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ABSTRACT: Solubility products are essential for the thermodynamic and kinetic modeling of (co-)precipitation processes.
However, due to the complexity in the determination of solubility products of sparingly soluble salts, models often rely on the
limited data for minerals, which may differ in the elemental composition or crystallographic properties when compared to their
synthetic counterparts. Thus, we developed an easily accessible method to determine solubility products for synthetic precipitate
phases as a function of the temperature and elemental composition based on simple titration studies and a thermodynamic
equilibrium model. By applying this method, we determined solubility products for the synthetic precursor phase zincian georgeite
([Cu,Zn]2CO3(OH)2), which is relevant in the preparation of Cu/Zn-based catalysts, as a function of temperature and its Zn
fraction. The data significantly differ from the data for the mineral rosasite (Cu1.16Zn0.84CO3(OH)2) which is used so far, and
applying the new data resulted in an improved model accuracy. Furthermore, we identified Ni8(OH)14SO4 as a phase that is possibly
responsible for the incorporation of sulfate ions into the precursor for cathode active material (PCAM) and determined its solubility
product. Using these results, we were able to predict the phase composition of Ni/Mn-based PCAM and the degree of sulfate
incorporation as a function of pH. Both examples show the applicability and relevance of our method to determine solubility
products for the modeling of industrial relevant (co-)precipitation processes.

1. INTRODUCTION
Precipitation and co-precipitation are key processes not only in
the production of many economically significant particulate
products, such as Cu/Zn-based catalysts for methanol synthesis1

and precursors for the cathode active material (PCAM) in Li-ion
batteries2,3 and pigments,4 but also in the water purification5 or
quantitative analysis.6 On the one hand, the chemical industry
has to become sustainable and as CO2 neutral as possible in the
future, but on the other hand, there is still increasing demand for
high-quality products: for instance, the annual production of
methanol is expected to increase from currently approximately

100 to 500 Mt in 20507,8 and the demand for Li-ion batteries

from 230 GW h in 2020 to 1.3 TW h in 2030.9 This makes it all

the more important not only to be able to control precipitation
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processes precisely but also to optimize them economically and
in terms of product quality.
One approach for the control and optimization of these

operations is the knowledge- and model-based process
description by means of solid formation kinetics and/or the
thermodynamic equilibrium. This always requires knowledge of
the underlying solubility equilibria between the various solid
phases and the liquid phase.10 These substance-specific
equilibria are quantified as temperature-dependent solubility
products for sparingly soluble salts. In addition, the correct
description of hydrochemistry and possible mixing phenomena
are, in general, necessary for a knowledge-based process
description.11,12

However, due to the very limited solubility of sparingly
soluble salts in water of less than 1 g·L−1, the determination of
their solubility products requires particularly accurate and time-
consuming measurements and complex analyses.13 In general, a
saturated solution is formed by adding a surplus of the solid
phase in question to a solution with a defined ionic strength I at a
defined temperature T. The suspension is then stirred for more
than a week in order to ensure that the solubility equilibrium is
achieved.14 After filtration, ion concentrations in the saturated
solution are quantified by elemental analysis14,15 or by
electrochemical means.16 Then, using the stoichiometry of the
salt, the concentrations are converted to the sought solubility
product. The complex multistep methodology results, despite
thorough work, in vastly deviating values, e.g., for Ni(OH)2
where results between KSP,Ni(OH)d2

= 1.07 × 10−1717 and
KSP,Ni(OH)d2

= 7.94 × 10−1718 are reported for 25 °C. Applying
these different values to kinetic solid formation modeling results
in supersaturations which differ by several orders of magnitude.
This in turn results in nucleation rates and particle sizes that
differ by several orders of magnitude.10 Thus, careful evaluation
of available data is required.
For other industrially significant substances, e.g., Cu/Zn-

based catalyst precursors or Ni/Mn-based PCAM, which are
both prepared by co-precipitation, solubility products are
partially unavailable or sparse. One reason for this is the
aforementioned complexity of KSP measurements, which is why
they are, in general, not carried out within the framework of

process modeling where the focus is on the prediction of particle
sizes19 or the composition.20 Instead, authors rely on existing
KSP which are often only available for 25 °C and for mineral
phases similar to the synthetic phases under consideration.19−22

However, mineral and synthetic phases often differ in the
following properties:

• Crystallographic properties: synthetic materials are
formed much faster than their mineral counterpart
which often results in smaller crystallites or distorted
and amorphous solids as authors have shown, e.g., for the
precipitation of the PCAMNi(OH)2 andMn(OH)2

3,23,24

or in the preparation of Cu/Zn-based catalyst precursors
where, first , the amorphous phase georgeite
(Cu2CO3(OH)2) is formed instead of the crystalline
and be t t e r cha r a c t e r i z ed pha se ma l a ch i t e
(Cu2CO3(OH)2).

25,26

• Incorporation of foreign anions into the crystal lattices: if
precipitation takes place at nonstoichiometric conditions,
supersaturation can be depleted by the incorporation of
alternative ions which are present in abundance from the
educts, such as the incorporation of varying amounts of
sulfate ions instead of hydroxide ions into the β-Ni(OH)2
(theophrastite) and Mn(OH)2 (pyrochroite) lattices,
which affected the quality of the resulting batteries.27−29

• Substitution of lattice cations: if multiple cations with
similar ionic radius and same electric charge are available,
they can substitute one another in their respective solid
phase to a variable degree, as is the case with the
characterized mineral phases malachite (Cu2CO3(OH)2)
and rosasite (Cu1.46Zn0.54CO3(OH)2).

30 For the syn-
thetic material, which is referred to as zincian malachite
instead of rosasite, arbitrary Zn fractions between 0 and
28 mol % were obtained.31

Accordingly, the second reason for the lack of solubility
products is that all these effects influence the solubility behavior
of the solids; cf. Table 1. Vice versa, it is also only possible to
describe these effects with a thermodynamic model if the
corresponding phases with their individual solubility products
are distinguished. However, the shortage of available data
regarding, among others, the temperature influence for the Cu/

Table 1. Phases Relevant for the Cu/Zn and Ni/Mn Systems in This Work and Their Solubility Products Available in the
Literature

phase molecular formula system KSP (25°C) f(T)? year ref(s)

− Mn4(OH)6SO4 Ni/Mn ≈10−36 no 2022 29
− Ni(OH)2 Ni/Mn 7.94 × 10−17 no 1997 18

6.03 × 10−16 no 2009 22
1.07 × 10−17 yes 2014 17

pyrochroite Mn(OH)2 Ni/Mn 2.00 × 10−13 no 2009 17, 22
1.58 × 10−13 no 2004 39
1.91 × 10−13 no 1999 40

malachite Cu2(OH)2CO3 Cu/Zn 6.92 × 10−34 no 2007 41
rosasite Cu1.16Zn0.84(OH)2CO3 Cu/Zn 3.98 × 10−37 no 1980 15
rosasite Cu1.4Zn0.6(OH)2CO3 Cu/Zn 3.98 × 10−37a no 2017 42
aurichalcite Zn2.27Cu2.73(OH)6(CO3)2 Cu/Zn 7.94 × 10−91 no 1980 15
hydrozincite Zn5(OH)6(CO3)2 Cu/Zn 10−75b yes 2001 43
gerhardtite Cu2(NO3)(OH)3 Cu/Zn 1.82 × 10−33 no unknown 39

1.78 × 10−33 yes unknown 44
8.13 × 10−37 no 2010 14

rouaite Cu2(NO3)(OH)3 Cu/Zn 1.91 × 10−36 no 2010 14
aAdopted from ref 2 for different stoichiometry. bDerived.
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Zn-based catalyst precursor32 or the variable amount of SO4
2−

ions from the educt salts incorporated into Ni(OH)2 and
Mn(OH)2, currently makes this impossible for these two
exemplary cases.
Hence, an easily accessible method to determine reliable

solubility products for synthetic precipitate phases as a function
of temperature and elemental composition is necessary for the
modeling of these complex (co-)precipitation processes. Two
recent studies suggest a simplified procedure to estimate KSP of
synthetic phases from titration studies based on the correlation
between pH, ion speciation in the liquid phase, and the solid−
liquid equilibrium. Cornu et al. performed titration studies
where, depending on the reactants used, Mn(OH)2 or
Mn4(OH)6SO4 was formed.

29 They showed that solubility
products can be estimated from these titration curves, explaining
previously unexplainable pH curves. However, they focused on
the experimental results as a proof of concept and did not
elaborate how exactly the KSP values were calculated from pH
and “the expected concentration (···)”. Güldenpfennig et al.
conducted similar titration studies with themodel system BaSO4
as the precipitant and were able to optimize their kinetic
precipitationmodel by applying the thus determined KSP,BaSO4

in
combination with similarly determined surface energies σ.10
They described the hydrochemistry with the Davies approach
which is, in general, limited to ionic strengths of approximately
0.5 mol·L−1.33,34

Our goal is to develop further this approach into a standard
method for the fast, yet reliable determination of solubility
products of sparingly soluble salts as a function of temperature,
elemental composition, and crystallinity, which can also be
applied for more complex solid phases and as an alternative to
the complex and time-consuming methods discussed above. For
this purpose, we combine experimental titration studies with a
thorough characterization of the solid phases by combining
XRD, FT-IR, ICP-OES, and CHNS analysis on the one side and
an automated fitting routine for KSP based on our thermody-
namic equilibrium model describing the hydrochemistry at
industrially relevant ionic strengths above 0.5 mol·L−1 and the
solid−liquid equilibrium on the other side.

