Preparation of Manganese Ferrite Fine Particles from Aqueous Solution
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Fine manganese ferrite particles have been prepared by a coprecipitation method and subsequent
digestion process (below 100°C). Manganous salts mixed with either ferric or ferrous salts were copre-
cipitated with sodium hydroxide. Particles produced from ferric saits were MnFe,Q, with relatively
smaller sizes (5 to 25 nm) while ferrous salts created Mn,Fe;_,0, (0.2 < x < 0.7) with bigger sizes up
to 180 nm, In either case, the particle size appeared to be a unique function of the ratio of metal ion
concentration to hydroxide ion concentration when the digestion conditions were fixed. For the system
with ferric salts, the undigested samples were polycrystals with crystallite sizes of about 2 nm. Digestion,
which could be described as an Ostwald ripening process, did not change the crystalline structure but
increased both the crystallite size and the particle size. A basic solution was essential for an effective
digestion process in this system. The system with ferrous salts, on the contrary, needed an acidic solution
to create a single ferrite phase. Digestion changed both the crystalline structure and the particle size of
the precipitated precursors. This process involved a dissolution and renucleation/growth mechanism.
Cation and anion effects on the particle size and the evolution during digestion were also studied.

© 1991 Academic Press, Inc.
I. INTRODUCTION

In the course of studying the magnetic
properties of fine particles, particle size is
among the most important parameters.
Therefore, it is destrable to develop the ability
to prepare particles which span a large size
range and yet retain uniformity among other
important qualities such as composition, crys-
tallinity, and morphology. The coprecipitation
of metallic ions followed by an appropriate
digestion (aging) process offered a potential
technique for this purpose.

Coprecipitation has been used for many in-
vestigations on ferrites. The preparation pro-
cesses fall into two main categories. Both use
metallic salts as the starting compounds and
hydroxides (KOH, NaOH, NH,OH, etc.) as
the reaction agents, followed by digestion (ag-
ing). The difference lies in the selection of the
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starting iron compounds. The first category
uses the ferric (Fe(1I1)) salts. With the divalent
ions being one or two of Mn, Fe, Co, Ni, or
Zn, corresponding ferrites have been success-
fully produced (1, 2). From these studies, it
has been found that pH values and digestion
temperatures and times affect the particte size
and morphology, but few details have been
given. The second method uses ferrous
{Fe(1I)) salts and divalent salts as the starting
materials, with KNO; as an oxidizing
agent (3-9),

In this work, we prepared manganese ferrite
fine particles of different sizes (5 to 180 nm)
from aqueous solutions with either ferric or
ferrous salts as the starting materials. Macro-
scopically, we controlled the particle size by
adjusting the ratio of metal salt to hydroxide
concentration. Microscopically, detailed in-
vestigations on the evolution from the undi-
gested precursors to the final ferrites were per-
formed.
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H. EXPERIMENTAL METHODS

All starting materials were reagent purity
and used without further purification. Water
used in solution and washing was distilled and
deionized. Two types of precipitation pro-
cesses were performed.

(1) Prepare solutions of the sodium hy-
droxide {NaQH) and the metal (Fe(1Il) and
Mn(II)} salts. For example, in one 250-ml
beaker was placed a 100-ml sotution in which
6.00 g NaOH was dissolved in water. In an-
other 250-ml beaker, 2.70 g FeCl; - 6H,O and
0.99 g MnCl; - 4H,O were dissolved in water
to produce a 50-ml solution. The atomic ratio
of Mn(II) to Fe(Ill) was 0.5. The metal salt
solution was slowly poured into the solution
of sodium hydroxide, which led to precipita-
tion. The system was continuously stirred by
a magnetic stirrer during mixing. This process
was varied so that the total molarity of the
metal ions calculated for the final solution
volume covered a range of 0.015 to 0.25 M.
That of the hydroxide was from 0.50 to
25 M.

(2) Similar to (1), only replace Fe(III) with
Fe(II). In this case, potassium nitrate (KINO;)
was added to the NaOH solution as an oxi-
dation agent with a fixed concentration of
0.25 M in the final solution. The molarity of
the metal tons was adjusted between 0.05 and
0.35 M. That of the hydroxide ranged from
0.33 10 1.00 M,

After mixing the solutions to cause precip-
itation, the beaker which contained the pre-
cipitant was brought into a preheated bath of
water and ethylene glycol for digestion. We
varied digestion time and temperature (below
100°C). A mechanical stirrer was inserted into
the solution during digestion. It stirred slowly
to create an uniform temperature and mixture
in the solution without causing vigorous agi-
tation. Suspensions {both digested and undi-
gested) were repeatedly washed with water and
filtered using ashless filter paper before drying
at about 50°C to a powder. The following
techniques were used to characterize the par-

ticle properties and to monitor the chemical
reaction processes.

(1) X-ray diffraction. A Scintag X-ray dif-
fractometer was used to identify the inter-
mediate phases and the final spinel ferrite
phases. The K« line of Cu was its radiation.

