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Abstract: The synthesis of Mg-Al layered double hydroxide (LDH) was explored, through a one-step
wet mechanochemical route, with the use of a NETZSCH LME 1 horizontal bead mill. Raw materials
selected comprised of a mixture of metallic oxides/hydroxides promoting green synthesis. The
research aims to expand on the understanding of the wet mechanochemical synthesis of Mg-Al LDH
through variation in milling and synthesis parameters. The selected parameters investigated were
rotational speed, retention time, solids loading, bead size and jacket water inlet temperature. Samples
were collected, filtered and dried at 60 °C for 12 h. Unless stated otherwise, or under investigation,
parameters were kept constant at pre-selected conditions adapted from existing literature. LDH
synthesis was deemed to occur successfully at elevated jacket water temperatures of 50 °C and
longer retention times. It was noted that AI(OH)3 XRD peak reduction occurred readily for increased
rotational speeds and residence times, regardless of system temperature. MgO was deemed to react
more readily at elevated temperatures. It was proposed that the amorphitisation and mechanochemi-

cal activation of AI(OH)3 contributed to its dissolution providing the relevant AR+

ions necessary
for Mg?* isomorphic substitution. Increasing the system temperature promoted the hydration of
MgO, with the absence of Mg(OH), attributed to its contribution as an intermediate phase prior to

LDH formation.

Keywords: layered double hydroxide; mechanochemistry; synthesis; milling parameters; wet grind-
ing; bead mill

1. Introduction

Layered double hydroxides (LDHs) are clay-like minerals, commonly referred to as

‘anionic clays’, represented by the general formula M, ML (OH), ][X9 /q-HzO]. The

selected divalent and trivalent metal elements are represented by M!! and Ml and the
interlayer composition is denoted by [X9™ ,-H,O]. Common applications for LDH mate-
rials include pharmaceuticals, as additives in cosmetics and polymers, as nanomaterial’s
and within the field of catalysis. This is primarily due to their wide variety of physical and
chemical properties, such as having variable charge density, a reactive interlayer space, ion
exchange capabilities, varying chemical compositions and rheological properties [1].

Multiple techniques exist for the synthesis of LDH materials. These traditionally
include co-precipitation, reconstruction, the urea method, induced hydrolysis, sol-gel and
hydrothermal methods [1,2]. Many existing synthesis techniques produce environmentally
unfriendly effluents or by-products, are energy intensive, make use of metallic salts or
require complex inert environments which are difficult to scale to a commercial level [3].
The need for ‘green’ synthesis methods are therefore often sought after.

The use of mechanochemistry as an alternative technique has gained wide-spread
attention. Mechanochemical processes can induce chemical reaction and structural changes
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through the use of a mechanical force. Solid-state reactions result in the formation of
a product phase that is separate to that of selected reactant phases. The formation of
meta-stable structures through milling can overcome reaction diffusion limitations and
eliminate the need for high reaction temperatures. Additionally, mechanical processing
can contribute to extended solid solubility, amorphitisation and disordering [4]. Multiple
mechanochemical techniques have been explored [3] with the promise of producing LDHs
with unique elemental and structural combinations [5,6]. Traditional mechanochemical
techniques involved in the synthesis of LDH materials include single-step or one-pot
grinding [7,8], mechano-hydrothermal synthesis [9-12] and two-step grinding. Two-step
grinding can include an initial grinding step followed by either an additional treatment
step or a second grinding step[13—15]. The milling of raw materials or reaction products
can be conducted wet, dry or as a paste. A review paper by [3] has indicated that a wide
variety of techniques and combinations involving wet and dry grinding have previously
been investigated and proven promising.

Wet grinding is a process in which solid particles are suspended within a liquid
medium and is commonly referred to as slurry milling. This process of milling offers
several advantages over dry milling such as thermal control, operational safety and reduced
environmental impact. Dry milling processes often result in the production of fines or small
particles that may be hazardous to the environment. Thermal control can be achieved either
through the selected medium or with the use of a water jacket. This prevents chemical
decomposition, solid phase transitions or melting of selected materials [16]. Single step
wet grinding has previously been considered unsuitable for solid state chemistry as the
addition of water to the system may reduce the degree of amorphitisation and prevent
active site formation [17]. Dry grinding methods are therefore typically conducted prior
to wet grinding or any other additional synthesis step, as the absence of water allows
for sufficient active site formation and amorphitisation. Dry grinding has successfully
incorporated multiple different secondary synthesis steps in the formation of LDH. These
methods have included dry grinding of raw materials followed by agitating the material
in a solution of the selected anion for intercalation [18-21]. Additionally, LDH synthesis
methods have involved dry grinding followed by washing or thermal treatment [3,22],
wet grinding [17,23] or methods making use of ultrasonic irradiation [24-26]. Limited
research has been conducted on single step wet grinding and low conversion rates obtained
warrant the need for further research [3,27,28]. Incomplete conversion or little to no LDH
formation has previously been attributed to the quantity of water present, with insufficient
mechanical activation of raw materials occurring [17].

