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Abstract. A simple and environmentally-friendly approach for the preparation of porous melamine-formaldehyde resins
(PMFRs) was developed by using low-boiling-point solvents, such as water, as pore-forming agent. With using dimethyl sulfoxide (DMSO) and low-boiling solvents cosolvent method, PMFRs with a high specific surface area and well-defined pore
structure can be synthesized at a low reaction temperature of 140 °C for a short reaction duration in 20 hours, which can
replace the conventional methods that use dimethyl sulfoxide (DMSO) as reaction medium and require 3 days at 170 °C to
achieve similar surface area. When loaded with polyethylenimine (PEI), the PMFR-PEI-30% showed good CO2 adsorption
performance with a capacity of up to 2.89 mmol/g at 30 °C. These results bring new perspectives for the development of lowcost and environmentally-friendly synthetic methods for porous materials, which can boost their widespread applications.
Keywords: polymer synthesis, molecular engineering, porous melamine-formaldehyde resins, low-boiling-point solvents,
low temperature, CO2 adsorption

1. Introduction

by low-cost highly abundant melamine that has suitable alkalescence (pKa = 5.5) versatile reactivity
[28–30]. In addition, it is a mass produced product
in the chemical industry and can be used as crosslinker in organic coating and plastic [31–33]. In general, the PMFRs can be synthesized by using the microemulsion approach or the template method, such
as SiO2 particles [34]. However, PMFRs produced
by these approaches normally have a low BrunauerEmmett-Teller (BET) specific surface area, which
were listed in Table 1 [28, 31]. When used for CO2
adsorption, their capacity is typically not exceeding
1.6 mmol/g (273 K, CO2 partial pressure 0.03). To
tackle with this problem, Tan et al. [35] developed a
simple one-step synthesis method for PMFRs by using
the polycondensation reaction with the dimethyl sulfoxide (DMSO) as the solvent. The as-obtained

The ever-increasing carbon dioxide (CO2) emission
from burning fossil fuels has been regarded as the
major cause of climate change and global warming
[1–4]. To mitigate the effect of global warming, many
porous materials, such as metal organic frameworks
(MOFs) [5-9], porous co-ordination polymers [10,
11], porous carbons [12–16], porous organic polymers
(POPs) and covalent organic frameworks (COFs)
[17–20], have been investigated for CO2 storage.
In recent years, many amine functionalized or nitrogen-rich porous materials were found to show good
CO2 adsorption properties because of the existence
of strong interactions between the nitrogen functionality and CO2 molecules [21–27]. Among them, the
porous melamine-formaldehyde resins (PMFRs) have
gained great attention because they can be produced
*
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Table 1. The comparative description of the synthesis and
product properties of types PMFR
Pore-forming
agent

BET specific
surface area
[m2/g]

Pore
volume
[cm3/g]

Average
pore width Ref.
[nm]

F127

258

0.53

7.8

28

SiO2

234

1.05

17.4

31

1099

2.09

10.3

35

Solvent

2. Experimental
2.1. Materials
Melamine (AR), polydivinyl benzene and poly (ethylenimine) (PEI, Mw = 600) were purchased from
Aladdin Chemistry Co. Ltd, China. Paraformaldehyde, dimethyl sulfoxide (DMSO, AR) and ethyl alcohol (AR) were from Tianjin-Fuchen Chemical
Reagent Factory, China. Acetone (AR), N,N-dimethylformamide (AR), ethylacetate (AR), dioxane (AR)
and tetrahydrofuran(THF, AR) were purchased from
Guangzhou Chemical Reagent Factory, China. All
reagents were used without further purification.

PMFRs exhibit greatly increased specific surface
area up to 1099 m2/g and have demonstrated a large
CO2 adsorption capacity of 15.3 wt% (273 K, 1 atm).
However, the synthesis requires high temperature
and long time, e.g., 170 °C and 72 hours, leading to
high synthesis costs and low productivity. Under such
high temperatures, the DMSO tends to decompose
and release toxic products, such as formaldehyde
and some sulfides. This is not only bad for the environment but also makes the post-treatment difficult
because it needs a large amount of organic solvent
(DMSO, acetone, THF and CH2CH2) to purification.
In this study, a simple low-temperature and environmentally-friendly synthesis method for porous materials was developed by using low-boiling-point solvents, such as water, dioxane, methanol and ethanol,
as pore-forming agent. With this method, PMFRs with
a high specific surface area, well-defined pore structure and good CO2 adsorption performance can be
synthesized at a low temperature. When loaded with
polyethylenimine (PEI), the PMFR-PEI-30% show
good CO2 adsorption and regeneration performance.
This research brings a new perspectives to develop
a new synthesis method and provides useful information for understanding the synthesis process of
PMFRs.

