INSTITUT DE FRANCE

Académie des sciences

Comptes Rendus

Chimie

Radia Sennour, Diana Pricop, Nicoleta Platon, Rene Roy
and Abdelkrim Azzouz

Optimized diffusion—-convection compromise for reversible CO, capture
on hydroxylated organo-montmorillonite

Volume 25, Special Issue S3 (2022), p. 27-38
Published online: 3 May 2022

https://doi.org/10.5802/crchim.177

Part of Special Issue: Active site engineering in nanostructured materials for
energy, health and environment

Guest editors: loana Fechete (Université de Technologie de Troyes, France)
and Doina Lutic (AL I. Cuza University of Iasi, Romania)

This article is licensed under the
CREATIVE COMMONS ATTRIBUTION 4.0 INTERNATIONAL LICENSE.
http://creativecommons.org/licenses/by/4.0/

"I.<1
>
MERSENNE

Les Comptes Rendus. Chimie sont membres du
Centre Mersenne pour I’édition scientifique ouverte
www.centre-mersenne.org
e-ISSN : 1878-1543


https://doi.org/10.5802/crchim.177
http://creativecommons.org/licenses/by/4.0/
https://www.centre-mersenne.org
https://www.centre-mersenne.org

Comptes Rendus

Chimie

2022, Vol. 25, Special Issue S3, p. 27-38
https://doi.org/10.5802/crchim.177

Active site engineering in nanostructured materials for energy, health and environment /
Ingénierie de sites actifs dans les matériaux nanostructurés pour l'énergie, la santé et
Uenvironnement

Optimized diffusion—convection compromise for
reversible CO, capture on hydroxylated
organo-montmorillonite

Radia Sennour® ¢, Diana Pricop %, Nicoleta Platon® ”, Rene Roy® ¢
and Abdelkrim Azzouz® * % ¢

% Nanogam, Department of Chemistry, University of Quebec at Montreal,
QC H3C 3P8, Canada

b Catalysis and Microporous Materials Laboratory, Vasile Alecsandri University of
Bacau, Bacau 600115, Romania

¢ Ecole de Technologie Supérieure, Montréal, QC H3C 1K3, Canada

E-mails: sennour.radia@courrier.ugam.ca (R. Sennour),
pricopdiana2005@yahoo.com (D. Pricop), nicoleta7platon@yahoo.com (N. Platon),
roy.rene@uqgam.ca (R. Roy), azzouz.a@uqam.ca (A. Azzouz)

Abstract. Carbon dioxide (CO2) was reversibly captured at room temperature and normal pressure
by a low cost hybrid absorbent (NaMt-H30) obtained through Na-montmorillonite intercalation with
Boltorn dendrimer H30 (1 wt%). Measurements through thermal programmed desorption between
20 °C and 200 °C showed variations of the retention capacities of CO2 (CRC) and water (WRC)
according to the nitrogen stream throughput, contact time and injected CO2 amount for adsorbent
saturation. CRC and WRC modeling as functions of these parameters was achieved using a 33 factorial
design involving 27 attempts. Model analysis revealed that the retention of CO» and water molecules
depend not only on the individual effects of each parameters but also on their interactions. High
nitrogen throughput and low amount of impregnation resulted in detrimental effects on both CO2
and moisture retention. This was explained in terms of diffusion and mass loss during impregnation
through forced convection. An optimum compromise between these factors in correlation with the
contribution of moisture content turned out to be an essential requirement for achieving highest
CRC levels that express the effective material affinity towards carbon dioxide. These findings provide
a useful tool for rigorously optimizing the reversible capture of CO2 by hydroxylated adsorbents.
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1. Introduction

Carbon dioxide (CO») is regarded as one of the main
factors of the greenhouse gas effect and eventual
global warming [1,2]. Since CO, production is dif-
ficult to be suppressed or diminished, reduction
of CO, emissions at the very emission source has
become a major issue to be addressed. Gas cap-
ture methods using compounds like amines, white-
wash or base-like adsorbents such as alkaline ash,
activated carbons, porous silica, zeolites, ions ex-
change resins and mesoporous silicates, activated
alumina, metal oxide and others showed promising
prospects [3,4].

