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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],CO;(OH),), 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 (Cu;;sZngg,CO;(OH),) which is used so far, and
applying the new data resulted in an improved model accuracy. Furthermore, we identified Nig(OH),SO, 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 synthesis’
and precursors for the cathode active material (PCAM) in Li-ion
batteries” and pigments,” but also in the water purification’ or
quantitative analysis.” On the one hand, the chemical industry
has to become sustainable and as CO, 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

© 2024 The Authors. Published by
American Chemical Society

WACS Publications

14333

100 to 500 Mt in 2050”° and the demand for Li-ion batteries
from 230 GW h in 2020 to 1.3 TW h in 2030.° This makes it all

the more important not only to be able to control precipitation

Received: April 28, 2024
Revised:  July 16, 2024
Accepted: July 16, 2024
Published: August 1, 2024

research

https://doi.org/10.1021/acs.iecr.4c01616
Ind. Eng. Chem. Res. 2024, 63, 14333—-14351


https://pubs.acs.org/page/virtual-collections.html?journal=iecred&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Guse"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lukas+Metzger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Kriesten"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elisabeth+Eiche"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthias+Kind"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.iecr.4c01616&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01616?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01616?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01616?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01616?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01616?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01616?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01616?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01616?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/iecred/63/32?ref=pdf
https://pubs.acs.org/toc/iecred/63/32?ref=pdf
https://pubs.acs.org/toc/iecred/63/32?ref=pdf
https://pubs.acs.org/toc/iecred/63/32?ref=pdf
pubs.acs.org/IECR?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.iecr.4c01616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IECR?ref=pdf
https://pubs.acs.org/IECR?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

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
- Mn,(OH)(SO, Ni/Mn
- Ni(OH), Ni/Mn
pyrochroite Mn(OH), Ni/Mn
malachite Cu,(OH),CO, Cu/Zn
rosasite Cuy 14Zngg,(OH),CO; Cu/Zn
rosasite Cu, ,Zny4(OH),CO; Cu/Zn
aurichalcite Zn,,,Cu, ,3(OH)4(CO,), Cu/Zn
hydrozincite Zng(OH)4(CO;5), Cu/Zn
gerhardtite Cu,(NO,;)(OH), Cu/Zn
rouaite Cu,(NO,;)(OH), Cu/Zn

“Adopted from ref 2 for different stoichiometry. “Derived.

Kgp (25°C) AT)? year ref(s)
~107%¢ no 2022 29
7.94 x 1077 no 1997 18
6.03 x 10716 no 2009 22
1.07 x 107" yes 2014 17
2.00 X 1078 no 2009 17,22
1.58 x 10713 no 2004 39
191 x 1078 no 1999 40
6.92 x 1073 no 2007 41
3.98 X 107 no 1980 15
3.98 X 10777 no 2017 42
7.94 x 10~ no 1980 15
107730 yes 2001 43
1.82 x 1073 no unknown 39
1.78 X 10733 yes unknown 44
8.13 X 1077 no 2010 14
1.91 x 1073¢ no 2010 14

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.'” 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.' "

However, due to the very limited solubility of sparingly
soluble salts in water of less than 1 g-L_l, 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.'® After filtration, ion concentrations in the saturated
solution are quantified by elemental analysis'*"> or by
electrochemical means.'® 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),
where results between Kgpnion), = 1.07 X 10777 and

Kspnion), = 7.94 X 10717"% 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.' 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 Kgp 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
sizes'” or the composition.”” Instead, authors rely on existing
Kgp which are often only available for 25 °C and for mineral
phases similar to the synthetic phases under consideration.'”~**
However, mineral and synthetic phases often differ in the
following properties:

e 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 PCAM Ni(OH), and Mn(OH),*****
or in the preparation of Cu/Zn-based catalyst precursors
where, first, the amorphous phase georgeite
(Cu,CO,;(OH),) is formed instead of the crystalline
and better characterized phase malachite
(CU2CO3(OH)2)-25'26

e 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 #-Ni(OH),
(theophrastite) and Mn(OH), (pyrochroite) lattices,
which affected the quality of the resulting batteries.”’ >’

e 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 (Cu,CO5(OH),)
and rosasite (Cu, 46Zny5,CO;(OH),).”° 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.”’

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/
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Zn-based catalyst precursor’> or the variable amount of SO,*~
ions from the educt salts incorporated into Ni(OH), and
Mn(OH),, 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 Kgp 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), or
Mn,(OH)SO, was formed.”” 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 Kp values were calculated from pH
and “the expected concentration (---)”. Giildenpfennig et al.
conducted similar titration studies with the model system BaSO,,
as the precipitant and were able to optimize their kinetic
precipitation model by applying the thus determined Kgp 0, in

combination with similarly determined surface energies o."
They described the hydrochemistry with the Davies approach
which is, in general, limited to ionic strengths of approximately
0.5 mol-L™".7%*

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 Kgp based on our thermody-
namic equilibrium model describing the hydrochemistry at
industrially relevant ionic strengths above 0.5 mol-L™" and the
solid—liquid equilibrium on the other side.

2. THERMODYNAMIC DESCRIPTION OF
PRECIPITATION

Thermodynamic data, such as the solubility product Kgp, ion
association constants in the liquid phase (Ki,), or the
stoichiometry limitations of solid solutions, e.g., how much Zn
can be incorporated in the zincian malachite phase
([Cu,Zn],CO;(OH),), 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 §; according to eq 1. It is described in terms of the
actual activities of solid-forming ions a; in the solution, the
solubility product Kgp;(T) of the solid phase j, and the
stoichiometric coefficients v;; and v, which is the sum of all v;;.

S:[H%ﬁ

K (T)

1/u,

1

The solubility product Kgp; 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 a3 and
its stoichiometric coefficient v;;.

38
K, =[] a5 ()

The activity g; of an ion i can be calculated from its molality b,
the reference value b° = 1 molkg™" solvent and its activity
coefficient y; according to eq 3. Thus, nonideal ion interactions
are considered.

bi
a. = Y-—
T ®)

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

b = b rora — Z Vb — Z Vi,j‘bj
k j (4)

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

K %
T e (5)

As stated previously, Kgp values are, in general, determined by
elaborate equilibrium studies.'>'® Similar approaches are
established for the determination of K, in the liquid phase.*
An overview of the available Kgp 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.>**7*% Additionally, the variation of available Kgp for a
single phase, e.g.,, Ni(OH),, can lead to significant differences in
the kinetic descriptions.

