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We report a new synthetic strategy for melamine-formaldehyde
(MF) monoliths with controlled hierarchical porosity toward metal-ion
scavengers. The obtained MF monoliths possessed micro-, meso- and
macroporosity, which allowed efficient adsorption performance of
precious metal ions in water. Applications such as recovery/removal of
metal ions are expected.

Porous materials with discrete hierarchical porosity have been
recognized as efficient materials for adsorption, separation,
energy conversion/storage, sensing and catalysis."™* Various
materials with micro-, meso- and macroporosity have been
developed in different chemical compositions such as inorganics,
organics and their hybrids in different material formats such as
particles, films, and monoliths. Hierarchically porous monolithic
materials are attractive among them, since they allow efficient
mass transfer, which enhances the contact between the pore
surface and guest fluid.>®

One synthetic strategy for hierarchically porous monoliths is
the sol-gel process accompanied by phase separation (spinodal
decomposition).” This strategy was originated from the silica
sol-gel system, and later extended to sol-gel systems of a variety
of inorganic oxides/hydroxides, organic-inorganic hybrids and
organic crosslinked polymers. In the last systems, a series of
hierarchically porous polymer monoliths and carbon derivatives
has been prepared via controlled/living radical polymerization of
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divinylbenzene and other vinyl monomers/crosslinkers accom-
panied by phase separation. Poly(styrene-co-divinylbenzene)
monoliths®® have been found to successfully separate small
molecules such as alkylbenzenes under a low back pressure."’
On the other hand, sol-gel systems based on living polymeriza-
tion often require expensive reagents and an inert atmosphere.
The family of phenolic/melamine resin is another important
platform toward porous materials through liquid phase pro-
cesses based on the addition-condensation mechanism. These
resins can be prepared with low-cost reagents under ambient
conditions. Aerogels and related porous monoliths based on the
phenolic resin family, first reported by Pekala'! on resorcinol-
formaldehyde (RF), have been attracting researchers to obtain
carbonized materials with hierarchical micro- and meso- or
macroporosity particularly for energy applications.'® By tuning
miscibility between the phenolic resin-based network and solvent
using micelle-forming surfactant, some researchers have reported
hierarchically porous phenolic resin monoliths via the sol-gel
process accompanied by phase separation.”>'* On the other hand,
focusing on another important resin system, melamine-formal-
dehyde (MF), it is still challenging to control hierarchical porosity.
The phase separation process in phenolic resin networks is based
on the immiscibility between the rather hydrophobic phenolic
resin network and hydrophilic water-based solvent. It is therefore
difficult to expand the synthetic strategy for hydrophobic phenolic
resin gels to the system of much less hydrophobic MF network-
based gels.

The MF network, developing through dehydrative polyconden-
sation between methylol groups and methylol/amino groups,
possesses triazine rings and amino groups in the network (Fig.
S1, ESIf). The triazine rings and amino groups are known to form
complexes with metal cation species such as [PdCL,]>~ through
coordination and ionic interaction.''® Hierarchically porous
MF materials are thus attractive for metal scavengers that can
efficiently recover precious metal ions or remove toxic metal ions.

In the present research, we have for the first time developed
a hierarchically porous monolith based on MF from a single

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of the synthesis of the hierarchically porous MF monoliths with controlled multimodal porosity. (i) Phase separation and sol—gel
transition. (i) Washing and hydrothermal treatment to form meso-/microporous structures, which imparts high specific surface area.

oligomeric precursor methylolmelamine via a simple sol-gel
process, solvothermal treatment, and removing additives by a
solvent exchange process (Fig. 1).

The suitable starting compositions and reaction conditions
for monolithic MF gels with hierarchical porosity have been success-
fully specified. In a typical run, wpgo mg of poly(ethylene oxide)
(PEO, M, ~100000 or 200000) was dissolved in 6.0 mL of N,N-
dimethylformamide (DMF), and then 0.70 g of methylolmelamine
was dissolved, followed by an addition of 0.10 mL of 60 wt% nitric
acid. After gelation and aging at 40 °C and 60 °C, the obtained
monolithic gel underwent hydrothermal aging at 120 °C for 24 h,
washing by solvent exchange, and finally drying from n-hexane. We
employed DMF, not water, as the main solvent because methylo-
melamine is highly soluble in DMF and a heterogeneous network
tends to form in water.'” In addition, we used a small amount of
60 wt% nitric acid as a reaction catalyst. Under these conditions,
it was allowed to form transparent gels with high enough homo-
geneity specifically in the absence of phase separation inducer,
PEO. In the presence of PEO, polymerization-induced phase
separation took place in the course of sol-gel transition due to
the increased degree of polymerization of MF. The transient

Fig. 2
MF3.

