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ABSTRACT: Developing the ability to synthesize composi-
tionally and morphologically well-defined gibbsite particles
with high yield is an ongoing need that has not yet achieved
the required level of rational design. Here we report
optimization of a clean inorganic synthesis route based on
statistical experimental design examining the influence of
Al(OH); gel precursor concentration, pH, and aging time at
temperature. At 80 °C, the optimum synthesis conditions of
gel concentration at 0.5 M, pH at 9.2, and time at 72 h
maximized the reaction yield up to ~88%. The resulting

gibbsite product is composed of highly uniform euhedral hexagonal nanoplates within a basal plane diameter range of 200—400
nm. The independent roles of key system variables in the growth mechanism are considered. On the basis of these optimized
experimental conditions, the synthesis procedure, which is both cost-effective and environmentally friendly, has the potential for
mass production scale-up of high quality gibbsite material for various fundamental research and industrial applications.

B INTRODUCTION

Gibbsite, a-Al(OH);, is an important natural and industrial
material that is used in a wide variety of applications including
flame retardants, adsorbents, polishing agents, fillers, coating
materials, and as a rheology enhancer.' ™ Gibbsite has also
been used in the biomedical industry, for instance, as a vaccine
adjuvant and a substrate for direct treatment of stomach
diseases.”” Furthermore, gibbsite is one of the most important
precursors for the preparation of various alumina products,
such as high surface area a-Al,O;, which have a broad range of
applications in the ceramics and metallurgical industries and as
adsorbents or supports for catalysts.”” Finally, gibbsite is a
major constituent in high-level nuclear waste stored in large
quantities at the Hanford Site, Washington, USA, and at the
Savannah River Site, South Carolina, USA, with future
processing plans dependent on developing a predictive
understanding of the growth and dissolution behavior of this
material in particular.”

In most cases, the chemical behavior of gibbsite in these
systems depends strongly on its physical properties, such as
particle size and shape. For example, in applications as an
adsorbent, rheology enhancer, vaccine adjuvant, or as a
precursor for the preparation of high surface area a-Al,Oj, it
is desirable for the gibbsite to be nanoscale.”*'”"" Developing a
fundamental understanding of gibbsite reactivity in complex
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systems such as nuclear waste, gaining precise control of
particle crystallinity, size, morphology, and structural perfection
of crystallite facets is critical.”"' ™' Thus, there is an ongoing
need for developing the ability to synthesize gibbsite materials
that are nanoscale with uniform physical properties.

Gibbsite particles tend to adopt a platelet morphology.
Gibbsite has a hexagonal crystal structure, comprised of quasi-
two-dimensional layers of edge-sharing octahedral AI**(OH),
sheets each having two-thirds of the octahedral cavities
occupied, and sheets are weakly bound together along the c-
axis by hydrogen bonding (Figure S1). This structure thus
tends to feature a dominant (001) basal surface bound by
relatively stable (110) and (010) edge facets and less stable
(100) facets.*

Synthesis is achievable through various routes. Typically it is
prepared based on the industrial process of manipulating Bayer
liquors."*'"” Such gibbsite, usually several to hundreds of
micrometers in size, shows very rough surfaces at the
microscale.'”'® Because Bayer liquors entail very high
concentrations of sodium aluminate and typically contain
impurities, these undesirable components comprise a large
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fraction of the adsorbed residual.'*'® Recently, alternative
synthesis protocols that more specifically emphasize size and
shape control have been developed. For example, using more
dilute sodium aluminate solution as the aluminum precursor,
and adding a surfactant such as cetyltrimethylammonium
bromide (CTAB) as a particle capping agent, prismatic “bar-
shaped” gibbsite that is disproportionately extended along the
c-axis and features prominent edge facets can be prepared
hydrothermally.”® However, the size of these bar-shaped
particles (longest dimension along c-axis) was up to several
micrometers, with a specific surface area too low for most
applications.

