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Evolution of the reactive surface area of
ferrihydrite: time, pH, and temperature
dependency of growth by Ostwald ripening+

Tjisse Hiemstra, @®* Juan C. Mendez ® and Jiayu Li

Surface area is a crucial property of metal oxides for scaling ion adsorption phenomena. For ferrinydrite
(Fh), the value is uncertain. Moreover, it rapidly changes with time, pH, and temperature. In this study, the
dynamic change of the reactive surface area has been probed with phosphate for ferrihydrite, produced by
ultra-fast neutralization at 20 °C. The initial nanoparticles are very small (d ~ 1.68 nm), have a remarkably
large specific surface area (A ~ 1100 m? g%, and contain on average only 45 Fe atoms. Our data reveal the
rapid change of the surface area showing that the rate of growth decreases by nearly three orders of mag-
nitude (R ~ 0.01-10 pmol Fe m2 h™Y within one week of ageing. The rate of growth is proportional to the
square of the super saturation of the solution (Qs./Kso)?. Which suggests a rate limitation by dual attach-
ment of Fe to a surface site of growth. This process is significantly hindered by the presence of weakly
bound organic molecules, particularly at low pH, implying for soils that natural organic matter may consid-
erably contribute to the kinetic stability of the natural iron oxide fraction. Our data also show that the reac-
tion pathways are very different in NaNOz and NaCl solutions. The decrease of surface area in NaNOs, pre-
pared in traditional batch experiments, can be described excellently with the above rate law implemented
in our dynamic model. This model also covers the temperature dependency (4-120 °C) of Fh ageing using
an activation energy of £, = 68 + 4 kJ mol™. For traditionally prepared 2LFh, our model suggests that with
solely dual Fe attachment, the growth of the primary particles is limited to d ~ 3-4 nm (A ~ 350-500
m? g™3). Larger particles can be formed by oriented attachment of particles, particularly at a high tempera-
ture. Using forced hydrolysis at 75 °C, large particles (d ~ 5.5 nm) can also be produced directly. According
to our model, Ostwald ripening of such 6LFh particles will be limited due to their low solubility.

Ion adsorption data require scaling to the specific surface area. For ferrihydrite, this crucial property is continuously changing with time due to Ostwald

ripening. This change has been traced as a function of pH and temperature covering the time scale of minutes to seven days using phosphate as probe ion.
The collected data give insight into the mechanism and rate of growth, ie. dual Fe attachment limited by the size dependent solubility of ferrihydrite.
Implemented in a dynamic model, it discloses the ultra-small initial size of Fh particles and predicts the subsequent change of surface area and particle
size. It allows a tunable synthesis of this nanomaterial and a suitable scaling of its ion adsorption properties, improving the development of thermody-

namic ion adsorption databases.

Introduction

to the fate of many elements in the geochemical cycle and en-
vironmental technology. Ferrihydrite nanoparticles are highly

Ferrihydrite (Fh) is a nanoparticle omnipresent in nature and
used in environmental engineering. Its properties contribute
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reactive and have a high ion adsorption capacity that is rele-
vant for applications. For this reason, it is used and widely
studied as model material to elucidate the adsorption of cat-
ions, anions, and organic matter."™® The surface area of
ferrihydrite is an essential characteristic particularly from the
perspective of surface complexation modelling. One reason is
that ferrihydrite particles are usually charged. This charge is
scaled to a surface area. It allows calculation of the variable
electrostatic energy contribution that largely controls the vari-
ation in binding of ions to surfaces in relation to solution

This journal is © The Royal Society of Chemistry 2019
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conditions.”?°* In addition, the supposed surface area de-
termines the number of available adsorption sites at a given
surface site density. Therefore, proper scaling is crucial for
describing ion adsorption behavior of Fh.

Ferrihydrite is easily synthesized in the lab.>> However,
variations in protocols lead to different and not well-known
surface areas.>®>” Moreover, the surface area of ferrihydrite
will decrease with time because nanoparticles are thermody-
namically unstable and will spontaneously grow. For
ferrihydrite, the rate of change depends on controlling fac-
tors such as pH, adsorbed ions, and temperature.”®

Relatively, little information is available about the evolu-
tion of the reactive surface area and particle size of Fh imme-
diately after preparing the nanomaterial for use in for in-
stance ion adsorption experiments. Formation of ferrihydrite
starts with nucleation and it is followed by the binding of yet
unreacted Fe(m), still present in the solution phase. The com-
bination of nucleation and supplementary Fe adsorption re-
sults in a polydisperse suspension that initially contains
ultra-small nanoparticles with a very high surface area, a high
reactivity, and a high instability.

