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ABSTRACT

An experimental investigation was made on the
multiple hydroxide coprecipitation of Fe, Mn and
Ni from aqueous media of varying ionic strength.
The coprecipitates were studied with the aid of
several analytical tools, including infrared spectra,
Mgossbauer effects and the scanning electron mi-
croscope.

The results indicate that the coprecipitates repre-
sent structural mixing among the end members.
Thermodynamic calculations suggest the presence
of a continuous solid solution in a binary system
involving any two of the three components Fe
{OH);, Mn(OH), and Ni{(OH), as the end members.
Free energies of mixing calculated from the ex-
perimental data indicate that the mixed hydroxides
are stable relative to the pure end members.

The mixed hydroxides have certain exchange ca-
pacity which is dependent on the iomic strength of
the aqueous media. Trace elements such as Co and
Cu in the aqueous media can occupy these ex-
change sites.

The solid-solution model and exchange reac-
tions developed on the basis of the experimental
results could be used to satisfactorily explain the
positive inter-elemental relationship between Fe
and Mn and also the negative relationship between
(Fe4+Mn) and the trace elements in natural ferro-
manganese materials.

RESUME
Une enquéte expérimentale a été faite sur la co-
précipitation multiple d’hydroxide de Fe, Mn et Ni
d’'un milieu aqueux de résistance ionique variante.
Les co-précipités ont été étudiés a l'aide de diffé-
rents instruments analytiques, tels les spectres in-

frarouges, les effets de Mossbauer et le microscope

électronique & balayage.

Les résultats indiquent que les co-précipités re-
présentent un mélange structural parmi les membres
extrémes. Des calculs thermodynamiques suggérent
la présence d’une solution solide continue dans un
systéme binaire incluant deux des trois composants
Fe(OH),, Mn(OH), et Ni(OH), comme extrémes.
Les énergies libres, du mélange calculé des données
de Pexpérience, indiquent que les hydroxydes mé-
langés sont stables par rapport aux hydroxydes ex-
trémes purs.

Les hydroxydes mélangés ont une certaine ca-
pacité d’échange qui dépend de la résistance ioni-
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que du milieu aqueux. Des éléments de trace,
tels Co et Cu dans le milieu aqueux, peuvent occu-
per ces sites d’échange.

Le modeéle de solution solide et les réactions
d’échange développés sur la base des résultats expé-
rimentaux pourraient étre utilisés pour expliquer de
fagon satisfaisante le rapport inter-éléments positif
entre Fe et Mn ainsi que le rapport négatif entre
(Fe+Mn) et les éléments de trace dans des maté-
riaux de ferromangandse naturels.

(Traduit par le journal)

INTRODUCTION

The ability of hydroxide coatings to act as
sinks for various trace metals is well-known
(Gibbs 1973; Jenne 1967; Kharkar et al. 1968;
Martin et al. 1973). Inter-elemental relationships
among the several elements in coatings and
other ferromanganese materials have been re-
ported (Cronan & Thomas 1972) but a proper
explanation of such correlation, i.e., negative or
positive correlation between any two elements,
is lacking.

Hem (1972), Kharkar et al. (1968), Morgan
& Stumm (1965) and several others proposed
that ferric hydroxide precipitate absorbs other
cations such as Mn?*, Ni** and Co*" from a
solution and eventually fixes them by solid-
state diffusion. The possibility of solid solution
between two or more components in ferroman-
ganese materials has been suggested (Burns
1965; Crerar & Barnes 1974; Loganathan &
Burau 1973) but has not been investigated in
detail.

In coatings and other ferromanganese mate-
rials, significant quantities of Fe and Mn occur
as hydroxides (Gibbs 1973). In order to under-
stand the inter-elemental relationship in such
hydroxides, laboratory experiments were per-
formed which involved the coprecipitation of
hydroxides of Fe, Mn and Ni and the study of
the properties of the aqueous media and also of
the precipitates. Attempts have been made in
this paper to relate the experimental observa-
tions to the chemistry of natural ferromanganese
materials.
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EXPERIMENTAL PROCEDURES

The laboratory work is schematically illus-
trated in Figure 1. Details of individual experi-
ments outlined in the flow chart are presented
elsewhere (Subramanian 1973). All experiments
were done at room temperature and pressure.
All containers for the aqueous media and for
the precipitates were kept sealed to prevent
oxidation. Elemental analyses were done with
a Laboratory Instruments Model Atomic Ab-
sorption Spectrophotometer. Measurement of
pH was done with a Beckman pH meter using
glass-calomel electrodes. All washings were done
with double-distilled deionized water. All solu-
tions for elemental analyses were kept refrig-
erated after acidifying to pH less than 3, Various
analytical tools were employed in studying the
precipitates and are described in individual sec-
tions.

