to occur,the free energy change,AG , of

the &verall reaction must be negative. The free energy change

of reaction 2,9 is given by

\, AG = -nFEq , (2.14)

t

where F = Faraday. \

In Figure 2.4 the potential, EM; of equation 2.12 is

' plotted as a function of metal ‘ion activity for various metals.

Superimposed on this is.a\plot of the potential,Ey , ‘given by
’ 2

equation 2.13 as a gunction of pH at various constant PHZ
values. In Figure 2.4 the requirement for metal reduction is
metal is above that repéesenting tﬁ; potential of hydrogen. \
For an uncomplexed metal ion in solu;ion the Fhermodynamfc
drﬁving°force for reduction is increased by increasing pH.[47].
The increase in pH is limited by hydrolysis and precipitation\
of the metal salt. In commercial operations, tQ; operating pH
is maximized by the use of complexing agents such as ammonia.

Complex formation of the metal prevents hydrolysis. In turn,

.complex formation makes hydrogeh reduction more difficult since

-

hydro?en must overcohe the affinity of the .metal for the
complexing ligand instead of just displacing the water of
hydrolysis. 1In detegpining the thermodyhamics of hydrogen

reduction when the metal is complexed, the electrode potential

® *
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’ : Metal ion activity

‘E (Volts)

Figure 2.4 Variation of reduction potential, E , for various
. . metals at different metal ion activities, and for
different hydrogen pressures and pPH.
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of the complexed metal cation must be used [52].

Both homogeneous and heterogeneous cata1y31s have been/ﬂ
.observed in, the kinetics of hydrogen reduction of metals from
"aqueous solutions. For systems where heterogeneous catalysie
is in operation,g seed such as nickel, cobalt, or palladium is
edded to avoid plating of the preeeure vessel's internal parts,

o

which may act as a catélysinghsurface in the absence of seed
materiai. Metal ions in solution such ae Cu+2, Cu+, and Ag+
act as homogeneous catalysts.‘ Autocatalytic kinetics have also
‘been observed, whereby no external solid catalyst’ is required
for the reaetion te start, but f;eehly deposited metal
accelerates the process [53].

Parth%e growth during metal reduction by hydrogen occurs
not only by precipitation at metal surfaces, but also by
agglomeration, Agglomeretian ;esults_}g_npnenifonn particles
which tend to become plastered on the walls of the reduction
vessel., Plastering is defined as the bonding of discrete
fiqite pdrtieles‘to the walls, whereas plating is the catalyﬁie
precipitation of metal to form a continuous phase. Organic
additives such as ammonium polyacrylate -and lignid are added in
. order to prevent plastering [54]. In order te obtain more
uniform deposits organic additives such as anthragquinone may -

also be added [54].

2.3.2° HYDROGEN REDUCTION OF METALS FROM ORGANIC SOLUTIONS

Hydrogeﬁ stripping of base metals from commercial




‘ g 24

° extractants was inrst appl iedo successﬁﬂ.—ly' to 'Versatic'
(carboxylic) acid andﬂ organophosphoric acid ex‘trﬂactants (3,55].
This concept was extended to the more widely u\sed qh_elafing

extractants, especially KELEX 100 ‘[16]. >
C.s Research in the hydrogen stripping' of metals _from organic
solutions involves three types of experiments. Experiments are
conducted to examine the stability of the organic structure,. to
study the kinetics qf reduction, and to determine the
characteristics of tl'-le'solid progucts gf reduction (e.g. metal

powders, metal salts)., -
For hydrogen stripping to be successful, the metal must be
- r'ecovered in a manner that regenerates unloaded organic witho;.\t
° ' attacking the extractant molecule either by hydrogenation or
thermél decomposition. The stability behavior of extractants
| »t;‘es_ted for hydrogen stripping are ;hown in Table 2.3 [2].

As might be deduced from Table 2.3, successful pressure
hydrogeﬁn stripping, which yields metal and regenerated
extractant, fqllows -one of ?:wo reaction paths. For chelating

and acidic extractants the reduction reaction may be

represented, for éxample, as follows. «*}”

!
-

CuR, (org) + Hy (g) —= Cu (s) + 2 HR (org) (2.15)

For the solvating extractanfgﬁ‘tex', the reduction

reaction may be represe‘nted as follows ([56].

———t
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Table 2.3 Available stability data for extractants tested for pressure hydrogen stripping. [2)

\ 4

7

gxtractant Conditions Tested
. Trade Chemical Max T Max
Type Namel-® Name (X) (hpa) "2
Chelating KELEX 100 7-alkylated 598 4.14
(in kerosene . 8-hydroxiquinoline
+ decanol) ’
LIX34 8-alkarylsulphonamido 453 2.76
{ quinoline s
LIX64N LIX63 in LIX6SN 413f 2.4 f
(see below)
LIX63 aliphatic 473f 2.41f
,
\\ ' i o-hydrozyoxime
LIX6SNH 2-hydroxy-S-nonyl 473 2.76
benzophenone oxime
* 8ME 529 2-hydroxy-S-nonyl 473 2.76
. acetophenone oxime
Acorga P-5100 S5-nonyl salicylaldoxime 373 2.41
in 4-nonylphenol’
,ACIDIC Versatic 911 Tertiary carboxylic 573 6.90
(in Shellsol T acid
or kerosene)
) Di-2-ethylhexyl 453 2.76
* phosphoric acid
{DZ2EHPA)
SOLVATING Bute Diethylene glycol dibutyl 403 2.76
ether (Dibutyl carbitol) -
(in shellsol T) Tributyl phosphate (TBP) 473f 2.af
BASIC Alamine 336 Tertiary amine 473t 2.41f
{in Shellsol T) !
* * Aliguat 336 Quarternary amine 473f 2.41f

1

Remarks !

No degradation after 40 recycles
at various T and PHz

r

Substantial degradation above

453 K-Hy8 torms
I}

Very unstable

Very unstable

No dbgradation after 9 recycCles
at 473 K

N

Gradual degradation during
recycling at 473 K

Substantial degradation at
373 K-NH3

Very stable

-—

Stable below 453 K
Substantail degradation at
373 K-greenish solid forms

No degradation after 10 recycles

Very unstable
Non-metallic product formeqd

Non-metallic product formed

a-KELEX 100

b-LIX reagents
Alamine 336, Aliguat 336

c-SME-529, Versatic 911
Shellsol T

d-Acorga P-5100

e~-Butex

f-the only coditions reported.
¥

- -

- Sherex Chemical Co.

Henkel Corp.

Shell Chemical Co. Ltd.

N

Acorga Ltd,
Ansul Co. Ltd.

T EEREEEEEE———.
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) I
2DBC HAuClg4(org)+ 3Hz(g9) —= 2Au(s) + 2DBC(org) + 8HC1(aq)

i (2.16)

In this system, a small amount éf dilute hydrochloric
acid solution is adéed to the organié phase to dissolve theJ
hydrogen chloride gas generated.

Pressure hydrogen stripping kinetics have been
demonstrated to follow one of the two paths,homogeneous of
'hetergeneous metal nucléation. In homogeneous nucleation ghg
métél is easily reduced requiriqq no catalyst. Minor amounts
or no metal plpting is osserved on wetted autoclave surfaces.

Heterogeneous nucleation prevailsqwhen base metals are
hydrogen reduced. In geﬁefal, heterogeneous hucleation
requires higher reduction temperatures than homogeneous
nuclea;ion, and seed addition is necessary to prevent’

deposition on reac¢tor surfaces. Seed addition is also seen to

increase-reduction rates. Table 2.4 shows a summary of the

c
« 9

kinetics of the metal ofganic reduction systems already

studied.[2]

4

p Most of the hydrogen reduction studies involving organic

“

solvents have been conducted on organic phases loaded from pure
aqueous solutions as opposed to real leach solutions.
‘Therefore, the main impurities in the very fine metal powder
prqducté h;ve been carbony‘hydrogeﬁ, and oxygen. Carbon and
hydrogen contamination is thought to be a result of 6;§anic

entrainment during filtration. Oxyg§en contamination is

3
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Table 2.4 Summary of metal organic reduction systems. [2]

P

Reduction

Systes Conditions - . Characteristics

listncgant Metal Complrex lr(l) P(MPa Hjy) Nucleation Kinetics Remarks
° XBLEX 100 u AuCl ¢~ *HaL* 298-373" 0.35-0.69 Homogeneous Under study Minor plating occurred
N 4 @
Pa PAL; chelate 373-423 0.69-2.78 Homogeneous Under study No plating
!
Cu Culz chelate 443-488 0.52-4.14 Heterogeneous Autocatalytic . Seed needed to aviod plating
- ¢

Pb PbLy chelate 473-518 2.76 2 memm e emmmmeceecemececcmeee - Under study-------coccemcacaaax R s T

Ni NiL2 chelate 523-598 1.03-3.79 Het;iogeneous Weakly Autocatalytic Seed needed to avoid plating

Co CoL3 chelate 523-598 1.38-3.45 Heterogeneous Weakly Autocatalytic As above

Pe PelL3 chelate 473-598 2,76 No metal fofmed Very slow Fe(11) formed., Catalyst needed.
LIX 65m vCu CulL2 chelate 433-473 0.69-2.76 Heterogeneous Weakly Autocatalytic Seed needed to aviod plkating
Versatic 911 Cu CuA2 salt 393-473 0.10-6.90 Homogeneous Autocatalytic :

: ““3 addition facilitates
Ni NiAp salt 433-473 0.10-6.90 Heterogeneous Fast reduction and prevents 4
colloid formation
Co CoAz salt 433-473 0.10-6.90 Heterogeneous Fast
Ve PoAy salt 573 6.90 Heterogeneous Very slow Reduction to Fe(11). Metal formed
- only when NH3 added.
D2EHPA Ni NiA2 sal 413 2.07 Heterogeneous Very fast Co/Ni
S = separation
Co CoAz salt 413 2.07 Heterogenecus Very slow possible
Fe PeA3 8al 398 2.76 No metal formed Fast Fe{1l) formed. Catalyst\neoded
//Butcx Au DBC-HAuUC1 4 353-403 0.34-2.76 Homogeneous First order No plating o
v . in Au ("3
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considered to be probably ca;.lée'd by surface oxidation’of the
highly active metalh powders. ' -