2. THERMODYNAMIC DESCRIPTION OF
PRECIPITATION

Thermodynamic data, such as the solubility product KSP, ion
association constants in the liquid phase (KIA), or the
stoichiometry limitations of solid solutions, e.g., how much Zn
can be incorporated in the zincian malachite phase
([Cu,Zn]2CO3(OH)2), are necessary for the determination of
the solid formation kinetics during (co-)precipitation and the
thermodynamic solid−liquid equilibria. In the following, we
provide an overview of the thermodynamic fundamentals,
available solubility data, and how they can be applied to describe
precipitation processes.
2.1. State-Of-The-Art. The driving force for the formation

of a given solid j by precipitation is phase-specific super-
saturation Sj according to eq 1. It is described in terms of the
actual activities of solid-forming ions ai in the solution, the
solubility product KSP,j(T) of the solid phase j, and the
stoichiometric coefficients νi,j and ν±, which is the sum of all νi,j.

i
k
jjjjjj

y
{
zzzzzz=

±

S
a

K T( )j
i j

j

,

SP,

1/
i j,

(1)

The solubility product KSP,j according to eq 2 describes the
equilibrium between the solid-forming ions i in the liquid phase
and each solid phase j and is a function of the individual activities
of each ion i of the solid j at thermodynamic equilibrium ai,j* and
its stoichiometric coefficient νi,j.

= *K aj i jSP, ,
i j,

(2)

The activity ai of an ion i can be calculated from its molality bi,
the reference value b0 = 1 mol·kg−1 solvent and its activity
coefficient γi according to eq 3. Thus, nonideal ion interactions
are considered.

= ·a
b
bi i

i
0 (3)

According to eq 4, the amount of available solid-forming ions
bi, also referred to as free ions or dissociated ions, is further
reduced by speciation reactions and the formation of complexes
k where νi,k is the stoichiometric coefficient for the ion i in
complex k. Additionally, bi is further reduced by the formation of
the solid phase.

= · ·b b b bi i
k

i k k
j

i j j,total , ,
(4)

The respective equilibrium is described with the ion
association constant according to eq 5.

=K
a
ak

k

i k
IA,

,
i k, (5)

As stated previously, KSP values are, in general, determined by
elaborate equilibrium studies.15,16 Similar approaches are
established for the determination of KIA in the liquid phase.

35

An overview of the available KSP for the most relevant phases for
the two substance systems considered here is given in Table 1.
Values are often only available for 25 °C which prevents the
modeling of temperature-dependent effects, especially since the
precipitation in both examples is, in general, conducted at 50−
70 °C.3,36−38 Additionally, the variation of available KSP for a
single phase, e.g., Ni(OH)2, can lead to significant differences in
the kinetic descriptions.10

Not only due to the limited data available, but also due to
open question concerning the solid formation in co-
precipitation, e.g., when solid solutions are formed instead of
individual single phases, various simplified approaches are used
in the literature. Para et al. used eq 6 to estimate the mean
supersaturation S of a multicomponent [Ni0.8Mn0.1Co0.1](OH)2
PCAM assuming that in all cases a solid solution, thus a
completely homogeneous material at the nanoscale, is formed
and that the composition of the solid phase matches that of the
liquid phase.19

=
· ·

+ + +
S

a a a a

K K K

( ) ( ) ( ) ( )

( ) ( ) ( )
Ni

0.8
Mn

0.1
Co

0.1
OH

2

SP
Ni(OH) 0.8

SP
Mn(OH) 0.1

SP
Co(OH) 0.1

2 2 2

2 2 2
3

(6)

However, additional sulfate-containing phases may have to be
considered.27−29 Furthermore, Ni(OH)2 and Mn(OH)2 show
diverging precipitation kinetics resulting in nonhomogeneous
metal distributions in some cases.45 For this reason, ammonia
solution is often added to induce the complex formation of Ni2+
ions and NH3

(aq) in the liquid and, thus, control the
supersaturation of Ni(OH)2(s).

3,46 Therefore, describing
precipitation with a single KSP has its limitations. Furthermore,
both the degree of SO4

2− incorporation as well as the spatial
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distribution of the individual metals greatly affect the resulting
capacity and cycle stability of the final Li-ion batteries.47,48 This
shows how important it is to develop tools that allow for the
modeling of these phenomena.
Several authors described the co-precipitation step21,42,49 as

well as the subsequent aging step26,32 of the Cu/Zn system
thermodynamically with the mineral data available which is
limited to 25 °C, strictly crystalline phases and certain metallic
composition of the solid solutions aurichalcite and rosasite, cf.
Table 1. Despite the limited data, a good agreement between the
calculated and experimentally determined solid masses and pH
was achieved for the co-precipitation step.49 Yet, no studies
comparing measured and calculated particle sizes are known.
Studies showed a significant influence of both the presence of
rosasite after aging as well as the amount of Zn incorporated in
zincian malachite x̃Zn,metals,ZM ([Cu1−x̃ dZn,metals,ZM

Znx̃ dZn,metals,ZM
]2CO3-

(OH)2), cf. eq 26 later on, on the later catalyst performance.
50,51

Thus, in addition, a prediction of the phase composition in the
solids after aging as well as xZn,metals,ZM would be advantageous
for the optimization of catalyst preparation. However, the
temperature influence on the resulting solid-phase composition
as well as the influence of metallic reactant ratios deviating from
the stoichiometries of the aforementioned mineral phases
cannot be reliably quantified using the solubility products of
the related mineral phases.32

In summary, several, in parts successful, approaches to model
the co-precipitation of Cu/Zn-based catalyst precursors andNi/
Mn-based PCAM exist. However, key characteristics of the co-
precipitates, which are crucial for the later product qualities,
such as the incorporation of SO4

2− ions into the PCAM, the
deviating precipitation kinetics of Ni(OH)2 and Mn(OH)2, or
the complex-phase transitions, and solid solution behavior of the
Cu/Zn-based precursors cannot be predicted reliably with the
solubility data currently available.
2.2. Thermodynamic Modeling and Activity Coeffi-

cient Model. The elemental composition1 and phase
composition52 of the co-precipitate, its total solid mass
concentration in the suspension, the particle morphology53

and size distributions3 as well as the spatial homogeneity of the
particles47 are the key properties which determine the economic
viability of the process and the resulting product qualities. The
latter three are a result of the phase-specific solid formation
kinetics. Additional to accurate solubility products KSP,j, kinetic
models require, among others, the surface energy σj for each
solid phase j, for which reliable values in the literature are even
more sparse.10 Since our focus is on the determination of KSP
and the evaluation of the determined values, we confine
ourselves to a thermodynamic equilibrium model, where σj is
irrelevant, with the supersaturation Sj, the phase composition,
and the solid mass concentrations as the relevant output sizes.
For the same reason, mixing influences are also not considered
here. Thus, in accordance with eqs 1−5, the accuracy of our
calculations are exclusively a function of the speciation
calculations, the activity coefficient model, and KSP,j itself.
The software PHREEQC (iphreeqc version 3.7.1)54 is applied

to calculate the thermodynamic state of equilibrium by solving
the system of equations which results from the solid−liquid
equilibria, speciations as well as mass and substance balance
equations, cf. eqs 1−5. PHREEQC also calculates the activity of
ions in the liquid phase by using appropriate activity coefficient
models like the Pitzer or the SIT model, which are discussed
below. For communication, import of the database and the input

variables, and output of the target parameters, Matlab (R2021a)
is used. An ideally mixed isotherm system is assumed. By
iteration, these calculations are repeated until all phases
considered are saturated or undersaturated.
Input parameters of the thermodynamic equilibrium model

are the total reactant molalities breactants,total, the water mass MH O2

, the temperature T and, if an exchange between the gas phase
and liquid phase is considered, the partial pressure of CO2 pCO2

.
Furthermore, a fixed pH and degree of interaction with the gas
phase can be chosen. The separate database contains all
necessary substance data, in particular the speciation equilibria
[KIA,k(T)], phase-specific solubility products KSP,k(T), and the
stoichiometry of phases, as well as an activity coefficient model.
Accordingly, the accuracy and completeness of the underlying
databases regarding those equilibrium reactions determine the
accuracy of the model calculations. Based on the number and
validity of available data, the Pitzer approach is used for the Cu/
Zn system (Pitzer.dat; iphreeqc version 3.7.154) and the specific
ion interaction theory (SIT) for the Ni/Mn system
(ThermoChimie SIT v10a17) resulting in two separate data-
bases. The accuracy of the speciation data and activity coefficient
models applied were verified by Guse et al. for the Cu/Zn-based
system.32

The temperature dependency is either specified by analytical
expressions for KSP,k(T) and KIA,k(T) or given by the respective
value at T0 = 298.15 K and a standard reaction enthalpy ΔHR,k

0 .
KSP,k(T) and, accordingly, KIA,k(T) can then be calculated using
the van’t Hoff equation given in eq 7.

i
k
jjjjjj

y
{
zzzzzz

i
k
jjj y

{
zzz=

K T

K T
H
R T T

ln
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( )
1 1k

k

SP,

SP,
0

R
0

0
(7)

Further output variables apart from the supersaturation Sj are
the molality bS,j for each solid phase j considered, the activities of
each species i in the liquid phase ai, and the pH. For the standard
case, we assume that there is no interaction between the liquid
and the atmosphere so that any CO2 formed remains dissolved.
We consider two different states:

• t = tinit: a hypothetical initial state after mixing of the
reactant solutions is completed, but no solids were formed
yet. We use this state to calculate initial supersaturation
Sj,init, which we presume as the main driving forces for
solid formation in co-precipitation.

• t = teq: the state of equilibrium where all considered solids
phases are saturated or undersaturated. This state is
applied to validate and determineKSP,j and to calculate the
phase composition of the co-precipitate.

2.3. Model-Based Determination of Solubility Prod-
ucts from Titration Experiments. Based on the approaches
described in the literature,10,29 we want to determine pH as a
function of the reactant ratio in titration experiments and use
this data in combination with our thermodynamic equilibrium
model in a fitting routine to determine solubility products of
sparingly soluble salts unavailable in the literature. The key is the
correlation between pH, speciation in the liquid phase, and the
equilibrium between the liquid and solid phase which is
illustrated below using the simplified example of Cu2CO3(OH)2
(georgeite) in eqs 8−12.