A recent study attempted to expand on the wet mechanochemical synthesis of Ca-Al,
Mg-Al, Zn-Al and Cu-Al LDH materials by making use of a NETZSCH LME 1 horizontal
bead mill [28]. The synthesis method included a wet grinding step followed by an ad-
ditional ageing step at 80 °C for 24 h. LDH synthesis was deemed to be successful with
conversion observed to be incomplete. This study serves as a continuation of previous
work [28] by expanding on the one-step wet mechanochemical synthesis of Mg-Al LDH,
using a NETZSCH LME 1 horizontal bead mill, through varying milling and synthesis
parameters. Raw materials selected were a combination of commercial grade hydroxides
and oxides, promoting green synthesis and providing insight on commercial viability. The
use of oxides/hydroxides eliminate additional processes required to treat environmentally
harmful, salt-containing effluents produced from traditional LDH synthesis techniques [29].
The selected mill is designed specifically for wet grinding application, including homogeni-
sation of selected solids in the liquid medium, deagglomeration, dispersion and wetting
of solids [30]. The mill further has potential for industrial application as a result of high
volumes and a wide speed spectrum, allowing for effective comminution [30]. Traditional
mechanochemical techniques associated with LDH synthesis often make use of ball mills,
mixer mills or a mortar and pestle [3]. The study further aimed to provide insight on the
effects of mechanochemical activation and amorphitisation of poorly soluble oxides and
hydroxides, such that LDH formation occurred. Additionally, the ageing step was removed
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to determine if changes in milling parameters could provide potential for a one-step pro-
cess. The selected parameters investigated were rotational speed, residence time, solids
loading, bead size and jacket water temperature.

2. Materials and Methods
2.1. Milling Operation and Experimental Conditions

The influence of milling parameters on the synthesis of Mg-Al LDH was investigated
by making use of a NETZSCH LME 1 horizontal bead mill. Selected raw materials were
wet batch milled under air atmosphere. Batch set-up was as described and illustrated
by [28]. Starting materials selected were commercial grade MgO (86% Chamotte Holdings)
and Al(OH)3 (99.2% Belguam Indal), at a set M?*:M? ratio of 2:1, facilitating the synthesis
of MgsAl,(OH)14-nHO. MgO was selected to increase system pH such that AI(OH);
dissolution was encouraged, and was calcined at 800 °C for 1 h to remove any carbonates
or hydroxide phases. Prior to each experimental run the milling chamber was loaded to
a volumetric capacity of 60% (0.735 L) with an outer jacket water flowrate of 525 L-h~1.
Water of the correct stoichiometric amount was initially added to the system, through the
bead filling connection, such that the selected solids loading would be correct. The dry
oxide/hydroxide powders were then mixed in a beaker and slowly funnelled into the
system. The bead filling connection was sealed and the experimental run would commence.
Water was not boiled prior to each experimental run and all runs were conducted without
the addition of an inert gas. LDH synthesised was therefore expected to contain some
carbonate within the interlayer despite no direct carbonate source. Milling media selected
were spherical and comprised of yttrium stabilised zirconia due to its highly inert nature.
All samples were collected, gravity filtered and dried at 60 °C for 12 h under atmospheric
conditions. Parameters listed above were kept constant throughout each experimental
run conducted.

The selected milling parameters investigated were rotational speed, retention time,
solids loading, bead size and jacket water inlet temperature. Unless stated otherwise or
specifically under investigation, each of these parameters were kept constant, for each of
the experimental runs conducted, at the following conditions:

Rotational speed: 2000 rpm;
Retention time: 1 h;

Solids loading: 10%;

Milling media bead size: 2 mm;
Jacket water inlet temperature : 30 °C.

SRR

The influence of milling parameters were investigated as follows:

The rotational speed was varied at 1000 rpm, 2000 rpm and 3000 rpm;

The retention time was varied at 1 h, 2 h and 3 h;

The Solids loading was varied at 10%, 20% and 30%;

Milling media size was varied from 2 mm to a size of 0.25 mm;

The jacket water inlet temperature was increased from 30 °C to 50 °C. The increase in
temperature was investigated for a change in rotational speed at 1000 rpm, 2000 rpm
and 3000 rpm. Similarly, the change in temperature was further investigated with a
change in retention time for 1 h, 2h and 3 h, at a rotational speed of 2000 rpm.

ARl e

A summary of the selected experimental conditions for each of the samples collected
is depicted in Table 1.
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Table 1. Selected milling and synthesis parameters for each sample collected.

Sample Speed [rpm] Temperature [°C] Loading[%] Time[h] Media [pum]

S1 1000 30 10 1 2000
52 2000 30 10 1 2000
S3 3000 30 10 1 2000
54 2000 30 10 1 2000
S5 2000 30 10 2 2000
56 2000 30 10 3 2000
57 2000 30 20 1 2000
58 2000 30 30 1 2000
59 2000 30 10 1 250
510 2000 50 10 1 2000
S11 2000 50 10 2 2000
512 2000 50 10 3 2000
513 1000 50 10 1 2000
S14 2000 50 10 1 2000
515 3000 50 10 1 2000

2.2. Material Characterisation
2.2.1. X-ray Fluorescence (XRF)

All samples were dried at 100 °C and roasted at 1000 °C to determine the mass loss
upon ignition. Additionally, 1 g of sample was mixed with 6 g of Lithium tetraborate flux
and fused at 1050 °C to form a stable glass bead. Analysis was conducted with the use
of a Thermo Fischer ARL Perform ‘X Sequential instrument (Thermo Fischer, MA, USA).
Samples were further characterised using UNIQUANT software.