2.2. The synthesis of porous melamineformaldehyde resins (PMFRs)
In a typical preparation process, melamine (2.25 g,
17.8 mmol) and paraformaldehyde (1.34 g,
44.6 mmol) were dissolved in 20 mL DMSO or the
same volume of mixed solvent of DMSO and H2O/
or dioxane, the volume ratio of DMSO to H2O/or
dioxane was 15:5. The mixture was stirred until it
became transparent, and was then carefully transferred into a Teflon container and kept at 140 or 170°C
for 20 hours to complete the polycondensation reaction of melamine and paraformaldehyde. The polycondensation product, a white solid was ground,
sieved, and then successively washed with ethyl alcohol. The obtained granules were dried under vacuum at 80 °C, and noted as PMFRs (the formation
mechanism was shown in Figure 1). The resulting
samples were denoted as PMFR-S-T (for example,
PMFR-DMSO + H2O–140 °C), where S represents
the synthesis medium (DMSO, H2O or dioxane), T
represents the reaction temperature.

Figure 1. The formation mechanism of PMFRs
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In order to investigate the effect of water content in
the mix solvent, the monomer concentration and the
molar ratio of paraformaldehyde to melamine on the
porosities of the obtained PMFRs, volume ratio of
water to DMSO would be adjusted from 0:20 to
10:10, the total monomer concentration of paraformaldehyde and melamine were adjusted from 3.15 to
5.0 mmol/mL, and the molar ratio of paraformaldehyde to melamine was from 2.0 to 3.5.

2.5. The CO2 adsorption measurement
The CO2 adsorption measurement was performed in
a fixed bed flow system. After the sample was dried
under vacuum at 80 °C for 12 h, 0.5 g of adsorbent
was loaded into a glass tube (Φ = 1.3 cm). To remove
the air and residue water, dry nitrogen was introduced into the column at a flow rate of 30 mL/min
for 20 minutes while the column was kept at 90 °C.
Then a mixed gas, with 10% CO2 and 90% N2, was
introduced to the tube at a flow rate of 30 mL/min
for the adsorption test. the CO2 concentrations at the
inlet and outlet were determined by an Agilent 6820
gas chromatography that equipped with a thermal
conductivity detector. After CO2 adsorption, the adsorbent was regenerated by purging with N2 with a
flow rate of 30 mL/min at 90 °C.
The adsorption amount was calculated as shown by
Equation (1):

2.3. Preparation of PEI impregnated
adsorbent (PMFR-PEI)
PEI was loaded onto PMFRs by using a wet impregnation method. 0.1–0.5 g PEI was dissolved in 20 mL
ethanol, and then 0.9–0.5 g PMFR was added into
the solution. The mixture was continuously stirred at
room temperature for 3 h. After being dried at 60 °C
for 12 h, the adsorbent was obtained and is denoted
as PMFR-PEI-X%, where X% is used to identify the
weight percentage of PEI in the adsorbent and is normally within the range of 10~50%, as showing
Table 2.

t

Q=

0

1.00

0.10

0.90

10

1.00

0.20

0.80

20

1.00

0.30

0.70

30

1.00

0.40

0.60

40

1.00

0.50

0.50

50

22.4W

dt

(1)

3. Results and discussion
3.1. Preparation and pore tailoring of PMFRs
PMFRs were first synthesized by the polycondensation of melamine and paraformaldehyde in DMSO
system at 140 °C (PMFR-DMSO-140 °C) and 170 °C
(PMFR-DMSO-170 °C), respectively. Their specific
surface area and pore structures were compared in
Figure 2 and Table 3. The specific surface area of
PMFR-DMSO-170 °C is almost three times as large
as that of PMFR-DMSO-140 °C. PMFR-DMSO170 °C also show more disordered pore-size distribution. This clearly indicates that the higher temperature can promote the formation of pores. It has been
reported that at a high temperature DMSO can decompose into low-boiling-point small molecules,
such as formaldehyde and dimethylsulfide. These
small molecules could act as pore-forming agent and
promote the formation of porous structure [36, 37].