REsuLTS AND DISCUSSION

Precipitation of mixed hydroxides

In order to investigate the nature of hydrox-
ide coprecipitation from solutions of varying

Aqueous medium of known fonic
strength + known quantities
of trace metals < and J added
such that (Mmiﬂﬂj)wi
where 0 <z; <]

[Titration with 0.14 NaOH. |

Solution and precipitate
separated by dialysis. PDialysis washings

kept refrigerated
for ARA.

(7+7) hydroxide split
into _several fractions.

One of the One fraction dissolved in HC) Several fractions
fractions and kept refrigerated for AAA used for a number
+NHgC1 {pH=7) to determine z; and =z in the| |of analytical
to desorb the precipitate. [studies.
absorbed
cations.

[Gialysis]
A1l washings Precipitate|
co‘llected for AAA.| |dried and

d fraction.| |preserved.

Fi6. 1. A generalized flow chart for the experimen-
tal work. Aqueous media used include synthetic
river water, synthetic sea water, various mix-
tures of the two, and double-distilled deionized
water. i and j represent any two of the three
elements considered: Fe, Mn and Ni; m and x
are the concentration in solution and mole frac-
tion in the solid respectively, AAA is atomic-
absorption analysis.
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Fic. 2. Dssorption of Fe, Mn and Ni from a co-
precipitated Fe-Mn-Ni hydroxide. Desorption is
expressed as % weight loss from the precipitate..

ionic strength, Fe-Mn-Ni hydroxides were co-
precipitated, following the procedure outlined
in Figure 1, from solutions of ionic strength
approximating that of world-average river wa-
ter (Livingstone 1963), sea water, and mixtures
of the two in various proportions.

Desorbable cations from a precipitate are a
measure of its exchange capacity. In addition, a
small amount of the precipitate will dissolve in
the medium in which desorption takes place.
Thus, the precipitate loses its exchange fraction,
and also the small soluble fraction, to the aque-
ous media. Figure 2 shows the variations in the
total cations released from the mixed precipi-
tates formed from solutions of varying ionic
strength. Only from precipitate formed from
aqueous media comparable to that of sea water
does the desorption appear significant for Fe.
On the other hand, a constant but significant
amount of Mn and Ni are released from pre-
cipitates formed even from dilute solutions.
The precipitates can be considered to contain
two fractions — the exchangeable fraction and
the non-desorbable “fixed” fraction. The rela-
tive proportions of these fractions in the preci--
pitates vary with the ionic strength of the pre-
cipitating medium. As the ionic strength of
the aqueous media increases to that of sea water,
the exchange fraction increases at the cost of
the *“fixed” fraction in the precipitate. This leads
one to expect wide compositional variations in
the ferromanganese materials formed from sa-
line waters as compared to those formed from:
fresh waters.

Properties of the mixed hydroxide precipitates

Infrared spectra. Spectra were taken with
KBr discs and a Beckman Model 5 IR Double
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TABLE 1. INFRARED SPECTRA DATA

Mole Fraction of Mn Positions of Maximum Ab-

500, 650, 850

- Pure Mn hydroxide 600, 650 (D}, 850

in r—‘e(()H)3 sorption Peaks (cm'])
0.0 - Pure Fe(0H); 600, 650(D)", 850 ng
0.02 600, 650(D) , 850(D
0.05 600, 650(D) , 850
0.08 600, 850
0.145 600, 850
0.22 600, 850
0.33 600, 850
0.44 500
0.50 500
0.55 600, 850 (D)
0.60 550,
0.70 500, 600, 850 (D)
0.80
1.0
*