2.2.2. Particle Size Analysis (PSA)

Collected samples were analysed wet, to ensure full dispersion, by making use of a
Mastersizer 3000 (Malvern Panalytical, Malvern, UK) with a Hydro LV liquid unit. Samples
were collected periodically to observe a change in particle size with time.

2.2.3. X-ray Diffraction Analysis (XRD)

Powdered samples were analysed using a PANalytical X'Pert Pro powder diffrac-
tometer in 0-0 configuration, fitted with an X’Celerator detector and variable divergence-
and fixed receiving slits (Malvern Panalytical, Malvern, UK). The set-up made use of
a Fe filtered Co-Ka (A = 1.789 A) source. Sample preparation was conducted with the
use of a standardised PANalytical backloading system which provides a random particle
distribution. Samples were scanned from 5° to 90° with a step size of 0.008°. Mineralogy of
samples were determined using the ICSD database in correlation with X"Pert Highscore
plus software.

2.2.4. Fourier Transform Infrared Spectroscopy (FI-IR)

FT-IR spectra for dry samples were obtained with the use of a PerkinElmer 100
Spectrophotometer (PerkinElmer, MA, USA) over a range of 550-4000 cm ™. Samples were

analysed with an average of 32 scans at a resolution of 2 cm ™.

2.2.5. Scanning Electron Microscopy (SEM)

Sample morphology was investigated by making use of a Zeiss Gemini 1 cross beam
540 FEG SEM (Oberkochen, Germany). Dry, powdered samples were secured onto an
aluminium sample holder and coated with graphite 5 times using a Polaron Equipment
E5400 SEM auto-coating sputter system (Quorum, East Susex, UK).
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3. Results
3.1. X-ray Fluorescence (XRF)

XRF analysis was conducted to ensure the correct M?*:M3* ratio was added to the
system, as well as observe the effects on mill and milling media degradation. Table 2
summarises the the calculated M2*:M3* ratios for each sample as calculated from XRF data
obtained. Contaminants such as Fe;O3, ZrO; and Y,0O3 were noted to be present. The
presence of Fe;O3 indicates milling chamber degradation, whereas ZrO, and Y,0Oj3 are the
result of media degradation. The exact elemental composition of the LDH formed within
each system could not be determined due to incomplete conversion and the amorphous
nature of the samples. It should be further noted that SiO, was present as a commercial
impurity in the raw MgO selected.

Table 2. M**:M3* ratios for each sample as calculated from XRF data obtained.

Sample Calculated M?*:M3* Ratio
S1 2.00:1.00
S2 2.00:1.03
S3 2.00:1.00
S4 2.00:1.14
S5 2.00:1.13
S6 2.00:1.04
S7 2.00:1.04
S8 2.00:1.05
S9 2.00:1.11
S10 2.00:1.10
S11 2.00:1.06
S12 2.00:1.03
S13 2.00:0.99
S14 2.00:1.01
S15 2.00:0.98

3.2. Particle Size Analysis (PSA)

Unless stated otherwise, particle size analysis was conducted wet and at the end of
each experimental run. Table 3 summarises the particle size measurements obtained for
each sample.

Table 3. Particle size analysis for a change in milling and synthesis parameters.

Sample D1 [um] D5 [um] Dgg [um]
S1 0.924 3.84 8.63
S2 0.962 3.39 6.21
S3 1.99 4.12 7.33
S6 0.757 2.51 4.48
S7 1.44 4.34 12.8
S8 1.15 4.19 9.56
S9 0.725 2.84 591
S12 0.52 1.18 3.41
S13 0.734 2.62 9.45
S14 0.806 3.44 6.57
S15 0.805 3.42 6.78

3.2.1. Rotational Speed and Jacket Water Inlet Temperature

Particle size measurements for samples S1, S2 and S3 were observed to fluctuate with
no clear trend identifiable. The particle size distribution (PSD) for each sample is depicted
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in Figures 1 and 2. The distribution for S1 exhibits a bi-modal distribution with a minor
peak or agglomeration tail at particle sizes between 10 um and 100 pm. The addition of
contaminants to the system could directly influence particle size measurements obtained
and therefore further contribute to discrepancies observed. Sample discolouration was
noted with an increase in rotational speed, from a light grey to a dark metallic grey. This
indicates an increase in the concentration of contaminants within each sample. Little
difference was observed for Djg and D5y measurements obtained for samples S13, S14 and
S15. This was further true for Doy measurements obtained for S14 and S15. Comparatively,
the Dgg for S13 was observably greater than those of S14 and S15. This could be the result
of agglomeration, rather than mill or media degradation, as can be seen by agglomeration

tail depicted in Figure 2.
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Figure 1. Particle size distribution for Mg-Al LDH samples synthesised at a cooling water inlet
temperature of 30 °C, with a change in rotational speed (51, S2, S3).
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Figure 2. Particle size distribution for Mg-Al LDH samples synthesised at a cooling water inlet

temperature of 50 °C, with a change in rotational speed (513, 514, S15).
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3.2.2. Residence Time and Jacket Water Inlet Temperature

