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ABSTRACT

A method was developed for the separation and recovery of

copper, nickel, cobalt, manganese, and iron from ferromanganese nodules

that are found on the ocean.floor. A novel solubilization technique was 

employed in which oxalic acid was used to reduce Mn(IV) in the nodule 

oxide matrix to Mn(II) ; in addition, all the transition metal ions were 

solubilized. This was accomplished at ambient temperatures, leaving a 

precipitate of unreacted silica behind.

A g-hydroxyoxime, LIX 64N, was used to selectively extract the

copper, nickel, cobalt, manganese, and iron from the solubilized nodule-

oxalate solution after adjusting the pH with ammonia. Log D versus pH

plots were obtained for the five transition metals and an explanation

for the extraction behavior was proposed. The separation of the active

chelating species of the LIX64N, anti-2-hydroxy-5-nonyl-benzophenone-

oxime, was accomplished in order that its acid dissociation constant,

K^, and its distribution coefficient (Kp) could be determined. Both the

K and Kn were calculated using spectrophotometric and potentiometric a u
data.

viii



CHAPTER 1

INTRODUCTION

The H.M.S. Challenger expedition of 1873-1876 provided the first, 

written account of the discovery of "black hydrous manganese dioxide 

concentrations" (Hero 1972) collected from deep ocean floors. The MnOg 

deposits were later called ferromanganese nodules due to their high iron 

content. Mero (1958) was the first to propose that the nodules could be 

used as an excellent source of copper, nickel, and cobalt. He based his 

conclusion on the study made by the Institute of Marine Resources of The 

University of California in 1958 (Mero 1972). Nodules may contain up to

2.5 percent copper, 2.0 percent nickel, 2.0 percent cobalt, 50.0 percent 

manganese, 27.0 percent iron, as well as smaller quantities of 22 other 

metals including molbydenum, lead, and zinc (Menard 1976). All of these 

metals may be found in a single deposit, making the nodules one of the 

world's major sources of copper, nickel, cobalt, and manganese (Meiser 

and Muller 1973). Although the ferromanganese nodules are found xn 

every major water body, the more abundant and mineral rich are located 

between the Hawaiian Islands and Mexico in a belt centered near the 

equator (Dames and Moore, Inc. and EIC Corporation 1977). Mineral rich 

nodules are usually found at depths of approximately 4000 m or greater. 

It has been estimated (Moncrieff and Smale-Adams 1974) that their abun

dance ranges from 8 to 15 dry kg/m2.
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Following the release of the 1958 study by The University of 

California, several non-mining companies attempted to enter the field of 

nodule mining. It was almost as if a new "gold rush" had occurred. 

However, these early mining attempts proved to be generally unsuccessful 

and were aborted due to expense. It was not until the middle to late 

sixties that Kennecott Copper Corporation and other large companies 

started devising possible mining as well as processing techniques. At 

present, progress in both mining and extraction technology is being 

somewhat curtailed due to legal and taxation problems associated with 

deep sea mining.

Composition of Ferromanganese Nodules 

The mineral content of the nodules varies from one location to 

" another. Figure 1.1 (Hubred 1975) represents the many elements and 

their approximate, relative composition found in nodules. Ferroman

ganese nodules have a complex structure consisting largely of iron and 

manganese oxides as well as SiO^ and other acid insoluble silicon com

pounds which comprise up to 50 percent of the dry nodule weight (Brooke 

and Prosser 1969). The nodules are frequently formed around a nucleus 

of volcanic material, clay, siliceous sponge, bone remnants, and other 

similar materials (Hubred 1975). Although many theories about their 

origin have been proposed, little is known about nodule formation. One 

theory (Burns and Brown 1972) proposed that this nucleus serves as a 

catalyst for the formation of an iron oxide phase. This iron phase, in 

turn, oxidizes Mn(II) Mn(IV), forming MnO^. Although the true growth 

rate of the nodules is unknown, it has been estimated to be of the order
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of a few mm every million years (Barnes and Dymond 1967, Hammond 1974a). 

The accumulation rate and morphology of the nodules are extremely 

diverse —  depending on their geographic location, depth, and aquatic 

environment. The nodules range in size from 0.5 to several hundred cm 

and are found on the soft sedimentary layer just below the ocean 

surface.

The manganese is present in three mineral phases as: 6-MnO?,

7-X manganite, and 10-X manganite. The group labeled S-MnO^ contains 

only S-MnO^ which requires the strongest oxidizing conditions of the
othree manganese phases. The 10-A manganite, also referred to as 

todorokite, contains both 10-X manganite and S-MnO^; it requires the 

least strongest oxidizing conditions of the three manganese phases. The 

7-X manganite, also referred to as Birnesite, is composed of all three 

mineral phases. These determinations were made using X-ray powder 

patterns (Barnes 1967). Nodules containing a high concentration of

S-MnO^ are most suitable for selective extraction because they have the 

highest porosity of the oxide nodules (porosity can be measured by gas 

sorption and mercury penetration techniques; Brooke and Prosser 1969). 

Cardwell (1973) believes that Cu, Ni, and Co are chemically absorbed by 

the iron or manganese in the oxides and are actually substituted for them 

in the oxide. Brooke and Prosser (1969) proposed that the copper and 

nickel may be present as sub-microscopic crystallites, or absorbed on 

the MnO^ surface crystallites, or atomically dispersed inside the MnO^ 

crystallites. The kinetics of this phenomenon have not been studied 

extensively. Nickel and copper cannot be physically removed from the



oxide material due to its chemical relationship with the oxides. The 

removal of siliceous material is the only achievement that could reason

ably be expected from physical separation technology. Copper, nickel, 

and cobalt separation require chemical processing.

The iron pha.se in the nodules has been identified mainly as the 

mineral goethite, FeO(OH) (Fuerstenau, Herring, and Hoover 1973). The 

transition metals present in the nodules are often interchanged for 

manganese or iron in the host phases. The strong ion exchange prop

erties of the manganese and iron oxides as well as cation absorption 

upon negatively charged manganese oxides, bacterial concentration, 

chemisorption, and diagenesis within the sediments (Hubred 1975) are 

possible mechanisms for trace element enrichment in both oxide phases. 

Thus, the trace elements are actually contaminants of the manganese and 

iron oxide phases. Previous studies with scanning electron microscopy 

have shown copper and nickel to be associated with the iron phase (Brooke 

and Prosser 1969) while cobalt has been postulated to replace Fe(III) in 

the FeQ(OH) (Fuerstenau et al. 1973). Although there are regions of the 

nodules which are relatively rich in manganese and also rich in nickel 

and copper, and other regions that are relatively rich in iron and 

cobalt, no physical method has been found whereby either of the oxide 

phases can be concentrated.

Porosity plays an integral part in transition metal extraction 

of the nodules. The porosity of the nodules is usually above 50 percent 

of their volume (Brooke and Prosser 1969) with diameters of the majority



of the pores in the range of 0.1 to 0.01 microns. This relatively high 

porosity accounts for the abundance.of seawater salts contained within 

the nodules.

Economic Significance of Nodules

The nodules are a potentially economic source of several metals 

including: copper, nickel, cobalt, titanium, molybdenum, manganese, and

iron. Millions of dollars have been invested both abroad and in the 

United States in the exploration for deep sea nodules and in research 

for successful metal recovery techniques. Although the nodules are 

widespread throughout the oceans, commercially available deposits occur 

only in the Pacific Ocean. This has been the motivation for many 

industrial concerns to map and to explore the oceans. A maximum esti

mate of the amount of nodules available for mining in the Pacific Ocean 

would be two to three hundred billion tons (Mero 1972) .

A successful mining venture would have to scan a number of 

nodule deposits to determine areas of high nodule abundance with fairly 

high grade ores. The most likely metals to be recovered would be 

copper, nickel, and cobalt due to their economic significance. The 

mining site would have to be readily accessible to the proposed mining 

techniques available. In addition, the successful mining venture would 

require an economically feasible and environmentally safe processing 

plant. With these considerations, a 3 million ton per year operation 

can expect its gross sale revenues to be in excess of 200 million 

dollars (MonCrieff and Smale-Adams 1974) in 1980. This figure takes



into account nickel, copper, and cobalt only. These estimates are con

sidered conservative by many.

Mining and processing the nodules are certainly economically 

feasible, provided that techniques for deep ocean mining and nodule 

extraction processes are developed. Several mining techniques (Hubred 

1975; Dames and Moore, Inc. and ETC Corporation 1977) have been 

developed and have shown a reasonable degree of success. The crux of 

the problem is the development of a viable extraction process. It is 

this problem, along with certain legal problems, that have caused massive 

delays in ferromanganese ore processing.

Proposed Extraction Techniques

Two major types of methods have been developed and tried to date 

—  pyrometallurgy and hydrometa1lufgy. Pyrometallurgy involves smelting 

and is not regarded as an economically feasible technique. Hydro- 

metallurgy is the extraction of metals from ores brought into solution.

It involves both dissolution and extraction.

The object of the pyrometallurgica1 approach (Cardwell 1973) is 

to reduce selectively and collect copper, nickel, cobalt, and molyb

denum in a metallic product while rejecting most of the manganese and 

iron in the slag. MnO^ is reduced to MnO via heating to 1000oC after 

the addition of carbon. Control of this carbon serves to regulate the 

distribution of the manganese in the slag and the molten stage. 

Temperatures range from 1400° to 1600°C for the actual smelting process. 

Studies (Cardwell 1973) have found good success with this technique for 

nickel, cobalt, and molybdenum recoveries of 93-98 percent and copper



recoveries of 82 percent. Twenty-three percent of the iron is also 

reduced. A problem exists in the separation of the various metals in

the molten phase. Nothing could be found in the literature concerning

this separation. The major drawback of this technique is the smelter 

cost (Mero 1972) . Studies (Sridhar 1976) using a selective reduction

process at temperatures of 1100° to 1300°C have shown a recovery of 90

percent of the nickel and cobalt, and 85 percent of the copper. Several 

others (Hammond 1974b, Beck and Messner 1970) have experimented with 

similar smelting techniques with some degree of success.

Hydrometallurgy

Hydrometallurgy, a form of liquid-liquid solvent extraction, can 

be defined as a sequence of operations in which preparation of the raw 

ore is followed by dissolution and recovery of the desired metal values. 

The ore preparation may involve size reduction (grinding), ore concen

tration, or roasting. Dissolution may involve ambient or elevated 

temperatures, varying pressures, or varying hydrogen ion concentrations. 

The recovery operation may invoIve ion exchange (IX), solvent extraction 

(SX), chemical precipitation, or electrolyte deposition (Balberyszski 

1970). The more common nodule recovery techniques make use of the 

following sequence of operations: grinding, dissolution of the nodule

matrix with a reducing acid, and solvent extraction with an organic 

chelating agent. This is generally followed by a stripping procedure 

with an acid (Golden 1973) and electrolytic deposition of the metal.