In a Fh suspension, the smallest particles will maintain a
labile equilibrium between Fe in solution and the solid
phase.?® Fh particles, larger than a critical size, will spontane-
ously grow at the expense of the smaller particles that dis-
solve. This will lead to an increase of the mean particle size.
This process of simultaneous growth and dissolution was
first described by Ostwald,®® and therefore, we will refer to
this process of coarsening as Ostwald ripening (OR).

For relatively large Fh particles, the rate of growth by clas-
sical Ostwald ripening becomes very small, as will be demon-
strated in the present study. Nevertheless, experimental data
show that Fh particles can still increase significantly in
size.* This is due to growth by oriented particle attach-
ment.*> As soon as the Fh particles become sufficiently large,
patches of specific crystal faces may develop that allow ori-
ented attachment (OA).*>* Even larger particles may form by
fusion as shown for ZnS.** Self-assembly of primary Fh parti-
cles results in rod-shaped entities as shown with TEM by
Murphy et al.®> and more recently, by Burleson and Penn.*
These units get a typical aspect ratio of 5 + 1.>"*> The process
of oriented particle attachment typically occurs for Fh parti-
cles with a size near ~4 nm and larger.*® The rate of this par-
ticle-particle interaction is second-order-dependent on the
suspension concentration of the primary nanoparticles and
has a rate constant that depends on the pH and interface
structure.*® The process is most evident during aging at high
temperature (60-120 °C) and high pH (10-12).*

Ultimately, ferrihydrite transforms into more stable Fe
(hydr)oxides. In the presence of dissolved Fe(u), the conver-
sion is accelerated,’” forming lepidocrocite and goethite
within hours. Otherwise, Fh may convert into goethite, hema-
tite, or maghemite.**** This conversion occurs at a relatively
large particle size®® and therefore, it has often been studied
at hydrothermal conditions. To quantify the degree of trans-
formation, the difference in rate of dissolution in an

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper
oxalate’™** or ascorbate solution® has been used to assess
the amount of Fh left at transformation, or X-ray diffraction
and/or EXAFS is used to estimate the amount of crystalline
material formed.***%*”

The initial size of primary Fh nanoparticles immediately
formed after instantaneous hydrolysis of Fe(in) upon base ad-
dition is very small but not well known. It has been proposed
that the initial formation of Fh is via the formation of ultra-
small Fe,; nuclei*® with a Keggin structure having one central
tetrahedral Fe. Similar clusters may form in ferritin when
loaded with little Fe.> Fe,; nuclei are stable at very acid con-
ditions but they grow above pH ~ 2 to ferrihydrite.*® This
growth is driven by the adsorption of dissolved Fe-complexes
such as dimers.**° Immediately after ultrafast synthesis of
Fh at room temperature in a NaCl solution,”® the particles
have a mean particle size of d ~ 1.8 nm, a specific surface
area of A ~ 1000 m”> g ', and contain ng. ~ 60 Fe.”

With classical protocols for Fh synthesis, the specific sur-
face area can be significantly smaller than with fast hydroly-
sis. Traditionally synthesized two-line ferrihydrite usually has
a specific surface area in the range of just A ~ 530-710
m? g~' when kept in the wet state.>” The corresponding mean
particle size is between d ~ 2.3-2.9 nm and the number of Fe
per particle is ng. ~ 140-325 Fe. When dried, the particles
are irreversibly bound together in porous aggregates having a
significantly lower reactive surface area.”'®*>>°

The above overview illustrates that the particle size and
surface area of Fh ultimately used in laboratory experiments
may largely differ from the nanoparticles initially formed. At
storage, the surface area will further decrease. The present
study is meant to quantify the rate of ageing of freshly pre-
pared Fh. We will study the change in reactive surface area
of Fh in NaNO; for a time scale up to one week, covering a
particle size range of d ~ 1.7-3 nm. We like to reveal the
factors that control the change in specific surface area. The
challenge is to elucidate the underlying mechanism of
growth of the primary Fh particles at Ostwald ripening in
the early stage of growth. The ultimate goal is to develop a
mechanistic model for describing the time-dependent
change of particle size and surface area once the initial
nanoparticles have been formed. With the collected insights,
we also hope to disclose the size of the initial particles, im-
mediately after formation.