Particle size was measured periodically for a change in retention time for sample S6
and S12. Figures 3-5 depict the change in particle size with time, as well as the respective
milling curves, obtained for 3 hours of milling activity. The Dyg, D5y and D;¢ measurements
for S6, prior to milling, were 17.20 um, 7.10 pm and 1.96 um respectively. The PSD changed
from a primarily uni-modal distribution to a clear bi-modal distribution after 10 min of
milling. The distribution seemingly plateaued after approximately 60 min, coinciding with
particle size measurements depicted in Figure 3. Bi-modal distributions result when two
distinct particle size populations exist. It is unclear if either the PSD or the measured particle
sizes would have continued to decrease with time, or whether the bi-modal distribution
would result in an eventual uni-modal distribution. The formation of chemical species
or amorphous precursors could contribute to observed phenomenon. The respective Dy,
Dsp and Djg measurements obtained for the S12 raw material mixture, prior to milling
were 17.3 pm, 6.89 um and 1.89 pm. The Dy and D5 particle sizes measurements for 512
were noted to be smaller than that of S6. The PSD for 512 shifted to form a clear bi-modal
distribution. The mode located between 1 um and 10 um was noted to decrease in size
and shift, forming a dominant mode between 0.1 ym and 1 pm. The shift in bi-modal
distribution could be the result of formation fine platelets and LDH as supported by XRD
patterns obtained in Section 3.3.2.

[a]

15 * Do
* Dso
T 10 Dso
.
2 54
g . ° . . . . . . . . .
k) 0fsw . . . . . . . ) ) .
o 07e
g 15 e Do
~

._.
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w
.
.
.
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L T 135 150 175
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Figure 3. (a) Particle size measurements with time for Mg-Al LDH samples synthesised at a cooling

water inlet temperature of 30 °C, with a change in retention time (S6). (b) Particle size measurements

with time for Mg-Al LDH samples synthesised at a cooling water inlet temperature of 50 °C, with a

change in retention time (512). Milling parameters were set at a rotational speed of 2000 rpm, media

size of 2 mm and a solids loading of 10%.

Volume density [%]

Figure 4. Particle size distribution for Mg-Al LDH samples synthesised at a cooling water inlet
temperature of 30 °C, with a change in residence time (56).
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Figure 5. Particle size distribution for Mg-Al LDH samples synthesised at a cooling water inlet
temperature of 50 °C, with a change in residence time (S12).

3.2.3. Solids Loading

Samples S7 and S8 depicted no clear trend for particle size measurements at the end
of each experimental run. It was noted that both S7 and S8 resulted in greater particle
size measurements than S2 and was likely due to agglomeration. This is supported by the
presence of small modes located between 10 pm and 100 um for the relevant distributions
depicted in Figure 6. The PSD for all samples depicted a multi-modal distribution, with
the dominant mode located between 1 um and 10 um. As described in Section 3.2.2 the
multi-modal distribution could be the result of fine platelets or minor quantities of new

chemical species.
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Figure 6. Particle size distribution for Mg-Al LDH samples synthesised at a cooling water inlet
temperature of 30 °C, with a change in solids loading (52, S7, S8).
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3.2.4. Bead Size

In Figure 7, the overall particle size measurements for S9 were noted to be lower
than that of S2. The reduction in size from 2 mm to 0.25 mm results in an increase in the
quantity of milling beads and therefore a substantial increase in the number of stress events
within a set volume [30]. It was worth noting that the particle size for 56 after 60 min
exhibited Dy, Dsg and Dgy measurements of 0.725 pm, 2.55 um, and 4.85 pm respectively.
The measurements were similar to those of S9. Additionally, XRD patterns in Section 3.3.4
indicate that LDH formation occurred. The effect associated with a change in media size
on the final particle size of the sample was therefore unclear.

._
S o

Volume density [ %]

O[\)_hc\oo

[®))
(=)

50

1
Uil . 10 3
Size 0112)] 100 1000 ; 10 20 Time ‘mﬁﬂ

Figure 7. Particle size distribution for Mg-Al LDH samples synthesised at a cooling water inlet
temperature of 50 °C, with a change in media size (S9).

3.3. X-ray Diffraction Analysis (XRD)
3.3.1. Rotational Speed and Jacket Water Inlet Temperature

Figure 8 depicts the XRD pattern for S1, S2 and S3. No clear LDH peaks were observed
for samples obtained. Amorphous LDH precursor or mixed-metal hydroxides could be
present within the sample, however was not identifiable through XRD data obtained.
SiO, was present as an inert impurity in all samples obtained and could be a qualitative
indication of the degree of amorphitisation within a sample. The peak intensity for SiO,
decreased with an increase in the rotational speed. Unique to the type of mill used, a
critical rotational speed exists at which the media is pinned to the chamber walls. This
prevents grinding of the powders from occurring [31]. The decrease in SiO; peaks indicate
that grinding does still occur for the maximum selected speed of 3000 rpm. Higher
operational speeds influence the kinetic energy related to the media, as well as the sample
particles, and therefore increase the milling intensity. This would result in an increase in the
quantity of particle-particle and particle-media collisions within a specified time frame [31].
Peak reduction was further observed to occur for AI(OH); and MgO. The degree of peak
reduction for AI(OH); was notably greater than that of MgO. It was further noted that no
Mg(OH), was present within samples obtained.