Ir: general, when precipitation occurs through homogeneous
nucleation, the particles are fine, and no coarsening is
observed if seed is added. If heterogeneous nucleation occurs,

seed is added to prevent gléting and a coarsenirig effect of the

seed, onto which fresh metal deposits, is ‘oBserved.
\
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;  CHAPTER 3

< N EXPERIMENTAL '

-

3.1 SUMMARY OF EXPERIMENTAL

Mixing of the two phases during the shake-out tests was
A

performed in separatory funnels by mechanical shaking. Loading

~f the organic for reduction was achieved by mixing in a

separatory funnel with the addition of concentrated ammonium .

hydroxide for pH control. Hydrogen reduction at high
temperatures and pressures was carried out in an autoclave.
Measurement of lead concentration was accomplished by Atomic

Absorption Spectroscopy (AAS). Ordanic structure analysis was

performed using Infrared Spectroscopy (IRS), Ultra-Violet

A ,
Spectroscopy (UVS) and Gas Liquid Chromatography (GLC). :

—

.3.2 CHEMICAL REAGENTS

3.2.1 ORGANIC PHASE COMPOSITION

The organic phase used in this work consisted of KELEX 100 -

dissolved iﬁ a 1low aromatic, (< 1%)‘keroééne diluent and a
decanol modifier. fhe m;xture contained 15 volume pe;cenf
(v/0) KELEX 100 (Sherex éhemical Company), 10 volume percent
decanol. (Eastmane Kodak Chemicals), and 75 voluﬁe 'ﬁetcent
kerosene (Fisher'Scientific);H The physical properties of the
three components of the organic pbase are presented in Table

3.1. - Decanol was added as a modifier because it has been shown

to enhance the chemical étability of the extractants in similar

Y

)
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&
systems using coppdr nickel {56], copper (57}, and cobalt (58].

£

Table 3.1 Physical properties of components in the organic

phase.
Component Y - Physical Property
Specific Gravity Boiling Point (K)
KELEX 100 .976 533 at 760 mm Hg
Kerosene . ’ . 774 Distillation Range
» - 10% 475
' 50% 487
, } .90% 513
Decanol . 83 502 at 760 mm Hg

A}

Prior to use the organic liquid was "purified" by acid
- I

washing [29]. Ahy water soluble impurities in the as-received

organic were removed by washing, at an organic to aqueous. ratio

of 2 to 1, with a 10 v/o Hy804 solution. The colored
raffinate was discarded, and the organic scrubbed with

distilled water to remove any extracted acid.

L

\
3.2.2 AQUEOUS PHASE COMPOSITION

{

The aqueous phase used in this work consisted of a lead

acetate solution prepared by the dissolution of reagent grade
lead acetate trihydrate (Anachemia Ltd.) in distilled water

with glacial acetic acid (Fisher Scientific Ltd.) added as

-

-

~ .
N )

r

4
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h v

"backing electrolyte. Ammonium hydroxide (Fisher Scientific

Ltd.) was added as base to increase the pH.

3.2.3 REDUCTION GASES

AN .

Gases were supplieg to the reagtion vessel via high
pressure cyl inders. Prepurified-grade hydrogen and nitrogen
- gas, produced by Union Carbide Ltd. and distributed by Welding

Pnoducts'Ltd., were used. The purity, moisture cbntent, and

oxygen content are listed in Table 3.2,

Table 3.2 Quality of hydrogen and nitrogen gases used in

. . , the reduction experiments.
‘ ’
Hydrogen Nitrogen
Minimum Purity 99,99% 99.998%
i C ; -
Maximum Moisture - 5 ppm S ppm
P Maximum Ogygen 3 ppm 3 ppm . ,\
- Fa 2 N '

A}
\\\/ .

3.3 AUTOCLAVE ASSEMBLY

.The reduction experiments were conducted in a two litre

autoclave manufactured by Parr Instrument Company. Two main

components comprise the autoclave assembly; a reaction vessel
. . ‘ .

T e and a heating circuit.

3.3.1 REACTION VESSEL . : (

Figure 3.1 shows the main features of the stirrer assembly .
A

sy
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and ~bomb.which were constructed of titanium. The glass liner
used to hold the o?ganic liquiq was made of Pyrex. )

Agitation of tﬁe organic liquid and léad°powder seed was
'gro;ided by a belt-driven stirring shaft .fitted with two, 6
pitched-blade, turbine impellers. The impellers were adjustedJ
vertically on . ;he shaft resulting in a positioning of , the
impellers 3 cm from the .bottom of the reactor and 3 cm below
the 1liquid level. Stirring speed could be adjus}ed from 0 to
1000 rpm by means of a variable speed motor. ‘

Ligquid could be withdrawn from the autoclave for sampling
through the dip tube by opening of é sampling valve attached to
tﬁe head of thé autoclave while the autoclave was pressurized.
Gas was introduced though»this same dip tube under the liquid
level via thé gas inlet valve, ?150 attaéﬁéd to the head of the
autoclave. - C;re was taken to close the gas inlet valve during
sample withdrawal to ensure that the gas 1lines. from the
pressure cylinders were not contaminated with organ}c liquid.

Removal of gases from the reacéion vessel was achievedv by-
means of a needle valve in the éutoclave head, whicﬁrreleased
gas fnto a kerosené trap via a Tygon tube,. Gas pressure was
measured by a bourbgn-tube pressure gauge having a pressure
rangegfiom 0 to 6;91MPé. Séfety froh overpressure was provided

by a 6.9 MPa gold-plated rupture disc installed in the head of

. the reactor. : o

. "
™
- N v
) ?
. s
)
‘ - !
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Safety rupture disc

Gas inlet valve

\
;.;‘::-

Liquid sampling valve

Water connection to
cooling channel sround

Gas iniet and liquid
sampling tube -

Thermowell

i

Figure 3.1 Sectioned view of the autoclave assembly reactor
vessel.
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3.3.2, HEATING AND TEMPERATURE CONTROL

. .
\ o
§

The autoclave was heated by a sealed 1500 watt elé&ent

b

built into an insulated stainless steel shell su{@ounding the

bomb cylinder. buring 1n1t1a1 stages of the work , [16], the
standard Proportional Control Type automatic temperature

control ler supplied w1th the autoclave by the manufacturer
proved—to be 1nadequate for achieving and maintaining the
required set point temperature for the process. A large
overshoot was observed during the iﬁitial heating period,
followed by an unacceptably large deviation. It was surmised
that although this temperature control system was considered
adequete for aqueous eolutions it was uneatisfactory for the

present work due to the low specific heat of the kerosene

. solvent used (~0,5 cal/gm/°C).

Temperature control was achieved with the use of a

Proport1onal Integral Derivative action controller. The new

systen, manufactuged by Leeds .-and Northrop Limited, was a

Current Adjusting Type (Soft) 'Electromax 3' controller which

provides a 0-5 mA DC output, and whose magnitude varies with

" the deviation of input from the set point. Power was supplied

'y r

to the heatlng element wvia a Zero—Voltage-Flrlng solid-state
power package. The accuracy obtained from 'this’ temperature
control system was within + 1 K of the set point temperature.

Accurate reading of the temperature was obtained by the use of

‘a digital thermometer, having one degree of resolution,
. ° . \

@
i

r
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a

measuring the output of an iron-constantan (J-type)

" thermocouple ingertég into the bomb thermowell.(see Figure 3.2)

[}

‘3.4 EXPERIMENTAL PROCEDURE

'3.4.1 SHAKE OUT TESTS

The shake-out tests were conducted usiné a 'Wrist .Action'’
Model 7§ jBurrell Corporation) mechanical shaker. The aqueous
and org;nic phases were placed into 125-m1 Nalgene brand
polypropylene separatory funnels and shaken at room
temperature. To determine the extraction of lead by KELEX 100
aé a function of pH, 10 ml aliquots of an aqueous solution,
with 3 gpl initial lead concentration and pH=5.05, and an

organic phase were shaken mechanically for 5 minutes and the
\

phases allowed to separate. The pH of the aqueous phase was
mea;ured and adjusted, “if necessary, by the addition of NH,4OH.
Then, the phases‘;eré re-equilibrateé. The above procedure was
repeated until thg desired pHeyalués were obtained. After
shaking, the aquedﬁs phase was filtered through WHATMAN 1 type
filter'paper and analyzed for lead. The app;opriate mass
f&lance calculation was then performed to determine the amodnt
of lead in the organic phase. The slight volume change cauged
9y the addition of NH4OH was considere€¥negligible and an

aqueous to organic phase ia;io (A/0) of one was used in the

extraction calculations.



Figure 3.2 Components of the appgratus for reduction: ()1)
autoclave (2) temperature controller (3) power
pack (4) stirrer controller (5) reduction gas.
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3.4.2 LOADING THE ORGANIC PHASE FOR REDUCTION

Lead was ldéded into the organic phase prior'to reduction
by contact with an aqueous pﬁasélanalyzed to contain 20.18 +
.64 gpl lead and initial PpH of 4. 15.
The aqueous and organic phases _were mixed at an-initial
A/0 of 1 in a 'Pyrex' glass separatory funnel ;dto_gpich a
teflon stirre? hayd ‘been inserted. A total of 15 ml of
concentrated NH40H was added to the _agueous phase in increments
of 5 ml by periodically stoppxng the stirring and separating
the phases at 15 minute iritervals. After the final addition of
&H4OH, the pdages-were stirred for one hour to ensure
equilibrium. This resulted in a raffinate having an
equilibrium pH of 5.90 aﬁd an organic—phase of 19.54 + .86 gpl
lead. . . - - |
‘ _After phasefdisengagement and separation, the loaded
organic phase was. filtered through WHATMAN, 1PS filter paper to
ensure that no -water was transferred into the autoclave. It

was necessary to ensure that no water was transferred into the

autoclave in order to avoid the possibility of hydrolytic

stripping and for reasons of safety. The vapor pressure of
N e

water is muc¢h higher than that of keroséne, at the operating

e
° ]

temperatures used.
: % )

. <« . * . s
3.4.3 HYDROGEN REDUCTION

v

One litre of the loaded organic was poured into a glass

liner which was placedginto the autoclave bomb and tﬁe’stirrer

>
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assembly fastened. Twenty grams of fine lead powder (~200
mesh, Fisher Catalog #L-29) was also added with the 16&dﬂd
organic asﬁ a seed material _'when experiment‘arl conditions
Qarranted. The bomb assembly was then inserted into the.
heating jacket énd the cooling water, thermocouple, and stirrer
pulley attached. ‘

Entrappeé air was removed'from the autoclave by purging
fér'ls minutes at a pressure of 1.04 MPa with Nz 9as while
stirring’at 800 rpm. After purging, the loaded organic was

"heated to the setrtemperat?re und%r an inert nitrogen-
atmosphere while stirring continued.