However, such methods unavoidably produce
wastes like carbamates and carbonates that need
to be removed or regenerated. So-called Temper-
ature Swing Adsorption (TSA) and Pressure Swing
Adsorption (PSA) techniques for on-site regenera-
tion via repetitive fluctuations of temperature and
pressure without removing the adsorbents showed
satisfactory performances in treating industrial flue
emissions [5-7]. However, their energy consump-
tion even partly compensated by the heat evacuated
by the very flue emission, the use or organic com-
pounds and production of undesirable by-products
still remain major shortcomings.

The reversible capture of CO, at ambient temper-
ature from low concentrated gas emissions requires
a new approach that targets gas retention in CO;-
rich atmospheres with subsequent release at nearly
ambient conditions in less concentrated media. This
concept involves respiratory systems for concentrat-
ing CO» onto a solid surface that can be regenerated
by a mere equilibrium contact with CO»-free media
or upon forced convection under strong carrier gas
stream. This concept has barely been tackled so far.
The targeted equilibrium shift that favors CO, des-
orption requires not only specific adsorption sites ca-
pable of displaying weak and purely physical inter-
actions with CO, on the adsorbent surface but also
optimization of many parameters that govern these
interactions.

Successful attempts in this regard have demon-
strated that CO2 can reversibly be retained through
weak interaction with amphoteric to weakly basic
surfaces. Indeed, CO, was found to adsorb on a
wide variety of clay-supported polyalcohols. The OH
groups of the incorporated organic moieties were

found to act as adsorption sites [8-11]. The mois-
ture content of such adsorbents showed a significant
contribution to CO, retention [9,12]. One of these
organoclay materials, namely montmorillonite inter-
calated with H30 Bolton dendrimer has particularly
attracted attention. Due to its optimum surface prop-
erties, appreciable CO, retention capacity (CRC) was
induced by increased number of available OH groups
without intermolecular dendrimer aggregation into
dense hydrophobic clusters [11-13].

The adsorption—desorption cycle on OH-enriched
montmorillonites appears to be strongly influenced
by a series of parameters such as temperature, total
pressure, CO, partial pressure, contact time and car-
rier gas throughput [9,12,13]. The lack of data dealing
with the effects and possible interactions occurring
between these parameters has stimulated research in
this direction. For this purpose, the reversible cap-
ture of CO, was modeled and optimized using 3 fac-
torial experiment designs. Preliminary experiments
showed that, as expected, numerous factors can in-
fluence the adsorption desorption of CO,, but only
some of them, namely the flow rate, contact time
and impregnating CO, quantity can be regarded as
being key parameters that govern the processes ef-
ficiency. A judicious choice of the parameters range
is an essential requirement for achieving high CRC
values. The latter along with the water moisture
were modeled as response-functions using Na* ex-
changed montmorillonite containing 1 wt% of den-
drimer H30 (NaMt-H30). The individual effects and
interactions of these parameters were investigated in
order to detect and assess a possible synergy on CO»
adsorption.

2. Materials and methods

2.1. Preparation of NaMt-H30 and characteriza-
tion

Na* exchanged montmorillonite (NaMt) containing
1 wt% of dendrimer H30 (NaMt-H30) has been pre-
pared and characterized in previous works [9,11-13].
As areminder, NaMt originated from the purification
of commercial crude bentonite supplied by Aldrich
with a 1.58 silica/alumina weight ratio, as previ-
ously described. A bulky polyester-alcohol with the
chemical formula 2,2-bis(methylol)propionic acid
(bis-MPA) with an idealized structure illustrated in



Radia Sennour et al. 29

Scheme 1 was employed as organic moiety [14,15].
This compound is commercially designated as den-
drimer H30 (supplied by Boltorn Technology Co.
Ltd.) and having an average 3607.6 g-mol~! molecu-
lar weight.

Clay intercalation with H30 was achieved by mere
electrostatic self-assembly in aqueous media be-
tween a NaMt suspension and the organic polyol
species. For this purpose, attempts were performed
by impregnating NaMt samples in powder form
(500 mg) with a diluted aqueous solution contain-
ing 1 wt% polyol H30 (5 mg). The resulting mix-
ture was then stirred overnight at room tempera-
ture. The organoclay sample (organo-Mt) was dried
overnight at room temperature until total evapora-
tion of the solvent, and then at 120 °C for 6 h before
being smoothly crushed for preventing structure
alteration.

