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Poly(amidoamine)-type dendrimers (PAMAM) were synthesized by divergent routes, and
generations (G0.5, G1.0, G1.5, G2.0 and G2.5) along with hydroxylated half-generation polymers
(G0.5-OH, G1.5-OH and G2.5-OH) were characterized by Fourier-transform infrared spectroscopy,
thermogravimetric analysis and differential scanning calorimetry. Carbon dioxide (CO,) capture
tests were performed using thermogravimetric analysis. Among the absorption temperatures
tested, 60 °C was the most promising: 0.77, 1.08, and 1.14 mol CO, L' for G0.5-OH, G1.5-OH
and G2.5-OH, respectively, of CO, and partial pressure of 45 kPa. This showed that dendrimers
with larger molecular structures have more hydroxyl groups and consequently capture more CO,.
However, at low partial pressures (< 2 kPa), CO, solubility in PAMAM increased with temperature
reduction, confirmed by Henry’s solubility constant (398.4 mol m~ kPa!, in G2.5-OH at 40 °C).
According to the thermodynamic properties of CO, solubilization, the process was spontaneous

(AG,, < 0) and exothermic (AH,; < 0).
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Introduction

Human activities are mainly responsible for consuming
natural resources. Greenhouse gas emissions and the
resulting global warming are stimulating governmental
policies for environmental preservation and expanding the
scientific discussion to many sectors of society.

According to the National Oceanic and Atmospheric
Administration (NOAA), in 2021 the concentration of
carbon dioxide (CO,) in the atmosphere was 414.72 ppm,
a record even with the economic crisis caused by the
coronavirus disease (COVID-19) pandemic.' This was the
fifth highest annual growth of CO, emissions (2.58 ppm).

*e-mail: marconcinirossi@hotmail.com
Editor handled this article: Fernando C. Giacomelli (Associate)

The International Energy Agency (IEA) highlighted that
in 2020 the global health crisis caused a 6% reduction
in CO, emissions from burning fossil fuels, showing the
importance of having greater control over the main global
energy sources.” In addition, Brazil emitted 2.09 billion
tons of CO, in 2015 and 2.28 billion tons in 2016, placing
the country as the seventh largest polluter in the world.?
Studies from the IEA have predicted a growing tendency
for CO, emissions, reaching 42.9 billion tons by 2030 due to
deforestation, cement production, and use of non-renewable
energy sources such as natural gas, oil, and coal. However,
the IEA also has reported that in 2021 there was recovery of
CO, emissions from combustion, reaching the highest level
since the beginning of measurements, 36.3 gigatons (Gt),
a 6% increase in relation to 2020.* The Intergovernmental
Panel on Climate Change (IPCC) 2022 pointed out that
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from the pre-industrial era to date, 2.4 trillion tons of CO,
have been emitted to the atmosphere, 58% from 1850
to 1989 and 42% from 1990 to 2019. In addition, 17%
of all carbon emitted to date has been released into the
atmosphere over the last 10 years, indicating the urgent
need to reduce greenhouse gas release.’

There are three main approaches to CO, separation
and capture: solid adsorption, liquid absorption, and
membrane purification. However, these techniques have
operational limitations in terms of pressure, temperature
and materials. Commonly, gases from burning are emitted
at high temperatures, requiring cooling to capture CO,,
making the process more expensive.® Zeolites have been
widely used as solid adsorbents for CO, capture. They are
porous materials containing metal ions that occur naturally
in nature or can be synthesized in the laboratory. However,
these materials require high energy consumption in the
regeneration process.” Absorption in liquids is a well-
established technology, normally using amine solutions
that can react with CO, to capturing it. Despite this, some
drawbacks exist, such as high energy consumption for
regeneration, carbon steel corrosion and easy degradation.®®
The CO, separation using membranes integrated with ionic
liquids is a promising technique, since it has high selectivity
and efficiency. On the other hand, the membranes operate
at high pressure, which requires high energy consumption,
and are expensive to synthesize.’

