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The role of carbon dioxide and water in the
degradation of zeolite 4A, zeolite 13X and
silica gels†

John H. Jacobs, Connor E. Deering, Ruohong Sui, Amelia P. Cann,
Kevin L. Lesage and Robert A. Marriott *

The degradation of desiccants is important in designing natural gas conditioning processes. Previous

studies have focused on the effect of changes in regeneration gas water content, regeneration

temperature and number of thermal cycles. However, less is known about how other components

impact the lifespan of desiccants over thousands of thermal cycles. Herein we present results on how

desiccant degradation is influenced by CO2 in a process fluid. Increasing the CO2 concentration resulted

in less degradation across unsupported zeolite 4A, zeolite 13X and silica gels. Additionally, higher water

concentrations in the regeneration gas resulted in a decrease in the degradation at the same CO2

concentration. For zeolite 13X, the surface area and pore volumes were larger in the samples subjected

to greater CO2 concentrations. For silica gels, a higher capacity for water adsorption after 5000 thermal

swing adsorption cycles was observed in samples with a lower concentration of surface silanol groups.

1. Introduction

Natural gas is an important transitional energy resource. The
major components of natural gas from a reservoir are methane
(CH4), hydrogen sulfide (H2S), carbon dioxide (CO2) and water
(H2O); additionally, helium (He) and heavier hydrocarbons
(such as ethane, C2H6, propane, C3H8, butane, C4H10, etc.) also
can be present in rich natural gas. While the concentrations of
natural gas components vary from source to source, the raw
natural gas is always saturated with water at the wellhead and
after aqueous alkanolamine treatment. This water can lead to
pipeline corrosion and possible formation of hydrates during
transportation and further processing.1–5 Therefore, water is
removed before transportation in sales gas or before cryogenic
liquefaction and can be removed before raw gas gathering
lines. Industrially, natural gas is dehydrated through either
glycol absorption (at plants and for moderate water dew points)
or solid adsorption technology (in the field or within liquid
natural gas conditioning), with temperature swing adsorption
(TSA) processes being the most common adsorption
process.6–10 In the TSA process, two or three beds are used.
Within a three-bed system, one bed dehydrates the raw natural

gas stream and a second bed undergoes thermal regeneration
to remove the adsorbed water, while a third bed cools, thus
allowing for the continuous operation of this system. These
adsorption systems are designed for uninterrupted operation
over 3-5 years before the desiccants are replaced due to a loss in
adsorption capacity.11–13

The decrease in adsorption capacity is often attributed to
three factors: (I) the collapse of the materials’ pores;14–16 (II)
coking of the desiccant materials, thus effectively limiting the
adsorption sites of water;17 and III) the blocking of pores
through the condensation of contaminants in the gas stream,
such as hydrocarbons.13 The reaction of aluminum and silica with
water is believed to be responsible for changes in the porosity of
aluminosilicate zeolites.18,19 For silica gels, the loss of porosity is
attributed to the restructuring of porous silica materials toward
non-porous structures in the presence of water and heat, with
reported structural changes occurring at temperatures as low as
T = 90 1C.16 Our previous work demonstrated a temperature
dependence on the degradation of desiccants, where higher
regeneration temperatures result in a greater degree of adsorption
capacity loss.20 Our work also showed that utilizing a wet gas
during the thermal regeneration of the desiccants mitigated the
degradation of the materials. These results indicate that the major
degradation mechanisms are most likely due to (i) mechanical
stress from the expansion and contraction of the materials during
the heating and cooling steps of the TSA process and (ii) over-
stripping the highest energy adsorption sites, thus increasing the
rate of crystalline rearrangement.

Department of Chemistry, University of Calgary, 2500 University Drive, N.W.,

Calgary, AB T2N 1N4, Canada. E-mail: rob.marriott@ucalgary.ca

† Electronic supplementary information (ESI) available: The tabulated data for
the capacities of the desiccants over the continuous cycling, and the N2 physi-
sorption results of the samples. See DOI: https://doi.org/10.1039/d3nj00093a

Received 6th January 2023,
Accepted 20th February 2023

DOI: 10.1039/d3nj00093a

rsc.li/njc

NJC

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 8

/3
1/

20
25

 7
:5

8:
25

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-7479-4195
https://orcid.org/0000-0003-4834-2918
https://orcid.org/0000-0002-1837-8605
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nj00093a&domain=pdf&date_stamp=2023-02-23
https://doi.org/10.1039/d3nj00093a
https://rsc.li/njc
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nj00093a
https://pubs.rsc.org/en/journals/journal/NJ
https://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ047011