NaMt and NaMt-H30 were both characterized
by X-rays diffraction (Siemens D5000 instrument,
Co-K at 1.7890 A), Fourier Transform infrared ATR-
mode spectroscopy (using a KBr IR cell and a Model
IR 550 Magna Nicolet instrument) and thermal gravi-
metric analyses (TG/TDA6200 Seiko Instrument
Inc., under a 100 mL-min~! nitrogen stream and a
5 °C-min~! heating rate) [9,11-13]. The specific sur-
face area and pore size distribution were assessed
by BET method calculations. For this purpose, mea-
surements through N, adsorption isotherms were
achieved at 77 K by means of a Quantachrome In-
struments equipped with an Autosorb automated gas
sorption system control. For the sake of conciseness,
the related spectra and diagrams are not shown
in this work, but their results were only discussed
herein in correlation with the adsorptive properties.

2.2. Thermal programmed desorption

The retention strength and CO,/water retention ca-
pacities (CRC and WRC, respectively) were assessed
through thermal programmed desorption (TPD). The
retention strength was regarded as being propor-
tional to the desorption temperature (desorption
peak), while the CRC was defined as the area de-
scribed by the TPD pattern and expressed in terms of
micromole CO, desorbed per gram of dry clay ma-
terial between 20 °C and 200 °C. This upper tem-
perature limit was determined by TG-DTG measure-
ments, which revealed a thermal stability thresh-

old of up to 240 °C for NaMt-H30. Preliminary in-
vestigations showed that optimum amount (50 mg)
and particle size (0.01-0.1 mm) of the adsorbent
sample allowed preventing diffusion phenomenon
during TPD runs under nitrogen stream not exceed-
ing 15 mL-min~!. Prior to TPD measurements, each
sample was dried in a 10 mm tubular glass reactor
under a 15 mL-min~! dry nitrogen stream at 160 °C
for 1 h, and then cooled to 20 °C. At this temperature,
CO, was injected without nitrogen (static mode) for
accurate CRC assessment. After saturation, the non-
adsorbed CO, excess was evacuated by the nitrogen
stream at the throughput selected for TPD until no
CO, is detected by Li-840A CO2/H»0 Gas Analyzer
(Li-COR Bioscience Inc., USA) at the TPD device out-
let after 40-60 min. TPD measurements were per-
formed between 20 °C and 200 °C at a heating rate
of 5°C-min~! under 1-5 mL-min~! nitrogen stream.
Here, care should be taken in CRC measurements,
because higher nitrogen flow rates during saturation
were found to remove the adsorbed CO, by mere
convection even without heating.

2.3. Adsorption capacity modeling

Thus, 27 CO, adsorption attempts were made ac-
cording to a 3% experiment factorial design, by vary-
ing the nitrogen flow rate from 1 to 15 °C-min~! (X),
contact time from 1 to 12 hours (Xz) and quantity of
carbon dioxide from 1 to 6 mmol (X3) in suitable pa-
rameters ranges (Table 1).

The model calculations were achieved using non-
dimensional or reduced values of these parameters
and each parameter was varied on three levels, i.e.,
(i) —1 for the minimum value, (ii) 0 for the medium
value, and (iii) +1 for the maximum value of the re-
spective parameter. The CRC and WRC were consid-
ered as optimality criteria for each of the 27 different
attempts.

3. Results and discussion
3.1. Structure of NaMt-H30

The structure of NaMt-H30 had been richly investi-
gated in our previous papers [9,11-13,16]. The pow-
der XRD data indicated the transition from a random
to a face-to-face parallel layout of the clay sheets and
an optimum ratio of 1 wt% H30 for an enlargement
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Scheme 1. Idealized configuration of Boltorn dendrimer H30.

of the interlayer spacing without altering the ordered
layout of the clay lamellae. The influence of the OH
groups from the clay on the incorporated dendrimer
was also detailed in our previous work [10-13,16-18].
The uniform H30 spread in the clay surface pro-
duced only a slight improvement of the specific sur-
face area from 45-50 m?-g~! to 54 m?-g~!, presum-
ably due to slight structure compaction induced by
interactions between next-neighboring organoclay
lamellae [11,19].

