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Fabrication of hierarchically porous monolithic layered double
hydroxide composites with tunable microcages for effective
oxyanion adsorptiont

Naoki Tarutani,? Yasuaki Tokudome,®* Megu Fukui,? Kazuki Nakanishi® and Masahide Takahashi?

Removal of toxic substances from industrial wastes is an urgent issue for realizing a sustainable society. Layered double
hydroxides (LDHs) are expected to be an effective adsorbent for toxic anions, especially oxyanions, because of their high
anion adsorption capacity and reusability. Monolithic LDH materials with rational meso- and macropores are expected to
show high adsorption capacity/rate towards targeted toxic substances owing to their large specific surface area and liquid
transport property. Besides fabricating hierarchical pores, size control of microcages in LDH crystals is required to achieve
selective removal of oxyanions. Herein, we prepared hierarchically porous monolithic LDH composites with tunable
microcages by changing the combination of cationic species in the LDH crystal. Monolithic Mg-, Mn-, Fe-, Co- and Ni-Al
type LDH composites with hierarchical pores were successfully prepared via an epoxide-mediated sol-gel reaction
accompanying with phase separation. The monolithic Co-Al type LDH composite with hierarchical pores exhibited the
highest CrO4?~ adsorption capacity because its microcage size well fits the CrO4?" size. Also Co-Al type LDH composite
adsorbed different oxyanions, depending on their affinity with the LDH, in SO4%, CrO4*, M0o0s* and HVO4? co-existing
solution. The pore size controllability in discrete length-scales of micrometers, nanometers, and picometers offers LDHs

with tailored surface chemistries and physical properties desirable for effective and selective oxyanion adsorption.

Introduction

Oxyanions such as CrO42-, TeO4%", and AsO,43~ are soluble in
water and highly harmful to human health as well as natural
environments due to their carcinogenic and mutagenic
properties.! Highly efficient adsorbents of toxic oxyanions are
strongly required for minimizing pollution and preventing
health hazard. Layered double hydroxides (LDHs) are one of
the efficient adsorbents for toxic oxyanions owing to their high
anion adsorption capacity and reusability.2 LDHs are crystalline
lamella compounds composed of positively charged hydroxide
sheets with accommodating anions in their interlayers. The
general formula of M(I1)-M(I1l) type LDH is
IM(11) 1M (1) (OH) ¥ [A™/n]*~-zH20, where M(I1) and M(lIl) are
di- and trivalent metal cations, respectively, A"~ is the charge
compensating anion, and x has a nominal value of 0.2-0.4.34
Oxyanions are known to be adsorbed onto sites located at the
crystal edges of LDHs. These adsorption sites are called
“microcages” and their adsorption property is highly sensitive
to their relative sizes to oxyanions.> Hence, controlling the
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microcage size leads LDH to be an effective adsorbent with
selectivity of oxyanions.

While LDHs are generally obtained as crystalline powders,*
monolithic LDH materials are potential candidates for large-
scale adsorption applications. A monolithic shape enables the
materials to be handled more easily, which removes a time-
consuming separation/collection process required for powdery
LDH adsorbents. Porous, especially hierarchically (um- and nm-
scale) porous, monolithic LDH materials are highly desirable
because um-scale macropores enhance molecule/ion
transport deep inside the materials, while nm-scale mesopores
increase the accessible surface area. Thus, hierarchically
porous monolithic LDH materials are expected to be viable
candidates for effective, selective and large-scale toxic
oxyanion removal. However, the formation of controlled
hierarchical pores is difficult for LDHs due to rapid
crystallization kinetics.

We have recently succeeded in synthesizing monolithic Mg-Al
type LDH/AI(OH)s composites with size controllable um and
nm-scale hierarchical pores.®? These monolithic Mg-Al type
LDH composites were fabricated from an aqueous/ethanolic
solution of metal salts, poly(ethylene oxide) (PEO), and
propylene oxide (PO). PO raises pH of the solution
homogeneously, which promotes the formation of gel
networks comprising Mg-Al type LDH crystals and amorphous
Al(OH)s. Simultaneously, phase separation takes place to form
a PEO-rich fluid phase and a Mg-Al type LDH/AI(OH)s-rich solid
phase along with the sol-gel transition. Subsequent removal of
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the fluid phase leaves um and nm-scale hierarchical pores in
the materials. These hierarchically porous monolithic Mg-Al
type LDH composites exhibited a considerably high adsorption

capacity compared with that of a densely-packed LDH compact.