Hydrometallurgy involves four major steps: leaching, solution

purification, chemical precipitation, and electrowinning. Leaching is



the selective dissolution of a mineral from a complex ore or concentrate 

(Balberyszski 1970). The solvent properties should include: good

selectivity, minimum cost, availability, and regeneration capability. 

There are numerous leaching methods; however, the most widely used 

methods are percolation and agitation leaching. In percolation 

leaching, the leach solution is percolated at a constant rate. The 

solution leaches metal values as it comes into contact with the ore.

The resulting solution is continually, recirculated until it reaches 

saturation (pregnant solution) or liquor. Agitation leaching involves 

a physical mixing of the solution and ore with mechanical agitators.

This process is generally used in situations where fine ore particulates 

make percolation leaching impossible.

Solution purification (solvent extraction) has been an important 

analytical technique for many years. It has gained increased importance 

since its successful application to uranium recovery. It is now com

monly used for several metals including: vanadium, tantalum, tungsten,

thorium, copper, and nickel (Balberyszski 1970). Solvent extraction 

involves extraction of the metal values into the organic extractant and 

the stripping of the pregnant organic phase.

Chemical precipitation is defined as addition of a reagent to 

form an insoluble compound with a metal ion. For example, copper may be 

removed from the leach liquor with hydrogen sulfide. Ferric ions can be 

recovered from solution as ferric hydroxides by adjusting the pH of the 

solution. Electrowinning of metals from the pregnant aqueous solution 

can be accomplished by electrolysis or cathodic stripping.
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Hydrometallurgical Application 
to Ferromanganese Nodules

Hydrometallurgical techniques of ferromanganese nodules first 

centered upon Hero's 1965 patent (Me.ro 1965) which preferentially dis

solved nickel, copper, and manganese with aqueous SO^ which served as 

the active leaching as well as reducing agent. Hero (1965) claimed that 

nickel and copper could be selectively dissolved (by monitoring the pH) 

because the SO^ would only attack the manganese phase, leaving behind 

the iron and cobalt. Use of a stronger acid would cause subsequent 

leaching of the iron and cobalt also. Details of Hero's patent are not 

given here because other studies (Han 1971, Zimmerley 1967) proved that 

Hero's patented method was not completely correct. They discovered that 

a SOg leach will also bring about Co dissolution. In addition, the 

Zimmerley patent by Kennecoft Copper Corporation claimed a 98 percent 

removal of gaseous SO^ and the total recovery of manganese, copper, 

nickel, and cobalt by leaching the water soluble sulfate salts. Others 

(Zeitlin et al. 1976; Kane and Cardwell 1975; Meyer-Galow, Schwarz, and 

Boin 1973) have also reported SO^ leaching results of ferromanganese 

nodules. Quite surprisingly. Van Heeke and Bartlett (1973) found that 

porosity had little effect on the sulfation rate of the nodules if they 

were crushed to a 14 mesh. They showed the sulfation rate to be propor

tional to the partial pressure of the SO^ and to the amount of unreacted 

solid present. An increase in temperature was found to slightly increase 

the sulfation rate. Water vapor and oxygen pressure were also found to 

have little or no effect on the rate.
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Fuerstenau et al. (1973) studied the leaching of the nodules as

a function of pH, temperature, and time. Using dilute sulfuric acid at

pH 2 and a temperature of 25°C, 71 percent of the cobalt, nickel, and

copper were extracted after 48 hours. Only 1-2 percent of the manganese

and iron were extracted during this time. If the pH was below 2, the

dissolution of manganese increased rapidly. From 2° to 25°C, nickel was

found to be more temperature dependent than cobalt and copper, with

activation energies of 12, 2.5, and 2.5 Kcal, respectively (Hubred

1975). Time was found to be a crucial factor for nickel and cobalt

leaching, whereas it had little effect on copper. Brooke and Prosser

(1969) summarized conditions of pH-redox potentials for stability of

copper, nickel, manganese, iron, and cobalt at 25°C for ferromanganese.

nodules. At a pH less than 9, nickel was found to be in the Ni(II)
2+form. Cu is stable in solution only in non-reducing conditions and at 

a pH less than 6. They devised Pourbaix diagrams from their data to 

outline an area which encompasses all parameters important to selective, 

extraction. Under strongly oxidizing and slightly acidic conditions, 

only Ni^+ and Cu^+ were found to be stable in solution. An important 

fact they found was that a complexing agent such as ammonia will extend 

the region of stability of the solution species. Brooke and Prosser 

(1969) stressed the need for a selective.leaching process that would 

dissolve copper, nickel, and cobalt, but not manganese and iron due to 

their low economic value. Very selective leaching of only copper has 

not been accomplished yet. Cardwell (1973) suggested that higher 

temperatures or autoclave operations may be possible solutions.
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Brooke and Prosser (1969), using a percolation type apparatus, 

examined the leaching process with four different leaching agents:

0.5 M H^SO^, 0.1 M EDTA, 1.0 M NH^, and 1.0 M acetic acid. Sulfuric 

acid leaching gave results similar to those obtained by Fuerstenau et 

al. (1973), except that 50 percent of the iron was extracted after 19 h. 

Acetic acid failed to dissolve the iron and its leaching rate was con

siderably slower (approximately 10 percent copper and nickel) than for 

sulfuric acid. The EDTA-NH^ solution gave slightly faster but less 

selective leach than acetic acid. It was found that increasing the acid 

concentration proportionately increased the metal concentration that was 

dissolved. The authors did not elaborate on the experimental conditions 

for the acetic acid or EDTA-NH^ leaches but the sulfuric acid conditions 

were: 940C, particle size between 36 and 52 mesh size, and thermal

equilibration (Brooke and Prosser 1969). The authors suggested that 

heating the nodules to 300°C would convert the 7-X and 10-X manganite to

6-manganite, which is more porous than the other manganites, allowing 

easier copper and nickel extraction. The major disadvantage of this 

technique is decreased selectivity even though the general yield was 

greater.

Many other acid leaches for ferromanganese nodules have been 

cited in the literature. One study (Brooks and Martin 1971) experi

mented with an acid and basic leach in which they attempted the total 

recovery of manganese, nickel, cobalt, and copper. Their nodules con

tained 13 percent calcium (in an acid consuming carbonate fraction). An 

ammonia-ammonium carbonate basic leach solution was employed. The



13

leaching (up to 24 h in 25 percent solid slurry at 28°C) was preceded by 

a reducing roast. After a roasting time of 80 min at 600°C with a 

reducing gas containing 8 percent H9 and 8 percent C0?, 90 percent 

extraction of the desired metals was accomplished. Manganese was pre

cipitated as the carbonate; copper was precipitated with H^S forming the 

insoluble CuS. Nickel and cobalt were also precipitated as carbonates. 

The authors studied four acid leach systems using H^SO^ or SO^:

(1) atmospheric pressure leach with SO^; (2) autoclave leach with dilute 

H?SC>4 and S02; (3) baking with followed by leaching with water;

and (4) water leaching of ore roasted in SO^ and air. The first acid 

leach was found to waste with a high iron extraction percentage.

Leach (2) was found to be successful but only at temperatures exceeding 

2000°C. Leach (3) yielded only moderate metal extraction while the last 

technique yielded: 94 percent manganese, 73 percent nickel, 94 percent 

cobalt, 77 percent copper, and 7.2 percent iron. In this extraction,

45 percent of the sulfur was not recoverable and difficulty was experi

enced in the separation of the materials in solution.

Nodule Processing Systems of Importance

In all of the hydrometallurgical processing schemes developed, a 

critical step is the reduction of manganese from the Mn(IV) to the 

Mn(II) oxidation state. The purpose of this reduction is to disrupt the 

nodule matrix, making dissolution of the metal values possible. The 

solution used in the dissolution process is sometimes referred to as a 

lixiviant. Lixiviants used in present nodule hydrometallurgical pro

cesses can be classified into three categories: those producing acid
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sulfate solutions; those producing chloride solutions; and those pro

ducing ammoniaca1 solutions (Dames and Moore, Inc. and ETC Corporation 

1977). These three processes have been extensively studied; pilot 

plants have been either developed or proposed for all three. Only the 

HC1 process requires recovery of a manganese product. All of the pro

cesses reject iron, a major nodule constituent, yet copper, nickel, and 

cobalt are the metal values which are common to the extraction process 

of all three techniques.

The reduction/ammonia leach process involves a high temperature 

(625°C) reduction of the MnO^ matrix to MnO by producer gas which con

tains CO and The metal values are removed from the reduced manganese

phase by dissolution with a strong aqueous solution of ammonia (10% v/v) 

and carbon dioxide (5% v/v) at 40°C and atmospheric pressure. The metal 

bearing solution is then purified and copper and nickel are removed via 

solvent extraction with an organic chelating agent. Upon acid 

stripping, these metals are electrodeposited from the pregnant solution. 

The cobalt is recovered by sulfide precipitation followed by selective 

reduction at 34 atm pressure and 185°C. The ammonia and carbon dioxide 

are removed from the residues with steam and recycled to continue 

further extraction.

The high temperature sulfuric acid leach process makes use of a 

high temperature (470°F) and high pressure (35 atm) to initially roast 

the ground nodules. The nodules are then dissolved in hot, strong (30%) 

sulfuric acid solution and the resulting solution is allowed to cool.

The pH of the decanted solution is then adjusted and the nickel and
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copper are selectively removed through solvent extraction with organic 

chelating agents. The metal products of nickel and copper are produced 

by electrodeposition from the pregnant aqueous solutions which stripped 

the metal values from the organic medium. Cobalt is processed in a 

manner similar to that in the reduction/ammonia leach method. Lower 

temperatures and pressures produce increased solubilization of iron as 

well as decreased recoveries of copper, nickel, and cobalt. A major 

disadvantage is that spent sulfuric acid would have to be purged from 

the system and neutralized with a base, causing large waste streams 

(Dames and, Moore, Inc. and EIC Corporation 1977).

The reduction/hydrochloric acid leach process can recover 

copper, nickel, cobalt, and manganese (Swan 1974). The HC1 is used to 

reduce the MflO^ to MnCl^, a soluble product. The metal values are 

released into solution with simultaneous oxidation of some HC1 to 

C^2(gas)’ '̂ ie manganese, nickel, cobalt, and copper ions are converted 

into water soluble chloride salts and concentrated to form a pregnant 

leach solution. Copper is then selectively extracted from solution with 

an organic liquid ion exchange medium. The organic solution is stripped 

with acid and the resulting copper sulfate solution is subjected to 

electrowinning. The remaining chloride leach solution, or raffinate, is 

neutralized and cobalt is selectively extracted with an organic 

chelating agent. After stripping, the cobalt is precipitated as cobalt 

sulfide by H^S and then reduced to the cobalt powder. Nickel is 

similarly extracted next and the metal is processed by electrodeposi

tion. The resulting chloride solution is dried; the MnCl^ is Charged
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into a high temperature electrolysis furnace where it is dissolved in a 

molten alkali chloride bath. A major drawback in this technique is the 

production of Cl^(gas) which would need to be either reduced to HC1 or 

utilized off-site in a large-scale chemical process. High temperature 

roasting is a necessary prerequisite to eliminate iron dissolution 

(Dames and Moore, Inc. and EIC Corporation 1977).