5250 |  New J. Chem., 2023, 47, 5249–5261 This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

When comparing the data of our previous experiments, it
was observed that experiments where CO2 was part of the gas
mixture, resulted in a lower degree of degradation on zeolite
13X. Thus far, degradation studies on desiccants have been
focused on how changes in water concentration and regeneration
temperatures impact the degradation of desiccant materials.18,19

There are no published studies on the role of CO2 and desiccant
material degradation.

In this work, five desiccant materials (zeolite 4A, zeolite 13X,
and 2.2 nm, 3.0 nm and 6.0 nm pore size silica gels) were
subjected to 5000 TSA cycles at a regeneration temperature of
T = 250 1C. Three feed gas phase compositions were investi-
gated for the TSA systems (pCO2

= 3.49 kPa, pH2O = 2.39 kPa;

pCO2
= 3.49 kPa, pH2O = 2.21 kPa; pCO2

= 34.9 kPa, pH2O =
2.21 kPa) and the relationship between the wet or dry CO2

concentrations and amount of degradation was studied.

2. Experimental section
2.1 Materials

The synthesis and characterization of zeolite 4A and 13X materials
are reported in our previous publications.8–10 An in-house EMD
Millipore system was used to purify double distilled water to an
18 MO cm resistivity. Liquid nitrogen (N2, 99.998%), helium (He,
99.9990%, Alphagaz 1) and liquid CO2 (99.8%) were purchased

Table 1 Adsorption and regeneration conditions for the TSA experiments

Experiment Inlet water content pH2O/kPa pCO2
/kPab ptotal/kPac Regeneration feed

Regeneration
temperature/1C

I 2.39 � 0.05 3.49 � 0.03 349 � 60 N2/CO2 246 � 9
II 2.39 � 0.05 3.49 � 0.03 338 � 40 N2/CO2/H2Oa 244 � 8
III 2.21 � 0.06 34.9 � 0.3 349 � 60 N2/CO2 246 � 9
IV 2.21 � 0.06 34.9 � 0.3 338 � 40 N2/CO2/H2Oa 244 � 8
V 2.21 � 0.06 3.49 � 0.03 349 � 60 N2/CO2 246 � 9
VI 2.21 � 0.06 3.49 � 0.03 338 � 40 N2/CO2/H2Oa 244 � 8

a Regeneration feed and adsorption feed are the same. b The CO2 content was the same for the regeneration feed and adsorption feed. c All feeds
were balance N2.

Fig. 1 The schematic of the instrument used during the rapid cycling experiments adapted from the our previous literature.21
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from Air Liquide and used as received. 2.2 nm pore size silica gel
(High purity, Davisil Grade 12, 28–200 mesh) and 3.0 nm pore size
silica gel (High purity, Davisil Grade 923, 100–200 mesh) were
purchased from Sigma Aldrich and used as received. 6.0 nm pore
size silica gel (High purity, Davisil Grade 9385, 130–270 mesh) was
purchased from Merck and used as received. No binding materi-
als were studied in this work.

2.1.1 Material characterizations. The surface area and pore
size distributions of zeolite 13X and the silica gels were
characterized by N2 physisorption using a 3Flex (Micromeritics)
instrument. Powder X-ray diffraction (XRD) data were obtained
using a Rigaku Multiflex diffractometer with a copper target at a
speed of 21 min�1 and a step size of 0.021. The powder XRD
patterns were obtained using Jade 7.0 software (International
Centre for Diffraction Data, ICDD). Scanning electron microscopy
(SEM) and energy dispersive X-ray (EDX) analysis were conducted
with an FEI quanta 250 FEG SEM equipped with a GATAN
monoCL4 detector. Diffuse reflectance infrared Fourier transform
(DRIFT) spectra were obtained by a Varian 7000 FT-IR spectro-
meter with a diffuse reflectance accessory using Resolutions Pro
software. For all DRIFT experiments, samples were placed in a
vacuum oven at T = 100 1C for 24 hours and then promptly mixed
with potassium bromide (KBr) in a 0.02 : 0.98 sample/KBr
mass ratio.