Table 2. Dosage of PEI and porous amino resin for amine
impregnation
PEI
[g]

RCin - Ceff W $ V

where Q is the adsorption capacity of the adsorbent
[mmol CO2/g], t is the adsorption time [min], and
Cin and Ceff are the influent and effluent flow rate of
CO2 [mL/min], respectively; V is the total flow rate,
[30 mL/min]; W and 22.4 are the weight of the adsorbent [g] and molar volume of gas [mmol/mL], respectively.

2.4. Characterization
Nitrogen adsorption-desorption isotherms was characterized at 77.35 K on an automatic gas adsorption
instrument (ASAP2020, Micromeritics Corp., USA)
at the range of relative pressure from10–6 to 1. Before each test, the sample was dried under vacuum at
100 °C overnight. Vtotal was calculated based on the
nitrogen amount adsorbed at P/P0 = 0.95. Specific
surface area and pore parameters were calculated
using the Brunauer-Emmett-Teller (BET) method
and density functional theory (DFT) method, respectively. Scanning electron microscope (SEM, S4800,
Hitachi, Japan) was used to observe the morphology
and microstructure of the samples, and transmission
electron microscope (TEM, JEM-2010HR, JEOL,
Japan) was applied to observe the porous structure.

Total mass
[g]

#

Porous amino resin Amine loading
[g]
[%]
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Figure 2. N2 adsorption-desorption isotherms at 77 K (a) and pore size distributions (b) of PMFRs

the low boiling-point-solvent of water or dioxane
into the system, the samples of PMFR-DMSO-H2O140°C and PMFR-DMSO-dioxane-140°C were made
up of polymer particle again. From the TEM images,
a disorder of pore structure of all PMFRs could be observed. It could be also observed that there are a lot of
macropores in all samples; and plentiful of mesopores
could be observed in samples employing low boilingpoint-solvent in the reaction system, especially in the
sample of PMFR-DMSO-H2O-140 °C.
According to the above observations, a scheme
shown in Figure 5 is proposed to explain the poreforming mechanism of the PMFRs. In the early nucleation stage, small flakes of the polymer framework were formed by the reaction between melamine
and formaldehyde (Figure 5a). With proceeding of
polymerization time, the presence of low-boilingpoint solvent (such as water molecules) inside the
flakes can cause the gas-liquid exchange and therefore lead to the formation of open micropores (Figure 5b). In the case of high-temperature (170 °C),
DMSO can decompose to form formaldehyde, water
and dimethylsulfide, these decomposition products
are expected to play the similar role as water for the
formation of pores. As the further proceeding of the
polymerization, the flakes grow larger and precipitate out from reactions system, causing the phase
separation. The stack of these flakes can then cause
the formation of mesopores and macropores (Figure 5c).

To check the pore-forming effect of the low-boilingpoint molecules, H2O or dioxane were added into the
reaction system as cosolvent and the polycondesation temperature was kept at 140 °C. As can be seen
in Figure 2 and Table 3, both specific surface area
and porosity of PMFR-DMSO+H2O-140 °C and
PMFR-DMSO+Dioxane-140 °C were much higher
than those of PMFR-DMSO-140 °C. Especially, the
specific surface area of PMFR-DMSO+H2O-140 °C
(812 m2/g) is comparable to that of PMFR-DMSO170 °C (836 m2/g). This result confirms that the lowboiling-point solvents, H2O (b.p. 100 °C) and dioxane
(b.p. 101 °C ), can act as pore-forming agent and effectively promote the formation of pores. It is also evident that both specific surface area and pore volume
of PMFR-DMSO+H2O-140 °C were two times as
much as those of PMFR-DMSO+dioxane-140 °C.
This may be caused by the better compatibility between water and the melamine-paraformaldehyde
polymers. As a result, the phase segregation delayed
to the stage when the degree of crosslink was higher
during the polymerization process. Such phenomenon was beneficial to forming bigger polymer particles, and thus resulted in the higher specific surface
area and plentiful stacked pores.The SEM and TEM
of PMFRs are shown in Figure 3 and Figure 4. SEM
image of PMFR-DMSO-170 °C was formed by polymer particle agglomerates of various sizes. When the
temperature dropped to 140 °C, the surface of PMFRDMSO-140°C become smooth. However, after added
Table 3. Pore structure parameters of the PMFRs

