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Layered double hydroxides,
especially Zn-Al, are valuable bases
Jor intercalating various functional
anions: dyes, drugs, food additives,
etc. For purposeful development and
optimizationofthesynthesistechnology
of functional materials based on
Zn-Al layered double hydroxides, the
technological parameters of Zn-Al
nitrate layered double hydroxide
samples (Zn:Al=4:1) synthesized at
solution flow rates of 0.8 and 1.6 1/h,
pH=7, 8, 9, 10 and t=10, 20, 30, 40,
50 and 60 °C were determined. The
yield values of the samples were
determined by the gravimetric method.
The sedimentation rate was studied by
measuring the normalized thickness
of the precipitate layer (relative to
the initial layer thickness) during
30 minutes of settling. It was found
that with an increase in the synthesis
pH, the yield increased from 74.68 %
to 83.54 %. Increasing the flow rate of
the solutions led to a decrease in yield.
On the yield-synthesis temperature
dependence, two sections of 10-20 °C
and 30-60 °C were identified, within
which an increase in temperature led
to a decrease in yield. It is shown
that with increasing synthesis pH,
as well as the solution flow rate,
the sedimentation rate increased
significantly. At pH=10, almost
complete sedimentation of the sample
occurred within the first 5 minutes.
The obtained data indicate that the pH
of the zero charges of the Zn-Al-NOj3
layered double hydroxide particles
was close to 10. It was found that
increasing the temperature reduced
the sedimentation rate. An abnormally
low sedimentation rate at a synthesis
temperature of 30 °C and an
abnormally high sedimentation rate
at 50 °C were detected. The obtained
data confirm the previously stated
hypothesis regarding the change of the
mechanism or kinetics of the formation
of layered double hydroxides at
temperatures of 30 °C and 50 °C

Keywords: Zn-Al layered double
hydroxide, intercalation, nitrate,
product yield, sedimentation rate
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1. Introduction

which pigments are obligatory and most important [1, 2].

Pigments can be obtained both from natural sources and

Humanity has widely used decorative cosmetics since  synthetically. The most common mineral pigments are salt
ancient times. They consist of various components, among  and oxide substances, for example, cobalt-chromium oxide




pigments [3], as well as spinel [4, 5], and pigments with the
structure of various silicates [6, 7]. Inorganic pigments have
high color stability though they have a limited range of col-
ors. Organic pigments are characterized by a wide range of
colors, but have low stability to sunlight.

Organo-inorganic hybrid materials have the complex
advantages of both organic and inorganic pigments. Among
pigments of this type, the most promising are layered double
hydroxides (LDH) [8] intercalated with anionic dyes [9, 10].

The color palette of cosmetic pigments can be expand-
ed by combining various metal cations and dye anions of
various colors in the LDH composition. For example, Zn-Al
and Acid Yellow 17 [11], Mg-Al and o-Methylene Red [12],
Ni-Fe and o-Methylene Red [13], Zn-Al and Mordant Yel-
low 3 [14, 15], Zn-Al and Acid Yellow 3 [16], Zn-Al and Acid
Green bianion 28 [17] can be used.

Some authors characterize pigments obtained by interca-
lation as nanocomposites. It should be noted that composite
materials (organic—organic [18] or inorganic-inorganic [19])
consist of a matrix and a filler, between which there is al-
ways an interface. However, intercalated LDH pigments are
mainly monophasic substances, so their characterization as
nanocomposites is inaccurate.

LDH can also be used to purify wastewater from anionic
dyes by ion exchange to obtain dye-intercalated LDH. In
particular, Evans Blue is extracted using Zn-Al LDH [20],
and orange-type dyes are extracted using Zn-Al LDH [21].
Various azo dyes [22], including Remazol Brilliant Violet [23],
are extracted using Ni-Al LDH, blue dyes (including Maya
Blue) [24] — using Zn-Al LDH, Methyl Orange [25 | — using
Zn-Al LDH. Amaranth [26] is extracted from wastewa-
ter with Mg-Al LDH, Acid Yellow 42 [27] — with Mg-Al
LDH, Congo Red [28] — with Ni-Al LDH, and Indigo Car-
mine [29] — with Mg-Fe LDH.

