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We present the synthesis of spherical microparticles by self-assembly of lanthanum
hydroxide nanoplatelets in a reaction-diffusion framework, which consists of diffusing
outer ammonia solution onto a hydrogel matrix containing lanthanum ions (inner
electrolyte). The coupling of reaction-diffusion with nucleation and growth of crystals
leads to the formation of precipitation bands well separated in space. The advantage of
this method lies in its simplicity to prepare crystalline lanthanum hydroxide at ambient
conditions with average particle sizes with small dispersion and varying between ~300
nm and ~70 pum, depending on the band location in space. The Control over the size of
the particles is furthermore studied a function of the concentration of the inner
electrolyte, the thickness of the gel matrix and temperature. The morphology of the
spheres is elucidated and is shown to exhibit fascinating topology as a result of the tight
packing of the nanoplatelets. Consequently, we demonstrate the remarkable potential of

these spheres to swiftly adsorb Cong Red (an azo dye) in aqueous solution.
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A. Introduction

The series of lanthanides has gained a considerable deal of attention for their unique
4f electron configuration. Due to their attractive optical, electrical, and magnetic
properties, lanthanides have found numerous applications in catalysts,"
semiconductors,’ sensors,” high-quality phosphors> ®, and time-resolved fluorescence
(TRF) biological labels.”* More recently, rare earth-doped optoelectronic materials”

11,12

' have been used in the design of high-performance luminescent devices, made

possible because of the fascinating up-conversion properties of lanthanides.'* '
Lanthanum, being the lightest representative of the lanthanides series, has been widely
studied in its hydroxide, oxide, oxalate, phosphate, and oxychloride forms. In addition
to the applications shared by the lanthanides, lanthanum has been particularly invested
in the development of electrode materials, " solid electrolytes,16 dielectric materials,'’

18,19

ceramics ~ ~, and fuel cell catalysts.20

Of the lanthanum forms, lanthanum hydroxide has been heavily used as ceramic,
superconductive, catalytic, hydrogen storage, and electrode materials®'. Moreover, the
synthesis of lanthanum hydroxide often provides a facile route to the oxide form
through a simple thermal dehydration.zz’ > The extremely hydrophilic OH groups on
their outer surface can serve as active sites for introducing novel functional groups
through simple condensation reactions. >* Another useful surface property of
lanthanum hydroxide is its huge sorbent capacity for several organic dyes® and

arsenic compounds,*® suggesting a promising application in waste-water treatment.
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Various routes have been reported in literature for the synthesis of lanthanum

27,28
d,””

hydroxide, such as the hydrothermal metho solvothermal approach,”

sonochemical process,’’

electrochemical synthesis,’' and co-precipitation procedure.> ** Other synthetic
routes include the non-aqueous sol-gel method,** electrodeposition,® and composite-
hydroxide-mediated (CHM) approach.’® Most of these synthetic routes have yielded
similar morphologies that include nanobelts,*® nanorods,” nanotubes,*® and
nanowires.” Various attempts have been carried out as well to control the size of
lanthanum hydroxide particles to reach the nanometric scale. Such trials are often
carried out to take advantage of the novel physical and chemical properties exhibited
by nanomaterials that are often unobserved in their bulk counterparts. The control of
morphology and size of lanthanum hydroxide has been achieved successfully in many
studies by adjusting experimental parameters, such as reagent concentration, reaction

time,”® solution pH,27 surfactant addition,*” temperature, and solvent type.40

B. Reaction-Diffusion Framework

In this work, we present the synthesis of lanthanum hydroxide in a precipitate system
designed by using reaction-diffusion of electrolytes within an organic gel template
(Agar in this work) to avoid sedimentation and hydrodynamic advection. The system
is prepared by diffusing the initially segregated co-precipitating components: the outer
electrolyte (hydroxide ions from ammonia) is allowed to diffuse into the gel matrix

that contains the inner electrolyte (lanthanum ions). As they diffuse, they precipitate