© 2021 The Author(s). Published by the Royal Society of Chemistry

morphology of phase separation was then solidified by gelation
of the MF network, which turned into the macroporous morphology
after removing all of the fluidic components from the wet gel.
Details of the experimental procedure are given in the ESL
Fig. 2 shows the morphologies observed under a scanning
electron microscope (SEM) in the micrometer scale of the
samples obtained from the starting compositions with different
molecular weight and amounts of PEO as listed in Table S1
(ESIT). No distinct macropores are found in the sample MF1
(Fig. 2A), which was prepared in the presence of PEO with lower
molecular weight and a smaller amount, and macroporous
morphologies are found in those prepared in the presence of
PEO with higher molecular weight and larger amounts (Fig. 2B-E).
The samples MF3, MF4 and MF5 show a well-defined intercon-
nected structure derived from polymerization-induced spinodal
decomposition. The thermodynamic instability of this quasi two-
phase system composed of MF and PEO is increased with an
increasing degree of polymerization (DP) of MF, and the more
coarsened structures were obtained with higher DP and volume
fraction of PEO, as predicted by the Flory-Huggins theory.'®
These porous MF materials were obtained as colorless monoliths

(A—E) SEM images of the MF polymer monoliths: (A) MF1, (B) MF2, (C) MF3, (D) MF4, and (E) MF5. (F) Appearance of the MF polymer monoliths of
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(Fig. 2F) with high enough mechanical stability for handling and
applications.

Mesoporous structures were found in the macropore skeletons
of these samples, as confirmed by nitrogen adsorption-desorption
isotherms and the Barrett-Joyner-Halenda (BJH) pore size distri-
butions (Fig. S3, ESIT). The higher uptake in the relative pressure
p/p° ~0.8-1 in the samples MF1 and MF?2 is due to the presence of
small macropores, and similar mesopore size around 4 nm can be
confirmed in all the other samples with distinct interconnected
macroporous morphology, which evidences the hierarchical
porosity in these samples (see also Fig. 3 for the sample MF3).
It can be deduced that most PEO was successfully removed from
the wet gel during the solvent exchange process, since the
attractive interaction between MF and PEO is not strong and
PEO has been readily removed during solvent exchange with
distilled water and 2-propanol.

In order to assess the controllability of the porous structure
and extend the applicability, changes in the mesoporous structure
were investigated through the hydrothermal treatment after
gelation, aging and solvent exchange with distilled water on the
sample MF3 (Table 1). Results of nitrogen adsorption-desorption
measurements shown in Fig. 3 confirm that the mesopore
diameter and total pore volume were increased with increasing
temperature of hydrothermal treatment. Gels treated at 60 °C and
80 °C underwent further crosslinking of the network, resulting in
the increases of pore diameter and pore volume due to decreased
shrinkage during drying. At increased temperatures, dissolution
and reorganization of the network became significant, which is
confirmed by decreased bulk density of the dried gels, and
accordingly, pore diameter and pore volume are increased drasti-
cally. The mesopore size can be controlled in 4.3-28.1 nm by
changing the temperature of hydrothermal treatment, and the
Brunauer-Emmett-Teller (BET) surface area shows maximum
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Fig. 3 Nitrogen adsorption—desorption isotherms (left) and BJH pore size
distributions (right) on the MF monoliths hydrothermally treated at different
temperatures: (A) as-dried MF3 and those treated at 60 °C and 80 °C, and
(B) those treated at 100 °C, 120 °C and 140 °C.
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Table 1 Mesopore properties of the MF polymer monoliths hydrother-
mally treated at different temperatures

Sample Thydro"/°C Aimeso’/nm Vp”/cm3 g ! Sper’/m? g !
MF3 — 4.3 0.16 173
MF3-60 60 4.9 0.20 210
MF3-80 80 5.5 0.33 296
MF3-100 100 8.2 0.75 421
MF3-120 120 18.5 1.73 416
MF3-140 140 28.1 1.86 240

¢ Hydrothermal treatment temperature. b BJH modal mesopore diameter.
° Total pore volume. ¢ BET surface area.

(421 m> g7) in the sample treated at 100 °C (MF3-100). The
changes in mesoporosity in the skeletons were also observed by
transmission electron microscopy (TEM) as shown in Fig. 4. The
original MF3 possesses micropores judging from the steep uptake
in the low relative pressure region. Changes in the microporous
structure in the hydrothermal treatment were estimated by the
tplot,” in which the specific micropore surface area increased
from 117 m* g~ ! in MF3 to 279 m”* g~ ' in MF3-100. In addition, the
macroporous structure did not change due to the hydrothermal
treatment as confirmed by SEM as presented in Fig. S4 (ESIT).
The macro- and mesoporosity in the MF monoliths thus can be
independently controlled through phase separation and hydro-
thermal treatment, respectively.

Porous MF monoliths have also been reported based on
different strategies such as microemulsion templating®®>" and
molecular imprinting,* while there have been no reports on
hierarchical pore formation through spinodal decomposition,
to the authors’ knowledge. A bimodal pore structure was
obtained in the microemulsion approach;>' however, it is gen-
erally difficult to independently control the size and volume of
pores in different length scales through the emulsion approach,
during which random coalescence of emulsions may occur. In
the present approach based on phase separation and hydro-
thermal aging, an independent control of macro- and mesopores
with narrow size distributions is possible, since phase separation
is thermodynamically driven by controlled polymerization of the
monomer and mesopore formation depends on an equilibrium
process of dissolution/reorganization of the network.