V++H O (aq) OH (aq) 2H O3 2 (8)

V++ +Cu (aq) OH (aq) CuOH (aq)2 (9)
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V++Cu (aq) 2OH (aq) Cu(OH) (aq)2
2 (10)

V+ ++CO (aq) H O (aq) HCO (aq) H O3
2

3 3 2 (11)

V + ++Cu CO (OH) (s) 2Cu (aq) CO (aq) 2OH (aq)2 3 2
2

3
2

(12)

pH is inversely correlated to the activity of H3O+ ions +aH O3

and can be measured accurately over a broad range with
standard lab equipment making it an ideal measurand. The
experimental setup is described in Section 3.2. One reactant
solution, here, Na2CO3

(aq), is placed as the analyte. The other,
here, Cu(NO3)2(aq), is then added dropwise as the titrant. Due to
the autoprotolysis of water according to eq 8, H3O+ and OH−

ions are in equilibrium. Accordingly, one key prerequisite for the
method introduced here is that at least one ion of the salt to be
investigated [here Cu2CO3(OH)2 in eq 12] forms a complex
involving H3O+ or OH− in the liquid phase. This is the case for
Cu2+, cf. eqs 9 and 10. Alternatively, the salt itself can contain H+

or OH− ions or complexes with foreign ions can be formed
which in turn are at equilibrium with H3O+ or OH−, e.g., CO3

2−

in eq 11. In any case, solid formation results in a shift in
speciation which in turn influences the pH and the titration
curve.
We ensure that solid formation is completed and in a

(meta)stable state at each measurement point by waiting until
pH is stable for 30 s. Thus, solid formation kinetics do not have
to be considered and the thermodynamic equilibrium model
allows a complete description of each individual process point of
titration i if the speciation and solid−liquid equilibrium are
correctly described in the model, cf. Section 2.2. Vice versa, a
comparison of the pH values between the model and experiment
allows an evaluation of the model quality. Figure 1 shows a
comparison of a typical experimental titration curve for the
precipitation of Cu2CO3(OH)2 with two model calculations:
one based on the application of literature data, cf. Table 1 and
one usingKSP,j values which were the result of our fitting routine.

Here, pH is plotted as a function of the total lattice ion ratio
RCZ‑C,total which is defined as follows

=
++ +

R
b b

bCZ C,total
Cu ,total Zn ,total

CO ,total

2 2

3
2 (13)

RCZ‑C,total = 0 indicates the start of the titration experiment
with Na2CO3

(aq) as the starting solution into which Cu-
(NO3)2(aq) is then added dropwise resulting in an increasing
RCZ‑C,total. pH decreases slowly both in the experiment as well as
in the model calculations mainly due to the formation of
Cux(CO3)y and Cux(OH)y complexes and the formation of the
solid Cu2CO3(OH)2·H2O (georgeite hydrate) as confirmed in
the speciation calculation in Figure 2 as well as the XRD, FT-IR,

and elemental analysis of the solids (cf. A.2 in Supporting
Information). After a sharp decline at the stoichiometric ion
ratio RCZ‑C,total = 0.5, a second plateau is present for RCZ‑C,total ≥ 1
where, according to the model and solid analyses (cf. A.2 in
Supporting Information), an increasing amount of the by-
product Cu2(NO3)2(OH)2 (rouaite) of up to xrou,solids = 80.6 wt
% for RCZ‑C,total = 1.6 is formed.
In general, pH is influenced by three main factors: the

speciation of Cu2+ according to Figure 2 and of all other ions
present in the liquid phase, the validity of the activity coefficient
model used, and the solubility products applied. Results in the
literature32 indicate that both the speciation calculations as well
as the applied activity coefficient model are precise with
deviations of less than 5% between measured and calculated pH
in the parameter ranges considered. This is why we chose the
Pitzer database for this study. Additionally, Figure 2 confirms
that Cu2+ is mainly bound in the solid phases. The same also
applies to the CO3

2− and OH− ions. This is due to the extremely
low KSP,j values, cf. Table 1, which are integral for all sparingly
soluble salts. For these reasons, the applied values for KSP,j are
the main factor determining if the experimental pH pHexp and
the calculated pH pHcalc match. Still, the determined KSP,j is
influenced by the speciation database and activity coefficient

Figure 1. Comparison of the experimental titration curve of a
Cu2CO3(OH)2 precipitation with two model calculations.

Figure 2. Calculated speciation and solid−liquid equilibrium for all
Cu2+ species for the titration plotted in Figure 1.
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model used and, thus, should ideally be applied only in
combination with the same database and activity coefficient
model. However, for georgeite hydrate, no influence of the
activity coefficient model and the database applied on the
determined KSP,georgeite was apparent, cf. A.3 in Supporting
Information.
The discrepancy between the experimental titration curve and

the model calculations based on literature data which is evident
in Figure 1 especially for RCZ‑C,total ≥ 1 can be attributed to a
possibly unsuitable KSP,Cud2COd3(OH)d2

and/or KSP,Cud2(NOd3)d2(OH)d2
.

Hence, the fitting routine depicted in Figure 3 is applied to
this exemplary case.
First, an experimental titration curve with as many sample

points N as feasible is conducted, cf. Section 3.2. The applied
process parameters are then used as inputs for a thermodynamic
equilibrium calculation using the solubility products currently
available. The normalized root mean squared error (NRMSE) is
calculated according to eq 14 to quantify the difference between
the measured and calculated pH curve. For each experimental
sample point i with a corresponding pHexp,i, a separate
thermodynamic equilibrium calculation is conducted resulting
in pHcalc,i. The arithmetic mean pH pHexp results from eq 15.

=
=

NRMSE
pH

N

(pH pH )

exp

i
N

i i1 calc, exp ,
2

(14)

= =

N
pH

pHi
N

i
exp

1 exp ,

(15)

Next, NRSME is minimized iteratively by varying, depending
on the chosen input, one or more KSP,j until the target error is
achieved or, due to the highly nonlinear correlations, a local
minimum for NRMSE is found and further variation of KSP,j
shows no improvement. For this purpose, the solver fminsearch
in Matlab (R2021a) is used. Due to the strong non-linearity, the
choice of the starting value for KSP,j is important. Besides
NRMSE, an analysis of the solids formed during titration by
XRD and elemental analysis is essential to validate the solid-

phase composition calculated by the model. Solid analysis is also
required if the solid phases currently present in the model are
not sufficient to describe the precipitation process and new solid
phases have to be integrated into the model; see Section 4.1.1
concerning the incorporation of SO4

2− into PCAM.
For the example titration, our fitting routine resulted in a

much smaller error (NRMSEfit = 0.0241) than to the use of
literature data (NRMSEfit = 0.0731) which is also evident in
Figure 1. This way, to our knowledge, we were able to determine
solubility data for synthetic amorphous Cu2CO3(OH)2·H2O
(georgeite hydrate) (KSP,Cud2COd3(OH)d2

= 10−30.3±0.14) for the first
time. The specified uncertainty results from the independent
evaluation of the three titrations. The data can now be used
instead of the solubility product for the naturally occurring
mineral malachite (KSP,Cud2COd3(OH)d2

= 10−33.2) for modeling the
precipitation of the intermediate phase. These seemingly small
differences for KSP,Cud2COd3(OH)d2

result in supersaturations differing
by a factor of up to 10 and differences of up to 50% for the
precipitate mass for typical process conditions.32

Accordingly, our approach to determineKSP,j has proven to be
suitable and is applied in Section 4 to, first, obtain missing KSP,j
for the two substance systems. The applicability of the thus
obtained data is then validated by modeling chosen co-
precipitation processes.

3. EXPERIMENTAL METHODS
3.1. Materials. The purities of the key reactants given by the

suppliers were verified by ICP-OES and CHNS analysis, cf. A.1
in Supporting Information.
3.2. Titration Studies. PCAM
For the titration experiments, one reactant solution, e.g., a

MnSO4/NiSO4 (both ≥99% purity, Carl Roth GmbH) solution
using deionized water (<50 μS·cm−1), was supplied in a
temperature-controlled reactor (500 mL, ±1 K) while the other
[e.g., a NaOH (≥98% purity, Carl Roth GmbH) solution] was
slowly added via a buret. Thus, the reactions according to eqs 18
and 19 take place, and the resulting pHwasmeasured (HI11310,
Hanna Instruments). For all precipitations with manganese
compounds, the deionized water was first degassed by boiling

Figure 3. Schematic diagram of the fitting routine to determineKSP,j of sparingly soluble salts j by combining titration experiments and thermodynamic
equilibrium calculations.
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and the experiment was conducted under a saturated nitrogen
atmosphere to prevent oxidation of the Mn(II) species to e.g.,
Mn(III), Mn(IV), or Mn(VII) phases.3 The pH electrode was
calibrated daily (error below ±0.02) with four reference
solutions (pH buffer solutions 4.01; 7.00; 10.01; 13.00 ± 0.05,
Carl Roth GmbH).
3.2.1. Cu/Zn-Based Catalyst. For the Cu/Zn system, the

alkaline Na2CO3 (≥99% purity, Carl Roth GmbH) solution was
supplied in the reactor in order to prevent the formation of
CO2(g) at small pH. Then, a solution of Cu(NO3)2 (≥99%
purity, Acros Organics) and/or Zn(NO3)2 (≥99% purity, Alfa
Aeser) was added for the formation of (zincian) malachite, cf. eq
12. A magnetic stirrer (250 or 500 rpm) was used for mixing.
The titration experiment ended when the equivalence point

had been reached, and pH approached an asymptotic limit. For
sampling, the titration was ended at defined volumes, and the
suspension was filtered in its entirety to (a) guarantee a
representative sampling and (b) to prevent the existence of not
clearly defined reactant ratios and volumes after sampling. If
possible, each titration was conducted thrice.
For cleaning, a 4% oxalic acid (oxalic acid dehydrate, ≥99%

purity, Carl Roth GmbH) was used for the Ni/Mn system and a
2% HCl solution (from a 25% solution, Carl Roth GmbH) was
used for the Cu/Zn system.
3.3. Application Studies. For the application studies for the