2.2 Water adsorption

Single-point water adsorption measurements were conducted
on all materials before and after the TSA cycling experiments
using a Thermal Gravimetric Analyser, TGA (TGA 550 Auto
apparatus, TA Instruments). The TGA operated by flowing dry
He through the balance and the furnace. For the adsorption
experiments, the He flowing over the adsorbent was first passed
through a water saturator and then diluted by dry He before
passing over the adsorbent. The flow rate of He passing
through the saturator was controlled using a Brooks SLA5800
mass flow controller. The saturator temperature (T = 15.00 1C) was
controlled using a Polyscience chilling circulating bath. During
activation, dry He (T = 400 1C, p = 89.05 kPa, at 16 mL min�1)
was passed over the adsorbent. The temperature increased at
25 1C min�1, and the sample was held at T = 400 1C for
120 minutes. During the adsorption, 1.4 mole % H2O in He
were held at T = 35 1C, pTotal = 89.05 kPa, and 16 mL min�1 for
240–360 minutes until a stable mass reading was obtained.

2.3 Rapid thermal swing cycling experiments

To test the materials for their stability in the long-term TSA
process, a rapid cycling TSA instrument was used, this instrument
was introduced in our previous work21 (Fig. 1). In each adsorbent

Fig. 2 Powder X-Ray diffraction patterns for zeolite 4A (A) and Zeolite 13X (B). Red lines indicate calculated spectra provided by the International Zeolite
Association,22 and the HKL indices highlighted by the ASTM methods for identifying Linde Type A23 and Faujasite24 zeolites are indicated. Scanning
electron microscope images of zeolite 4A (C) and zeolite 13X (D and E). The white bars indicate a length of 40 mm (C and D) and the white bar in image E
represents a length of 500 nm.
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cell, 25–35 mg of adsorbent material was loaded. For all thermal
cycling experiments, the same sequence of events followed:

(a) The adsorbing gas feed flowed through the adsorbent for
330 seconds and was then replaced with the regeneration
gas feed.

(b) The block temperature was increased at a rate of 85 1C min�1.
Once the desired regeneration temperature was achieved, the
block’s heating element was cycled on and off to maintain the
temperature for 400 seconds.

(c) After the heating time for the adsorbents concluded, the
heating elements were switched off, and the water coolant was
flowed until the block temperature reached T = 35 1C.

(d) When the block reached a temperature of T = 80 1C,
the regeneration feed was replaced with the adsorbing
gas feed.

This procedure was repeated until the desired number of
cycles was collected. The details of the adsorption and regen-
eration feed for the experimental conditions can be found in
Table 1. The flow rates in each cell were measured using an
Agilent Technologies ADM 2000 universal flow meter. As
described in our previous work, a Nafion water saturator was
used to introduce water into the adsorbing gas feed.21 The water
content of the gas feeds also are present in Table 1.

2.4 Data analysis

2.4.1 Water uptake from breakthrough plot analysis. The
detailed methods for the analysis of the rapid cycling data have
been presented in our previous work.21 Two methods were used
to track the water uptake for the breakthrough experiments.
The first method was to track the change in breakthrough time,

Fig. 3 The DRIFT spectra of the five desiccants.

Table 2 Initial water uptake and the specific surface area and pore volumes of the desiccants

Zeolite 4A Zeolite 13X 2.2 nm pore silica 3.0 nm pore silica 6.0 nm pore silica

nads
H2O

a/mmol g�1 13.5 � 0.4 13.5 � 1.1 6.0 � 0.7 2.7 � 0.3 1.80 � 0.07
As,BET/m2 g�1 — 589 641 470 453
Vpore,total/cm3 g�1 — 0.56 0.45 0.52 1.07
Vmicropore,t-plot/cm3 g�1 — 0.27 0.10 0 0
Vmesopore/cm3 g�1 — 0.02 0.16 0.37 0.57

a The amount of water adsorbed at T = 35 1C and pH2O = 1.25 kPa.
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tb, for each sample as a fraction of the average breakthrough
time for the first 30 cycles, tb/tb,0. The breakthrough time could
be determined by finding the lowest linearity (R2) over 25 s.
This method of determining the breakthrough time gave a
reasonable value for the onset of water content breakthrough
and allowed for straightforward automation of the data analysis
for large data sets.21 The second method was to track the change
in the integrated area of the regeneration portion of the break-
through curve, I, as a fraction of the averaged area of the first
30 cycles, I/I0. The results were then averaged in 50-cycle incre-
ments, and the fractions were multiplied by the initial capacity,
n0, obtained from the water adsorption by TGA of the material.

