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Numerical methods of particle technology are used to model the formation of catalyst precursors with the purpose to
control disperse properties. A multicomponent and multiphase population balance model is applied to the precipitation
of catalyst precursors in a T-mixer. Copper precursors are chosen to be investigated in detail as a basis for catalysts
with a broad range of applications such as in methanol synthesis, water-gas shift and hydrogenation reactions. The sim-
ulations results could be validated by ex situ measurements such as the pH of the suspension, the solid dry weight of
the precipitate, and the yield. Simulations show that dissociation reactions of copper and carbonate species in water
control significantly the formation of Georgeite. Consumption of the copper component by solid formation can be con-
trolled in a range of 20—100% by the adjustment of the pH of the copper nitrate reactant solution. © 2015 American

Institute of Chemical Engineers AIChE J, 61: 2104-2116, 2015
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Introduction

According to Deutschmann et al. “precipitation and copre-
cipitation are the most frequently applied methods for the
preparation of unsupported catalysts.”' The resulting mixed
metal oxides are applied in broad range of industrial proc-
esses.! Various mixed metal oxide catalysts contain copper
as the basic active component and are produced by copreci-
pitation: Cu/ZnO/Al,O; for the large-scale synthesis of meth-
anol® and the hydrogenation of fatty acid esters,” Cu/Mn,O,
for the oxidation of CO?, Cu/Co/MoOy catalysts for the
selective conversion of synthesis gas to ethanol and higher
alcohols,” Cu- and Ag-modified cerium oxide catalysts for
methane oxidation,® and Cu- and Ni-containing cerium oxide
catalysts for the low temperature water-gas shift reaction.’
The production of these catalysts follows the process chain:
precipitation of metal salts, aging of the precipitate, washing
and filtration, drying, shaping, and activation." This work
focuses on the investigation of the first step, that is, the pre-
cipitation of the copper precursors. The objective is to gain a
deeper understanding of the particle formation of copper-
based catalysts by simulations and experiments.

Recently, alternative reactant solutions were used for the
preparation of methanol catalyst precursors. For instance,
potassium carbonate, ammonium carbonate, or sodium
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hydroxide were used as bases.*” Simson et al. found that
catalysts which are prepared with ammonium carbonate have
a similar activity as conventional prepared catalysts.” Copper
and zinc formates'” and magnesium nitrates'' are discussed
as alternative metal salts to copper nitrate. Rosasite (Cuj.
Zn,)>(OH),CO3 with a high substitution of copper by zinc
is favored as active methanol catalyst precursor phase.12 The
zinc content is limited to 30% in case of using copper and
zinc nitrate as reactants.'” In Cu, Mg minerals such as
McGuinessite (Cu,Mg),(OH),CO3, a magnesium content of
50% and above was found. Hence, Cu, Mg precursors are
promising catalyst materials by the higher substitution of
copper than in case of Cu, Zn minerals.'’ In practice, many
different compositions have to be tested for the development
and optimization of a new catalyst formulation. Experiments
and characterizations of the catalyst products must also be
performed along the process chain for each new formulation.
Preparation conditions, such as the adjustment of the pH dur-
ing precipitation, may vary considerably from the standard
routine. The transfer of know-how of the thoroughly experi-
mentally studied standard routine toward alternative routes is
demanding or even impossible. Hence, there is a huge
demand of a model which especially can take into account
the dissociation reactions of different metal salts and bases
in aqueous media.

In this work, it is shown that the multicomponent and
multiphase model of Hartig et al. is capable to satisfy the
demand." It is applied here to the precipitation of Georgeite
as copper catalyst precursor phase. Numerical studies are
performed purposefully and are validated experimentally. By
this, important insights into the complex catalyst formation
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mechanisms are given. Relevant process parameters for the
production of copper catalyst precursors are derived. In par-
ticular, the pH of reactant solutions could be identified as
process parameter to significantly control the conversion of
the copper component.

Experimental
Catalyst preparation in a T-mixer

A T-mixer is used for the semibatch precipitation of the
catalyst precursors. The device was used before in several
studies to investigate particularly the influence of mixing on
precipitation. Precipitation systems under investigation were
barium sulfate, zinc oxide, lead (II) sulfide, or cadmium sul-
fide."*'> Micromixers were used before to prepare methanol
catalysts.'®'” However, the focus of these publications were
on the continuous production of catalysts. In this work, the
reactant solutions are pumped through the T-mixer by an
oscillation free syringe pump with a flow rate between 0.2
and 12 mL/s. The T-mixer module consists of two inlets. In
case of catalyst preparation the first inlet is used for the sup-
ply of the copper nitrate solution and the second inlet is used
for the supply of the sodium carbonate solution. The outlet is
connected directly to a Schott flask in which the suspension is
collected. For each precipitation experiment, 50 mL of each
of the two reactant solutions is pumped through the T-mixer.

The mixing zone inside the T-mixer module has a length
of 10 mm and a rectangular cross section of 1 mm. By pres-
sure loss calibration, a pressure drop coefficient of 1.65
could be found. The pressure drop is used to approximate
the mean specific power input in the global mixing model of
Schwarzer and Peukert.'® A dead volume of the feeding
pipes was detected by calibration of the T-mixer device. The
actual reactor volume is 88.5 mL (Viesctor). The remaining
reactant solutions in the feed pipes are removed after each
precipitation by rinsing the T-mixer with 200-mL water."?