The sensitive control of gibbsite physical properties available
via synthesis with organic additives has led to exploration of
these effects with promising albeit empirical results with
unpredictable yields. For example, particles approaching the
nanoscale can be prepared by a simple thermal treatment of
aluminum alkoxides mixed with hydrochloric acid
(HCI).""*%*** Generally, the procedure entails two steps:
(1) obtain a clear sol via mixing an aqueous solution of
aluminum alkoxides with HCI followed by stirring for 7—10
days at room temperature; (2) heat the sol solution to 100 °C
for around 3 days to precipitate gibbsite with a yield of 41—
66%. Typical products are nanoplates approximately 200 nm in
diameter. However, this procedure is slow, consuming more
than 10 days. A modified method shortens the synthesis period
to 4 days by using a single aluminum alkoxide as the precursor
and introducing an intermediate preheating step to accelerate
the precursor’s hydrolysis/peptization.” But, unfortunately,
although again nanoplates approximately 200 nm in size result,
the yield decreases to less than 30%. Incidentally, platelets of
larger size (up to 1 ym) could be prepared by repeating the
seed growth procedure (step two above). However, in all these
cases with organic additives, similar to the case for CTAB, there
is a purity concern for the platelet surfaces due to organic
precursor residue.

For clean inorganic routes, the most flexible approach entails
use of amorphous aluminum hydroxide [Al(OH),] gel as the
precursor and control of the properties of the gibbsite product
through aging time, temperature, and solution pH. Care must
be taken in the gel preparation method, which can also
influence the quality of the product. A gel, precipitated at 75 °C
by adding ammonia aqueous to an aluminum nitrate
hexahydrate [Al(NO;);-6H,0] aqueous solution to adjust the
pH up to 8, was aged at that temperature for more than 2 days
and yielded irregular gibbsite particles 10—20 ym in diameter."”
A similar gel, prepared by adding ammonia to an aluminum
nitrate nonahydrate [Al(NO;);-9H,0] aqueous solution, was
titrated to pH S and aged at 100 °C for 10 days to yield
uniform hexagonal gibbsite platelets 600—800 nm in size.”
This modified procedure offered better quality gibbsite, but the
product size was too big and the synthesis time too long for
most applications. When the pH of the gel precursor was 7 and
10, the products were instead amorphous aluminum hydroxide
or boehmite (y-AIOOH) with minor amounts of bayerite,
respectively.”

Smaller gibbsite nanoplates could be obtained by aging at
lower temperature, but the working time was much longer and
the yield low. For example, preparing the gel by mixing
aluminum chloride (AICl;) and sodium hydroxide (NaOH)
aqueous solutions at pH around 4.6 followed by a§ing at 70
°C*>* for 1—4 months or at 50 °C for 1—2 months'"*” yielded
gibbsite nanoplates with diameters of approximately 200—300
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nm and 100—200 nm, respectively. This short review of
previous work highlights the sensitivity of the gel-based
approach to aging time, temperature, and pH. It also
exemplifies the present lack of systematic understanding of
the relative importance of these three master variables. Finally,
with respect to production scale-up of nanoparticles with
precisely defined sizes and shapes, all the above-mentioned
methods have drawbacks related to the apparent inverse
correlation between synthesis time and particle size.

A systematic study of the effects of major synthesis variables
is required to achieve high yields while retaining size and shape
control. In this study, we take advantage of statistical
experimental design via the Box-Behnken strategy”®*’ to gain
insight into the most important synthesis variables with respect
to size, shape, and yield. The result of this effort is a simple and
optimized hydrothermal method to fast-synthesize euhedral
hexagonal gibbsite nanoplates with diameters from 200 to 400
nm and thicknesses from 8 to 20 nm. The synthesis approach
consists of reacting a AI(OH); gel precursor, prepared by
adding NaOH (aq.) to Al(NO;);-9H,0 (aq.), at 80 °C for 72
h. The effect of aging temperature and time, pH and precursor
concentration on the size and morphology of gibbsite and
product yield was studied in detail. Furthermore, the product
yield achievable via this synthesis route was maximized to 88%
through statistical experimental design. Confirmatory evidence
for the formation of high-quality gibbsite nanoplates was
obtained using powder X-ray diffraction (XRD), scanning
electron microscopy (SEM), scanning/transmission electron
microscopy (S/TEM), synchrotron X-ray absorption spectros-
copy (XAS), and atomic force microscopy (AFM).