These three process schemes pose several environmental and 

economic disadvantages. Production of chlorine gas or dumping of 

sulfuric acid into lakes and streams would cause serious environmental 

problems. High temperatures and/or high pressures have high energy 

requirements which might raise serious questions concerning the economic 

feasibility of the production schemes. Although all three processes 

overlap in their metal extraction scheme, they differ dramatically in 

their solubilization step. It is this step that needs to be further 

developed and optimized for future nodule processing considerations.



CHAPTER 2

DISSOLUTION OF THE MANGANESE DIOXIDE AND IRON 

OXIDE MATRICES WITH OXALIC ACID

Introduction

The most promising processing methodology is based on hydro- 

metallurgical extractions which have a great deal of flexibility and, 

more important, are compatible with environmental regulations that are 

becoming increasingly stringent. In all the hydrometallurgical schemes 

that have been proposed (Meyer-Galow et al.1973, Cardwell 1973, Hubred 

1975), the ferromanganese nodules are partially or completely solu

bilized and the copper, nickel, and cobalt ions that have been released 

into the aqueous solution are separated by selective extraction, pre

cipitation, or reduction. In the solubilization step, the manganese 

dioxide matrix which often contains most of the copper and nickel is 

disrupted by the reduction of Mn(TV) to Mn(II) and the iron oxide matrix 

in which the cobalt is usually present is disrupted by an acid or an 

ammoniacal leach solution. A complete recovery of the metal values is 

almost mandatory for the method to be economically feasible and as a 

consequence, rather drastic operating conditions that include the use of 

high temperatures and pressures have been advocated in the solubiliza

tion step.
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Background

An alternative procedure for dissolving the manganese dioxide

and iron oxide matrices was developed in our laboratory at ambient

temperatures and pressures. Oxalic acid was used to dis

rupt and dissolve the two oxide matrices. The MnO^ is reduced to Mn^+ 

while the FeO(OH) is simply dissolved to Fe^+ . The unbalanced equations

are as follows:

MnO^ Mn 2+ (2.1)

FeO(OH) + Fe3+ (2.2)

The oxalic acid is, in turn, oxidized to form the environmentally safe

reclaimed for further matrix dissolution. Major advantages of this pro

cess are the elimination of the need for preliminary preparation of the 

nodules, high temperatures and pressures, and environmental 

compatibility.

Experimental

A sample of Pacific Ocean ferromanganese nodules that was 

obtained from the Hawaii Institute of Geophysics was ground to a fine 

powder, and a weighed sample (0.1 g) was placed in a Teflon container 

(Bemas 1968). A 3:3:1 mixture of HN0„, HF, and HC1 was added to the 

sample in the Teflon container which was fitted in a stainless steel

The remaining unreacted oxalic acid can be recycled and

Composition of Ferromanganese Nodules
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cylinder with a screw cap. The cylinder was heated in an oven for 

three hours at 100°C. The cooled cylinder was opened and its contents 

transferred to a volumetric flask and diluted to the mark with a 5 per

cent boric acid solution. The concentrations of the transition metal 

ions in this solution were determined by atomic absorption spectro

photometry. Standard solutions of Mn(II), Fe(III), Co(II), Ni(II), and 

Cu(II) were prepared in boric acid solution. The percentages of these 

transition metals that were found in the manganese nodules, on a dry 

weight basis, are: Mn 15.6; Fe 13.8; Ni 0.48; Cu 0.37; and Co 0.21.

Results and Discussion

The method for determining the composition of the ferromanganese 

nodules was chosen because it provided a complete digestion of the 

nodules and also provided a salt-free single matrix system. The 

fluoboric-boric acid system (HBF^, eliminated the chemical,

ionization, matrix, and instrumental interferences for atomic absorption 

spectrophotometric measurements.

Silicates have traditionally posed serious problems for atomic 

absorption spectroscopy. Volatilization of the silicates causes errors 

in total silicon detection. B e m a s ' method offers a comprehensive but 

simple analytical scheme for determining all major and minor constit

uents in silicates and other geological samples where atomic absorption 

spectrophotometry is applicable. The acid decomposition system did not 

introduce any cationic salts to the sample solution.

The percentage of the five transition metals present in the 

nodules were within the expected range. The remainder of the studies
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completed in our laboratory used only representative sample's of this 

particular deposit of nodule.

Determination of Optimum Oxalic Acid 
Concentration for Dissolution

Experimental

A weighed amount of the finely ground nodules (M. .5 g) was added 

to 200 mL of oxalic acid solution that varied in concentration from 

0.003 M to 0.500 M. The solutions were stirred for about 1 1/2 hours 

and filtered. The copper concentration in the filtrate, determined by 

atomic absorption spectrophotometry, was used as an index of the extent 

of dissolution of the nodules.

In addition, a gravimetric determination was investigated. 1.0 g 

of crushed nodules was added to 20 mL of several different oxalic acid 

concentrations. The solutions were shaken in an Eberbach electronic 

shaker for 10 minutes. The resulting solutions were centrifuged (Damon 

IEC UV centrifuge) for approximately 5 minutes at 900 rpm. Upon 

separation, the solutions were filtered by a standard Gooch crucible 

technique. In addition, the nodules were heated to 550°C to remove 

water and other volatiles.

Results and Discussion '

Figure 2.1 represents the percent of copper in the nodules 

extracted at various oxalic acid concentrations It was found that all 

the copper in the nodules Was brought into solution when the concentra

tion of oxalic acid was 0.25 M or higher. The oxalic acid solution
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initially appeared black. Within two minutes, it changed color from 

black to brown to tan. Finally, after five minutes, it appeared yellow. 

The tan insoluble silicon containing material settled to the bottom of 

the reaction vessel. Hence, it was a s s u m e d  that complete dissolution of 

the ferromanganese nodules occurred in solutions of oxalic acid that 

were 0.25 M or higher. This was also confirmed by similar experiments 

with nickel, cobalt, manganese, and iron.

Table 2.1 represents the results of the gravimetric determina

tion. The maximum number of grams of nodules extracted per 100 mL of 

oxalic acid reached its maximum at 0.250 M oxalic acid. This supported 

the results of the copper dissolution study. It was found that approxi

mately 25 percent of the nodules contained insoluble oxides of silicon. 

Approximately 12 percent of the nodule’s air-dried weight was due to 

structural water and other volatiles.

Although all of the trace metal analysis, in the nodules in our 

studies involved atomic absorption spectrophotometry, many other 

analytical techniques have been used. The small grain size of the 

nodule crystallites and the generally uniform distribution of the 

elements in the nodules make the analyses very amenable to X-ray 

fluorescence techniques. Neutron activation analysis is another useful 

analytical tool in trace metal determination in the ferromanganese 

nodules. Advantages of this technique include: excellent sensitivity

(ppb), the small sample size required, multielemental and nondestructive 

nature of the method. Its major disadvantage is that a neutron source 

is required. Other useful analytical tools which have been used are:
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Table 2.1 Results of the Gravimetric Determination of the Nodules.

Initial Soluble Extracted
Oxalic Acid Nodule Nodule Weight g/100 mL

Concentration PH Weight Weight8- (per 20 ml/) Extracted"

1, 0.500M 0.89 0.95965g .60746g .33296g 1.7348

2. 0.250 1.07 0.92884 .58796 .33949 1.8274

3. 0.126 1.30 0.91022 .57617 .22010 1.2090

4. 0.100 1.40 0.94813 .60017 " .20134 1.0618

5. 0.063 1.56 1.01264 .64100 .17207 0.8496

6. 0.050 1.68 0.95346 .60354 .16345 0.8571

7. 0.025 ' 2.06 0.93609 .59254 .13683 0.7309

8 . 0.013 2.75 1.05718 .66919 .15228 0.7202

9. 0.006 4.34 0.92784 .58732 .13065 0.7041

10. 0.003 4.75 0.98567 .62266 .13701 0.6964

a0.633 x initial weight = soluble weight. 
Correcting all original weights to 1.0000 g.



flameless atomic absorption spectrophotometry and potentiometry with ion 

selective electrodes.

Other acids, such as nitric, hydrochloric, and sulfamic, were 

found to be unsuccessful in disrupting the nodule matrix at ambient 

temperatures and pressures. Their molar concentrations were kept identi

cal to those of the oxalic acid concentrations.



CHAPTER 3

EXTRACTION OF COPPER, NICKEL, COBALT, IRON, AND MANGANESE 

FROM NODULES USING A COMMERCIALLY AVAILABLE 

LIQUID ION EXCHANGE REAGENT

Introduction

Simplified expressions for the nodule dissolution in oxalic acid 

can be written as:

Mn02 + FeO(OH) + H2C2C>4 + Mn2+ + Fe3+ + c0 2 (gas) (3.1)

Mn2+ + 2C202" Z  Mn(C204)2" (3.2)

Fe3+ + 3C202" ** Fe(C204)3" (3.3)

The valuable transition metals (i.e., copper, nickel, cobalt) are

believed to be randomly dispersed throughout the ferromanganese nodule 

matrix. These metal values are liberated in their ionic form into the 

resulting acidic solution. Initial separation of the metal values must 

be carried out in this acidic medium, usually employing a liquid ion 

exchange reagent.

Commercially available chelating extractants can be classified 

into two categories: (1) a series of substituted 2-hydroxybenzophenone-

oximes produced and marketed by General Mills Inc; and (2) a substituted

25
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8-hydroxyquino1ine produced by Ashland Chemical Co. (Ashbrook 1975a).

The former extractant is known as LIX and the latter as Kelex. Both of 

these extractants were originally developed for the selective extraction 

of copper from acidic leach liquors. It has been only recently that 

these reagents have been used in the solvent extraction of other metals 

(General Mills Chemicals, Inc. 1971).

Background

LIX 63, developed in 1963, was the first chelating extractant 

produced commercially for the specific extraction of copper from acidic 

leach liquors (Atwood and Miller 1973). This reagent, a 5,8-diethyl-7- 

hydroxy-6-dodecaneoxime had certain limitations; the ferric ion caused 

serious interferences with the cupric ion in low to medium range pH and 

the loading characteristics of leach liquors was found to be inadequate 

(Ashbrook 1975a). LIX 64, developed in 1964-1965 by General Mills, Inc. 

was a 2-hydroxy-5-dodecyl-benzophenoneoxime (Ashbrook 1975b) proved to 

be much more selective than its predecessor. However, its rate of 

extraction from the leach solution was considerably slower than the 

LIX 63. Bagdad Copper Corp. was the first company to employ solvent 

extraction of copper in a pilot plant using LIX 64 (Atwood and Miller 

1973). LIX 64N, developed in 1970, was a combination of 45% LIX 65N and 

1% LIX 63 in a kerosene based solution. The LIX 63 is believed to 

enhance the kinetics of the copper extraction (Ashbrook 1972). The 

LIX 64N has been the major commercially available copper extracting 

reagent used in the mining industry. In 1971, LIX 65N, 70, 71, and 73 

were introduced to the copper industry. LIX 65N, a
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2-hydroxy-5-nonyl-benzophenoneoxime> has not been used extensively due 

to its relatively slow reaction rate with copper. LIX 70, 71, and 73 

contain chlorine atoms in the 3 position and alkyl groups in the 5 posi

tion of the benzophenoneoxime. These were designed for use with highly 

acidic leach liquors or elevated temperatures.