Reactant solutions

The reactant solutions are prepared by dissolution of salts
in bidistilled water. For the copper nitrate reactant solution,
copper(Il) nitrate trihydrate Cu(NOj3),-3H,O (purity > 99%,
Acros Organics, Germany) is used. Sodium carbonate Na,COj3
(purity > 99.8%, water free, Roth, Germany) is used to pre-
pare the base solution. Commonly the pH of precipitation in
stirred vessels is controlled by the flow rate of the sodium car-
bonate or copper nitrate solution. In case of using the T-mixer
the flow rates are equal. Another option to adjust the pH is
the addition of nitric acid to the copper nitrate solution before
precipitation. The volume of nitric acid to adjust the pH to a
value of pHp is calculated by equation

107PH[M] - Vi,0 - Mo,
Prno, —107PH [M] - Mo,

ey

Vhno, =

assuming complete dissociation of nitric acid in water.
According to Eq. 1, the addition of 0.9 mL of concentrated
nitric acid (M(HNO;) =63.01 g/mol, pyno, = 1400 kg/m?)
is necessary to adjust a 200-mL reactant solution to pH one
(pHp = 1). The concentration of nitric acid with respect to
the whole reactant solution is 0.095 M.

Ex situ characterization of suspension and precipitate

The pH of the suspension is measured over the first 10 s.
Immediately after measuring the pH, the suspension is trans-
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ferred to the filter device and filtrated using a cellulose ace-
tate filter paper with a pore size of 0.2 pum purchased from
Sartorius. The filter cake is washed with 200-mL bidistilled
water. To prepare samples for scanning electron microscopy
(SEM), 0.01 g of the filter cake was resuspended in 5-mL
bidistilled water. One drop of the suspension is dried on a
silicon wafer. To obtain a dry powder, the washed filter cake
is dried overnight in an oven at 50°C to obtain the solid dry
weight.

For microscopic investigations, an SEM Ultra 55 (Zeiss)
is used with a SE2-detector with an accelerating voltage of 2
kV. The precipitate is characterized by inductively coupled
plasma atomic emission spectroscopy (ICP-AES, Perkin
Elmer Optima 8300). Nitric acid is used as a masking agent
to prepare the solutions for ICP-AES measurements. The
devices Euro EA 3000 (Euro Vector) and EA 1108 (Carlo-
Erba) are used for elemental analysis to obtain the H, C, and
N content of the precipitates. Additionally, the Kjeldahl
method is used to investigate the N content of the
precipitates.

Model

A multicomponent and multiphase model is presented in
the work of Hartig et al., which is applied here to the Geor-
geite formation in a T-mixer.'® In the following, we summa-
rize the model briefly. The dissociation reactions of species
in aqueous media are considered by Eq. 2

N/ ]\]l7
. — C Sjp
corp= D %K [ [ =0 @
J=1 p=1

which contains the total concentration of components cCioyp,
coefficient parameter o;,, equilibrium constants KJ-C, and con-
centration of components c,. The total concentration of each
component distributes in concentrations of species which is
expressed as a summation term in Eq. 2. Each concentration
of species is calculated in turn by the mass law, which is
expressed in Eq. 2 by the product term of components’ con-
centrations. Equation 2 is a nonlinear system of equations
which scales with the number of components N, and species
Nj; and is solved for the concentrations of components by the
Newton—Raphson method. The concentrations of components
can be used to calculate the concentrations of species and in
turn the supersaturations in each time step of simulation.
Activities are calculated from the concentrations extended
Debye-Hiickel activity correction according to Davies.

Hartig et al.’? presented an overall multidimensional popu-
lation balance of primary particles containing multiple solid
phases and simplified it to

on;(x,t 0
% = - a [Gl-(x)-n,-(x, t)]+Bhom,i * Nnucleihom +Bsec.i A
Ni
: nnuclei,sec+ Z Bhet,tj/‘ : Aj * Nnuclei,het
j=1, j#i

3

assuming separate formation of primary particles of different
solid compositions and plug flow conditions in the mixing
zone in a T-mixer with 1-D spatial resolution. For each solid
phase i in the precipitation system, one population balance
Eq. 3 can be setup. Equation 3 considers particle formation
by growth homogeneous, secondary and heterogeneous
nucleation. One can find the corresponding terms in the
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right-hand side of Eq. 3. In each nucleation term, the nuclei
size distribution and nucleation rate have to be considered.
According to Mersmann, nucleation can be subdivided into
primary and secondary nucleation.' The primary nucleation
can be again subdivided into homogeneous and heterogene-
ous nucleation. The latter mentioned mechanism occurs at
surfaces of different kinds of particles, the reactor wall or at
gas-liquid interfaces. In Eq. 3, only the nucleation on the
surfaces of particles of different solid phases is considered.
The precipitation takes place in a T-mixer without contact to
the surrounding atmosphere. Hence, due to the small surface
area of the reactor relative to the particle surfaces and due
missing gas bubbles, only heterogeneous nucleation at the
surface of particles is considered. By the definition of Mers-
mann, secondary nucleation is associated with nuclei, which
are created by mechanical impact such as fracture of needles by
impacting on the stirrer.'® This kind of nucleation is neglected
because nanoparticles are formed which cannot be stressed
mechanically inside the T-mixer. However, in this work, the
secondary nucleation refers to the formation of nuclei on the
surface of already formed particles of the very same solid
phase.20 Mersmann calls this phenomena surface nucleation
and derived a rate expression, which is used in this work. "

In this work, it is assumed that the primary particles con-
sist of only one solid phase Georgeite (N; =1, i = Geor-
geite). The diameter of spherical primary particles of
Georgeite is used as only internal coordinate. In this case,
Eq. 3 can be simplified to one 1-D population balance'?

on(x,t) 0
ot Ox

+ Bsec(Vsec) v\ 'nnuclei,sec (x)