2.4.2 Multiple component regression analysis. A multiple
component regression analysis was conducted using the
Regression data Analysis tool built into Microsoft Excel was
used to test for significance among the different material
properties and the adsorption capacities.

y ¼ b0 þ
XN

i

bixi

where b0 is the intercept and bi is the slope/correlation corres-
ponding to property xi. A stepwise elimination of the property
coefficients was conducted where the coefficient with the lowest
magnitude t stat was eliminated until the minimum standard

error was achieved. For this analysis, a parameter was only
deemed significant if the P-value was below P-value = 0.05.

3. Results and discussion
3.1 Material characterization

The characterization of the zeolite 4A and 13X samples were
reported in our other work.8,9 Using dynamic light scattering,
the average particle diameters of zeolites 4A and 13X were
determined as 4.45 mm and 21.41 mm, respectively. Through
energy dispersive X-Ray analysis, the Si/Al ratios of the zeolites
were determined as 1.14–1.15 for zeolite 4A, and 1.8 for zeolite
13X. The scanning electron microscope images (Fig. 2) of the
zeolite show that the 4A has large regular crystallites, whereas
the 13X are aggregates of smaller crystallites. The powder X-Ray
diffraction patterns of the zeolite 4A and 13X materials are
shown in Fig. 2, where the experimental peaks are compared to
simulated peaks provided by the international zeolite associa-
tion from the work of Treacy and Higgins.22 Comparison of the
experimental and reference patterns for the two zeolites shows
agreement. The diffraction pattern is focused on the range of
10–35 2y. The significance of this range is it focuses on the HKL
peaks used by the ASTM methods to verify the Linde type A,23

and faujasite diffraction patterns.24 Both the comparison of
the computational patterns and the ASTM methods with the

Fig. 4 The capacity after five thousand cycles of zeolite 4A (&, TT), zeolite 13X (D, � �), 2.2 nm pore size silica (J, TT TT), 3.0 nm pore size silica (�, TT �),
and 6.0 nm pore size silica (+, TT � �) compared to different water partial pressures at 1% CO2 (pCO2

= 3.49 kPa) (A) and different CO2 concentrations at
pH2O = 2.21 kPa. The colours red and blue represent dry gas and wet gas regeneration conditions, respectively, and the black boxes represent the initial
uptake of the materials before cycling.
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experimental patterns verify the materials to be zeolites 4A and
13X. The silica gels are amorphous materials, thus PXRD was
not used to characterize the silicas.

The diffuse reflectance infrared Fourier transform (DRIFT)
spectra (Fig. 3) of the zeolites showed a strong OH stretching
frequency in the range of 2700–3700 cm�1, likely due to the
adsorption of water in the zeolite pores. Peaks at B1650 cm�1 and
B1400 cm�1 correspond to water vibration modes.25 On the
zeolite 4A spectra, the peaks at B983 cm�1 (Si–O–Si and Si–O–
Al asymmetric stretch), B670 cm�1 (Si–O–Al symmetric stretch),
B550 cm�1 (complex vibration band of four member rings), and
B466 cm�1 (O–Si–O bending) were observed, all of which are
typical of the Linda type A framework.26 The peaks on zeolite 13X
at B990 cm�1 (Si–O–Si and Si–O–Al asymmetric stretch), 760–
665 cm�1 (complex vibration band of four and six member rings),
B557 and B500 cm�1 (six member ring vibrations), and
B470 cm�1 (O–Si–O and O–Al–O bending) also were observed.26

Analysis of the DRIFT spectra (Fig. 3) of the silica gels show
isolated silanol peaks on all three silica gels at B3700 cm�1.
The silica gels all show similar peaks in the 400–1400 cm�1

range with peaks at 1065 cm�1 (Si–O–Si stretch), 940 cm�1 (Si–
OH stretch), 790 cm�1 (O–Si–O stretching), 470 cm�1 (O–Si–O

bending).27 Comparison of the Si–OH peak at B940 cm�1

between the silica gels shows that the 2.2 nm pore silica had
the greatest concentration of silanol groups, while the 6.0 pore
size had the least.