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 [Ni; gMn,;Cog,](OH),
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."”

S=\/ (aNi“)o'g(‘an“)o'l(acO“)o'l(“OH‘)2

3 )
(KSI\II;(OH)Z)O.S . (I<Sl\gn(OH)z)0,1 . (KSCPO(OH)Z)O.I (6)

However, additional sulfate-containing phases may have to be
considered.”” >’ Furthermore, Ni(OH), and Mn(OH), show
diverging precipitation kinetics resulting in nonhomogeneous
metal distributions in some cases.** For this reason, ammonia
solution is often added to induce the complex formation of Ni**
ions and NH3(aq) in the liquid and, thus, control the
supersaturation of Ni(OH),(s).”*® Therefore, describing
precipitation with a single Kgp has its limitations. Furthermore,
both the degree of SO,*~ incorporation as well as the spatial

https://doi.org/10.1021/acs.iecr.4c01616
Ind. Eng. Chem. Res. 2024, 63, 14333—14351


pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c01616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

distribution of the individual metals greatly affect the resulting
capacity and cycle stability of the final Li-ion batteries.*”** This
shows how important it is to develop tools that allow for the
modeling of these phenomena.

Several authors described the co-precipitation step™*** as
well as the subsequent aging step’™*” 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.”” 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
Zn, ,CO;5-

zincian malachite Xz, peszv ([Cuy &Z“Ymmls’m]
50,51

_&Zn,memls,ZM
(OH),), cf. eq 26 later on, on the later catalyst performance.
Thus, in addition, a prediction of the phase composition in the
solids after aging as well as &7, .1 71 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.*”

In summary, several, in parts successful, approaches to model
the co-precipitation of Cu/Zn-based catalyst precursors and Ni/
Mn-based PCAM exist. However, key characteristics of the co-
precipitates, which are crucial for the later product qualities,
such as the incorporation of SO,>” ions into the PCAM, the
deviating precipitation kinetics of Ni(OH), and Mn(OH),, 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 composition' and phase
composition52 of the co-precipitate, its total solid mass
concentration in the suspension, the particle morphology™
and size distributions’ as well as the spatial homogeneity of the
particles*” 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 Kgp, kinetic
models require, among others, the surface energy o; for each
solid phase j, for which reliable values in the literature are even
more sparse.'” Since our focus is on the determination of Kgp
and the evaluation of the determined values, we confine
ourselves to a thermodynamic equilibrium model, where o; is
irrelevant, with the supersaturation S, 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—35, the accuracy of our
calculations are exclusively a function of the speciation
calculations, the activity coefficient model, and Kgp; itself.

The software PHREEQC (iphreeqc version 3.7.1)>* 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 byeyctants tora the water mass My

, the temperature T and, if an exchange between the gas phase
and liquid phase is considered, the partial pressure of CO, p, .

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
[Kiai(T)], phase-specific solubility products Kgp,(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 3.7.1°*) and the specific
ion interaction theory (SIT) for the Ni/Mn system
(ThermoChimie SIT v10a'”) resulting in two separate data-
bases. The accuracy of the speciation data and activity coefhicient
models azpplied were verified by Guse et al. for the Cu/Zn-based
system.3

The temperature dependency is either specified by analytical
expressions for Kgp(T) and Ky, ((T) or given by the respective
value at T° = 298.15 K and a standard reaction enthalpy AHY .
Kgp(T) and, accordingly, K, ;(T) can then be calculated using
the van’t Hoff equation given in eq 7.

Kgp ((T) _ AH{{( 1 1)

In| <= — - =
Kgp o(T7) R

T T )

Further output variables apart from the supersaturation S; are
the molality bg; for each solid phase j considered, the activities of
each species i in the liquid phase a;, and the pH. For the standard
case, we assume that there is no interaction between the liquid
and the atmosphere so that any CO, formed remains dissolved.

We consider two different states:

e t =t 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
S;iniv Which we presume as the main driving forces for
solid formation in co-precipitation.

e t=t,: the state of equilibrium where all considered solids
phases are saturated or undersaturated. This state is
applied to validate and determine Kgp; 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,'”*” 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 Cu,CO;(OH),
(georgeite) in eqs 8—12.

H,0"(aq) + OH (aq) 2 2H,0 (8)
Cu2+(aq) + OH (aq) = CuOH+(aq) (9)

https://doi.org/10.1021/acs.iecr.4c01616
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Cu®*(ag) + 20H (aq) = Cu(OH),(aq) (10)
CO,* (aq) + H,0%(aq) = HCO, (aq) + H,0 (11)

CuZCO3(OH)2(s) = 2Cu2+(aq) + CO32_(aq) + ZOH_(aq)
(12)

pH is inversely correlated to the activity of H;O" ions ay o+

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, Na CO3(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, H;O" 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 Cu,CO;(OH), in eq 12] forms a complex
involving H;O" or OH™ in the liquid phase. This is the case for
Cu’", 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 H;0* or OH™, e.g,, CO;*~
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 Cu,CO;(OH), with two model calculations:
one based on the application of literature data, cf. Table 1 and
one using Kgp ; values which were the result of our fitting routine.

12
CNa,CO, o1t = 0-5 mol Lt
\ CeuNoy),sol2 = 1.0 Mol Lt
%\ O Experimental data (25 °C)
o} Calculations:
10+ B' pe oo |jterature data
&D log(KSP‘Cuz(NOZ)(QH)l) =-35.72
nl 109(Ksp cuyconon,) = -33:2
I§ = = Fitted values
‘.‘ 109(Ksp, cu,(Nos)(0H)sH,0) = -32.11
\I 8 1 E.‘ 109(Ksp cuyco,yon),) = -30-31
ro \
= \
B
64 ) NRMSEq, = 0.0241
oo,
°y
RS B ro-nas
o NRMSE, = 0.0861
0.0 0.5 1.0 1.5 20
RCZ-C,totaI /-

Figure 1. Comparison of the experimental titration curve of a
Cu,CO;(OH), precipitation with two model calculations.