It is promising to use LDH as a nanocontainer for special
functional anions, such as drugs [30, 31], dye anions [32], an-
ions for sensors [33], corrosion inhibitors [34], biologically
active additives [35], food additives. [36, 37], etc.

It should be noted that now there are practically no tech-
nologies for LDH production intercalated with functional
ions. Therefore, the determination of the LDH process pa-
rameters as the basis for intercalation is promising.

2. Literature review and problem statement

Hydroxides of divalent metals (except for alkaline earth
metals) are characterized by polymorphism and their two
modifications have been described: B-modification (chemical
formula Me(OH),, brucite structure) and o-modification
(chemical formula 3Me(OH),2H-0, hydrotalcite struc-
ture). Structures intermediate between the o- and B-forms
have been described for nickel hydroxide [38]. The formation
of Ni(OH), with a mixed layered (o.+B) structure has been
described in [39].

Layered double hydroxide (LDH) is an o--modification of
the host metal hydroxide, in the crystal lattice of which some
of the host metal cations are replaced by the guest metal cat-
ions: for example, Zn?" (a host) is replaced by Al** (a guest).
Because of this, an excess positive charge is formed in the
crystal lattice, which can be compensated by the intercala-
tion of additional anions into the interlayer space. Anions of
precursor salts can act as such anions. But most often, anions
with special functional properties are purposefully interca-

lated into LDH structures. Stabilizing [40] or activating
anions [41, 42] can be introduced into the LDH composition.

The LDH structure consists of the following main com-
ponents [43]: host metal cations, guest metal cations, and
intercalated anions. It becomes possible to design an LDH
with the required characteristics with a purposeful selection
of all three components.

The development of a functional material based on in-
tercalated LDH consists of choosing the type of LDH (host
metal and guest metal cations), an anion for intercalation, as
well as the method and conditions of synthesis.

For the synthesis of LDH-based materials, the use of Zn?
as a host metal cation is the most promising. In the synthesis
of LDH-based pigments, the advantage of Zn hydroxide is
its white color, so Zn LDH is a good basis for a clear devel-
opment of the intercalated dye color. A base LDH must be
health-friendly for use in cosmetics, medicine, or as a food
additive. The review paper [44] shows some negligible tox-
icity of Zn-Al LDH.

AIP* is most often used as a guest metal cation. This is
due to high structure-forming and stabilizing properties
concerning the o-modification of LDH.

The choice of a functional component for intercalation
into the LDH interlayer space is based on the nature of the
substance, which must be anionic.

The method and conditions of synthesis directly de-
termine the micro- and macrostructure of LDH particles.
Hydroxides can be obtained by chemical precipitation, by
the methods of direct (adding an alkaline solution to a metal
salt solution) [45, 46], or reverse synthesis (adding a metal
salt solution to an alkali solution) [47, 48], as well as by
the sol-gel method [49]. Also, two-stage high-temperature
synthesis [50], and homogeneous precipitation [51] can be
used for their synthesis. Electrochemical methods are also
used: cathodic template synthesis [52, 53] and synthesis in
a slit diaphragm electrolyzer [54]. However, not all of the
methods are suitable for the synthesis of LDH intercalated
with functional anions. Two types of methods can be distin-
guished to obtain such materials. The first one is a two-stage
type, including;

1) the LDH synthesis with inorganic anions of precursor
salts (mainly nitrate) by reverse precipitation [11, 16, 17],
precipitation at constant pH [9, 26], homogeneous precipi-
tation [22], etc.;

2) intercalation of a functional anion by the ion exchange
method.

The two-stage type includes the method of LDH re-
duction from LDO (layered double oxide obtained by the
LDH calcination) in the presence of a functional anion, for
example, a dye anion [12]. The disadvantages of two-stage
methods are the ion exchange duration, as well as the need to
synthesize LDH intercalated with anions, which will be eas-
ily exchanged for functional anions. Moreover, such methods
are poorly applicable in production due to complexity, long
duration, and high cost.