2
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by forming numerous solid-containing lanthanum hydroxide bands, separated by clear
regions, due to the well-known Liesegang instability *'. We take advantage of this
banding phenomenon to prepare and control the size of the solid particles as will be
demonstrated later. This method is what we call the reaction-diffusion framework **.
Our novel method of synthesis is advantageous in that it can be easily carried out
under facile conditions with a low-cost during relatively short time. Because the
reacting components are initially separated and poured one on top of the other, we
establish a gradient of supersaturation starting at the gel-solution interface and
extending down the tube. Since nucleation and growth (and also ripening) of the solid
are highly dependent on supersaturation, nucleation dominates near the interface and
we obtain many smaller particles, whereas down the tube where growth dominates we
end up with larger particles **. This gradient of supersaturation thus results in a
gradient of particle sizes that are distributed among the bands along the tube.
Therefore, we can collect various sizes at different bands or heights along the tube.
The bands also follow a spacing law whereby the spacing between consecutive bands
increases as we move down the tube. It is also worth noting that the banding might
exhibit further secondary structures whereby each band is composed of thinner
secondary bands (Fig. 1). They result from nonlinear interactions between the

diffusion process and the chemical kinetics of the precipitation process.

Using this framework, we also report the control of the morphology and the size of

the particles of lanthanum hydroxide by adjusting the thickness of the gel, the
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concentrations of the electrolytes and the temperature. Size-selection is also made

possible through the obtained space-dependent particle size evolution.

C. Experimental Section

1. Preparation of Gel and Synthesis

All chemical reagents are of analytical grade and used directly without any further
purification. Lanthanum(III) chloride heptahydrate (LaCl;.7H,0) is purchased from

AnalaR; agar is provided by Bacto; and ammonia is supplied by Fisher Scientific.

We prepared a stock solution of lanthanum chloride (1 M). We then weigh the exact
mass of agar to obtain the desired gel percentage. We transferred the obtained solution
to (200 x 20 mm) tubes in such a way that only two-thirds of the tube was filled. The
tubes were then stored in a thermostat at 20 °C to allow the polymerization of agar.
After the solidification of agar, which took around 2 hours under the experimental
conditions, the outer electrolyte (ammonia) was added above the gel without
disturbing it. Immediate precipitation of lanthanum hydroxide took place at the

interface.

2. Characterization

To extract the solid, the gel is heated in double distilled water until the entire agar

dissolves. The lanthanum hydroxide particles are then separated from solution by
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centrifugation. Finally, we freeze dry the samples for 12 hours, after which the solid is

subject to characterization techniques.

Powder XRD spectrum is recorded by a Bruker d8 discover X-Ray diffractometer
with a Cu-Ka radiation (A = 1.5405 A). Scanning electron microscopy (SEM) is used
to image platinum-coated samples on a carbon tape using a FEI Quanta 600 FEGSEM
instrument. FTIR measurements are carried out on KBr pellets using Thermo Nicolet

4700 Fourier Transform Infrared Spectrometer equipped with a Class 1 Laser.

3. Congo Red Adsorption

Congo Red (CR; also known by C.I. 22120) is a diazo dye widely used in textile
industry having a formula C;,H;,N¢Na,04S; and a molecular weight of 696.66 g mol
!, The removal of CR from simulated wastewater by adsorption onto the microspheres
of lanthanum hydroxide under various conditions reveals the potential application of
these materials for environmental purposes. In typical experiments, the initial amount
of the adsorbent (normally 10.0 mg) was dropped in a glass vial containing the CR
solution (normally 20 mL) at set pH under shaking in a Julabo SW 23 controlled-
temperature water bath operating at 200 rpm. Aliquots were systematically taken at
pre-defined time intervals, centrifuged using a Thermo Scientific Heraeus Pico 17
centrifuge, and the CR concentration was determined by measuring the absorbance of
the supernatant solution at the maximum absorption wavelength (A = 498 nm) using a

Thermo Scientific Evolution 300 UV/VIS/NIR spectrophotometer.
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D. Results and Discussion

1. FTIR Spectroscopy

In order to assess the vibrational modes of the present functional groups, the collected
solid has been studied by Fourier transform infrared (FTIR) spectroscopy (Fig. 2A).
The spectrum shows at 3427 cm™ a characteristic peak of the stretching mode of
hydroxyl groups and a distinct sharp peak at 3607 cm™ that is assigned to the
stretching mode of hydroxyl group of free La-OH groups. The band centered at 1634
cm™ corresponds to the deformation vibration of water molecules. Regarding the three
bands shown at 1037 cm™', 1366 cm™, and 1502 cm™, they can be attributed to
carbonate ions resulting from the water dissolution of carbon dioxide present in air at
high pH. The band at low wavenumber (648 cm™) can be assigned to the bending
mode of the La-O bond of lanthanum hydroxide crystals. Consequently, the FTIR
spectrum indicates that the extracted solid from the reaction zone is lanthanum

hydroxide.