The adsorption kinetics/capacity were controllable by the
tuning of the macro/mesopore dimensions. Such monolithic
LDH composites with tailored hierarchical pores are useful to
fully take advantage of their surface chemistry in application.
Thus, hierarchically porous monolithic LDH composites with
size-controlled microcages should be the best candidates for
an oxyanion removal.

Herein, we successfully control the microcage size of
macro/meso hierarchically porous monolithic LDH composites,
by substituting the M(Il) of the LDH crystals. The choice of
M(ll) and M(I1)/M(111) molar ratio considerably affects both LDH
crystallization and the formation of macro/mesopore. We
systematically investigated the effect of the synthetic
conditions on LDH crystallization and formation of hierarchical
pores using M(II)-Al type LDH (M(ll) = Mg, Mn, Fe, Co, Ni, Cu,
Zn and Ca). The hierarchically porous monolithic LDH
composites showed adsorption pollutant
oxyanion CrO,%~ as a function of their microcage dimensions.
Also Co-Al type LDH composite adsorbed SO42-, CrO42-, MoO4%~
and HVO42- in co-existing solution depending on their affinity
for the LDH adsorption sites. Optimization of the microcage
size of hierarchically porous LDH composites will open up
possibility of further application, such as rapid pollutant
removal with size selectivity.

capacities for

Experimental Section

Materials.
Aluminium chloride hexahydrate (AICl3-6H,0, 98.0%),
magnesium chloride hexahydrate (MgCl,:6H,0, 98.0%),

manganese(ll) chloride tetrahydrate (MnCl;:4H,0, 99.0%),
iron(ll) chloride tetrahydrate (FeCl,-4H,0, 99.0-102.0%), cobalt
chloride hexahydrate (CoCl,-6H,0, 99.0%), nickel chloride
hexahydrate (NiCl;-:6H,0, 98.0%), copper chloride dihydrate
(CuCl;:2H,0, 99.0%), zinc chloride (ZnCl,, 98.0%), calcium
chloride dihydrate (CaCl;-2H,0, 99.0-103.0%), sulfuric acid
(H2SOa4, 95%), potassium chromate (K,CrOs, 99%), sodium
molybdate dihydrate (Na2MoO4-2H,0, 99%), sodium vanadate
(Na3VO,4, 75%), ethanol (99.5%), PEO (Mw = 1.0 x 10°), PO
(>99%), and 2-propanol (99.7%) were used as received. PEO
and PO were purchased from Sigma-Aldrich Co. All other
reagents were purchased from Wako Pure Chemical Industries,
Ltd. Ultrapure water of 18.2 MQ-cm resistivity was used in all
experiments.

Preparation of hierarchically porous monolithic LDH composites.

Hierarchically porous monolithic LDH composites were
synthesized by our previously reported procedure for the Mg-
Al type LDHs.%7 AICl3-6H,0, MCl:nH,0 (M = Mg, Mn, Fe, Co, Ni,
Cu, Zn and Ca; n = 0—6) and PEO (30.0 mg) were dissolved in
water/ethanol (4.00/3.00 mL) at 25 °C. The total metal
chloride amount was 11.5 mmol, and the molar ratio of cations,
M(I1)/Al, is 0.1-3.0. PO (2.27 mL, 32.5 mmol) was added, and
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the resulting solution was stirred for 1 min to obtain a
homogenous sol. The sol was transferred to a polystyrene
container, which was sealed and left to stand at 40 °C to form
a wet gel. After aging for 24 h, the wet gel was soaked in 50 mL
of 2-propanol, and subjected to solvent exchange eight times
at 40 °C. Monolithic materials were obtained by evaporative
drying at 40 °C.

Adsorption test.