B EXPERIMENTAL METHODS

Synthesis of Gibbsite Nanoplates. Samples were grown using a
hydrothermal method. Al(NO;);:9H,0 (>98%, Sigma-Aldrich) was
dissolved into deionized water under stirring to form a homogeneous
solution with a concentration of 0.25 M at room temperature, followed
by addition of 1 M NaOH (>98%, Sigma-Aldrich) aqueous solution to
adjust the pH to around 5.0. After continuous stirring for 1 h, the
solution was centrifuged to collect gel-like precipitates. The gel was
washed with deionized water three times. Gels were dispersed into
water solution with pH from 1—13.5 (HCI for acid and NaOH for
base) and then the solution was transferred to a 20 mL Teflon vessel.
The concentration of gels (defined as the concentration of AI**)
ranged from 0.1 to 1 M, and the volume of the gel solution was 16 mL.
The Teflon vessel was sealed within a Parr bomb and heated in an
electric oven with rotator at 60—100 °C for 12—96 h. The rotation
speed was around 10 rpm. The resulting white product was recovered
by centrifuging and washing with deionized water three times. The
solid sample obtained was dried at 80 °C overnight. Samples were
characterized by various techniques including XRD, S/TEM, SEM,
XAS and AFM.

X-ray Diffraction. XRD patterns of the samples were recorded on
a Philips X’pert Multi-Purpose diffractometer (MPD) (PANAlytical,
Almelo, The Netherlands) equipped with a fixed Cu anode operating
at 50 kV and 40 mA. XRD 26 values varied between 5—60°. Phase
identification was performed using JADE 9.5.1 from Materials Data
Inc.,, and the 2012 PDF4+ database from International Center for
Diffraction Data (ICDD) database.

Scanning Electron Microscopy. The morphologies of as-
prepared gibbsite samples were examined using a Helios NanoLab
600i SEM (FEI, Hillsboro, OR). All samples were sputter coated with
a 5 nm layer of carbon to ensure good conductivity and imaging.

Scanning/Transmission Electron Microscopy. As-prepared
gibbsite samples were dispersed in water using a sonicator for S
min. Samples for TEM (FEI Titan TEM) examination were prepared
by placing drops of aqueous gibbsite dispersions onto the copper grid
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Table 1. Overview of Gibbsite Synthesis Conditions and Resulting Products

entry concentration (M) pH  temp (°C) time (h) product morphology yield (%)

1 0.5 7 60 72 amorphous gel with minor gibbsite ~ nanoparticles with minor hexagonal nanoplates 25.2
2 0.5 7 70 72 amorphous gel with minor gibbsite  nanoparticles with minor hexagonal nanoplates 36.8
3 0.5 7 80 72 gibbsite hexagonal nanoplates 82.6
4 0.5 7 90 72 gibbsite hexagonal nanoplates 84.3
N 0.5 7 100 72 gibbsite hexagonal nanoplates 83.6
6 0.5 7 80 12 trace solids

7 0.5 7 80 24 trace solids

8 0.5 7 80 48 gibbsite hexagonal nanoplates 292
9 0.5 7 80 96 gibbsite hexagonal nanoplates 832
10 0.5 1 80 72 gibbsite hexagonal nanoplates 36.5
11 0.5 3 80 72 gibbsite hexagonal nanoplates 682
12 0.5 S 80 72 gibbsite hexagonal nanoplates 76.6
13 0.5 10 80 72 gibbsite hexagonal nanoplates 83.9
14 0.5 12 80 72 gibbsite hexagonal nanoplates 84.8
15 0.5 13.5 80 72 70% gibbsite, 30% bayerite nanorods with irregular nanoparticles 88.5
16 0.1 7 80 72 gibbsite hexagonal nanoplates 56.2
17 0.25 7 80 72 gibbsite hexagonal nanoplates 80.6
18 0.75 7 80 72 gibbsite with trace amorphous gel hexagonal nanoplates with nanoparticles 76.5
19 1 7 80 72 gibbsite with trace amorphous gel hexagonal nanoplates with nanoparticles 50.2

(Lacey Carbon, 300 mesh, Copper, Ted Pella, Inc.), which was then
dried under ambient conditions prior to being introduced into the
TEM chamber. The samples were imaged using an acceleration voltage
of 300 kV.