Once the temperature had stabilized a sample w;s withdrawn

.to be analyzed and taken as tﬁé initial lead concentration. All
samples were taken by stopping the stirrer for sixty seconds,
in order to allow settling of most of the lead'powder suspended
in the organic, fldshing out of the sampling tube w;th 5 ml of
so%ytion, and collecting 10 mls for metal analysis, -

After the first sample was Eaken, hydrogen was introduce&
into the autoclave and the pressure adjusted. Upon fnitial
-introduction of the hydrogen gas into the. autoclave a sl;ght
drop in temperature was observed, attributed to the cool
hydrogen mass. -Thermal equilibrium was established quicklyy ..
however. After final sample withdrawal, heating was tﬁrned off.
and the hydrogen pressure reduced b§ openf%g the gas‘gutlet

valve. The autoclave was theén purged. with nitrogen for 15



Vi

- _ 39
[ b o
minutes at 1.40 MPa énd_allowed to cool overnight while being

stirred.

N

The autoclave was dismantled the followiné morning and its
contents filtered through a 350 ml Buchner funnel having a
fritted disc of fine porosity. Filtration was ai?ed by the use
of vacuum. 'TQe organic was acid stripped using 56 gpl HNO3 ©of
any rquﬂining lead and recycled. The organic loss dﬁe to
sampling and handling was replaced by fresh organic. The
residue of filtration was washed thoroughly with acetone,
allowed to dry at room temperature, collectéd, and stored.

After reduction, the impgllér assembly had a very thin
lead coating and sﬁa}i amoﬁnts of agglomerated lead chunks
adhefed'to its surfaces. Tﬁe surfaces were cleaned by scraping
tﬁem with a small brush,\add washing with acetone. Any lead
metal remaining adhered to the stirrer assembly was removed by

soaking in a ‘50 v/0 HNO3 solution for one hour. After rinsing

with distilled water and drying, the autoqla&e was ready for

the next experiment.

3.5 CHEMICAL ANALYSIS -

3,5.1 DETERMINATION OF LEAD CONCENTRATION _ ’
Direct determination of lead concentration in the forganic

phase was not peformed. Lead concentration in the 6£ganic phase

for the extraction tests was determined by analysis of the
. - - £

agqueous phase and calculation of the mass bdlance.

Lead concentration of the organic samples taken during the
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reduction experiments was determined by acid stripping of the
lead. T6 find an appropriate strgpping medium, .stripping
isotherms were determined for various concentrations of acetic¢

v

and nitrig acid solutions.

The stripping _isotherms we;e constructed Sy shaking
varying amounts of aqueous and organic ph§§es and determining
tﬁe lead distribution ‘between the two phases. The organic
phases used in these experiments had been loaded prior to
stripping from a lead acetate solution. Samples were
equilibrgted for 30 minutes in separatory funnels after which
the strip solution was analyzed for lead, and a mass balance
perfsrmed. The aqueous to organic phése ratio was varied from
an A/O of 1/5 to 5/1. K

In order to ensure that 30 minutes of shaking was
sufficient to strip all the lead from the organic, the kinetics
of lead stripping by 50 gpl HNQ; was studied. Separatory
funnels containing 10 ml of acid and 5 ml of loaded organic
were shaken for time intervals-of 30 seconds, 1, 5, 15‘and 30
minutes, the phases separated and the strip solution analysed
for 1lead., . '

Lead concentration of the organic samples tqken‘ynﬁng the
reduction experimeqts was determined by stripping 5 ﬁl of
sample with 10 ml of 50 gpl Hﬁ03. Prior to stripping, the

3 .
organic samples were centrifuged for 15 minutes at 1500 rpm in

order to settle out the lead éowder product that was taken when

g

A
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.sgmpling. These éamples were then filtered through WHATMAN 1PS
filter baper. The organic and aqueous phases were mechanically
shaken for 30‘minutes and the phases separated., The strip
.8solution was then diluted and analysed for leaé using atomic

absorption spectroscopy on an Instrumental Laboratory 357

-Spectrophotometer.

3.5.2 ORGANIC STRUCTURE ANALYSIS

The infrared spectra of KELEX 100 were ;ecorded in the
waveﬁumber range of 400 to 4000.cm~l using a Perkin-Elmer 467
Grating Infrared Spectrophotometer. The KELEX 100 solution was
injected into a liquid sample cell made up of two NaCl cryétals

with a spacer of .125 mm. The reference solution used was 10

]

v/o decanol, 90 v/o kerosene.
\

K UV wavelength scan from 201 to 960 nm was performed with
an LKB-BIOCHROM Ultraspec 4050 Spectrophotometer. fhe samplés
and 'reference solution were held in 1 “em 'Spectrosil' cells.
Pretreatment of the KELEX 100 samples was necessary prior
to analysis by gas-liqui§ chromatography. ThebKELEx 106
mixture is insufficiently volatile to pass through the
chromat;graphic column. -Silylation is a common deriQationf
method used in carrying out gas chromatography on organic

N

compounds of low bolatility. In this process,' the
trimethysilyl group (-8Si(CH3)3) is substituted for active
hydrogen in a compound. Small aliquots of KELEX 100, samples

were converted to the trimethysilyl derivatives with bis-
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silyltrifluoroacetamide (BSTDFA - Pierge ChemicaI.Company) and
heated at- 333 K for 20 minutes. A small aliquot of the
reaction mixture was injected into a GC-MS chromatograph,
having a 183 cm column coated with 6% 0V-101, and temperature
programmed from 423 K at 16 K per minute. Mass spectrometer

scans were made from 40 to 600 atomic mass units every 3

seconds.
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0 . .  CHAPTER 4

RESULTS AND DISCUSSION:

) PRELIMINARY EVALUATION OF THE LEAD-KELEX 100 SYSTEM

4.1 EXTRACTION AND STRIPPING OF LEAD

4.1.1 EFFECT OF pH ON EXTRACTION

- —

v The effect of pH on the extraction of lead by KELEX 100 is
shown in Figure 4.l. "As the equilibrium pH of the aqueous
acetate solution was increas.ed. the amount of 1lead extracted
also increased. This can be explained by examining the
equilibrium of the reaction which describes the extraction of a
metal cation by a chelating extractant. 4 | _

o MD+ (ag) + nRH (org) == MR, (org) + nH* (aq) (2.7
As can be seen from the above, nthe équilibrium position of )
this reaction‘favors_, the formation of the products ’(extraction

of lead) with an increase in equilibrium pH.

A , .
. The effe’?t of p? on the logarithm of the distribution
¢ coefficient., log , for the data in Figure 4.1 is-shown 'in
% Figure 4.2. The data in Figure 4.2 can be seen to comprise two

distinct regions; a non-linear portion at pH's below 4.5 and a
n linear portion above pH 4.5. The 1linear portion of Figure 4.2

can be used’ to provide useful information on the stoichiometry

of the extracted spécies. by the method of slope analysis, The
conditions required for the use of slope analysis have been

9 - met, in that the extraction was conducted in large excess of

A Y
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KELEX 100 compared to lead éoncentration, allowing us to assume
constant extractant concentration: Also, the use of a large
excess of acetic\acid°as a backing 91e?§iblxﬁb and low metal
concentration allows for the use di\coﬁcentrations to
approximate activities. The applicgbility\éf é}ope analysis to
this system is based on the followiﬁé simplifying

N § AN
assumptions [59]. . N

1. No polymeric species are formed il either phase.

2. Only uncharged species are extracted.:. .

3L The formation of intermediate non—éxtractable
complexes can be neglected.

4, No adduct formation between complgxés and
undissociafed extractant molecules or th%

organic diluent or modifier takes place.:

5. All hydrolysis reactions are insignificant.

<
“

For the range corresponding to .90< logD <30 " in Figuxze 4.2

linear regression yieldé a slope of 2,04 + .28 with a

‘regress}on coefficient, r, of 0.97 and a PH 5 of 4,79. The

relatively large deviation in slope (+14%) may be due to the
non-water soluble impdrities present in KELEX 100 which cannot

be removed by acid washing. Present in minor amounts, some

possess chelating abilities of their own.

Thus, the extractiom reaction for lead by KELEX 100 for
the system under investigation at pH values above 4.5 can be

written as the following: .



£

" Pb*2(aq)"'+ 2[KELEX 100] (org) == Pb[KELEX 100) 2 (org) + 2H‘:£ag;

In its structural form, it may be represented as the following.}

»

/ 2 (o] ..
2 (ag) + 2 O = O\l + 21 (ag)

. R N~ (oxg) Pb
OH @ J\ZO (org)

#~

The determination of a stoichiometry of-2 to 1 for KELEX '

100 andrlead is consistent with the species reported by other

' researchers who have studied the extraction of lead with KELEX
100 and other chelati‘ng type extsactants. Hoh and co-workers

(44,45) have assumed the structure of the extracted species

from acetate solution’wi‘th LIX 34 a‘nd LIX 64N as being the same

as determined in this work. In.addif,i%, organic ligand to

» 1lead stoichiometry of 2 has been reported for the extraction of
lead from chloride media [60] by LIX 34, LIX 54, LIX 70 and

KELEX 100, and from highly dlkaline media by KELEX 100 [61,62].

