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Abstract The continuous precipitation of zinc carbonates
using aqueous solutions of zinc nitrate and sodium carbonate
was quenched within a few seconds by combining a mi-
cromixer with a bench-top spray dryer. In this way, it was
possible to monitor the slow phase transformation of the
initially formed sodium zinc carbonate into zinc hydroxy
carbonate during subsequent washing and drying. An
increased stirring rate applied during washing was found to
accelerate this phase transformation, thus influencing the
specific surface areas and pore size distributions of the ZnO
powder materials finally obtained after calcination.

Keywords ZnO - Continuous precipitation -
Micromixing - Spray drying - Freeze drying

1 Introduction

Precipitation plays an important role in the field of bulk
catalyst preparation [1]. Due to its high degree of flexibility,
the generation of homogeneous component distributions and
the possibility to create pure materials, it is one of the most
frequently applied synthetic methods. Polycrystalline zinc
oxide can be prepared by the precipitation of zinc salts with
alkali carbonates or hydroxides followed by a controlled
calcination process [2]. ZnO is catalytically active in
hydrogenation reactions [3], or it is used as catalyst support
[4, 5]. Other catalysts of industrial importance prepared by
precipitation methods are the catalysts for Fischer—Tropsch
synthesis [6], the V/P/O catalyst for the oxidation of n-butane
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to maleic anhydride [7, 8], and the Cu/ZnO catalyst for
methanol synthesis [4, 5]. In the latter case, Bems et al. [9]
showed that the properties and performance of the final
catalyst are strongly influenced by a large set of experimental
parameters applied during the precipitation process. They
investigated the particle formation of binary catalyst pre-
cursors by varying the pH, the Cu—Zn ratio, and the aging
time, and observed that the system is extremely sensitive to
small changes of the synthesis conditions. Additionally,
further parameters such as temperature, concentration, sol-
vent, flow rates and stirrer speed have to be considered [1].
This huge set of parameters for one specific precipitation
process requires an elaborate optimization.

The degree of supersaturation that is created by bringing
the corresponding solutions into contact is essential for the
particle formation [10]. During a conventional precipitation
in a batch reactor local supersaturation is created when a
droplet of one solution hits the other solution. Due to
intensive stirring the system is homogenized on a short time-
scale, and the local supersaturation vanishes. In contrast, a
continuous precipitation leads to a constant supersaturation
level and therefore to a more homogenous nucleation [11].

Recently, a microscale mixing tee was used as a con-
tinuous flow reactor for the precipitation of zinc nitrate
with sodium carbonate [12]. This mixing tee provides
laminar flow in and out of the mixing zone, while the
mixing occurs under turbulent conditions due to the special
geometry of the device. The volume of the mixing zone is
less than 0.03 mL resulting in very fast mixing and an
estimated residence time of the precipitate of less than
0.3 s in the turbulent region of the mixing tee. These
conditions influence the particle size of the final zinc oxide
and its specific properties [13]. The mixing tee was directly
connected to the two-fluid nozzle of a bench-top spray
dryer.
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Fig. 1 Experimental strategy to synthesize nanoscale zinc oxide via
continuous precipitation combined with rapid spray drying, followed
by washing, drying and calcination

With this combined set-up the precipitation reaction was
quenched immediately, and the initially formed precursor
was investigated by powder X-ray diffraction (XRD), N,
physisorption, scanning electron microscopy (SEM), and
atomic absorption spectroscopy (AAS). The immediate
quenching of the precipitation of zinc nitrate with sodium
carbonate led to the formation of the kinetically favored
precursor. This instantly formed phase was identified as the
sodium zinc carbonate Na,Zn;(COs)s [14]. When this
phase was then exposed to water during the washing
step to remove the byproduct sodium nitrate, a structural
rearrangement of the system took place, and the thermo-
dynamically more favored zinc hydroxy carbonate
Zns(OH)(CO3), was formed [15]. Usually, zinc hydroxy
carbonate is referred to as the precipitation product
achieved by the conventionally precipitation in a batch
reactor followed by several hours of aging [9, 16].