The S/TEM samples were prepared by drop-casting suspension of
as-prepared gibbsite samples dispersed in ethanol onto the copper
grid. The STEM images were taken with aberration-corrected FEI
Titan 80—300 operating at 300 keV in STEM mode with high angle
annular dark field (HAADF) detector. The inner collection angle was
~75 mrad, and the nominal probe size was ~0.1 nm. All images were
taken under a low dose condition to avoid electron beam damage.

Synchrotron X-ray Absorption Spectroscopy (XAS). Al and O
K-edge X-ray absorption spectroscopy (XAS) data for gibbsite were
measured on Beamline 6.3.1.1 at the Advanced Light Source
(Berkeley, CA). A powdered sample was pressed into indium foil
and mounted onto a copper sample probe using silver paint. The XAS
signal was monitored at room temperature using total-electron-yield
(TEY) mode with an effective probing depth of ~4.5 nm. A reference
spectra of corundum (@-AlL,O;) was used to calibrate the energy
scale.’® The photon energy resolution value for Al K-edge spectros-
copy was 0.75 eV.

Atomic Force Microscope. The thickness of as-prepared gibbsite
nanoplates was measured with a Dimension Icon AFM (Bruker, USA)
operating in contact mode. All images were collected with standard
silicon nitride tips with Au conductive coating (MLCT, Bruker, USA)
at a scan rate of 1 Hz with S12 X S12 lines scan. All samples were
made by placing drops of gibbsite/water suspensions onto silicon
substrates and removing the solution after several minutes. The
substrate was then washed several times using DI water and dried
using high-purity nitrogen. Polished silicon wafers were purchased
from Nova Electronic Materials Ltd. The diced silicon substrates were
washed twice with DI water and then sonicated in ethanol for 5 min.
Finally, the diced silicon substrates were treated using plasma cleaner
for 30 min under Ar followed by ozone cleaner for 30 min before use.

Box-Behnken Design (BBD). The BBD of reaction yield
optimization allows a prediction of the combined effects of three
controlled factors of 15 runs, as shown in Table S1.°**° Three levels
were attributed to each factor, coded as —1 (low), 0 (medium), and +1
(high). Runs 7, 8, and 11 were performed with the variable parameters
at the middle level (center point runs). BBD is an independent
quadratic design in that it does not contain an embedded factorial or
fractional factorial design. In this design, the treatment combinations
are at the midpoints of edges of the process space and at the center.
These designs are rotatable and require three levels of each factor. The
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designs have limited capability for orthogonal blocking compared to
the central composite designs.

The adequacy of the models and statistically significant terms were
identified by the analysis of variance (ANOVA) of BBD. ANOVA was
performed at an alpha level of 0.05 to evaluate the significance of
second-order model. The F statistic and lack-of-fit test were obtained
to determine if the regression models were adequate to fit the data.

B RESULTS AND DISCUSSION

Effect of Temperature. We first examined the effect of
temperature on the synthesis of gibbsite. Temperature
modulates the extent of supersaturation and also affects crystal
growth kinetics.'"®*" As shown in Table 1 (entries 1—5) five
different temperatures of 60, 70, 80, 90, and 100 °C were
investigated, using an initial reaction time of 72 h and an initial
pH of 7.0. In each case, XRD was used to check phase purity
and crystallinity of the samples, as shown in Figure 1. Products
prepared at low temperature (60 and 70 °C) contained an
amorphous phase, which not only appeared in the XRD
patterns (Figure 1a,b) but was also identifiable in TEM selected
area electron diffraction (SAED) analysis (Figure 2a—c for 60
°C and Figure 2d—e for 70 °C). Furthermore, the gibbsite yield
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Figure 1. XRD patterns of gibbsite after 72 h synthesized at different
temperatures: (a) 60; (b) 70; (c) 80; (d) 90; and (e) 100 °C.
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Figure 2. TEM and diffraction data of gibbsite after 72 h synthesized at different temperatures: (a—c) 60; (d) and (e) 70; and (f) 80 °C.

was less than 40% for these two lowest temperatures (Table 2,
entries 1 and 2). However, products prepared at higher