The results from TGA analysis of the silica gels showed that
the concentration of silanol groups on the 2.2 nm pore size silica
gel was 2.5 OH nm�2, the 3.0 nm pore size had 2.3 OH nm�2,
and the 6.0 nm pore size had 2.1 OH nm�2. This agrees with the
results from the DRIFT spectra. Table 2 shows the results from
the single point water adsorption experiments for the five
desiccants and the BET specific surface area, total pore volume,
t-plot micropore volume and mesopore volumes of the three
silica gels and zeolite 13X. The Specific surface areas were
determined by fitting the BET isotherm equation to the N2

physisorption isotherm at T = 77 K following the procedure of
Brunaur, Emmett, and Teller.28 The mesopore volumes were
determined using the procedure of Barrett et al.29 The micropore
volumes were determined using the t-plot method.30

3.2 Material degradation

The five desiccants studied in this work were subject to 5000
TSA cycles at Tregen = 250 1C with the same heating rate across

Fig. 5 Capacity changes over 5000 TSA cycles for zeolite 13X (A and B) and the 2.2 nm pore size silica gel (C and D). Results for the dry gas regeneration
(A and C) and wet gas regeneration (B and D) experiments are shown. For each material, the results of experiments I (blue, J), II (blue, D), III (red, J), IV
(red, D), V (purple, J), and VI (purple, D) were compared to the dry (black, J) and wet (black, D) regeneration conditions of the CO2 free experiments.20

For all data sets, solid lines represent empirical polynomial fits to guide the eye.
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all experiments. All experiments were run in duplicate for
zeolite 4A, zeolite 13X, and the 2.2 nm pore size silica gel. In
these experiments, the concentrations of H2O and CO2 in the
gas feed (adsorption and regeneration) were changed, and the
water adsorption capacities after 5000 TSA cycles are shown
in Fig. 4. At the same concentration of CO2, a higher water
concentration resulted in a higher water adsorption capacity
after 5000 TSA cycles, i.e., less degradation. As well, increasing
the CO2 concentration increased the water capacity of the
desiccants after 5000 TSA cycles. Of these two trends, it is
noteworthy that the materials subjected to the gas feed with
the highest CO2 concentration had the highest water capacity
out of all the experiments. It was observed that for all feed gas
streams, zeolite 4A was left with a higher water capacity after
5000 cycles from the wet gas regeneration conditions versus the
dry gas regeneration conditions. Whereas zeolite 13X consis-
tently had a lower capacity with the wet gas regeneration experi-
ments, the 3.0 nm pore size silica showed inconsistent trends
regarding wet gas and dry gas regeneration. For the 2.2 nm and
6.0 nm pore silicas, there was no statistically significant differ-
ence between the dry and wet gas regeneration conditions.

To better visualize the changes in the water adsorption
capacity during the TSA experiments, the results for zeolite
13X and the 2.2 nm pore size silica gel are shown in Fig. 5.
Zeolite 13X and the 2.2 nm pore size silica gel are presented
because these are the two materials with the greatest capacity
loss from our previous experiments.20 For the dry gas experi-
ments, the zeolite and the silica gel samples showed greater
degradation when no CO2 was present in the adsorption and
regeneration gas feed. For the zeolite 13X, in the wet gas
regeneration experiments, the experiment VI condition (pCO2

=
3.49 kPa and pH2O = 2.21 kPa) showed the greatest capacity loss,
followed by the CO2-free experiment, experiment IV. Finally,
experiment II showed the least amount of capacity loss. For
the dry regen experiments on the 2.2 nm pore size silica gel,
experiments I and V showed similar results during the TSA
cycling, but the final measured capacity of the material subjected
to experiment V was lower than the results of I. For the dry and
wet gas regeneration experiments, capacities during experiments
III and IV of the 2.2 nm pore size silica gel increased with the TSA
cycling. From this analysis of Fig. 4 and 5, CO2 changes the
desiccant materials’ degradation.

