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Aluminum fumarate metal organic frameworks (AlFu MOFs) pellet was successfully prepared with outstanding
porous structure and its CO2 adsorption performance was investigated. As the binder mass increased, the
pellet mechanical strength rose while the CO2 adsorption capacity reduced. The chosen AlFu pellet with 2.5wt%
carboxymethyl cellulose sodium (CMC) binder retained the micro-morphology characteristics with a specific
surface area of 726.06 m?/g and micropore volume of 0.33 cm?®/g. The adsorption performance of CO2 by the
pellets was studied at different partial pressures and temperatures. The results showed that the adsorption
capacity of CO2z in AlFu pellet was increased with lower adsorption temperature and higher CO2 partial
pressure, the maximum adsorption amount was 1.26 mmol/g at 35 °C and 1.0 bar. The CO2 adsorption
kinetics and the limiting factors for adsorption rate were analyzed. Compared with pseudo-second order model
the pseudo-first order kinetic model can better describe the CO2 physical adsorption behavior of AlFu pellet.
The rate-limiting kinetic analysis revealed that the CO2 adsorption rate was determined by film diffusion and
intra-particle diffusion rather than inter-particle diffusion.

1. Introduction

CO2 capture and storage (CCS) technology is a vital approach for reducing CO2 emission effectively, therefore
efficient and economical absorbent plays an important role (Ding et al., 2019). The solid adsorption method is
commonly adopted with simple process and low energy consumption for adsorbing COz2. AlFu is a kind of
porous MOFs material, which is one-dimensional pore structure by the combination of aluminum ions and
fumarate ions. Because of the porosity (Teo et al., 2017) and unique hydrothermal stability (Jeremias et al.,
2014), AlFu as a promising adsorbent has been universally applied in many fields, such as fluoride removal
from water (Karmakar et al., 2016), CH4 capture from emission (Sadiq et al., 2018) and CO2 capture from flue
gas. Coelho et al. (2016) analyzed the impact of water on CO2 adsorption performance and received the
adsorption heat. Dundar et al. (2017) obtained Henry’s adsorption constants, adsorption enthalpies and
adsorption entropies by configurational bias Monte Carlo simulation. It provided additional methods and
comprehensive parameters for the performance assessment.

The powder adsorbent in the fixed bed is easily blown by gas and blocked pipes (Valizadeh et al., 2018). The
pellet was more suitable for adsorption with excellent mechanical strength and adsorption performance. A
common method is to mold powder by adding a binder. The commonly used binders include CMC (Chen et al.,
2016), bentonite (Jo et al., 2021), polyvinylbutyral resin (Qiao et al., 2001) and alumina (Valekar et al., 2017).
For CaO-based sorbent pelletization, Manovic and Anthony (2009) considered calcium aluminate cements
binder was better than bentonite binder. Rezaei et al. (2015) discovered that the pellet prepared at higher
pressure changed porosity and internal gas transmission was poor, which reduced its absorption rate. Costa
et al. (2020) found a satisfactory trade-off between the concentration of an organic polyvinyl alcohol binder
and one of the hematite-based sorbents in a composite.

AlFu MOFs is a promising adsorbent for CO2 capture. However, the powder adsorbent is easy to lose and
block the pipeline. It is necessary to study the pelletization technique to obtain AIFu MOFs pellet with good
mechanical property. In this work, firstly pellets were prepared with different CMC mass and then their
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mechanical strength and CO2 adsorption capacity were evaluated. Secondly, the pellet with 2.5wt% CMC was
chosen and the functional group, morphology and pore structure were characterized. Thirdly, to recognize the
adsorption process and control factor at different adsorption temperatures and partial pressures, CO:2
adsorption kinetics and rate-limiting kinetics were explored. By studying its adsorption mechanism, sufficient
information will be provided to better understand adsorption kinetic characteristics of AIFu MOFs and develop
the practical application.

2. Materials and methods
2.1 Preparation of AlFu pellet

The AlFu MOFs were synthesized by a solvent method at room temperature. Disodium fumarate (7.938 g) and
aluminum nitrate nonahydrate (9.303 g) were dissolved in 248 mL deionized water. And then solution was
mixed and stirred for 10 min. Next the suspension was filtrated and washed with abundant deionized water.
After drying at 100 °C under vacuum for 12 h, the white solid AIFu power was obtained.

Based on the successfully prepared AlFu powder, CMC binder was mixed with powders. Then deionized
water was added according to the proportion of 1.5 mL of deionized water per gram of mixture. After stirring,
the paste-like mixture was placed into a mold in the atmosphere and dried for 1 h at 80 °C. Finally, cylindrical
AlFu adsorbent pellets of 5 mm in diameter and 4 mm in height were prepared, as illustrated in Figure 1(a).