Here, pH is plotted as a function of the total lattice ion ratio
Rez.ctoral Which is defined as follows

bCu“,totaI + bZn“, total

Rez-ctotal = b
COg_,total (13)

Rez cporal = 0 indicates the start of the titration experiment
with Na,CO,(? as the starting solution into which Cu-
(NO,),® is then added dropwise resulting in an increasing
Rey.coar 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 Cu,CO;(OH),-H,0 (georgeite hydrate) as confirmed in
the speciation calculation in Figure 2 as well as the XRD, FT-IR,

1004

Cu,CO,(OH),*®

0
bspecies k / bCuz*,total [A’]

0.14
;o . Cu,OH* @) — -
/ y ' 7
0.01 4 -—
0.0 0.5 1.0 1.5 2.0

I'-">CZ-C,‘co‘caI [']

Figure 2. Calculated speciation and solid—liquid equilibrium for all
Cu?* species for the titration plotted in Figure 1.

and elemental analysis of the solids (cf. A.2 in Supporting
Information). After a sharp decline at the stoichiometric ion
ratio Ry c tora = 0.5, a second plateau is present for Rey ¢ rora = 1
where, according to the model and solid analyses (cf. A.2 in
Supporting Information), an increasing amount of the by-
product Cu,(NO;),(OH), (rouaite) of up to &,o ¢opigs = 80.6 Wt
% for Rez.cotal = 1.6 is formed.

In general, pH is influenced by three main factors: the
speciation of Cu®" 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
literature™” indicate that both the speciation calculations as well
as the applied activity coeflicient 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 Cu?" is mainly bound in the solid phases. The same also
applies to the CO;*~ and OH™ ions. This is due to the extremely
low Kgp; values, cf. Table 1, which are integral for all sparingly
soluble salts. For these reasons, the applied values for Kgp; are
the main factor determining if the experimental pH pH,,, and
the calculated pH pH, match. Still, the determined Kgp; is
influenced by the speciation database and activity coefficient
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Figure 3. Schematic diagram of the fitting routine to determine Kp of sparingly soluble salts j by combining titration experiments and thermodynamic

equilibrium calculations.

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 Kgpgeorgeire 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 Rey o = 1 can be attributed to a
possibly unsuitable Kgp cy,co,0m), and/or Kgpcuyno,),(0H),

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 pH.,,,; a separate
thermodynamic equilibrium calculation is conducted resulting

in pH_, ;. The arithmetic mean pH p_Hexp results from eq 13.
\/‘ 2 (PH = PHa
NRMSE = a
PH (14)
N
p_H — zi: 1 P Hexp B
exp N (15)

Next, NRSME is minimized iteratively by varying, depending
on the chosen input, one or more Kgp; until the target error is
achieved or, due to the highly nonlinear correlations, a local
minimum for NRMSE is found and further variation of Kgp;
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 Kgp; is important. Besides
NRMSE, an analysis of the solids formed during titration by
XRD and elemental analysis is essential to validate the solid-

14338

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 SO,*~ into PCAM.

For the example titration, our fitting routine resulted in a
much smaller error (NRMSE, = 0.0241) than to the use of
literature data (NRMSEg, = 0.0731) which is also evident in
Figure 1. This way, to our knowledge, we were able to determine
solubility data for synthetic amorphous Cu,CO;(OH),-H,O
(georgeite hydrate) (Ksp cy,co(om), = 107°3*™) 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 (Kgpcy,co,on), = 107**?) for modeling the

precipitation of the intermediate phase. These seemingly small
differences for Kgp ¢, co,(om), result in supersaturations differing

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

Accordingly, our approach to determine Kgp ; has proven to be
suitable and is applied in Section 4 to, first, obtain missing Kgp;
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
MnSO,/NiSO, (both >99% purity, Carl Roth GmbH) solution
using deionized water (<S50 uS-cm™'), was supplied in a
temperature-controlled reactor (500 mL, +1 K) while the other
[e.g, 2 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 pH was measured (HI11310,
Hanna Instruments). For all precipitations with manganese
compounds, the deionized water was first degassed by boiling
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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.” 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 + 0.0S,
Carl Roth GmbH).

3.2.1. Cu/Zn-Based Catalyst. For the Cu/Zn system, the
alkaline Na,CO; (>99% purity, Carl Roth GmbH) solution was
supplied in the reactor in order to prevent the formation of
CO,(g) at small pH. Then, a solution of Cu(NO;), (>99%
purity, Acros Organics) and/or Zn(NO;), (=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.”® The mixer has two
inlets with d; = 0.5 mm which 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 mm® ensuring high and homogeneous energy
dissipation rates and thus fast mixing where mixing influences on
the solid formation are ruled out.”® 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~" (error < 1%) at high pressures (p,, ~ 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, NaHCO;
(>99% purity, Carl Roth GmbH) instead of Na,CO; 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 N, 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 eftects. The maximum total flow rate is 720 mL-
min~! with an error of less than 1%. The total volume flow
strongly correlates with energy dissipation rates and mixin%
times which, in turn, may influence the co-precipitation.'””
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 Biichner funnel with a diameter of 55 or 185 mm
and glass fiber round filters (>0.6 ym, 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 25 Ultra-Turrax with § 25 N—18 G, 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 N,
minimized oxidation.

Washing was completed when the conductivity of the filtrate
fell below 50 uS-cm™! (Profiline LF 197, WTW) and, in the case
of the Cu/Zn system, the nitrate concentration dropped below
10 mg-L™" (Nitrate test strips, VWR). The conductivity meter
was calibrated with two reference solutions (conductivity
standards 1413 + 1 and 84 + 1 uS/cm, Carl Roth GmbH).
The filter cake was then dried at 9 = 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 Ka radiation, 1.54 A wavelength, with a Ni
filter). The diffraction pattern was measured in the range of 5° <
20 < 80° over a period of 120 min.

The XRD diffractograms were analyzed using Rietveld
refinement and Profex S.1. Section A.S 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-OES measurements, 50—100 mg of the samples were
first digested by adding 6 mL of 65% HNO; (subboiled) and 2
mL of 30% HCI (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 uS-cm™) 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 xg was then calculated
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from all other fractions measured, assuming that no further
elements are present.