BET specific surface area
[m2/g]

Pore volume
[cm3/g]

Average pore width
[nm]

PMFR-DMSO-170 °C

836

2.53

12.1

PMFR-DMSO-140 °C

277

0.25

3.6

Sample

PMFR-DMSO+H2O-140 °C

812

2.88

14.2

PMFR-DMSO+dioxane-140 °C

429

1.08

10.1
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Figure 3. SEM images of PMFRs, a) PMFR-DMSO-170 °C , b) PMFR-DMSO-140 °C, c) PMFR-DMSO+H2O-140 °C,
d) PMFR-DMSO+dioxane-140 °C

significantly affect the formation of pores. As shown
in Figure 6a, with the increase of water proportion
in the mixed solvents, the specific surface area and
the pore volume of the obtained PMFRs increased
significantly first and then decreased gradually. The
decrease of specific surface area and pore volume
should be ascribed to the fact that the increase of
water content actually reduces the volume of a liquid
solvent in the polymerization system at 140 °C,
which impels the condensation polymers to separate
from the solvent phase in the early stage. The small
polymer particles with lower crosslinking degree
would tightly stack together, thus less pores were
formed. As a result, the PMFRs synthesized with
over-high water proportion would have a lower specific surface area and a lower pore volume.
Except boiling point and content of low-boilingpoint solvent, the effect of the synthesis temperature,
the monomer concentration and the molar ratio of
paraformaldehyde to melamine on the porosities of
the obtained PMFRs were carefully studied. As shown

3.2. Optimizing the preparation condition of
PMFRs
Numbers of low-boiling-point solvents, such as
methanol (b.p. 64.5°C ) and ethanol (b.p. 78°C), were
also used in the synthesis of PMFRs. However, the
synthesized PMFRs showed low specific surface
area and poor porosity (173 and 154 m2/g). This result proved that when the boiling point of the solvent
is far below the synthesis temperature, it would evaporate much more easily, and escape from the polymer, and therefore it can not act as the pore forming
template.
Among these low-boiling-point solvent (H2O, dioxane, methanol and ethanol), H2O showed the most
excellent role of pore-forming. Herein, we briefly
optimized the preparation condition by using H2O
as low-boiling-point solvent. In order to investigate
the effect of water content in the mix solvent on the
pore forming of PMFR, volume ratio of water to
DMSO was adjusted from 0:20 to 10:10. It is found
that the amount of low-boiling-point solvent could
877
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Figure 4. TEM images of PMFRs, a) PMFR-DMSO-170 °C , b) PMFR-DMSO-140 °C, c) PMFR-DMSO+H2O-140 °C,
d) PMFR-DMSO+dioxane-140 °C

Figure 5. Illustration of the effect of low-boiling point solvent in pore formation of PMFRs, (a) polycondensation of melamine
and formaldehyde to form small flake, (b) solvent volatilization to form micropores, (c) stack of flakes to form
mesopores and macropores
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Figure 6. Effect of water to DMSO volume ratio (a), synthesis temperature (b), monomer concentration (c) and paraformaldehyde to melamine molar ratio (d) on the specific surface area of PMFRs

in the range of 3.15 to 5.0 mmol/mL. This result suggests that the monomer concentration does not have
significant influence on the framework of PMFRs.
Therefore, the monomer concentration was chosen
to be 3.15 mmol/L.
The effect of paraformaldehyde to melamine (F/M)
molar ratio on the pore structure of PMFRs is also
investigated. As shown in Figure 6d, the materials
with the highest BET specific surface area and largest
total pore volume were obtained with the F/M molar
ratio of 2.5. Both increasing and decreasing the F/M
molar ratio can lead to the decrease of the pore structure parameter. It is well known that the crosslinking
site could be scarce when the concentration of paraformaldehyde is low, resulting in a low structural
rigidity of amino resins and the following collapse of
the pores. There the BET specific surface area and total
pore volume were small when the molar ratio was
smaller than 2.5. As the molar ratio increased to 3.5,
polymers with decreased pore size and total pore
volume were obtained. This could be attributed to the
fact that the overweight addition of paraformaldehyde will result in Cannizzaro reaction and determine the pH of system, which will accelerate the condensation of the monomer and weaken the effect of