2.2 Characterization and CO2z adsorption experiments

Fourier transform infrared spectroscopy (FTIR) was provided by Fourier transform infrared spectrometer (iS10
Thermo fisher Nicolet, America). The morphologies and microstructure were observed by a Scan Electron
Microscope (SEM, SU8020 Hitachi, Japan). The N2 adsorption-desorption isotherms were measured at 77 K
using a BET analyzer (Micromeritics ASAP2460, America). The CO2 adsorption performance of the AlFu
absorbent was also measured using the thermal gravimetric analyzer (TGA, Netzsch STA 409PC Luxx,
Germany). Concerning the adsorption balance time and experimental experience, pellets were heated to 150
°C for about 1 h under N2 to remove water and other gas impurities before adsorption. The temperature was
then reduced to the adsorption temperature and the purge gas was switched to CO2. The analyser recorded
the mass change during the adsorption.

3. Results and discussion
3.1 Effect of binder on mechanical strength and CO2 adsorption performance of AlFu pellet

Figure 1(b) illustrates CO2 adsorption capacity and mechanical strength of AlFu pellet with various CMC mass.
When the CMC mass ratio was 2.5 wt%, the highest CO2 adsorption capacity was 1.26 mmol/g. The CO2
adsorption capacity gradually decreased with binder mass increase. The first reason was that the AlIFu powder
mass in pellet decreased as the binder mass increased. Second, the pores of AlFu were blocked after adding
binder. The pore blocking became more serious as the binder mass increased. So both CO2 adsorption sites
and adsorption capacity were reduced. On the contrary, with the rise in binder mass, the mechanical strength
of pellet raised from 1.486 MPa at 2.5 wt% to 11.290 MPa at 20 wt%. The pellet mechanical strength and CO2
adsorption capacity must be taken into account in applications, so the pellet with 2.5wt% CMC was chosen as

the target adsorbent to test its performance.
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Figure 1: (a) the appearance and (b) mechanical strength of AlFu pellet
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3.2 Characteristics of AlFu pellet

The SEM figure and FTIR spectra of AlFu pellet are shown in Figure 2. Many small nanoparticles aggregated
into large particles of 300-400 nm. The agglomeration and the pellet pore generated a well-developed pore
structure. Broadband at approximately 3,425 cm™' corresponded to the -OH stretching vibration from free
water or AlFu. Strong vibration peaks at 1605 cm-! and 1,425 cm-! were related to the -COO- asymmetric and
symmetric stretching in the fumarate. The multiple bands located within the 500-1,200 cm™' were the distinct
traits of Al-O vibrations in the framework.
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Figure 2: (a) SEM and (b) FTIR figures of AlFu pellet

The N2 adsorption-desorption isotherm and pore distribution of AlFu pellet are observed in Figure 3. The
shape of isotherm indicated the material had microporous structure. Under extremely low relative pressure,
the adsorption amount increased sharply and then became flat. An adsorption-desorption hysteresis loop
appeared when the relative partial pressure (P/Po) was 0.5-1.0. The micropore volume was 0.33 cm3/g. The
remarkable specific surface area was 726.06 m?/g, which was higher than hollow silica nanospheres 230.95
m?/g (Ding et al., 2019) and hematite-based sorbents 52 m?/g (Costa et al., 2020), but was lower than AlFu
MOF 971 m?/g (Coelho et al., 2016).
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Figure 3: (a) N2 adsorption-desorption isotherm and (b) pore distribution of AlFu pellet

3.3 CO2 adsorption kinetics characteristics of AlFu pellets

Pseudo-first and pseudo-second order gas-solid adsorption models are widely used because of the simple
description of the adsorption kinetics and the adsorbent-adsorbate interactions. Eq(1) and Eq(2) are the model
equations:

g =0, (1—€e") (1)
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Considering the influence of CO: partial pressure and temperature on the adsorption, the adsorption process
is analyzed by different kinetic models in Figure 4, and the kinetic parameters are shown in Table 1. It could
be noticed that the fitting curve obtained by the pseudo-first order model was closer to the experimental result.
The non-linear determination coefficient R? was 0.98 and was larger than R? of the pseudo-second order
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model. Therefore, the pseudo-first order kinetic model could better describe the CO2 adsorption behavior of
AlFu pellet. It can be considered as physical adsorption rather than chemical adsorption.

With the increase of CO: partial pressure, the pseudo-first order adsorption rate constant gradually raised
from 0.405 min (0.3 bar) to 0.784 min' (1.0 bar). However, when the temperature was increased, the
intermolecular force dropped as the molecular thermal motion intensified and the amount of CO2 adsorption
decreased. Consequently, the pseudo-first order adsorption rate constant improved slightly.
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Figure 4: CO2 adsorption kinetic characteristics of AlFu pellet: (a) different CO2 partial pressures; (b) different
adsorption temperatures

Table 1: Dynamic parameters of pseudo-first order and pseudo-second order models under different
adsorption conditions