Mg-, Mn-, Fe-, Co- and Ni-Al type LDH monolithic composites,
prepared at M(ll)/Al = 0.5, were used as adsorbents.
Monolithic LDH composites (4 g/L) were soaked in a 1.0
mmol/L solution of K,CrO4 at 40 °C. The supernatants were
collected after 12 h and analysed by ultraviolet-visible (UV-vis)
absorption spectroscopy. The concentration of CrO42-
oxyanion in the solutions was estimated using the Beer-
Lambert law. The adsorption test was also conducted for an
aqueous solution containing various oxyanions using Co-Al
type LDH monolithic composite. The Co-Al type LDH composite
(4 g/L) was soaked in a solution containing 2.5 mmol/L of SO42-,
CrO42-, Mo00O4% and HVO42~ oxyanions at 40 °C. The
supernatants were collected after 18 h and the concentrations
of respective oxyanions were determined by
coupled plasma emission spectroscopy (ICP:
Shimadzu Corp.).

Characterization.

inductively
ICPS-8000,

Field emission scanning electron microscopy (FE-SEM; S-4800,
Hitachi, Japan) was used to observe the morphologies of the
obtained monolithic materials. XRD using CuKa radiation (A =
0.154 nm) on a Rigaku diffractometer (MultiFlex) was used to
characterize crystal phases. The mesoporous characteristics of
monolithic materials calcined at 500 °C were analysed by N;
sorption measurements (Belsorp-mini Il, Bel Japan Inc., Japan).
Prior to Ny sorption measurements, samples were outgassed
under vacuum at 200 °C. The specific surface area was
estimated according to the Brunauer—-Emmett—Teller method,
and the pore size distribution was calculated using the
Barrett—Joyner—Halenda method. UV-vis absorption
spectroscopy was used to measure the absorbance intensity of
CrO4%. The concentrations of CrO42" in the solutions were
law, using the peak
intensities observed at 372.5 nm. ICP was used to determine
concentrations of SO42-, CrO42-, Mo0O42~ and HVO42~ oxyanions
after the adsorption test.

estimated from the Beer—Lambert

Results and Discussion

A typical example of X-ray diffraction (XRD) pattern of the
obtained materials is shown in Figure 1(a). All the diffraction
peaks could be assigned to hydrotalcite type LDHs. Considering
the formation mechanism of monolithic material previously
reported,®’ the obtained material is a composite of LDH crystal
and amorphous Al(OH)s. The LDH composite was obtained as a
cm-scale monolithic shape (inset of Figure 1(a)). The microcage
size of the LDH crystal was estimated to be 495 pm (See
supporting information, Figure S1). Macropores (~1 um) and
mesopores (~10 nm) were observed in the monolithic
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composites by using scanning electron microscopy (SEM) and
N, adsorption/desorption measurement, respectively (Figure
1(b) and 1(b) inset). An ethanol-water mixture containing di-
and trivalent metal chlorides and PEO was used as a starting
solution. The solution pH was rapidly increased by PO addition,
because PO scavenges protons from the solution.8 The pH
increase induced formation of Al(OH)3 and LDH and eventually
led gelation. Before completion of the sol-gel transition, phase
separation took place to form a LDH/AI(OH); rich solid phase
and a PEO rich fluid phase if the compatibility between
LDH/AI(OH)3 and PEO became low enough in the course of the
pH increase.®7 The fluid phase can be removed after gelation
by drying, that leaves macropores (Figure 1(b)). The
LDH/AI(OH)s skeletons have meso-scale voids inside them
(Figure. S2). The mesoporosity of the obtained monolithic
composites is derived from these textural pores.
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Figure 1. (a) XRD pattern and optical image (inset), (b) SEM image and mesopore size
distribution (inset) of hierarchically porous monolithic LDH composite prepared with
Mg/Al = 0.5. Red diffraction lines in (a): MgsAl,(OH)1,CO3(H,0); (JCPDS card no. 70-
2151). Dy: pore diameter, V,,: pore volume.

COMMUNICATION

affects the crystal phase of the obtained materials; considering
the solubility products of the metal hydroxides,® Al(OH)s is
formed at pH ~ 3 and Mg-Al type LDH and Mg(OH), nucleate at
higher value (pH > 4). LDH crystallization behaviour thus
depends on the Mg/Al molar ratio of the starting mixture.