(2) Transmission electron microscope. We
ultrasonically dispersed powder samples into
ethanol. Drops of the dispersion were dropped
onto carbon-coated copper grids for investi-
gation.

(3) BET measurement. This technique
measures the surface area by the Brunauer,
Emmett, and Teller method. If we know the
bulk density and suppose a particle shape,
particle size can be calculated from the surface
area. Even though the particles may not be
perfectly spherical or cubic as usually assumed,
the dimensional size will not differ too much
from the real mean size, provided that the sur-
face is smooth and no pores exist in the par-
ticles.

(4) pH meter. We used an Orion Research
pH meter (lonalyzer/Model 407A) to mea-
sure the pH values for different solutions and
the pH value changes during digestion,

(5) Méssbauer spectroscopy. The Mdss-
bauer spectra were recorded at room temper-
ature in the conventional transmission ge-
ometry by an MS-1200 Méssbauer spectrom-
eter (Ranger Scientific, Inc.). The source was
37Co embedded in a rthodium matrix. We re-
ported the isomer shift (8) relative to pure iron.

(6) Chemical analysis. Mn was determined
colorimetricaliy by oxidation of Mn{II) to the
highly colored permanganate ion. Absorption
was measured at 525 nm. A few samples were
also analysed for their Fe content using atomic
absorption /emission spectroscopy.

III. RESULTS AND DISCUSSION

The experimental steps followed our mo-
tivation to change the particle size as much as
possible. First of all, we studied the FeCl;
+ MnCl, + NaOH system. This system re-
sulted in small sizes. Second, we searched for
systems leading to bigger particle sizes by in-
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vestigating the effect of changing the anion and
cation. Third, the system of FeSO4 + MnCl,
+ KNO; + NaOH was chosen to prepare
larger particles. For the first and third systems,
phase evolution during digestion has been
studied in detail.

1. FeCl; + MnCl, + NaOH SYSTEM

(1) Comparison of Undigested and
Digested Samples

The undigested sample showed broad peaks
in X-ray diffraction as seen in Fig. 1a; the same
sample showed sharp MnFe,O, peaks after
digestion at 100°C for 90 min (Fig. 1b}. The
pH values before and after digestion were 12.5.
In spite of broad peaks, the positions and in-
tensities of the diffraction peaks in Fig. 1a co-
incided exactly with those on MnFe;0, in Fig.
b, if we consider that one apparent broad
peak may include more than one diffraction
peak. The broad peaks were caused by the very
small crystallite size. Using the Scherrer for-
mula (10}, the crystallite size was estimated
to be about 2 nm for the undigested sample
and greater than 5 nm for the digested one.
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FiG. |. X-ray diffraction patterns for an undigested
sample {a} and a digested sample (b) for the FeCl; + MnCl,
+ NaOH system. Digestion: 100°C and 90 min. For both
samples, [Fe*?] + [Mn*2] = 0.1 M with [Mn*2]/[Fe**]
=05and [OH"] = 0.5 M.
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FiG. 2. Massbauer effect spectra for the undigested
sample (a} and the digested sample (b) in Fig. 1. The
points are the experimental data and the solid kines are
the fitted spectra.

Compared with the bulk lattice constant for
MnFe;Q,4 of 0.85 nm, the crystallite size of 2
nm is only on the order of a few lattice planes.
Since the X-ray diffraction pattern of the
undigested sample was so broad, it is valuable
to substantiate the presence of the ferrite phase
by another independent technique. We used
Mdssbauer spectroscopy to perform further
investigation, since the parameters of the
Missbauer effect, in contrast to X-ray diffrac-
tion, depend on mainly the nearest-neighbor
environment, not on the long-range order pe-
riodicity. Two Mdssbauer spectra are shown
in Fig. 2, where spectra (a) and (b) correspond
to the undigested and digested samples in Fig.
1, respectively. We fitted spectrum (a) in Fig.
2 with a doublet and spectrum (b) with a sex-
tet. The fitted parameters are listed in Table
I. It was also possible to fit curve (b) with two
sextets, corresponding to Fe ions in two dif-
ferent sites, the tetrahedral and octahedral sites
in the ferrite, since the linewidths from the
one sextet fitting were not symmetric about
the spectrum center. Nevertheless, we list only
the results of the one sextet fitting because of
the small differences between the two sites.
The isomer shift and internal magnetic field
for the sextet were consistent with those of
manganese ferrite (11, 12), which supported
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TABLE I

Hyperfine Massbauer Effect Parameters for an Undi-
gested {Doublet) and a Digested (Sextet) Sampie (FeCl,
+ MnCl; + NaOH System)

|AE] {mem/s) # {mm/s) H (kOe)
Doublet 0.75(2) (.40 (2} 0
Sextet 0.10(2) 0.33(2) 466
Manganese ferrite
(11,12) =0 0.41 468

Note. Numbers in the brackets are the errors for the last
digit.