3.2. Moisture contribution to CO, capture

The surface basicity and hydrophilic character ex-
pressed in terms of CRC and WRC were the main
features investigated herein. Given the higher ther-
mal stability of unmodified NaMt up to 550 °C, repet-
itive CO2-TPD attempts (CO»2-TPD1 to CO»-TPD3)
without alternate rehydration after each TPD cycle

were run between 20 °C and 450 °C. The results ob-
tained revealed significant changes in the TPD pro-
files for both CO, and water (Figure 1). The signifi-
cant CRC decay observed between 220 °C and 450 °C
accounts for an advanced removal of medium and
strong basicities. Indeed, three successive thermal
desorption-cooling-dry CO» re-injection cycles in-
duced a marked CRC decay for CO,-TPD2 after TPD1
even more pronounced for CO,-TPD3 after TPD2. Si-
multaneously, a marked depletion of the hydrophilic
character for H,O-TPD2 even more accentuated for
H,O-TPD3 took place, as reflected by visible CRC de-
creases in the WRC (Figure 1b).

It is worth mentioning that repetitive TPD runs af-
ter alternate rehydration by injecting moisture satu-
rated CO;, resulted in TPD patterns (TPD-R) perfectly
similar to that of TPD1 for both CO, and water. This
result is of great importance, because it confirms the
thermal stability of the starting clay mineral at least
up to 450 °C. It is clear that below this thermal stabil-
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Figure 1. Repetitive TPD patterns for CO, (a) and water (b) under 15 mL-min~! nitrogen stream. TPD1,
TP2 and TPD3 were recorded after repetitive CO,-adsorption-thermodesorption cycles with rehydration.
TPD1 and TPD1-R were recorded after repetitive CO,-adsorption-thermodesorption cycle with alternate

rehydration by injecting moisture saturated CO,.

Table 1. Parameter levels and ranges for 3 factorial design at T = 25 °C

Parameter level

Minimum Medium Maximum

Coded value (non-dimensional)  Symbol -1 0 +1
Nitrogen throughput (mL-min~!) X1 1 8 15
Contact time (h) X, 1 6.5 12
Injected CO» (mmol-g‘l) X3 20 70 120

ity threshold, NaMt rehydration revives the CRC and
that water also contributes to CO, capture.

3.3. Adsorptive properties of NaMt-H30

NaMt-H30 exhibited appreciable thermal stability,
barring dehydration between 80 °C and 140 °C, no
degradation of the organic moiety was detected up
to 240 °C. Such a thermal stability allowed estab-
lishing the temperature range for TPD measure-
ments between 20 °C and 200 °C with high accu-
racy. TPD measurements were achieved for the 27
attempts involved in the factorial 3% experiment de-
sign, by varying three key parameters, namely the
carrier gas flow-rate (X;), contact time (X») and
impregnating CO, quantity (X3). The CRC, expressed
in terms of desorbed CO, amount in the investi-
gated temperature range, showed values in the range
34.4-609.1 pumol-g~' for nitrogen throughputs of
1-15 mL-min~! (Table 2).

Preliminary observations showed that lowest flow
rates, medium saturation time and medium to high
amount of injected CO, gave the highest CRC values
(441.3-609.2 umol-g~!). Conversely, high carrier gas
throughput resulted in lowest CRC levels (34.4-53.1
umol-g~1), thereby confirming CO, capture via weak
interaction with the OH groups of the organoclay and
easy release upon forced convection without heating.
The high discrepancy between the highest and lowest
CRC levels accounts for 64-94.4% of the nominal CRC
value obtained in these experiments. This result is
of great importance, because it clearly demonstrates
the occurrence of truly reversible capture of CO,, and
that forced convection affects CRC assessments.

3.4. Model calculations and accuracy

CO, retention capacity (CRC) values and water re-
tention capacity (WRC) values were modeled on the
basis of the 27 experimental attempts, using a Tay-
lor’s second-order polynomial model [20-23]. Before
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Table 2. 3® Parameter combinations and corresponding two response-functions as optimality criteria

Key-parameters levels (Non-dimensional units) Response function = Retention capacity (umol-g=1)

Flow X; Contacttime? X, CO, amount? X3 CRC WRC

-1 386.6 1.06

-1 0 385.4 1.06

1 254.6 0.44

-1 -1 350.3 3.81

0 0 441.3 2.98

1 609.1 2.90

-1 279.8 3.24

1 0 304 3.18

1 366.6 4.18

-1 65.7 0.64

-1 0 81.7 0.24

1 73.4 0.29

0 -1 39.3 0.61
0 0 141.2° (143.0; 140.5; 140.0)  1.38° (1.39; 1.35; 1.50)

1 169.2 3.93

-1 48.9 0.82

1 0 153.5 1.59

1 185.8 1.82

-1 53.1 0.24

-1 0 51.2 0.18

1 49.4 0.27

1 -1 49.3 1.03

0 0 93.4 1.02

111.1 0.89

-1 442 1.19

1 0 35.3 2.10

34.4 1.24

4 The contact time accounts for the saturation time imposed for the sample impregnation with a given
CO, amount.

b The CO, amount is the injected quantity to be contacted with the dry powder sample for impregnation
up to saturation prior to TPD run.