The meso- and macropores were evaluated using N;
adsorption/desorption measurements and SEM. The N
measurements indicated that all of the prepared monolithic
LDH composites (0.3 < Mg/Al < 3.0) have pores in meso-scale
(typical example is shown in Figure 1(b) inset). Figure 3 shows
cross-sectional SEM images of obtained monolithic composites.
Isolated pores were confirmed in Mg/Al < 0.3 (Figure 3 (a)).
Interconnected macropores, which were controllable between
0.5 and 5 um in diameter, were observed in the monolithic
composites with 0.3 < Mg/Al < 1.0 (Figure 3(b)). Aggregated
particles were observed in Mg/Al > 1.0 (Figure 3(c)). The pore
diameter became coarser with increasing Mg/Al molar ratio.
However, when Mg/Al values beyond 1.0, that is the threshold
of the formation of porous monolithic composites, the
products were composed of aggregated powder. The
morphologies of the obtained structures depended on the
progress of phase separation before solidification. A coarser
pore was formed when the phase separation was terminated
at a later stage by the sol-gel transition.10 Increasing the Mg/Al
ratio decreased the compatibility between LDH/AI(OH)3 and
PEO, and accelerated phase separation relative to solidification.
In summary, both hierarchical pore formation and LDH
crystallization  (microcage formation) are determined
according to the M(II)/Al molar ratio of precursor solution.

Hierarchically porous monolithic LDH composites were
obtained from the Mg-, Mn-, Fe-, Co- and Ni-Al systems. As
well as the selection of M(ll), the M(ll)/Al molar ratio was
found to be an important parameter to obtain LDH crystal
phase and hierarchically porous structure. First, the Mg-Al
system is discussed to clarify the effect of the M(ll)/Al molar
ratio of the precursor solution on hierarchical pore formation
and LDH crystallization.

Hierarchically porous monolithic Mg-Al type LDH composites.

Figure 2 shows XRD patterns of monolithic composites
prepared with various Mg/Al molar ratios. In the case of Mg/Al
= 0.1, the monolithic composite was amorphous (black lines in
Figure 2). The same results were obtained for Mg/Al < 0.3. LDH
single phase was obtained within the composition range, 0.3 <
Mg/Al < 2.0 (Mg/Al = 0.8 and 1.5 are plotted in Figure 2). For
Mg/Al > 2.0, Mg(OH), phase was also formed (Mg/Al = 3.0 is
shown in Figure 2 as blue line). These results indicate that all
of the monolithic composites prepared at 0.3 < Mg/Al < 3.0
include hydrotalcite type LDH crystals possessing microcages
(Figure S3). The addition of PO to the metal salt precursor
solution induced a rapid pH increase for all Mg/Al values
(Figure S4). On the other hand, the final pH of the precursor
solution depended on the Mg/Al molar ratio. The final pH

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. XRD patterns of monolithic composites prepared with various Mg/Al ratios. *:
Mg(OH),.

“;[, o o Vi ._ — . ot — ] 2
Figure 3. SEM images of fractured surfaces of the monolithic composites, prepared

with various Mg/Al ratios; (a) 0.1 (isolated pores), (b) 0.3 (interconnected pores) and (c)
1.5 (aggregated particles) (Inset shows magnified image).
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Hierarchically porous monolithic M(ll1)-Al type LDH composites
(M(ll) = Mn, Fe, Co, Ni, Cu, Zn and Ca).

Mg as M(Il) was substituted with Mn, Fe, Co, Ni, Cu, Zn and
Ca to prepare LDHs with variety of microcage sizes. Figure 4

shows the microcage sizes of M(II)-Al type LDHs (M(II)/Al = 0.5).

The microcage size decreased with increasing ionic radius of
M(Il) species, except for Mn. The result is in good agreement
with a reported study which demonstrated that LDHs
composed of larger cations have smaller microcage sizes.> The
reason for the deviation of Mn from the trend is not clear.
Thus, fine control of microcage size is accomplished by
changing the M(II) metal cation of LDH.