There are several approaches to assess the reactive sur-
face area of Fh. Traditionally the specific surface area of
metal (hydr) oxides is determined by probing the surface
with gas molecules (N,, Ar, and Kr). For oxides in general, it
gives good results compared to other methods.”® The BET
equation is used to derive the specific surface area from the
collected gas adsorption data. This method cannot be ap-
plied to assess the specific surface area of Fh nanoparticles
in the wet state. Use of transmission electron microscopy
(TEM) can be seen as an alternative, but the approach is ex-
perimentally challenging as fresh Fh particles are very small,
usually strongly aggregated, and have a particle size
distribution.’®*”* In case of ZnS nanoparticles, peak
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broadening at X-ray diffraction has been used** to derive the
mean particle size. The translation of size to specific surface
area requires information about the particle shape,®’ while
particle porosity should be unimportant.

Davis and Leckie®® have suggested to use H" as probe ion
to assess the specific surface area of freshly-prepared Fh. In
that approach, the pH-dependent proton adsorption is inter-
preted with surface complexation modeling. Basic assump-
tions are the value of the capacitance of the inner Stern layer
and the value of the molar mass of the Fh. Both are strongly
size-dependent” but its variation can be consistently in-
cluded, making the specific surface area the only adjustable
parameter in a 1-pK approach.>” Applying this approach to
H' adsorption data from literature reveals a specific surface
area ranging from 530-710 m> g~* for the various Fh prepara-
tions.?” The upper value corresponds to particles with a mean
size of 2.3 nm, in agreement with TEM data for freshly pre-
pared Fh without specific ageing.*’

An alternative to H* as probe ion is the use of PO, ions.>
Use of the latter has the advantage that the adsorption of
PO, can be measured easily and accurately, since this anion
has a high affinity for Fe. Comparison of the results found
with proton titrations suggests good agreement>’ and is fur-
ther supported by yet unpublished data. In the approach, the
CD and MUSIC model recently developed for Fh has been
used” and will also be applied in the present study.

In the present work, we will study the dynamic change
of the reactive surface area of Fh kept in the wet state. We
will start by producing Fh with high-speed neutralization of
a Fe(m) nitrate solution with base, mixed in a flow chamber.
For this material, the change of the specific surface area
will be studied at a time scale between 0.1 hour and ~7
days for pH values of 5-9, maintained by means of organic
pH buffer solutions, similarly as used recently by Mao
et al”* In the second set of experiments, we will study the
time and pH dependent ageing of traditionally produced
Fh, and we will include in that study the temperature de-
pendency (4-20 °C). The results will be compared to data
for Oswald ripening of primary particles at high tempera-
ture (60-120 °C) collected with TEM.*" For the latter data,
we will show that the observed growth of the primary parti-
cles can be described with the same model that we devel-
oped for our freshly prepared Fh.

Experimental

Fh was produced by neutralizing a Fe(im) nitrate solution with
NaOH, which was subsequently aged. The experiments were
done in the presence and absence of organic pH buffers. In
the latter case, temperature dependency was studied too. At
each reaction time and pH condition, the specific surface
area was measured using phosphate as probe ion. The col-
lected PO, adsorption isotherms or edges were interpreted
with the charge distribution (CD) and multiple site complexa-
tion (MUSIC) model of Hiemstra and Zhao,> making the spe-
cific surface area the only adjustable parameter. From the
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value of the specific surface area, the mean particle size and
number of Fe ions per particle were calculated.

Ferrihydrite synthesis

High-speed neutralization. These experiments were
conducted in a conditioned room (20 °C). All solutions were
prepared with ultra-pure water (18.2 MQcm at 25 °C, <1 ppb
TOC) and chemical reactants of analytical grade. A mixture
containing 100 mM Fe(NO;);, 100 mM HNO;, 38 mM MES
(CeH;3NO,S) and 38 mM MOPs (C,H,;NO,S) was neutralized
with 380 mM NaOH at a common tip in a tubing system and
led over a glass electrode in a reaction vessel for nonstop re-
cording of the pH (Fig. S1t). The rate of Fe addition was set
to 8.0 mL min~" and the rates of base addition were chosen
such that the pH value remained initially ~0.5-1 pH units
lower than the target value to be reached. The remaining
NaOH addition (<~5% of the total added NaOH) was done
at a lower speed while magnetically stirring the suspension
produced. The system was purged continuously with moist
and cleaned N, gas. Individual batches were produced for
each reaction time and pH condition. The volume of added
base solution varied only slightly between individual badges
prepared for systems with the same target pH (CV% of base
volume <0.5%), i.e. the neutralization (OH/Fe ratio) was very
reproducible.