All of the LIX reagents contain an exchangeable hydrogen atom as 

well as a nitrogen atom containing a lone electron pair. It is these 

characteristics that enable two LIX molecules to act as a coordinating 

agent:

Cu2+ + 2RH CuR2 + 2H+ (3.4)

where R represents the LIX reagent (Morrison and Freiser 1957).

The 2-hydroxybenzophenoneoximes exist as two isomers, a syn 

form and an anti form:

OH :N-OH OH HO-N:II
C

II
C

RR
Anti (active form) Syn (inactive form)

where R represents an alkyl group. The anti isomer complexation with 

the metal ion is much more rapid than with the syn isomer which requires 

isomerization and rearrangement for complexation. The ratio of the 

isomers is given in Table 3.1 (Ashbrook 1975a).
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Table 3.1 Isomer Concentration in LIX Extractants 
As-Received.

As-Received Basis

Extractant
Anti 
wt, %

Syn 
wt, %

Ratio
Anti/Syn

[Anti]
Molar

LIX 64 41.4 - - - 0.99

LIX 64N 40.1 7.2 5.6 1.04

LIX 65N 39.2 7.3 5.4 1.02

LIX 70 40.4 5.5 7.3 0.97

As is evident in equation (3.4), the extraction of the copper 

with the LIX is pH dependent. Thus, carefully altering the leach liquor 

pH should result in a change in the copper specificity of the LIX. 

Transition metals of approximate ionic geometry and character could also 

complex with the oxime at higher pH.

The ferromanganese nodule-oxalic acid system represents a typi

cal acid leach liquor solution in all but two aspects: (1) the solution

contains relatively similar quantities of copper, nickel, and cobalt; 

and (2) the solution contains a second major complexing reagent -- the 

oxalate anion. The presence of this oxalate anion necessitates the use 

of high pH for complete extraction with the commercial chelating agent.

Determination of Optimum Conditions for Extraction 

Experimental

A 0.467 M NaOH solution was prepared by diluting 50 mL of 50% 

(v/v) NaOH to 1.0 L with H^O. The exact molarity of the resulting
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solution was determined by titrating 50.0 mL of 1.943x10”  ̂ M KHP with 

the NaOH. An Orion, model number 701, pH meter, Orion pH electrode, 

double junction reference electrode, and a Wilkens-Anderson constant 

temperature controller which maintained the temperature at 25.0°C with a 

jacketed beaker were used to monitor the changes in pH as a function of 

volume NaOH added. 200 mL of a 0.499 M oxalic acid solution was then 

titrated with this standardized NaOH. Similarly, KOH pellets 085% KOH) 

and NaOH pellets (98% NaOH) were also used in the oxalic acid titration. 

Figure 3.1 represents the NaOH pellets-oxalic acid system. NH^

(dilute or concentrated) was also used to alter the pH of the oxalic 

acid solution. The three bases were then added to oxalic acid solutions 

containing dissolved ferromanganese nodules.

Results and Discussion

The oxalate compounds of sodium, potassium, and ammonia have 

extremely low solubilities in cold H^O (less than 3.7 g per 100 g 

solvent at 20°C) (Weast 1974) . It was found that the KOH-^C^O^*2^0 

solution turned cloudy at pH 1.10 due to the formation of the insoluble 

precipitate K2C?04 »2H20. Similarly, the Na0H-H2C204 •2H20 solution 

formed the insoluble precipitate Na9C204 *2H20 at a pH 2.42. Figure 3.1 

demonstrates that a white precipitate formed after adding 18 NaOH 

pellets (1.971 g) to the oxalate solution. The NH3-H2C204 •2H20 solution 

results were similar. However, when finely ground ferromanganese 

nodules are dissolved in the oxalic acid, the reactions with the three 

bases were different. The NaOH and KOH produced white, insoluble 

oxalate precipitates at the previously noted pH, whereas the NH^ failed
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to form a precipitate until its pH was raised to 9.15. The NH^, which 

can form a multitude of ammine complexes with several metals (i.e.,

Cu^+), did not form interfering, insoluble complexes until it reached a 

pH of 9.15.

A major concern in the extraction of the valuable metal values 

from the oxalic acid-ferromanganese nodule solution is a method of 

altering pH without forming interfering, insoluble complexes. NaOH and 

KOH are both commercially available; however, they form precipitates at 

low pH. Ammonia, also commercially available, was found to be the most 

effective base for increasing the oxalic acid-ferromanganese nodule 

solution. Other bases were not investigated because of their commercial 

unavailability or high economic cost.

Extraction of the Oxalate Solutions with LIX 64N

Experimental

Two hundred mL of 0.25 M oxalic acid were added to a jacketed 

beaker in which the temperature was maintained at 25°C. A 0.2 g sample 

of finely ground ferromanganese nodules was added to the oxalic acid 

solution and stirred until it was completely dissolved (1 1/2 h). A 

10 mL sample of the metal oxalate solution was withdrawn and analyzed 

for Mn, Fe, Co, Hi, and Cu by atomic absorption spectrophotometry and 

the amount of metal extracted was expressed as a percentage of the metal 

in the solution. In this manner, any nonhomogeneity in each of the 

finely powdered samples of nodules was accounted for. Using an Orion 

model 701 pH meter, the pH of the solution of metal oxalates was
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adjusted with NH^. A series of solutions in the pH range 1-10 was 

obtained and each solution was extracted with three aliquots of a 1.5% 

v/v kerosene solution of LIX 64N (General Mills Inc.). The aqueous and 

organic phases were mixed rigorously using a Eberbach electronic shaker 

for 5 minutes. The phases were later separated using a Damon IEC UV 

centrifuge for 5 minutes at 700 rpm. Disposable micropipets were used 

to transfer the aqueous phase to a storage vessel for atomic absorption 

analysis. Equal volumes of the aqueous and organic phases were used in 

all the extractions. The concentration of each of the metal ions that 

remained unextracted in the aqueous phase was determined by atomic 

absorption spectrophotometry.

Results and Discussion

The Mn(IV) in the MnO^ matrix of ferromanganese nodules is 

reduced to Mn(II) by the addition of a 0.25 M solution of oxalic acid 

with the concomitant evolution of carbon dioxide. In the course of its 

reaction with MnO^, the oxalic acid solution assumes a brown color; when 

the dissolution of the iron oxide matrix is complete ('vlS min), the 

solution is bright yellow in color. The unreacted material is 

SiO^’nH^O, which can be separated by filtration. The resulting solution 

(pH 1.0-1.5) consists of a mixture of soluble metal oxalates. Adjust

ment of the pH by the addition of NH^ will give the ammine complexes of 

the transition metal ions and if sufficient NH^ is added to raise the pH 

considerably (pH > 9), hydroxy complexes as well as mixed ligand com

plexes may be formed. It is from this solution which contains a multi

tude of metal complexes in addition to an excess of the bidentate ligand
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C^O" , and the monodentate ligands, NH^ and OH", that the copper,

nickel, and cobalt are selectively extracted with a kerosene solution of

LIX 64N.

The effects of pH on the distribution ratio of the metal between 

the organic and aqueous phases are shown in Table 3.2 and Figures 3.2 

and 3.3. The percent metal extracted from the aqueous phases by a 1.5% 

v/v solution of LIX 64N in kerosene can be calculated from the relation

ship %E = ^j+by ‘ At a pH of 6.75, copper is completely extracted, 

whereas negligible amounts of nickel, cobalt, manganese, and iron are 

extracted. Hence, copper can be completely and selectively extracted 

from ferromanganese nodules that are dissolved in a 0.25 M solution of 

oxalic acid after the pH of the solution has been adjusted to 6.75 with 

NH^. A variety of factors govern the extent of extraction of copper. 

Among the more important of these factors are the stability constants of 

the hydroxyoxime, oxalate, and ammine complexes of copper(II), the dis

tribution coefficients of the neutral species between the organic and 

aqueous phases, the acid dissociation constants of the ligands, and the 

concentrations of the various ligands in the organic phase and the pH of 

the aqueous phase. All these factors must be known before an explana

tion for the incomplete extraction of copper at pH values less than 6.75 

can be given on a quantitative basis.

The complete extraction of nickel occurs at pH 8 .8, which is 

about two units higher than the pH at which copper is completely 

extracted. It is possible, therefore, to quantitatively separate copper 

and nickel from the solution of metal oxalates by adjusting the pH of
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Table 3.2 The Effect of pH on the Extraction of Metals from an
Oxalate Solution of Ferromanganese Nodules with LIX 64N.

PH
log D 
Cu PH

log D 
Ni

log D 
Co

log D 
Fe

log D 
Mn

0.98 -2.40 6.02 -3.00 -3.22 -3.11 -2.85

2.59 -1.72 6.89 - -2.00 -1.41 -1.77

3.02 -0.68 7.26 -2.00 -0.80 -1.12 -1.77

4.03 -0.66 7.34 -1.82 -1.15 -0.98 -1.22

4.58 -0.51 7.52 -1.82 -0.67 -0.94 -1.74

5.01 -0.48 7.74 -1.59 -0.68 -0.54 -1.34

5.63 -0.35 8.01 -1.41 -0.41 -0.26 -1.51

6.02 0.05 8.32 -1.03 -0.26 0.31 -1.55

6.71 2.69 8.62 -1.05 -0.20 0.70 -1.19

6.89 3.40 8.90 -0.39 0.92 2.30 -0.87

7.26 3.40 9.00 0.02 1.28 1.99 -1.39

— — 9.10 0.32 1.20 2.29 -1.11

— — 9.23 0.53 1.20 1.99 -0.91

— — 9.30 0.75 1.20 2.29 -0.64

- - — 9.60 2.30 0.92 1.99 -0.58
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Figure 3.2 Extraction of Copper and Nickel from Nodule-Oxalate Solution 
with LIX 64N at Various pH Values (25.0cC).
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Figure 3.3 Extraction of Iron, Cobalt, and Manganese from Nodule-
Oxalate Solution with LIX 64N at Various pH Values (25.0°C).
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the aqueous phase, first to a value of 6 .75 and extracting with a 1,5% 

solution of LIX 64N and then increasing the pH of the aqueous phase to 

8.8 by the addition of ammonia and repeating the extraction with the 

LIX 64N. At a pH of 8 .8, however, most of the iron and cobalt and about 

10% of the manganese that is present in solution were also extracted.