500 T T r
€ Ni
S495F ®Nigmg ]
GNJ oCo
‘@ 490+ oMn 1
% Cue Zn
S 4851 -
o
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S 4801 1

ofFe
475 — : :
70 75 80 85

lonic radius of M(ll) / pm

Figure 4. Relationship between microcage size of M(Il)-Al type LDH crystals (prepared
with M(I1)/Al = 0.5) and ionic radii of the corresponding M(ll) cations.!®

Figure 5 shows the M(Il)/Al molar ratio ranges to achieve LDH
crystallization and the formation of hierarchical pores for
various M(Il)-Al combinations. LDH crystals were obtained at
specific M(I1)/Al molar ratio ranges for all M(Il) except for Ca.
The relationship between the minimum M(II)/Al molar ratio
required for LDH crystallization, Mpis, and solubility product of
M(OH)3, Ksp, is shown in Figure 5 inset. A divalent metal cation
that forms a hydroxide of a lower solubility product produces
corresponding LDHs at a lower pH.? Because the pH value was
lower at a lower M(II)/Al molar ratio (see Figure S4), Mmin
decreased with the solubility product of M(OH),. On the other
hand, the maximum molar ratio for the LDH crystallization
depended on the formation of impurity divalent metal
compound phases. Metal chloride hydroxide formed along
with LDH in the case of the Co-, Zn- and Cu-Al systems.
Mg(OH); and Mn,03 formed along with LDH in the Mg- and
Mn-Al systems, respectively. In the Ca-Al system, only CaCl,
formed in the entire molar ratio range. The pH value of the
reaction system could not reach the pH value required for Ca-
Al type LDH crystallization (pH = 10.5-13).

The formation of hierarchical pores also depended on the
choice of the M(ll) cation (Figure 5). In the case of the Mg-, Co-,
and Ni-Al systems, monolithic LDH composites had hierarchical
pores in relatively wide compositional range, M(Il)/Al = 0.3-1.0.
In contrast, the molar ratio range was relatively narrow
(M(I1)/Al = 0.3-0.5) for the Mn-, Fe-, and Cu-Al systems. A
critical factor that influences on the macropore formation is
secondary particle size. In the case of the latter three systems,
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secondary particles over several hundred nm were observed
when M(II)/Al value increased. Large particles of a size
comparable to the phase separated macrostructures (0.5-5
um) disturbed phase separation and limited the compositional
range of hierarchical pore formation. Although large secondary
particles were not observed in the Zn-Al system, only isolated
pore formed. The formation of Zn-Al type LDH might have few
effects on the accelerating phase separation, and solidification
may have occurred before the phase separated structure
developed. We achieved hierarchically porous monolithic LDH
composites with finely controlled microcage size from 478 to
496 pm (Table 1).

_ — LDH Mn Mg
< crystallization 0.3 o O
=40} — Hierarchical 02 Feso—M
‘é’ pore formation = Cu ZnCo
- 010 OO
.%3_0 i - - 20 15 -10
= o
©
o020+
e 0
g
€10F
2 I _l I I
B8 T =

Ca Mg Mn Ni Fe Co Zn Cu

Figure 5. Nominal molar ratio ranges at which interconnected pores (black) and LDH
(red) were achieved for the different M(I1)-Al systems. Inset: relationship between the
minimum M(I1)/Al molar ratio, Mp,, for LDH formation, and solubility product, K;,, of
M(OH), (M = Mg, Mn, Fe, Co, Ni, Cu, and Zn).1®

Table 1. Macropore, mesopore, and microcage characteristics and crystallite sizes of
Mg-, Mn-, Fe-, Co-, and Ni-Al type LDH monolithic composites.

LDH dmacro® dmeso® Seer Vineso? dmicro® Doos’
type /um /nm /m%gt  /cmig? /pm /nm
Mg-Al 1.26 11.6 293 0.49 495 3.62
Mn-Al 1.41 18.4 244 0.84 490 15.9
Fe-Al 0.74 24.7 171 0.66 478 14.3
Co-Al 1.44 11.4 175 0.32 491 4.21
Ni-Al 1.47 6.5 314 0.33 496 3.41

a Macropore diameter estimated from SEM images. » Mesopore diameter, ¢
specific surface area, and ¢ Mesopore volume evaluated by N, sorption
measurements. ¢ Microcage size calculated from (003) lattice spacing and
hydroxide sheet thickness. f Crystallite size estimated by the Scherrer equation
from (003) reflection of the XRD pattern.