At pH values below 4;5 a diffﬁerent‘ex'tréction mechanism than
,tha;: described b)( equation 4.1 seems to be in operation.
Gradients for log D versus pH in th1s region are- less than

g

2 ,which is probably due to mlxed spec1es bemg extracted into
'8

the organic phase. Lead forms .several stable acetate sSpecies

\
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7
in aqueous solution [63], and it is poésiﬁle that aceto-lead-

KELEX 100 species”may be extracted in this region. This is

only speculation , and more detailed study of the extracted

L 8

species formed in this region is required. For the purposes of

this investigation it is sufficient to determine the structure
}

of the extracted species under the conditions of loading used

(pH > 4.5f prior to pressure hydrogen stripping.

4.1.2 STRIPPINC? OF LEAD FROM KELEX 100

A study of the stripping characteristics of lead loaded
KELEX 100 was undertaken to determine the su1tabﬁ&1ty of using‘
solutions of HNOj3 Or HOAc for lead concentratlon determination
of the organic samples from pressure hydrogen stripping.
Results obtained for the stripping of leadlfrom KELEX 100.by

HNO3 and HOAC under the experimental conditions described in

the previous chapterx (Section 3,5.1) are shown in Figure 4.3

o

and 4.4,

The shape bf these curves is not indicative of stripping
rsbtherms under equilibrium conditions.: The agqueous samples
from rhese‘tests were analyzed directly afrer stripping and
none of the samples contaigfd visible precipite}es. But, over
a period of time precipitates were formed in most of the
solutions. Stripping of lead from LIX 34 with 1 v/o, HOAc was
not reported to have had the same problem with
precipitation.[44,45] However, Kordosky et al [64] did report

that Pb(NO3), was precipitated after stripping 14 v/o LIX 34 in

s
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Figure 4.3 Stripping of lead from KELEX 100 with 20 and 50 gpl
nitric acid. '
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Figure 4.4 Stripping of lead from KELEX 100 with 20 and 50 gpl
acetic acid. )
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Napoleum 470B, loaded to 9.56 gpl lead, at a stripping 0/A of

6/1 with 150 gpl HNO;,
The delayed precipitation observed in this investi%aﬁion

is thought to be due éo supersaturation of the agqueous phase

-

under the stripping conditions used. The stripping lines reach

N

a constant maximum lead concentration in the aqueous phase.
t

This is thought to represent the supersaturation point of the

strip sojution. This ismore clearly seen when HNO3 is used as

the strippind\medium. From’ Figure 4.3.we see that the. maximum

lead concentration for 20 gpl HNO3 is about 30 gpl lead, and

for 50. gpl ’HNO3 it is about 72 gpl lead.

A coméarison of the stripping curves in Figures 4.3 and
4.4 shows th;é at an A/0 of 2 ;11 of the lead has been s%ripped
from the organic‘phase containing 20 gpl lead _in one stague with
either 20 gpl HNO3 or 50 gpl HNO3. In contrast 2 stages of
stripping are ieéuiféd to strip 20 gpl lead with either 20 or’
50 gpl HOAc at A/0 of 2. Therefore,the use of nit¥ic ;cid
media would facilitate chemical analysis.

It is important to note that since the analysis of

_supersatdrated solutions of lead were used to construct Figures

4.3 and 4.4, they do not represent equilibrium stripping
isotherms. Neverthelegs, the information obtained from these,

tests can still be ysed to produce an effective analytical

]

method ¥for determining the lead concentration in the organic

T

phase. This is 4ccomplished by exploiting the kinetic
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requirements of lead precipitation from solution. Defined,”
supersaturation is an.effect resulting from the.appreciable
time lag required for the condensation of ions upon invisible

nuclei to form particles large enough to precipitate, even

33

though the solubility product (Ksp) has been exceeded.[65] By

analysing the agqueous samples quickly enough 4fter s}ripping to
ensure that precipitation has not begun, accurate measurement
can be achieved.

Apart from the kinetics of precipitation in the strip
solution, the kirMetics of stripping are also important in
assuring that.the lead concentration measured in the strip

solution can be used to measure accurately the 1lead

.

concentration in the organic phase. Figure 4.5 shows the
kinetics of s;rippi;g an organic phase wifh 50 gpl HNO3 at an
A/O of 2/1. As can be seen, the stripping kinetics are v;ry
fast w;lh almost all the lead being stripped after 30 seconds.

From the &bove infirmatign, it’can be said that stripping

with 50 gpl HNO3 at an A/b of 2 for 30 minutes followed hy

- immediate analysis of the aqueous phase for lead gives an

. accurate measurement of the lead concentration- in the organic

samples from pressure hydegep stripping. It should also be
noted that, in addition to application as an analyticgl
techﬁique, nitric and acetic acid stripping coulé_be considered
as suitable stripping media in a‘gractical proéess involving

o

lead solvent extraction., -
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4.2 CHEMICAL AND THERMAL STABILITY

Reaction of KELEX 100 with hydrogen at eleVate%

‘temperatures and pressures could lead either to hydrogenation

of the aromatic rings or, under more drastic conditions, to
decompositign due'to'breakage of the rings (hydrogenolysis).
The effect of high temperatures could in itself lead to ring
breakage (byrolysis). Any of these conditions would make KELEX
100 unsuitable for pressure hydrogen stripping since organic
regeneration and recycling is essent@al for the procesg.

Evaluation of an extractant for conventional
hydrmﬁetallurgicai solvent extraqtion involves consideration of
thermal stability up to 323-333 K. However, for the hydrogen
stripping of lead from &oaded KELEX 100, thermal stability at
much higher temperatures is required. It should be noted that
during manufacturing KELEX 100 is sHBWbjected to temperatures up
to 533 K in a reducing atmosphere (O.IQ MPa H,) with no signs
of orgénic de;omposition [16] . However, heating in the presence
of air greatly accelerates decomposition of the extractant.
This suggests that reactions with KELE} 100 at high
temperatures cannot be conducted ip the presence of air.

In drder to determine.the chemical and thermal stability of
the lead-loaded 6rganic phase, the structure of KELEX 100 was
compared, ‘using gas liquid chromatography and infrared

t

spectroscopy, before and after reaction with hydrogen,
\

o
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4.2.1 GAS-LIQUID CHROMATOGRAPHY

The ga;-liquid chromatogram of the unreduced, acid
'‘purified', KELEX 100 used in this inVestiéation is shown in
Figure 4.6. The sample displayed a prominent peak at slightly .
over 8 minutes retention time. The molecular weidht of the
compound represented by this peak was found, using mass
spectroscopy, to be 299. .

Detailed analysis of the different components‘in'the
organic phase is not possible using th&; chromatogrém, butrmuch
information has been publisited on the composition and structure <
of the various components of KE1lEX 100.[4,66]

A typical gas-liquid chroﬁatqgram of the same batch of
KELEX 106 (Lot No., 8313R) that was used in ﬁhis investigation
with major peaks numbered is shown in Figure 4.7.[58] In
addition to the main active component the commercial extractant
also containé several by products of the manufacturing prpcess.
The attenugtor setting for. all peaks, with the exception of
peak 4, was X500. The setting f;r peak 4 was X1000, indicating o
that thisg peak should be tw{ce as Big as it appears. Moleéular/ |

weights of the components, as identified by mass spectrometry,

along with their assigned structures are shown in Table

4.1.[66] Also shown in this table is the weight percent of

8
each component present which”was estimated by measuring the

areas encldsg? by the respective p@§ks‘in the chromatogram of
‘ .) . N

KELEX' 100. / ' ‘
) . ; . o




“wt

F

\ o
‘k" ) J. \

. 4

e ‘ ’
) Q
! T ! T T ! Y 4"“? 1 <
0 | 2 3 4 5 ‘6 7 8 \ 9 10 N 12 13
! RETENTION TIME (min)

Figure 4.6 Gas-liquid chromatogram of unloaded, unreduced KELEX 100.
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Pigure 4.7 Detailed gas-ll quid chromatogram of unloaded, unreduced KELEX 100 showing

peaks of the major components. ..
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lel. 4.1 Components of XELEX 100 determined by gas-liquid

chromatography and mass spectroscopy. [66]

°

Paak Molecular Wt. % Molecular structure
weight
1l 145 0.5 a, R=H
2 197 8.0 b, Ry = H~
Ry = CHy
B /czu5
3 287 1.0 a, R = -cuzca\
CaBy °
. L
4 299 82.0 a, R = -CH(CH,),CH
3 Cyily
/CZHS
5 297 0.5 a, R = -C=CHCH,CH
| 2 \
- CHy Catly
/ CaHg
6 297 0.5 c, 1 -CHZCH\
, Celg
R, = CH,
/cz“s
7 295 4.5 b, R, = ~CH,CH ,
. Ry = CHy .
8 453 3.0 ?
r : :

O

structure a

structure b structure ¢
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" . Two types of organic structures were reported to be
present, those based on 8-hydroxyquinoline (structure a{ and
furoquinoliqe derivatives (structures b and c¢). Those
components based on 8-hydroxyquinoline contain ‘the exchangeable
hydrogen that takes part in the loading reaction but the

¢ furoquinolines do ‘not have complexing properties. h |
,The main active component (peak 4) was reported to

comprise 82 weight percent with a molecular weight of 299.

fhergﬁore the peak found by ;as-liquid chromatography in this

investigation is that of the main component in KELEX 100, and
coﬁéhrison of this peak before and after hydrogen reduction of
lead loaded KELEX 100 will determine the chemical and thermal

‘3 stability of the organic phase. The lack of detailed
information displayed in the gas-liquid chromatogram of Figure

4,6, compared to previous work[16;58], is thought to be due to
b S

the different procedures and equipment used to generate the

gas-1liquid chromatograms. Differences in starting temperaturé,
adsorption columns, heating rates§, attenuator settings, and gas
flow rate, all affect the gas-liquid chromaéoéram,generated
(67} .