It is uneconomical to extract iron from the ferromanganese nodules and, 

consequently, it Should be treated as a contaminant of the organic phase 

containing the nickel and cobalt.

Modified Extraction of Oxalate Solutions

Experimental

A slightly modified approach was employed to separate the iron 

contaminant from the organic phase. This iron contaminant was only pro

duced at high pH and caused interferences with the organic chelating 

agent in extracting metal values. The pH of the solution containing the 

dissolved ferromanganese nodule was initially adjusted to 7.1 with NH^ 

and extracted with LIX 64N. The ambient extracting conditions and . 

equipment were similar to those used in the original experiment and 

equal volumes of the aqueous and organic phases were used. A sample of 

this solution was withdrawn for the determination of Cu, Co, Ni, Mn, and 

Fe. The pH of the remainder of this solution was increased to 9.1 by 

the addition of a further quantity of NH^ and the solution was allowed 

to stand for approximate1y an hour. The solution was then filtered to 

remove the precipitate and then treated with LIX 64N. Samples of both
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the precipitate and the resulting aqueous solution were obtained.

Figure 3.4 represents a block diagram of this modified extraction.

Results and Discussion

The experimental results are tabulated on Table 3.3. At the 

initial pH (>1.1), none of the copper, cobalt, nickel, manganese, or 

iron was extracted because of the chelation of the metals by the oxalate 

anion. The copper was completely extracted along with approximately 17% 

of the cobalt in solution when the pH of the solution was adjusted to 

7.1 with NH^ and extracted with LIX 64N. No nickel, manganese or iron 

was extracted. After increasing the pH of the aqueous phase to 9.1 and 

allowing it to stand for an hour, a red, gelatinous precipitate formed. 

The iron was almost completely precipitated as the hydroxide and 

separated. The resulting aqueous phase, when treated with LIX 64N, 

extracted 70-75% of the nickel and cobalt remaining in the aqueous 

phase. The manganese was not extracted to any appreciable extent by 

LIX 64N under the above conditions and remained almost exclusively in 

the aqueous phase. The precipitate of iron hydroxide was found to have 

coprecipitated small amounts of cobalt, nickel, and manganese. This 

modified approach, therefore, gave (1) a kerosene solution of the Cu2+ 

complexes formed with LIX 64N, (2) a kerosene solution of Ni^+ and Co^+ 

or Co^+ complexes of LIX 64N, (3) an aqueous phase containing most of 

the Mn^+ and significant amounts of Ni^+ and Co^+ or Co^+ , and (4) a 

precipitate of iron hydroxide which contained small amounts of cobalt, 

nickel, and manganese that had coprecipitated with the iron hydroxide.



BLOCK DIAGRAM FOR EXTRACTION

CRUSH FERROMANGANESE  > DISSOLUTION OF NODULE
WITH 0.250 M H2C204 ‘2H20
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Figure 3.4 Description of Modified Extraction Procedure.
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Table 3.3 Results of Modified Extraction Procedure. -- The pH of the 0.250 M oxalic acid-nodule 
solution was adjusted with NH3 at 25.0°C. 1.5% (v/v) LIX 64N in kerosene was used to 
extract the metal ions from the aqueous solution.

CONTROL 
Percent Metal 
Extracted by 

Oxalic Acid before
Percent Metal 

Extracted with Percent Metal
Percent Metal in 

”Fe Free" Solution
Extraction with LIX 64N to Remove Precipitated at Extracted with

Metal LIX 64N Cu(II) at pH 7.14 pH 9.12 LIX 64N at pH 9.12

Cu(II) 100% 100.0% does not apply does not apply

Co(II) 100% 17.54 0.00% 71.04%

Ni(II) 100% 0.00 15.40 75.07

Mn(II) 100% 0.00 16.49 0.00

Fe(III) 100% 0.00 99.52 0.00

Conclusion All of the metals 
were dissolved by 
the oxalic acid

All of the Cu(II) 
along with some 
Co(II) were 
extracted

All of the Fe(III) 
precipitated out 
along with some Ni 
and Co
co-precipitation

Most of the 
remaining Co and 
Ni are extracted



Extraction of Nickel with LIX 64N

The extraction of any metal from a complex system, such as the 

ferromanganese nodule-oxalate system, involves many different parameters 

and variables. However, with the aid of some basic simplifications, it 

is possible to devise reaction schemes for the separation of any or all 

of the five metals from ferromanganese nodules. Before any separation 

schemes are devised, it is essential to identify the principal metal 

containing species in solution and to determine the factors that govern 

the extraction of each of these species from the aqueous to the organic 

phase. Of the five metals that have been studied, four can exist in 

more than one oxidation state and only nickel is found in solution in 

one oxidation state. Its extraction behavior, therefore, should be free 

of any complications that may arise from redox reactions that may occur 

in the aqueous phase. An understanding of the extraction behavior of 

Ni^+ from an aqueous oxalate solution with kerosene solution of LIX 64N 

at controlled pH should serve as the basis for carrying out the selec

tive extraction of the rest of the metals from the solubilized ferro

manganese nodules.

At low pH (pH << 6) in the presence of a large excess of oxalate
2 _ions, the principal nickel containing species is N i ^ O ^ ) 2~ which is not 

extracted into the organic phase. The hydroxyoximes in the LIX 64N can

not compete effectively with the oxalate ion for Ni^+ at low pH. As the 

pH is increased by the addition of NH^ to values greater than 6, the 

concentration of the anionic species of the g-hydroxyoxime (pK^ 'v 10) 

becomes sufficiently high with the result that the oxalate ions are
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2 _

displaced from Ni(C^O^)^ to form neutral nickel complexes that are 

soluble in the organic phase. If the B-hydroxyoxime ligand is repre

sented by HR, the neutral nickel(II) chelate that is soluble in the 

organic phase is NiR^. If it is assumed that the only extractable 

nickel complex in the organic phase is NiR^, its extraction behavior can 

be described as follows.

The distribution ratio, D, is given by the expression:

n =  _____________________________
2 n = 6 ?++ [ N K C ^ C R ) - ] ^  + [NiR;]^ + [Ni(NH,)2

(3.5)

in which the subscripts refer to the organic and aqueous phases and the 

terms in square brackets are concentrations in moles/£. In view of the 

relatively high concentrations of the B-hydroxyoxime and oxalate ions 

that are present in the system, the concentrations of the ammine com

plexes of Ni^+ can be assumed to be negligibly small. It is conceivable 

that the species NiR^ is a mixed ligand complex in which the a- as well 

as the B-hydroxyoxime has chelated the Ni^+ with the release of two 

protons. In this work, we have been concerned only with the effect of 

pH on the extent of extraction of Ni^+ . The exact nature of the extract- 

able species is of secondary importance and will not affect the extrac

tion equations that have been derived below.

Several additional simplifying assumptions may be made; no 

hydroxy complexes or mixed ligand complexes involving the ligands OH”



and NH^ are formed, and the only intermediate complex that is present in

solution is the mixed ligand complex Ni(C^O^)(R)~. The verification of

all the above assumptions must of course await a detailed study of the

extraction of Ni^+ from an aqueous solution containing the auxiliary 
2 _

ligands and NH^ with organic solvents containing the active isomer

of the a- or 0-hydroxyoxime.

On the basis of the simplifying assumptions, the distribution 

ratio, D, can be rewritten as:

D = ----------- r — 5 i  (3.6)
ACIR ]aqr 2 + BCtR-]^)"1 + 1

where K^, the distribution coefficient of the hydroxyoxime complex, is

given by

D [MR,],,

and A and B are constants:



The successive formation constants of the oxalate complexes of Ni^+ are
Ox Ox 2+ R Rk and kf and of the hydroxyoxime complexes of Ni are k- and k^ .

1 2 tl 2
OxkR is the ligand displacement constant given by:

, Ox .. [Ni(C204HR)~][C20^-]
R [Ni(C204)2-][R-]

The oxalic acid in the aqueous phase exists as the oxalate ion,
2 _

C204~, at pH _> 6 (pK^ and pK^ of oxalic acid are 1.3 and 4.3, respec- 
2 _

tively), and [C^O^ can be assumed to be a constant in this pH range.

Figure 3.5 shows the manner in which log D varies with pH in the 

course of the extraction of Ni"*. Between 6.0 and 8.5 the slope of the 

log D vs. pH line is 0.8 which is assumed to be approximately unity; 

between pH 8.5 and 9.5 the slope is 3.3. The pH dependence between 6.0 

and 8.5 can be rationalized with the aid of equation (3.6). The region

6.0 < pH < 8.5, only the second term in the denominator in equation (3.6) 

is important and.

KC k£ Ka [HR] Q

KD kRX kq  kf2 [C2042"laq tH\ q

(3.7)

where K?, the distribution coefficient of the hydroxyoxime, is given by
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Figure 3.5 The Distribution Ratio, D, of Copper and Nickel as a 
Function of pH.
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and the acid dissociation constant of the hydroxyoxime is represented

by . Hence,

log D = log Kex + log [HR]Q - log [C20^~]aci + pH (3.8)

where

KD Ka kf. kf, 
K 1 Zex .Ox .Ox .Ox „R 

R f 1 f2 D

In all the extraction experiments, the concentration of the hydroxyoxime

in the organic phase was kept constant (M) .01 M), and the concentration 
2 _

of C^O^ in the aqueous phase was constant. Consequently, a plot of 

log D vs. pH should give a straight line of slope +1 in the region

6.0 < pH < 8.5 (Figure 3.5). In the absence of any reliable values of 

each of the constants in the expression for the extraction constant, it 

would be futile to check the validity of equation (3.8) from the value 

of the y-intercept of the straight line of unit slope that was obtained 

experimentally. The unexpected pH dependence that was found in the 

region, 8.5 < pH < 9.5, cannot be explained unless further work is 

carried out with a single reagent rather than the commercial extractants 

which are invariably mixtures of organic reagents.
2+A plot of log D vs. pH for the extraction of Cu is included in 

Figure 3.5 for the purpose of comparison with the corresponding plot for 

the extraction of Nii'+ . In the region 1.0 < pH < 3.5, the slope of the 

log D vs. pH plot for Cu2+ is 0.7 and in the region 5.5 < pH < 6.5, the



slope is 3.1. In addition to these two regions in which the pH depen

dence resembles that of the Ni^+ extraction, there is an intermediate 

region, 3.5 < pH < 5.5, in which the pH seems to have little effect on 

the extraction of Cu^+ . The complexity of the extraction system is such 

that no simple explanation can be given for the behavior of Cu^+ .



CHAPTER 4

INVESTIGATION OF LIX 64N 

Introduction

The five transition metals in ferromanganese nodules were 

extracted from a solution containing the oxalate ligand and the 

B-benzophenoneoxime. It was found (Chapter 3) that a relationship 

existed between the log of the distribution ratio (D) of the metal and 

the log of the extraction constant (K^^J as well as the pH:

where

log D = log Kex + log [HR]Q - log [C20^']aq + pH (4.1)

k r: k1

ex , Ox , Ox , Ox VR 
R f 1 f2 D

(note: see Nomenclature for definition of terms in the extraction

equations).