Adsorption condition Qexp Pseudo-first order model Pseudo-second order model
(cal k1 R? (cal k2 R2
35°C, 0.3 bar 0.47 0.472 0.405 0.990 0.498 1.336 0.968
35°C, 0.6 bar 0.92 0.919 0.572 0.991 0.958 1.044 0.969
35°C, 1.0 bar 1.26 1.265 0.784 0.989 1.311 1.047 0.962
45 °C, 1.0 bar 0.98 0.983 0.750 0.990 1.020 1.295 0.965
55 °C, 1.0 bar 0.78 0.777 0.833 0.987 0.806 1.766 0.960
65 °C, 1.0 bar 0.63 0.634 0.873 0.985 0.656 2.268 0.956

3.4 Rate-limiting kinetics characteristics of AlFu pellet

Although the pseudo-first order kinetic model described the CO2 adsorption behavior, the limiting adsorption
rate factors were still unclear. Thus the Boyd film diffusion model, inter-particle diffusion model and intra-
particle diffusion model were selected to evaluate the limiting factors.

The Boyd film diffusion model is a single resistance model assuming that the main resistance is the gas film
surrounding the adsorbent. It can be used to estimate whether the adsorption rate is affected by film diffusion
resistance with Bt curve. The model is as follow:

61
F=1-—> = exp(-n’B 3
ﬂ_z;nz p( t) ( )
For F > 0.85,

(4)
B, =-0.4977—In(1—F)

For F < 0.85,

2 (5)
B =-(7 -7~ (E0)Y

The inter-particle diffusion model was used to predict the inter-particle diffusion behavior. The model is
described as:
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When the fractional adsorption capacity (qv/qe) is greater than 70%, Eq(6) can be simplified as:

6 D t
_&z_zexp(_ﬂ <) (7)
q. r

If the adsorbent has plenty of pore structure or pores are mainly microporous, CO2 adsorption process may be
determined by intra-particle diffusion resistance. The expression of the intra-particle diffusion model is:

q =k t'*+C (8)

The adsorption performance at 35 °C and various CO2 partial pressures are employed to rate-limiting kinetic
analysis in Figure 5. Figure 5(a) showed the curves of Bt versus time in film diffusion model. The curves all
passed through the origin but were not linear. Hence, the pellet CO2 adsorption was affected by the film
diffusion resistance. Details of the inter-particle diffusion model are displayed in Figure 5(b) and Table 2. The
curves of In(1-q/ge) also showed no linearity. The intercept of the three fitting straight lines was in poor
agreement with measured value. Therefore, the inter-particle diffusion resistance was not the main factor
limiting the adsorption rate. In addition, intra-particle diffusion model was also used to analyze the adsorption
process, as seen in Figure 5(c). It was evident that all the adsorption curves exhibited three stages, including
slow growth, rapid growth and eventually unchanged. This indicated there was another diffusion resistance in
the adsorption. So inter-particle diffusion was not the main factor determining the adsorption rate of AlFu
pellets but both film diffusion and intra-particle diffusion.
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Figure 5: Rate-limiting kinetic characteristics of AlFu pellet: (a) film diffusion model, (b) inter-particle diffusion
model and (c) intra-particle diffusion model

Table 2: Linear fitting parameters of intra-particle diffusion model of AlFu pellet

COg2 partial pressure Slope Intercept R?

0.3 bar -0.054 -2.34 0.92
0.6 bar -0.066 -2.61 0.84
1.0 bar -0.061 -3.30 0.92

4. Conclusions

Porous AlFu MOF pellet had been synthesized rapidly with CMC binder base on powder. By exploring the
influence of CMC mass on the pellet mechanical strength and adsorption capacity, pellet with 2.5wt% CMC
was chosen to investigate adsorption performance by apparent kinetic models and rate-limiting models. The
results showed that the CO2 adsorption capacity was increased with lower adsorption temperature and higher
COg2 partial pressure. The optimum adsorption capacity was 1.26 mmo/g at 35 °C and 1.0 bar. The pseudo-
first order kinetic model can better describe the CO2 physical adsorption behavior of AlFu pellet. The rate-
limiting kinetic analysis revealed that the CO2 adsorption rate was determined by film diffusion and intra-
particle diffusion. In future research it is necessary to explore the recycling stability performance and the
adsorption thermodynamic characteristics of the absorbent.
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Nomenclature

Bt — mathematical function of F, -

C — intercept of curve, - gcal — adsorption capacity by kinetic model, mmol/g
D —diffusion rate, m?/s (e — adsorption capacity at adsorption balance,

F — fractional adsorption capacity at any time mmol/g

(F=av/qe), - Jexp — adsorption capacity by experiment, mmol/g
k1 — adsorption rate constant for the pseudo-first gt — adsorption capacity at any time, mmol/g

order model, min™! R2 - non-linear determination coefficient, -

k2 — adsorption rate constant for the pseudo- ro — radius of pellet, m

second order model, min™' t — adsorption time, s

kia — intra-particle diffusion rate constant,
mol/(kg-min--5)
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