The XRD pattern for samples S13, S14 and S15 is depicted in Figure 9. MgO and
Al(OH)3 peaks decreased with an increase in operating speed. Comparatively, the decrease
in raw material peaks for samples 51,52 and S3 exhibited similar behaviour and intensities.
It was noted that AI(OH); peaks reduced more readily than that of MgO regardless of
the selected jacket water inlet temperature and could be the result of amorphitisation.
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The formation of minor broad peaks, likely that of LDH, were observed to form for
samples exposed to higher jacket water temperatures. Samples synthesised at lower
temperatures exhibited little to no obvious peak formation. Temperature effects on the
synthesis of LDH materials are considered to be complex. Agitation of milled samples at
elevated temperatures have resulted in both an increase in crystallinity and conversion
of raw materials to LDH product [28]. It could be possible that samples exposed 50 °C
temperatures exhibit an increase in conversion of raw materials to LDH product as well as
improvements on the crystallinity. A residence time of 1 h was insufficient to determine
the relevant effects.

[a] v Mg-AlLDH
SiO: v

5000 o AI(OH): ”

v MgO ]

Intensity [Counts]

10 20 30 40 50 60 70 80
20 (CoKa) [°]

Figure 8. (a) X-ray diffraction pattern for Mg-Al LDH sample synthesised at a rotational speed of
3000 rpm (S3). (b) X-ray diffraction pattern for Mg-Al LDH sample synthesised at a rotational speed
of 2000 rpm (52). (c) X-ray diffraction pattern for Mg-Al LDH sample synthesised at a rotational

speed of 1000 rpm (S1).Milling parameters were set at a retention time of 1 h, jacket water inlet
temperature of 30 °C, media size of 2 mm and a solids loading of 10%.

[a] v Mg-AILDH
Si0: —— 3000 rpm
5000] A0

v MgO . “

I |

|| . I \

I A I\
0 \“/'\\ Ny Nee v e v J e eve e e oxJl
[b]

Intensity [Counts]

10 20 30 40 50 60 70 80
20 (CoKa) [°]
Figure 9. (a) X-ray diffraction pattern for Mg-Al LDH sample synthesised for a rotational speed of
3000 rpm (S15). (b) X-ray diffraction pattern for Mg-Al LDH sample synthesised for a rotational
speed of 2000 rpm (S14). (c) X-ray diffraction pattern for Mg-Al LDH sample synthesised for a
rotational speed of 1000 rpm (S13). Milling parameters were set at a residence time of 1 h, jacket
water inlet temperature of 50 °C, media size of 2 mm and a solids loading of 10%.
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3.3.2. Residence Time and Jacket Water Inlet Temperature

XRD patterns for samples S4, S5 and S6 are depicted in Figure 10. LDH could be
construed as being present for samples 54 and S5 with minor, broad primary peaks at 260
values of 13.50° and 13.54°. LDH XRD patterns were however not clearly identifiable.
Peak intensity for AI(OH)3 and MgO were observed to decrease with an increase in
residence time, with AI(OH); peak reduction observably greater than that of MgO. It
was further noted that the SiO, peaks exhibited a decreasing trend with an increasing
retention time. An increase in residence time results in the decrease of the average particle
size, as could be seen in Section 3.2.2 [31]. A decrease in the particle size of a solid results
in an increase in the exposed surface area, affecting dissolution performance [16]. Peak
reduction and broadening could therefore result from factors such as amorphitisation,
particle size reduction, dissolution and formation of chemical species.

[a] v Mg-AlLDH
SiO: — 3h
5000{ -« AOD \\

v MgO . }

Intensity [Counts]

10 20 30 40 50 60 70 80
20 (CoKa) [°]

Figure 10. (a) X-ray diffraction pattern for Mg-Al LDH sample synthesised for a residence time of
3 h (S6). (b) X-ray diffraction pattern for Mg-Al LDH sample synthesised for a residence time of 2 h
(S5). (c) X-ray diffraction pattern for Mg-Al LDH sample synthesised for a residence time of 1 h (54).
Milling parameters were set at a rotational speed of 2000 rpm, jacket water inlet temperature of 30 °C,
media size of 2 mm and a solids loading of 10%.

Figure 11 depicts the XRD patterns obtained for samples 510, S11 and S12 for a change
in residence time at a jacket water inlet temperature of 50 °C. Broad LDH peaks were ob-
served for each sample obtained, with 512 yielding the best result. Primary and secondary
peaks for 512 were located at approximate 20 measurements of 13.73° and 26.90° respec-
tively. Similarly 510 and S11 exhibited primary LDH peaks at 26 values of 13.58° and
13.62°, with secondary peaks located at 26.83° and 26.93° respectively. LDH peak intensities
gradually increased with an increase in residence time from 1 h to 3 h. Comparatively a
clear decreasing trend was observed for MgO and Al(OH); peak intensities. It was noted
that the MgO peaks reduced more readily than those for samples synthesised at 30 °C.
LDH patterns obtained were observed to be more prominent than that obtained for 54,
S5 and S6 at a jacket water inlet temperature of 30 °C. Reaction temperatures influence
the chemical kinetics and reaction rate of a system [32]. Similarly, in combination with
particle size reduction, temperature was also expected to affect the dissolution properties of
the chemical species involved [16]. LDH XRD patterns obtained were observed to exhibit
similar characteristics to those previously reported in literature [17,28,33].
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Figure 11. (a) X-ray diffraction pattern for Mg-Al LDH sample synthesised for a residence time of 3 h
(S12). (b) X-ray diffraction pattern for Mg-Al LDH sample synthesised for a residence time of 2 h
(S11). (c) X-ray diffraction pattern for Mg-Al LDH sample synthesised for a residence time of 1 h
(510). Milling parameters were set at a rotational speed of 2000 rpm, jacket water inlet temperature of
50 °C, media size of 2 mm and a solids loading of 10%.