The determination and evaluation of the constants contained in 

the expression is a necessary prerequisite for the prediction of the 

log D versus pH extraction curves. In addition, the optimum conditions 

for the separation of the metals from the nodule-oxalate solution with

48
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the oxime can be postulated with the knowledge of these constants. 

Therefore, it is necessary to carry out a detailed extraction study of 

solubilized ferromanganese nodules in the presence of controlled concen

trations of auxiliary ligands. This involves the isolation and study of 

the active form (anti) of the 8-benzophenoneoxime with respect to its 

pK^ and distribution in both the aqueous and organic phases.

Background

The 8-benzophenoneoxime employed in the extraction procedure out

lined in Chapter 3 was LIX 64N (General Mills, Inc.). This reagent is a 

mixture of LIX 65N (45% v/v) and LIX 63 (1% v/v) in kerosene and other 

inert organics (Bailes, Hanson, and Hughes 1976). LIX 63 and LIX 65N 

are both extremely viscous and subsequently require diluents to improve 

their sample handling:

OH OH
OH NOH I II

CH3 (CH2)3 — CH— CH — C— CH— (CH 2)3 ^ 3

CgH#
LIX 63 LIX 65N

q-hydroxyoxime 8-hydroxyoxime

5,8-diethyl-7-hydroxy- 
6-dodecaneoxime

2-hydroxy-5-nonyl- 
ben zophenoneoxime

Theoretically, the LIX 65N can exist in both a syn and anti isomeric 

form. Ashbrook (1975c) isolated the two forms and has found a 5.4:1 

anti/syn ratio. Therefore, it can be assumed that the anti isomeric
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form of the LIX 65N, which comprises the large majority of the LIX 64N, 

is responsible for a large percentage of the reagent's reactivity and 

selectivity towards certain transition metals. In the remainder of the 

extraction studies, only the pure anti form of the LIX 65N was employed.

2-Hydroxy-5-Methylbenzophenoneoxime as a 
Model Extracting Agent

The 2-hydroxy-5-methyIbenzophenoneoxime (2H5MBP0) was chosen as

a model system because of its similarity to the 2-hydroxy-5-nonyl-

benzophenoneoxime (2H5NBP0) and its relative ease of preparation. The

synthesis of the 2H5NBP0 (Swanson 1969) involves both high reaction

pressures and low temperatures. The synthesis of the 2H5MBPO can be

accomplished at ambient pressures while refluxing the reaction mixture.

Differences in the solubility of the oximes in the organic medium

(usually kerosene) account for the major difference between the 2H5MBP0

and 2H5NBP0. The nonyl substituted benzophenoneoxime contains a larger,

non-polar, substituent group which allows it to dissolve more easily in

kerosene. This enables it to readily separate from the aqueous layer

upon chelation with the transition metal. The methyl substituted

benzophenoneoxime is less soluble in kerosene, as evidenced by the

formation of a precipitate upon reaction with a copper solution at

pH 3.00.

Synthesis of 2H5MBP0

2H5MBP0 was synthesized using a modified version of the syn

thesis of both Vogel (1966) and Swanson (1969). 7.5 g of both the

2-hydroxy-5-methylbenzophenone (Aldrich) and hydroxylamine hydrochloride



were added to a 250 mL round bottom flask which contained 75 mL absolute 

ethanol and 7.5 mL pyridine. The reaction mixture was mechanically 

stirred while refluxing for 3 hours. 75 mL H^O and 50 mL ether were 

added to the cooled solution and shaken Vigorously in a 250 mL separa

tory flask. The addition of the H^O caused decreased solubility of the 

oxime in the ethanol and formed a yellow precipitate. After allowing 

the aqueous and organic phases to react, the ether layer was allowed to 

separate and was collected. Additional ether was allowed to react with 

the aqueous phase and this process was repeated until the aqueous phase 

was colorless. The various ether phases were collected and washed 4 

times with 10 mL of H^O, 2 times with 10 mL 3% (v/v) HC1, and 4 addi

tional times with 10 mL of H^O. The aqueous phase was discarded after 

each addition. A Buchi/Brickman model 115EX rotovaporator was used to 

evaporate the remaining ether. The resulting product consisted of a 

yellow, viscous oil which contained several fine white crystals dis

persed throughout it. An 80% (v/v) ethanol-water solution was used to 

dissolve the oil for recrystallization. This final procedure can be 

ignored if further separation of the product is desired in which case 

the oil can be dissolved in the solvent used in the separation method.

The oil which remained after evaporation of the ether phase con

tained a mixture of the unreacted ketone used in the synthesis, the syn 

isomer of the 2H5MBP0, and the anti isomer of the oxime. Thin layer 

chromatography (TLC), melting point determination, infrared spectro

photometry (IR), ultraviolet spectrophotometry (UV), and nuclear 

magnetic resonance (NMR) spectra were used to confirm the existence of
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these species. (A more complete discussion of these results will 

follow.) In addition, Ashbrook's (1975a) data and results were used as 

a comparison to the experimental results.

Isolation of Isomers of 2H5MBP0

Silica coated thin layer chromatography plates (20 cm x 20 cm) 

were prepared in a conventional manner. Spots, which contained the oil 

dissolved in ether, were placed on the plates which were eluted with a 

96% toluene-4% ethyl acetate solvent system. Identification of the 

spots was accomplished first by their UV absorption at 375 nm and later 

by spraying the plates with a CufNO^) ̂/NH^ indicator. The Cu2+ in the 

indicator complexed with the isomers and with the ketone. The concen

tration of the ethyl acetate was varied slightly in order to determine 

the optimum separating conditions.

Using the results of the TLC separation, a 75 cm x 4 cm glass 

column was packed with 175 g of silica which had been treated in the 

conventional manner prior to being placed in the column. The solvent 

capacity of the silica was determined using the differences in the mass 

and the density of the toluene-ethyl acetate solution. Samples of the 

column eluent were placed on TLC plates and allowed to separate in order 

to determine the efficiency of the column separation. The TLC spots 

were identified in the same manner as described above. This identifica

tion allowed for separation and collection of the 3 phases which were 

later rotovaporated to remove the solvent.
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Results and Discussion

The TLC separation confirmed the existence of 3 separate 

species. The CuCNO^^/NH^ indicator caused the oxime spots to turn 

brown and the ketone spot to turn bright yellow when sprayed on the 

plates. The spot with the intermediate R^, which was later identified 

as the anti isomer, turned brown almost immediately, while the spot with 

the lowest R^ (syn isomer) did not appear brown until 5-7 minutes had 

elapsed. This indicated that the rate of copper complexation with the 

anti isomer was much more rapid than with the syn isomer. The syn, or 

copper inactive, isomer had to be converted into the anti geometric form 

in order for it to react with the copper. Silica serves as an excellent 

catalyst for this reaction. Altering the percent ethyl acetate in the 

solvent system changed the efficiency of separation slightly. The 

results of this experiment are summarized in Table 4.1.

Table 4.1 Comparison of Retention Values of Various Ethyl 
Acetate Concentrations for the 2H5MBPO System.

Percent Ethyl Acetate Syn Rf Anti R^ Ketone R^

3.0 0 .00-0.11 0.14-0.33 0.36-0.52

4.0 0.05-0.13 0.14-0.33 0.34-0.50

6.5 0.00-0.08 0.10-0.30 0.30-0.42

10.0 0.15-0.24 0.27-0.39 0.39-0.61
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An 8% ethyl acetate solution was used as a compromise for the remainder 

of the separations. It produced separations which were spaced fairly 

far apart. A solution with a higher ethyl acetate concentration was not 

used because the increased polarity of the solvent may have interfered 

with the reconversion of the oxime isomers.

The isomers in the collected fractions were identified using 

melting point, NMR, IR, and UV. It was found that the syn isomer, which 

has less intramolecular hydrogen bonding, had the smallest value.

Its two relatively unassociated hydroxyl groups have the greatest inter

action with the silica matrix. The phenolic hydrogen in the anti isomer 

is strongly hydrogen bonded with the lone pair of electrons on the 

nitrogen. Thus, it has much less interaction with the silica matrix and 

is. reflected in the greater R^ value. The unreacted ketone, 2-hydroxy- 

5-methyl-benzophenone, has a single OH group which is intramolecularly 

bonded with the oxygen on the carbonyl, thus making it the least reac

tive of the three compounds with the silica. It had the largest R^ 

value.

The fractions were collected from the column with a "Golden 

Retriever" and resolved by TLC. The three phases were then collected 

and rotovaporated to form yellow crystals. These rhomboid-shaped 

crystals (determined by a Zeiss microscope) had the following 

properties.

Melting Point. Using a Mel-Temp melting apparatus, it was found 

that the anti-2H5MBP0 crystals melted at 129-130°C, while the syn 

crystals melted at 109-111°C. It was postulated that the higher melting



point for the anti crystals was due to the increased intramolecular 

hydrogen bonding.

IR. A Perkin-Elmer 137 Infracord Spectrophotometer was used to 

obtain spectra of the three compounds. The spectra of the two isomeric 

forms are compared in Figure 4.1. The anti 2H5MBPO spectrum had a sharp 

peak at 3300 cm \  indicating less free rotation of the hydroxy group of 

the phenyl ring. This is indicative of associated OH groups due to 

intramolecular hydrogen bonding. The syn 2H5MBP0 spectrum exhibited 

much more broadening in the OH region of 3300 cm-*, indicating more free 

rotation of the OH group of the phenyl ring. In addition, a shoulder 

appeared at 3400 cm *. This is probably due to the presence of an addi

tional OH group that is unassociated.

UV. The spectra were run on a Beckman model 25 spectro

photometer. The isomers absorbed at 260 nm and 314 ran.

NMR. The spectra, run on a Varian T-60, are displayed in 

Figures 4.2 and 4.3. The anti 2H5MBP0 spectrum showed an upfield shift 

of about 8 Hz in both the aromatic region (7.5-6.46) and aliphatic 

region (2.5-1.96) in comparison with the syn isomer. The hydrogen on 

the 6 position on the phenyl ring and the methyl protons are in the
. r

shielding region of the unsubstituted benzene ring. This accounts for 

their apparent shift upfield and gives insight into the molecule’s 

structure. More importantly, the region between 12.0-11.56 showed two 

separate peaks for both unassociated hydroxyl protons. This confirms 

the anti structure and provides valuable information concerning.the
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Figure 4.3 NMR Spectrum of (Anti) 2-Hydroxy-5-Methylbenzophenoneoxime.
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molecule's geometric structure. The syn 2H5MBP0 had a similar spectrum 

to the anti isomer. Its aromatic protons were found between 7.5-6.56, 

while the methyl protons were found at 2.05-1.956. The region between 

12.0-11.56 showed only one slightly broadened area which corresponds to 

the rapid exchange of hydrogens between the two hydroxyl groups. Also, 

the syn spectrum showed the presence of a trace amount of the anti 

isomer. . The opposite was not found to be true. This may indicate that 

there is some conversion of the syn isomer back to the anti form.