The mass fraction of nitrogen #y o, 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) %;oyaite,solids
according to eq 16 under the assumption that all N atoms are
present as NO; in the rouaite lattice. Here, %y o is the
stoichiometric mass fraction of N in the rouaite lattice.

xN,total

'xN, rouaite ( 1 6)

xrouaite, solids —

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, VWR Chemicals).
The mixture was ground for 1 min and pressed into a disc
(hkpe 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™".
Before each measurement, the chamber was purged for S min
with N, to remove any CO, 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 Kgp; 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 Kgp 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), and Ni(OH), the prerequisite for applying our
approach, that pH is influenced by solid formation, is met. We
concentrate on the following three key questions:

e Can the fitting approach based on experimental titration
studies and thermodynamic equilibrium calculations be
applied to determine Kgp; for salts relevant as PCAM?

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

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

The total lattice ion ratio R0 totar i defined according to eq
17 and applied to plot titration curves independent of reactant
concentrations and volumes. Ryp.ogora = 0.5 is equal to a
stoichiometric precipitation of Ni(OH),(s) and Mn(OH),(s),
respectively.

anH,tota] + bNiH,total

RNM- O,total = b
OH",total ( 17)

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

Mn(OH), = Mn** + 20H~ (18)

Ni(OH), — Ni** + 20H~ (19)

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

14

MnSO, - NaOH precipitation
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Figure 4. Comparison of the experimental titration curve of Mn(OH),
precipitation from MnSO,*? with thermodynamic equilibrium model
calculations based on available literature data and fitted data,
respectively.

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 Ryj.o tora With
RRM.0 ot = 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),(s) according to the speciation
calculation in Figure S, only a small pH increase is evident in
both the experimental and model data up to the stoichiometric
lattice ion ratio Ryj.o oral = 2 Where all Mn®* 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 Mn;0,, 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(Kslen(OH)bm) = —12.70]"" and a fitted

solubility product for Mn(OH),(s) [log(Ksp (o), i) =
—12.06 + 0.22], respectively, show a similar trend and depict

https://doi.org/10.1021/acs.iecr.4c01616
Ind. Eng. Chem. Res. 2024, 63, 14333—14351


https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c01616/suppl_file/ie4c01616_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01616?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01616?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01616?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01616?fig=fig4&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c01616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

1

bspecies k / bOH‘,totaI [']

0,0 1,0 2,0 3,0
-1
RNM-O total [']

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

the experimental titration curve adequately (NRMSE; =~
NRMSE;; < 0.10). The deviation of both Kgp may result
from deviations in the speciation database or the activity
coeflicient model applied, cf. A.3 in Supporting Information.
The specified uncertainty of the newly determined
Kgp mn(om), e results from the evaluation of four independent

titrations. In a similar titration conducted by Cornu et al., SO,>~
ions were incorporated into the crystal lattice of Mn(OH),(s).””
This was not the case here; cf. Figures 11 and 12 which are
discussed later on. A possible explanation is that the Mn(SO,),
solution was higher concentrated in the study by Cornu et al.
Thus, at a defined pH, the ratio between available SO,>~ and
OH" ions is higher which may favor the incorporation of sulfate
into Mn(OH),(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 for T = 60 °C, cf. A.6
in Supporting Information, to determine the temperature
dependency of Kgp yi,(om),» Which is unavailable in the literature.

Thus, AHIE’MH(OH)2 = —0.54 kJ-mol ™" was calculated using eq 7
with log(Ksp‘Mn(OH)z(60 °C)) = —12.07 which is much smaller
than the value for Ni(OH), available in the literature:
AHIE'Ni(OH)Z = —84.39 kJ-mol """ and might explain why the

precipitation of Ni(OH), dominates at elevated temperatures in
a co-precipitation of both phases.”

4.1.2. Solubility Products of Ni(OH), and Nickel Hydroxy!
Sulfates as Possible Byproducts. The same procedure is
repeated for the other main precipitate, Ni(OH),, as shown in
Figure 6. In general, an experimental titration curve similar to
that for Mn(OH), is apparent. However, the sudden increase in
pH, which indicates that all available Ni** ions are depleted,
already occurs at Rg}w_o‘ml = 1.75. Thus, a clear deviation is
evident for the model calculation using literature data where, as
expected, the increase occurs at Rip. o toral = 2, the stoichiometric
ion ratio for Ni(OH),. Rietveld refinement confirms -Ni(OH),
(theophrastite) as the most probable phase but shows high
uncertainties and small fractions of a-Ni(OH), (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
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Figure 6. Comparison of different modeling approaches concerning the
incorporation of SO,*~ into Ni(OH),(s) to describe the experimental
titration curve.

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 (x5 > 3.6%) are incorporated into the
precipitate for Ri\.oorl < 2, most probably as SO,>~ ions. A
significant drop in x is evident for Ryyp.o ot > 2 When there is a
stoichiometric excess of OH™ ions with respect to Ni(OH),.
Assuming that all available Ni**, OH™, and SO,*” ions form a
common solid phase at Rg}w_mml = 1.75, where the increase in
pH occurs experimentally, Nig(OH),SO, results quantitatively
from the molar ratio of the three ions as the theoretical solid
phase, cf. eqs 20 and 21.

1 1
-1
For Rpm-0,total = 1.75: ngi“,tot = ﬂbOH’,tot = bSOf’,tot

(20)
Nig(OH),,SO, — 8Ni** + 140H™ + SO,>~ (21)
Ni(OH),SO, — SNi*" + 80OH™ + SO,*~ (22)
Ni,(OH),SO, — 4Ni*" + 60H™ + SO,*~ (23)

Here, x5 = 4.0% is to be expected which matches well with the
experimental xg in Table 2. Our hypothesis is that due to a lack of
OH™ ions, SO, ions are incorporated into a theophrastite (/-
Ni(OH),)-like lattice instead. Similar phases with ratios of
hydroxide to sulfate ions of 6 to 10 were reported for Cu and Al
(Cu,(SO,)(OH)42H,0, Al,(SO,) (OH),,:5H,0)>° as well as,
more recently, for Mn (Mny(OH),S0,,”® Mny(OH),,(SO,),-
H,0,”” Mn,(OH)S0,*).