the conclusion of the X-ray diffraction mea-
surements. For the undigested sample, it might
be reasonable to assign the doublet as a col-
lapsed magnetic ferrite phase because of pos-
sible superparamagnetic behavior at room
temperature. To support this conjecture we
first note that the doublet had the same isomer
shift as MnFe,0Q,, implying that the short-
range electrostatic interaction was of the ferrite
type. Second, if a bulk anisotropy constant 4.0
X 10* J m ™3 (13) and the lifetime of the ex-
cited «y-photon {1077 s for the *’Co source)
are used, the calculated superparamagnetic
size of MnFe,0, is about 10 nm. This could
be the upper limit if the anisotropy constant
of the fine particies was higher than the bulk
one due to the surface effects. Pannaparayit et
al. (14) did record a superparamagnetic
Mossbauer spectrum at 238 K for 9.8-nm
NiFe,0, particles. The bulk anisotropy con-
stant of NiFe,Q, is 6.7 X 10* J m™3 (13),
which is close to that of MnFe,Q,. Therefore,
it is reasonable that our 2-nm MnFe,O, par-
ticles are superparamagnetic at room temper-
ature. As for the difference of our quadrupole
splitting from that of the references, it can be
attributed to the atormns in the asymmetric en-
vironment on the grain boundary (or particle
surfaces) which may dominate due to the
small crystallite size. This effect was much
more enhanced in the undigested sample.
Chemical analysis revealed that the undi-
gested and digested samples had the Mn /Fe
atomic ratio of 0.52 and 0.53, respectively,
close to the correct ratio of 0.5 for MnFe,Q,.

Thus we conclude that both the undigested
and digested products were stoichiometric
manganese ferrite (MnFe,0,), the undigested
sample having a very small crystallite size.

(2) General Results

Digestion was performed at 100°C for 90
min. This temperature could cause quick
digestion so that 90 min was long encugh to
reach the equilibrium particle size and yet was
still below the boiling point of the suspensions.
In calcualting dper (particle diameter mea-
sured by the BET method), a spherical particle
shape was assumed and the bulk density of
MnFe,0, (5.0 g/cm®) (15) was used, Different
curves were obtained corresponding to differ-
ent hydroxide ion concentrations if we plotted
the dger of the digested samples as a function
of the total molarity of the metal ions [Me]
which is the sum of [Fe™*] and [Mn *?]. Sizes
of the digested particles in a fixed [OH "} con-
centration increased almost linearly with the
increasing of metal ion concentration, except
for a few points. The slopes of these linear re-
lations were functions of the hydroxide con-
centration, These curves could be reduced to
a universal curve by replotting as a function
of [Me]/[OH ] only, as shown by the open
symbols in Fig. 3. Particle size increased with

25
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FIG. 3. Particle size as a function of the [Me}/[CH ™)
ratio for the FeCl; + MnCl; + NaOH system, where [ Me]
is the sum of [Fe**] and [Mn*?]. Solid symbols: before
digestion. Open symbols: after digestion at (00°C for 90
min.
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the increasing ratioup to [Me]/[OH ] = 0.3,
after which the size decreased with [Mel/
[OH ] until reaching a constant oaly slightly
larger than the undigested size for samples with
[Me]/[OH™] > 0.375. Crystallite sizes deter-
mined by Scherrer’s formula (10) using the
half-maximum width of the (311) X-ray dif-
fraction line were consistent with dper, indi-
cating the single crystal character of these di-
gested particles. For the undigested samples,
on the other hand, particle size kept constant
despite the different starting conditions, Com-
paring the smaller crystallite size (~2 nm)
with the bigger particle size (dper ~ 4 nim),
the polycrystalline nature of the undigested
samples was revealed.

Thus we see that two regions separated by
[{Me}/[OH ] = 0.375 exist. For [Me]/[OH ]
< 0.375, digestion takes small, polycrystalline
MnFe;Q, and produces larger, single-crystal
particles with size controllable up to 25 nm.
For [Me]/[OH™] > 0.375, digestion has little
effect on particle size. However, the phase is
always MnFe,0, regardless of the initial con-
ditions or digestion treatment.

(3) Evolution during Digestion

Very interesting aspects of the digestion ap-
peared when we studied the time evolution of
the precipitate. Figure 4 shows some X-ray dif-
fraction patterns in this process. For example,
after digestion at 100°C for 5 min, the X-ray
diffraction (Fig. 4b) appeared to be a super-
position of two patterns, both belonging to the
ferrite phase, except having different crystallite
sizes. Similar diffraction patterns were also
obtained for other digestion temperatures
{Figs. 4e and 4f). One pattern is still broad,
similar to that of the undigested sample, but
on top of those broad peaks stand much
sharper diffraction peaks with crystallite sizes
greater than 5 nm. As the digestion time in-
creased, the broad spectrum diminished and
the sharp peaks grew in intensity, indicating
a discrete, bimodal transformation of small
crystallites to larger ones, as seen in Figs. 4a-
ffor a variety of times and temperatures. This
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Fi1G. 4. X-ray diffraction patterns for samples of [Me]/
[OH™] = 0.1 (FeCl; + MnCl; + NaOH system) which
were digested at different temperatures and different times,
{a) Undigested, (b) 100°C, 5 min, {¢) 90°C, 40 min, (d)
70°C, 20 min, (e} 70°C, 40 min, and (f) 50°C, 100 min.

raised questions concerning why the crystallite
size did not change continuously and what
kind of process brought this type of evolution
about during digestion. Further experimen-
tation was performed to help us understand
this transformation process.