It was thus concluded that the commercial solution could be 

separated into its isomers in a similar fashion.

Isolation of Isomeric Oximes from a Mixture of LIX 65N 

Experimental

The oxirne isomeric mixture was isolated from the commercial LIX 

65N solution initially via Ashbrook's (1975c) technique. However, a 

modified approach was attempted which used 50 mL screw top test tubes 

with Teflon-lined tops and a Damon/IEC Division IEC UV centrifuge.

To 20-30 mL of commercial LIX 65N, 10 mL of 12.5% (v/v) NaOH was 

added, forming a gelatinous yellow precipitate which settled in the 

aqueous phase. After centrifugation, the organic phase was expelled. 

Hexane was then added to the solution mixture which was then shaken and 

centrifuged. This was repeated several times until the hexane phase 

remained colorless. Upon washing the product with H^O, the aqueous 

phase was removed, leaving only the yellow gelatinous phase. . 10 mL of 

fresh hexane, followed by 4-5 mL of concentrated H^SO^, was added to the
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yellow precipitate with sufficient shaking until all the precipitate 

dissolved in the hexane phase. The hexane phase was then separated (by 

centrifugation) and washed with water several times to remove excess 

free acid. Rotovaporation yielded an oil product which was straw 

colored. This was later dissolved in toluene and ethyl acetate and 

separated into the isomers of the oxime and other unreacted materials 

via a silica column.

An attempt was made to find the optimum toluene/ethyl acetate 

solvent system for both the column and TLC separation. Although a 

"Golden Retriever" fraction collector can be used to collect the various 

phases from the column, an alternative approach was developed. A TLC 

plate was sprayed with the Cu(NOg)g/NH^ indicator and drops were col

lected at regular intervals from the column which were then spotted on 

the plates. This process was made easier by the calculation of the 

approximate time of elution from the TLC work. The column flow rate was 

varied to determine the optimum separation. Each fraction was checked 

for purity by TLC. The three phases were collected and rotovaporated to 

remove the toluene-ethyl acetate solvent. IR, UV, and NMR were used for 

the identification of the three phases.

Results and Discussion

The results for optimizing the solvent system are summarized in 

Table 4.2.
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Table 4.2 Comparison of Retention Values of Various Ethyl
Acetate Concentrations for the LIX 64N Separation.

Percent Ethyl Acetate Syn Rf Anti Rj, Nonylphenol R^

3.0 0.00-0.13 0.15-0.31 0.35-0.53

4.0 0.04-0.12 0.14-0.31 0.33-0.53

6.5 0.10-0.27 0.29-0.42 0.42-0.47

10.0 0.17-0.24 0.29-0.42 0.45-0.61

From the above results, it was found that a solution which contained 

between 6.0-10.0 percent ethyl acetate would be ideal. An 8% ethyl 

acetate solution was chosen and used for the remainder of the separa

tion. Representative portions of several fractions were collected 

during the column separation of the viscous oil. A representative TLC 

of these fractions is found in Figure 4.4. The initial compound, which 

is eluted through the column, is the nonylphenol which has the least 

affinity for silica of the three compounds present in the oil. The syn 

and anti isomers of the 2H5NBP0 yield similar results as previously 

discussed.

The column flow rate was varied and the conclusion was reached 

that the slower rate (1 mL/min) produced the least amount of phase over

lapping while allowing for a fairly rapid separation. Slower flow 

rates, though they produced greater separation, failed to significantly 

increase the efficiency of the system. The final result was that the 

anti 2H5NBP0 and nonylphenol produced a yellow, viscous oil while the 

syn isomer produced pale yellow crystals. The unreacted material
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Rf = 0.45-0.61

Rf = 0.29-0.42

Rf =0.17-0.24

2 3 4 5 6 7 8

Figure 4.4 TLC Separation of LIX 64N. —  The solvent system was ethyl 
acetate-toluene (8:92) %v/v.
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present in the first eluted phase also produced a yellow oil. This is 

believed to be nonylphenol which is used as a starting product in the 

synthesis of LIX 65N. The NMR, IR, and UV confirmed the isomer struc

tures . The 2H5MBPO model proved to be an effective tool in under

standing the slightly more complex 2H5NBPO system.

IR. The spectra were very similar to those of the 2H5MBP0 com

pounds. The samples were run in CCl^. The anti isomer showed a sharper 

OH absorption peak than the syn isomer which was explained in the pre

ceding section.

UV. The spectra were similar to the model system.

NMR. The interpretation of the spectra was much more difficult 

than for those of the 2H5MBP0 compounds. These spectra are represented 

in Figures 4.5, 4.6 and 4.7. The anti 2H5NBP0 aromatic protons (7.6- 

6.66) differed from the syn isomer by an upfield shift of 4-5Hz which is 

analogous to the shift noted in the model system. In addition, the 

aliphatic protons of the CgH^g group (1.6-0.46) exhibited a similar 

shift. The hydroxyl protons were found at 10.266 and 8.036 which indi

cated the presence of two unassociated hydroxyl protons which is most 

characteristic of the anti isomer. The syn 2H5NBPO aromatic region 

(7.4-6.85) showed much less splitting than did the anti form. Its 

aliphatic region (1.8-0.46) contained more downfield splitting than did 

the anti form. The only noticeable hydroxyl proton splitting was a 

single, rather broad signal at 8.26. Although this is not conclusive
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Figure 4.5 NMR Spectrum of (Syn) 2-Hydroxy-5-Nonylbenzophenoneoxime.
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Figure 4.7 NMR Spectrum of Nonylphenol.
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evidence of syn character, it leads one to surmise probable syn 

character.

The first or unknown eluted compound was first believed to be 

unreacted ketone as was the case with 2H5MBPO. However, the NMR results 

are more consistent with a nonylphenol derivative. It should be noted 

that General Mills uses a nonylphenol as a starting product.

The results of these experiments demonstrated that the isolation 

and collection of the anti isomer was possible. In addition, it was 

found that the commercial solution (1-2 mL) could be introduced directly 

into the silica column with the same solvent system used for the 

2H5MBP0. The flow rate was adjusted to 1 mL/hr. This provided optimum 

separation of the commercial LIX 65N. TLC can be used to verify the 

purity of the separation.

pKa Determination of Anti-2H5NBPO

Introduction

The 2-hydroxy-5-nonylbenzophenoneoxime contains two ionizable 

protons -- the oximino proton and the phenolic proton. It is the ioni

zation of one or both of these protons that alters the electronic con

figuration of the molecule, making it more soluble in the aqueous phase.

The determination of the pK value for the anti isomer of the oxime isa
necessary in order to resolve the term in equation (3.8) .

Ashbrook (1975a) calculated p K ^  values for the syn and anti 

isomers of various oximes, including the LIX 65N isomers using mole 

fractions of dioxane-water at 25°C ± 0.1°C. PKqH values ranging from
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11.50 (mole fraction of dioxane = 0.174) to 12.33 (mole fraction of 

dioxane - 0.330) were reported. Ashbrook acknowledged the existence of 

the two ionizable protons, yet was unable to resolve their dissociation 

using the method proposed by Irving and Rossotti (1954).

An alternative procedure that incorporated a potentiometric-UV 

spectrophotometric non-aqueous titration was investigated.

Experimental

A potentiometric titration was investigated using a Coming 

model 110 digital pH meter, a glass electrode, a saturated calomel 

reference electrode, and a 75 percent ethanol-water solution. The 

reference electrode was filled with a 75 percent ethanol/water solution 

saturated with KC1. This was later refilled with a saturated, aqueous- 

KC1 solution which was employed in the remainder of the experiment. The 

method of calibrating the system in terms of hydrogen ion concentration 

was that of Tencheva, Velenov, and Budevsky (1976). The procedure
_ O

called for the titration of a known concentration of HC1 (5.29x10 

moles) with a known concentration of NaOH (0.094 M) in the non-aqueous 

medium. The base was added with a microburet syringe apparatus and the 

system's temperature was kept constant at 25.0°C with a constant 

temperature bath. The corresponding pH readings were recorded and 

plotted against the calculated pH of the solution. The ionic strength 

of all of the titrations was held constant at 0.1 with NaNO^.

A nonaqueous, potentiometric-spectrophotometric titration was 

investigated with 2H5NBP0 titrated in a 75 percent ethanol/water solvent 

system with NaOH. A UV absorption spectra was recorded in the region of
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250-370 nm after each addition of base. The pH meter readings were 

monitored. 2H5NBPO was dissolved in a 100 mL volumetric flask with a 

75 percent ethanol/water solution and NaNO^ to give a 3.7x10"^ M solu

tion. The microburet syringe was filled with 0.094 M NaOH and the solu

tion which was contained in a jacketed beaker and maintained at 25.0°C 

was titrated. Subsequent titrations employed the above system but did 

not record the UV spectra throughout the range of 250-370 nm. Rather, 

the absorbance at 368 nm was monitored as a function of pH.

Results and Discussion

The initial method of comparison of the pH meter reading with 

calculated pH was linear in the pH range of 1.5 to 12.5. All of the pH 

meter readings in the subsequent titration of the oxime were corrected 

using a linear least squares program. The microsyringe allowed for 

minimizing the amount of base added which in turn resulted in a very 

small error of the oxime concentration. A typical spectra for the 

absorbance at 368 nm versus X (nm) curve with respect to pH is repre

sented in Figure 4.8. The bands of the anti 2H5NBP0 at 314 nm are 

attributed to n+rr* transitions involving the unshared electrons of the 

phenolic OH. Generally, the anti isomers show a red shift of the 

lowest energy band, compared with the syn isomers. This can be explained 

by the fact that the two phenyl groups cannot be coplanar due to 

geometric considerations such as steric hindrance. In the anti isomer, 

the phenyl ring may be coplanar with the oxime group whereas the unsub

stituted ring may be coplanar with the oxime group. Therefore, these 

two mutually independent conjugated systems give rise to two conjugated
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absorption bands in the UV —  at 260 ran and 314 ran (Bell, Conklin, and 

Childress 1964; Ashbrook 1975a). The band resulting from the least 

steric hindrance is then assigned the lowest energy while the band 

resulting in the most steric hindrance is assigned the highest energy. 

Therefore, the anti isomer, which has the least steric hindrance between 

the substituted aromatic ring and the oximino group can be assigned the 

lower energy band in the UV spectrum. Thus, it would be expected that 

the syn isomer would absorb at about 290 ran which indeed was the case.

As base was added to the anti 2H5NBP0 solution in ethanol, the 

solution turned yellow. This coincided exactly with the emergence of 

the absorption at 368 nm. Ashbrook (1975a) reported that this absorp

tion did not occur with the syn isomers of the oxime. It appears that 

this lowest energy band undergoes a red shift of 50-55 nm which corre

sponds to an energy decrease of about 14 kcal mol~*. The data for the 

absorbance at 368 ran versus the pH is presented in Figure 4.9. As the 

pH of the solution was increased to 9.2, the absorption of the anti 

isomer at 368 nm also increased until it reached a maximum at pH 11.50. 