Compared to the model variant with literature data (NRMSE
= 0.1296), a much better agreement between the model and
measurement is achieved when applying the model variant based
on Nig(OH),SO, (NRMSE = 0.0322). When applying models
with multiple Nix(OH)y(SO4)Z phases, in order to address the
variable x5 as a function of Rypoony 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
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Table 2. Influence of Ryi.o ot O PH, the Solid Phase Composition Analyzed by XRD, and the Elemental Composition

Determined by ICP-OES

RNM-Oytotal pH %;soriasxrn/ (8871
0.8 7.72 X.Ni(OH)ysolids = 0.79 + 0.65“
1.5 8.24 X i(OH) ol = 085 & 0247
22 1227 i (OH) salids = 0-82 £ 0.86°

expected for -Ni(OH),
expected for Nig(OH),,SO,

Xp.Ni(OH)ysolids = 10
XNi(OH),solids ~ 1.0

“Indicates a mostly X-ray amorphous sample.

x;/(g:g™") in %

Ni (¢} H S
50.4 44.2 2.7 3.6
49.6 45.2 2.6 4.2
49.0 45.8 2.8 1.9
63.3 34.5 2.2 0
58.4 35.8 1.8 4.0

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

Relevant Ni** Phases”

25 °C
na. (-16.1;" —=17.0;"7
—1042 + 029 (n.a.)
—62.5 + 0.13 (na.)
—48.0 + 0.05 (n.a.)

log(Ksp ni(om),/mol® L)
log(Ksp,niy(om),s0,/mol” L72%)
log(Ksp i,(om,s0,/mol* L)
log(KSP,NiA(OH)ESO/ mol ™ L7!)

“n.a.: not available.

-17.5°%)

60 °C AHY/kJ-mol ™!
—14.69 (—15.81;'7 —13.45%%) 76.60 (95.4'7)
n.a. n.a.
n.a. n.a.
n.a. n.a.

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 Nig(OH),SO, phase and its
determined solubility product are suitable means for describing
the Ni(OH), 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), suggested that SO,*~
ions are incorporated into the crystal lattice, especially for
RiM-0yotal < 2. Thus, we identified possible Ni,(OH),(SO,),
phases and determined the Ky for these to enable the modehng
of SO,* incorporation in PCAM.

4.1.3. Application of the Newly Determined Solubility
Products for Modeling the Co-precipitation of Ni(OH), and
Mn(OH),. A titration with the equimolar co-precipitation of
Ni(OH), and Mn(OH), 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), and Mn(OH),, a variant with multiple
Nix(OH)},(SOA‘)Z phases, cf. eqs 21-23, and the fitted Kp,
from Table 3; and last, a variant where a common Ni—Mn phase
is implemented according to Para et al. and eq 6."

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 R;Hlv[_o,mtal up to R;Ii,[_o,mal = 1. Here, a change in the slope
is apparent. The speciation of OH™ in the liquid and solid phase
as a function of R0 ot in Figure 8 indicates that the changed
slope might be due to the changed composition of the
precipitate: from pure Ni(OH), to a mixture of both hydroxides.
This assumption is confirmed by the elemental analysis data
summarized in Table 4. For R;r%v[_o,mtal < 2, the solid is mostly
composed of Ni with only small but increasing fractions of Mn.
For Riulw-o,mtal >2, OH" ions are present superstoichiometrically
and an equimolar amount of Niand Mn is present in the solids as
expected from the reactant concentrations. Rietveld refinement

14342

14

NiSO, / MnSO, - NaOH co-precipitation
13 4 Chiso, son = 0.125 mol L

Chtnso, son = 0-125 mol L™

12 J[Cnaoksor2 = 1:25 mol L™
9=250+00°C

114 Experimental data

Multi-phase model

1
T 10 (Nis(OH);SO, Ni(OH), & Mn(OH),)
o NRMSE =0.0196 \
°4  _—g8®C
8
______ (Adjusted) Literature model
7 (Ni(OH), & Mn(OH),)
NRMSE = 0.0259
6 T T T T T T T

0,0 0,5 1,0 1,5 2,0 25 3,0
1
RNM-O total /-

Figure 7. Comparison of different modeling approaches for the co-
precipitation of Mn(OH),(s) and Ni(OH),(s).

of the XRD diffractograms further verify that the relevant solids
phases are indeed Ni(OH), and Mn(OH),, 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), and Mn(OH), for Riy.otom < 2. Integrating
Nis(OH)sSO, as an additional phase slightly increases the
model accuracy (NRMSEg.q > NRMSE}). The more
important advantage, however, is that the incorporation of
SO, ions can be modeled correctly for Rinroom < 2 by
implementing Nis(OH)4SO,.

Finally, we want to evaluate the accuracy of the newly
determined Kgp; in the modeling of a scalable PCAM synthesis,
which is not influenced by mixing, by using the micromixer setup
described in Section 3.3. Based on the state-of-the-art in Section
2.1, we identified the lattice ion ratio Ryp_o toray Which is strongly
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Ind. Eng. Chem. Res. 2024, 63, 14333—14351


https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c01616/suppl_file/ie4c01616_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01616?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01616?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01616?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01616?fig=fig7&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c01616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

1,04
0,8 Ni(OH),®
=
E
L
206
O
Ke)
=
x
1] .
% 0,4 - L
& .
° A )
,/ Mn(OH),
0,2 + /s S
Mn(OH)* 7 / OH
n 7 s
" NiOH"* v ;
/ i
0,0 = T T T T T
0,0 0,5 1,0 15 2,0 25 3,0

-1
RNM-O total /-

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),(s) and Mn(OH),(s).

correlated to the pH, as the most 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 Xy .., 25 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 Rg
according to eq 25

- Ny X Ni, solids
xNi,metaIs = =7 ~
LGS + OV xNi,solids + an,solids (24)
‘xS,solids
Rgxm = -
xNi,solids + an,solids (25)

The impact of R0, total O0 &N metals 1 investigated as shown

in Figure 9 by varying ¢oy- feeds fOT Cetals feear = cONS.