Dendrimers are macromolecules with a branched three-
dimensional structure and many functional groups on their
surface. Poly(amidoamine) (PAMAM) is the most common
dendrimer type. It is structured by bonded monomers to
form ramifications from a core.!

The outer layer of PAMAM dendrimer can have
amines or hydroxyls as the basic functional groups, which
present excellent properties for capture of acid gases like
carbon dioxide, making them potentially useful to capture
greenhouse gases. Using dendrimers to capture CO, is a
technological innovation to reduce the carbon footprint,
since few studies have been published in the last 20 years.

Most studies have used membranes to separate CO,
from gas streams. However, the CO, separation operation
presents problems when the process is fed with low CO,
partial pressures, since the gas flow is not high enough
to achieve good performance. The operational range of
CO, partial pressure of systems using membranes varies
between 100-600 kPa (high pressure).'''” In other methods,
the dendrimer is grafted onto solid inorganic materials and
CO, capture is performed in an adsorption process.'s"
Fadhel et al.'® reported that the ability to adsorb CO, on
SBA-15 silica was improved when amine-terminated
dendrimers were impregnated into the porous inorganic
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structure. Furthermore, the authors showed that the pure
dendrimer had low capacity to capture CO,. Shah ef al.”
carried out a study using organoclays, where an amine-
terminated dendrimer was loaded into laponite, hydrotalcite
and sericite clays, with the organoclays of laponite having
the best CO, adsorption capacity.

However, these studies were performed with
PAMAM-type dendrimers containing an amine-terminal
functional group. Furthermore, the processes used were
separation by membranes and adsorption on porous
materials. In this article, we propose CO, in a liquid phase
absorption process using dendrimers containing terminal
hydroxyl functional group and operating at atmospheric
pressure. This is a system where the corrosive effect of
these dendrimers is less than those containing an amine
functional group. In addition, the operation at atmospheric
pressure has lower energy cost.

Therefore, this article evaluates the CO, absorption
capacity of three different PAMAM dendrimer generations
containing hydroxyl basic terminal groups (G0.5-OH,
G1.5-0OH, and G2.5-OH), by varying absorption temperature
and CO, partial pressure. The PAMAM generations were
produced by divergent synthesis and then analyzed
using Fourier-transform infrared (FTIR) spectroscopy,
thermogravimetric analysis (TGA), and differential
scanning calorimetry (DSC).

Experimental
Materials

The reagents and solvents used in the synthesis of
dendrimers were supplied from Sigma-Aldrich (Barueri,
Brazil).

The equipment used for data acquisition was purchased
from Thermo Fisher Scientific (Waltham, USA) for infrared
spectroscopy and from TA Instruments (New Castle, USA)
for thermal analysis and absorption tests.

PAMAM dendrimer synthesis

The poly(amidoamine) synthesis method was
based on Tomalia et al.*® and Froimowicz et al.*' The
chemical structures of the molecules were built from an
ethylenediamine (EDA) nucleus by divergent synthesis.

The synthesis procedure of the PAMAMSs was similar to
that performed by Barros et al.”> For PAMAM generation
0.5 (GO.5) synthesis, 9 mL of EDA, 53 mL of methyl
acrylate (MA), and 80 mL of methanol were added to a
250 mL two-neck round-bottom flask fitted with a N, gas
inlet and outlet to ensure a moisture-free atmosphere. A
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Michael addition reaction was processed under magnetic
stirring at 500 rpm for four days at room temperature.
Other dendrimer generations were synthesized using the
same experimental conditions. After each reaction step, the
products obtained were distilled under vacuum at 60 °C.

PAMAM generation 1.0 (G1.0) was synthesized
through amidation reaction for 11 days by mixing
33 g of GO.5 with 24 mL of EDA in an alcoholic medium.
Generation 1.5 (G1.5) was synthesized by reacting
23 g of G1.0 with 35 mL of methyl acrylate for four days
using methanol as solvent. Generation 2.0 (G2.0) was
synthesized by reacting 33 g of G1.5 with 16 mL of EDA
for 21 days in alcoholic solution, and generation 2.5 (G2.5)
was synthesized through a Michael addition reaction for
four days by mixing 19 g of G2 and 21 mL of acrylate in
alcoholic medium.