The gas-llquid chromatogram of a sample of 1ead loaded
KELEX 100 which had been reacted with hydrogen is shown in
Figure 4.8. An organic phase, analysed to contain 26.90 gpl
iead, was reacted at 2.76 MPa Hy and 475 K for six hours. Any

remaining lead was stripped, and the sample analysed. A

S
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Figure 4.8 Gas-liguid chromatpgram of unloaded KELEX 100 after
\ reduction at 475 K and 2.76 MPa H, for six hours.
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dominent peak is again eluted at just over 8 minutes retention
time. and was found to have a molecGlar weight of‘299, the same:
as was fouﬁd for the organic prior to hydrogén'étrippi;g.
Nonidentical retention times aré the reéult of the diff{culty
of matching starting temperatures in the program mode. )

‘ Reappearance of the peak for thebmajor component of KELEX
100 (peak 4) after pressure hydrogen stripping suggeéts good
chemical stability of lead loaded KELEX 100.\ Further evidence

will be presented in a study of the infrared spectra.

4.2.2 INPRARED SPECTROSCOPY

The structural changes which KELEX 100 undergoes during
the loading of lead, and hydrogen stripping, are better shown
using infrared spectroscopy. Figure 4.9 shows the spectra of
-unreduced, unloaded KELEX 100 in the wavenumber range between
4000 and 400 cm-l, Harrison et al [68] have reported some
characteristic frequencies of the infrared spectrum of KELEX
100. For instance, the OH-phenolic stretching frequency was.
m;asured %€~3400 cm~1l, the C-N stretching frequency at -1280
cm-l, the C-N bending freguency at 720.cm‘1, and the C-0
stretching frequency at 1090 cm-1, J‘

AsﬁbrookL69] maintained that the phen&lic hydroxyl group
iﬁ KELEX 100 is involved in intramo;ecular hydrogen bonding.
This was deduced from the presence of .an absqrption peak around

3400 cm‘l, which was in evidence down to a concentration of

0.0025M in carbon tetrachloride. This is similar to a peak
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Figure 4.9 Infrared spectra of aneduéed, unlocaded KELEX 100.
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present in the spectrum of 8-hydroxyquinoline at 3410 cm-1,
which has also been associated with hydrogen bonding.

(
" 7The infrared spectra of the parent compound of KELEX 100,

8-hydroyquinoline and its metal chelates, have been stJEied in
much greater detail than the .infrared spectra of KELEX 100.{70,
71} In most studies thus far, solid samples of 8-
hydroxyguinoline and its chelates were used. In the present
investigation, only liquid samples of KELEX 100 were analysed.

Structural changes undergone by the molecule of the active
component of KELEX 100 when loaded with lead can be shown by
examinipg ghe spectra of the loaded extractant shown in Figure
4,10. .Changes in both transmittance and frequencies of thep
beaks is expected when comparing loaded and unloaded K KELEX 100
du9 to the effects of the lead on both bending and stretching
vibrational modes of the various functional groups of the
moleeules. Darkened arrows in Figure 4.10 indicate those peaks
for which changes are considerableu’(shift‘> + chm-l).

The peaks at 3400 cm=-1 (peak 1) and 1330 cm-l (peak 7)
have been attrlbuted to represent the stretchlng and bending,
regspectively, of the phenolic-hyffgfxlfgroup on the KELEX 100
molecule. [35,68] ,Eheizedraéggc reduction in the spectra of
loaded KELEX 100 signifies the replacement of hydrogen by lead.
Shifting of peak 4 from 1572 em=1 to 1550 cm-l and peak 6 from

1405 cm-1 to 1420  ecm-1 is attributed to the effects ofﬁ\ﬁad on

hetero-ring stretching and atomatic ~rlpg stretching
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respective1y~[66]; Similarly, .C-N stretchihg is thought to be
represented by the shift of peak 8 from 1272 cm=l to 1250 cm-1
(68}, while C-0O stretching has been assigned to the shift of
peak 10 from 1090 cm-1l to 1100- cm=-1. [72] The shift in peak 13
from 720 cm-1 to 735 cm-l is attributed to C-N bending.[68]
Figure 4.l11 compares the infrared spectra of KELEX 100
before and after hydrogen reduction. The spectra ip figure
4.11(b) is of KELEX 100 which has been subjected to three
recyclés of loading and hydrogen stripping under. various
conditions of temperature and pressure used in the study of the'
kinetics of reductions (493K to 533K and 1.38 to 4.14 MPa H2)-
The lead which had not been removed by hydrogen reduction was
séripped from the organic with nitric acid prior to infrared

4

analysis.

A comparison of Figure 4.11(a) and (b) reveals that the
major peaks have returned to their original heights and
positions. The only exceptioﬁ is with peak 3 gifzq cm-1),
discussion of which will be taken up in the section dealiﬁs
with thermal dissociation under nitrogen (ggption 4.,2.4).
Peaks 1 and 7, corresponding to OH-phenolic stretching and‘
bending respectively, have returned to their original heights.
From the changes of these peaks, it is appareét that hydrogen
exchéqge~took place between the lead loaded extractant and

hydrogen,
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Figure 4.11 Infrared spectra of (a) unreduced, unloaded KELEX 100 and (b) unloaded

KELEX 100 recycled three times.
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9 “KELEX 100 Ystucture I), being a C11 ¥lkylate of 8-

hydroxyquinoline, has structural similarities to quinoline
(structure II) and B-Hydroxyquinoline (structure III). Because
of this, an insight into the possible hydrogenation and/or
pyrolysis 'of KELEX 100 can be obtained from information about

hydrogenation and pyrolysis of these compounds.

O
OH \ OH

; I II III

In the literature, a number of references describe the

catalytic hydrogenation of quinoline under a variety of

o temperatures, hydrogen preséures, and catalyst environments.
[73,74,75,76] Quinolines are usually reduced preferentially
in the hetero-ring, regardless of catalyst, producing 1,‘2,3,4
tetrahydroquinoiine [(°structure IV).[74] Under stronger

LN

hydrogenation conditions (>10 MPa Hj), decahydroquinoline is
Q

produced . (structure V), while under extreme conditions (>15 MPa

32), the ring system breaks down yielding ammonia, amines, and
hydrocarbons, [7‘,7]

8-Hydroxyquinoline exhibits the same behavioral pattern as
quinoline when catalytic hydrogenation is carried out. T‘he
1,2,3,4—tetrahydro§uinolinol compound (structyre ‘VI) was the

¢ reported hydrogenation product. [74]
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Cétalytic hydrogen;tion of the KELEX 100 molecule has\beer
reported for the pressure,hydrogeh stripping of copper when
decanol was not present, and was attributeé to hydrogenation of
the hetero-ring of tﬁF active component of KELEX 100 ([l16]. In
addition to tHe aé%&ve component of the extractant, some
impurities in the as-received reagent were also found to be
unstable in the absence of decanol. These impurities‘were
Fidentified as dihydrofuroquinoline (peak 6, Table 4.1) and
duroquinoline (pedk 7, Table 4.1).

Resistance to hydrogenation for the lead-KELEX 100 system
under the pressure and temperatu conditions employed in the
present work may be expla(;;g}:; taking into ?ccouﬁtyﬁhe
inactivity of l;ad{métal as an hydrogénation catalyst because
of its inability to chemisorb hydrogen gas [78].

Further experimental evidence of the resistance to
hydrogenation of KELEX 100 is that in parallel sygsems 6f
nickel [56], copper [57] and cobalt [58] precipitation, no
problems of Fegradation due to extractant hydrogization were
encountered at-higher temperatures and pressures than used in
this investigation in ;he presence of these well-kgown

hydrogenatioh catalysts [79,80].
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Reappearance of tbhe major peaks for both the gas-liquid
chromatogram and infrared spectra, in conjunction v&ith the fact
that no detec;table loss in loading efficiency was observed when
the organic liguid was recycled, indicates that hydrogenation
did not occur and that KELEX 100 is a suitable extractant for

péess'ure hydrogen stripping of lead.

,"2'3 | ULTRAVIOLET SPECTROSCOPY . .
A wavelengi:h scan was performed from 201 nm to 900 nm of

lead loac';ed KELEX 100 versus both a 10v/o de?anol; 90v /o

kerosene blank, and a 15v/o KEL_l.BX 1700, 10 v/o decanol, 75v/o ‘

o

keroseﬁne blank. Both the sampl‘e and the reference solutions
) &

-

A" were diluted the same amount with kerosene. The peaks

AY

observed for a sample containing 38.4 ppm lead are shown %n

Figure 4.12. Only the wavelength region from 325 nm to 500 nm

prov ided useful information and is shown in Figure 4.12.
TARnsoly (-4
In the absence-of KELEX 100 from the reference solution,

.

two peaks are observed, at 337 nm and 425 nm. When KELEX 100

[

is included in the reference solution only the peak at 425 nm

appears. Therefore, it is surmized that the peak‘at 337 nm is

*

due to KELEX 100 and the .lead-KELEX 100 chelate absorbs at 425

)
nme. . .

*

The absorption of KELEX 1p0 at 337 nm ig similar to one of

the pe’gks reported by.Cote and Bauer [81] at 330 nm of ‘pre'-l976
|

I s

manufacture KELEX 100 in pure hexane. Attempts 't;o use

ultraviolet spect;oécﬁopy forwquéntitative . anallysis were
- : "

*
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Figure 4.12 Ultraviolet spectra of the lead-KELEX 100 chelate
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‘ , - . 4
unsuccessful because Beer's law was not satisfied, even at very

dilute concentrations of the metal chelate.

L3

4.2.4 THERMAL DISSOCIATION UNDER NITROGEN
)

As mentioned in the experimental section of the thesis,
the initial, heat-up period to the experimental temperature was

conducted under a chemically inert atmosphere of nitrogen gas

- L
until the reaction temperature was established (standardized to

2 hrs).

During the initial hydrogen reduction experiment it was
noticed, after chemical analysis, that the lead concentration
of the sample at tinuaequéls zero was djfferent from the lead
concentration of the organic phase’'before heat up. Also, lead
powder was observed to be part of the initial sample. It was
therefore speculated that lead was precipitating dur{ng the
initial heating period. The extent of this phenomenoﬁ can be
seen from Figure 4.13 where at 518 K, under a nitrogen
atmospheré, about 5 percent of(the lead had -precipitated after
6 hours.