Similarly to the co-titration of Ni(OH), and Mn(OH),, an
enrichment of Ni is evident for understoichiometric conditions (

CoH feedz < 0-5 mol-L}, Ramooral > 2) both in the samples

investigated by ICP-OES and TEM-EDXS as well as the model
results. For increasing Copy- eqp, the Ni fraction decreases until

Fni metals ¥ 0.5 is reached for Cop-feqy = 0.5 mol-L”" 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 pHy;; = 11.9 and pHj,, = 12.5,
where areas of Ni and Mn enrichment are evident. This confirms

100 H
90 by TEM-EDXS
80 PpH;=8.8 v
< 7] calculated
% 70 1 (thermodynamic model)
é. 60 Reactant ratio PHiy=12.5
© 50 fmcmmcmccmcccccncccaconiocenenneneans®
£ J[(Ni,Mn)(OH), co-precipitation PH=11.9
© 40 2 Sample
2§ 30 ] Chiso, soi = 0126 mol-L! inhomogeneity
1< 20 EMnSOA,soH =0.125 mol-L"! across 10 images
10 4] Chtepersooasmix = 25 G-
Viotal = 500 mLmin™", T= 25 °C|
0 - T . T . T v
0.0 0.2 0.4 0.6 0.8

~ -
CoFeedz [MOI L]

Figure 9. Influence of £5y- .4, On the molar Ni fraction relative to the

total metal amount XN, metals*

the need for the inclusion of separate Ni(OH), and Mn(OH),
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), tends to
incorporate SO,>” ions. For this reason, the relative sulfur
fraction Rg .y is plotted as a function of Xy et @8 shown in

Figure 12 for three total lattice ion ratios Rypy.o ot int Order to
(a) determine the main factors responsible for the SO,*~
incorporation and (b) to evaluate if the enhanced model can
predict the amount of incorporated SO,*~. Rg yy and ENi metals

were determined by both TEM-EDXS and ICP-OES.
In general, it is evident that higher & ¢, result in higher

Rgnm- Conducting the co-precipitation with at least the
stoichiometric amount of OH™ ions (R0 toral < 0.5) decreases
the amount of SO, 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 Ry o tora = 0-5 and Ry o oral = 0-3
can be predicted reliably. However, due to the nature of the
model, the strong scattering of Rgyy determined by TEM-
EDXS for Rypogota = 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 Kgp; 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
RiM.0oral < 2, where Ni(OH), precipitates predominantly and
SO,* ions are incorporated at a large scale, the assumption of a
common Ni/Mn mix phase is not recommended and
Ni,(OH),(SO,), phases should be implemented in the

Table 4. Influence of Ryp.o ot O PH, the Solid Phase Composition Analyzed by XRD and the Elemental Composition

Determined by ICP-OES

xi/(g'g_]) in %

RRM-0ytotal pH % colids XRD Fninmenls
[-] [-] [] Ni Mn S [%]
0.4 7.68 na.” 24.3 1.9 2.1 7.8
13 8.73 ytn(O8)saids = 0:48; X080 sotids = 0-52 226 9.0 23 29.9
28 12.97 ytn(OH)stids = 0-46; X0 wotits = 0-54 19.3 17.9 0.5 497

“n.a. is not available.
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Figure 10. TEM-EDXS images of co-precipitated Ni(OH),/Mn(OH), particles prepared at different initial pH values with Mn highlighted in red and

Ni in green.

100 nm

100 nm

Figure 11. TEM-EDXS images of co-precipitated Ni(OH),/Mn(OH),
for Xy metals X 0-S and R0 total = 0.3 showing the spatial distribution

of Ni and Mn (top image) and Mn and S (bottom image), respectively.

thermodynamic model. Thus, our newly developed approach to
determining Kgp; 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
the precipitate phase (zincian) georgeite
([Cu,Zn],CO5(OH),),the corresponding aged precursor
phase (zincian) malachite ([Cu,Zn],CO5(OH),) and aurichal-

0.20
o 018 (Ni,Mn)(OH)2 co-precipitation
= 4 RNM-O,total = 03
20164 o -
3 RNM-0 total = 0-5 E
2 =
e 0149 ¥ Rumototal =10 =
+ =t
» 0.12
g -
5 o
= 0.10 i
= thermodynamic model -
N 008 i iermodynamic mode| —’_—‘
é’ for Rym.o,totar = 1:0 __~"thermodynamic models
% 0.06 - g or
K ..A'A‘éo& A andR =05
" 004 ‘—‘—_ g .& 'NM-O,total
s " @ e
b
o

XNi,metaIs [mOIOA)]

Figure 12. Influence of the Ni fraction in the total metal amount
& metats O the molar S amount relative to the total metal amount Rg
for different Ry o tora determined by TEM-EDXS [[0,0,A] and ICP-
OES [m@ Al

cite ([Zn,Cul(CO;),(OH)¢). Since solubility data for these
phases, especially for T > 25 °C and Cu/Zn ratios deviating from
the boundary compositions are mostly unavailable, cf. Table 1,
our focus is on the determination of their Kgp; as a function of
temperature and the Zn fraction X7, ;s according to eq 26.

Nzn
N7n + Ncy (26)

xZn,metaIs =

Additionally, the influence of the process time f,. on
Kgp,cu, 20, 5,CO5(0n), 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.*
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4.2.1. Influence of the Zn Fraction and the Aging Time on
the Solubility of (Cu,Zn),CO;3(OH),. First, the influence of the
molar Zn fraction X, . ...1» as defined in eq 26, on the solubility
product of zincian georgeite (ZG) Kgp ¢ is investigated with the
titration experiments as shown in Figure 13. Each titration was

12
] (Cu,Zn)(NO,), - Na,CO, co-precipitation
& CNa,CO, Fecat = 0.5 mol L
3 2CO, ) _1
L. o C(Cu, Zn)(NOy), Fesaz = 1.0 mol L.
104 [ T=25°C
B
Be X,
B, 'Zn,metals,Feed2
& = 0%
- ‘?:. o 13%
T 84 \ o 21%
z o

O
S 5
B X OO0 0
‘-ol-ghs‘-icio & omg-
L
4 T T T T
0.0 0.5 1.0 15 2.0

RCZ-C.totaI [-]