These MF gels showed durability in both acid and alkaline
solutions, as well as organic solvents. On the treatments in 10%
(~2.7 mol L") hydrochloric acid, 6 mol L™" of sodium hydro-
xide, and xylene at 60 °C for 24 h, the monolithic shapes were
maintained without noticeable swelling or shrinkage. The pore

Fig. 4 TEM images of the MF polymer monoliths: (A) MF3 and (B) MF3-140.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Concentrations of Pd®* in the batch adsorption tests using
granulated MF3-100 and aminopropyl-modified silica in 0.1 mol L™ HCl
with 100 mg L™ Pd®* for 1 and 24 h. (b) Change in the Pd?* concentration
with the total flowed volume in the flow adsorption test using granulated
MF3-100.
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volume and mesopore diameter of the treated MF3-100 samples
were slightly decreased, while the BET surface area was virtually
maintained as higher than 300 m* g~' (Table S2, ESIY).

Since the MF network possesses coordination sites including
nitrogen in the triazine rings and amino groups, application of
the present MF monoliths to metal scavengers can be expected
as mentioned above. To evaluate the functionality of the MF
monolith, the adsorption performance of Pd** species (including
chloro-palladate complexes) in an acidic solution was investi-
gated. A granulated MF monolith was used to assess the adsorp-
tion performance in a simple manner, since the benefits of high
mass transfer in the macropores in the monoliths are evident in
the granulated form.>** In particular, granulated iron oxyhydr-
oxide and oxide monoliths with a similar macroporous mor-
phology to the present MF material showed higher adsorption
efficiency of pollutants compared to non-macroporous iron
oxyhydroxide adsorbent with the same meso-/microporous
structures in a flow-through setup.>® Granulated particles of
dried MF3-100 in the size range between 63 and 212 pm were
shaken in 0.1 mol L™" HCI solution with 100 mg L™" of PdCl,.
Aminopropyl-modified conventional silica particles with monomo-
dal mesopores (~6.5 nm) and BET surface area of ~450 m* g™ *
(denoted as NH2-silica, details shown in the ESIt) were employed
for comparison. The concentrations of Pd>" after shaking for 1 and
24 h measured by ultraviolet-visible (UV-Vis) spectroscopy are
shown in Fig. 5a. The concentrations of Pd”** treated with
MF3-100 and NH2-silica were reduced from 100 mg L' to 14
and 59 mg L' in 1 h, and 9 and 51 mg L ™" in 24 h, respectively.
Most Pd** were adsorbed on the gel within 1 h effectively. The
adsorbed amounts of Pd*" on MF3-100 and NH2-silica in 24 h
were 91 and 49 mg g-gel ™" (0.86 and 0.46 mmol g~ '), respec-
tively. The Pd** concentrations were more effectively reduced in
the case of MF3-100, showing higher adsorption capacity than
NH2-silica, due to the abundant adsorption sites such as amino
groups and triazine units in the network. Results of Fourier
transform infrared spectroscopy (FTIR) on the samples MF3-
100 before and after adsorption of Pd*" shown in Fig. S5 (ESIT)
suggest complex formations at least between nitrogen in the
triazine rings and Pd** species.?” Since these granulated powders
of MF3-100 have a discrete hierarchical pore structure consisting
of macro- and mesopores in each particle, the improvement of
the adsorption performance can be attributed to enhanced mass

© 2021 The Author(s). Published by the Royal Society of Chemistry
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transfer and diffusion of the metal ions especially due to the
macropores, compared to the conventional particles.>® The
enhancement of mass transfer and diffusion and resultant
improved accessibility to the pore surfaces have also been
confirmed in different hierarchically porous materials.””>°

Adsorption tests have also been performed in a flow system,
in which granulated powders of MF3-100 were packed in a
syringe and the test solution was pressurized to flow through
the bed. A typical setup for this experiment is shown in Fig. S6
(ESIt). Using a small column of the granulated particles of MF3-
100 (packing size: 5.5 mm in diameter and 10 mm in length), the
100 mg L~ of Pd** was reduced to less than 0.1 mg L' in a
single treatment. The concentration of Pd*" in the outlet was
kept less than 0.1 mg L ™" during the flow treatment for at least
1 h at 1.0 mL min " (Fig. 5b). The total 70 mL of the Pd*" solu-
tion at 100 mg L' was able to be treated to almost completely
remove Pd*" ions using only a small column. The MF monoliths
were also shown to efficiently adsorb other metal ions such as Pt,
Au and Ir, and the adsorbed metal species can be recovered
simply by incineration; hazardous liquids such as aqua regia are
not necessary for extraction. These results suggest that the
hierarchically porous MF monoliths can be used as an efficient
precious metal scavenger.

In summary, hierarchically porous monoliths composed of the
MF network have been obtained through a sol-gel process
accompanied by phase separation. Mesopore properties in the
macropore skeletons can be independently controlled by the
hydrothermal treatment of the wet gels. The resultant MF mono-
liths show high stability against acid, base and organic solvent,
and high adsorption efficiency for removal/recovery of Pd**. While
MF is a well-known material, still there are new opportunities in
tuning the pore characteristics for more efficient applications.
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