For ageing, the suspensions produced were transferred
into closed plastic bottles and shaken with a reciprocal
shaker (180 strokes per minute). At a predefined reaction
time between 0.1 hour and 7 days, the suspension was char-
acterized with a PO, adsorption experiment using 6 different
initial PO, concentrations, and the actual Fe concentration
(~45 mM) was measured using Inductively coupled plasma
optical emission spectrometry (ICP-OES) after dissolving a
sub sample in a final concentration of 0.1 M HNO;.

Standard synthesis of ferrihydrite. A second set of Fh sus-
pensions was produced with our standard methodology.> A
freshly-prepared solution of about 1.1 L containing ~3.7 mM
Fe(NOs); dissolved in 0.01 M HNO; was neutralized with ap-
proximately 1.1 L of freshly-prepared 0.02 M NaOH. The initial
neutralization of ~90% was done at a rate of ~200 mL NaOH
min~ until a pH of 3.1-3.2 was reached. Additional 0.02 M
NaOH solution was subsequently added in ~5 mL increments
until the suspension reached a final pH of either 6.00 (Fh pH
6) or 8.20 (Fh pH 8.2). The pH was stabilized for 15 min and
next, the Fh suspensions were centrifuged at 3330g for 45 mi-
nutes. Subsequently, the supernatant was carefully removed
and the settled Fh particles were re-suspended in a 0.0100 M
NaNO; solution to a typical final volume of ~200 mL.

In some cases, the pH was slightly changed after re-
suspending the particles in the final background electrolyte
solution. In that case, the pH was re-adjusted to the target
value by using either 0.01 M HNO; or 0.01 M NaOH solution.
These ferrihydrite suspensions were aged in a closed bottle at
20 °C for 4 hours since neutralization. Part of this stock sus-
pension was subsequently kept at 20 °C while another part

This journal is © The Royal Society of Chemistry 2019
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was stored at 4 °C to determine the temperature dependency
of ageing. The surface area of both suspensions was mea-
sured with PO, as probe ion covering the time span of 4-168
h since neutralization. The total Fe concentration of the sus-
pensions (~20 mM) was measured by ICP-OES in a matrix of
0.8 M H,SO,.

Phosphate adsorption experiments

Fh systems with pH-buffer. Systems for measuring the
PO, adsorption were prepared in 50 mL polypropylene tubes.
The total volume (V;) was 30.0 mL and typically contained
~10 mM Fe. For each pH system, a ~10 mM PO, stock solu-
tion was prepared by mixing Na,HPO, and NaH,PO, in a ratio
1:99 (pH 5), 1:9 (pH 6), 1:1 (pH 7), 3:7 (pH 8), and 7:3 (pH
9). Six different initial PO, concentrations were used ranging
from ~2.3-4.5 mM at low pH, to ~1.6-3.2 mM at high pH. In
addition, two systems (pH 5 and 6) with a 10 fold higher ini-
tial PO, concentration range were used to test the possible in-
fluence of the buffer on the POs-adsorption, showing no evi-
dence for this in agreement with the work of Mao et al.>' The
background electrolyte solution contained ~0.10 M NO;, 3.8
mM MES, and 3.8 mM MOPs. Equilibration was established
by shaking for 16 hours at 180 strokes per minute. Equilibra-
tion for 1 hour (ref. 51) was found to be not enough. After
measuring the pH and subsequent centrifugation (3750g for
20 min), the supernatant was filtered over a 0.45 um filter,
acidified with 1 M HNO; and analyzed for P with ICP-OES.

Standard Fh systems. For standard synthesized Fh, PO,
adsorption was measured for five times of ageing at 20 °C (4,
24, 48, 72, and 166 or 168 hours), whereas for the Fh suspen-
sions aged at 4 °C, two reaction times were used (72 and 166
or 168 hours). The phosphate adsorption experiments were
done in a similar way as described above but in the absence
of organic buffers and using different volumes and initial
concentrations. The adsorption was measured in a back-
ground electrolyte solution of 0.01 M NaNO;. Aliquots 0.01 M
acid (HNO;) or base (NaOH) solutions were added to adjust
the pH values to the desired pH range of about 4-8. The final
volume was 40 mL and contained 0.50 mM PO, and about
2.0 mM Fe. Each adsorption edge was usually composed of
four evaluation points at one initial PO, concentration but
different pH values. The final pH after equilibration for 20
hours was between pH ~ 4.2-7.6 for the series prepared with
Fh pH 6 and between pH ~ 5.0-8.0 for Fh pH 8.2. All adsorp-
tion experiments were done at 20 °C. After centrifugation
(3300g for 15 minutes) and sampling with 0.45 um filtration,
the pH was measured in the re-suspended system. The sam-
pled supernatant was similarly analyzed for P with ICP-OES
as described above. In a number of samples, Fe was also
measured for verifying the quality of phase separation.