(a) The activation energy of the digestion
process was determined by the following pro-
cedures. For a fixed digestion temperature, a
series of samples with different digestion
times were prepared. These samples were in-
vestigated by X-ray diffraction in the order of
increasing digestion time. The digestion time
{4) at which the new larger crystallite size ap-
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peared was taken as the time between the times
for which the sample still showed broad X-ray
diffraction peaks (Fig. 4d as an example)and
the time when the sample first showed the bi-
modal X-ray diffraction pattern, as in Fig. 4e.
We plot these results in Fig, 5 for four different
digestion temperatures. The straight line in-
dicates an Arrhenius behavior, with an acti-
vation energy derived from the slope of 25kJ/
mol. This energy is smaller than the typical
bond enthalpy (16), suggesting that no bond-
breaking processes are involved in the diges-
tion process.

(b) A sintering mechanism was ruled out.
After annealing the undigested dry powder
samples up to 480°C in Ar gas for 1 h, no
sharp diffraction pattern was observed; instead
the broad pattern persisted. Therefore the sin-
tering mechanism is probably not applicable
because of the much lower digestion temper-
ature we had used to affect a change in solu-
tion.

(c) The precipitate must be digested in the
presence of a perceivable amount of OH™ ions
(a basic solution with a high enough pH value)
in order to have an effective digestion to cause
crystallite and overall BET sizes. In addition
to the aforementioned examples of [Mel]/
[OH™] > 0.375 (Fig. 3), other evidence was
obtained. For example, after precipitating
from a solution of pH 13 {corresponding to

o3

ty4 (mins}

=]
T

| 1 1 1 1

27 28 29 30 3l
T3 00K
FiG. 5. The digestion time (#y) needed to bring about
the sharp X-ray diffraction pattern as a function of the

reciprocal digestion temperature (T5') for the FeCly
+ MnCl, + NaOH system.

1 L

] Q1 Qz 03 04 05

(Me]/[OH]

FiG. 6. pH value changes with the [Me]/[OH "] ratio
for the FeCl; + MnCl; + NaOH system, where [Me] is
the total concentration of metal ions. Solid and open circles
are the results before and after digestion, respectively.
Digestion: 100°C and 90 min.

[Me]/[OH™] = 0.01), the undigested pre-
cursor was repeatedly washed until the pH
value of the solution was close to 7.0. Digestion
of this suspension did not create any new X-
ray diffraction patterns; the broad pattern en-
dured,

{d) While the pH value changed with [Me]/
[OH ], it was not changed by digestion (Fig.
6). This supported a digestion without bond
breaking, since bond breaking might involve
absorption or release of OH~ or HY,

{4) Discussion

Without phase changing, without sintering,
and without bond breaking, the digestion pro-
cess might be properly described as an Ostwald
ripening process { 17), in which the ions dis-
solve from the smaller crystals and are depos-
ited on the bigger ones, resulting in a growth
of the bigger crystals at the expense of the
smaller ones. The lower activation energy was
probably due to the dissolution energy in the
basic solution. Nevertheless, occurrence of the
Ostwald ripening is conditional.

All initial mixtures of metal salts and
NaOH, regardless of the value of [Me]/
[OH ], create the same small crystallite size
particles of MnFe;Q4. The resulting super-
natant solutions, however, were different. The
Ostwald ripening hypothesis can be further
supported by considering the following as-
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sumed reactions: For x > 8([Me]/[OH]
< 0.375),

MDCIZ + 2FCC13 + xNaOH — MnFe,0,

+ (x — 8)NaOH + 4H;O + 8NaCl. [i]

The resulting solution is basic with excess OH ™
ions. For x < 8([Me]/{OH "} > 0.375),

MDC12 + 2FEC]3 + xNaQH -

g MnFe,0, + (1 - g)(Man + 2FeCl;)

+ -2)5 H,0 + xNaCl.  {2]

The solution has excess metal ions. Both
expressions lead to the same equation at x
= 8([Me]/[OH ] = 0.375),

MnCl; + 2FeCl; + 8NaOH —

MnFe, 04 + 4H;0 + 8NaCl.  [3]

In view of Eqs. [1}-[3], we propose a
mechanism in which OH ™ acts as a catalyst
in an Ostwald ripening process. For x > 8
{[Me]/[OH"] < 0.375) there is excess OH~
in the solution and pH > §.5. When a Mn-
Fe,0, “molecule” dissolves, Mn*?, Fe*?, and
072 —» OH ™ ions are formed. The Fe** and
Mn*? ions react with the large concentration
of OH™ to reprecipitate on the larger, and
thermodynamically more stable, particles. For
x < 8([Me]/[OH"]>0.375),pH < 85 A
pH of 9 or greater is necessary to cause pre-
cipitation of Mn in this system (see below);
hence the metal ions have a significantly re-
duced tendency to reprecipitate. The rapid
change of pH through this region makes for a
rapid change in the digestion properties as well.