In the present contribution, the unit operations applied
during the post-precipitation processes, i.e., aging, washing
and drying, were studied in detail (Fig. 1). The use of a
freeze dryer offered the possibility to separate the changes
during washing from those during the subsequent drying in
the drying oven. Therefore, it was possible to investigate
the transformations occurring during washing separately
without further thermal treatment of the precursor, and a
strong influence of the stirrer speed on the rate of the phase
transition was detected.

2 Experimental
2.1 Preparation
The zinc oxide precursor was prepared by a continuous pre-

cipitation of aqueous zinc nitrate solution (¢ = 0.10 mol L™")
with aqueous sodium carbonate solution (¢ = 0.12 mol Lfl)
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using a mixing tee (VICI) as microreactor. The chemicals were
obtained from Aldrich and used as received. The mixing tee
was directly connected to a bench-top spray dryer (BUCHI) or
separated from the latter by a continuous aging device. This
device consisted of a 7 m silicone tubing with an inner diameter
of 0.5 cm and provided a residence time of the precipitate of
18 min before the spray drying process. All spray-dried sam-
ples were washed three times for 5 min with 20 mL of distilled
water stirring with a defined stirrer speed inside a glass frit
(porosity 5, pore size 1.0-1.6 pum). After filtration, the washed
precursor was oven-dried for 20 h at 120 °C or freeze-dried for
20 hat —50 °Cand 0.1 mbar. The precursors were calcined for
3 h at 280 °C under synthetic air flow (20% O, in N,) using a
bench-top rotary kiln.

2.2 Characterization

Powder XRD patterns were recorded in the 260 range from 5
to 80° (step width of 0.03°) using a Panalytical MPD dif-
fractometer, equipped with a copper tube, 0.5° divergent
and antiscatter slit, a 0.2 mm high receiving slit, incident
and diffracted beam 0.04 rad soller slits and a secondary
graphite monochromator. Powder diffraction files (PDF)
from the international centre of diffraction data (ICDD)
combined with the X'Pert line software (Panalytical,
Almeno) were used for qualitative phase analysis. Lan-
thanum hexaboride NIST-SRM 660a was used to correct
for instrumental line broadening. Static nitrogen physi-
sorption experiments were performed in a modified
Autosorb 1C set-up (Quantachrome). All samples were
pretreated at 200 °C for 2 h. Data were analysed according
to the BET equation, assuming that the area covered by a
nitrogen molecule equals 0.162 nm? The pore size distri-
bution was obtained using the BJH method. SEM
measurements of the powder materials were performed
with a high resolution thermally aided field SEM (Zeiss,
LEO 1530 Gemini). AAS measurements were performed
using a Thermo electron spectrometer (M-series).

3 Results and Discussion
3.1 The Role of Aging

The phase transition of the sodium zinc carbonate into the
zinc hydroxy carbonate plays an important role during the
preparation process and is achieved by exposing the spray-
dried precursor to water again. To investigate this effect in
more detail, a continuous ageing device was added to the
mixing tee/spray dryer set-up. This residence time module
consisted of a silicone tubing of defined length and diam-
eter that was applied between the mixing tee and the nozzle
of the spray dryer. Consequently, the precipitate was in
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Fig. 2 XRD pattern of the spray-dried precursor that was aged for
18 min in the residence time module. The pattern of the immediately
spray-dried precursor (light gray line) as well as the data of the
powder diffraction files of Na,Zn;(COs3), (86-0607) and Zns(OH)g
(CO3), (19-1458) are included for comparison

contact with its mother liquid, usually referred to as ageing,
for additional 18 min before it was spray-dried. The resi-
dence time of 18 min was chosen in the range of the
exposure time during the washing process. The flow
through the module in this case was laminar due to the
chosen set-up conditions. Figure 2 shows the XRD pattern
of the resulting spray-dried precursor. The comparison of
the two patterns illustrates that there is no difference in
phase composition between the immediately spray-dried
precursor and the continuously aged precursor. In both
cases the sodium zinc carbonate is—in addition to sodium
nitrate—the predominant phase. Thus, aging in the resi-
dence time module under laminar flow conditions does not
lead to a phase transition.