Results and discussion
Primary adsorption data

The PO, adsorption isotherms have been measured for Fh
systems aged at pH 5.00, 6.00, 7.00, 8.00, and 9.00. The pH
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was stabilized during aging by a combination of organic pH
buffers (~0.02 M MES and ~0.02 M MOPS). Ageing times
were 0.1, 1.5, 6, 24, and 168 hours in all pH experiments ex-
cept pH 7, where 24, 48, 72, and 144 hours were selected to
measure the particle growth. For the systems at pH 5 and 6,
the growth was also characterized by studying it with a 10-
fold higher initial PO, concentration (~15-35 mM). Fig. 1
gives two examples of the decrease of the PO, adsorption
isotherm with ageing. The trend of decrease with time of
ageing is very similar in both cases. For pH 5, the P/Fe ra-
tios are much higher than for pH 8, but this is mainly due
to less PO, adsorption at higher pH values as follows from
CD modeling. Initially, all particles are very small. The PO,
adsorption is roughly halved during 168 hours of ageing,
suggesting a change of the surface area by a factor of
about 2.

CD MUSIC modelling

The adsorption measured in the various systems can be de-
scribed with the CD model. Previously, the PO, adsorption
has been studied extensively” and the resulting parameter
set has been applied to describe the present data sets. In
this approach, the reactive surface area is the only adjust-
able parameter and its value can be found by fitting the
measured PO, adsorption isotherms. However, for a proper
interpretation, the molar PO,/Fe ratio needs to be translated
into the PO, adsorption per unit mass of Fh. This requires

Molar adsorption ratio P/Fe

8 01he15ho¢6hB24haAa168h
0.0 T T r
0 1 2

P concentration (mmol/L)

Fig. 1 Time-dependent PO, adsorption isotherms in ~0.10 M NaNOs
measured at pH 5.38 + 0.12 and 8.01 + 0.21 buffered with 3.8 mM
MES and 3.8 mM MOPS (symbols). The Fh was formed and aged at
pH 5.00 and 8.00 (20 °C) in solution containing finally ~0.10 M
NaNOs;, ~19 mM MOPS, and ~19 mM MES. The lines have been
calculated with the CD model, taking for each individual data
point the corresponding experimental pH and total concentrations of
Na, NOsz;, PO,4, MES, MOPS, and Fe. The molar masses of Fh were
found iteratively with CD modelling from the fitted specific surface
area A (egn (1)). With time, it typically decreased from M, ,,, ~ 107 to
~94 g mol™ Fe.

Environ. Sci.: Nano, 2019, 6, 820-833 | 823
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the value of the molar mass. The latter is not constant, but
depends on the (yet unknown) specific surface area. The
molar mass of the nanoparticle M.y, (g mol™ Fe) is a func-
tion of the specific surface area A (m> g™') and the excess
surface water density Ny o (12.6 10°° mol m™>), as derived
previously.>*®?

1
Mnano - Mcore W (1)

The reason for a variable molar mass is the presence
of surface groups that lead to a change of the molar
composition.

The molar composition of Fh can be given as FeO, ,(OH), ,.
nH,O in which 7 is the molar amount of chemisorbed water
in excess to the bulk composition FeO, 4(OH),,. This excess
amount of coordinated water (1) can be calculated from the
difference in the molar mass of the nanoparticle (M;,n,) and
mineral core or bulk (M), scaled to the molar mass of
water My o, according to:

nano - MCOTE
= T~ )

The molar mass My, (g mol™) and surface area A
(m> g™") are iteratively found in a cycle of CD modeling
and recalculation of the PO, adsorption per unit mass (mol
kg™") from the primary PO,/Fe ratio, and this is used to
generate a new input for the fitting procedure. In this pro-
cess, the values of the Stern layer capacitances are also con-
tinuously adapted to account for the surface curvature of
the spherical particle with a diameter d calculated from the
corresponding specific surface area A. In Fig. S2,f the influ-
ence of the surface curvature on the PO, adsorption is
shown.

The translation from A (m” g™*) to d (m) requires the value
of the mass density of the nanoparticle pyan, (g m™), which
is variable since the amount of coordinated water (r) adds
more to the volume than to the mass of the particle. The rela-
tionship between the mass density and molar mass of a
nanoparticle can be given as:

Vo x(no+n)
M

nano

Vo X(”o +(Mnano _Mcore)/MHZO)

pnano =
®)

in which V;, is the lattice volume of Fh per oxygen in m® per
mole oxygen ions, ng is the number of oxygens per Fe in the
bulk of Fh (1.6) and = is the amount of excess water defined
in eqn (2).