The terminal functional groups of generations GO.5,
G1.5, and G2.5 were modified to incorporate basic
hydroxyls. For these reactions, a 250 mL two-neck round-
bottom flask was also used, fitted with N, gas inlet and
outlet, at room temperature, and 500 rpm magnetic stirring.
At the end of each reaction step the products were vacuum
distilled at 60 °C.

PAMAM GO0.5-OH was produced by reacting 3 g of
GO0.5 with 3 mL of diethanolamine (DEA) in 40 mL of
ethanol for 27 days. G1.5-OH was produced by reacting
3 g of G1.5 with 3 mL of DEA for 45 days in an ethanol
solution, and G2.5-OH was produced reacting 3 g of
G2.5 with 3 mL of DEA for 54 days. The structures were
synthesized and evaluated for CO, absorbance as shown
in Figure 1.

PAMAM dendrimer characterization

The functional groups of the synthesized dendrimers
were identified by infrared spectroscopy in the wavelength
range from 4000 to 400 cm™ using a Nicolet ISO50 FTIR
with attenuated total reflectance (ATR) accessory. The
TGA analysis was carried out in a TA Instruments Q50
analyzer, containing about 7 mg of sample under nitrogen
atmosphere (100 mL min™), heated from 25 to 600 °C at
a 10 °C min!. The DSC analysis was performed in a TA
Instruments Q500, with a 7 mg sample under nitrogen
atmosphere, cooled to —90 °C in the first cycle and heated
to 90 °C in the second cycle, both at a rate of 10 °C min'.

Table 1. CO, mole fractions and partial pressures of gas mixtures
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CO, absorption capacity tests

Absorption capacity tests were carried out in a TA
Instruments SDT Q600 thermogravimetric analyzer in a
CO,/N, stream with different CO, mole fractions (Table 1).
Stream flow was kept at 100 mL min"'. PAMAM samples of
approximately 28 mg were heated to 90 °C at 20 °C min,
and then the temperature was maintained for 1 h to
perform in situ sample drying. Afterward, samples were
cooled at 20 °C min™ to their respective target absorption
temperatures (40, 60, 80 or 90 °C) and the CO, stream was
released for 2 h. The partial pressure of CO, (Pco ) Was
calculated using equation 1, where p,,, is the atmospheric
pressure (101,325 kPa) and X, is CO, molar composition.

Pco,= PamXco, (D
CO, solubility thermodynamics

Gas-liquid absorption is related to gas-phase solubility
in liquids. In ideal solutions, solutes and solvents obey
Raoult’s law.?* However, in low-concentration (dilute) real
solutions, solute molar concentration in liquid-phase ([CO,])
is proportional to solute partial pressure in gas-phase (Pco, )
and the proportionality constant (K,;) is called Henry’s
solubility constant (Henry’s law, equation 2).%*

It is important to highlight that the CO, partial pressure
ideal curve is tangential to its experimental one only at low
CO, concentrations where the solution is diluted enough to
be considered ideal.* The K, value (in mol m kPa"), which
indicates the CO, in PAMAM solubility, can be calculated
at relative low pressures as the slope from linear fitting of
experimental data.”

[CO,]=Kypco, 2

From Henry’s solubility constant, which correlates
CO, amount in gaseous and liquid phases, it is possible
to estimate the enthalpy of the solution (AH,; in kJ mol™'),
Gibbs’ energy (AG,, in kJ mol') and entropy (AS,, in
kJ mol! K'). The AH,, is related to interaction forces
between the liquid and the dissolved gas,”?” AG,, to
chemical process spontaneity, and AS,; to the system
degrees of freedom.>* Equations 3 (Van’t Hoff equation)
and 4 describe these thermodynamic relationships.