Doublet

Beam Spectrophotometer. Table 1 lists the vari-
ous absorption-peak positions observed for the
vibrational frequencies of the Fe-O and Mn-O
bonds in the Fe-Mn hydroxide coprecipitates.
The lack of significant variations in these band
positions in the Fe(OH); coprecipitated with
varying amounts of Mn is in agreement with
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Fic. 3. Absorption-peak position of the Fe-O-Mn

band . for the Fe-Mn hydroxides, plotted against
the mole fraction of Mn in the precipitate.
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observations for natural ferromanganese mate-
rials by Elderfield & Glasby (1973). In the far
infrared spectral region, where Fe-O-Fe, Mn-O-
Mn, and Fe-O-Mn bands can be observed, a
systematic shift in the Fe-O-Mn band was found
to take place, as shown in Figure 3. The forma-
tion of a separate Mn phase, such as Mn(OH),
or MnO,, is unlikely to account for the shift
observed as Mn increases in the precipitate.

Mssbauer effects. Details of Mossbauer stu-
dies of a complete range of Fe-Mn hydroxides
— from the Fe end member to the Mn end
member — are reported elsewhere (Subrama-
nian 1975a). Discussions related to the experi-
mental model proposed in this paper are sum-
marized as follows:

(a) Even in precipitates containing up to
80 wt % Mn, only Fe*" is present; substances
such as manganese ferrate or iron manganate
are not precipitated by the method employed in
the present study.

(b) There is more than one type of Fe** in
the precipitates; ferric ions are distributed
among more than one type of sites in the preci-
pitate. It is also possible that coprecipitation
gives rise to polycrystalline particles.

(c) Based on the quadrupole splitting changes
with the Mn content of the precipitates, it is
concluded that the grain size of the precipitate
decreases from the Fe end member towards the
Mn end members; Mn-rich Fe(OH); precipitates
are finer than the pure Fe(OH):. Phase changes
could also accompany this size change but could
not be studied due to the x-ray amorphous na-
ture of the Fe-Mn hydroxides.

X-ray diffraction patterns. All the Fe-Mn hy-
droxide mixed precipitates — from the Fe end
member to the Mn end member — were amor-
phous to ix-rays. Hem (1963) similarly found
some Fe-Mn coprecipitates to be amorphous to
x-rays, but he also detected hydrohausmanite in
some samples. Since Fe-Ni and Mn-Ni hydrox-
ides are not very important in nature, they were
not studied in detail by the various analytical
methods employed in this work.

Scanning electron microscope studies. In the
x-ray mapping technique utilizing the SEM, it
is well known that the depth of penetration of
the x-ray beam is a function of the beam cur-
rent; elemental distribution, as recorded by the
mapping technique, depends on the depth of
penetration of the beam. The element distribu-
tion is also related to the surface morphology
of the grain (Subramanian 1975b). By varying
the electron-beam current, it is possible to count
the elemental concentration up to a desired
depth of penetration (Conference on Scanning
Electron Microscope, 1968).
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In the present work, Mn was counted with
K radiation at various beam currents for a Fe-
Mn precipitate containing equal mole percent-
ages of Fe and Mn. Figure 4 shows the varia-
tions in Mn counts at different beam currents.
The plot suggests that Mn distribution at vari-
ous depths of the precipitate is uniform. The
linear relationship indicates that Mn is not en-
riched in selective occluded areas within the pre-
cipitate. Thus, Mn in the Fe-Mn precipitate can-
not be accounted for by the possible occupancy
of defective sites by Mn,

Inter-elemental relationship in natural ferro-
manganese materials. In most natural ferro-
manganese materials, Fe and Mn are negatively
correlated to each other (Cronan & Thomas
1972). Data for a number of environments —
such as fresh water, estuarine, lacustrine and
oceanic — indicate that Fe and Mn are mutually
exclusive in these materials, Structurally mixed
coprecipitation of Fe and Mn compounds or
the absorption of Mn and Fe(OH): and its
eventual incorporation in the structure of
Fe(OH): could conveniently account for the
negative correlation between Fe and Mn. The
small but variable exchange capacity of the
mixed precipitate, as was shown in Figure 1,
could explain the presence of elements such as
Co, Cu, Zn etc., in the ferromanganese mate-
rials, since the total amount of trace elements
in these materials is positively correlated to
the total amount of (Fe+Mn).