2. Powder X-Ray Diffraction

X-ray diffraction measurement is also performed to study the phase purity of the
sample. The main peaks along with the corresponding lattice planes assignments are
shown in (Fig. 2B). The observed diffraction pattern perfectly matches the hexagonal
phase of lanthanum hydroxide, indicating that the synthetic method employed results

in highly crystalline material, with negligible crystalline by-products. We can affirm
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the synthesis of lanthanum hydroxide with hexagonal symmetry, P63/m space group,

and cell parameters a= 6.528 A and ¢c=3.858 A (JCPDS No. 36-1481).

3. Effect of Concentration of Inner Electrolyte

Different experiments are carried out in which the concentration of the inner
electrolyte is varied (50 mM, 200 mM, 500 mM) while those of outer electrolyte and
agar gel are kept fixed at 14.8 M and 1% (Fig. 1). To enhance the comparison, each
tube with distinct inner concentration is divided into 3 parts (Fig. 3A), from which the
solid is extracted and subject for study under SEM. Region (1) is 1 cm from the
interface; region (2) is between 1 cm - 7.5 cm; and region (3) is between 7.5 cm -14
cm. As can be seen in Fig. 3C, there is a strong concentration dependence of the size
and morphology of the synthesized lanthanum hydroxide particles. The average
particle size is reported as a mean of a sample size that ranges between 10 and 50
particles using the MIRA TESCAN image analysis software (Supporting Information
S2, S3). At low concentration of inner electrolyte (LaCls), spheres of 320 nm in
average size are formed near the interface separating the two electrolytes. However,
when higher inner concentrations (200 mM, 500 mM) are used, rod-shaped particles
are obtained with a length of 1.0 pm and a width of 0.4 pm for a concentration of 200
mM and with a length of 2.5 pm and a width of 0.8 pm for a 500 mM inner
concentration (See Supporting Information S1). In the middle portion of the tube,
only spherical particles such as those shown in Fig. 3B are obtained that increase
consistently in size from around 2 um (50 mM) to 9 um (200 mM) and 63 um (500

mM). A similar trend is observed near the end of the tube where the spheres increase

7
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in size from around 3 pm (50 mM) to 23 pm (200 mM) and 70 um (500 mM) (Fig.
3C). The data indicate that the size of the spheres increase in parallel with the increase
in the concentration of the inner electrolyte. This fact stems from the main
characteristic of RDF, where the supersaturation gradient plays the major role in the
spatial variation of the particle sizes. Increasing the inner concentration of the
electrolyte (La") at a fixed outer concentration (NH3) will furnish larger initial
supersaturation gradients than those of relatively lower inner concentrations, but with
the same trend of decreasing magnitude as we move away from the interface. The
increase in magnitude of supersaturation as well as its spatial variation are nonlinear
and depend on the kinetics of the precipitation as well as the diffusion coefficients of

the reacting species. This clearly explains the conspicuous trend in (Fig. 3C).

4. Effect of Gel Thickness

Another attempt to control the size of the spherical morphology has been made by
varying the thickness of the agar matrix (0.5, 1, 1.5, 2 %) while keeping the
concentrations of inner and outer electrolytes constant at 50 mM and 14.8 M
respectively (Fig. 3D). Each tube is also divided to 3 parts to allow for a more precise
description. Near the interface, higher gel concentrations produce smaller particle
sizes: (1) 0.5%, 570 nm; (2) 1 %, 365 nm; (3) 1.5 %, 340 nm; (4) 2 %, 300 nm. A
similar trend is observed in the middle portion of the tube: (1) 0.5%, 3 pm; (2) 1 %, 2

um; (3) 1.5 %, 1.5 um; (4) 2 %, 1 um. A strong gel-dependence of size is also seen in
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the part of the tube farthest from interface: (1) 0.5%, 5 pm; (2) 1 %, 3 um; (3) 1.5 %,
2.5 um; (4) 2 %, 2 um. All the data indicate a decrease in the size of the particles as
the gel is made thicker (Fig. 3D). This can be attributed to the decrease in pore size of
the gel accompanying the increase in its thickness. Since agar gel acts as a scaffold in
the synthesis process, decreasing the pore size of the gel results yields particles of

smaller size as the growth of crystals becomes more constrained by the gel thickness.
5. Effect of Temperature