The second method is a one-stage type. In this case,
the formation of anion-intercalated LDH occurs directly
during the synthesis. For this purpose, the method of co-
precipitation by reverse synthesis or synthesis at constant
pH is used [55, 56]. Direct one-stage synthesis is the most
promising.

It should be noted that the main object of studies of
LDH-based functional materials, for example, dye-interca-
lated Zn-Al LDH [55, 57] and Zn-Co LDH pigments [58],



is the structure and characteristics of the synthesized ma-
terials. It should be noted that the characteristics of LDH
intercalated with functional anions are determined by the
parameters of the matrix — LDH intercalated with anions of
precursor salts. The structural characteristics of Zn-AI-NOs
LDH obtained by different methods were studied in [59].
At the same time, the technological parameters of the
matrix (LDH intercalated with precursor salt anions) are
practically not studied, which makes it difficult to develop
a technology for the production of LDH-based functional
materials.

3. The aim and objectives of the study

The aim of the work is to determine the technological
parameters of Zn-Al nitrate layered double hydroxide under
various synthesis conditions. This will allow the develop-
ment of technologies for obtaining LDH-based functional
materials.

To achieve the aim, the following objectives were set:

— to determine the yield of Zn-Al-nitrate layered double
hydroxide samples synthesized at different temperatures,
pH, and solution flow rates;

— to investigate the process of sedimentation of Zn-Al-
nitrate layered double hydroxide samples synthesized at
different temperatures, pH, and solution flow rates.

4. Research materials and methods

4. 1. Method of samples preparation

We used crystalline hydrates of zinc and aluminum
nitrates (analytical grade qualification) for the synthesis.
NaOH was used in a granular form and a high analytical
grade qualification.

Zn-Al-NO3 LDH samples were obtained by chemical
synthesis at constant pH [34]. LDH was synthesized with
the independent supply of the Zn(NO3),+Al(NO3)3 solution
(with a molar ratio of Zn:Al=4:1) and the NaOH solution by
peristaltic pumps. The solutions were fed at the same rate
into a 2 L reaction beaker containing 100 mL of the initial
solution. Variable synthesis conditions:

-pH-7,8,9, 10;

—t-10, 20, 30, 40, 50 and 60 °C;

— solution flow rate — 0.8 and 1.6 1/h.

Sample marking: Zn-Al-0.8-9-30, where Zn-Al is the
LDH type, 0.8 is the solution flow rate (1/h), 9 is the syn-
thesis pH, and 30 is the synthesis temperature (°C). To
carry out the synthesis, the NaOH mass was calculated as
the sum of the mass for the LDH formation and the mass
for maintaining the required pH. The initial solution was
also prepared with a pH corresponding to the pH of the
synthesis. The synthesis was carried out with continu-
ous stirring and temperature maintenance. Stirring and
maintenance of the synthesis temperature continued for
60 minutes after the addition of solutions was completed.
Thereafter, the LDH precipitate was filtered off from the
mother liquor under a vacuum. For effective rinsing from
soluble components, a two-stage procedure was used: the
first drying at 70 °C (24 hours), grinding, soaking in dis-
tilled water (12 hours), filtration, and the second drying
under the same conditions.

4.2. Methods of investigating the samples’ charac-
teristics

Determination of the synthesized samples yield.

The yield of the samples was determined gravimetrically
by weighing the sample after two-stage drying and divid-
ing by the theoretical weight of the sample, for which the
amounts of precursors were calculated.

Determination of the samples’ sedimentation rate.

The main purpose of investigating the sedimentation
process was to determine the filterability of the obtained
precipitate. Therefore, the investigation of the sedimenta-
tion rate was carried out immediately after the end of the
precipitate aging process [60] (after turning off the heating
and stirring) by measuring the thickness of the precipitate
for 30 minutes.

The values of the yield and relative thickness of the pre-
cipitate layer were calculated as an average value based on
the results of three repetitions of the syntheses. Statistical
processing was carried out by the LSD (Least Significant
Difference) calculation method.