In the above approach, the primary PO, adsorption data
of Fh in the various systems have been used to derive the spe-
cific surface area. In a self-consistent manner, the effect of
surface curvature is also included by translating the surface
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area to the corresponding spherical particle diameters d (m)
according to:

6
d=—\— (a)
PranoA

The corresponding number of Fe ions in the particle (7p.)
follows from:

Paano 7’
.= T?N Av (5)

nano

g

in which N,, is Avogadro's number.

The above-described theoretical relation between chemical
composition and particle size is shown for Fh in Fig. 2 (line)
together with experimental data (blue spheres) of Michel
et al.,"® as well as data derived by constructing Fh particles
with Crystalmaker® (open squares) with a procedure de-
scribed previously.>*®* Good agreement exits between model
and data, which implicitly indicates the correct calculation of
molar mass My, and mass density ppano-

At very low pH (<2), small angle X-ray scattering (SAXS)
points to the formation of ultra-small nuclei.*® The reported

1.5
OParticle Construction

ON @ Experimental

L

S 1 -

£

2

©

3

&

o 0.5 -

o

X

w

O L] L] L] L]

Diameter d (nm)

Fig. 2 Excess water (n) of Fh (FeO;gHo..nH,O) as a function of
particle size. The blue spheres are data collected by Michel et al.*°
for a series of Fh particles aged at high temperature. The mean
diameter has been found with high-resolution transmission electron
microscopy (HR-TEM). The white squares have been derived by
constructing near-spherical Fh particles from which all Fe, and Fesz
were removed that formed singly coordinated surface groups.>*%*
The corresponding size was calculated based on the number of oxy-
gen in the particle and the value for lattice volume expressed per
oxygen Vo (107 107 m® mol™). Using the principle of electro neutral-
ity, the total number of H can be found for each particle from
which one gets the excess number of protons by subtracting the
number of structural H according to the composition FeO; 4(OH)g . It
yields the corresponding amount of coordinated surface water. The
model line is calculated applying eqn (1)-(4), showing good agree-
ment with the data.

This journal is © The Royal Society of Chemistry 2019
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Fe-dominated radius of r, = 0.41 nm translates to a particle
size by incorporating an effective O diameter of about
~0.20-0.25 nm, leading d ~ 1.22-1.32 nm, in agreement
with our equivalent spherical diameter of ~1.25 nm calcu-
lated for Fe,;. A neutral Fe,; cluster will have a chemical
composition of Fe;3040H,;. Compared to the bulk composi-
tion of Fh, the excess amount of coordinated water is ny,0
= 2.9, which is extremely above any of the values for excess
water of Fh particles, given in Fig. 2. It indicates that the
Fh structure is significantly more condensed than any col-
lection of aggregated Fe;; clusters. The core-shell structure
suggested for the Fh*® is in line with the particle size de-
pendency of the ferrimagnetic behavior of Fh as shown re-
cently.*® Other SAXS data®®®° for characterizing Fh will be
discussed later.

Particle evolution with time

In Fig. 3, the pH and time dependent evolution of Fh is given
showing the specific surface area 4, the mean particle diame-
ter d, and the number of Fe per particle ng. (symbols),
obtained by interpreting the primary PO, adsorption data col-
lected at the various pH values and times of ageing at 20 °C.
At the logarithmic time scale, the measured specific surface
area decreases almost linearly. After a few minutes of ageing,
the particles are still very small. Depending on the pH, A =
1100-900 m* g*, d = 1.7-1.9 nm, and 7. = 50-80.

Rate of growth

To get insight into the process of growth during Ostwald rip-
ening, the data require rescaling to reveal the rate of growth
that allows deriving the underlying rate law.

At particle growth, there is a flux of Fe towards the sur-
face. This flux (mol h™") can be expressed per unit surface
area (mol m> h™). To do this scaling, the data have been
described with a mathematical trial function that can excel-
lently depict the evolution of the particle size (d) with time
of ageing (£). The equation used is d = at'™ + d, in which
the parameters a, d,, and 1/n are derived by fitting. This
can be done conveniently by plotting the diameter d against
the time parameter (t'), evaluating linearity by searching
for the best value of the exponent 1/n (Fig. S31). The corre-
lation coefficients obtained are very high (R> > 0.99), ie.
this linear relationship describes the time dependency very
well.