Xco, 0.45 0.35 0.25 0.15

0.05 0.02 0.01 0.007

Pco, / kPa 45.60 35.46 25.33 15.20

5.07 2.03 1.01 0.71

Xco,: CO, molar composition; peo,: partial pressure of CO,.
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Structures of PAMAM dendrimer synthesized in this work (adapted from reference 23).

where K" is the Henry solubility constant of CO, in water
at 298 K (0.34 mol m™ kPa!, reference), R is the ideal
gas constant (J mol! K'), and T is the temperature in
were calculated by the linear

sol
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Results and Discussion
Dendrimer characterization

Figure 2 shows the infrared spectra of the synthesized
dendrimers: GO0.5, G1, G1.5, G2, and G2.5. The molecules
were successfully synthesized, since the spectroscopic
profiles resembled those reported by Kannaiyan and
Imae,” Niu et al.,” Senel and Cevik,* Senel ef al.,*! and
Cao et al.*> More characterization details can be found in
our previous work.?

Transmittance / %
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—G1.5
—G2

—G25
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Figure 2. Infrared spectra of PAMAM:s with ester end group (G0.5, G1.5,
and G2.5) and amine end group (G1 and G2).

Figure 3 depicts the infrared spectra of dendrimers with
hydroxyl groups in the outer layer. As expected, the free
hydroxyl band at 3295 cm™ is wide and intense. Likewise,
a high-intensity C—O stretching band for primary alcohols
at 1044 cm™! confirms the existence of a polyalcohol chain
of G0.5-OH, G1.5-OH, and G2.5-OH. In addition, a
C=0 stretching band at 1612 cm! indicates the formation
of a tertiary amide, probably obtained by a reaction of
half-generation dendrimers with diethanolamine, which
accompanies the weak amide N-H band at 1559 cm!

2
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v ——G1.50H
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Figure 3. Infrared spectra of PAMAMs with hydroxyl end group.
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and the C-N amine stretching of the molecule core at
1117 cm™.33

Figure 4 shows the thermogravimetric analysis curves
of the synthesized dendrimers. Mass losses below 140 °C
can be attributed to the release of hydration water and
organic solvent residues. Dendrimers with ester and
amine functional groups degraded above 200 °C (Table 2).
According to Table 2, amine-terminal macromolecules are
more stable than those containing ester terminals, indicating
that the latter requires less energy for degradation. Ester-
terminated dendrimers (G0.5, G1.5, and G2.5) had similar
onset temperatures (close to 213 °C), while those terminated
in amine (G1 and G2) had onset temperature of 227 °C.
Meanwhile, hydroxyl-terminal dendrimers degraded near
147 °C (Table 2), indicating lower thermal stability than the
other polymers. All PAMAMs fully degraded up to 450 °C
except G0.5, whose degradation ended at 250 °C, probably
because it is the smallest polymeric molecule.

100
90+

80+

AL T LN DLAN BN BN RN BN R R B |
0 50 100 150 200 250 300 350 400 450 500 550 600
Temperature / °C

Figure 4. PAMAM thermogravimetric analysis curves.

Table 2. Thermal degradation onset (T,,) and glass transition (T,)
temperature

Sample T,/ °C T,/°C
This work  Literature This work  Literature
G0.5 215 -76 -83%
Gl 225 184-200% -34 —34%
Gl1.5 213 250% =57 -53%
2133% —33%
G2 228 2007 47 -3%
04()
G2.5 211 - =77 —444
G0.5-OH 144 150% =75 -
G1.5-OH 147 =79 -
G2.5-OH 150 -82 -

According to Hassan,** Deutsch et al.’® and
Brabander-van den Berg and Meijer,** dendrimers thermally
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degrade in a reverse Michael addition reaction (retro-
Michael), indicating that these macromolecules undergo
end-to-core degradation.

Figure 1 illustrates the reverse reactions of each
molecule formed. Thus, it is possible to speculate that the
first groups leave the half-generation dendrimers (GO.5,
G1.5, and G2.5) according to the structure represented in
Figure 5a, while for full-generation PAMAMSs (G1 and
G2), the leaving group is represented in Figure 5b, and the
leaving group of the hydroxyl-terminated ones (G0.5-OH,
G1.5-OH and G2.5-OH) is represented in Figure 5c.