3.3.3. Solids Loading

Figure 12 depicts the XRD patterns for samples S2, S7 and S8 for a change in solids
loading. Minor primary LDH peaks were observed to be present for solid loading’s of
20% and 30%, at 26 values of 13.40° and 13.38° respectively. No obvious LDH pattern was
observed for S2 at a solids loading of 10% and no clear trend identifiable. The number of
collisions, as well as the force associated with each, is directly influenced by the density of
solids within a mill [16]. It was noted that the reduction in SiO;, peaks were greatest for
S2 with little difference observed between that of S7 and S8. Sample viscosity observably
increased with an increase in solids loading. Similarly, MgO and Al(OH)3 peak reduction
was greatest for the lowest selected solids loading (S2). It is possible that the grinding
activity became restricted as media movement decreased with an increase in the selected
loading’s [31] and the subsequent viscosity of the slurry.

[a] v Mg-AlLDH
Sio. . v — 30%

o AI(OH): |

5000 M

v MgO

Intensity [Counts]

10 20 30 40 50 60 70 80
20 (CoKa) [°]
Figure 12. (a) X-ray diffraction pattern for Mg-Al LDH sample synthesised with a 30% solids loading
(S8). (b) X-ray diffraction pattern for Mg-Al LDH sample synthesised with a 20% solids loading
(S7). (c) X-ray diffraction pattern for Mg-Al LDH sample synthesised with a 10% solids loading (52).
Milling parameters were set at a rotational speed of 2000 rpm, media size of 2 mm, jacket water inlet
temperature of 30 °C and a retention time of 1 h.
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3.3.4. Bead Size

XRD patterns for S2 and S9 are depicted in Figure 13. A more prominent, but minor,
primary LDH peak was observed at a 26 of 13.51° for S9. The peak intensities for MgO
and Al(OH); were noted to be lower for S9 when compared to that of S2. This was further
observed to be true for peak intensities associated with SiO;. The volume of the bead
loading was kept constant at approximately 60% with a measured mass of 2.57 kg and
2.52 kg for the 2 mm and 0.25 mm beads respectively. As stated in Section 3.2.4, for a
constant media mass, the overall number of stress events were expected to increase with a
decrease in media size [30,32]. An increase in the reactive surface area could therefore have
prompted the formation of LDH.

[a] v Mg-AlLDH
7 500 v — 2.00 mm

SiO.

5000+ o Al(OH);
iy v MgO
= 25007
=2
]
<) 01
2
= [b]
£ 7 500+ — 0.25 mm
g
5 000+ H M

10 20 30 40 50 60 70 80
20 (CoKa) [°]
Figure 13. (a) X-ray diffraction pattern for Mg-Al LDH sample synthesised using milling media size
of 2 mm (S2). (b) X-ray diffraction pattern for Mg-Al LDH sample synthesised using milling media
size of 0.25 mm (59). Milling parameters were set at a rotational speed of 2000 rpm, jacket water inlet
temperature of 30 °C, retention time of 1 h and a solids loading of 10%.

3.4. Fourier Transform Infrared Spectroscopy (FT-IR)
3.4.1. Rotational Speed and Jacket Water Inlet Temperature

FT-IR analysis for samples synthesised with a change in rotational speed are depicted
in Figures 14 and 15. Minor differences were observed between S1, S2 and S3. Peaks
located between 3300 cm ! and 3700 cm ™! could be attributed to the stretching vibrations
of free -OH groups, as well as bonded -OH within the sample [17]. The stretching of
-OH was likely due to the presence of AI(OH)s [34]. Peaks observed at approximately
1366 cm ! indicate CO52~ v vibrations [17,28,33]. Carbonate contamination was likely
due to atmosphere, as samples were synthesised, filtered and dried without the use of an
inert environment. Peaks located between 1100 cm~! and 900 cm ! are likely the result of
Si-O interactions [28,35]. This interaction was present for all samples collected throughout
this study. Peaks located between 500 cm~! and 900 cm~! could be attributed to M-O
and M-OH (M = Mg, Al) vibrations [35]. Samples synthesised at elevated jacket water
temperatures exhibited similar data to those synthesised at lower temperatures. It was
noted that peaks located between 500 cm ! and 900 cm ! exhibited minor changes with a
change in rotational speed, as well as a change in the system temperature. This could be the
result of changes associated with contaminant concentration. Peak formation at 1366 cm !
was more prominent at elevated jacket water temperatures. XRD data depicted in Figure 9
exhibited minor, broad peaks that are likely associated with LDH. It is possible that the
formation of the more prominent peaks are the result of carbonate within the interlayer
of the LDH structure. Peaks located between 3300 cm ™! and 3700 cm ! exhibited slight
broadening with an increase in rotational speed for 513, S14 and S15. This could be due to
the -OH stretching vibrations located within the layered structure of the LDH, as well as
water molecules within the interlayer [11,17,22,28].
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Figure 14. (a) FT-IR analysis for Mg-Al LDH sample synthesised at a rotational speed of 1000 rpm
(S1). (b) FT-IR analysis for Mg-Al LDH sample synthesised at a rotational speed of 2000 rpm (S2).
(c) FT-IR analysis for Mg-Al LDH sample synthesised at a rotational speed of 3000 rpm (S3). Milling
parameters were set at a retention time of 1 h, jacket water inlet temperature of 30 °C, media size of
2 mm and a solids loading of 10%.
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Figure 15. (a) FT-IR analysis for Mg-Al LDH sample synthesised at a rotational speed of 1000 rpm
(S13). (b) FT-IR analysis for Mg-Al LDH sample synthesised at a rotational speed of 2000 rpm (514).
(c) FT-IR analysis for Mg-Al LDH sample synthesised at a rotational speed of 3000 rpm (S15). Milling
parameters were set at a retention time of 1 h, jacket water inlet temperature of 50 °C, media size of
2 mm and a solids loading of 10%.