¢ The average CRC and WRC values for the (0, 0, 0 experiment were assessed by calculation the mean of

the three measurements registered at this experimental point and are given herein between brackets.
All CRC and WRC values were calculated on the basis of TPD measurements in the range 20-200 °C.
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model refinement, the general Taylor equation for
both the CRC and WRC (denoted as Y) is given by (1):
Y= ao+a1-X1+a2-X2+a3-X3+a11-X12+a22-X222
+a33‘X§3+a12-X1 -X2+a13‘X1 -Xg
+a3- Xo- X3+ aps- X1+ Xz X3. 1

The calculations of the model coefficients are
not described in the present work, but details about
the method used are described elsewhere [21]. The
calculated values of the model coefficients (Table 3)
are assumed to describe the individual effects of
the investigated parameters and their possible in-
teractions. The model adequacy strongly depends
on the accuracy of the experiment measurements,
where the main errors arise from volume and weight
measurements. For this purpose, three additional at-
tempts at the central point (0,0,0) are required for es-
timating the average error in calculating the value of
each coefficient on the basis of the random variance
(Table 4).

Model refining using the ¢-student test gave lower
average error of 0.133 than the very coefficient values.
Therefore, all coefficients were maintained in the
CRC model (2). Application of the same Student’s
t test to the WRC model gave higher |Aa;| (0.332)
than coeflicients asz, ass, a3, az3 and a;»3. Remov-
ing these coefficients were removed from the WRC
model (3) suggests negligible effect and interactions
of their common parameter, namely the injected CO,
amount (X3) on the moisture content.

CRC = 156.8 —158.7+ X +2.86 X» +29.8- X3
+110.1- X7 —64.2- X7 —11.4- X2
+3.0- X - X2 —13.8- X1 - X3
+28.5-Xp- X3—28.1- X; - Xz - X3 @
WRC = 1.709 - 0.82 - X +0.83- X +0.18- X3
+0.47- X2 —0.74- X5
+0.06- X% -0.35- X1 - X»
+0.05- X7 - X3+0.25- X5 - X3
~0.19-X; - X - X3. 3)

A method of adequacy test was achieved through
the Fisher’s test, expressed in terms of the quotient
of the random variance, previously calculated and
the residual variance estimated in Table 4. In this
case also, both calculated models (with 3 degrees of
freedom) are considered to fit the CRC and WRC in
the same range, because F > Fyg534 with a 95%
confidence.

3.5. Effect simulation and optimization

The individual effects and interactions of the param-
eters were discussed on the basis of the sign and
the absolute value of each coefficient. These coeffi-
cient features will define the direction and intensity
of the corresponding effect (favorable or detrimen-
tal) on CRC and WRC assessment. As expected, the
carrier gas throughput displayed the strongest detri-
mental effect on the CRC and to a lesser extent on
the WRC, confirming once again that both CO, and
water are weakly retained and that the occurrence of
forced convection affects the assessment both reten-
tion capacities.

As a general tendency, increasing nitrogen
throughput reduces the CRC. However, increasing
contact time during adsorption induced a much
weaker influence on the CRC but a favorable individ-
ual effect on the WRC. This must be due to stronger
diffusion hindrance of non-linear and more polar
water molecules within the organoclay entangle-
ment as compared to CO».

The values of the quadratic coefficients, a;;, are
essential criteria for estimating the concavity (con-
vexity) of the response surface. The opposite signs
of the quadratic coefficients and concavity decrease
in the following sequence: |aj1| > |az| > lassl,
allowed predicting a pronounced minimum of the
CRC response-surface with respect to the nitrogen
throughput and flattened maximum with respect to
the contact time (Figure 2a). A similar but more flat-
tened saddle-shaped response-surface was observed
when replacing the contact time (X;) by the injected
CO2 (X3) (Figure 2b). This confirms the strong influ-
ences of the investigated parameters.