The leaving group in Figure 5c has comparatively
higher free electron density, it contains two oxygen atoms,
one nitrogen atom and five free electron pairs, which favors
chemical bond breaking at its junction with the molecule.
Therefore, hydroxyl-terminated molecules undergo thermal
degradation at lower temperatures, giving them less thermal
stability.

The leaving group in Figure 5a has lower free electron
density than the previous one, it has only two oxygen
atoms and four free electron pairs, which allows us to
assume that ester-terminated molecules have greater
thermal stability than hydroxyl-terminated ones. On
the other hand, Figure 5b represents the lowest free
electron density structure, with two nitrogen atoms and
two free electron pairs, and therefore amine-terminated
molecules are comparatively the most thermally stable.
Thus, the thermal stability of the PAMAMs in order is
amine-terminal > ester-terminal > hydroxyl-terminal.

. 0s /CH3
H2C\)j\§ ;NHrJ
(@

(b)

NH,

(c)

Figure 5. Leaving groups from PAMAM thermal decomposition: (a) ester
end group (GO0.5, G1.5, and G2.5), (b) amine end group (G1 and G2), and
(c) hydroxyl end group (G0.5-OH, G1.5-OH, and G2.5-OH).

The glass transition temperatures (T,) of GO0.5, G1.0,
and G1.5 dendrimers were similar to those reported in
the literature®* (Table 2). On the other hand, G2.0 and
G2.5 samples had lower glass transition temperatures
than expected®#%4! (Table 2) which allows us to suggest
that macromolecules have reduced crosslinking and less
intertwining, allowing an easier phase transition. The
hydroxyl groups added to G1.5 dendrimers reduced their
T, values, indicating a less energetic phase transition.
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CO, capture tests and isotherm analysis

The temperature range determination of CO, capture
for hydroxyl, amine and ester-terminated dendrimers
was carried out using a CO,/N, gas stream with 45% v/v
CO, and temperature from approximately 25 to 120 °C
(Figure 6). Experiments showed that only hydroxyl-
terminated PAMAM polymers were able to gain mass
and, therefore, capture CO, from room temperature up to
approximately 90 °C. Therefore, gas capture tests were
carried out at 40, 60, 80, and 90 °C.

1014

100

99

Weight / %

98

——G0.5-0H
——G1.5-0H

97 4 ——G25-0H

——G1 (amine-terminal)
—— G0.5 (ester-terminal)
—— G1.5 (ester-terminal)
96 T

T T T T
20 40 60 80 100 120 140
Temperature / °C

Figure 6. CO, capture on PAMAMs containing hydroxyl, amine and
ester-terminal functional groups.

Figure 6 shows there was no substantial mass gain
by the amine-terminated dendrimer samples. However,
Qi et al.,”® Afkhamipour et al.,** Oh et al.,” Dashti et al.,*
Strojny et al.,*” and Gutierrez et al.** all reported the
CO, capture in aqueous amine solutions, operating in an
absorption column with countercurrent flow. These authors
emphasized that countercurrent operation favors contact
between the gaseous and liquid phases, improving CO,
capture efficiency. Gautam and Mondal,” Liang et al.,”
Fu et al.,’' and Gémez-Diaz et al.* also highlighted this
better contact between phases when gas is bubbled into
amine solutions.

The technique used in our research consists of applying
a tangential contact between gas phase and the liquid
phase surface within a thermogravimetric analysis device,
where contact between CO,-dendrimer occurred only
superficially. Therefore, in the case of amine-terminated
samples, we suggest that CO, capture be carried out using
techniques where phases come into bulk contact in the
countercurrent flow.