Begy

[G(X) : n(x)]+Bhom : nnuclei,hom(x)
“

The index of Georgeite (i = Georgeite) is not shown in
Eq. 4 for the purpose of readability. The term on the left-
hand side of Eq. 4 describes the temporal change of the
Georgeite particle size distribution by growth (first term,
right-hand side of Eq. 4), homogeneous (second term, right-
hand side of Eq. 4), and secondary (third term, right-hand
side of Eq. 4) nucleation. Heterogeneous nucleation is not
considered in Eq. 4 because of the aforementioned reasons
and as only one solid phase is formed. Equation 4 contains
the nuclei size distributions npue; of homogeneous (index
“hom”) and secondary nucleation (index “sec”). For nuclea-
tion expressions from classical nucleation theory were taken
to estimate the rates and the critical nuclei sizes. Hartig
et al. derived a multicomponent growth rate G, which is
based on diffusion-limited growth of each single component
from the solution.'> Why diffusion-limited growth has been
assumed for Georgeite formation is explained in the Disperse
Properties of Precursors section. Hence, components’ con-
centrations from Eq. 2 determine the growth rate. The homo-
geneous and secondary nucleation rates are calculated using
species’ activities from Eq. 2 and material parameters. One
important material parameter is the interfacial energy 7y,
which is corrected by the adhesion factor fi. in case of sec-
ondary nucleation'*?°

Vsec = kL : (kA_:Bsec) Q)]
A

The shape factor ks of a sphere is used in Eq. 5. The
affinity of secondary nuclei toward the particle surface and
hence, the secondary nucleation rate increases with increas-
ing f.. The range of f.. is between 0 and 2. The total sur-

2106 DOI 10.1002/aic

Published on behalf of the AIChE

face area of particles A, which is considered in the term of
secondary nucleation in Eq. 4, provides nucleation sites for
secondary nucleation. The product of secondary nucleation
rate B and total surface area A is summarized as effective
secondary nucleation rate B.gs.

Equation 6 balances the temporal change of components’
total concentrations in the solution

dc:i# = M[?_ﬁpéso]id (6)
by mixing and formation of one solid Georgeite. The origi-
nal balance equation can be found in the publication of Har-
tig et al."® The particle formation leads to a decrease of
components’ concentrations and is expressed as the product
of coefficient parameter 8, and change of solid concentration
Csolid- The change of solid concentration ¢jiq can be calcu-
lated in each time step of simulation by the third moment of
the particle size distribution in Eq. 4. f, reflects the stoichi-
ometry of the solids in terms of components. Mixing leads
to an increase of total components’ concentrations in the
mixing zone. The mixing term M), in Eq. 6 can be derived
from the global mixing model."?

Equations 2, 4, and 6 are strongly coupled. An algorithm
to solve these equations is presented in the publication of
Hartig et al."® The direct quadrature method of moments
direct quadrature method of moments (DQMOM) is used to
solve the population balance equation, Eq. 4. The resulting
set of ordinary differential equations including Eq. 6 is
solved in the Matlab software Version R2011b using the
integrated ode23 solver, which is based on the implementa-
tion of an explicit Runge-Kutta (2,3) pair of Bogacki and
Shampine.21 The solution of the nonlinear system of equa-
tions, Eq. 2 is gained in each time step by an in Matlab own
implemented solver, which is based on the Newton—Raphson
method.?? Information about coefficient parameters, details
of particle formation kinetics and material parameters can be
taken from the publication.13

Results and Discussion

Influence of preparation parameters on the precipitation
in the T-mixer

The discussion of preparation parameters, in this section,
leads to a choice of reference conditions for the experimental
validation. The reference conditions are summarized in the
next section. The postprocessing procedure was adopted
from Bems et al. in which bidistilled water at ambient tem-
perature is used for filtration.> The postprocessing parameters
are chosen to minimize any influence of postprocessing on
the characterization of the precipitate.

Widespread structures with a plate-like morphology could
be observed in SEM images, if the unwashed suspension
was dried on the silicon wafer. This morphology is known
for the crystalline ageing products of catalyst preparation.23
During drying, remaining free ions in the aqueous phase
crystallize on the silicon wafer. However, an excessive use
of wash water can lead to an under saturated suspension and
to the dissolution of the precipitate. Hence, we used only
200-mL bidistilled water as wash water. Since the measured
pH did not change significantly (pH difference in the range
of 0.5) by washing and filtration, we can assume that no ions
were released into the solution because the latter would lead
to a change of the pH. Hence, the effect of the washing
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Table 1. Reference Conditions of Precipitation

Not acidified/
without addition
of nitric acid

Acidified/with
addition of
nitric acid

Na,CO; conc. (M") 0.13

Cu(NO3), conc. (M) 0.1

HNOj; conc. (M) 0.0 0.095"
Flow rate (mL/s) 3

Temperature (°C) Room temperature

25 °C

The unit kmol/m”® is abbreviated in the manuscript as M.
®Declared as 0.1 M HNOj in the legends in this manuscript.

procedure on the disperse properties of the precipitate can be
neglected. The filtration is performed within 20 min like in
the published postprocessing procedure of Zander et al. to
obtain “unaged” precursors.

The oven temperature to dry the precipitate overnight was
set to a low temperature of 50°C. Georgeite Cu,CO3(OH),
contains carbonate and hydroxides, which can degas as car-
bon dioxide or water during heat treatment.” A long-term
drying experiment for 200 h at 50°C did not lead to any
additional loss mass of the overnight dried solid. Hence, the
applied drying procedure here does not change the composi-
tion of the solid.

The concentrations of copper nitrate and sodium carbonate
reactant solutions have an impact on the postprocessing. At
low concentrations (< 0.05 M), the amount of solid in sus-
pension is so low that the mass of dried filter cake is in the
range of the loss of mass by postprocessing. During filtration
small amounts of the precipitate can stick to the wall of the
filtration device. Furthermore, small amounts of remains can-
not be excluded in the wash water. Hence, this range of
operation is unsuitable for the preparation. At too high con-
centrations (> 0.2 M), the viscosity of suspension is very
high. The filtration of the viscous suspension is not feasible
until 20 min.

The restriction of the model assumptions in Model section
comes mainly from the used activity correction. The
extended Debye—Hiickel activity model can be used up to an
jonic strength of 0.7 M.** Hartig et al. showed that for an
acidified copper nitrate reactant solution, the measured and
calculated pH agree well up to an ionic strength of
0.33 M."* At copper nitrate reactant concentrations below
0.01 M, the partial dissolution of carbon dioxide in the solu-
tion from the atmosphere has to be considered. In this case
also copper carbonate species which are reported in Hartig
et al. should be included in Eq. 2."* Additionally, a defined
atmosphere during precipitation is needed in the lab.