Informative plots were obtained for CRC = (X5,
X3) with X3 = 0 or 1 (Figure 3). The obtained
response-surface revealed CRC maxima at optimum
values of the contact time (X») and impregnating
CO, amounts (X3). The occurrence of optimum con-
tact time must be due to slow gas diffusion with the
organoclay dendritic entanglement. The fact that the
optima are included within the investigated parame-
ters ranges provides clear confirmation of the model
validity. Analytical resolution of the equation system
resulting from the first derivation of the CRC models
for X; = 0 gave optimum values of X, = 0.438 and X3
outside the investigated parameter range (1.872).
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Table 3. Model coefficients and simulated effects upon CRC and WRC assessment

Parameter effect on WRC assessment

Model Parameter effect on CRC assessment
coefficient ~ Value Simulated effect Value Simulated effect
agp 156.8 Dummy variable 1.709 Dummy variable
a —158.7  Strongly detrimental individual effect —0.816 Detrimental individual effect
ap 2.86 Weakly favorable individual effect 0.829 Favorable individual effect
as 29.80 Favorable individual effect 0.184* Removed from the model
an 3.03  Weakly favorable X;-X, interaction -0.350 Minimum according to X;
a3 —13.78 Weakly detrimental X;—X3 interaction 0.045* Removed from the model
a3 28.49 Favorable X,—X3 interaction 0.245* Removed from the model
a 110.09 Sharp minimum according to X; 0.465 Minimum according to X;
ao —64.16 Maximum according to X» —0.740 Maximum according to X»
ass —11.29 Flattened Maximum according to X3 0.062* Removed from the model
ai»s —28.11 Detrimental ternary interaction -0.194 Removed from the model

* These coefficients are smaller than the average error on their values (trust range).

throughput

a

CRC

N ﬂf COy amount
Carrier gas- —
throughput

b

Figure 2. 3D plot of CRC as a function of non-dimensional values of X; and X, for X3 =0 (a) and of X;
and X3 for X, = 0 (b) for centered values of the non-plotted parameters. X;: carrier gas throughput; Xo:

contact time; X3: Injected CO, amount.

Similar calculations for X; = 1 gave optimum
X, = 0.048 and X3 = 0.71. As expected, calculations
using these values in the CRC model gave values
below 20 umol-g~! for highest and medium car-
rier gas throughputs (+1 and 0). This can be ex-
plained by the occurrence of forced convection
that can release both CO, and water molecules,
in agreement with our previous statements. This
suggests that other optimum parameters should
occur at the lowest carrier gas throughput. The

shape of CRC plot for the slowest throughput of
the carrier gas (X; = —1) allowed predicting a
clear optimum (Figure 4). Calculations using the
corresponding CRC model resulted in values in-
cluded within the investigated parameters ranges
(X2 = 0.40 and X3 = 0.92). Conversion of these non-
dimensional values gave optimum contact time (X>)
of 8.7 h and amount of impregnating CO, (X3) of
24.1 mmol-g~!. Qualitative CRC assessment us-
ing these optimum parameters in the model re-
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Table 4. Model adequacy tests at (0,0,0) point and variance analysis for CRC and WRC assessments

Feature Symbol/Equation Model adequacy
CRC WRC
Parameter number p 3 3
Level number L 3 3
Experimental attempt number N 27 27
Attempt number at (0,0,0) point n 3 3
Model variance v 2 2
Yol 143.0 1.00
Retention capacity at (0,0,0) point Vo2 140.5 1.35
Y03 140.1 1.80
Mean at (0,0,0) point Yo=2Yoi/3 141.17 1.38
Random variance 2.583 0.16
Square root of variance S 1.607 0.40
Risk factor o 0.05 0.05
Student’s ¢ test factor tyl-al2 4.3b 4.3b
Average error on the coefficient value Ag; = £y 1-qr2% (S/N)0-5 +1.33 +0.332
Coefficients to be eliminated lail <|Ag| (Student’s £ test) None as, a3, az3 and ass
Number of remaining coefficients R 11 7
Model response at (0,0,0) ¥(0,0,0) = ag 157.0 1.709
Average yield for the 27 attempts Y =XY;/27 179.9 1.567
Residual variance S2=Y(Yi - Ym)?/(N-R) 40,314 2.058
Fisher’s test (Fisher-Snedecor law) Second test for model 15,606 > 12.79 >
adequacy F= Sr2/82 F().95,3,4 =6.6 F0.95,3y4 =6.6

Risk factor: & = 0.05 was arbitrary chosen. In this case, a 95% confidence was regarded as being satisfactory.