This‘phgnbmenon, of metal precipitation under an inert
atmosphere, was also reported by Demopoulos [16] in his
investigation of agparallel system with copper. A comparison
yof reacéion curves for the two systems under similar conditions
Lof temperature (as shown ié Figure 4.,13) indicates that the

copper. chelate is more susceptible to thermal precipitation

than is lead.

v .

L]
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Similarly as observed in this investigation, Demopoulos

(4] reported regeneration of the organic solvent after pressure

hydrogen stripping of copper. However, infra-red spectroscopy

revealed some changes due to thermal precipitation of copper
during heating under a nitrogen atmosphere. Notably thé peak at
3400 cm-l was slightly reduced while a relatively strong peak
at 1720 cm -l was observed.

| Some speculation concerning a plausible pyrolysis
mechanism prevailing during the thermal dissociation of the

copper chelate when heated under nitrogen was put forward and
e .

is shown in Figure 4.14.

Figure 4.14 Proposed mechanism for the thermal dissociation of
the copper-KELEX 100 chelate.[4]

'Adoption of this mechanism explains the diffefences in the

infrared spectra of KELEX 100 before and after pressure

hydrogen stripping of lead. Heat-up and cool-down periods

1

under nitrogen resulted in production of polymeric species of
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the KELEX 100 molecule. The decreased peak at 3400 cm -1

3

associated with KELEX 100 after reduction (representing the

stretching frequency of OH) and the strong peak at 1720 cm -1

::é=0) are indicative of the

(representing the keto group
assumed tautomerism,

Build-up of these polymeric species would affect loading
and stripping ée;formance in a practical operation involving
extractant recycling, but could be avoided if the entire
process (including heat-up and cool-down) were conducted under
hydrogen. Because the reproducibility of_;oading upon recycle
of the organic phase was high (20.18 + .64  gpl 1lead)
polymerization is not Eonsidgred to be a significant problem in
the study of the kinetics of hydrogen stripping of lead.

The pyrolytic behaviorL in an inert atﬁosphere (argon), of
a series ,of divalent metal chelates derived from 8-
hydroxyquinoline has been studied by’Charles et al. ([82] The
;rder of decreasing heat stability of the solid’chelates was
‘reported as being Ca>Mg>SraMn>Ba>Co>Ni>Zn>Pb>Cu. Principal
products of decomposition include hydrogen, 8-hydroxyquinoline,
the free me;al or metal oxide, and carbgonaceous materials in
which a portion of the metal chelate ring syétems is retained.’

The order of thermal stability found by these researchers
correlates well with observations of thermal precipitation-
reported in the various studies with different metals and KELEX

100. Thermal preéipitation was reported not to occur in the

A
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nickel [56] or cobalt [58]-KELEX 100 systems at temperatures
below 573 K (the maximum temperature studied). While, as shown

in Figure 4.13, copper is more .susceptible to thermal

“
precipitation than 1lead.

Charles [82] also reported the decomposition of the lead

chelate of 8-hydroxyquinoline to occur at tempiratures above

583 K. Assuming similar thermal characterisitcs for KELEX 100,
decomposition of the 'lead-KELEX 100 chelate midht be expected

to occur near, at or above 583 K .

A reduction test run at above the melting point of lead

‘(600.5 K) was conducted to see if reduction was possible df a

metal in molten form, The eiperimental conditions were 611 K ,
2.76 MPa Hy, 20.0 grams of lead seed, 800 rpm agitation and 24-

hour chelate age. Upon Qpen@ng of the autoclave after

"reduction it was apparent from the foul smell of the organic

phase that decomposition had occurred. Infrared specroscopy
confirmed this observation and a comparison of the infrared .

spectra before and after reduction'is shown in Figure 4.15. A

'

drastic Feduction in transmittance is observed for peak 1,

suggesting destruction of the OH-phenolic group on the KELEX

100 molecule. ; . .

)
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~ CHAPTER 5

RESULTS AND DISCUSSION:

PRESSURE HYDROGEN STRIPPING

5.1 KINETICS o

The effects on the rate of lead precipitation from ldaded
KELEX 100 using hydrogen was investigated with respect to
several process parameters. The parameters studied were seed
addition, and its effect on plating, agitation, 1lead chelate

age, temperature, and hydrogen partial pressure.

W

S.1.1 SEEDING AND PLATING v

In a chemical precipitation system where a solid phase is
produpéd from a solution, it is important to ciarify if the
nucleation taking place is homogeneous, heterogeneous or if
both mechanisms are occurriﬁg. TheAeffects of the presence of
external seed and immersed metallic surfaces on ' the reaction
rates of lead precipitation will give an indication of the

i

nucleation mechanism, g

Reaction rates are presented as percent lead in the
organic phase versus time. Time ‘zero coEfasponds to the time
at which the operating temperature was reached and the hydrogen
gas was introduced into the autoclave. One hundred percent
lead 1in the organic represents the initial lead concentration

at time zero

The effert of adding 20 grams of fine lead powder as seed

on lead precipitation rates is shown in Figure 5.1. Although

3
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Temperature: 518 K

ressure 2.76 MPa H, ® no seed
Stirring : 800 rpm ®20.0 g seed
helate age: 24 hrs
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Figure 5.1 Effect of seeding on reaction rate.
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external seed addition is not necessary to precipitate 1e$d,
the rate is increased if fine lead powder is added. The effect
of seed addition is not very great, yet obsd#rvable, At six
hours r)eac'tion time the amount of lead in the organic phase has
been reduced to 21 percent of ghe initial concentration when
seed is present compared to about 36 percent when seed is not
present. This °enhanced reaction rate when seed is added
indicates that the nucleation kinetics are hetergeneous. It is
unlikely that homogeneous nucleation is important in the
é&esent system because of the requirements for homoéeneous

nucleation. From nucleation theory, it is known that there are

two requirements in order for homogeneous nucleation to occur

-[83]):.

l) A high concentration of ‘the reécting species
(preferably uncomplexed) to the point of supersaturation.
2) A sufficiently high temperature to provide«t?e high
activation energy of nucleation.
. The submerged titanium surfaces of the impeller assembly,
thermowell, and sampling tube may also act as nucleation sites,
and it was observed that a fine coating of lead always adhered
to the surface of the submerged surfaces.

When hydrogen comes in contact with titanium, molecular
hydrogen dissociates and ionizes to some extent due to the

potent"l field of the metal ([84]}. In this condition, the

vy S
titaniuh surface would be expected to be catalytically very

o]
P2
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active,
It is also believed that during cleaning of the stirrer
assembly, titanium adsorbs hydrogen which is produced during

dissolution of platedllead with nitric acid as shown below:
Pb + 2HNO; =x Pb*2 + 2NO3” + H, | . (5.1)

In 'addition to the jabove mechanism, it is presumed that
. hydrogen is also adsophed during the reduction experiment, thus

enhancing is the catallytic activity of the metallic surfaces.

Massive plating of the stirrer assembly was not observed
in this sytem as was reported for coppér [16] and cobalt [85]
in the absence of catalytic seed. This is believed to“be due
to the much greater catalytic activities of cobalt and copper
for the chemisorption of hydrogen on their surfaces than
lead [78]. Once the submerged surfaces have been coated with
lead, the catalytic activity of these surfaces becomes greatly
reduced and further plating occurs very slowly. -

-The effect of adding seed may have been better studied if
nickel or copper powder héd been added. ﬁowever, the 1lead
pioddct would have been impure, It is probable that an
incgeased reaction rate would be observed in the initial stages
of reduction if nickel or copper seed were added. Up t6 that
point where the seed particles become covered with lead and

effectively begin to behavé chemically similar to lead seed.

Although plating of the stirrer assembly was not severe,

b
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agglomeration of seed and newly precipitated lead powder was
severe, This is8 thought to be enhanced by the high
“ temperatures (very close to the melting point of lead of 600 K)
and pressures required for the hydroéen stripping of lead.
Because the evidence suggests that precipitation is
heterogeneous in nature a quantitative study of the kinetics is
not pbssible due to the varying surface area caused by
agglomeration. Thus, only a qualitative study is presented in
this report. |

As was'obéerved in the resf of the reduction tests and as
1q shown in Figure 5.1, the reaction curves are generally S-
shaped with an initially slow rate followed by fairly constant
reduction, ending in a slowing down of the rate of reductiop.
It is.proposed that in the initial stages the temperature
decrease observed (of about 5 K for the first 5 minutes) when
the hydrogen gas is first introduced into the autoclave lowers
the reaction rate. Once tempefglure equilibrium has been
eséablished the reaction assumes a fairly constant rate, as is
observed., .Depression of the reaction rate as the reactign
progresses is thought to be due t& the dééreagg in specific
surface area resulting from increased agélomeration of‘the seed
material and freshly deposited lead. That is to say, it is
expected that agglomeration increases wigp time, at constant

temperature and pressure, resulting in less exposed surface

available for reaction.
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The rate of hydrogen dissolution .into the organic phase is‘//)
‘ » Lo
not considered to have any effect on the reaction rate of lead-
reduction because qf experimental evidence showing that

hydrogen gas dissolves rapidly in the KELEX

~

100/decanol/kerosene system. The apparent solubility of
hydrogen in .the unloaded organic solvent has been previously
determined [4]. Under similar conditions ofhtemperature and

pressure, as were used in this investigation, the pressure was

found to stabilize within 1 to 2 minutes resulting in a

hydrogen saturated solution very early. Thus initial hydrogen

2

starvation is considered to have only an insignificant

°

influence on the' slow reaction rate observed at the beginning

3

of reduction. The reaction is considered to proceed under

v

conditions of apparent hydfogen saturation because copper and
.

é
nickel are precipitated much more rapigly than lead, and

:

calculations show that they react under c¢nditions of apparent
hydrogen saturation. Thus, lead is considered to be reduced

¢ ' 7
under conditions of hydrogen saturation. J
A >

o ¢ o .

5.1.2 EFFECT OF AGITATION

The - reduction of lead from loaded KELEX 100 involves gas,
ligquid, and solid phases. - Agitation of the loaded organic

solvent is required for two reasons: good &%s dispersion, and .