Reference conditions of preparation

The reference concentration of the copper nitrate reactant
solution is chosen to be 0.1 M. This concentration is well
above the concentration range in which atmospheric carbon
dioxide would influence the precipitation. Additionally, the
filtration can be performed within 20 min. This ensures that
the postprocessing has minor influence of the characteriza-
tion of the precipitate.®

The sodium carbonate reactant concentration is chosen
arbitrarily to be 0.13 M. The influence of mixing on precipi-
tation was already discussed in the publication of Hartig
et al."® The focus of this study is to investigate the influence
of reactant concentration on the precipitation. The flow rate
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is adjusted to 3 mL/s (2.2 X 10° W/kg) in which no influ-
ence of mixing could be observed.'? Hence, the influence of
reactant concentrations on precipitation can be investigated
apart from the mixing influence. The pH of the copper
nitrate reactant solution can be adjusted as explained in the
Experimental section to a pH of approximately of 1. Accord-
ingly, the reference conditions can be subdivided into precip-
itation with and without addition of nitric acid. The
precipitation experiments were performed at room tempera-
ture. A temperature increase caused by particle formation
and dissociation reactions was not observed in experiments.
Hence, material parameters at 25 °C are used in the simula-
tions. The reference conditions are summarized in Table 1.

Disperse properties of precursors

The investigation and discussion of the disperse properties
of prepared catalyst precursors are essential for comparison
of simulations and experiments in the following sections.
The phase composition of copper catalyst precursors was
already investigated in several studies.®*>*’ However, the
preparation conditions such as reactants or mixing devices
vary significantly in comparison to this work. Hence, disperse
properties of copper catalyst precursors prepared by the proce-
dure in the last section are studied here in detail. The precipi-
tated amorphous precursors cannot by investigated by X ray
powder diffraction in contrast to the crystalline-aged catalyst
precursors.12’28’29 UV-visible spectra, titrations, and ICP-AES
are used as complementary methods to study the precipitates’
composition. It can be given in fractions X;, of components
or elements p in respect to solid i

ﬂiip : MP
Z,];]/’:l (ﬁi.p’Mp’)

The weight-based content X;, can be calculated by divid-
ing the molar mass of the component by the molar mass of
the solid. The stoichiometry of the component within the
solid has to be considered in Eq. 7 by ﬁi‘p. The solid can be
decomposed into components. Hence, the molar mass of the
solid can be calculated by the summation of the components’
molar masses considering their stoichiometry f;, in the
denominator of Eq. 7.

In Table 2, the phase composition in terms of copper X; cu
is listed for different relevant minerals. The minerals are
reported in literature or can be derived from the components
of the used reactant solutions.

The phase composition varies in a wide range from
approximately 28% up to 80%. This allows us to identify the
precipitate as a mineral by the copper content. Therefore, the
measured content of copper, hydrogen H, carbon C, and
nitrogen N of acidified and not acidified reference samples
are summarized in Figures 1 and 2. The copper content by
ICP measurements is in both samples about 55%. In Table

@)

Xip=

Table 2. Content of Relevant Copper Minerals

Mineral Name i Chemical formula  Copper (Wt %) X;cu

Tenorite® CuO 79.9
_a Cu(OH), 65.1
Gerhardtite® Cu,(OH)3(NO3) 53.0
Malachite?/Georgeite®  Cu,(OH),(CO3) 57.5
= Na,Cu(CO3), 27.7

“Ref. 2.

°Ref. 25.

‘Ref. 17.

DOI 10.1002/aic 2107



2] Experiment 0.0 M HNO
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< 404
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Cu
Figure 1. Copper content of acidified and not acidified
precipitates in terms of weight fractions of
elements (experiment) in comparison to the
solid composition of malachite (theory) with
or without inclusion of water or nitrate.

2, Georgeite and Gerhardtite are reported in the relevant cop-
per content range of 50%—60%. The nitrogen content of both
reference samples was measured with the Kjeldahl method
and elemental analysis. The low content of the Kjeldahl
method (acidified 1.1%, not acidified 1.8%) and elemental
analysis (acidified 0.3%, not acidified 0.4%) supports the for-
mation of Georgeite, which has no nitrate component incor-
porated in the crystal lattice. In case of Gerhardtite, the
nitrogen content is expected to be much higher. In a further
step, the composition calculated from Georgeite (theory) is
compared with measured concentrations in Figures 1 and 2.
The measured phase composition is in good agreement
with the phase composition of Georgeite Cu,(OH),(CO3).
The copper content deviates maximally by 3.2% (Figure 1)
and the contents of elemental analysis deviate maximally by
1.2% (Figure 2). The deviation can be explained by remains
on the surface or in cavities of the amorphous solid. Drying
under mild conditions as explained in the Experimental sec-
tion can lead to water residues in the solid. Nitrate from the
copper nitrate reactant solution which is not consumed by
solid formation should be removed by the washing proce-
dure. However, the complete removal by the washing water
cannot be expected. Elemental analysis is commonly used
for crystalline structures. Hence, there is an additional uncer-
tainty due to the inhomogeneous combustion of the amor-
phous precursors. The changes of the calculated contents of
Georgeite by incorporation of water and nitrate are indicated
by arrows in Figures 1 and 2. Two potential extreme cases
of theoretical crystal structures with incorporation of water
Cu,y(OH),(CO3)-(H,O) and  incorporation  of  nitrate
Cu,(OH),(CO35)-(NO3) are considered. The ratio of solid
toward the incorporated molecule is in both cases 1:1. This
high ratio would cause a charging of the precipitate in case
of nitrate contamination. The ratios are used to demonstrate
the trend of change of the content. In reality, nitrate impur-
ities will cause lower ratios so that the electron neutrality is
nearly fulfilled. The copper content (Figure 1) and carbon
content (Figure 2) decreases in both cases by incorporation
of water or nitrate. The hydrogen content (Figure 2)
increases in case of water residues. The nitrogen content
(Figure 2) increases by incorporation of nitrate, which can
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explain the content of nitrogen by elemental analysis and the
Kjeldahl method. Hence, the precipitate at reference prepara-
tion conditions can be identified as Georgeite by theoretical
and experimental analysis of the phase composition consider-
ing small amounts of water and nitrate. Further measure-
ments (see Supporting Information) in a wide range of
preparation conditions (Cu(NOj), reactant concentration
0.05-0.13 M, Na,CO; reactant concentration 0.075-0.15 M;
3-9 mL/s flow rate) show a mean copper content of 54.5%
with a standard deviation of 2.6%, which is in the same
range as at reference conditions. By this, Georgeite is
expected to form in all preparation conditions in this work.
Hartig et al. showed by simulations that the formation of
Georgeite is favored in comparison to the formation of Ger-
hardtite or copper hydroxide.13 The formation of Georgeite
could be confirmed here by investigations of the solid
composition.