Table 2. Box-Behnken Design and Result

entry concentration (M) pH  reaction time (h) reaction yield (%)
1 0.35 12 72 47.85
2 0.5 8.5 72 86.69
3 0.2 8.5 40 26.44
4 0.5 5 56 4327
N 0.5 12 56 34.29
6 0.35 12 40 6.30
7 0.35 8.5 56 42.12
8 0.35 8.5 56 44.64
9 03§ 5 40 11.68
10 0.2 8.5 72 81.73
11 0.35 8.5 56 47.39
12 0.5 8.5 40 8.81
13 0.2 12 56 30.47
14 0.35 S 72 70.17
15 0.2 N 56 41.47

temperatures (80, 90, and 100 °C) were pure gibbsite, as
determined based on both XRD (Figure lc—e) and TEM
SAED analysis (Figure 2f), and the yield was greater than 80%
(Table 1, entries 3—5). The diffraction pattern is in good
agreement with reference data for gibbsite (ICDD PDF # 00-
33-0018).%*° The strong diffraction peak at the 26 angle of
18.29 is assigned to (0 0 2) diffraction, based on the atomic
structure along the plane normal (Figure S1). To quantify the
degree of crystallization, peak fitting was carried out as a proxy
for the measure of crystallinity through determination of full-
width-at-half-maximum (fwhm). As shown in Figure S2, the
phase composition of gibbsite is around 30% and 85% when the
hydrothermal temperature is 60 and 70 °C, respectively;
however, 100% gibbsite is obtained when the temperature is
higher than 80 °C.

Surface sensitive Al K-edge XAS was used to probe the
bonding and symmetry of the local environment around the Al
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atoms within ~4.5 nm of the gibbsite surface. The Al K-edge
XAS spectrum of the synthetic gibbsite synthesized at 80 °C
(Figure 3a) consists of a broad peak (~8 eV wide), with two
distinguishable absorption features: one feature (I) is a shoulder
at 1568 eV and the other (II) is a broad, intense feature at 1570
eV, in §ood agreement with previously reported gibbsite
spectra.””*” These features arise from the gibbsite structure,
which consists of octahedral layers with two Al sites located in
distorted octahedra and Al—O distances from 1.832 to 1.947
A’ The O K-edge XAS spectrum of gibbsite (Figure 3b) is
sensitive to the O bonding environment at the surface and
arises from O 1s transition to O 2p unoccupied states mixed
with the ligand s, p, and sp orbitals.”* There are two
distinguishable peaks in the O K-edge spectrum for gibbsite
(Figure 3b), one (I) at 535 eV and another one (II) at 540 eV,
that can be assigned to o# transitions of Al-O and O—-H
bonding.”” The combination of surface sensitive Al and O K-
edge XAS therefore demonstrates that the bulk gibbsite
structure and chemistry was represented at the surface of the
samples that were determined to be pure gibbsite from XRD,
which is of significance when considering surface-mediated
mineral transformations.

Particle size and morphology were strongly affected by
temperature. SEM indicated the low temperature products
contained irregular nanoparticles (Figure 4a,b), but, at greater
temperature, the crystals took the form of uniform hexagonal
nanoplates (Figure 4c—e), which was also confirmed by XRD.
Figure 4f shows the HAADF STEM image of the gibbsite
synthesized at 80 °C. The transition from rough irregular
nanoparticles to a well-defined crystal habit may be explained
by the greater degree of supersaturation in low temperature
runs, which promotes disordered crystal growth.”" In particular,
gibbsite crystal growth has been reported to occur through a
screw dislocation growth mechanism at low supersaturation and
by a two-dimensional nucleation growth mechanism at higher
supersaturation.18 Furthermore, the greater temperature
enables kinetic bottlenecks to be more readily and thus yields
morphologies closer to the equilibrium morphology. Among
these more successful runs at greater temperatures, a statistical
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Figure 3. Al (a) and O (b) K-edge spectra of gibbsite synthesized at 80 °C for 72 h.