A solid-solution model. Based on the anal-
ytical evidence and arguments presented so far,
a solid solution model has been developed
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Fi6. 4. Mn counts for a Fe-Mn precipitate plotted
against the incident electron-beam current. Mn
counted for 400 seconds using K, radiation.
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F1G. 5. Plot of the Gibbs-Duhem equation for the
activity coefficient of the Mn component in the
Fe-Mn precipitate. The activity coefficient for
the Fe component is obtained by graphically in-
tegrating the area bounded by the curve and the
two axes.
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36 THE CANADIAN MINERALOGIST

TABLE 2. A SOLID-SOLUTION MODEL

If £ represents a trace or minor component such as Mn and J
represents the major component such as Fe, then the selectivity
coefficient of < between an aqueous phase and a solid phase such as
Fe(OH)3 can be represented by:

SEE YR ey,
and the partition coefficient D is given by:

L SRCNARCHANH D v @
where 19 and X, are equilibrium solubility preducts of Mn(()H)2 and
Fe(()H)3 respectively; Y represents the corresponding activity
coefficients in the solid phases; ¥ and ¢ represent the equilibrium
mle fraction and concentration, respectively, in the solid and
aqueous phases. Equation (2) assumes that the activity coefficients
of dissolved species, of interest in the present study, in the dilute
solutions equal unity.

Also, given E{PX =1,
and the Gibbs-Duhem equation
%

3 f 1tzi/xj) diny,
the activity coefficients of the two components in the hydroxide
precipitate can be calculated as described below:

X; and X, values can be obtained from standard references; though
the £ values depend on the grain size (Langmuir & Whitmore 1971},
lack of size information for the Fe-Mn hydroxide precipitates in the
present work dictated the use of free energy of formation values from
Garrels & Christ (1965) for calculating the X values. As a first
approximation, Jet the selectivity coefficient obtained by substi-
tuting the experimental data in equation (1) be equal to the par-
tition coefficient p%. Also, assuming that the activity coefficient
of the major component, ¥,, equals unity, equation (2) can be
solved for Yi' for corresponding values of ii. These Yi valuas can
be used to obtain Yj by the graphical integration of equation (3).

Figure 5 shows the plot of equation (3) for the Fe-Mn hydroxides.
The graphical integration of the area bounded by the curve and the

cereeenaa(1)

veeseesaa(3)

(Table 2) for the mixed precipitation of any
two out of the three hydroxides considered,
namely, Fe(OH);, Mn(OH). and Ni(OH).. The
model is explained with the data obtained for
the Fe-Mn hydroxides since these are the geo-
logically significant systems in the sedimentary
processes, For the other two binary systems,
Fe-Ni and Mn-Ni hydroxides, the results shown
(Figs. 9, 10) are based on similar approach.

The concentration of Mn in the Fe-Mn pre-
cipitates can be plotted against the activity of
the Mn component and also against the free
energy of mixing calculated through the equa-
tions in Table 2. Such plots are shown in Fig-
ures 7 and 8. The activity-concentration plots
for the Ni-bearing hydroxides are shown in Fig-
ures 9 and 10.

It is clear from these figures that a complete
range of solid solution exists for each of the sys-
tems considered. Ni-bearing hydroxides show
either an ideal behavior or a negative departure
from ideality at higher Ni concentrations. Due
to the rarity of Ni-enriched Fe or Mn hydrox-
ides, such departures have not been investigated
in the present work.

axes yields the value of 1.59 for ¥,. This value can now be used in
equation (2) and a new set of Yi values calculated. The recalcu-
lated Y'i values are now used in equation (3) as before and graphical
integration gave a new value of 1.62 for ¥,. Due to this small
change in the ¥, value on second iteration of equations (2) and (3),
no further iterations were performed. Details of iterations of the
equations (2) and (3) are given in the Appendix.

The final Yi values obtained through the above exercise can
then be used, along with the following relationships, (Guggenheim
1967, p. 170-219), to obtain YJ values for corresponding values of
X #2

In ¥4 gFora, (1022182 ceeenenn {8
and
R T o o )

In the above equations, 44 and 4, are constants and their values can
be derived by writing equation (4) for two values of z,
(Yi(’l) and 'Xi(z)) and 7, (?’i(]) and Y,L(Z)) and simultaneously

solving for 4q and 443 these 4 values can then be used in equation (5}
to obtain ¥, corresponding to two values of X,. Details of the cal-
culations are shown in the Appendix; the 4 values obtained for ‘?7:
values of .165 and .2 are: 4g = 0.9 and 44 = -.278.