The morphology is another important disperse property of
the precipitate. In Figure 3, an exemplary SEM image is
shown for the precipitation under reference conditions in
Table 1 with addition of nitric acid.

Closely connected spherical particles can be recognized in
Figure 3. The agglomerates consist of primary particles in
the size range of nanometers. In the sample, two size frac-
tions can be observed. By image analysis of Figure 3, a fine
fraction below 50 nm and a larger-sized fraction which con-
sist of primary particles with a diameter of approximately
50-180 nm can be observed. The fine particle fraction lies
on the surface of the larger spherical particles and on the sil-
icon wafer.

Spherical primary particles can be seen in Figure 3. These
rounded particles may be formed during diffusion-controlled
growth since the building units are integrated into the par-
ticles more or less wherever they hit the surface.®® Growth
units which are slowly integrated into the surface of the par-
ticles conserve the crystalline structure from the very begin-
ning of particle formation resulting in more or less crystal-
type morphologies. Possible integration sites of integration-
controlled growth on the particle surface are kink sites, step,
and screw-dislocations. These are not observed in Figure 3.
Mersmann reports that integration-controlled occurs at low
supersaturations and transits to transport-controlled growth

10 B2 Experiment 0.0 M HNO
V) Experiment 0.1 M HNO

0.1 M Cu(NO,), [_]Theory Cu,(OH),(CO,)
g | O13M Na,CO, = Theory Cu,(OH),(CO,)* (H,0)
3 mlis [ Theory Cu,(OH),(CO,) * (NO,)

N

Figure 2. H, C, and N content of acidified and not
acidified precipitates in terms of weight frac-
tions of elements (experiment) in comparison
to the solid composition of malachite
(theory) with or without inclusion of water or
nitrate.
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P4 | 75nm
- P5 |70nm
i b 4 ! P6 |60nm
P7 | 50nm

Figure 3. Scanning electron microscopy image of pre-
cipitates at reference conditions with addi-
tion of nitric acid to the copper nitrate
reactant solution.

with increasing supersaturation.'” The relatively high reac-
tant concentrations, in case of catalyst precursor preparation
supports diffusion controlled growth. On this basis, we
assume diffusion-controlled growth in our simulations of
copper catalyst precursor formation.

From simulations predicted, mean sizes of the primary
particles are shown in Figure 4. The preparation conditions
were varied in the simulations according to our
experiments.

One simulation is run for each set of preparation condi-
tions under assumptions and conditions defined in the Model
section. The mean particle sizes are taken from simulations
at arbitrary time feq of 1 s in which the mean particle size
has converged. The mean sizes in Figure 4 are in a range
between 1 and 36 nm. In Figure 4, it can be seen that small
mean particle sizes are predicted at low reactant concentra-
tions and with the use of nitric acid. Under this conditions,
the extent of secondary nucleation increases in our simula-
tions. Further details are given in the next section. Simula-
tions of Hartig et al. could show that with increasing extent
of secondary nucleation, the mean particle size decreases sig-
nificantly and is in the order of the critical nuclei size."?
These nuclei have the size of the critical nuclei size and are
assumed in the model to form as separate primary particles.
Agglomeration and growth by secondary nucleation is not
yet considered in the population balance Eq. 3. Hence, the
mean particle sizes in the simulations are low by the creation
of secondary nuclei. A further experimental estimation of the
disperse properties of catalyst precursors could help us to
validate our predicted particle sizes in future. However, the
focus of this work is on the influence of preparation parame-
ters on macroscopic results such as pH of suspension or solid
concentration. They are used to compare simulations and
experiments in the next section.

Global parameters of catalyst formation

The experimental solid dry weight is shown in Figure 5
for different reactant concentrations with and without the
addition of nitric acid. The small error bars of the solid dry
weight in Figure 5 are an indicator for the good reproducibil-
ity of the experiments using a T-mixer. An exception can be
seen at high copper nitrate reactant concentrations and usage
of nitric acid.
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The solid dry weight increases with and without addition
of nitric acid with the increase of reactant concentrations.
The solid dry weight ranges from approximately 0.2 to
0.6 g. The solid mass using acidified preparation conditions
is always lower than in the case of not acidified preparation
conditions. The differences occur mainly at high copper
nitrate concentrations or lower sodium carbonate concentra-
tions. These differences can be explained by the dissociation
reactions in aqueous media at varying reactant concentra-
tions. This phenomenon is discussed in the last section based
on simulation results. In the first instance, the reactant con-
centration can be used as an estimate for the maximal possi-
ble solid weight

[ corp(t=0)
Msolid,maximal — TNIIL

B,>0 2. ﬁp X Msolid X Vreaclor (8)

The minimal component’s concentration (first factor in
Eq. 8) limits the maximal solid concentration. In Eq. 8, a
dilution factor of 2 is used to correct the total components’
concentrations from the reactant concentration. The T-mixer
is operated with equal feed flow rates. Hence, only half of
the total components’ concentrations can be used for particle
formation by dilution of reactant solutions. Additionally, the
stoichiometry of the solid phase ﬁp in terms of components
has to be considered to find the minimal concentration. In
case of Georgeite, 2 mol of copper is used for the formation
1 mol solid. Hence, from, for example, 0.1 M ¢ cy2+ (1 = 0),
whereas carbonate is in excess, 0.05 M c¢qoiq can be formed.
The reactor volume and the molar mass is used in Eq. 8 to
convert the concentration into the total mass. The estimation
of solid weight by components’ concentrations is indicated
by a solid line in Figure 5. The estimation holds only for
low copper nitrate or high sodium carbonate reactant
concentrations.