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

conducted three times. The pH curve is plotted as a function of
the total lattice ion ratio Rcy,7 1, for three different Zn fractions
in the titrant solution Xz, 1 etals feed2-

For Rcz.corn = 0, the pure Na,CO; solution is present.
Adding the Cu(NO;),/Zn(NO;), 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 Rez 70 = 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 Rey crora = 1.6 OF &7, orts > 0.5 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.%
Complementary FT-IR analysis confirms (zincian) georgeite as
the sole phase; cf. Section A.2 in the Supporting Information.
From Rcy crora & 0.6 on, the pH decline increases for all
Rz, metals, feed2 until a nearly constant pH arises for Rcz ¢ rora > 1.1
which can be attributed to additional formation of rouaite
(Cuy(NO;)(OH);) as a byproduct, cf. Figure S.20 in
Supporting Information. An evaluation of the titration curves
with our fitting routine for Rcz. 70 < 0.8, where no rouaite is
formed, results in a correlation between the solubility product
and the Zn fraction in the solid sample %, .1 ;cp Which are

summarized in Table S.

Table S. Influence of the Zn Fraction in
[Coy_z ,Zng  ],CO5(OH), (Zincian Georgeite)
on the Determined Solubility Product®

R metalsfeed2 0% 13% 16% 27%

Fznmeratsicr(Rez-crom = 08)  0.15% 1132%  na. 24.29%
Fznmettsicp(Rez-crom = 1.6)  0.08% 9.96% na. 13.67%
R metals ZG 0.15% 11.32%  16% 24.29%
log(Kp g/ mol*-L ™) —30.66 -30.59  —30.32 —29.99
log(Kgp /mol>L~%) -332"  na na. —36.4"°

“n.a.: not available.

Compared to the solubility data for the crystalline phases
available in the literature, significantly smaller values for Kgp ;¢
were determined here for each X7, .1 76 cf- €q 26 and Section

2.1. Furthermore, the trend in Kgpyg as a f(Zz, metatszc) i

reversed in comparison to the two data points available in the
literature, cf. Table 1: the determined Kgp,g increases with
increasing &7, .,15,zG- Additionally, the actual Zn fraction of the

solid X, i1z is compared to the feed composition. For

Rezcrotal = 08, Xz metals feed2 R Xz metals,zG 18 Valid meaning that
Zn is completely precipitated and incorporated into the zincian
georgeite lattice. The lowered Zn fraction for Rey ¢ torg = 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, Cu,4Zny,CO;(OH), titrations were
performed for three different aging times ¢, in Figure 14. For
the fast titration to investigate the initial co-precipitation, a
maximum of t,,. = 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 £,,. = 2 h, respectively f,;. > S
h, were realized in between each measurement point in order to

(Cu,Zn)(NO;), - Na,CO; co-precipitation|
12 CNa,CO, soit = 0-5 mol L’

- El
C(Cu,.zn,)(NO,), 5012 = 1.0 mol L

Xz0metals Feed2 = 0-27
T=25°C

thermodynamic equilibrium;
44 no gas phase interaction
(literature data)

T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

RCZ-C,totaI /-

o

Figure 14. Influence of aging time on the titration curve of
Cu, 46Zny54CO3(OH), (zincian georgeite/malachite with xz, 7
0.27) precipitation considering formation of CO,(g) compared to
thermodynamic model calculation with literature data and no CO,(g)
formation.

o
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Table 6. Influence of the Aging Time t,,. on the Determined Solubility Products of Cu, 44Zn, 5,CO3(OH), (Zincian Georgeite/

Malachite with X7,

metals,’

tage log(Kgp(25 °C)/mol® L~5)
<30s —-32.97
2h —34.78
—o0 (>5h) —35.28
expectation zincian georgeite hydrate n.a.

Cu 46Zny5,CO3(OH),-H,0)

expectation zincian malachite

Cu1_46Zno_54CO3(OH)2)

“Value based on mass balance.

(—36.4"%)

xi(RCZ»C,total = 0-8)/(%84) in %

zm = 0.27) and the Composition of the Solids Determined by ICP-OES and CHNS Analysis

Cu Zn Na C H o“ N &0 metalsz /Mmol-mol ™!
37.27 14.25 0.25 S.5 1.5 41.0 0.22 0.267
44.95 16.53 0 4.7 1.1 32.6 0.1 0.263
40.86 14.76 0 4.9 1.4 37.5 0.2 0.260
38.64 14.70 0 5.0 1.7 40.0 0 0.27
41.77 15.90 0 54 0.9 36.0 0 0.27

form an aged co-precipitate. XRD and FT-IR analyses confirm
that amorphous zincian georgeite is formed for t,,. = 30 s while
crystalline zincian malachite is formed for ,;. > 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 < Rey crora < 1.1. A
thermodynamic model based on literature data and the
assumption that no CO,(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
Kp,cu, 142ny5,CO4(0H), and on the equilibrium between dissolved

and outgassed CO, according to eq 27.

CO,*”™ + 2H,0" — 3H,0 + CO,(g) 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 CO,(g)
formed per kg of H,O (b,) is plotted in Figure S.21 in the
Supporting Information and suggests that the CO,(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
Cuy 46Zn05,CO;(OH), decreases significantly with increasing
aging times. This is consistent with the typical phase
transformation during a§ing where zincian georgeite transforms
into zincian malachite.”” The elemental analysis data in Table 6
confirms that the targeted Zn fraction &7, 5z = 027 and

elemental composition of zincian malachite is realized for t,,. =2
h. For t,;. = 30 s, the data suggests the formation of a hydrate
(Cuy 46Zngy 4CO4(OH),(H,0)). The lower solubility product
for t,,. = 30 s compared to the values in Table 5 are the result of
applying Ksp rouaite = 1.91 X 1073 as a boundary condition to
reduce the degrees of freedom in the calculation.'* 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 KSP'ZG(%Zn,metaI&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,
Kgp; 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 Kgp 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 fitted model curves for hydrozincite, cf. eq 28,
for 25 and 65 °C.
Zn(CO,),(OH),(s)

2 5Cu’*(aq) + 2C0," (aq) + 60H (aq) (28)

12
\ Zn(NO,), - Na,CO, precipitation
1 Cna,c0, 501 = 0-5 mol L
~ 200y, 502 = 1:0 Mol L7
Experiments:
107 @ 65°C
B 25°C
Calculations:
* === 65°C
= —— 25°C
I
S 8+
\lNRMSE =0.0193
7 a_
6 1 .
NRMSE = 0.0132 s
~e.
°] "’“"--o—---.....
T T . :
0.0 0.5 1.0 15

RCZ-C,totaI /-

Figure 15. Influence of temperature on the titration curve of
Zng(CO;),(OH)4 (hydrozincite).