Oxyanion adsorption.

It is expected that LDHs with optimized microcages will be
useful for a selective oxyanion adsorption because the
oxyanion adsorption ability depends on the size of its
microcage.®> In this study, monolithic LDH composites were
examined as a water decontaminating agent for removing
CrO42-, which is one of the toxic oxyanions in industrial waste
water.!? The macropore, mesopore, and microcage

characteristics and the crystallite size of M(Il)-Al type LDH

This journal is © The Royal Society of Chemistry 20xx



monolithic adsorbents are shown in Table 1 (M(Il) = Mg, Mn,
Fe, Co, and Ni). These monolithic adsorbents had hierarchical
pores in discrete scales. Mesopore size (specific surface
area),'2 microcage size,> and crystallite size!3 are anticipated to
affect adsorption capacity. On the other hand, macropore size
of porous monolithic LDH composite does not affect
adsorption capacity.” Figure 6(a) shows the relationship
between the adsorbed amount of CrO4%2~ and the microcage
sizes of monolithic M(Il)-Al type LDH adsorbents. The
adsorption was maximized in the case of Co-Al type LDH
composite. However, the amount of CrO42~ adsorption did not
correlate with the specific surface area or crystallite size of the
composites (Figure S5). Instead, the differences in adsorption
amount can be explained by the microcage size. The microcage
size of the Co-Al type LDH composite was 491 pm, which is
comparable to the size of CrO42- (480 pm?4). Thus, changing
the M(Il) metal cation in hierarchically porous monolithic LDH
composites allowed the fine tuning of microcage size to a
target adsorbent.

Figure 6(b) shows the fractions of oxyanions removed by Co-
Al type LDH composite, (Co—C)/Co, from an aqueous solution
containing four different oxyanions; Cp and C are the initial and
the final molar concentrations of an oxyanion in the solution,
respectively. The four oxyanions have different sizes: SO42-
(460 pm), CrO42~ (480 pm), Mo0O42~ (492 pm) and HVO,42- (520
pm).** The adsorption occurs preferentially in the order of
CrO42~ = SO42~ < M004% < HVO4%-, and not correlated with the
degree of size-matching between microcage and oxyanions.
The oxyanion adsorption accompanies exchange of OH groups
at Al sites with oxyanions,’” and therefore, the affinity
between oxyanions and binding sites also affects adsorption
characteristics, so-called a screening effect, as well as
microcage size. The trend of sorption competition observed in
the present study is consistent with a previous report on
powdery LDHs,18 confirming that the present LDHs with
controlled hierarchical structures possess a distinctive
adsorption property of LDHs. Thus obtained LDHs with
hierarchical structures in pm, nm, um, cm scale will find
applications,
removal with a rational ion selectivity.

such as rapid and easy-handling pollutant

o
2

Adsorbed amount / ymolg

o

480 490
Microcage size / pm

500

0
80,2- Cro,2Mog 2HV0 2

Figure 6. (a) Amount of CrO,>" adsorbed by hierarchically porous monolithic M(11)-Al
type LDH composites (M(ll) = Mg, Mn, Fe, Co, Ni) having different microcage size. (b)
The fractions of oxyanions removed from an aqueous solution containing four
oxyanions, (Co—C)/Co, by Co-Al type LDH. G, is initial concentration (2.5 mmol/L). Cis
concentration after 18 h adsorption.
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Conclusions

The monolithic Mg-Al type LDH composites with macropores,
mesopores and microcages were synthesized via an epoxide-
mediated sol-gel reaction within a specific molar ratio range
(Mg/Al = 0.3-1.0). Through systematic experiments,
hierarchically porous monolithic M(Il)-Al type LDH composites
were also obtained (M(ll) = Mn, Fe, Co and Ni). Tuning of
microcage size is accomplished by changing a combination of
metal cations of LDHs, which led to high adsorption capacity
for CrO42-. Hierarchically porous monolithic LDH composites
with various microcage sizes can be fabricated based on
knowledge of this study, and are expected to be useful for
specific toxic oxyanion removal.
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