The equilibrium size of the particles after
digestion may be related to the particle surface
charge determined by the absorbed ions. The
Paneth-Fajans rule ( 18) states that the ions
that will be strongly absorbed are those which
form sparingly soluble or weakly dissociated
compounds with the oppositely charged ions
of the solid lattice. Hence it is reasonable to
propose that our solid particles adsorb OH~
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tons to become negatively charged, more so
with higher OH ™ ion concentration. A posi-
tively charged counterion layer would then
form and the potential across this layer could
control transport of ions to the particle, leading
to an equilibrium size. The higher the surface
charge density, the smaller the equilibrium
size. The size in Fig. 3 and the pH value in
Fig. 6 do change in the right direction with
[{Me]/{OH™] to support the size increase with
this ratio for [Me]/[OH™] < 0.3. Finally, we
suggest that the bimodal size distribution dur-
ing digestion may be a geometric behavior of
the polycrystalline undigested particles. The
proposed Ostwald ripening would operate on
the outer layer crystallites first, dissolving them
and transforming them to bigger ones. The
inner cyrstallites, on the other hand, remain
unattracted during the early stages of the pro-
cess. This would explain the superimposed X-
ray diffraction patterns at the early stage of the
digestion. '

2. CATION AND ANION EFFECTS ON
PARTICLE SIZE

In an attempt to prepare larger particles, we
prepared samples with different cations and
anions. Table 11 lists the resulting particle sizes
{dgeT ) after digestion. Although experiments
with both excess metal ions and excess hy-
droxide ions have been carrted out, only those
leading to well-crystallized ferrites as con-
firmed by X-ray diffraction are tabulated. For

TABLE II

Particle Sizes dpgr {nm) after Digestion for Different
Cation and Anion Systems, where [Me]/[OH"] = 0.3 for
the Ferric Systems and [Me*?)/[OH™] = 0.6 for the Ferrous
Systems

MnCly MnS0, CoCl,
FeCl; 234 9.7
Fe(NO,); 20.5 12.8

FexS80.); 10,57

FeS5Q, 100.9 121.0 115.2

Note. All samples were digested at 100°C for 90 min.
@ (Me]/[OH"] = 0.1
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TABLE III

Some Oxidation Potentials (21)
Involving NO3 and SO

Reactions Potential (V)
Fe+2 = Fe+3 + e —-0.77
2NO7 + 4H* + 2¢™ = ZH,0 + N;Oy +0.81
NO; + 3H' + 2e” = H,0 + HNO, +0.94
NO5+ 4H* + 3e” = 2H,0 + NO +0.96
80:% + 4H* + 2¢~ = H,0 + H,80, +0.20
28072 + 4H* + 2e~ = 2H,0 + 5,05* +0.20

the ferric system, [ Me J/[OH™] was chosen as
0.3, at which we obtained the biggest particle
size in the FeCl; + MnCl; + NaOH system.
We chose [Me*?]/[OH~] = 0.6, where
[Me*?] is the sum of the metal ions, for the
ferrous system because early works (35, 6) had
concluded that a small excess of metal ions
was needed in order to create the larger particle
sizes for Ni and Co ferrites. An exception to
these selections was the Fe;(SO4); + MnCl,
+ NaQH system, for which particles prepared
at[Me]/[OH ] = 0.3 were not ferrite. Instead,
we used [Me]/[OH ] = 0.1 in order to obtain
the ferrite particles for this case. Here one of
the anions { SO 32) was divalent. The enhanced
shielding due to this divalent anion may have
prevented the cations from coming together,
or the sulfate ion’s known complexing behav-
tor with the ferric ion (19, 20) may have af-
fected this reaction.

From this table, it is clear that anions have
but a minor effect on particle size. Cations at
the same oxidation state (e.g., Mn(II) and
Co(Il)) do not increase particle size either.
The big increase in size occurred when the ox-
idation state of the iron cations change from
Fe(II1) to Fe(Il). Therefore, we chose Fet? and
Mn*? as the system for our further studies.