Figures 7, 8, and 9 show the CO, solubilization isotherms
for G0.5-OH, G1.5-OH, and G2.5-OH PAMAMs. The
40 °C isotherm reached saturation in the partial pressures
range used, indicating that solubility equilibrium was

J. Braz. Chem. Soc. 2025, 36, 1, e-20240083
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Figure 7. CO, capture isotherms for G0.5-OH PAMAM at 40, 60, 80,
and 90 °C with fit for Henry’s model.

13
12
11 .
1.0
09
08
07

0.6+
| ]

[CO,] /(mol 1)

0.5
m 40°C
~——40 °C model
® 60°C
=60 °C model
A 80°C
80 °C model
v 90°C
——90 °C model

0.4+
0.3—‘
0_2—‘
0.1 ]

0.04

' & L T LT T L LT L
0 510 15 20 25 30 35 40 45 50
Do, /KPa
Figure 8. CO, capture isotherms for G1.5-OH PAMAM at 40, 60, 80,
and 90 °C with fit for Henry’s model.
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Figure 9. CO, capture isotherms for G2.5-OH PAMAM at 40, 60, 80,

and 90 °C with fit for Henry’s model.

reached. Therefore, for the partial pressures employed,
the solution CO, + PAMAM could be considered diluted
and system molecules were distinguishable in relation to
their interaction magnitude. At 40 and 60 °C, the solutions
were diluted enough to be considered ideal only at partial
pressures below 2 and 5 kPa, respectively. As a result,
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Henry’s model is only appropriate to up to 40 and 60°C
isotherms at lower pressures.

The 60, 80, and 90 °C isotherms did not reach
saturation until 45 kPa, and so a higher amount of CO,
could be captured by solubilization. Figures 7, 8, and 9
show that Henry’s model adequately fitted both the 80
and 90 °C isotherms up to 45 kPa. This indicates that
system constituent molecules were indistinguishable
in this high-temperature range. Even when working
with higher CO, partial pressures, the system could be
considered ideal.

At low pressures, CO, behaved like an ideal gas, so
and, therefore, Henry’s model satisfactorily described this
research data, making it possible to estimate the solubility
constant of the gas. At higher pressures, CO, did not behave
like an ideal gas, so and in this case we suggest using a
more sophisticated model to predict the solubility of real
gases in liquid media. Such modeling would require a more
complex and in-depth thermodynamic study, which was
outside the scope of this study.

During gas capture analysis using hydroxylated
dendrimers (G0.5-OH, G1.5-OH and G2.5-OH), we
observed that CO, solubility in the liquid phase increased
with decreasing temperature at low CO, partial pressures
(< 2 kPa), where Henry’s model fitted the experimental
data in all isotherms (Table 3). For partial pressures above
2 kPa, the 40 and 60 °C isotherms did not behave as ideal
solutions and did not fit Henry’s equation. However, above
2 kPa, gas solubilization was maximum at 60 °C, reaching
values close to 0.77, 1.08 and 1.14 mol L' for G0.5-OH,
G1.5-OH and G2.5-OH, respectively.

The CO, and hydroxylated dendrimer molecules may
have interacted through hydrogen bonds, as demonstrated
in the Figure 10. Therefore, at high pressures (above 2 kPa)
and low temperatures (40 and 60 °C), CO, solubilization in
dendrimers was enhanced, and CO,-dendrimer molecular
interactions were stronger enough to trap the gas phase.
On the other hand, increasing the temperature from 60 to
90 °C weakened the CO,-dendrimer molecular interactions

8- &+ &
OumniH-0
[l 5 o+ &

(0}
&+ ﬁ . 6_\/\N % o O—HIE
?IIIIIIH—O/\/ Y g &+
. &+
5 & & /_/3\ \/\O Hnulo

Ol H— o N
6+(|:| \/J 5 8-
|| 6+ & /\/ /\/o |-||||||o

OmiH-0 Il
& (@) 5 &+ Cﬁ+
\/\o Humo

8-

Figure 10. Representative scheme of the interaction mechanism between
hydroxyl-terminated dendrimers (G0.5-OH, G1.5-OH, and G2.5-OH)
and CO,.
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Table 3. Henry’s solubility constant (Kj;) for CO, solubility in the hydroxyl-terminated dendrimers in different absorption temperatures