Figure 6 shows the ¥ values for the Mn gomponent calculated
through the jteration of equations (2) and (3) and for the Fe com-
ponent calculated through the solution of equations (4) and (5). A
highly non-ideal solid solution is predicted from the Figure. Free
energies of mixing can be calculated through the following relation-

ships:
«= ¥ (6)
and
[RYPPRN ¢4

(A Rﬂ'izjfi,d n a; 1

where ‘a’ represents the thermodynamic activity, and G, the free
energy of mixing.

From Figure 8 it is clear that the Fe-Mn
hydroxides containing a large amount of both
Fe and Mn have the lowest free energies of mix-
ing compared to the pure end members. Thus,
when an aqueous phase contains these two ele-
ments in quantity, the stable solid phase is likely
to be a structurally-mixed Fe+Mn hydroxide
rather than two separate phases of Fe and Mn.

Some applications to natural ferromanganese
materials. Metallic coatings of hydroxides on
sediments constitute up to 10% by weight of
the sediments. Considering the total suspended
solids transported to world oceans, a quantita-
tive evaluation of the importance of coatings
can be made,.

Annual discharge of rivers = 3.6 X 10 litre/

year (Garrels & Mackenzie 1970)

Total dissolved Fe: 0.05 ppm (Gibbs 1972)

Solution transport of Fe: 18 X 10" g/year

Annual suspended load: 183 X 10" g/year

(Holeman 1968)
Coatings on sediments (upper limit): 10% by
weight (Jenne 1967)

Total coating transport of Fe: 10.2 X 10“

g/year
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Fe (coating)/Fe (solution) — 500, Similarly,
Mn (coating)/Mn (solution) — 34, and Ni
{coating)/Ni (sohition) = 25.
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From the data of Gibbs (1973) for coatings
for the Yukon and Amazon rivers, the ratio of
(coating/solution) transport can be calculated
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F1G. 7. Activity-composition plot for the Fe-Mn precipitates.

haviour.

F1G. 8. Values for the free energy of mixing for the

Solid line represents theoretical ideal be-

Fe-Mn hydroxides.

F1g. 9. Activity-concentration plot for the Fe-Ni hydroxides.

Fic. 10. Activity-concentration plot for the Mn-Ni

hydroxides.
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as 73 to 812 times for Fe, 3 to 5 times for Mn,
and 22 to 24 times for Ni, The values reported
earlier are in agreement with these ratios.

Fe and Mn have a mutual catalytic effect in
the coprecipitation of their hydroxides (Morgan
& Stumm 1965; Hem 1963). The pH control of
the hydroxide precipitation is also well-known
(Garrels & Christ 1965; Langmuir & Whitmore
1971; Subramanian 1973). A small change in
the pH of the aqueous phase may cause some
shift in the composition of the mixed precipi-
tate through reactions such as

¥Fe?* + (1 — x) Mn2* + (2 + x) (OH)"
— [zFe (OH)s - (1 — x) Mn (OH)g]

[xFe(OH)s (1 — x) Mn(OH)g] + yMn?*
+ y(OH)!™ = yFe’” + [x — ») Fe(OH)s -
(1 — x4 5 Mn (OH)2] + 3¢ ........ 9

Equation (8) characterizes the formation of a
Fe-Mn double hydroxide with the mole frac-
tions of the Fe and Mn components equal to x
and (1-x) respectively; equation (9) character-
izes the alteration of this double hydroxide, in
response to pH changes, to the one in which
their mole fractions are equal to (x-y) and
(1-x+y) respectively. The above mechanism can
account for the wide compositional variations
in natural ferromanganese nodules.

Bonatti (1971), Cronan & Thomas (1972) and
Subramanian & d’Anglejan (1975) have shown
that interstitial waters of bottom sediments are
enriched in transition elements. Even though
the concentration of any one element may be
below the solubility products of its stable solid
phase under the given conditions, removal or
addition of the element to the water may be
through reactions outlined in equations (8) and
9).