The parameterized trial functions can be used to calcu-
late the rate of growth at the various times of ageing by
taking the derivative (9d/ot) that also allows the calculation
of the change of the number of Fe per particle (np.) with
time (0ny./0t). By scaling to the corresponding surface area
(m?) of the particle (4; = nd>), one derives the rate of
growth R expressed as the number of Fe ions that become
attached per unit surface area and time ie. R = (0ng./0t)/Ay
with the unit pmol m™ h™. At each reaction time, it repre-
sents the Fe-flux towards one unit of surface area. This rate

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 a) Evolution of the specific surface area (A), b) mean particle
diameter (d), and c) number of Fe per particle (ng.) as a function of the
logarithm of the ageing time for Fh produced and aged at 20 °C in a
solution with 0.2 M NaNOsz, 19 mM MOPS, and 19 mM MES with pH
values as indicated. The lines have been calculated with the dynamic
simulation model presented and discussed using eqgn (9) as rate law
with logke = 4.80 (m™2 s7%) or logko = -9.58 (umol m™? s and a =
-0.5. The arrow at the x-axis indicates the ageing time of 4 hours that
is often used in ion adsorption experiments with Fh.

of particle growth R is shown in Fig. 4 as a function of time
for the various systems studied.
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Fig. 4 Development of the rate of growth R with time for 30 Fh
materials prepared and aged (20 °C) at the various pH values indicated.
The rate of Fe growth continuously decreases and changes by near
three orders of magnitude for the time range studied. The change of
the rate of growth is very similar for the Fh systems of different pH.
For the systems pH5H and pH6H, the results have been obtained using
a 10-fold higher PO, addition to measure the surface area.

0.01

Rate limiting step

It is obvious from Fig. 4 that the rate of growth R is not con-
stant. Initially, it is around 3-10 umol m™> h™" but decreases
dramatically by nearly three orders of magnitude during the
course of the experiment. At the highest measured rates, the
particles grow with less than one monolayer of Fe polyhedra
per hour, as the Fe density of the Fh surfaces is 15-20 umol
m > (Fig. S4t). However, our dynamic model suggests signifi-
cantly higher rates immediately after the formation of the ini-
tial, yet non-aged, particles (scale of seconds).

As mentioned, the Fe-flux towards the surface becomes
substantially less with time. Considering the process of
growth as a chemical reaction of Fe in solution with specific
reactive surface sites, the decrease of the rate of growth sug-
gests that the solution concentration of Fe is considerably
changing since the reactive site density can be seen as an in-
trinsic surface property of Fh.

At a given pH, the concentration of Fe in solution will be a
function of the solubility product of Fh (Qs,). The solubility of
nanoparticles is enhanced relatively to the intrinsic solubility
of the bulk material (K,). In a suspension with a given particle
size distribution, the solubility is determined by a labile equi-
librium between Fe in solution and particles in the critical
state having the highest Gibbs free energy.>® All particles larger
than the critical ones will have a lower chemical potential, a
higher stability, and consequently, a lower solubility. For this
reason, the vast majority of particles will grow, which will be
at the expense of the smallest particles that dissolve in an at-
tempt to maintain the solution concentration. This is the driv-
ing force for Ostwald ripening. The rate-limiting step of
growth is the binding of Fe to the surface because the rate of
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dissolution of the smallest particles is sufficiently high to
maintain an equilibrium concentration in the solution.

The solubility of the critical nuclei of Fh with a surface
area Aeic (m> g™') can be described with the Ostwald-
Freundlich equation, according to:

9, _2
RTI=2 =M 4 6
k' 3 nanoy crit ( )

S0

in which Qs, is the activity product that we define as Qg, =
(Fe*") (OH")® and K, is the corresponding intrinsic value for
the virtual bulk, being log Ky, = —40.6 = 0.2 (ref. 29) in agree-
ment with calculations of Pinney et al.®® Furthermore, My,
is the molar mass (eqn (1)), R is the gas constant, and T is
the absolute temperature. For Fh, the surface Gibbs free en-
ergy 7 (J m™) has recently been derived by Hiemstra® inter-
preting a set of thermochemical data of Majzlan et al.®® and
Snow et al.®” The value of the surface Gibbs free energy is ex-
ceptionally low (y = 0.186 + 0.01 J m *) compared to the
values for all other Fe (hydr)oxides.®® It indicates that the sur-
face of Fh has a relatively high stability, which can be
explained by the absence of unstable Fe2 and Fe3 polyhedra
at the surface according to the surface depletion model.”® We
assume that the value of y is particle size independent, based
on recent results obtained from silver nanoparticles.®