Cu/Zn-based catalyst precursors, a micromixer setup is used
which is described in detail elsewhere.26 The mixer has two
inlets with di = 0.5 mmwhich are arranged at an angle of 150°, cf.
A.1 in theSupporting Information. Through these inlets the
reactant solutions are supplied into the reaction chamber with a
volume of 22 mm3 ensuring high and homogeneous energy
dissipation rates and thus fast mixing wheremixing influences on
the solid formation are ruled out.26 An adapted materials testing
machine (Z010, Zwick/Roell GmbH&Co. KG) with two
integrated syringes allows strictly defined volume flow rates up
to 1500 mL·min−1 (error < 1%) at high pressures (pmax ≈ 31
bar). The reactant tanks, syringes, and the micromixer are
temperature-controlled (RC6, Lauda with external Pt100; ±1
K). pH was measured if relevant (HI11310, Hanna Instru-
ments). The reactant solutions were prepared as described
previously in Section 3.2. For some experiments, NaHCO3
(≥99% purity, Carl Roth GmbH) instead of Na2CO3 was used
as the precipitant.
For the application studies regarding the Ni/Mn-based

PCAM, a separate plant with two syringe pumps (Nexus 6000,
Chemyx Inc.); two temperature-controlled reactant vessels (V =
2000 mL, ±1 K); a similar micromixer, cf. A.1 in Supporting
Information; and a product vessel (V = 1000 mL) were used.
Here, a saturated N2 atmosphere was realized in each plant
component to prevent oxidation of the Mn(II) reactants.
Each pump comprises four syringes (60 mL, BD Plastipak) to

maximize the available volume for each measurement, e.g., to
exclude start-up effects. The maximum total flow rate is 720 mL·
min−1 with an error of less than 1%. The total volume flow
strongly correlates with energy dissipation rates and mixing
times which, in turn, may influence the co-precipitation.12,49

Thus, studies on the influence of mixing on the co-precipitate
morphology and composition were conducted to determine an
operating window of the plant where mixing effects on the solid
formation are ruled out, cf. A.4 in Supporting Information. The
reactant solutions were prepared as described previously in
Section 3.2. The pH was measured if necessary (HI11310,
Hanna Instruments). A 5% oxalic acid solution and deionized

water were used for in situ cleaning of the micromixer. The
micromixer was regularly disassembled to check for depositions.
3.4. Solids Analysis. A combination of analysis techniques

was applied to characterize the precipitated solids in order to
verify if the assumed solid phases were formed. When XRD
analysis confirmed the existence of solely amorphous phases,
FT-IR measurements were applied supplementary.
3.4.1. Sample Preparation. All sample suspensions were

filtered using a Büchner funnel with a diameter of 55 or 185 mm
and glass fiber round filters (≥0.6 μm, Macherey-Nagel) under
vacuum (100 mbar). The filter cake was either washed by
resuspending it in deionized water using a disperser at 3200 rpm
(T 25Ultra-Turrax with S 25N−18G, IKA) (Cu/Zn system) or
by displacement washing (Ni/Mn system) where the wash water
was supplied carefully on the top of the filter cake to prevent its
damaging. Additionally, an overflow with saturated N2
minimized oxidation.
Washing was completed when the conductivity of the filtrate

fell below 50 μS·cm−1 (Profiline LF 197, WTW) and, in the case
of the Cu/Zn system, the nitrate concentration dropped below
10 mg·L−1 (Nitrate test strips, VWR). The conductivity meter
was calibrated with two reference solutions (conductivity
standards 1413 ± 1 and 84 ± 1 μS/cm, Carl Roth GmbH).
The filter cake was then dried at ϑ= 30 °C and approximately p <
10 mbar for at least 15 h. Afterward, the dried samples were
ground in a mortar to a powder until no more lumps were
visually detected. Both solid and liquid samples were stored in
small airtight glass containers.
3.4.2. X-ray Diffraction and Rietveld Refinement. X-ray

diffraction (XRD) is applied to determine the crystalline
composition of the powdered samples. We used a Panalytical
X’Pert Pro (Malvern Panalytical) with a monochromatic X-ray
light source (Cu Kα radiation, 1.54 Å wavelength, with a Ni
filter). The diffraction pattern was measured in the range of 5° <
2θ < 80° over a period of 120 min.
The XRD diffractograms were analyzed using Rietveld

refinement and Profex 5.1. Section A.5 in the Supporting
Information gives an overview of the references used for each
system.
3.4.3. Elemental Analysis. We used two complementary

methods to determine the elemental composition of the
samples: (1) inductively coupled plasma optical emission
spectrometry (ICP-OES) for the total mass fractions of metals
and (2) flame atomic emission spectrophotometry (F-AES) to
determine the total mass fractions of the light elements (C, H, N,
S). For each method, the samples were ground after drying was
completed.
For ICP-OESmeasurements, 50−100mg of the samples were

first digested by adding 6 mL of 65% HNO3 (subboiled) and 2
mL of 30%HCl (p.A.). The mixture was heated to 250 °C using
a microwave system (Multivace 5000, Anton Paar). The
temperature was held for 45 min. Subsequently, the digests
were diluted to a total volume of 50 mL with ultrapure water
(≤0.75 μS·cm−1) and analyzed with an iCAP 7000 (Thermo
Scientific). The ICP multielement standard IV (Carl Roth
GmbH) was applied for calibration and to check the stability of
the system. The ICP-OES reference solution VHG-MISA6-500
(VHG Laboratories) was used for quality assurance.
Quantitative CHNS analysis was conducted in a Vario Micro

Cube (Elementar Analysensysteme GmbH) by combustion
analysis coupled with thermal conductivity detection and
repeated once. The oxygen mass fraction xO was then calculated
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from all other fractions measured, assuming that no further
elements are present.
The mass fraction of nitrogen xN,total in the solid Cu/Zn-based

samples determined by CHNS analysis was applied to calculate
the mass fraction of phase rouaite (Cu(NO3)(OH)3) xrouaite,solids
according to eq 16 under the assumption that all N atoms are
present as NO3 in the rouaite lattice. Here, xN,rouaite is the
stoichiometric mass fraction of N in the rouaite lattice.

=x
x

xrouaite,solids
N,total

N,rouaite (16)

3.4.4. Fourier Transform Infrared Spectroscopy.We applied
Fourier transform infrared spectroscopy (FT-IR) spectroscopy
for the phase identification of X-ray amorphous samples. For this
purpose, 1 mg of the sample was added to an agate mortar
together with 400 mg of KBr (≥99.5% purity, VWRChemicals).
The mixture was ground for 1 min and pressed into a disc
(hKBr disc = 1 mm) with a hydraulic press (10 tons, 1 min). The
spectra were recorded with an Agilent 660-IR. Each spectrum
was the average of 64 scans using a spectral resolution of 2 cm−1.
Before each measurement, the chamber was purged for 5 min
with N2 to remove any CO2 from the chamber.
3.4.5. Transmission Electron Microscopy and Energy-

Dispersive X-ray Spectroscopy. Transmission electron micros-
copy (TEM) imaging was realized with an FEI Osiris
ChemiStem (200 kV). Energy-dispersive X-ray spectroscopy
(EDXS) using an equipped Bruker Quantax system (XFlash
detector) was used to examine the spatially resolved elemental
distribution of metals inside the particles, as well as the
quantitative metal composition. The dried sample was
suspended in water by means of an ultrasound bath and then
spread on a TEM gold grid by using an ultrasonic fogger for both
measurements.

4. RESULTS AND DISCUSSION
Our first main goal is to determine the KSP,j of industrially
relevant sparingly soluble salts, which are unavailable in the
literature but necessary for the thermodynamically based
modeling of precipitation processes with our newly developed
fitting approach. Second, we wanted to verify the applicability
and validity of the thus determined KSP,j in separate application
studies. We conducted these studies for the two substance
systems in Sections 4.1 and 4.2 to show the general applicability
of our approach.
4.1. Ni/Mn-Based Precursors for Cathode Active

Material. The focus of the titration studies with the Ni/Mn
system is on the evaluation and possibly extension of available
solubility data as a prerequisite for the thermodynamically based
description of the co-precipitation of PCAM by applying our
newly developed fitting routine. Since the main solids are
Mn(OH)2 and Ni(OH)2, the prerequisite for applying our
approach, that pH is influenced by solid formation, is met. We
concentrate on the following three key questions:

• Can the fitting approach based on experimental titration
studies and thermodynamic equilibrium calculations be
applied to determine KSP,j for salts relevant as PCAM?

• Can the incorporation of sulfate into the solids and the
temperature dependency be described with a thermody-
namic equilibrium model?

• Is the approach suggested by Para et al., to consider the
co-precipitation product as a single phase,19 valid or is it
necessary to consider multiple single-metal phases?

The total lattice ion ratio RNM‑O,total is defined according to eq
17 and applied to plot titration curves independent of reactant
concentrations and volumes. RNM‑O,total = 0.5 is equal to a
stoichiometric precipitation of Ni(OH)2(s) and Mn(OH)2(s),
respectively.

=
++ +

R
b b

bNM O,total
Mn ,total Ni ,total

OH ,total

2 2

(17)

First, the single-metal solids Mn(OH)2 and Ni(OH)2, cf. eqs
18 and 19, as relevant PCAM are precipitated individually in
titration studies.