5. Results of investigating the technological param-
eters of Zn-Al-nitrate layered double hydroxide samples

3. 1. Results of determination of the samples yield

The yield values of Zn-Al-NO3 samples are shown in Fig. 1.
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Fig. 1. Yield of the samples synthesized at: a — different pH
and solution flow rates; b — different temperatures

It should be noted that for all synthesis conditions, the
LDH yield as a product was rather high and amounted to
69.9-84.4 % of the theoretical value. An increase in pH
from 7 to 10 (Fig. 1, ) led to an increase in yield, while an
increase in the solution flow rate from 0.8 1/h to 1.6 1/h led
to adecrease in yield. An increase in temperature from 10 °C
to 60 °C (Fig. 2, b) led to a decrease in yield from 84.3 %
t0 75.9 %. The yield of the Ni-Al-0.8-8-20 sample (obtained
at 20 °C) was 81.6 %, which did not fit into the revealed
dependence.



5. 2. Results of investigating samples sedimentation
The results of the sedimentation investigation are shown
in Fig. 2.

] — —
60\ —

0 10 20 30 .40
Tsettling’ min

~Zn-Al-0.8-7-60 =Zn-Al-0.8-8-60

Zn-Al-1.6-8 -60 ~Zn-Al1-0.8-9-60
--Zn-Al-0.8-10-60
a
=120
2100
I
60
40 &%zzf
20
0
0 10 20 30 40
Tsettling= min
~7Zn-Al-0.8-8-10 =7Zn-Al-0.8-8-20
~Zn-Al1-0.8-8-30 ~Zn-Al-0.8-8-40
-+7Zn-Al-0.8-8-50 ~Zn-Al-0.8-8-60
b

Fig. 2. Relative thickness of the precipitate layer for the
samples obtained at: @ — different pH and solutions flow
rates, b — different temperatures

An increase in the synthesis pH (Fig. 2, a) led to an ac-
celeration of sedimentation: the relative layer thickness after
30 min decreased from 71.4 % (pH=7) to 14.1 % (pH=10).
At the same time, it should be noted that during synthesis
with pH=7, the sedimentation rate increased with time. At
the same time, as in the case of synthesis with pH=10, sed-
imentation almost completely ended within 5 minutes (the
relative thickness of the layer after 5 minutes of sedimen-
tation was 20.8 %, after 30 minutes — 14.1 %). Increasing
the solutions flow rate from 0.8 1/h to 1.6 1/h (Fig. 2, a) led
to an acceleration of sedimentation. An ambiguous effect
of the synthesis temperature on the sedimentation rate was
revealed (Fig. 2, b). The lowest sedimentation rate was found
at a temperature of 30 °C, and the highest sedimentation
rate (the smallest relative thickness after 30 minutes of sed-
imentation) — at 10 °C. At the same time, almost complete
sedimentation within 5 min was detected for a synthesis
temperature of 50 °C.

6. Discussion of the results of determining the yield and
investigating the sedimentation of Zn-Al layered double
hydroxide samples

In the discussion of the results, it should be taken into
account that the formation of hydroxides of divalent metals
occurs according to a complex mechanism [60]. During the
formation of zinc hydroxide (as the hydroxide of the host
metal forming the LDH crystal lattice), the rate of nucle-
ation (formation of crystallization centers) is significantly

higher than the crystal growth rate. As a result, LDH par-
ticles are formed according to a two-stage mechanism [60]:

— 15t stage (very fast) — formation of nuclei, their aggre-
gation with the formation of a primary amorphous particle;

— 2nd stage (slow) — crystallization (aging) of the prima-
ry amorphous particle. The rate of the crystallization process
is determined by many factors, the main of which are the pH
of the mother liquor and the temperature.