in Figure 6b, the PMFR prepared with a water to
DMSO ratio1:3 showed the largest specific surface
area when synthesized at ~140 °C. Increasing or decreasing the synthesis temperature could both lead
to the reduction of the specific surface area. It should
be pointed out that, the PMFRs prepared in the mixed
solvent of DMSO and water at around ~170 °C had
much lower specific surface area than those synthesized in pure DMSO at the same temperature (PMFRDMSO-170 °C). This may be due to the following:
an excessively high temperature would cause violent
fluid-air exchange and hence reduces the opportunity
of polymer wrapping the small molecules, while a
too low temperature can suppress the fluid-air exchange and hinder the small molecules to act as poreforming agent in the synthesis.
The influence of monomer concentration (total molar
amount of paraformaldehyde and melamine monomers in the whole mix solution [mmol/mL]) on the
BET specific surface area of PMFRs was studied.
Figure 6c shows the BET specific surface area of
PMFRs prepared by different monomer concentration. It can be seen from Figure 6c that there was no
apparent change in BET specific surface area of
PMFRs when the monomer concentration was kept
879
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PMFR-PEI samples with different PEI loading amount
were also observed. The CO2 adsorption capacity of
PMFR was only 0.47 mmol/g, while the CO2 adsorption capacity of PMFR-PEI increased from 0.86
to 2.89 mmol/g when the amount of PEI loading increased from 10 to 30% (Table 4) and the highest CO2
adsorption capacity of PMFR-PEI was much higher
than that of PMFR, indicating that the loading PEI
can effectively improve the adsorption capacity and
more PEI loading amount can provide more amino
site for CO2 adsorption. However, the CO2 adsorption capacity decreased when the PEI loading amount
was further increased to 50%, which could be due to
the serious pore blocking and to the increase of the
mass transfer resistance.
The amino content could be calculated by diving the
loading weight of PEI with molecular weight of the
chain segments of PEI, as shown in Equation (2):

the hole forming of solvent. Moreover, because of
the increasing of crosslinking site, the phase separation occurred at early an stage of the polymerization
when the monomer conversion rate is low. Particles
with small diameter tend to form polymers with
smaller pore diameter. These results suggest that the
molar ratio of F/M plays a significant role in the formation of pore structure. In order to obtain a high
enough BET specific surface area, to protect the environment and reduce the cost, the molar ratio is chosen to be 2.5.

3.2. CO2 adsorption performance of PEI
supported on PMFRs
The above synthesized porous amine resin was used
as support, and PEI was loaded to prepared a solid
amine adsorbent (PMFR-PEI) for CO2 capture. The
CO2 adsorption properties of PMFR and PMFR impregnated with different amounts of PEI were evaluated by measuring the CO2 breakthrough curves.
As shown in Figure 7, the breakthrough curve could
be divided into three phases: phase 1, complete adsorption phase at the beginning, CO2 can be completely adsorbed in this phase due to the large number of active sites; phase 2, breakthrough phase, CO2
partially begun to breakthrough the fixed bed; and
(3) phase 3, saturation phase, CO2 has fully occupied
of the active sites and no more CO2 can be adsorbed
[38–40]. Comparison of the three adsorption phases
of PMFR-PEIs with those of the solid amine fibers
indicated that the breakthrough time of PMFR-PEI
at phase 2 was much faster than solid amine fiber, it
took only 2 to 3 minutes from the initial breakthrough
phase to the saturation phase. This result indicates
that PMFR-PEIs has a much superior mass transfer
and adsorption kinetics due to the presence of pores.
Different breakthrough behaviors of PMFR and