T/eC G0.5-OH G1.5-OH G2.5-OH

Ky / (mol m3 kPa™) R? Ky / (mol m3 kPa™') R? Ky / (mol m3 kPa™") R?
90 9.6 0.992 14.7 0.998 15.7 0.995
80 19.2 0.999 27.3 0.993 29.0 0.999
60 1284 0.952 2114 0.935 258.6 0.927
40 220.0 0.961 374.2 0.960 398.4 0.945

T: temperature; K,;: Henry’s solubility constant; R?: correlation coefficient.

and decreased CO, solubilization in the liquid phase, i.e.,
the gas-phase trap became poorer.

The K, value represents the CO, solubility in the
absorbent (Table 3). Reducing the temperature increases
CO, solubility in the absorbent,?>#44349.305359 indjcating that
intermolecular interactions between the dendrimer and CO,
molecules are enhanced. In addition, solubility increases
for larger dendrimer structures, i.e., G2.5-OH > G1.5-OH >
G0.5-OH. We found no similar data on CO, solubility in
the synthesized dendrimers in the literature for comparison
with our calculated data.

Table 4 shows the CO, molar concentration for the three
samples at four different capture temperatures and 45 kPa
CO, pressure. The standard deviation was calculated by
performing replicates of the central point. CO, capture at
40 °C was lower for G0.5-OH and similar for G1.5-OH and
G2.5-OH dendrimers. This behavior allows us to speculate
that system kinetic energy level at 40 °C is not high enough
to promote dendron opening in the G1.5-OH and G2.5-OH
samples. Therefore, steric hindrance may have diminished
CO, penetration in G1.5-OH and G2.5-OH bulk-phase,
and solubility did not vary considerably. At 60, 80, and
90 °C, the CO, concentration increased with dendrimer
structure growth, indicating that gas capture is enhanced in
absorbents whose molecules have large numbers hydroxyl
groups (see Figure 1).

Table 4. CO, concentration (mol L) in hydroxylated dendrimers at CO,
partial pressure of 45 kPa (standard deviation of + 0.01 mol L)

Sample CO, concentration / (mol L")

Temperature / °C 40 60 80 90
G0.5-OH 0.36 0.77 0.74 0.44
G1.5-OH 0.56 1.08 0.97 0.67
G2.5-OH 0.54 1.14 1.09 0.72

The solubility of CO, achieved by hydroxylated
dendrimers (Table 4) had values consistent with studies
presented in the literature. In this regard, Qi et al.¥
carried out CO, capture tests in an absorption tower,
using aqueous amine solutions. The absorbent solutions
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achieved a solubility range of 0.71-1.09 mol L' at 40 °C
and atmospheric pressure. Using amine solutions in a
bubble column reactor, Gautam and Mondal® also obtained
a CO, solubility range between 0.65 and 1.09 mol L. In
this case, the system was operated at atmospheric pressure
and temperatures ranging between 25 and 60 °C.

Despite not achieving the best operational design, this
study revealed good CO, absorption yields. Therefore,
we can suggest that the application of the hydroxylated
dendrimers demonstrated here in a system operating in
countercurrent or in a bubble column reactor can achieve
even better solubility results, since more efficient contact
between the gas and liquid phases will be possible.

Table 5 presents the thermodynamic state functions
calculated for the CO, solubilization in the PAMAM
hydroxylated generations. For all generations (G0.5-OH,
G1.5-OH, and G2.5-OH), CO, solubilization was a
spontaneous process (AG < 0), and the lower the temperature,
the more spontaneous it was. For a given constant
temperature, greater the dendrimer generation was associated
with more spontaneous CO, capture. Furthermore, gas
solubilization enthalpy was exothermic (AH < 0) indicating
strong CO,-dendrimer molecular interactions and large
heat release during CO, capture. An exothermic process
was also found by Liang er al.*® and Sadegh et al.,*
where aqueous amine solutions interacted with CO, and
assumed solubilization enthalpy values similar (-66.9 and
—54.6 kJ mol™') to those reported in Table 5.