Determination of the LDH yield. The analysis of the
LDH yield values as a product under various synthesis
conditions (Fig. 1) showed a high yield value (69.9-84.4).
The decrease in the LDH yield could fundamentally be
due to several reasons. First, in the process of synthesis or
aging, LDH could partially decompose to LDO (layered
double oxide) with a decrease in mass. Second, aluminum
and zinc hydroxides are amphoteric, which could lead to
partial dissolution of LDH at high pH. And third, the
ZnggAly2(NO3)p2(OH)y»-%H,0O formula was used to cal-
culate the theoretical mass of LDH. At the same time, the
amount of crystalline water could be lower, which would
lead to a decrease in weight. An increase in the synthesis pH
from 7 to 10 (Fig. 1, a) led to a slight increase in yield from
74.68 % to 83.54 %. This is probably due to the more com-
plete precipitation of aluminum and zinc cations and possi-
bly an increase in the amount of crystalline water. Increasing
the solution flow rate from 0.8 1/h to 1.6 I/h (Fig. 1, @) led to
a decrease in yield from 75.92 % to 69.98 %. The probable
cause of this phenomenon may be a decrease in the amount
of crystalline water. However, additional studies are needed to
clarify the exact causes of this phenomenon. An increase in the
synthesis temperature led to an ambiguous effect (Fig. 1, b). In
general, it is possible to conclude that the yield decreased from
84.43 % (synthesis at 10 °C, Zn-Al-0.8-8-10 sample) to 75.92 %
(synthesis at 60 °C, Zn-Al-0.8-8-60 sample). However, the
yield value for the Zn-Al-0.8-8-20 sample, which was equal
to 81.62 %, did not correspond to this dependence. Another
approach seems to be more correct, which consists in sepa-
rating two segments of the yield-temperature dependence:

1) “10 °C — 20 °C” (Zn-Al-0.8-8-10, Zn-Al-0.8-8-20 sam-
ples);

2)“30°C-40°C-60°C”(Zn-Al-0.8-8-30,Zn-Al-0.8-8-40,
Zn-Al-0.8-8-50, Zn-Al-0.8-8-60 samples).

Both in the first and second sections of the dependence,
there is a decrease in yield. In [34], the effect of temperature
on the crystal structure of Zn-Al-NO3 samples synthesized
under the same conditions was studied. An analysis of the
dependence of crystallinity on temperature revealed the
same two sections, for which an increase in crystallinity
with increasing temperature was determined. These data
correlated with a decrease in yield, since an increase in crys-
tallinity led to a decrease in the amount of crystalline water.
Thus, the hypothesis put forward in [34] was confirmed. At
a temperature of 30 °C, a change in the mechanism of nuclei
or primary amorphous particles formation occurred.

Investigating the sedimentation rate of LDH samples.
The analysis of the investigation of the pH influence on
the sample sedimentation process (Fig. 2, a) showed that
with an increase in the synthesis pH, the sedimentation
rate increased. The relative thickness of the precipitate
layer after 30 minutes of settling at pH=7 was 71.4 %. At
the same time, the relative thickness of the layer at pH=10
was 14.2 %. In addition, it should be noted that the sample
obtained at pH=7 was characterized by the sedimentation