A

{ , -

~suspension of precipitated solids to' allow for compléte -
expogure of metallic s%rfaces to the solution. Figure 5.2 ghows

the reaction curves obtained for stirring rates bf\ﬁoo and 800
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Figure 5.2 Effect of agitation on reaction rate.
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rpm at a temperature of 518 K and 2.76 MPa H,.
It appears that the reaction rate is not ﬁffecﬁed by
increasing the stirring rate from 600 to 800'r§m. The

-

independence of reaction rate on;stirring sugges#s that the
overall precipitation process is not diffusion %ontrolled.

Burkin (86), in his report on the physical chemistry of
metal precipitation from loaded carboxylic acids with hydrogen,
reported that in his system the rate controlﬁf?ﬁa—step was the
transfer of hydrogeh from the gas phase into solution. But in
Burkin's work hydrogen was introduced above the ligquid phase,
while in the present investigation hydrogen gas was drawn down
and dispersed as small bubbles below the liquid sur face by, the
action of the impeller. Therefore, under the present

experimental conditions, a chemical reaction appears to be the

rate controlling step for the overall reduction process.

H

5.1.3° GLEAD CHELATE AGE ®

Il
Previous experience with the copper-KELEX 100 [16] and

cobalt-KEEEk 100 [85] systems suggests that precipitation"

kinetics in the present.case may be affected by chelate age.
£

Strong aging éffects in these former.systems ' have been
attributed to the metal-bearing KELEX 100 molecules forming

polymeric assocfétions, which have a suppressing éfkeqt on the

1
hydrogen stripping kinetics. Difficulty in reduction increases

4
with age, ‘ » 7 )

[y

The effect of 1lead-KELEX 100 chelate age on the kinetics

<
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of reduction at 518 K and 2.76 MPa H, -following storage for 24 .

and 72 hours is shown in Figure 5.3. The reaction curve for

x both the 24-hour old chelate and 72-hour chelate is similar,
and there seems to be no chénge in reaction raté due to aging

“within this time period. .. , T

T

5.1.4 TEMPERATURE EFFECT

It is expected that as the temperature is increased, lead
precipitation rates will also increase. The reaction curves
obtained by varying tH"e temperature between 493 K and 533 K are
shown®in Figure 5.4. At 493 K the reaction rate is very slow

s " and about 85 psxcent of the initial lead remains in the organic

°= ;;hase after 6 hours. However, reaction rates geem to be
enhanced greatly by an increase in temperature beyond 493 K.

° An increase of 25 degrees, to 51;K, results in only abou{: 20

~u percent of the initial lead remaining dissolved after 6 hours,
while a fu‘rther incx:ea?e of 15 degrees, to 5’33 K, reduces the

6-hour dissolved lead level to about 10 percent of the initial

concentration.

5.1.5 HYDROGEN PARTIAL PRESSURE

> Changes in hydrogen partial pressure are also expected to
affect lead reduction rates. Figure 5.5 shows the effects on

the reaction rate of increasing the hydrogen partial pressure

from 1.38 MPa to 4.14 r'4Pa H,. As the hydrogen partial pressut

o increases so does the rate of reduction. After 6 hours
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percent at 4.14 $pa Hy.

reaction, about 40 percent of the
1. 38 MPa H2' about 21 percent
Again the
is observed.

According to Mackiw et al (8

which a reaction takes place can

-~

tgg is the time required for redpn

- metal in solution. It was empiric

—

relationship exists between ,ln(10(

results in Figure 5.5, at 1.38 MPa, 2.76 MPa, and 4.14 MPa

tgp equals 5.33, 3.45, and 1.75

ky (2]

o

89

lead remains in solution at.
at 2.76 MPa Hp and about 1

S—shaped ‘nature of the curve

7], a measure of the f%te at
pe given by (lOO/tgo), Q@g}e
ctiog of 50 percent of the
ally observed that a linear
/tgp) and ln(Pﬂgl, Using - the

hours respectively. Using

lineérwregression the slope of 1%(100/t50) versug ln(PHZ) is

0.98 with a correlation coeffic

reduction

pressure of hydrogen in the pressu

Similar dependency of the
partial pressure was observed in
nickel 'precipitation from aqu

[87]1 the rgduction of
)

solutions,
sulphate so}utions (88], and the

cobalt [85) from loaded KELEX 100.

5.1.6

REPRODUCIBILITY AND ORGANIC

ient of 0.96.

9

is almost directly proportional to the pa;tial

ke range investigated.

reduction rate on hydrogen
the heteregeneous sgystemg of
eous ammoniacal sulphate
cobalt'from agqueous am?}ne

reduction of copper [16] and

RECYCLING

Replicate experiments were ?onducted at 518 K, 2.76 MPpa

Hy, 800 rpm agitation, 24 hour ch%late’age, and 20.0 grams of

seed ‘in' order to determine the

‘reproducibility of the

H2/:7

_ The rate of

v




Temperature:

518 K

H& ‘, @ run 1l

. Pressure. : 2.76 MPa
. .§Stirring . ': 800. rpm
- JChelate age: 24 hrs B run 2
Seed : 20.0 g Pb

1

% OF Pb IN ORGANIC

o

20

4
6

. ‘ TIME (hrs)

Figure .5.6, Reproducibility and recycle of the organic solution
for reduction.
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3
lead (a deviation  of only 3.2 percent).

o

o , . ) b4
) ‘ . v X o 91

Ay

‘experimental procedure. 'As can be épen'from Figure 5.6

excellent expepjmentalareprodpcibility was obtained. ,

The effects of organic recyqlihg are also shown in Figdre
5.6, sincég the second,gxpérimeqtal runt was conducted witﬁ
recycled organic, as were.mcstoof the reduction experiments.
It {s apparent that.recyclfng does not adversely affect'the
organic phase. Good recyclability of the extractant is also

evidenced in the reproducibility of loading after reduction

which resulted, after loading, of solutions of 20.18 # .64 gpl

o

X,

© 5.2 METAL PRODUCT CHARACTERISTICS

The’iead produqed'by pressure hydrogen stripéing,
regardless of whether‘séed was addgg or not, consisted of large
andtpmall agglomerated chunks of metalftixeq with fine lead
powder. A photograph of the' lead produét recovered after
filtration is shown in Figufe 5.7. The largest portion of the
agglomerated'chunks of lead metal was characterized by a rough
porods‘upper f;cé and a smgot@ porous opposite side-with an
imprint of the bottom of the élass‘liner. It is belie;ed that

this large chunk of metal forms'at the vortex which occurs

directly under the bottom impellor due to rotation. A cross-

4

"section of this chunk of metal, shown in Figure 5.8, reveals

that the porogity is found throughout the particle. This

- -

" massive agalomerat{on of metal is thought to be due to the dual

aftions of sinter}ng and intergrowth of particles caused by
WA ’

3
¢




Figure 5.7 Reduction product produced'at/518 K and 2.76 MPa H2
( (a) without seed addition, and (b) with seeding.

v

Figure 5.8 Cross section of the massive agglomerated particle
L produced by-hydrogen reduction at 518 K and 2.76
- . , MPa H2. “ v ‘




metall ic deposition and growth. The large chunks of metal are

\iery friable and can easiluy berbroken by hand.

Q

Figures 5.9, 5.10, and 5.l11 are micrographs of the original

seed material and the powdered portions of the lead pr'odu'ct
produced with and v;ithou't seed addition at §18K with 2.76 Mpa
Hy. The o‘riginal seed material (Figure '5.9) consists of
uniform sized distinct . particles. The morphology,of the fine
lead powder pr‘oduced when no seed is added consists of porous
spongy particles. . The powdezé‘d product produced when seed is
added‘\is obsex:vefi to be a comgin;tion of Ehe product produced

without seea' as well as agglomerated particles of seed

material.

2 1

Figure 5.9 Micrograph of the original fine lead powder seed,
. (x125) )

~
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Figure 5.10 Micrograph'of the powdered portion of the lead
product produced at 518 K and 2.76 MPa Hj,
- without seed.(x125) .
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B Figure 5.11 Microgyaph of the powdered portion of thé“lead
“ - product produced at 518 K and 2.76 MPa H2s

with seed.(x125)
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CHAPTER 6

CONCLUSIONS ‘ 7

&

6.1  FINDINGS . : )

The experiments conducted in this in%estﬁgatiod permit the
- - .

o

following conclusiongi .
1) The method of slope analysis revealed that 1lead i's
extracted from acetate solutions as a 2 to 1 organic

molecule to lead chelate species.

v 2) l Lead can be efficiently aﬁa rapidly 'strippZd from
\\ KELQX 100 with both 20 and 50 gpl solutions 'of either
acetic or nitr}c acid to produce supersatu;ated lead
aqueous strip solutions. Rapid analysi; of these

strip solutions:brovidesV; good method to determine o

.

the lead concentraﬁi?n in the organic phase. ) ”

Lead 1loaded KELEX 100, which has been pressure

3)

—

- hydrogen stripped at temperatures between 493 K and
L] ¥

533 K with hydrogenupartial breqsure between 1.38 MPa

and 4.14 MPa Hz,. shows excellent chemical and

thermal stability resulting in regeneration of the

p—r—

organic molecule for recycle. ' However, pressure
hydfogeq stripping at above the melting point of lead

resulted in decompbsition of the organic molecule.

-

QR‘ : 4) Fine lead .powder has been observed to precipitate

‘ ' ‘ frpm loaded KELEX 100 when heated to high

&
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‘3’ temperatures in an inert atmosphere of nitrogen gas.

It is proposed that this may be due to the formation

of polymeric species of KELEX 100.

5) A wavelength scan in the ultra violet region of the
spectrum between 201 nm an 900 nm revealed an

-- absorbhnce peak for KELEX 100 at 337 nm and 425 nm
7

for the lead chelate.
%

6) A study of the effects of various parameters on the

® .
rate of lead reduction reveatfd that the addition of

fine lead powder as seed increases the rate of lead

precipitation slightly. An increase in operating

temperature and/or hydrogen pressure accelerates the

g > reaction rate in the temperature and pressure range

investigatedf There was no observable effect oﬁ the
rate by varying the chelate age between 24 and 72
hours;'or the agitation speeduérom 600 rpm to 800

- rpm.
7) ,‘Tbe lead metal product produced in both the presence
and absence_og seed congisted of large and small

agglomerated chunks of metal mixed with fine powder.