3. FeSO, + MnCl, + KNO; + NaOH
SYSTEM

This system was more complicate than the
ferric case because the oxidation states of the
starting materials were not the same as those

45

of the final product. Iron was in the +2 state
in FeSO, and must be oxidized to the +3 state
of the ferrite, hence the need for NO3! as an
oxidation agent. Experiments confirmed the
necessity of NO37' without which the final
product was nonferrite, Table III lists the ox-
idation potentials of different reactions (21).
Since the oxidation of Fe(II) to Fe(I1I) needs
a potential of 0.77 V, only those reactions
which could accept electrons and supply 0.77
V or more can behave as an oxidation agent
in this reaction. NOj3' satisfies this require-
ment, whereas SO;? does not.

(1) Particle Size Profile
Particle size dpaer was a function of [ Me *?]
(i.e., [Fe*?] + [Mn*?]). Two curves for the
digested samples corresponding to [OH ] of
0.33 and 0.50 A were obtained. The digestion
temperature and time were selected as 100°C
and 90 min for the same reasons as those given
for the ferric system. Once again, the data col-
lapse to a single curve of dggr vs [Me*?]/
[OH™] (Fig. 7). The particle sizes of a few
undigested samples are also shown in Fig. 7
by the solid squares. All calculations of dger
used the density of the bulk MnFe,Q,, which

200
fon]
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x QS0OM
& others
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£
"
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Fi1G. 7. Particle size as a function of the ratio of the
metal ion concentration to the hydroxide ion concentration
[Me*?]/[OH "] for the FeSO, + MnCl, + KNO,; + NaOH
system, where [Me*?] = [Mn*?] + [Fe*?]. The open
symbeols are for the samples after digestion at 100°C for
90 min. The solid squares show the sizes of some undi-
gested samples.
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TABLE IV

Phases of the Undigested Samples and Mn Contents after Digestion for the FeSO, + MnCl; + KNO,
+ NaOH System, [Me*?] = [Fe*?] + [Mn*}]

[Me*2]/{OH] 0.1
Phases & — {Feq.s7Mng 33)00H and ferrite
Mn (wt%) 20.1

0.6 0.8
Green rust? Green rust? and 8 — FeOOH
16.6 49

Note. The stoichiometric Mn content for MnFe,0, is 23.8 wt%.

9 Mn substituted green rust (see text).

made the size for those nonferrite samples
useful only in a relative sense. The particle
size dpgy after digestion vs [Me*2]/[OH™]
showed a nonmonotonic behavior with an en-
hanced change around [Me *2]/[OH "] = 0.6,
while the sizes of the undigested samples re-
mained unchanged,

(2} Undigested Samples

Unlike the ferric system, the ferrous system
created several crystalline phases before diges-
tion. Table IV shows some X-ray diffraction
results for the undigested samples. Also shown
are the manganese contents after digestion.
Among them, the phase called “green rust”
needs a special description and we use the term
10 imply some uncertainties. X-ray diffraction
data of this phase did not fit any known pow-
der diffraction file, but they were close to those
of some green rusts. Bernal, Dasgupta, and
Mackay (22) studied X-ray diffraction of some
green rusts, such as Fei2Fe(3(0, OH, Cl)s,
Fe33Fed3(0, OH, SO4), and FeiiFefi(O,
OH, Br)s, all with hexagonal structures. They
used reactions similar to ours. For example,

they formed Fe3i2Fef3(0, OH, Cl), from
chioride solution by the addition of insufficient
alkali to precipitate all Fe*? under oxygen-free
conditions, followed by bubbling air through
the suspension. In table V we compared their
X-ray diffraction data with ours. The two green
rusts listed differ only in one of the anions,
from C!™ to SO32, yet their lattice constants
ap differed by 7.5%. The lattice constants of
our green rust calculated from the separations
between lattice planes (23) by the assumed
indices were a = 3.70 A and ¢, = 25.94, 7.0
and 14.0%, respectively, from those of
Fed3(0, OH, Cl). In addition to the anion
influence, the cation Mn *? present in our par-
ticles must atso have affected the lattice con-
stants of our green rust. Hence our green rust
was probably a Mn-substituted green rust.

{3) Digested Samples

The simplest chemical reactions among the
metal ions and the hydroxide ions can be writ-
ten as

Fe*? + 20H™ — Fe(OH), [4]

TABLE V
Main Peak Positions (A) on X-Ray Diffraction for Green Rusts

Index FeiiFed3 (O, OH, Cl)y FellFedd (O, OH, SQ4% Our green rust

(hkl) o= 242 A, cp = 3.198 &) {gp= 225 A, =323 &) (2= 259 A, ¢p = 3,70 A)
003 8.02 7.49 8.59

006 401 3.84 4.35

012 2.701 2.72 3.01

015 2.408 2.47 2.80
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Mn*? + 20H~ - Mn(OH),, [5)

where [Me*?]/[OH ] = 0.5 in these reactions.
Thus we divide our experiment into two re-
gions.