++Mn(OH) Mn 2OH2
2 (18)

++Ni(OH) Ni 2OH2
2 (19)

4.1.1. Solubility Product of Mn(OH)2. A titration curve for
the formation of Mn(OH)2 is depicted in Figure 4. Here,

experimental data are compared to both a thermodynamic
model based on literature data, cf. Table 1, as well as a model
calculation with fitted data. The metal salt solution was used as
the analyte. Thus, pH is plotted as a function of RNM‑O,total

−1 with
RNM‑O,total

−1 = 0 marking the start of the titration. Adding one drop
of NaOH solution instantly results in pH > 8. Subsequently, due
to the formation of Mn(OH)2(s) according to the speciation
calculation in Figure 5, only a small pH increase is evident in
both the experimental and model data up to the stoichiometric
lattice ion ratio RNM‑O,total

−1 = 2 where all Mn2+ ions present in the
liquid are depleted. A further addition of OH− ions results in a
sudden OH− surplus in the liquid and thus an abruptly
increasing pH with the pH of the NaOH solution itself as the
upper limit.
Due to the partial oxidation of samples taken at pH > 10,

mainly to Mn3O4, during filtration and washing, the results of
XRD and elemental analysis are inconclusive and not given here,
cf. A.6 in Supporting Information. Both model variants using
literature data [log(KSP,Mn(OH)d2,lit) = −12.70]17 and a fitted
solubility product for Mn(OH)2(s) [log(KSP,Mn(OH)d2,fit) =
−12.06 ± 0.22], respectively, show a similar trend and depict

Figure 4. Comparison of the experimental titration curve of Mn(OH)2
precipitation from MnSO4

(aq) with thermodynamic equilibrium model
calculations based on available literature data and fitted data,
respectively.
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the experimental titration curve adequately (NRMSEfit ≈
NRMSElit ≪ 0.10). The deviation of both KSP may result
from deviations in the speciation database or the activity
coefficient model applied, cf. A.3 in Supporting Information.
The specified uncertainty of the newly determined
KSP,Mn(OH) ,fit2

results from the evaluation of four independent
titrations. In a similar titration conducted by Cornu et al., SO4

2−

ions were incorporated into the crystal lattice of Mn(OH)2(s).
29

This was not the case here; cf. Figures 11 and 12 which are
discussed later on. A possible explanation is that the Mn(SO4)2
solution was higher concentrated in the study by Cornu et al.
Thus, at a defined pH, the ratio between available SO4

2− and
OH− ions is higher which may favor the incorporation of sulfate
into Mn(OH)2(s). In summary, both the literature value for the
mineral phase pyrochroite and the fitted data can be applied for
modeling the PCAM synthesis.
Additionally, the procedure was repeated forT = 60 °C, cf. A.6

in Supporting Information, to determine the temperature
dependency of KSP,Mn(OH)2

, which is unavailable in the literature.

Thus, = ·H 0.54 kJ molR,Mn(OH)
0 1

2
was calculated using eq 7

with log(KSP,Mn(OH)d2
(60 °C)) = −12.07 which is much smaller

than the value for Ni(OH)2 available in the literature:
= ·H 84.39 kJ molR,Ni(OH)

0 1
2

17 and might explain why the
precipitation of Ni(OH)2 dominates at elevated temperatures in
a co-precipitation of both phases.45

4.1.2. Solubility Products of Ni(OH)2 and Nickel Hydroxyl
Sulfates as Possible Byproducts. The same procedure is
repeated for the other main precipitate, Ni(OH)2, as shown in
Figure 6. In general, an experimental titration curve similar to
that for Mn(OH)2 is apparent. However, the sudden increase in
pH, which indicates that all available Ni2+ ions are depleted,
already occurs at RNM‑O,total

−1 = 1.75. Thus, a clear deviation is
evident for the model calculation using literature data where, as
expected, the increase occurs atRNM‑O,total

−1 = 2, the stoichiometric
ion ratio for Ni(OH)2. Rietveld refinement confirms β-Ni(OH)2
(theophrastite) as the most probable phase but shows high
uncertainties and small fractions of α-Ni(OH)2 (jamborite), cf.
Table 2 and Section A.6 in Supporting Information. These
uncertainties most probably result from the small crystallite
sizes, cf. Figure S.7 in Supporting Information, and the

correlated peak broadening. An alternative explanation is that
the precipitate is mostly or partly X-ray amorphous.
Furthermore, the elemental analysis data in Table 2 show that

large amounts of sulfur (xS ≥ 3.6%) are incorporated into the
precipitate for RNM‑O,total

−1 < 2, most probably as SO4
2− ions. A

significant drop in xS is evident for RNM‑O,total
−1 ≥ 2 when there is a

stoichiometric excess of OH− ions with respect to Ni(OH)2.
Assuming that all available Ni2+, OH−, and SO4

2− ions form a
common solid phase at RNM‑O,total

−1 = 1.75, where the increase in
pH occurs experimentally, Ni8(OH)14SO4 results quantitatively
from the molar ratio of the three ions as the theoretical solid
phase, cf. eqs 20 and 21.

= = =+R b b bFor 1.75:
1
8

1
14NM O,total

1
Ni ,tot OH ,tot SO ,tot2

4
2

(20)

+ ++Ni (OH) SO 8Ni 14OH SO8 14 4
2

4
2

(21)

+ ++Ni (OH) SO 5Ni 8OH SO5 8 4
2

4
2

(22)

+ ++Ni (OH) SO 4Ni 6OH SO4 6 4
2

4
2

(23)

Here, xS = 4.0% is to be expected which matches well with the
experimental xS in Table 2. Our hypothesis is that due to a lack of
OH− ions, SO4

2− ions are incorporated into a theophrastite (β-
Ni(OH)2)-like lattice instead. Similar phases with ratios of
hydroxide to sulfate ions of 6 to 10 were reported for Cu and Al
(Cu4(SO4)(OH)6·2H2O, Al4(SO4)(OH)10·5H2O)

55 as well as,
more recently, for Mn (Mn5(OH)8SO4,

56 Mn9(OH)14(SO4)2·
H2O,

57 Mn4(OH)6SO4
29).

Compared to the model variant with literature data (NRMSE
= 0.1296), a much better agreement between the model and
measurement is achieved when applying themodel variant based
on Ni8(OH)14SO4 (NRMSE = 0.0322). When applying models
with multiple Nix(OH)y(SO4)z phases, in order to address the
variable xS as a function of RNM‑O,total

−1 , the deviation can be
further reduced to NRMSE = 0.0196. The corresponding
speciation and solid−liquid equilibria are included in Support-
ing Information, cf. Figure S.19. However, the implementation

Figure 5. Calculated speciation and solid−liquid equilibrium for all
OH− species for the titration plotted in Figure 4 applying the fitted data.

Figure 6.Comparison of different modeling approaches concerning the
incorporation of SO4

2− into Ni(OH)2(s) to describe the experimental
titration curve.
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of multiple phases, e.g., in a kinetic model would result in a
higher model complexity and increased computing times.
Ideally, a solid phase with a variable S fraction would be used.
Nevertheless, the newly proposed Ni8(OH)14SO4 phase and its
determined solubility product are suitable means for describing
the Ni(OH)2 precipitation. All determined solubility products
are summarized in Table 3 along with temperature-dependent
data.
In summary, the conducted titration studies and elemental

analyses for the precipitation of Ni(OH)2 suggested that SO4
2−

ions are incorporated into the crystal lattice, especially for
RNM‑O,total

−1 < 2. Thus, we identified possible Nix(OH)y(SO4)z
phases and determined theKSP,j for these to enable the modeling
of SO4

2− incorporation in PCAM.
4.1.3. Application of the Newly Determined Solubility

Products for Modeling the Co-precipitation of Ni(OH)2 and
Mn(OH)2. A titration with the equimolar co-precipitation of
Ni(OH)2 and Mn(OH)2 is depicted in Figure 7 in order to
evaluate the applicability of the determined solubility products.
Three model variants are compared with the experimental data:
a calculation using literature data for the solubility products of
Ni(OH)2 and Mn(OH)2, a variant with multiple
Nix(OH)y(SO4)z phases, cf. eqs 21−23, and the fitted KSP,j
from Table 3; and last, a variant where a commonNi−Mn phase
is implemented according to Para et al. and eq 6.19

It is evident from Figure 7 that the titration curve behaves
similarly to a superposition of the single-phase titrations, cf.
Figures 4 and 6, with a small increase in pH for small lattice ion
ratios RNM‑O,total

−1 up to RNM‑O,total
−1 = 1. Here, a change in the slope

is apparent. The speciation of OH− in the liquid and solid phase
as a function of RNM‑O,total

−1 in Figure 8 indicates that the changed
slope might be due to the changed composition of the
precipitate: from pure Ni(OH)2 to a mixture of both hydroxides.
This assumption is confirmed by the elemental analysis data
summarized in Table 4. For RNM‑O,total

−1 < 2, the solid is mostly
composed of Ni with only small but increasing fractions of Mn.
For RNM‑O,total

−1 > 2, OH− ions are present superstoichiometrically
and an equimolar amount of Ni andMn is present in the solids as
expected from the reactant concentrations. Rietveld refinement

of the XRD diffractograms further verify that the relevant solids
phases are indeed Ni(OH)2 and Mn(OH)2, cf. A.6 in the
Supporting Information and Table 4. Yet, the quantitative XRD
analysis must be considered critically because of the strong peak
broadening and thus resulting uncertainties.
For these reasons, the model approach with a single mixed

Ni/Mn phase is unsuitable to describe the co-precipitation of
Ni(OH)2 and Mn(OH)2 for RNM‑O,total

−1 < 2. Integrating
Ni5(OH)8SO4 as an additional phase slightly increases the
model accuracy (NRMSEfitted > NRMSElit). The more
important advantage, however, is that the incorporation of
SO4

2− ions can be modeled correctly for RNM‑O,total
−1 < 2 by

implementing Ni5(OH)8SO4.
Finally, we want to evaluate the accuracy of the newly

determined KSP,j in the modeling of a scalable PCAM synthesis,
which is not influenced bymixing, by using themicromixer setup
described in Section 3.3. Based on the state-of-the-art in Section
2.1, we identified the lattice ion ratioRNM‑O,total, which is strongly

Table 2. Influence of RNM‑O,total
−1 on pH, the Solid Phase Composition Analyzed by XRD, and the Elemental Composition

Determined by ICP-OES

xi/(g·g−1) in %

RNM‑O,total
−1 pH xj,solids,XRD/(g·g−1) Ni O H S

0.8 7.72 xβ‑Ni(OH)d2,solids = 0.79 ± 0.65a 50.4 44.2 2.7 3.6

1.5 8.24 xβ‑Ni(OH)d2,solids = 0.85 ± 0.24a 49.6 45.2 2.6 4.2

2.2 12.27 xβ‑Ni(OH)d2,solids = 0.82 ± 0.86a 49.0 45.8 2.8 1.9

expected for β-Ni(OH)2 xβ‑Ni(OH)d2,solids = 1.0 63.3 34.5 2.2 0

expected for Ni8(OH)14SO4 xNi(OH)d2,solids ≈ 1.0 58.4 35.8 1.8 4.0
aIndicates a mostly X-ray amorphous sample.