6.2 FURTHER INVESTIGATIONS

® " .
- Al.though much knowledge has been gaineds in the

investigation of pressure hydrbgeh stripping of lead from

’

7

loaded KELEX 100, the following poiﬁts are suggestions as to
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where more knowledge could be gained in further study of this

system:

1)

2)

3)

Y

Owing to the low catalytic activity of lead and the
agglomerating propez;}es of the reduction product, a
nucleation model or reaction mechanism was not
determined inm this investigation. Further work should

be conducted to clarify the reaction chemistry.

Heat up and cool down cycles of the loaded organic
solution should be conducted under a hydrogen instead
of a nitrogen agmosphere in order to determine if the
changes revealed by infrared spectroscopy are indegd
due to the assumed tautomerism. |

The addition of various organic reagents known to
affect'the physical properties of metals produced by
hyérogen reduction in équeous solutions should be
investigated in an attempt to improve the physical
characteristics of the reduced lead product. A high
pﬁrity, uniform sized, non-porous metal product is

the most desirable, especially for powder metallurgy

applications.

6.3 CLAIM TO ORIGINALITY

Original aspects of this work are thought to be, in

author's opinion, the following.

1)

—

7

It is the first time that the stochiometry of the

»
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o lead-KELEX 100 chelate has been determined when lead
is extracted from an acetate solution.

2) It is the first time that lead has been successfully
reduced from loaded KELEX 100 with hydrogen under

. pressure.
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APPENDIX

EXPERIMENTAL DATA

I. EXTRACTION AND STRIPPING

1. Effect of pH on extraction: Figures 4.1 and 4.2

PH [Pb] [Pb] D log D* %2 Pb
- (gpl) iggli EXTRACTED
3.95 .63 2.26 .28  -.553 21.8
4.18 .74 2.15 .34 -.469 25.6
4.26 .75 2.14 .35  -.456  26.0

4,42 .99 1%91 .52 -.284 34.1
4.81 1.39 1.51 .92 -.036 47.9
4.95 2.22 .72 3.08  .489 75.5
5.09  2.19 .70 3.18 .502 75.8
5.12 2.46 .48° 5.13 .710 83.7
5.40 2.68 .22 12.18 1.09.  92.4
5.43 2.84 .10 28.40 '1.45 96.6
6.80 2.92 .02 146.0 2.16 99.3

0

2. Str‘ipping with 20‘ and 56 gpl nitric acid: Figure 4.3

20 gpl HNO, 50 gpl HNO3
.
. 6.36 N.D. 6.36  N.D.
15.40 N.D. 15.30 ' N.D. )
30.10 .46 29.81 0.74
30.0 " 15.56 60.41 0.35
29.61 . 19.00 72.33  12.47
73.52 1.14
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po_ , |
o\ 3. Stripping with 20 and 50 gpl acetic acid: Figure 4.4
20 gpl HOAc 50 gpl HOAc
CoEh B By &
5.96 1.14 6.56 N.D.*
15.0 0.94 15.7 0.05
0 26.33 4.61 29.61 1.84
29.11 16 .39 57.23 .2.84 ., —
29.51 " 25.04 74.71 16.51

*
not detected -

o

4, Kinetics of stfippingﬁth 50 gpl’ niLric acid: Figure 4.5

.
0.5 14.03r ;
o 1.0 . 14,37 '
- 5.0 T 14.03
15.0 14.26 '
30.0 - 13.92

-

II. INFRARED SPECTRA

,
1. Unloaded, unreduced KELEX 100: Figures 4.9, 4.10, 4.11 and
4.15 )

- ™ N

Peak number 1 2 3 4 5 6

Wavenumber (cm—1)

3395 3050 1710 1572 1500 1405

¢

-~

7 8 9 10 11 12 13 14 15

1330 - 1272
0

1245 1090 820 800 720 685 -~ 592




nf

2., Loaded, unreduced KELEX 100:
1 2 3 4 5 6

Peak number 3

Wavenumber (cmrl):

7 8 9

N.D. 1300 1250 1100

Peak number s

Wavenumber (cm-1l):

A

7 _8 -9

1328 1272 1245 1090 820 800 720

IT1I. HYDROGEN REDUCTION

EXPERIMENT CONDITIONS

1 COMMENTS

TIME (hrs)

[Pblo (gpl)
% Pb IN THE:

102

Figure 4.10

3400 3050 1715 1550 1500 “1320

1

10 11 12 13 14 15

“

815 797 73 685 589

© 3. Unloaded, KELEX 100 recylced 3 times: Figure 4.1l1
1 2 3 4 5 6

3395 3050 1740 1572 1500 1405

-

10 11 12 .13 14 15

685 590

°

518 K, 2. 76 MPa Hj, O. 0 g seed, 800 rpm,
24 hr chelate age

Effect of seeding
0 S5 1 2 3 4 5 6

20.6 20.2 19,3 17.4 13.5 10.3 8.6 7.5

100 98.2 93.4 84.2 65.5 49.8 41.9 6.2

— -

ORGANIC
EXPERIMENT CONDITIONS :
2 COMMENTS :

TIME (hrs) :

[Pblo (gpl)

! -% Pb IN THE:
ORGANIC

v

518 K, 2.76 MPa H2s 20.0 g seed,
800 rpm, 24 hr chelate age

Effect of seeding, temperature, and
pressure

1 2 3 4 5 6

R

0 5
2112 20.8 20.4 15.3 11.6 9.1 6.7 4.5

100 98.3 96.2 75.2 54.6 42.9 31.9 21.2
— 1 -
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EXPERIMENT

1
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EXPERIMENT .
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-

§

CONDITIONS : 518 K, '2.76 MPa H2, 0.0 g seed,

800 .xrpm, 24 hr chelate age

’

COMMENTS ¢ Thermal dissociation under nitrogen

TIME (hrs) 0 51 2 3 4 5 6

[Pblo (gpl): 19.7 19.5 19.519.1 19.1 18.9 18.7 18.7

¥ Pb IN THE:

100 98.3 96.2 75.2 54.6 42.9 31.9 21.2
ORGANIC -

t

e

518 K, 2.76 MPa H2s, 20.0 g seed,

CONDITIONS :
800 rpm, 72 hr chelate age

COMMENTS ¢ Chelate age effect

3

TIME (hrs) : O 501 2 3 4 5 6
[Pblo (gpl): .18.3 17.9 16.9 14.6 11.5 7.0 5.0 3.5

% Pb IN THE: 100

ORGANIC

98.0 92.4 79.9 62.7 38.2 27.3 19.3

)

518 K, 2.76 MPa H2s 20.0 g seed,

CONDITIONS :
600 rpm, 24 hr chelate age

COMMENTS : Effect of agitation

-

TIME (hrs) : O 5001 2 3 4 5 6
[Pblo (gpl): 18.8 18.5.17.1 14.5 11.1 7.6 5.2 3.7

% Pb IN THE: 100-- 98.5 90.7 77.3 59.2 40.4 27.6 19.7

ORGANIC -

518 K, 1.38 MPa HJ, 20.0 g seed,

CONDiTIONS
800 rpm, 24 hr chelate age

COMMENTS :

- -

Pressure Effect

0 .5 1 2 3 4

\

- 6
9.4

TIME (hrs)

(Pblo (gpl): 22.4 21.3 21.0 19.1 16.7 15.4 l2.1
$ Pb IN THE: 100 95.2 94.1 85.6 74.6

65.7 51.7 40.0
ORGANIC | )
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EXPERIMENT CONDITIONS : 518 K, 4.14 MPa H2r 20.0 g seed,
o 800 rpm, 24 hr chelate age

7 COMMENTS -: Pressure Effeq
TIME (hzs) : 0 .5 1 2 3 4 5 6
[Pb]o (gpl): 18.8 17.0 12.3 8.6 5.0 3.1 1.4 0.3

. % Pb IN THE: 100 90.3 64.9 N5.1 25.9 15.8 6.8 1.4
ORGANIC & .

“

EXPERIMENT CONDITIONS

w

8 COMMENTS

. 493 K, 2.76 Mpa H2, 20.0 g seed,
800 rpm, 24 hr chelate age o

Temperature Effect

TIME (hrs) 0 .5 1 2 3 -4 5. 6

48.3 18.1 17.5 17.7 17.1 16.8 16.3 15.4

' 1#blo (gpl)

‘s Pb IN THE: 100 98.9 95.9.96.7 93.7 91.8 89.2 83.9
ORGANIC f " - \

f
’
1

EXPERIMENT -CONDITIONS

533 K, 2.76 Mpa H3s 20.0 g seed,
800 rpm, 24 hr chelate age

0

=+, 9 COMMENTS Temperature Effect

3

TIME (hrs) 0 «5 1 2 3 4 - 5 6

\ [PS]O {gpl): 16.6 16.6 15.4 11.3 8.3 5.3 ;.2. 1.8

3 Pb IN THE: 100 99.6 92.5 68.2 49.9 31.9 19.3 10.8
. ORGANIC \

\ [
518 'K, 2.76 MPa H2s, 20.0 g seed,

-FXPFRIMENT CONDITIONS 800 rpm, 24 hr chelate 'age .,
10 COMMENTS : Organic recycling ’
‘ "~ PIME (hzs).: 0 .5 12 3 4 5 6
e : | [Pblo (gpl): 20.8 20.1 19.2 16.4 11.4 8.7 6.5 4.3

=" . $ Pb IN THE: 100 96.5 92.3 78.8 54.7 42.1 31.4 20.6
ORGANIC




EXPERIMENT

Thermal
dissociation
of Cu

105
CONDITIONS : 517 K, 0.0 MPa Hy, 0.0 g seed,
500 rpm, 24 hr chelate age
COMMENTS : Comparison with thermal dissociétion
‘ of Pb
TIME (hrs) : 0 1.25 3.25 5

°

[Culo (gpl):  -'9.55 9.05 7.00 4.025

% Cu IN THE: 100 95.0  73.0  48.5
ORGANIC , ‘
Source: Reference No.lé6 pP. 222
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