To improve the quality of estimation, the solid weight is
taken from simulations. To compare experiment with simula-
tion, the solid weight is calculated

Molid = Csolid([ = tend) X Vieactor X Miolia 9

using the simulated solid concentration cyjig, the reactor vol-
ume Vieaeror and the molar mass of Georgeite Mq)iq. The solid
concentrations are taken from simulations at arbitrary time
teng Of 1 s in which the solid concentration has converged.

The pH of the suspension and the solid weight are sum-
marized in Figure 6 for the precipitation with and without
addition of nitric acid. Figure 6 includes the variation of the
COpper nitrate reactant CoONCeNtration Creactant.Cu(N0;), from ref-
erence conditions (Table 1). The experimental pH varies in a
wide range from approximately 10 to 5.5 by variation of
Creactant.Cu(NO5), Without use of nitric acid (Figure 6a). Also
the experimental solid weight varies significantly between
0.2 and 0.6 g in Figure 6b. The pH decrease can be
explained by the addition of acidic copper nitrate solution to
sodium carbonate. The formation of Georgeite is accompa-
nied by a further pH decrease by the hydrolysis reaction.
Hence, the pH drop is distinct in case of no addition of nitric
acid in which the solid concentration is increased by the ris-
iIlg Creactant.Cu(NO3), -

The variation in pH and solid weight is less pronounced
with addition of nitric acid than without addition of nitric
acid. The pH decreases from approximately 7 to 5.5. The pH
of 5.5 is reached using 0.075 M Creactant.cu(Nos),and does not
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Change at higher Creactant.Cu(NO3), - At low Creactant.Cu(NO3), of
0.05 M with addition of nitric or with addition of nitric acid,
a solid weight of 0.2 g is obtained. An increase of solid
weight from 0.2 g up to 0.4 g is possible adjusting
Creactant.Cu(N0y), 10 0.13 M. The increase is half times less in
case of addition of nitric acid than without addition of nitric
acid.

The pH of simulations is in good agreement with the
measured pH at all concentrations Cieqctant.cu(N0s),- The pro-
nounced decrease of pH in the experiment by increase of
Creactant.Cu(N0Oy), 18 Well matched. In case of addition of nitric
acid, the pH of simulations reaches a plateau above
0.075 M, which is in agreement with the slight pH change in
experiments. At oW Cregctant.cu(Noy), (< 0.1 M), in case of no
addition of nitric acid and throughout all Creacrant.cu(noy), N
case of addition of nitric acid secondary nucleation is con-
sidered in the simulations. This leads to a better estimation
of the solid weight than without secondary nucleation.

The increase of the sodium carbonate reactant concentra-

tion Creactant.Na,co, from the reference conditions leads to an

experimental pH increase in Figure 7a, from 54 to 7.3
without addition of nitric acid and from 5.2 to 6.6 in Figure
7c, with addition of nitric acid. The rise of pH can be
explained by the mixing of alkaline sodium carbonate solu-
tion into copper nitrate solution. The pH at the ideally mixed
state and hence, the pH after solid formation is higher with
increasing concentration of sodium carbonate.'?

In Figure 7d, it can be seen that the solid weight is under-
estimated using nitric acid and Creactant Nayco, below 0.13 M
even if secondary nucleation is used (fi,. = 0.7) in the simu-
lations. An increase of f. does not lead to a further
increase of solid weight (not shown here). An exception is
shown at 0.075 M Creactant.Na,co, in Figure 7d. In this case,
the solid weight of 4.5 X 10~ ° g is increased to 0.066 g by
increasing fi. by 0.1 which leads to a better estimation of
the solid weight. The activation of secondary nucleation in
case of no addition of nitric acid at loW Creactant.Na,CO;
(0.075 M) increases the solid weight from 0.016 to 0.32 g,
which is in good agreement with measured solid concentra-
tion 0.30 g in Figure 7b.
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Figure 5. Experimental solid dry weight of precipitates in comparison to the estimation of solid dry weight by

assuming maximal consumption of reactants.
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Hartig et al. showed that secondary nucleation accelerates
the solid formation toward shorter time scales.'®> Addition-
ally, an increase of solid concentration, by considering sec-
ondary nucleation in simulations, can be seen in Figures 6
and 7. This leads to a better estimation of the solid weight.
Low reactant concentrations lead to low supersaturations and
to low homogeneous nucleation rates. Secondary nucleation
can continue at relatively low values of supersaturation when
homogeneous nucleation has almost stopped.31 The forma-
tion of particles by secondary nucleation provides sufficient
number concentrations of particles for subsequent growth
and hence, solid formation.

The possible sources of errors are discussed in the follow-
ing. Ex situ measurements even with optimized post process-
ing conditions can lead to uncertainties in pH and solid
weight. Solid materials can remain on the walls and on the
filter membrane after filtration. Hartig et al. showed that
most of the carbonate is dissociated as carbonic acid and
bicarbonate at the end of simulation.'* This can lead to a
carbon dioxide release during sampling outside the mixing
zone which is open to atmosphere. The pH of suspension
changes during carbon dioxide release.”