A. [Me*?]/fOH "] < 0.5. This was the re-
gion in which there was excess OH™, ie.,
{[OH~] — [Me™*?] > 0. There was a coexis-
tence of the spinel ferrite and the hexagonal §
— (Feg s7Mng 33)O0H for both undigested and
digested samples. Digestion converted the
hexagonal phase to the ferrite. Usually, this
conversion was not complete, The closer the
[Me*?]/[OH ] was to 0.5, the more conver-
sion the digestion created. At [Me*?]/[OH"]
= ().5, only a trace of § — (Fey¢s:Mng 33 ) OOH
could be found by X-ray diffraction after
digestion for 90 min at 100°C.

B. [Me*?]/fOH ] > 0.5. Unlike the other
region, this one was more complex in that:

(a) The relationship between particle size
and [Me*?]/{OH "] was nonmonotonic; a
sharp peak at {Me*?})/[OH~] = 0.6 was fol-
lowed by a plateau (see Fig. 7).

(b) Although all digested samples were
made up of the spinel ferrite as revealed by X-
ray diffraction, the Mn /Fe atomic ratios were
not as close to 0.5 as they should be in
MnFe;0,. Instead, Mn,Fe;_,0Q4 was pro-
duced according to the Mn contents in Table
IV, where x was 0.7 at [Me*2]/[OH_] = 0.6
and x was only 0.2 at [Me*?}J/[OH "] = 0.8.

The changes in pH with digestion for the
above two regions were not the same (Fig. 8).
For [Me*?)/[OH"] < 0.5, pH values were
the same before and after digestion. Reasons
for this lack of change were that most of the
Fe*? ions were already oxidized to Fe*? before
digestion (in § — (Feg¢;Mng 33 YOOH and the
ferrite phase ) and that the high concentration
of OH ™ ions, which made the solution insen-
sitive to small OH~, changes. The decrease of
the pH value with digestion for [Me*?]/
[OH ] > 0.5 was caused by the oxidation of
Fe*? jons. Before digestion in the green rust
phase, only a small fraction of iron ions was
oxidized. Most of them were oxidized during
digestion. The reactions (4) which lead to the

4 1 L

o] 0z o4 o6 08 10
Me*" )/[oH"]

F1G. 8. pH values before (solid circles) and after (open
circles) digestion for the FeSQ, + MnCl; + KNO, + NaOH
system, Digestion: 100°C and 90 min.

formation of magnetite particles under similar
conditions can be used with minor substitu-
tion. Here we rewrite only one of them as an
example.

2Fe*? + Mn*? NO3 + 3H,0 -

MnFe,0, + NO3 + 6H™ [6]

This reaction releases H*, which can explain
the pH decrease.

(4) Phase Evolution at
[Me*?]/fOH"] = 0.6

This was the ratio at which we obtained the
maximum particle size. A careful study of the
phase evolution during digestion was per-
formed. Figure 9 illustrates the TEM pictures
taken at different digestion times (¢;) when
the temperature was held at 100°C. Corre-
sponding X-ray diffraction patterns are shown
on Fig. 10. The broad peak at about 26 = 13°
comes from the diffraction by the plastic sam-
ple holder. For ¢3 = 0 (undigested case), par-
ticles were small and poorly defined (Fig. 9a);
a Mn-substituted green rust phase was deter-
mined by X-ray diffraction (Fig. 10a). After
digestion for 5 min, particles in the TEM pic-
ture were still predominately the same as those
in the undigested case but a few hexagonal

Journal of Cotipid and [nterface Science, Vol. 146, No. |, October 1, 1991
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FI1G. 9. TEM pictures taken at different digestion times for samples of the FeSO, + MnCl; + KNQO,
+ NaOH system digested at 100°C. [Me*?]/[OH "] = 0.6. (a) Undigested, (b) 5 min, (¢) 10 min, (d) 15
min, {e) 20 min, {(f} 40 min, {g) 90 min, and (h) 180 min.

particles appeared in Fig. 9b. Figure 10b also
reflects this change by a few new diffraction
peaks, as marked by “H”. This phase devel-
oped clearly to a hexagonal Fe,Os - H,O (Figs.
9c and 10c). Chemical reactions related to the
oxidation of Fe*? to Fe** must also accompany
these changes. The short time needed to cause
this transformation indicates the low stability
of green rust. When the digestion time in-

Journal of Colloid and Interface Science, ¥ol. 146, Ne. |, Octaber [, 1991

creased to 15 min, we found a few small
spherical particles in the TEM picture (Fig.
9d), and concomitant with this morphological
change the diffraction pattern of the ferrite ap-
peared, as indicated by “F” (ferrite) in Fig.
10d). Afier that, the spherical particles grew
at the expense of the hexagonal phase. At 1
= 40 min, only spherical particles and a trace
of hexagonal plates remained (Fig. 9f). X-ray
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. 1pum

e

F1G6. 9—Contintied

diffraction showed only the ferrite phase (Fig.
10f). Digestion for longer than 90 min made
the particles only more uniform. Figure 9h (¢4
= 180 min) gave us very uniform spherical
particles. Figure 11 shows the specific surface
area and manganese contents for the above
evolution. The stoichiometric Mn content for
MnFe,Q,4 is 23.8 wt%. It is evident that both
quantities started an enhanced change only
after the appearance of the ferrite phase in Figs.
9d and 10d at ¢4 = 15 min.