Amino content "mmol/g% =

WPEI $ 1000
42

(2)

where WPEI is PEI loading amount (g PEI/g adsorbent) in the adsorbent, 42 is the molecular weight of
the chain segments of PEI. Therefore, the utilization
efficiency of amino could be evaluated by dividing
the actual CO2 adsorption capacity [mmol/g] with
amino content [mmol/g] of the adsorbent, supposing
that one mole amino can combine with one mole
CO2. For the branched PEI, percentages of primary,
secondary and tertiary amino groups are about 35,
35, and 30%, respectively. It has been reported that
at the absence of water, one acidic CO2 molecule
will combine with two primary or secondary amino
groups within the PEI molecules. CO2 molecule can
not combine with tertiary amino group in the absence of water [41]. Thus the theoretical maximum
amino utilization efficiency of the branched PEI is
about 35% [42–44]. The results in this study showed
Table 4. CO2 adsorption properties of PMFR-PEI with different PEI loading
PEI loading
Adsorption
SBET
amount
capacity
2
[m /g]
[wt%]
[mmol/g]

Figure 7. Effect of PEI loading on the CO2 adsorption capacity
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Amino
content
[mmol/g]

Amino
utilization
efficiency
[%]

0

812

0.47

0.00

0.0

10

424

0.86

2.38

36.1

20

309

1.76

4.76

37.0

30

212

2.89

7.14

40.5

40

130

2.82

9.52

29.6

50

50

2.37

11.90

19.9
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Figure 8. Breakthrough curves (a) and capacity (b) of CO2 adsorption on PMFR-PEI-30% at different temperatures

that the amino utilization efficiency of PMFR-PEI
was quite close to or exceeded its theoretical value
when the PEI loading amount was less than 30%
(Table 4). For example, the amino utilization efficiency was 40.5% when the PEI loading amount was
30%, which should be ascribed to the synergistic effect between the physisorption of pore and the
chemisorption of loading PEI. However, when further increasing the PEI to 50%, the amino utilization
efficiency evidently decreased. This fact suggested
that the full loading of PEI into the pores of PMFR
would increase the layer thickness of PEI, thus may
inhibit mass transfer. As a result, part of PEI may not
be able to contact and adsorb CO2, resulting in the
decrease of amino utilization efficiency.
The influence of temperature on the CO2 adsorption
of PMFR-PEI-30% (30% PEI loading) was investigated (Figure 8). It is obvious that the PMFR-PEI30% adsorbent showed a maximum adsorption capacity of 2.89 mmol/g at 30 °C, implying the balance
between CO2 diffusion into inner layer of PEI and the
desorption of CO2 from PEI [43, 45]. The adsorption
process at a lower temperature was diffusion controlled, elevation of temperature would accelerate the
diffusion of CO2 inside of the thick layer of the PEI,
and be beneficial for the full extension of the PEI’s
chain and hence provide more adsorption sites, leading to more sufficient contact with CO2. On the other
hand, elevating temperature would also accelerate
the decomposition of the ammonium carbonate, which
is unfavorable to the adsorption. It was noted that
PMFR-PEI-30% can still have a CO2 adsorption capacity of 2.19 mmol/g even at 60 °C, there was only
a small decrement of 0.7 mmol/g compared with that
at 30 °C.
For the purpose of evaluating the regeneration performance of the PMFR-PEI-30%, the PMFR-PEI-

Figure 9. Adsorption capacities of CO2 on fresh and regenerated PMFR-PEI-30%

30% was regenerated by heating it to 90 °C in a
30 mL/min dry N2 stream, and the results are shown
in Figure 9. The regenerated PMFR-PEI-30% can
keep over 85% capacity of the fresh PMFR-PEI-30%
adsorbent after four adsorption-desorption cycles.

4. Conclusions
A simple approach of using low-boiling-point solvents as pore-forming reagents was developed to
synthesize porous melamine-formaldehyde resin
under much less rigorous conditions (140°C and 20 h).
A comparable high specific surface area as those
synthesized under tough conditions (170 °C, 72 h)
could be achieved by using this approach. It was
found that the presence of low-boiling-point solvent
(such as water) wrapped inside the polymer particles
could lead to the formation of micropores, thus increased the porosity of the prepared melamine-formaldehyde resin. When loading with 30% PEI, the
PMFRs synthesized by this method under optimal
conditions demonstrated good CO2 adsorption capacity up to 2.89 mmol/g at 30 °C. These results are
helpful for understanding the pore-forming process
of PMFRs, which are useful for the development of
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new and environmentally-friendly synthetic methods
for high specific surface area porous materials.
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