3.2 The Role of the Washing and Drying Steps

As the flow through the residence time module was lami-
nar, intensive mass transport during the continuous aging
of the precipitate did not take place. Moreover, the 18 min
of aging took place at room temperature. In contrast to this
method, the washing and drying steps provide fast mass
transport due to the intensive stirring during washing as
well as a thermal treatment of the moist sample during
drying in the oven. Thus, the phase transition of the sodium

zinc carbonate into the zinc hydroxy carbonate seems to be
an activated process that requires additional energy.

To explore whether the intensive stirring or the thermal
treatment is responsible for the phase transition, the
washing and the drying step have to be investigated sepa-
rately. Therefore, one part of a freshly washed precursor
was dried using a freeze dryer. The advantage of this
method is the possibility to investigate the sample by
means of powder XRD without using temperatures higher
than room temperature. The other part of the same freshly
washed sample was dried as usual at 120 °C in a drying
oven, so that the influence of stirring can be studied
unimpaired by subsequent drying (Fig. 3).

The XRD pattern of the freeze-dried sample shows the
sharp and intensive reflections of the sodium zinc carbon-
ate as well as the broader reflections of the zinc hydroxy
carbonate, while the washed and oven-dried sample
exclusively consists of the latter phase. These results
indicate that the phase transition already starts during
washing—but does not proceed completely—and continues
during drying. This continuation of the phase transition
during drying occurs presumably due to the residual
moisture of the sample when it is placed inside the drying
oven directly after washing [17, 18]. It is not just a thermal
decomposition of the residual sodium zinc carbonate,

freeze-dried
oven-dried

1000 counts
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I Zn (OH),(CO,),
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10 15 20 25 30 35 40 45 50 55 60
20

Fig. 3 XRD patterns of the immediately spray-dried and washed
precursor that was divided into two parts and then oven-dried or
freeze-dried, respectively. The data of the powder diffraction files
of NaZZn3(CO3)4 (86-0607) and Zns(OH)s(CO3)2 (19—1458) are
included for comparison
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Fig. 4 XRD patterns of the spray-dried precursor washed without
stirring (light gray, top), with 300 r/min (gray, middle), and 1,250
r/min (black, bottom). All samples were freeze-dried afterwards. The
data of the powder diffraction files of Na,Zn3(CO3)4 (86-0607) and
Zns(OH)¢(CO3), (19-1458) are included for comparison

because otherwise the reflections of the decomposition
products—zinc oxide and sodium carbonate—would have
to be present. Furthermore, when the freeze-dried sample
was treated at 120 °C for 20 h no changes in the resulting
XRD pattern were observed, further supporting this
hypothesis.

3.3 The Role of Stirring

As the continuous aging as well as washing both occur at
room temperature, the increased mass transport due to

Fig. 5 SEM images of a the
continuously precipitated and
spray-dried ZnO-precursor and
b the subsequently washed and
oven-dried precursor. Stirring
leads to a fragmentation of the
previously formed precursor
spheres. Scale bars 2 pm
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intensive stirring has to be one of the reasons for the
observed phase transition from Na,Zn;(COs3),4 to Zns(OH)g
(CO3),. Another factor is the beneficial sodium gradient,
which is present during washing with distilled water. To
prove the assumption that the rate of the phase transition is
a function of the applied stirrer speed, three spray-dried
samples were washed without stirring, with 300 r/min and
with 1,250 r/min, respectively, by keeping all other
parameters constant. Figure 4 shows the three resulting
XRD patterns of the subsequently freeze-dried precursors.

The XRD results clearly show that the rate of the phase
transition during washing is influenced by the stirrer speed.
Sodium zinc carbonate is still the predominant phase in the
sample that was not stirred at all, while the sample with the
highest stirrer speed consists only of zinc hydroxy car-
bonate indicating a complete phase transition.