Influence of dissociation reactions on solid formation

The solid weight changes without and with nitric acid sig-
nificantly as shown in Figures 5-7. In case of using nitric
acid, the solid weight is always less than without using nitric
acid. The influence of nitric acid addition on precipitation is
discussed in this section by making use of simulation results
at reference conditions.

The temporal evolutions of total concentrations of compo-
nents and solid concentration during mixing and precipitation
at reference conditions without and with addition of nitric
acid are shown in Figure 8.
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At reference conditions, the mixing zone is filled with
0.13 M sodium carbonate reactant solution and is mixed with
0.1 M copper nitrate solution from outside of the mixing
zone. Hence, the total concentration of copper increases,
whereas the total concentration of carbonate decreases. The
engulfment of copper nitrate reactant solution leads to a dilu-
tion of sodium carbonate in the mixing zone. The Georgeite
formation is not mixing controlled in the specific power input
range of the T-mixer.'> Mixing and precipitation are
decoupled. Hence, the ideally mixed state is reached before
particle formation occurs. At the ideally mixed state, which is
reached approximately at 3 X 10> s at a flow rate of 3 mL/s,
the total concentrations of components converge to the half
of the reactant concentrations (¢ cor- = 0.13 M/2,
Coorcu+ = 0.1 M/2). In case of addition of nitric acid, the
total nitrate concentration at the ideally mixed state is higher
than in case without addition of nitric acid by the nitrate
source of HNOj;. The total proton concentration in Figure 8
right is increased already during mixing by engulfment of
nitric acid into the mixing zone. A further increase of total
proton concentration is caused by hydrolysis reaction of
Georgeite precipitation. The total copper and carbonate con-
centration is decreased by Georgeite formation. In case of
addition of nitric acid, solid formation starts immediately
when the ideal mixed state is reached indicated by the tem-
poral evolution of solid concentration in Figure 8 right.
Georgeite formation without addition of nitric acid in Figure
8 left starts at later time scales. In contrast to the precipita-
tion without addition of nitric acid, the total copper concen-
tration at the end of precipitation with addition of nitric acid
is not completely consumed by Georgeite formation.

The total concentrations, shown in Figure 8, are distrib-
uted in species concentrations which can be calculated by
Eq. 2. By extended Debye—Hiickel activity correction, the
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activities are calculated from the species concentrations.?*
The temporal evolutions of relevant species’ activities with
and without addition of nitric acid are shown in Figure 9.
The temporal evolutions during precipitation in Figure 9
right are plotted between 10~* and 10 % s for the purpose of
visibility.

The supersaturation is calculated from the activities of
free ions and the solubility product (Sgeorgeire = a% o+
“Acor -a%)H- /KSPTG(,D,.ge,Am)l/ 3. The comparison between left
and right side of Figure 9 shows that the addition of nitric
acid changes the temporal evolution of species’ activities

completely and hence, the supersaturation of Georgeite. In
the beginning of mixing, both cases start with a high activity
of free carbonate and low activity of free copper. By mixing
the free carbonate and free copper, activities reach almost
the same value and stay at as plateau from 3 X 107> s to
almost 10™" s leading to a high supersaturation. The supersa-
turation is much lower in case of addition of nitric acid. The
high acidity by addition of nitric acid leads to a lower activ-
ity of free carbonate. Instead, carbonate dissociates as
H,COs3(aq), CO,(aq), and HCO;. The supersaturation
declines by solid formation and reaches a plateau of
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Figure 8. Temporal evolution of total concentrations of components during mixing and precipitation at reference
conditions; Left: not acidified Cu(NOj3), reactant solution; Right: acidified Cu(NO;3), reactant solution.
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approximately Sgeorgeie = 10. This is in contrast to the pre-
cipitation without addition of nitric acid in which the satu-
rated state (SGeorgeie = 1) is reached.

In Figure 9, it can be seen that the dissociation of total
components’ concentrations in species activities determines
the supersaturation and hence, the kinetic rates of particle
formation in Figure 10.

The long plateau of supersaturation in Figure 9 left leads
to a prolonged maximum rate of homogenous nucleation in
Figure 10 left. The growth rate reaches immediately a max-
imum of about 1.5 X 107° m/s and stays above 3 X 107’
m/s for a long time period of approximately 0.05 s. High
particle number concentrations are created by homogenous
nucleation and grow by diffusion-controlled growth until
the solid formation is completed (see solid concentration
Figure 8 left). In case of addition of nitric acid, the homo-
geneous nucleation rate declines after the ideal mixed state
is reached. After the first nucleation burst by homogeneous
nucleation, the secondary nucleation rate starts to rise and
supports the particle formation. The growth rate rises
sharply to even higher values as compared to the precipita-
tion without nitric acid addition. However, the growth rate
declines fast in the time range where secondary nucleation
starts. Both homogeneous and secondary effective nuclea-
tion rates stay at approximately 10%/m°/s from 10~' s at
supersaturation level of approximately 10 until the end time
of simulation. These rates are too low to complete particle
formation in the time scale considered here. This explains
the incomplete consumption of the total copper concentra-
tion in Figure 8 right. In the experiment, the reaction stops
at later time scales during ageing.

Yield of solid formation

The yield of solid formation is a measure, which compo-
nents from the reactant solutions are consumed by particle
formation. It indicates clearly the limitation of solid forma-
tion as discussed in Influence of Dissociation Reactions on
Solid Formation section. The yield of solid formation in sim-
ulation is defined by the ratio of the solid concentration from
simulation cgolia(f = fena) and the total component’s concen-
tration ciorp(f = 0) from reactant solution
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Csolid (t = tend) . ﬁp
Y, simu = —————— X 100
p,simu Ctot,p(t — 0)/2

cmw,(t =0) is corrected as in Eq. 8, by the factor of two
because of dilution of reactant solutions by mixing. f8, is
used to consider the stoichiometry of the solid in terms of
components. The yield of solid formation in experiment
Y, exp is calculated by the ratio of the solid concentration
from experiment by the total component’s concentration
Crotp(f = 0) from reactant solution

B, (corp(t =0)/2)"" X100 (%)

(%) (10)

Msolid,exp
Y, pexp —
M solid * Vreactor
————

Csolid,exp

(1)

The solid concentration in the experiment is calculated by
the molar mass of the solid and the reactor volume based on
Eq. 9. The total component’s concentration is corrected as in
Eq. 10.