Figure 4. SEM images of gibbsite synthesized at (a) 60; (b) 70; (c) 80; (d) 90; and (e) 100 °C for 72 h. (f) HAADF STEM image of gibbsite

synthesized at 80 °C for 72 h.

analysis of particle size from the SEM imaging data indicated
the nanoplates systematically increased in diameter from 280 +
35 to 369 =+ S1 nm with increasing temperature from 80 to 100
°C, respectively (Table 1, entries 3—5). Furthermore, the fwhm
of the (0 0 2) diffraction fits was used to estimate the gibbsite
nanoplate thickness via using the Debye—Scherrer formula. As
shown in Figure S2, the average thickness of as-synthesized
gibbsite increased with increasing hydrothermal temperature.
The average thickness of gibbsite was around 13 nm when the
temperature was 60 °C, but the thickness changed to 29 nm
when the temperature increased to 100 °C. AFM was also used
to study the thickness of gibbsite nanoplates synthesized at
greater temperatures (80—100 °C). As shown in Figure S3,
nanoplate thickness also systematically increased with increas-
ing the temperature. The average thickness was around 18 and
26 nm when the temperature was 80 and 100 °C, respectively,
which agrees well with the XRD measurement.. Because the
smallest possible high-purity nanoplates are desired for most
applications of interest, we selected 80 °C as the optimal
temperature for exploring the effects of other system variables.

Effect of Reaction Time. For the synthesis temperature of
80 °C, we next examined the effect of reaction time (Table 1,

entries 3, 6—9). With respect to product yield, not surprisingly,
only a minimal amount of crystalline product appeared after
short reaction times (12 and 24 h). The yield increased
substantially and systematically from 29% to 83% when the
reaction time was increased to 48 h and then to 72 h. However,
there was no obvious additional increase in yield when the
reaction time was extended to 96 h. XRD indicated that
samples collected at 48, 72, and 96 h were pure gibbsite. SEM
showed that the morphologies of all these three samples were
hexagonal nanoplates with sizes from 200 to 400 nm (Figures
4C and S4). The increase in yield between 12 and 72 h is
consistent with continuous precipitation of soluble aluminate
species. Because the 72 h reaction time produced the finest
particle size and highest yield, this was taken as the reaction
time of choice for investigating the effect of pH on product
characteristics.

Effect of pH. For 80 °C and 72 h, we examined seven
different pH values, 1, 3, 5, 7, 10, 12, and 13.5, as shown
inTable 1 (entries 3, 10—15). XRD analyses indicated samples
synthesized from pH 1 to 12 were pure gibbsite (Figures 1C
and SS). However, the sample synthesized at pH 13.5 was a
mixture of 70% gibbsite and 30% bayerite (ICDD PDF # 00-
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Figure 5. SEM images of as-prepared gibbsite at different pH values: (a) 1; (b) 3; (c) S; (d) 10; (e) 12; and (f) 13.5.

20-0011) (Figure SSe). SEM analysis showed that the samples
synthesized from pH 3 to 12 maintained a hexagonal nanoplate
shape with diameters of 200—400 nm (Figures 3c and Sb—e).
But the sample synthesized at pH 1 consisted of nanoplates
with irregular edges (Figure Sa), and the gibbsite fraction of the
product synthesized at pH 13.5 was made of bar-shaped crystals
with lengths up to several micrometers (Figure Sf). Although
highly acidic conditions can also be used to prepare gibbsite
nanoplates, the reaction yield was much lower than in highly
basic conditions (Table 1, entries 3, 10—1S5). Generally pH
influences the morphology and yield of gibbsite through a
variety of mechanisms including modulating aluminum ion
cluster and aluminate speciation in solution, > sorption and
stabilization of crystal facets,”® and by influencing cluster—
cluster and colloid—colloid interactions and aggregation
through variation of the ionic strength of the solution.'” At
the extreme pH of 13.5, the chemical potential of OH™ may be
high enough to adsorb on the normally unreactive (001) face
and thereby inhibit further growth along the direction normal
to that plane, yielding preferential growth along {110} and
{100} faces and the observed bar shape morphology. At lower
pH, the ability of OH™ to adsorb and “pin” the (001) face is
diminished, therefore the normal tabular crystal growth habit
manifests. Furthermore, no significant change in yield was
found from pH 5 to 12, and pH 7 was thus selected for further
work on the effect of precursor concentration.