Additionally, intensive stirring leads to a breaking up of
previously formed agglomerates (Fig. 5). In the present
case, spherical agglomerates were formed due to the spray-
drying process. Fragmenting these spheres leads to an
increased mass transfer and also to a rearrangement into
less regularly formed smaller agglomerates after sub-
sequent drying.

For further investigations the three freeze-dried samples
were calcined, and the resulting zinc oxides were charac-
terized (Table 1). The XRD patterns of the three samples
all consist of phase-pure zinc oxide (wurtzite), and the
reflections do not differ in width and intensity. Moreover,
based on the Debye-Scherrer equation all samples exhibit a
mean crystallite size of about 7 nm. However, the calcined
precursors show significant differences concerning the
specific surface areas using the BET method (Table 1). The
reason for this variation in surface area is caused by dif-
ferent pore structures of the samples. The pore size
distributions derived by the BJH method reveal bimodal
distribution profiles for each sample, with two maxima at
about 4 and 30 nm pore diameter (Fig. 6). The relative
amounts of smaller and larger pores differ and are corre-
lated with the BET surface areas, with the sample with the
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Table 1 Residual amount of sodium in the zinc oxide samples
(AAS) as a function of stirrer speed, mean crystallite size estimated
by the Debye-Scherrer equation, and the according specific surface
areas (BET)

Stirrer speed No stirring 300 r/min 1,250 r/min
Residual Na(wt%) 53 2.2 1.2
Mean crystallite size(nm) 7.1 7.0 7.2
BET surface area/(m® g~')  58.8 88.1 76.1

highest BET surface area exhibiting the largest amount of
smaller pores. As all three samples were calcined in exactly
the same way, those structural differences can only be due
to the difference in phase composition before the calcina-
tion caused by the variation of the stirrer speed.

All samples contain a small amount of residual sodium
in the final zinc oxide (Table 1). However, this residual
sodium content does not result from an incomplete removal
of ionic nitrate by washing. Sodium nitrate has a very high
solubility in water even at room temperature [19]. Elec-
trical conductivity measurements as preliminary tests
revealed a complete dissolution and removal of solid
sodium nitrate under the applied washing conditions.
Moreover, when the spray-dried sample was calcined first
to decompose the sodium zinc carbonate into zinc oxide
and water-soluble sodium carbonate, and was then washed
afterwards, no residual amount of sodium was detected by
AAS. Therefore, the residual sodium content of the sam-
ples is caused by the incomplete phase transition of the
sodium zinc carbonate into the zinc hydroxy carbonate
before the calcination. As shown in Table 1, the amount of
residual sodium correlates well with the stirrer speed,
which leads to different amounts of sodium zinc carbonate
in the washed sample. It is still an open question which
kind of residual chemical sodium species is present in the
calcined sample. The XRD patterns provide no hints on any
other crystalline phases than zinc oxide. Therefore, addi-
tional characterization methods such as IR and Raman
spectroscopy are used in ongoing studies to clarify this
question.

4 Conclusions

The set-up combining continuous precipitation in a mic-
roreactor with an immediate quenching of the reaction by a
rapid spray-drying process provided a new promising
method to investigate precipitation reactions in more detail.
Structural transformations were quenched, and a detailed
analysis of the occurring processes during the first few
seconds of the precipitation became feasible.

Moreover, the additional application of freeze drying
offered the opportunity to separate the influence of the
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Fig. 6 XRD patterns of the calcined zinc oxide precursors washed
with different stirrer speeds: without stirring, 300, and 1,250 r/min,
respectively (fop) and the according pore size distributions including
the specific surface areas of each sample (bottom)

washing step from that of the drying step by allowing to
characterize the washed precursors without any further
thermal treatment.

Sodium zinc carbonate was identified as the kinetically
controlled first precipitation product from zinc nitrate with
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sodium carbonate. Washing led to a rearrangement of the
instantly formed sodium zinc carbonate to the thermody-
namically more stable precursor zinc hydroxy carbonate.
This phase transition turned out to be an activated process,
which was accelerated by intensive stirring.

Consequently, during catalyst synthesis attention should
not only be paid to the precipitation, but also to the post-
precipitation steps, as they strongly influence the properties
of the final calcined material.
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