The curve approximated a typical acid-base titration curve except at the 

extreme pH. Additional data at higher pH were unavailable because of 

difficulty in increasing the pH without significantly altering the solu

tion ’s ionic strength. Also, caution had to be exercised because basic 

conditions would harm the quartz UV cells. Figure 4.10 represents an 

alternative (Naqvi and Fernando 1960) method of handling the data of 

Figure 4.9. A derivative curve which plots the change in absorbance at
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368 nm divided by the change in pH (AA /ApH) against the pH is usedo o o nm
to effectively determine the pK^ of the anti 2H5NBPO isomer.

The anti oxime isomer appeared to have only one pK^ (11.03).

This value is slightly lower than that reported by Ashbrook (1975a); 

however, an ethanol/water solvent system was used in this investigation 

while Ashbrook employed a dioxane/water system. Moreover, this investi

gation confirmed the existence of only one ionizable proton which causes 

a change in the oxime electronic configuration, resulting in an absorp

tion at 368 nm.

The 2-hydroxy-5-nonylbenzophenoneoxime is an extremely weak 

acid. Its only ionizable proton does not dissociate except at extremely 

high pH. This ionization produces an alteration in the molecule's elec

tronic structure which gives rise to an UV absorption at 368 nm. This 

absorption is most probably due to the dissociation of the phenolic 

proton. However, as noted in the NMR data, there is a constant and rapid

exchange of a proton between the oximo and phenyl groups making the true

identity of the dissociating proton unknown. It must then be assumed 

that the anti ixomer of 2H5NBPO has only one pK^ value which is 11.03 

based on a potentiometric-spectrophotometric determination.

Effect of Hydrogen Ion Concentration on the Distribution 
of Anti-2H5NBPO in the Aqueous and Kerosene Phases

The distribution of the anti isomer of 2H5NBPO, represented by

H^R, in the kerosene and aqueous phases can be depicted by:
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organic phase H^R

phase boundary t
4

aqueous phase H^R ^  H + HR"

The distribution ratio, D, is defined as the amount of oxime (neutral) 

in the organic phase divided by the amount of oxime (neutral and 

charged) in the aqueous phase:

ih2r ] 0

D = [H2R ] a q  + t ™  ] a q ( 4 ‘ 2 )

The acid dissociation constant, K^, is represented by the following 

equation:

Solving equation (4.3) in terms of [HR ] and substituting this value 

into equation (4.2) and dividing each term by [ ^ R ] ^  yields:

C [H-R] n/[H-R] ) S.
D = --- L _ 0 _ _ l _ 2 3 _ =- R_--- (4.4)

1 + ---2_  1 + a
tH+h q tH+]aq

where Kn is the distribution constant of the neutral oxime in the UR
organic and aqueous phase 

tion (4.4) simplifies to:

organic and aqueous phases. Using a value for the pK^ of 11.03, equa-
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D = K,D. (4.5)
R

at a pH range of 0.0 to 12.0 where the second term in the denominator is 

negligible. Similarly, at pH greater than 12.0, the first term in the 

denominator becomes negligible and equation (4.4) simplifies to:

benzophenoneoxime was prepared in a Pearl Kerosene (Chevron Oil) solu

tion. A preliminary UV absorption scan was run using a deuterium lamp 

in the region of 300 to 400 nm. Four oxime-kerosene standard were pre-

were added to 20 Teflon-lined, screw cap test tubes. 0.1 M H^BO^ buffer 

was used to vary the pH of several aqueous solutions from 7.59 to 11.00. 

1.0 M NaOH or NaOH pellets (99% NaOH) were employed to vary the pH of 

additional solutions from 11.14 to 13.82. The aqueous solutions were 

prepared from D.I. water. pH readings were obtained with an Orion model 

701 pH meter. The organic and aqueous phases were mechanically mixed 

for 5 min followed by centrifugation for 10 min at 900 rpm to allow the 

phases to separate. After removing the aqueous layer, the UV absorbance 

at 317 nm was determined for each sample. The concentration of the

(4.6)

Experimental
-4A 1.19x10 M solution of the anti 2-hydroxy-5-nonyl-

pared: 1.75xl0"5 M, 3.52xl0~5 M, 7.03xl0"5 M, and 1.41xl0"4 M; and UV

spectra were obtained in the same region.
-410 mL aliquots of the 1.19x10 M anti oxime-kerosene solution
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oxime, which remained in the kerosene phase after reaction with the 

aqueous solution, was determined via a least squares program which used 

the data of the standards. A log of the distribution ratio, log D, was 

calculated and plotted against pH.

Results and Discussion

The UV absorption spectra of anti isomer of 2H5NBP0 in kerosene 

in the region of 300-400 nm produced a maximum at 317 nm. This absorp

tion is due to a transition involving the unshared electrons of the

phenolic OH. In the pK^ determination, a similar absorption occurred in 

the ethanol-water solution at 314 nm. The slight difference in wave

length can be attributed to differences in the solvents. Standards of 

the oxime in kerosene solutions produced a linear relationship in the 

range of 1.41xl0-4 M to 1.75xl0"5 M anti-2H5NBP0.

The data for the distribution of the anti-2H5NBP0 is presented 

in Figure 4.11 with a plot of log D versus pH. It was necessary to cal

culate the pH values in the range of 13.06-13.82 due to the inability of 

the pH electrode to accurately respond in either the high or low pH 

range. At low pH, the oxime is completely protonated, making it fairly 

non-polar. This is reflected in its extremely low solubility in the 

aqueous phase at pH values of 10.00 or less. However, as the pH is 

increased beyond 10.00, the hydroxy proton beings to dissociate, causing 

increased polarity of the anti oxime isomer. Some of the anionic form 

of the oxime becomes solubilized into the aqueous phase. The presence 

of the large nonyl alkyl group competes with the hydroxyl anion, causing
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only a limited amount of the oxime to actually remain solubilized in the 

aqueous phase.

At pH less than 10.00, it was found, using equation (4.5), that

the value for is 1.77. In the pH range of 10.44 to 12.13, the pK&

of the oxime can be calculated using equation (4.4). The pH and the log

of the distribution coefficient are defined in Figure 4.11 for the line

between pH 10.44 to 12.13. pK& values of 11.25 to 11.68 were found.

These values agreed fairly well with the previously reported pK valuea
of 11.03.

This investigation confirmed the pK^ of the anti oxime as well 

as demonstrating the stability of the oxime in kerosene solutions except 

at very high pH.



CHAPTER 5

ENVIRONMENTAL CONSIDERATIONS OF THE PROPOSED 

EXTRACTION PROCESS

The major difficulty in evaluating possible environmental effects 

Of mining ferromanganese nodules from the ocean floor is lack of prece

dents, Glasby (1977) has attempted to outline and discuss environmental 

conditions in the manganese nodule zone which is located in the region 

that is between, the equator and the 30°N parallel and that extends east 

to west from the 100°W to the 160°W meridian. Disturbances pertaining 

to the biological and geological ecosystem of the ocean floor by deep 

sea nodule mining will be small in relation to the natural processes 

that occur such as oceanic circulation and sediment redistribution by 

turbidity (Glasby 1977).

Obtaining or harvesting the nodules poses one of the major 

environmental considerations. The underwater mining could destroy the 

bethnic communities which serve as a source of nutrients for several 

members of the aquatic community. This is due to the fact that mining 

techniques will have to separate the sediment from the nodules, causing 

a cloud of sediment to form near the ocean floor. This is referred to 

as a sediment plume (Glasby 1977). In addition, toxic trace metals may 

be leached out of the sediment by the mining process. It should be 

noted, however, that redistribution of the ferromanganese nodules will

80



provide increased nucleation material for continued nodule growth. No 

model exists that predicts the effect of mining effluents from deep- 

ocean mining.

Little information is available concerning the effects on the 

environment of the hydrometallurgical processing of the nodules.

Although a processing operation may be initially favored at the ocean 

mining site because of shipping costs, it appears likely that land-based 

operations will predominant due to energy, economic, and processing 

considerations (Cardwell 1973). The remainder of this chapter will con

sider only land operations.

Waste disposal problems, environmental protection problems, and 

reagent transportation costs are the principal reasons for developing 

hydrometallurgical processes on land rather than at sea (Hammond 1974a). 

However, land operations that discard everything except valuable metal 

values (i.e., copper, nickel, and cobalt) must dispose of millions of 

tons of residues which will consist of manganese, iron, and other toxic 

metal oxides (Browning 1969). Also, disposal of tons of industrial 

solutions used in the processing will cause serious adverse effects to 

the environment unless safeguards are used. In the oxalic acid leaching 

the CCL gas that is formed will have no adverse effect on the environ-
4

ment. However, the unused oxalic acid can contaminate lakes and streams

Of the solid by-products which must be disposed of, manganese 

oxides (MnO^ and Mi^Og) pose the most serious threat to the environment. 

Absorption of manganese and its compounds in the form of dusts or 

aerosols occurs primarily through the lungs and it has been found to
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cause nervous disorders such as choreiform and Parkinsonian syndrome 

(Browning 1969, Brokhnova 1975). Although rare, other disorders associ

ated with manganese absorption in the body are: hepatitis, pneumonia,

and disturbances of the carbohydrate and anti-toxic functions. Iron 

oxide, another major constituent of the ferromanganese nodules, also 

causes several complications if absorbed into the body, such as 

siderosis.

Disposing of the oxalic acid used in the hydrometallurgical pro

cess can chelate much of the available calcium if released into the 

aquatic environment. This would result in calcium deficiency in both 

plants and animals. In addition, oxalic acid has a toxicity of 700 

mg/kg if ingested orally (Christensen and Luginbyhl 1974). Other 

environmental factors which must be considered are: ' oil pollution of 

the processing plant and the socio-economic effect of the processing 

operation to the resulting community.



NOMENCLATURE

[nir2] 0

[NiR2]aq

M q

M a q

[Ni(C204 )]

tNi2* ] ^ - ]

[Ni ̂ 2°4^ 2~̂  
[Ni(C204)][C202"]

[NiR*l 
[Ni2+][R"]

[NiR2]

[NiR+][R~]

[Ni(C204)(R)"][C202*]

[Ni(C204)2-][R"]

[h +3[a']
[HR]

distribution ratio of nickel between 

the organic and aqueous phases

distribution coefficient of the 

neutral Ni“+-hydroxyoxime complex

distribution coefficient of 

hydroxyoxime

first stepwise formation constant of 

the Ni^+-oxalate complexes

second stepwise formation constant of 

the Ni^+-oxalate complexes

first stepwise formation constant of 

the Ni^+-hydroxyoxime complexes

second stepwise formation constant of 

the Ni~+-hydroxyoxime complexes

ligand displacement constant

acid dissociation constant of

hydroxyoxime
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