Yield Optimization Based on Statistical Experimental
Design. Gibbsite characteristics that resulted from the
exploration of temperature, time, and pH synthesis conditions
led to the identification of desirable conditions for morpho-
logically well-defined nanoplates. For example, temperature was
the most important factor to control the particle size. While low
temperatures always yielded small particles, a temperature of 80
°C was required to obtain small and uniform gibbsite
nanoplates at reasonable yields. However, to extend these
insights into consideration of optimizing product yield, we also
needed to examine the primary yield-limiting role of precursor
concentration. Five different concentrations of gel, (0.1, 0.2,
0.5,0.75, and 1.0 M) were investigated (Table 1, entries 3, 16—
19). XRD confirmed that in all cases the product was pure
gibbsite (Figures 1C and S6). SEM confirmed no obvious
influence on particle size and shape, except for the samples
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synthesized with 0.75 and 1 M precursor concentrations, which
yielded particles mildly irregular in shape either intrinsically or
more likely as a result of being coated with trace residual
unreacted gel (Figure S7) (a visible excess gel was recovered
from these higher concentration experiments). We thus
excluded these two highest concentrations from further
consideration.

On the basis of application of a statistical analysis approach
applied to the 80 °C temperature choice reaction time, pH, and
precursor concentration were utilized in a statistical analysis to
optimize the yield. The optimal conditions were determined
using a three-factor and three-level BBD approach that made
use of the experimental yields obtained at 0.2, 0.35, and 0.5 M
for the precursor concentrations, S, 8.5, and 12 for the pH, and
40, 56, and 72 h for the reaction time.”***° The response
value of the reaction yield was found to range from 6 to 87% in
Table 2.

The ANOVA of reaction yield for the nanoplates is given in
Table S2. The model F value of 22.1 and low p-value of 0.002
imply that the model is significant. Moreover, the most
significant factor is time, while the factor of concentration is
insignificant. The good predictability of the models is indicated
by correlation coefficient (R*) of 0.976. This result means that
97.6% of the total variation on product yield data can be
described by the selected model.

The mathematical equation for predicting the optimum point
between the three variables in the coded levels and the
response can be expressed as follows:

Y = 44.7192 — 0.87991X, — 5959X, + 29.1514X,
— 4.7889X,” — 12.1333X,> + 0.5058X,X, + 5.6471X,
X, — 4.2354X,X,

where Y, X, X,, X; represent reaction yield, gel concentration,
pH, and time, respectively.

Coefhicients of one factor in the equation indicate the effect
of the particular factor, whereas coeflicients of two factors and
second-order terms indicate the interaction between the three
factors and a quadratic effect, respectively. The positive sign in
front of the terms represents a synergistic effect, while a
negative sign represents an antagonistic effect.
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Table 3. Optimal Factors and the Experimental Verification
Value

yield (%)

gel concentration (M) pH time (h) predict experimental

0.5 9.2 72 87.77 88

On the basis of the results of BBD experiment, together with
the quadratic equation fitting of these three variables of gel
concentration, pH, and time, the predicted response value of
the reaction yield was around 88%, and the optimal
combination of each factor was determined by Minitab
software. The prediction of the statistical analysis was
confirmed experimentally, as shown in Table 4.

B CONCLUSIONS

We have developed a new hydrothermal method to rapidly
prepare euhedral hexagonal gibbsite nanoplates within a
diameter range of 200—400 nm from an Al(OH); gel precursor.
The new synthesis involves very simple procedures. The
separate effects of gel concentration, pH, and time on the
reaction yield were investigated using a statistical design
approach. The p-value, F statistics, and R’ statistics of
ANOVA show that the models can adequately describe the
data and all three factors influence the response of reaction
yield. The optimum synthesis conditions obtained by the BBD
optimization tool for the predicted models were tested, and it
was found that the experimental and predicted values were in
excellent agreement. At 80 °C, the optimum synthesis
conditions of gel concentration at 0.5 M, pH at 9.2, and time
at 72 h maximized the reaction yield up to ~88%. On the basis
of these optimized experimental conditions, the synthesis
procedure, which is both cost-effective and environmentally
friendly, has the potential for scale-up for mass production of
high quality gibbsite material for various research and
development, and industrial applications.
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