Table 3. Overview of the Newly Determined Solubility Products and Comparison with Data Available in the Literature for
Relevant Ni2+ Phasesa

25 °C 60 °C ΔHR
0/kJ·mol−1

log(KSP,Ni(OH)d2
/mol3 L−3) n.a. (−16.1;18 −17.0;17 −17.558) −14.69 (−15.81;17 −13.4559) 76.60 (95.417)

log(KSP,Nid8(OH)d14SOd4
/mol23 L−23) −104.2 ± 0.29 (n.a.) n.a. n.a.

log(KSP,Nid5(OH)d8SOd4
/mol14 L−14) −62.5 ± 0.13 (n.a.) n.a. n.a.

log(KSP,Nid4(OH)d6SOd4
/mol−11 L−11) −48.0 ± 0.05 (n.a.) n.a. n.a.

an.a.: not available.

Figure 7. Comparison of different modeling approaches for the co-
precipitation of Mn(OH)2(s) and Ni(OH)2(s).
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correlated to the pH, as themost important process parameter to
determine the composition of Ni/Mn-based co-precipitates. We
describe the composition by means of two quantities: the Ni
fraction of the total metal amount xNi,metals as defined in eq 24
and the molar amount of S incorporated into the lattice in
relation to the total metal amount in the solid sample RS‑NM
according to eq 25

=
+

=
+

x
n

n n

x

x xNi,metals
Ni

Ni Mn

Ni,solids

Ni,solids Mn,solids (24)

=
+

R
x

x xS NM
S,solids

Ni,solids Mn,solids (25)

The impact of RNM‑O,total on xNi,metals is investigated as shown
in Figure 9 by varying cOH ,feed2 for =c constmetals,feed1 .
Similarly to the co-titration of Ni(OH)2 and Mn(OH)2, an

enrichment of Ni is evident for understoichiometric conditions (
< ·c 0.5 mol LOH ,feed2

1, RNM‑O,total > 2) both in the samples
investigated by ICP-OES and TEM-EDXS as well as the model
results. For increasing cOH ,feed2, the Ni fraction decreases until
x 0.5Ni,metals is reached for = ·c 0.5 mol LOH ,feed2

1 which
corresponds to the metal composition in the reactant solution.
No deviations between the metal composition as predicted by
the thermodynamic equilibrium model and the experimental
data are evident.
The corresponding TEM-EDXS images in Figure 10 reveal

inhomogeneous particles for pHinit = 11.9 and pHinit = 12.5,
where areas of Ni andMn enrichment are evident. This confirms

the need for the inclusion of separate Ni(OH)2 and Mn(OH)2
phases in the modeling independent from pH.
The TEM-EDXS images were also analyzed quantitatively

regarding the molar fraction of S; cf. Figure 11. They visually
confirm our assumption from the titration studies that for the
process parameters considered, only Ni(OH)2 tends to
incorporate SO4

2− ions. For this reason, the relative sulfur
fraction RS‑NM is plotted as a function of xNi,metals as shown in
Figure 12 for three total lattice ion ratios RNM‑O,total in order to
(a) determine the main factors responsible for the SO4

2−

incorporation and (b) to evaluate if the enhanced model can
predict the amount of incorporated SO4

2−. RS‑NM and xNi,metals
were determined by both TEM-EDXS and ICP-OES.
In general, it is evident that higher xNi,metals result in higher

RS‑NM. Conducting the co-precipitation with at least the
stoichiometric amount of OH− ions (RNM‑O,total ≤ 0.5) decreases
the amount of SO4

2− incorporated into the solids. Both trends
confirm the results from the titration experiments. By comparing
the experimental data with the calculations, it is apparent that
these general tendencies as well as the quantitative amount of
incorporated sulfate ions for RNM‑O,total = 0.5 and RNM‑O,total = 0.3
can be predicted reliably. However, due to the nature of the
model, the strong scattering of RS‑NM determined by TEM-
EDXS for RNM‑O,total = 1.0 cannot be reproduced. Still, the
fraction of S in the total sample determined by ICP-OES is
predicted correctly.
In summary, the application studies confirm that the

thermodynamic equilibrium model based on the newly
determined KSP,j can quantitatively describe the sulfate
incorporation into the PCAM as well as the total Ni/Mn ratio
as a function of pH and the reactant composition. Especially for
RNM‑O,total

−1 < 2, where Ni(OH)2 precipitates predominantly and
SO4

2− ions are incorporated at a large scale, the assumption of a
common Ni/Mn mix phase is not recommended and
Nix(OH)y(SO4)z phases should be implemented in the

Figure 8. Calculated speciation and solid−liquid equilibrium for all
OH− species for the titration plotted in Figure 7 and the SIT model
variant with Ni(OH)2(s) and Mn(OH)2(s).

Table 4. Influence of RNM‑O,total
−1 on pH, the Solid Phase Composition Analyzed by XRD and the Elemental Composition

Determined by ICP-OES

RNM‑O,total
−1 pH xj,solids,XRD xi/(g·g−1) in % x̃Mn,metals

[-] [-] [-] Ni Mn S [%]

0.4 7.68 n.a.a 24.3 1.9 2.1 7.8
1.3 8.73 xMn(OH)d2,solids = 0.48; xNi(OH)d2,solids = 0.52 22.6 9.0 2.3 29.9

2.8 12.97 xMn(OH)d2,solids = 0.46; xNi(OH)d2,solids = 0.54 19.3 17.9 0.5 49.7

an.a. is not available.

Figure 9. Influence of cOH ,feed2 on the molar Ni fraction relative to the
total metal amount xNi,metals.
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thermodynamic model. Thus, our newly developed approach to
determining KSP,j from titration curves is suitable for the
development and improvement of thermodynamically based
precipitation models.
4.2. Cu/Zn-Based Catalyst Precursors. The most relevant

Cu/Zn phases in the preparation of Cu/Zn-based catalysts are
t h e p r e c i p i t a t e p h a s e ( z i n c i a n ) g e o r g e i t e
([Cu,Zn]2CO3(OH)2),the corresponding aged precursor
phase (zincian) malachite ([Cu,Zn]2CO3(OH)2) and aurichal-

cite ([Zn,Cu]5(CO3)2(OH)6). Since solubility data for these
phases, especially forT > 25 °C andCu/Zn ratios deviating from
the boundary compositions are mostly unavailable, cf. Table 1,
our focus is on the determination of their KSP,j as a function of
temperature and the Zn fraction xZn,metals according to eq 26.

=
+

x
n

n nZn,metals
Zn

Zn Cu (26)

Additionally, the influence of the process time tage on
KSP,Cu Zn CO (OH)1.46 0.54 3 2

will be investigated in order to evaluate if
the solubility data for the amorphous phase directly after co-
precipitation (zincian georgeite) and the data for the crystalline
phase after aging (zincian malachite) are interchangeable, as
assumed in the literature so far.49

Figure 10.TEM-EDXS images of co-precipitated Ni(OH)2/Mn(OH)2 particles prepared at different initial pH values with Mn highlighted in red and
Ni in green.

Figure 11.TEM-EDXS images of co-precipitated Ni(OH)2/Mn(OH)2
for x 0.5Ni,metals and RNM‑O,total = 0.3 showing the spatial distribution
of Ni and Mn (top image) and Mn and S (bottom image), respectively.

Figure 12. Influence of the Ni fraction in the total metal amount
xNi,metals on themolar S amount relative to the total metal amountRS‑NM

for different RNM‑O,total determined by TEM-EDXS [□,○,△] and ICP-
OES [⬓,◒,◮].
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4.2.1. Influence of the Zn Fraction and the Aging Time on
the Solubility of (Cu,Zn)2CO3(OH)2. First, the influence of the
molar Zn fraction xZn,metals, as defined in eq 26, on the solubility
product of zincian georgeite (ZG) KSP,ZG is investigated with the
titration experiments as shown in Figure 13. Each titration was

conducted three times. The pH curve is plotted as a function of
the total lattice ion ratio RCZ‑Z,total for three different Zn fractions
in the titrant solution xZn,metals,feed2.
For RCZ‑C,total = 0, the pure Na2CO3 solution is present.