The Cu(NO3), reactant concentration and Na,COj; reac-
tant concentration is varied from the reference conditions in
experiments and simulation. The yield of solid formation of
copper and carbonate components from experiment and
simulation is summarized in Figure 11. The yield is shown
for using an acidified (Figures 11c and d) and not acidified
(Figures 1la and b) Cu(NOj3), reactant solution for
preparation.

Results from simulation follow the trend of the experi-
mental yield of solid formation qualitatively and even partly
quantitatively. Deviations can be seen for low reactant con-
centrations for the yield of copper component. The yield of
carbonate lies always below the yield of copper. One goal in
the process of methanol catalyst preparation is to maximize
the yield of copper because copper nitrate is the most expen-
sive chemical in the production. Hence, the yield of copper
is discussed in the following in detail. In Figure 11b, it can
be seen that the yield of copper, in case of precipitation
without addition of nitric acid, can be increased from 60%
to 100% by increasing the sodium carbonate reactant con-
centration from 0.075 M toward the reference condition of
0.13 M and above. The variation of copper nitrate reactant
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concentration using 0.13 M Na,CO; does not influence the
yield of copper significantly, which lies already between
80% and 100% (Figure 11a). In case of precipitation with
addition of nitric acid, the sodium carbonate reactant concen-
tration plays the major role to gain a high yield of copper.
In Figure 11d, it can be seen that the experimental yield of
copper can vary in a wide range from 20% to 80% by varia-
tion of sodium carbonate reactant concentration from the ref-
erence conditions. For a high yield of copper, an over
stoichiometric use of sodium carbonate in comparison to
copper nitrate is necessary.

Conclusion

The multicomponent and multiphase model of Hartig
et al. is applied to the preparation of methanol catalyst pre-
cursors in a T-mixer.'® Reference conditions of catalyst pre-
cursor preparation and postprocessing in the T-mixer are
chosen in that way that the postprocessing has only minor
influence of the characterization of the precipitate.

Georgeite formation is confirmed as favored catalyst pre-
cursor phase in a wide range of applied preparation condi-
tions by experimental investigation of the solid phase
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Figure 11. Yield of solid formation of copper and carbonate component from experiment and simulation for acidi-
fied and not acidified Cu(NOg), reactant solution for varying Cu(NO3), reactant concentration and vary-

ing Na,CO3 reactant concentration.
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composition of the precipitate. This is in agreement with
experiments of Pollard et al. and with our numerical stud-
ies.”> The solid formation at low reactant concentrations can
be explained by secondary nucleation. The solid weight is
strongly dependent on concentration of the reactant solu-
tions, and a significant change of particle number concentra-
tion could be observed with varying reactant concentrations.
Two approaches are presented to predict the solid weight of
the precipitate. The first approach which is based on the
complete consumption of the reactants shows relatively large
errors at low sodium carbonate reactant concentrations and
high reactant copper nitrate concentrations. The second
approach, using simulations based on the model of Hartig
et al., leads to significantly reduced errors in a wide range of
preparation parameters. ">

Additionally, it could be shown that for the precipitation
of copper catalyst precursors the prediction of the suspen-
sion’s pH is possible. During precipitation of Cu/ZnO/Al,0;
methanol synthesis catalysts in stirred vessels, the pH is
adjusted by the controlled addition of reactant solu-
tions.>?”-3? The pH in the initial step has influence on all fol-
lowing steps of the process chain of catalyst production.
This effect is denoted as ‘“chemical memory” in litera-
ture.>'%2%-33-36 The pH is seen as a key parameter of catalyst
preparation as it affects the phase formation and finally, the
specific surface area and productivity of the catalyst.”’?
Zander et al. could decouple the ageing process from the
precipitation to study the ageing independently from other
preparation parameters.® In this case, the pH could be
adjusted by addition of Na,CO3 or K,CO3 and HNO; to the
mother liquor. In case of precipitation in a T-mixer, the pH
can be controlled by the initial pH of reactant solutions and
can now be accessed by simulations within this work. The
knowledge of the final chemical composition of the precipi-
tation system from the simulations could improve the control
of the pH in the beginning of ageing by addition of further
chemicals or buffers.

Furthermore, the yield of copper formation can be con-
trolled by variation of the sodium carbonate reactant concen-
tration and variation of nitric acid concentration in a range
between 20% and 100%. Numerical studies show that the
reason is the limitation of solid formation by the dissociation
of species in aqueous media. This finding can be used to
optimize the consumption of copper components by solid
formation and to reduce the expenditure of copper salts in
the production of copper-based catalysts.

In future, particle size and number concentrations have to
be measured to validate additionally disperse properties. This
will allow controlling the specific surface area, which is a
further key parameter during preparation.’”*” The network
of particles in the SEM image analysis suggest attachment of
particles by secondary nucleation or agglomeration. Up to
now, the particles are assumed to be separated in our simula-
tions. In future, agglomeration and the balance of the overall
agglomerate size have to be considered in our model to esti-
mate and compare the experimental particle sizes to the
mean particle sizes of our simulations.

A further focus of future investigations will be the model
extension to the zinc, aluminum, or magnesium components
toward preparation of commercial Cu/ZnO/Al,O; methanol
catalysts or alternative copper-based catalysts. For this pur-
pose, the multicomponent and multiphase model was pre-
sented here, which is capable to implement various
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components and solid phases. By this, the model provides a
complementary or an even alternative method to study cata-
lyst preparation.
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