The standard solution enthalpy of lanthanum hydroxide (AH®) was measure to be -151
kJ/mol with a solubility product KspO 2.5x 10%**, Temperature was also tested to
control the size of the spheres. Three temperatures were used (10 °C, 20 °C, 30 °C)
while keeping the concentrations of inner and outer electrolytes constant at 50 mM
and 14.8 M. The results are displayed in Fig. 3E which clearly exhibits a noticeable
dependence of temperature: smaller spheres are obtained at higher temperatures which
is counterintuitive but emphasizes the interplay between the kinetics of nucleation and
growth, which increase with temperature, with the thermodynamics of dissolution,
which decreases with temperature. An increase of 20 °C resulted in the decrease from
4 pum to 2 um in the average size of the spheres in region (3), and a decrease from 0.4

pm to 0.7 pm in region (1).

6. Particle Size Distribution

The mechanism of the spheres formation appears to be complex and dependent on

several variables such as the concentration of electrolytes, temperature, and thickness

9
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of gel medium. As an attempt to understand the system, we take advantage of the
stability of the fabricated La(OH); spheres in the agar gel matrix to investigate the
spatial evolution of the size of the particles along the one-dimensional tube. For this
purpose, we use scanning electron microscopy to monitor the growth of the spheres
over nine consecutive locations in a tube prepared using 50 mM and 14.8 M as inner
and outer electrolytes respectively in 1% agar matrix. The obtained results (Fig. 4)
show a consistent increase in the average particle size from ~ 350 nm near the
interface separating the two electrolytes to an approximate size of ~ 7.0 um at the end
of the tube. This observed space-dependent size evolution is in good agreement with
the reaction-diffusion framework that exploits the supersaturation gradient along the
tube. Near the interface, nucleation dominates and smaller particles are obtained;
however down the tube, growth is more important than nucleation resulting in larger
particles. In between, there is an Ostwald ripening mechanism where the small
crystals that form in the beginning dissolve to reconstruct larger more crystalline
particles. The proposed explanation is that the loosely-bound surface atoms first
dissolve as an attempt to lower the system’s energy, then as the solution gets
supersaturated, the liberated atoms condense on the surface of growing particles,
resulting in larger crystals.**® This gives rise to the bands * that are observed in Fig.
1. It is also noticeable that the distribution of the size within a band or neighboring
bands is narrow as shown by the red lines in Fig. 4. As a matter of fact, the particle

size per band is almost uniform.

10
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Agar-the organic matrix in the synthesis- seems essential for directing the growth of
La(OH); crystals. This is evident when we observe how the use of another matrix
such as gelatin results in a completely different structure of platelet-like morphology.
To better understand the mechanism that is taking place in agar, we compare the SEM
images of the precipitates near the interface, where we can observe the formation of
the particles after nucleation, with the images of the particles away from the interface,
where we can discern the grown particles. The self-assembled particles appear to
emerge first in the form of platelets that aggregates before their transition into perfect
spherules. Fig. 5 shows the outer surface of a spherule to be embedded by numerous
cavities. A close look at a fractured La(OH); spherule in Fig. 6 shows that it is built
by an organized packing of platelet substructures around a core that constitutes about
2-3 % of the total spherical volume. Owing to the slow nucleation and aggregation in
the gel matrix, it is made possible to study distinct intermediates of the progressive
stages of crystal growth. The formation of large spherules is thought to begin when
small platelets organize themselves into spherical structures, and the process is
completed when several subunits combine and grow together into larger spherical

structures.

E. Application-Congo Red Adsorption
Lanthanum hydroxide microspheres showed a very high adsorption capacity for
Congo Red (CR) under optimal conditions. The spheres showed minor morphological