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 Zns(CO,),(OH); as confirmed by XRD analysis
and model calculations, cf. Figure S.22 in the Supporting
Information. Yet, in the range 0.6 < Ry o < 1.1 a distinct
deviation between the curves is evident. The limited solubility of
CO, 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 CO,(g) indeed increases with temper-
ature. Taking the CO,(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 Ksplj(T) for these solids are summarized in Table 7.
Using eq 7 a mean standard reaction enthalpy AHp was
calculated from the three temperature-specific solubility
products.
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Table 7. Influence of Temperature on the Determined Solubility Products of Zincian Georgeite (ZG) (Cu, 44Zn,,CO;(OH),
H,0), Georgeite (Cu,CO;(OH),"H,0), Zincian Malachite (ZM) (Cu, 46Zn, s,CO;(OH),), Malachite (Cu,CO;(OH),),
Aurichalcite (Zn, 4Cu, ;(CO;),(OH)s) and Hydrozincite (Zng(CO,),(OH)4) Compared to the Data Available in the Literature

T/°C 25 °C
10g(KSP,ZG(T)/m016'L76) —32.97
log(KSP,georgeite(T)/mOIG'L_é) —33.77

—34.78 (=36.4">")
-35.02 (-33.2%)
—-76.16 (=90.1"%)
-72.73 (=75.27")

log(KSP,ZM( T)/ mOls'L_s)
log(Ksp matachite(T)/mol*-L ™)
log(Ksp aurichateite (T) /mol *L7'%)
log(Ksp hydrorincite(T)/mol *-L™"%)

45 °C 65 °C AHR/kJ-mol™!
-33.63 —34.22 —103.7 + 312
—32.30 -32.5 60.2 + 41.1
—35.44 -36.03 —60.2 + 15.5

—-33.99 49.5
-79.05 —82.19 —292.4 + 209

—73.29 (—74.32) —73.62 (—73.48) —42.6 + 5.7 (86.5)

Applying Kgp ousite = 1.82 X 1073**” instead of Kgp souaite = 1.91
X 107°'* a5 a boundary condition resulted in a significantly
different log(Kp ,urichalcite(65 °C)/mol'® L™'%) = —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 Kgp(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.”"*>**
The particle properties of this intermediate can influence the
subsequent process as well as the final product properties*®
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 ¢y, increases linearly with
the concentration of Cu and Zn in the feed solution &, ;s 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 (Kgp 7 ~

8 =
O  Experiment Lo
74 == Literature e
—— Fitted Kgp6

T
0.10
/ mol-L"!

Creactan!s,FeedZ

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.
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¢ +5%
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Figure 17. Comparison of the calculated and experimentally
determined pH under variation of reactant concentrations at 55 °C.

Kgp rosasive = 398 X 107%7), C,Gsusp 18 increasingly overestimated
for larger feed concentrations compared to the experimental
data. Meanwhile, the model matches the experimental data for
high ¢ ez if the adjusted solubility product [Kgp (55

reactants,
°C) =2.34 X 107%] is applied.

For the pH variation in Figure 17 Rcyz.crora Was varied by
adjusting the reactant concentrations and, in some cases, HNO;
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 HNO; were added (EHNO%,feedz > 0.1 mol-L™),

the deviation of the literature model is increased compared to
the model variant with the adjusted Kgp 7.

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.”>** 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.’” It indicates that for a ratio of fcutotal = 2M7n total
zincian malachite is formed exclusively up to T = 60 °C. For
higher temperatures, the mass fraction of aurichalcite increases
up to Xychale & 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
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Figure 18. Comparison of the calculated and experimentally
determined phase composition after aging for a Cu/Zn/Zr ratio of
Nyt = 2Mzntotal = ONzsroral a8 a function of the temperature. Data from
ref 32.

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,aurichaIciter cf. Table 7.

Besides the temperature, the reactant ratio of Cu and Zn is
known to determine the phase composition after aging.*® Thus,
its influence is plotted in Figure 19 for both experimental and

100 — O
(Zincian)
malachite

80+
S
Q 4
= 60
-~
Q
8
& 40
x
20H--@--
Model
0 -

X o
Xzn Feedz | MOI%

Figure 19. Solid phase composition as a function of the molar Zn
fraction in the feed for T = 65 °C. Data from ref 32.

model data. Here, the analytical expression for Kgp jurichalcite Was
applied since &, yichaicire (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 0.3 < &, .4, < 0.7 are a

result of the similar lattices of aurichalcite and hydrozincite
which prevents a reliable differentiation in the Rietveld
refinement.”” 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 PHREEQU, is freely available. By iteration,
the solubility products Kgp; 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 H;0"
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), confirmed
solubility products found in the literature. However, for
Ni(OH), our approach revealed that significant amounts of
sulfur of up to xg = 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
Kgp,; from the literature alone could not accommodate the solids
formation. Only the implementation of Nig(OH),;,SO, as an
additional phase and the determination of its solubility product
[log(Ksp,Nis(OH)HsoA/(m0123-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), and Mn(OH), 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 (zincian) georgeite
([Cu,Zn],CO;(OH),) is targeted in the preparation at, in
general, 50—80 °C. However, Kgp; are only available for 25 °C
and for the similar crystalline phases malachite
(Cu,CO,4(OH),) and rosasite (Cuy,6Zng5,CO;(0OH),),
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 Kgp; 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 Kgp; for the crystalline phases.
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On the basis of these results, we can confirm the applicability
of our new method to determine missing Kgp; 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 Kgp; should ideally
be used in combination with the activity coeflicient 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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