Adding the Cu(NO3)2/Zn(NO3)2 solution results in an almost
linear pH decrease and immediate solid formation, which is
attributed to (zincian) georgeite according to the phase
composition as shown in Figure S.20 in the Supporting
Information based on model calculations and XRD and
CHNS analysis. For RCZ‑Z,total = 0.8, the XRD diffractograms
of all samples indicate an amorphous nature of the respective
sample, cf. the Supporting Information. There are two possible
reasons for this: for one, the crystallites are so small that peak
broadening dominates and individual peaks are not distinguish-
able anymore. However, samples prepared under similar
conditions but with RCZ‑C,total = 1.6 or >x 0.5Zn,metals do show
peaks, cf. the Supporting Information. Furthermore, doubling
the dwell time while maintaining the number of steps during
XRD analysis does not influence the resulting diffractogram.
Both indicate that peak broadening due to small crystallites is
not the reason for the amorphous diffractogram. The more
probable reason for this is that the solid itself has an amorphous
structure. Of all possible phases, only (zincian) georgeite is
known to be amorphous regardless of the particle size.60

Complementary FT-IR analysis confirms (zincian) georgeite as
the sole phase; cf. Section A.2 in the Supporting Information.
From RCZ‑C,total ≈ 0.6 on, the pH decline increases for all

xZn,metals,feed2 until a nearly constant pH arises for RCZ‑C,total > 1.1
which can be attributed to additional formation of rouaite
(Cu2(NO3)(OH)3) as a byproduct, cf. Figure S.20 in
Supporting Information. An evaluation of the titration curves
with our fitting routine for RCZ‑Z,total ≤ 0.8, where no rouaite is
formed, results in a correlation between the solubility product
and the Zn fraction in the solid sample xZn,metals,ICP which are
summarized in Table 5.

Compared to the solubility data for the crystalline phases
available in the literature, significantly smaller values for KSP,ZG
were determined here for each xZn,metals,ZG, cf. eq 26 and Section
2.1. Furthermore, the trend in KSP,ZG as a f x( )Zn,metals,ZG is
reversed in comparison to the two data points available in the
literature, cf. Table 1: the determined KSP,ZG increases with
increasing xZn,metals,ZG. Additionally, the actual Zn fraction of the
solid xZn,metals,ZG is compared to the feed composition. For
RCZ‑C,total = 0.8, x̃Zn,metals,feed2 ≈ x̃Zn,metals,ZG is valid meaning that
Zn is completely precipitated and incorporated into the zincian
georgeite lattice. The lowered Zn fraction for RCZ‑C,total = 1.6 is
attributed to the increasingly predominant formation of rouaite
instead of zincian georgeite, cf. Figure S.20 in the Supporting
Information.
Next, we evaluate if the solubility of the initial co-precipitate

(zincian georgeite) and the aged material (zincian malachite)
differ. We believe that due to the metastable nature of the initial
amorphous co-precipitate,61 separate data is necessary to
adequately describe both intermediates and the transformation
between both. Thus, Cu1.46Zn0.54CO3(OH)2 titrations were
performed for three different aging times tage in Figure 14. For
the fast titration to investigate the initial co-precipitation, a
maximum of tage = 30 s passed between two measuring points
resulting in a total titration time of less than 10 min. For the
other two variants, aging times of tage = 2 h, respectively tage ≥ 5
h, were realized in between each measurement point in order to

Figure 13. Influence of the Zn fraction in (zincian) georgeite on the
titration curve.

Table 5. Influence of the Zn Fraction in
[ ]Cu , Zn CO (OH)x x1 2 3 2Zn,metals,ZG Zn,metals,ZG

(Zincian Georgeite)
on the Determined Solubility Producta

x̃Zn,metals,feed2 0% 13% 16% 27%
x̃Zn,metals,ICP(RCZ‑C,total = 0.8) 0.15% 11.32% n.a. 24.29%
x̃Zn,metals,ICP(RCZ‑C,total = 1.6) 0.08% 9.96% n.a. 13.67%
x̃Zn,metals,ZG 0.15% 11.32% 16% 24.29%
log(KSP,fit/mol5·L−5) −30.66 −30.59 −30.32 −29.99
log(KSP,lit/mol5·L−5) −33.241 n.a. n.a. −36.415

an.a.: not available.

Figure 14. Influence of aging time on the titration curve of a
Cu1.46Zn0.54CO3(OH)2 (zincian georgeite/malachite with xZn,ZM =
0.27) precipitation considering formation of CO2(g) compared to a
thermodynamic model calculation with literature data and no CO2(g)
formation.
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form an aged co-precipitate. XRD and FT-IR analyses confirm
that amorphous zincian georgeite is formed for tage = 30 s while
crystalline zincian malachite is formed for tage ≥ 2 h, cf. A.7 in the
Supporting Information.
It is evident from Figure 14 that the three respective titration

curves differ significantly in the range 0.5 ≤ RCZ‑C,total ≤ 1.1. A
thermodynamic model based on literature data and the
assumption that no CO2(g) is formed is inadequate to describe
any of the three curves. Thus, the fit routine was applied in order
to consider a possible influence of the aging time on
KSP,Cu Zn CO (OH)1.46 0.54 3 2

and on the equilibrium between dissolved
and outgassed CO2 according to eq 27.

+ ++CO 2H O 3H O CO (g)3
2

3 2 2 (27)

This results in the data summarized in Table 6. The thus
updated models are able to reproduce the respective titration
curves in Figure 14. The molar amount of solids and CO2(g)
formed per kg of H2O (bi) is plotted in Figure S.21 in the
Supporting Information and suggests that the CO2(g) formation
is the main attributor for the aforementioned differences in the
titration curves.
The main finding from Table 6 is that the solubility of

Cu1.46Zn0.54CO3(OH)2 decreases significantly with increasing
aging times. This is consistent with the typical phase
transformation during aging where zincian georgeite transforms
into zincian malachite.32 The elemental analysis data in Table 6
confirms that the targeted Zn fraction =x 0.27Zn,metals,ZM and
elemental composition of zincianmalachite is realized for tage = 2
h. For tage = 30 s, the data suggests the formation of a hydrate
(Cu1.46Zn0.54CO3(OH)2(H2O)). The lower solubility product
for tage = 30 s compared to the values in Table 5 are the result of
applying KSP,rouaite = 1.91 × 10−36 as a boundary condition to
reduce the degrees of freedom in the calculation.14 This
emphasizes the importance of careful selection of compatible
solubility products and activity coefficient parameters in a
model.
In summary, we successfully applied the newly developed

fitting tool to determine K x( )SP,ZG Zn,metals,ZG . Furthermore, we
verified that the solubility products for the amorphous
metastable phase zincian gerogeite and its crystalline, aged
counterpart zincian malachite differ significantly. In both cases,
KSP,j were previously unavailable in the literature.
4.2.2. Temperature-Dependent Solubility Products of

Copper and Zinc Salts. Due to the lack of data in the literature,
the temperature dependency of KSP,j for the main solids phases
(zincian) georgeite, (zincian) malachite, aurichalcite, and
hydrozincite was investigated by conducting titration studies
at multiple temperatures. Figure 15 exemplarily shows the

titration curve and fittedmodel curves for hydrozincite, cf. eq 28,
for 25 and 65 °C.

V + ++

Zn (CO ) (OH) (s)

5Cu (aq) 2CO (aq) 6OH (aq)
5 3 2 6

2
3

2
(28)

In general, the two curves show a similar trend as a function of
the total reactant ratio: a decline that can be attributed to the
addition of acidic metal nitrate solution and simultaneous
formation of Zn5(CO3)2(OH)6 as confirmed by XRD analysis
and model calculations, cf. Figure S.22 in the Supporting
Information. Yet, in the range 0.6 ≤ RCZ‑C,total ≤ 1.1 a distinct
deviation between the curves is evident. The limited solubility of
CO2 at elevated temperatures is a possible reason for this
phenomenon. Thus, we implemented eq 27 into our
thermodynamic model.
Figure S.22 in the Supporting Information verifies that the

calculated amount of CO2(g) indeed increases with temper-
ature. Taking the CO2(g) formation into account allows the
determination of the temperature-dependent solubility products
for hydrozincite and analogue for the other five phases. The thus
determined KSP,j(T) for these solids are summarized in Table 7.
Using eq 7 a mean standard reaction enthalpy ΔHR was
calculated from the three temperature-specific solubility
products.

Table 6. Influence of the Aging Time tage on the Determined Solubility Products of Cu1.46Zn0.54CO3(OH)2 (Zincian Georgeite/
Malachite with xZ̃n,metals,ZM = 0.27) and the Composition of the Solids Determined by ICP-OES and CHNS Analysis

xi(RCZ‑C,total = 0.8)/(g·g−1) in %

tage log(KSP,fit(25 °C)/mol5 L−5) Cu Zn Na C H Oa N x̃Zn,metals,ZM /mol·mol−1

≤30 s −32.97 37.27 14.25 0.25 5.5 1.5 41.0 0.22 0.267
2 h −34.78 44.95 16.53 0 4.7 1.1 32.6 0.1 0.263
→∞ (>5 h) −35.28 40.86 14.76 0 4.9 1.4 37.5 0.2 0.260
expectation zincian georgeite hydrate
(Cu1.46Zn0.54CO3(OH)2·H2O)

n.a. 38.64 14.70 0 5.0 1.7 40.0 0 0.27

expectation zincian malachite
(Cu1.46Zn0.54CO3(OH)2)

(−36.415,42) 41.77 15.90 0 5.4 0.9 36.0 0 0.27

aValue based on mass balance.