rate accelerating in time, and the relative thickness after
5 minutes of settling was 95.2 %. Moreover, with an increase
in the synthesis pH, the sedimentation rate during the first
5 minutes of settling increased. For the Zn-Al-0.8-7-60 —
7Zn-Al-0.8-8-60 — Zn-Al-0.8-9-60 — Zn-Al-0.8-10-60 sam-
ples, the proportion of the precipitate thickness reduction for
5 minutes (to the total decrease in the precipitate thickness)
was 16.8 %, 33.3 %, 77.7 %, and 92.3 %, respectively. This in-
dicates a change in the state of colloidal precipitate particles.
The LSD calculation showed that for the Zn-Al-0.8-8-60
and Zn-Al-0.8-9-60 samples, the values of the relative lay-
er thickness for 25 and 30 minutes of sedimentation were
statistically the same, which indicated the completion of
sedimentation after 25 minutes. At the same time, for the
Zn-Al-0.8-10-60 sample, sedimentation was already finished
after 15 min, which probably indicated that the pH of the
zero charges of the precipitate particles was close to 10. With
an increase in the solution flow rate, the sedimentation rate
increased (the relative thickness of the precipitate of the
Zn-Al-0.8-8-60 and Zn-Al-1.6-8-60 samples after 30 min-
utes of settling was 52.6 % and 33.3 %, respectively). The
increase in the sedimentation rate was because, with an in-
crease in the flow rate, the local pH in the zone of formation
of precipitate particles increased. In this case, sedimentation
had been finished by the twenty-fifth minute of settling.
The analysis of the effect of the synthesis temperature
on the sedimentation rate (Fig. 2, b) revealed two anomalies.
LDH synthesized at 10 °C and 20 °C (Zn-Al-0.8-8-10 and
Zn-Al-0.8-8-20 samples) were characterized by high sedi-
mentation rates (the relative thickness of the precipitate after
30 minutes of settling was 25 % and 35.7 % respectively). An
increase in the synthesis temperature reduced the sedimenta-
tion rate. For the Zn-Al-0.8-8-40 and Zn-Al-0.8-8-60 samples
(synthesis temperatures 40 °C and 60 °C), the relative thick-
ness of the precipitate after 30 minutes was 58.7 % and 52.6 %,
respectively. This is probably because with an increase in the
synthesis temperature, the crystallization rate increased, and
it is possible that the forming particles had a smaller size,
which reduced the sedimentation rate. At the same time,
anomalies in the sedimentation rate for temperatures of 30 °C
and 50 °C were revealed. An abnormally low sedimentation
rate was revealed for the Zn-Al-0.8-8-30 sample (relative pre-
cipitate thickness 77.8 %). In this case, sedimentation was not
completed after 30 minutes of settling (the difference in the
relative layer thicknesses after 25 and 30 minutes exceeded

the LSD). For the Zn-Al-0.8-8-50 sample, the sedimentation
rate was shown to correspond to the sedimentation rate of
the samples synthesized at 10 °C and 20 °C, with almost
complete sedimentation occurring in the first 5 minutes. It
is most probable that at temperatures of 30 °C and 50 °C, the
precipitate formation mechanism changes. This confirms the
hypothesis put forward in [34] about changes in the formation
mechanism at these temperatures.

Additional studies are needed to clarify the formation
mechanisms in detail for a more correct prediction of the
Zn-Al LDH synthesis conditions.

7. Conclusions

1. The yields of Zn-Al-nitrate layered double hydrox-
ide samples obtained by the synthesis method at a ratio of
Zn:Al=4:1, a solution flow rate of 0.8 1/h and 1.6 1/h, pH=7,
8,9, 10 and temperatures of 10, 20, 30, 40, 50, 60 °C were
determined. It is shown that with an increase in the syn-
thesis pH, the yield increases from 74.68 % to 83.54 %. In-
creasing the flow rate of the solutions reduces the yield. On
the yield-synthesis temperature dependence, two segments
were identified: 10—20 °C and 30-60 °C, within which an
increase in temperature leads to a decrease in yield. The data
obtained confirmed the hypothesis of a change in the mecha-
nism or kinetics of the LDH formation at 30 °C.

2. The sedimentation rate of Zn-Al-nitrate layered dou-
ble hydroxide samples obtained by synthesis at a ratio of
Zn:Al=4:1, a solution flow rate of 0.8 1/h and 1.6 1/h, pH=7,
8,9, 10 and temperatures of 10, 20, 30, 40, 50, 60 °C was
studied (by measuring the precipitate thickness). It is shown
that with an increase in the synthesis pH and solution
flow rate, the sedimentation rate increases significantly. At
pH=10, almost complete sedimentation of the sample occurs
within the first 5 minutes. The data obtained indicate that
the pH of the zero charges of Zn-Al-NO3 LDH particles is
close to 10. When studying the effect of temperature on the
sedimentation rate, it was found that an increase in tem-
perature reduces the sedimentation rate. At the same time,
an anomalously low sedimentation rate was revealed at a
synthesis temperature of 30 °C and an anomalously high rate
at a temperature of 50 °C, which confirms the hypothesis of
a change in the mechanism or kinetics of the LDH formation
at these temperatures.
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