As follows from TEM data,*>>® freshly prepared Fh has a
particle size distribution in which the mean and minimum
particle sizes are linearly correlated.”® Introducing the ratio
® = Acri/Amean between the specific surface area of the mea-
surable mean (Apcan) and critical (A.) particle (m* g™'), the
Ostwald-Freundlich equation can be rewritten to:

0. 2
RTIn=e =Z¢M 7
K 3 ¢ nanoyA“mean ( )

S0

Eqn (7) shows that the super saturation of a solution rela-
tively to the bulk material of infinite size (Qs0/Ks,) is related
to the mean specific surface area of Fh material (Ayean)- This
relation will be used in our derivation of the rate law of parti-
cle growth at Ostwald ripening. Analysis of the TEM data of
Michel et al.*® reveals a factor ¢ = 3/2.>° The same conclusion
follows from the data of Burrows et al.’® Introducing this in-
formation (¢ = 3/2) in the above Ostwald-Freundlich equation
(eqn (7)) leads to an equation without the factor 2/3 ¢, known
as the Ostwald equation.”

Rate law

As pointed out above, the process of growth can be consid-
ered as the attachment of dissolved Fe to reactive sites at the
surface of Fh having a certain Fe-reactive site density N, (mol
m?). Since the solubility of Fh can be related to the mean
specific surface area A (eqn (7)), a relation between the rate
of growth R and the ratio for super saturation Qg./Kj, is
expected. In Fig. 5, the growth rate R has been related to Q,/
K, by plotting both on a logarithmic scale. The data for pH 7

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 a. Logarithm of the rate of growth R (umol m™2 h™) as a function of the logarithm of the super saturation of the solution (Qs./Kso) for Fh in
0.2 M NaNOs buffered with 19 mM MES and 19 mM MOPS at the given pH values (T = 20 °C). The slopes of the calculated lines (s) have been set
to s = 2. The intercept at log(Q../Kso) = 0 equals the logarithm of the rate constant (log k), which is plotted in Fig. 5b against the pH, revealing the

pH dependency of log k (eqn (8)) with k in pmol m™2 h™.

have been omitted in this part of the analysis, because the
time scale of the measurement is too limited due to the ab-
sence of data for short ageing times.

Fig. 5a shows that the rate of growth varies with the super
saturation of the solution (Qy/Ks,). Initially, the super satura-
tion is typically ~1.000-10.000 (log Qs./Ks, = 3-4). After a few
minutes of ageing, the mean size is 1.8 + 0.1 nm and the cor-
responding solubility is about log Qs, ~ —37.2 + 0.3, which
matches within the uncertainties with the solubility (log Qso
~ =37.5 = 0.1) at rapid titration of Fe(u)/Fe(u) solution with
NaOH in NaClO,, back calculated to pH = PZC from the mea-
sured free [Fe*"] concentration.”®

The data in Fig. 5a reveal a mean slope of s = 1.97 + 0.18,
which implies that within the uncertainty, the rate of growth
R (umol m™ h™) is proportional to the square of the super
saturation (Qs./Ks,). Therefore, the rate can be described with
the conceptual equation:

R=kN., (Q] = k[QJ (8)
K K

50 S0

in which k. is a reaction constant (h™) and N, is the Fe-
reactive site density of the surface (umol m™). The precise
value of the latter is unknown and therefore, it is combined
with k; to the pre-factor k (umol m™> h™).

The observation of a quadratic relation between rate and
solubility can be interpreted as rate limitation by a site binding
reaction of two Fe with one site (S + 2 Fe — SFe,). The rate-
limiting step is the simultaneous attachment of two Fe species
forming together a stable surface complex. The value of 2 for
the exponent of Q./Ks, expresses the chance that two Fe spe-
cies occupy simultaneous a single site of growth, resulting in a
stable complex. If only one monomeric Fe species is attached,
it may be labile and desorb again in dynamic events, while the

This journal is © The Royal Society of Chemistry 2019

binding of two Fe ions, i.e. formation of an adsorbed Fe-dimer,
may be irreversibly. Possibly, the formation of the adsorbed Fe-
dimer is via the attachment of individual Fe-monomers since
aqueous Fe-dimers are typically formed at high total Fe-
concentrations present in systems with very acidic conditions
(pH ~ 2), as confirmed experimentally.*>>

In Fig. 5a, the intercept at the y-axis is equal to logk of
eqn (8). That intercept is pH dependent. The pH dependency
of logk can be revealed by plotting its value versus pH
(Fig. 5b). To r