Figure 15. Influence of temperature on the titration curve of
Zn5(CO3)2(OH)6 (hydrozincite).
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Applying KSP,rouaite = 1.82 × 10−3339 instead of KSP,rouaite = 1.91
× 10−3614 as a boundary condition resulted in a significantly
different log(KSP,aurichalcite(65 °C)/mol13 L−13) = −89.05 which
also affected the applied model calculations discussed in Section
4.2.3. Thus, for aurichalcite, an alternative analytical expression
for the temperature dependency was deduced additionally, cf.
Supporting Information.
In summary, we were able to determine KSP,j(T) for the

synthetic solid phases (zincian) georgeite, (zincian) malachite,
aurichalcite, and hydrozincite by applying the newly developed
fitting routine.
4.2.3. Modeling the Precursor Co-precipitation and Aging

Using the Determined Solubility Products. In the preparation
of the Cu/Zn based catalyst, zincian georgeite as an amorphous
intermediate is first formed by the initial co-precipitation.21,42,62

The particle properties of this intermediate can influence the
subsequent process as well as the final product properties36

which is why a reliable model is essential. Thus, the impact of the
newly determined solubility product for zincian georgeite on the
model quality compared to the use of literature data for rosasite
is evaluated in Figures 16 and 17 where the solid mass of the co-
precipitate as a function of the reactant concentration and the
pH of the suspension are displayed.
As to be expected for a maximum yield, the concentration of

zincian georgeite in the suspension czG,susp increases linearly with
the concentration of Cu and Zn in the feed solution creactants,feed2
both in the experiment and model calculations. For low
concentrations, both models result in similar values. However,
due to the smaller solubility assumed in the literature (KSP,ZG ≈

KSP,rosasite = 3.98 × 10−37), czG,susp is increasingly overestimated
for larger feed concentrations compared to the experimental
data. Meanwhile, the model matches the experimental data for
high creactants,feed2 if the adjusted solubility product [KSP,ZG(55
°C) = 2.34 × 10−35] is applied.
For the pH variation in Figure 17 RCZ‑C,total was varied by

adjusting the reactant concentrations and, in some cases, HNO3
and NaOH were added to adjust pH. The pH range was chosen
so that zincian georgeite remains the only product. Both model
variations behave similarly and mostly show deviations of less
than 5% compared to the experimental data. The remaining
uncertainties are a result of the activity coefficient model, as well
as the speciation equilibria applied. Yet, in some cases where
large amounts of HNO3 were added > ·c( 0.1 mol L )HNO ,feed2

1
3

,
the deviation of the literature model is increased compared to
the model variant with the adjusted KSP,ZG.
During the subsequent aging step the intermediate then

transforms, depending on the exact process parameters, into
zincian malachite, aurichalcite or byproducts such as rouaite
which affects the homogeneity and specific surface area of the
resulting catalyst.26,32 In Figure 18 the solid phase composition
after aging is plotted as a function of the temperature.
The experimental phase composition was determined by a

Rietveld refinement of the dried material as described
elsewhere.32 It indicates that for a ratio of nCu,total = 2nZn,total
zincian malachite is formed exclusively up to T = 60 °C. For
higher temperatures, the mass fraction of aurichalcite increases
up to xaurichalcite ≈ 26 wt %. Since temperature dependent
solubility products are not available for all phases in the
literature, cf. Table 1, this effect cannot be described by applying
the data from the literature. In contrast, by applying the

Table 7. Influence of Temperature on the Determined Solubility Products of Zincian Georgeite (ZG) (Cu1.46Zn0.54CO3(OH)2·
H2O), Georgeite (Cu2CO3(OH)2·H2O), Zincian Malachite (ZM) (Cu1.46Zn0.54CO3(OH)2), Malachite (Cu2CO3(OH)2),
Aurichalcite (Zn2.9Cu2.1(CO3)2(OH)6) and Hydrozincite (Zn5(CO3)2(OH)6) Compared to the Data Available in the Literature

T/°C 25 °C 45 °C 65 °C ΔHR
0/kJ·mol−1

log(KSP,ZG(T)/mol6·L−6) −32.97 −33.63 −34.22 −103.7 ± 31.2
log(KSP,georgeite(T)/mol6·L−6) −33.77 −32.30 −32.5 60.2 ± 41.1
log(KSP,ZM(T)/mol5·L−5) −34.78 (−36.415,42) −35.44 −36.03 −60.2 ± 15.5
log(KSP,malachite(T)/mol5·L−5) −35.02 (−33.241) −33.99 49.5
log(KSP,aurichalcite(T)/mol13·L−13) −76.16 (−90.115) −79.05 −82.19 −292.4 ± 20.9
log(KSP,hydrozincite(T)/mol13·L−13) −72.73 (−75.2743) −73.29 (−74.32) −73.62 (−73.48) −42.6 ± 5.7 (86.5)

Figure 16. Comparison of the calculated and experimentally
determined solid mass concentration of zincian georgeite as a function
of the initial supersaturation S at 55 °C.

Figure 17. Comparison of the calculated and experimentally
determined pH under variation of reactant concentrations at 55 °C.
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solubility products determined by the titration studies, the
formation of aurichalcite for T > 60 °C is correctly predicted
regardless of which temperature dependency was applied for
KSP,aurichalcite, cf. Table 7.
Besides the temperature, the reactant ratio of Cu and Zn is

known to determine the phase composition after aging.36 Thus,
its influence is plotted in Figure 19 for both experimental and

model data. Here, the analytical expression for KSP,aurichalcite was
applied since xaurichalcite(65 °C) is underestimated when applying
the van’t Hoff equation. In general, the phase composition of the
model quantitatively matches the experimental data quantita-
tively. The deviations in the range of < <x0.3 0.7Zn,feed2 are a
result of the similar lattices of aurichalcite and hydrozincite
which prevents a reliable differentiation in the Rietveld
refinement.32 The quantitative data of the experiments are
therefore to be evaluated critically.
In summary, the newly determined solubility products of

zincian georgeite, (zincian) malachite, aurichalcite, and hydro-
zincite were successfully applied in the modeling of both the
precipitation and the aging step in the preparation of Cu/Zn
based catalysts. Furthermore, the data from our titration studies
enhance the quality of the model, especially the simulation of
temperature effects.

5. CONCLUSIONS
In this work, we developed an easily applicable method for the
determination of solubility products for synthetic precipitate
phases as a function of the temperature and elemental
composition. It is meant to be used complementary to the
established and highly precise, yet time-consuming, and
analytically complex methods. Our method is based on easy to
execute titration studies and a thermodynamic equilibrium
model which comprises the solid−liquid equilibria, the
speciation equilibria in the liquid phase, and activity coefficient
models. Adequate software for solving these systems of
equations, such as PHREEQC, is freely available. By iteration,
the solubility products KSP,j of selected solid phases j are varied
to minimize the error between calculated and measured pH.
Prerequisites for the developed procedure are that the speciation
equilibria of the solids forming ions involve OH− and or H3O+

ions so that the pH during titration is influenced by the solids
formation and that the speciation equilibria as well as activity
coefficients are known precisely.
The applicability of the approach was verified with the

preparation of Ni/Mn based precursors for the cathode active
material (PCAM). Titration studies for Mn(OH)2 confirmed
solubility products found in the literature. However, for
Ni(OH)2 our approach revealed that significant amounts of
sulfur of up to xS = 4.2 wt % are incorporated into the lattice
during precipitation. Especially when the precipitation is limited
by the amount of available OH− ions in the solution, the use of
KSP,j from the literature alone could not accommodate the solids
formation. Only the implementation of Ni8(OH)14SO4 as an
additional phase and the determination of its solubility product
[log(KSP,Nid8(OH)d14SOd4

/(mol23·L−23)) = −104.2] enabled the
modeling of the experimental titration curve. Subsequent co-
precipitation studies confirmed the need for the implementation
of separate Ni(OH)2 and Mn(OH)2 phases in the thermody-
namic modeling of the process and reaffirmed the necessity to
consider hydroxy-sulfate phases for Ni. By including the
previously characterized hydroxy-sulfate phases into the data-
base, we were able to quantitatively predict the amount of
incorporated sulfate in PCAM with a thermodynamic
equilibrium model alone.
As a second example, to verify the generality of our approach,

we considered the precipitation of Cu/Zn based catalyst
precursors. Here, the substitution of Cu with Zn in the
amorphous precursor phase (z inc ian) george i te
([Cu,Zn]2CO3(OH)2) is targeted in the preparation at, in
general, 50−80 °C. However, KSP,j are only available for 25 °C
and for the similar crystal l ine phases malachite
(Cu2CO3(OH)2) and rosasite (Cu1.16Zn0.84CO3(OH)2),
which form from the amorphous precursor phase by aging.
Thus, we determined solubility products for the synthetic
precursor phase zincian georgeite as a function of the
temperature and its Zn fraction. Furthermore, temperature-
dependent KSP,j for the relevant aging products aurichalcite,
hydrozincite and (zincian)malachite were determined. The data
significantly differ from the previously available data for the
minerals. This is also evident in the co-precipitation studies
conducted, where the newly determined solubility products for
zincian georgeite improved the prediction of the solid mass. In
separate aging studies the quantitative phase composition of the
aged catalyst precursor was correctly modeled as a function of
temperature and the reactant ratio by applying the new
temperature-dependent KSP,j for the crystalline phases.

Figure 18. Comparison of the calculated and experimentally
determined phase composition after aging for a Cu/Zn/Zr ratio of
nCu,tot = 2nZn,total = 6nZr,total as a function of the temperature. Data from
ref 32.

Figure 19. Solid phase composition as a function of the molar Zn
fraction in the feed for T = 65 °C. Data from ref 32.
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On the basis of these results, we can confirm the applicability
of our new method to determine missing KSP,j from titration
curves even for complex, industrially relevant precipitate phases.
Furthermore, the discussed application studies prove the validity
of the thus determined solubility products for process modeling.
We believe that the simplicity of the suggested approach to
determine solubility products can help to enhance thermody-
namically based precipitation models. In particular, processes
with synthetic precipitates that strongly deviate from the
elemental composition or crystallinity of well-characterized
mineral phases or regarding the process temperature could
benefit from the new method. The two prerequisites for the
transfer to other substances are that pH is affected by the solid
formation and that the speciation in the liquid phase is well
characterized. Thus, the obtained values for KSP,j should ideally
be used in combination with the activity coefficient model and
speciation database applied in the determination of the
respective solubility product. We are convinced that the
presented tool will contribute to optimize precipitation
processes in the future, be it from an economic point of view,
regarding product properties, or to make the processes more
sustainable.
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