12,0.95 = 4.3 (Student Law with 2 degrees of freedom at a 95% confidence).

Fy.95,3.4 = 6.6 (see Fisher-Snedecor tables). To invalidate the hypothesis that all the coefficients of the model
are equal to zero or to validate that at least one coefficient is different from zero, the calculated F-test should
be higher than the theoretical value of 6.6 provided by the tables.

sulted in the highest CRC of 35 umol-g~! among
those calculated for various parameter combina-
tions. This CRC is much lower than those obtained
by additional triplicate experiments (65.0, 59.4 and
68.2 umol-g~!) under the above determined opti-
mum parameters.

This result confirms once again that the CRC can-
not be accurately assessed using such a mathemat-
ical model, which is rather intended for parameter
optimization. An attempt justified by economic rea-
sons, achieved for minimum contact time (X, = —1)
failed because of even lower estimated CRC values,
below 10 umol-g’l. Thus, it is clear that unlike slow

gas stream for avoiding forced convection, minimum
contact time cannot be an essential requirement for
achieving effective CO, capture on NaMt-H30. Here,
the unavoidable diffusion hindrance imposes suffi-
ciently long contact times of such adsorbents, but
is not necessarily a major drawback being compen-
sated by the non-stoichiometric capture of CO;. In-
deed, a 50 mg NaMt-H30 sample with a 1 wt% polyol
H30 M = 3607.6 g-mol’1 and 32 OH/mole) accounts
for 88.7 pmoles OH per gram adsorbent.

This is by far lower than the highest CRC value de-
termined in the 32 factorial design (609.1 pmol-g~!)
(Table 2) and those obtained by additional tripli-
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Figure 3. 3D CRC plot as a function of non-dimensional values of X, and X3 for X; = 0 (a) and for
X1 =1 (b). Xj: carrier gas throughput; X»: contact time; X3: Injected CO, amount.

1

Contact time

12

CO2 amount .

Figure 4. 3D CRC plot as a function of non-
dimensional values of X, and X3 for minimum
value of the carrier gas throughput (X; = —1).
Xj: carrier gas throughput; X,: contact time;
X3: Injected CO2 amount.

cate experiments (650.0, 594.0 and 682.0 umol-g~!).
It results that each OH group in NaMt-H30 can re-
tain more than 13 CO, molecules. This is a signifi-
cant result that allows envisaging even higher effec-
tiveness by increasing the number of available OH
groups. This can be achieved through higher polyol
dendrimer dispersion of the clay surface for min-
imizing the intermolecular H-bridges. The surpris-
ing occurrence of an optimum contact time for the

CRC can only be explained a similar phenomenon
for the WRC for both medium and slow carrier gas
throughput (Figure 5).

Insufficient contact time is assumed to affect
the moisture content due to slow water molecule
diffusion in agreement with previous statements.
Conversely, long contact time should probably favor
the diffusion of linear CO; at the expense of bulkier
water molecules. The resulting decrease in mois-
ture content is expected to reduce water-CO, in-
teraction and subsequently the CRC. This result is
or great importance, because it clearly confirms
the narrow interaction between the surface basic-
ity and hydrophilic character in such OH-enriched
organoclays.

4. Conclusion

Montmorillonite intercalation by dendrimer Boltorn
H30 induced an improvement in the affinity towards
both moisture and carbon dioxide, with favorable
reciprocal interaction between both compounds.
The polynomial models describing the capacities for
carbon dioxide and water retention showed strong
interaction between both adsorbed CO, and water
molecules. Their retention depends on parameter
effects and interactions. High nitrogen through-
put and low amount of impregnating CO, induce
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Figure 5. 3D WRC plot as a function of non-dimensional values of X, and X3 for X; =0 (a) and X; = -1
(b). X: carrier gas throughput; X,: contact time; X3: Injected CO, amount.

detrimental diffusion hindrance and mass loss dur-
ing impregnation through forced convection. Effec-
tive CO3 capture requires an optimum compromise
between these factors and the moisture content.
These results provide a useful tool for envisaging
the reversible capture of CO, by other hydroxylated
adsorbents.
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