{5) Discussion

The size profile in Fig. 7 is similar to many
others; a small excess of metal jons was re-
quired to produce uniform spherical ferrite
particles (4-6). The above TEM pictures are
good evidence that dissolution and renuclea-
tion/growth occurred from Fe,O; - H,0 to the
ferrite during digestion, This was different in
the Fe*? — Fe** system (4), where a coagu-
lation mechanism or a contact-recrystalliza-
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Fi1G. 10. X-ray diffraction patterns for the FeSQ, + MnCl, + KNQ; + NaOH systern with [Me*2}/[OH "]
= 0.6 digested at 100°C for different times. {a) Undigested, (b) § min, (¢) 10 min, (d} 15 min, (&) 20 min,
{f) 40 min, (g) 90 min, and (k) [80 min. The letters “G”, “H”, and “F" denote Mn-substituted “green
rust”, hydrated iron oxide Fe,;0; - H,0, and ferrite, respectively. The broad peak around 28 = 13° is the

diffraction from the plastic sample holder.

5
Mn (wt %)

05 [¥) 100G
ta {min)

500

F1G. 11. Specific surface area (5) and manganese content
change with digestion time (#;) for the FeSO,; + MnCl,
+ KNO; + MaOH system with [Me*2]/[OH "} = 0.6 di-
gested at 100°C.
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tion mechanism was involved in the formation
of the large spheres.

Earlier work (3—-6) appears to show that
pure ferrites with Me /Fe = 0.5, where Me was
a divalent element, could not be obtained by
the digestion of green rust, with the exception
of magnetite. Authors in Ref, (5) succeeded
in explaining the relative enrichments of Co*?,
Ni*?, and Mg™? in their ferrites by the free
energy changes calculated on the basis of an
assumed reaction. We would like to look at
this problem from an experimental point of
view. The precipitation of hydrous oxides can
be initiated from aqueous solution only above
certain pH values (24). Table VI lists those
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TABLE VI

The Minimum pH Values (pH..n) Required to Precip-
itate Metal Hydroxides when a Single Cation Was Used,
and The Maximum (Me/Fe)m. Obtained for the Corre-
sponding Ferrites when the Metal Divalent and Fe(Il)
Cation Were Used in the Coprecipitation Technique,
where Me Stands for the Listed Divalent Metal Ions

Metal jon PHpin {Me/Fe)me (Reference)
Meg(11) 1 0.1(3)

Mn(ID 9 0.3 (This work)
Ni(II) 8 0.36 (5)

Co(I) 8 0.5 ({6

Fe(I) 7 0.5 (4)

Fe(Ill) 3

minimum pH values (pHpi,) when a single
cation was used to precipitate the correspond-
ing metal hydroxide, and {Me/Fe)., which
is the maximum Me/Fe ratio in the corre-
sponding ferrites prepared by digesting the co-
precipitated product of the divalent metal ion
and Fe(II). Fe(II1) is listed for comparison.
The Me/Fe ratio in the particles increases
when the pHp, declines to that of Fe(Il).
Furthermore we propose that the reason for
this correlation is that the closer the two pHp,
were, the easier they could precipitate simul-
taneously. Note that in the FeCl; + MnCl,
+ NaOH system, because of the high pH so-
lution we used, no partial precipitations are
involved for Fe(Ill} and Mn(Il). Further ex-
periments need to be done and should include
the initial and final pH values before and after
digestion.

This argument can also explain the smaller
Mn/Fe ratio (0.1) at [Me*2}/[OH"] = 0.8
compared with that at [Me*?]/[OH "] = 0.6,
where Mn /Fe = 0.3, since the pH value of the
solution was much closer to the pHp, of Mn
for the latter.

IV. SUMMARY

From our studies, the following conclusions
can be drawn.

1. Coprecipitation of the metal ions and the
the subsequent digestion {aging) process are

a proper technique to produce magnetic ferrite
with a wide range of particle sizes.

2. Systems including ferric and manga-
nous chlorides created small stoichiometric
MnFe,Q, particles with size controllable be-
tween 5 and 25 nm. The digestion process was
effective only in basic solution and could be
described by an Ostwald ripening.

3. Anions had but minor effects on particle
size. Cations at the same oxidation states did
not significantly modify the particle size, while
the change of the cation’s oxidation states had
a strong influence on the particle size.

4. The ferrous and manganous salt system
produced bigger ferrite particles (above 50
nm). The products were Mn Fe;_. O, with x
< 0.7, The single ferrite phase could be pre-
pared only in acidic solution. A dissolution
and renucleation/growth could be clearly seen
from TEM pictures during digestion.

5. The particle size appeared to be a unique
function of the ratic of metal ion concentra-
tion to hydroxide ion concentration when the
digestion conditions were fixed.
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