Absorptions with hydroxylated dendrimers present
negative entropy variation, indicating a decrease in the
solute degrees of freedom during gas-liquid solubilization.
That is, CO, gas molecules migrated from a stage of greater
movement freedom to a more ordered stage in the absorbent
bulk, so AS < 0.9 Furthermore, this decrease in solute
degrees of freedom was approximately the same for all
dendrimer generations, indicating that the solubilization
process is similar at the molecular level in these materials.
Li et al.*® and Kurnia et al.”” also reported that negative
entropy might indicate higher molecular ordering degree
when CO, is solubilized in PAMAM. Global entropy
might always be positive, and it is given by the sum of
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Table 5. Thermodynamic properties of CO, solubilization for the hydroxyl-terminated dendrimers (reference: T = 25 °C and K" = 0.34 mol m™ kPa")

GO0.5-OH G1.5-OH G2.5-OH
T/eC AG, / AH,, / AS,/ AG, / AH,, / AS,,/ AG, / AH,,, / AS,,/
(kJ mol) (kI mol')  (kJ mol! K') (kJ mol) (kI mol')  (kJ mol! K') (kJ mol!) (kJ mol)  (kJ mol! K')

90 -10.08 -11.37 -11.57
80 -11.84 -12.87 -13.05

-61.43 -0.14 -64.24 -0.14 —64.78 -0.15
60 -16.43 -17.81 -18.37
40 -16.84 -18.23 -18.39

T: temperature; K*: Henry solubility constant of CO, in water at 298 K; AG

neighborhood entropy (ASy) with process entropy, i.e.,
AS,,. Thus, ASy can be positive and greater than AS in
modulus during the solubilization process.

At low pressures, CO, behaves like an ideal gas, and,
therefore, Henry’s model satisfactorily described these
research data, enabling us to estimate the solubility constant
K, of the gas. At higher pressures, CO, did not behave
like an ideal gas, and in this case we suggest using a more
sophisticated model to predict the solubility of real gases in
liquid media. Such modeling would require a more complex
and in-depth thermodynamic study, which was not in the
scope of this work.

Conclusions

Thermogravimetric analysis revealed that CO, capture by
gas absorption in the liquid dendrimer occurred, since mass
incorporation was verified in an adequate temperature range.
Mass gain occurred only in hydroxyl-terminated molecules,
while amine and ester-terminated molecules were unable to
absorb CO,. The amine-terminated dendrimers were unable
to capture CO,, probably because the operational design used
did not help to by promoting good contact between the gas
and liquid phases. However, the proposed absorbent system
allowed hydroxyl-terminated dendrimers to exhibit good
CO, absorption results. The highest CO, absorption capacity
was achieved by the dendrimer with the highest number of
hydroxyls (G2.5-OH) at a temperature of 60 °C (1.14 mol L'!).
Henry’s model adequately fitted all absorption isotherms
only at partial pressures lower than 2 kPa. However, this
model was adequate up to 45 kPa for 80 and 90 °C isotherms.
Therefore, the CO,-PAMAM solution can only be considered
ideal in specific CO, partial pressure ranges. CO,-dendrimer
molecular interactions were influenced by the absorption
temperature, and interactions were stronger at 60 °C, indicated
by greater solubilization. The calculated thermodynamic
properties indicated that solubilization is a spontaneous and
exothermic process. Based on the results achieved in this
work, the thermal degradation temperatures were similar
for dendrimers with the same terminal functional group, and
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Gibbs’ energy; AH,,: enthalpy of the solution; AS: entropy.

thermal stability of hydroxyl-terminated molecules was lower
compared with amine and ester-terminated molecules. This
was related to the higher free electron density of the leaving
group, favoring breakage of the chemical bond at its junction
with the molecule. Thermal analysis also suggested that lower
glass transition temperatures (T,) are related to molecules with
reduced crosslinking and less intertwining, allowing easier
phase transition.
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