changes after adsorption (Supporting Information S4). The pH was found to be a
11
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crucial parameter affecting the behavior of the dye molecule at the solid-liquid
interface, where the best removal of CR from the simulated wastewater (25 ppm) was
achieved at pH 5.0. 63 % and 98 % of the dye molecules were removed after 2 and 60
min, respectively, as shown in Fig. 7. Moreover, the size of the tested microspheres
was another critical parameter that influences their adsorption capacities. Contrary to
what is expected about the relation between spherical size and adsorption capacity, we
find that for our spheres the bigger is the microsphere size, the higher is its CR
removal capacity, which emphasizes the role of the complex surface topology and the
role of the macroscopic pores on the adsorption of the dyes. Moreover, a crucial drop
in the dye intake by the microspheres was observed after calcination at a temperature
of 800 °C to give lanthanum oxide without noticeable change in the morphology of
the spheres (Supporting Information S5 and S6). This suggests that the adsorption of
the dye molecules is structure-dependent where surface hydroxyl groups (OH) play
the key-role in monitoring the surface-dye interactions. The complete thermodynamic
and kinetic studies conducted at different initial conditions showed that the
experimental data fit the Langmuir isotherm (qmax= 330 mg g) and follow a pseudo-
second order kinetic model. These exceptionally interesting results open the door for
potential applications in the environmental field of lanthanum hydroxide microspheres

obtained by reaction-diffusion of initially separated electrolytes within organic gels.

F. Conclusion
We report a new synthetic route for the fabrication of La(OH); microspheres that is

based on a simple low-cost reaction-diffusion framework. Our employed synthetic

12



RSC Advances Page 14 of 25

route can be implemented as well in the synthesis of hydroxides of other lanthanides
of spherical morphology. To the best of our knowledge, this is the first report of a
perfectly spherical morphology different from the typically synthesized rod-shaped
particles. We also attempt to control the microscopic structure by controlling the
concentration of the inner electrolyte and the thickness of the gel. In this regard, we
take advantage of the spatial evolution of the particle size taking place as another
method of controlling the spherical morphology to a selected size. The underlying
mechanism appears to be complex but is shown to fit an Ostwald ripening model.
Moreover, the detection of various intermediates including rods, dumbbells, and
aggregates of subunits provides strong evidence for rod-dumbbell-sphere mechanism
that is proposed for biomimetic crystallization using double-hydrophilic block
copolymers. We hope our suggested synthetic route gives further insight to
understand the complex bio-mineralization mechanisms. We also find it worthy to
investigate the selective adsorption that lanthanum hydroxide material manifests on
Congo Red dye, along with the potential implications on waste-water treatment. The

results of this study will be presented in another manuscript.
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Figure 1. Band formation for different inner concentrations of lanthanum chloride (A) 50 mM; (B) 200 mM; (C) 500

mM; in 1 % agar with fixed outer concentration of 14.8 M ammonia.
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Figure 2. (A) FTIR spectrum of the extracted solids. (B) Powder Xray diffraction spectrum of the extracted solids.
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Figure 3. (A) The tube in which reaction-diffusion takes place is divided in 3 regions: (1) 1 cm from the interface; (2) 1
cm- 7.5 cm; (3) 7.5 cm - 14 cm. (B) SEM image of the spherically-shaped solid particles extracted from the tube. (C)
Effect of the inner concentration on the average diameter size of the spherical particles at fixed outer ammonia
concentration [NH;] = 14 M. (D) Effect of the gel concentration on the average particle size for [La™] =50 mM and [NH;]

= 14 M. (E) Effect of temperature on the average particle size for [La"™] = 50 mM and [NH;] = 14 M.

19

Page 20 of 25



Page 21 of 25 RSC Advances

[La*3] = 50 mM @ 25°C
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Figure 4. Particle size distribution of the solid extracted from 9 different locations along the tube with the interface

location as origin. [La*] =50 mM and [NH;] = 14 M.
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Figure 5. (A) SEM image of a typical spherical particle. (B) A close-up SEM image that illustrates the details of the

topology of the spherical surface. [La™] = 500 mM and [NH;] = 14 M.
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Figure 6. SEM image of a broken spherical particle extracted away form the interface and revealing its interior structure.
(B) A close-up SEM image displaying the cavity at the center of the sphere. (C) A close-up SEM image showing the

aggregation of platelets as building blocks of the spherical microstructure. [La**] =500 mM and [NH;] = 14 M.
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Figure 7. Kinetics of Congo Red (CR) dye removal at different pH. At optimal pH =5, 95%

of the dye is removed in about 8§ minutes. [CR] =25 ppm; volume of CR solution= 20 mL;

mass of lanthanum hydroxide = 10 mg; temperature is 30 °C.
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The reaction-diffusion framework is used to synthesize lanthanum hydroxide microspheres
with controlled particle size and fascinating surface topology and adsorption capacity.