3.4.2. Residence Time and Jacket Water Inlet Temperature

FT-IR analysis for samples synthesised with a change in retention time and jacket
water inlet temperature are depicted in Figures 16 and 17. Little difference was observed
between samples S4, S5 and S6. Peaks located between 500 cm~! and 900 cm~! were
observed to change with a change in retention time and are attributed to the M-O and M-
OH vibrations [35] within the sample. Changes are likely the result of metallic contaminants
as could be seen by XRF data and increased sample discolouration. Samples exhibited
peaks between 3300 cm ! and 3700 cm ! and correlates to the stretching vibrations of free
and bonded -OH within the system [17,36]. The presence of Al(OH); was likely the result
of the stretching -OH vibrations between 3300 cm~! and 3700 cm~! [34]. Minor peaks
were present at approximately 1366 cm ™! for low jacket water temperatures and are likely
associated with CO32~ v3 vibrations [17,33]. These peaks were observed to intensify at
elevated temperatures with an increase in residence time. Similarly, peaks located between
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3300 cm ™! and 3700 cm~! broadened, a possible indication of the -OH stretching vibrations
and HyO molecules located within the layered LDH structure [11,17,22,28]. This correlates
to XRD patterns depicted in Figure 11. FT-IR data associated 510, S11 and S12 were similar
to that of Mg-Al LDH reported in literature [11,17,22,28,33].
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Figure 16. (a) FI-IR analysis for Mg-Al LDH sample synthesised for a residence time of 1 h (54).
(b) FT-IR analysis for Mg-Al LDH sample synthesised for a residence time of 2 h (S5). (c) FI-IR
analysis for Mg-Al LDH sample synthesised for a residence time of 3 h (S6). Milling parameters were

set at a rotational speed of 2000 rpm, jacket water inlet temperature of 30 °C, media size of 2 mm and
a solids loading of 10%.
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Figure 17. (a) FT-IR analysis for Mg-Al LDH sample synthesised for a residence time of 1 h (S10).
(b) FT-IR analysis for Mg-Al LDH sample synthesised for a residence time of 2 h (S11). (c) FI-IR
analysis for Mg-Al LDH sample synthesised for a residence time of 3 h (512). Milling parameters

were set at a rotational speed of 2000 rpm, jacket water inlet temperature of 50 °C, media size of 2 mm
and a solids loading of 10%.

3.4.3. Solids Loading

FT-IR analysis for Mg-Al samples synthesised with a change in solids loading is
depicted in Figure 18. Despite the presence of small quantities of LDH, as seen by XRD
data in Figure 12 samples exhibited minor differences in the FI-IR data obtained. As with
other samples, peaks located between 3300 cm ! and 3700 cm ™! can be assigned to the
free and bonded -OH groups within the sample. The presence of AI(OH); was once again
noted and likely contributed to the stretching -OH vibrations located between 3300 cm ™!
and 3700 cm~!. Carbonate contamination was once again observed with peaks located at
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1366 cm ! [17,33]. Differences were noted between 500 cm ! and 900 cm ! and could be

the result of degradation contamination. Degradation likely decreased with an increase in
sample viscosity.
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Figure 18. (a) FT-IR analysis for Mg-Al LDH sample synthesised with a 10% solids loading (S2).
(b) FT-IR analysis for Mg-Al LDH sample synthesised with a 20% solids loading (S7). (c) FI-IR
analysis for Mg-Al LDH sample synthesised with a 30% solids loading (S8). Milling parameters were

set at a rotational speed of 2000 rpm, media size of 2 mm, jacket water inlet temperature of 30 °C and
a retention time of 1 h.

3.4.4. Bead Size

FT-IR analysis for Mg-Al samples synthesised with a change in media size is depicted
in Figure 19. Reduction in milling media size resulted in broadening of peaks associated
with free and bonded -OH, located between 3300 cm ™! and 3700 cm ™. This correlates to
the presence of LDH depicted by XRD data in Figure 13 and therefore -OH and H,O within
the LDH structure and interlayer [11,17,28]. Peaks likely due to CO3%~ v3 vibrations [17,33],
located at approximately 1366 cm ™!, intensified with the decrease in media size. This could
be the result of the LDH formation and carbonate interaction within the interlayer.