Even though Mn(OH). is not a stable phase
(Bricker 1965), Mn could be removed by
Fe(OH)s during coprecipitation, as the hydroxide
component within the structurally-mixed pre-
cipitate. Elemental migration within the inter-
stitial column (Bonatti 1971) could be in re-
sponse to shifts in the equilibrium between the
interstitial water and the exchangs fraction of
the mixed precipitate.

The presence of cations other than Fe, Mn
and Ni in the coatings and other ferromanga-
nese materials can be explained as follows: co-
precipitated hydroxides contain some percent-
age of exchangeable fraction; the amount of
this fraction varies depending on the ijonic
strength of the aqueous media, Cations such as
Cu?*, Co** and other compatible jons in the
solution can replace the exchangeable Fe**,
Mn?** and Ni?* from the absorption sites and

thereby become part of the mass of the ferro-
manganese materials.

CONCLUSION

A complete range of non-ideal solid solution
exists between Fe(OH): and Mn(OH):;; a lim-
ited range of solid solution is indicated for the
Ni-bearing hydroxides. Due to their extremely
fine size (<100A), the Fe-Mn hydroxides are
amorphous to x-ray diffraction; increase in the
Mn content causes the mean size of the precipi-
tate to decrease. pH-controlled reactions be-
tween an aqueous phase and a mixed hydroxide
precipitate can cause two or more ferromanga-
nese materials to coexist. A combination of
solid solution and exchange reaction can satis-
factorily explain the observed chemistry of na-
tural ferromanganese materials.
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APPENDIX

Assuming that the activity cosfficients of the dissolved fons in
dilute solutions equal 1, equation (2) in the text can be re-written

as:
o (o), Fre(on) )/ Cun/re) *(Ere(om) 3 Kn(an),)*

Fre(on);Tin(ot) )
Knowing the following data

=, = . 38, .
Ty 2t=Te g2 0.993 Ky gy <10%%s Ifm,‘um)z-=1r)’5 3 and assuning
that ?Fe(OH);]’ equation {2) can be solved with the D values

obtained through the substitution of experimental values in equation
{1}, to get a series of values for ?Mn(OH)z for the entire range of

XMn(OH)z where 0<2Mn(01-()2<]'
These Y values for Mn can then be used in equation (3) re-written

as: ™3
re(on),

™ Yee(on),” f

i (on), Fre(om),? 4 1" Tingon),
Zre(on),”!

and the ¥ values for the Fe component can be ohtained by graphical
integration.

The purpose of the above exercise is to obtain a value for the
activity coefficient of the Fe component so that this can be sub-
stituted into equation {2a) to obtain refined values, on successive
iterations, for the activity coefficient of the Mn component. Such
7-Mn values can then be used along with the following equations:

n YMn(OH)z(])EAOEZMn(OH)Z(])Ml("ﬁzMn(OH)z(]))izFe(OH)u.l)‘“(“)
and
In 7Mn(on)z(z)“"oiznn(ou)z(z)*‘l“'ﬁznn(ou)z(z))sze(0H)3(2)"

to obtain the values of the constants 4, and Ay which can then be
used to get ? values for the Fe component using the relationship

. (4b)

R y1=e(ou)3(1)""o?zFe(OH)s“)‘"1“'“sze(OH):,(]))xznn(ou)zm'"(5‘)
and
In ’Fe(on)a(z)"‘o?zfe(ou)3(2)"‘1“’ﬂzre(ou)a(z)’iznn(ou)z(z)“'(5")
The calculations are best illustrated with the following example:
from experimenta) data and the solution of equations (2a) and (3a},
?W-(OH)ZU)“']GS; YM"(OH)Z(];.SS; xFe(OH)ams.sss;
and .
ZMn(OH)Z(z)"Z; Ym(omz(z)n.u; Xre(uu)a(z)"s‘
The unknowns ¥, and ¥, can be calculated using
Fe(OH)S(l) Fe(OH)s(z)
these data and solving first equations (4a) and (4b) to get
44=.9 and 4;=-.278. Using these 4-values, in equations (5a) and (5b),

?Fe(OH) = the activity coefficient of the Fe component
3 (when the mole fractian of the Fe component = .835)

= 1,05 and

YF = the Y value for the Fe component when its mole fraction
e(OH)a(z)
is .8
= 1.04.
Similar calculations can be made at other concentrations of Fe.