S
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g
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Figure 19. (a) FT-IR analysis for Mg-Al LDH sample synthesised using milling media size of 2 mm
(S2). (b) FT-IR-analysis for Mg-Al LDH sample synthesised using milling media size of 0.25 mm (S9).
Milling parameters were set at a rotational speed of 2000 rpm, jacket water inlet temperature of 30 °C,
retention time of 1 h and a solids loading of 10%.
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3.5. Scanning Electron Microscopy (SEM)

SEM imaging was conducted to provide insight on samples exposed to longer resi-
dence times and higher jacket water temperatures. Imaging was conducted at a magnifica-
tion of 50.00 K with a 200 nm scale and EHT of 1.00 kV for each of the listed samples and
are depicted in Figure 20. Samples synthesised at lower jacket water temperatures became
increasingly amorphous with an increase in residence time. This was evident through the
loss of structure and shape throughout the sample. The formation of minor Platelet-like
structures was observed to occur at elevated jacket water temperatures with an increase
in retention time. These structures were noted to be similar LDH-like platelets located in
literature [11,28].

200 nm
—

Figure 20. (a) Mg-Al LDH sample synthesised at a jacket water inlet temperature of 30 °C for
1h (S4). (b) Mg-Al LDH sample synthesised at a jacket water inlet temperature of 30 °C for 2 h
(S5). (c) Mg-Al LDH sample synthesised at a jacket water inlet temperature of 30 °C for 3 h (S6).
(d) Mg-Al LDH sample synthesised at a jacket water inlet temperature of 50 °C for 1 h (S10). (e)
Mg-Al LDH sample synthesised at a jacket water inlet temperature of 50 °C for 2 h (S11). (f) Mg-Al
LDH sample synthesised at a jacket water inlet temperature of 50 °C for 3 h (S12).

4. Discussion

The low solubility’s associated with metallic oxides/hydroxides can make LDH syn-
thesis difficult and can be influenced by factors such as particle size, reaction temperature,
residence time, pH and crystallinity [29,37]. All samples exhibited the presence of MgO raw
material rather than the expected Mg(OH),. This indicates that the MgO hydration reaction
did not occur readily. MgO reactivity and stability is largely affected by calcination times
and temperature [38] and selected conditions could contribute to the absence of Mg(OH),
observed. XRD patterns depict that AI(OH)3 peaks reduced readily for an increase in
rotational speed and residence time at low jacket water temperatures. Comparatively, MgO
peaks were still largely present for each sample. An increase in jacket water temperature
and residence time resulted in the decrease of both AI(OH)3 and MgO XRD peaks, im-
plying reaction. Subsequently an increase in the formation of LDH occurred. It could be
speculated that the reduction in XRD peaks associated with AI(OH)3; were the result of
amorphitisation. Reduction of the inert SiO, peaks further implies that amorphitisation
did occur within the system. The grinding of AI(OH)3 could further promote dissolution.
Previous studies have indicated that mechanochemical activation of AI(OH); has resulted
in higher dissolution rates when compared to samples not subject to activation [39]. Simi-
larly, the decrease in particle size in combination with amorphitisation could increase the
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surface area available for reaction. The use of amorphous Al(OH)3 has previously been
found contribute to the formation of high purity Ca-Al LDH [40]. The amorphitisation
of AI(OH)3 could therefore be valuable for the formation of LDH within future studies.
Elevating the temperature from 30 °C to 50 °C promoted the hydration of MgO to Mg(OH),.
The absence of Mg(OH), could further imply that it acts as an intermediate phase for
LDH production [11,29]. An increase in system temperature was also expected to improve
Al(OH)3 dissolution. Traditional methods involving LDH synthesis from insoluble metallic
oxides/hydroxides require long residence times and high reaction temperatures such that
the appropriate dissolution conditions are met [29]. The effects associated with elevated
temperatures in combination with a change in rotational speed was unclear. This implies
that a reaction time of 1 h was insufficient. This was further true for a change in bead size
and solids loading. Little information could be deduced after 1 h of milling activity. It was
worth noting that increasing the solids loading above 20% would likely prohibit grinding
and is therefore not feasible for future studies conducted.

5. Conclusions

The change in milling parameters such as rotational speed, jacket water inlet tempera-
ture, solids loading and media size on the synthesis of Mg-Al LDH was investigated. The
study served as a continuation of previous work [28], without the addition of a second
ageing step. The research was aimed at expanding on the one-step wet mechanochemical
synthesis of LDH materials. The synthesis of Mg-Al LDH was successful at elevated jacket
water temperatures and increased residence times, with S12 yielding the best result. MgO
and AlI(OH)3 decreased with an increase in residence time for a jacket water temperature
of 50 °C. Longer residence times should be explored to determine the effects on LDH
crystallinity, conversion and final particle size. The research could provide insight on the
production of crystalline LDH materials for fine particle application. Additional consid-
erations would include the influence of particle size reduction on the dissolution of raw
materials and their influence on LDH synthesis. Broad LDH peaks could be attributed to
poor crystallinity, the reduction in particle size and the presence of amorphous material. Lit-
tle to no LDH formation was observed for samples synthesised with a change in rotational
speed, despite variation in jacket water temperature. It would be of interest to determine
the effects of these parameters with a change in retention time, as 1 h was deemed too short
to sufficiently determine the effects of each. Sample viscosity was observed to increase
with an increase in solids loading, likely decreasing the motion of the media within the
milling chamber. A reduction in media size did result in LDH formation, with incomplete
conversion after 1 h of milling. The effect of bead size on the final sample particle size
was inconclusive and longer retention times should be explored. It would further be of
interest to determine the effect of these changes in milling parameters on the formation
and crystallinity of LDH after incorporating a second synthesis step.
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