Fig. 6 The BET surface area of zeolite 13X (A), 2.2 nm pore size silica (B), 3.0 nm pore size silica (C), and 6.0 nm pore size silica (D) for the three gas
mixtures (pCO2

= 3.49 kPa, pH2O = 2.39 kPa, D; pCO2
= 3.49 kPa, pH2O = 2.21 kPa, J; pCO2

= 34.9 kPa, pH2O = 2.21 kPa, +) and the previously published
results (pH2O = 2.41 kPa, &) without CO2.20 Results for dry gas (red) and wet gas (blue) regeneration conditions are reported. The solid black line
represents the surface area of the fresh material.
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3.2 Material degradation correlation

The porosity and surface area of the desiccants after 5000 TSA
cycles were measured by N2 physisorption (Fig. 6 and 7). The

surface area of zeolite 13X decreased less for the three different
gas feeds compared to the N2/H2O mixture previously studied.20

The surface area for the 1% CO2 (pCO2
= 3.49 kPa) experiments

was similar for the two other water contents, while the 10% CO2

(pCO2
= 3.49 kPa) experiments had the highest surface area

for zeolite 13X. This trend was followed for wet and dry gas
regeneration conditions, with the wet gas having a lower sur-
face area. The porosity of zeolite 13X showed the same trend as
the surface area for the dry gas regeneration conditions. Still,
the wet gas conditions showed higher surface areas, and the 1%
CO2 (pCO2

= 3.49 kPa) experiment with a higher water content
showed the greatest pore volume. The values of BET specific
surface area and pore volumes for the three silica geals and
zeolite 13X are presented in Table 3.

Investigating the changes in surface area of the silica gels, the
2.2 nm pore size silica increased in surface area with a decreased
water content in the adsorption gas mixture. In contrast, the
10% CO2 (pCO2

= 34.9 kPa) mixture resulted in the highest surface
area of the silica gel. The 3.0 nm pore size silica was observed to
have similar surface areas between the N2/H2O mixture and the

Fig. 7 The pore volumes of zeolite 13X (A), �), 2.2 nm pore size silica (B), 3.0 nm pore size silica (C), and 6.0 nm pore size silica (D) for the three gas
mixtures (pCO2

= 3.49 kPa, pH2O = 2.39 kPa, D; pCO2
= 3.49 kPa, pH2O = 2.21 kPa, J; pCO2

= 34.9 kPa, pH2O = 2.21 kPa, +) and the previously published
results (pH2O = 2.41 kPa, &) without CO2.20 Results for dry gas (red) and wet gas (blue) regeneration conditions are reported. The solid black line
represents the surface area of the fresh material.

Table 3 Specific surface areas and pore volumes of the desiccants after
5000 TSA cycles

Experiment
Zeolite
13X

2.2 nm
pore silica

3.0 nm
pore silica

6.0 nm
pore silica

Fresh sample ABET/m2 g�1 589 641 470 951
Vpore/cm3 g�1 0.56 0.45 0.52 1.07

I ABET/m2 g�1 245 577 487 478
Vpore/cm3 g�1 0.58 0.53 1.24 1.41

II ABET/m2 g�1 181 642 563 519
Vpore/cm3 g�1 1.50 0.64 1.20 1.75

III ABET/m2 g�1 520 782 1153 395
Vpore/cm3 g�1 0.83 0.77 2.24 1.27

IV ABET/m2 g�1 408 975 350 415
Vpore/cm3 g�1 1.16 1.36 0.70 1.39

V ABET/m2 g�1 280 660 492 395
Vpore/cm3 g�1 0.64 0.63 1.20 1.90

VI ABET/m2 g�1 155 684 756 400
Vpore/cm3 g�1 0.56 0.65 1.53 1.78
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1% CO2 (pCO2
= 3.49 kPa) mixtures for the dry gas regeneration

experiments. The surface area increased with decreasing water
content for the wet gas regeneration. Interestingly, the surface
area for the 10% CO2 (pCO2

= 34.9 kPa) mixture was the greatest
for the dry gas regeneration samples, while the wet gas regen-
eration showed the lowest surface area. Comparing the N2/H2O
mixture results for the 6.0 nm pore size silica with the 1% CO2

(pCO2
= 3.49 kPa) mixtures, it is observed that the surface area

decreased with increasing water content for the wet gas regen-
eration and decreased with increasing CO2 concentration. The
changes in porosity of the 6.0 nm pore size silica followed
the same trends as the surface area. For the 6.0 nm pore size,
there were no qualitative differences in the surface area and
porosity trends between the wet and dry gas regeneration
experiments.

The ratio of the silanol groups to the siloxane groups (Si–
OH/Si–O–Si) was obtained from DRIFT spectra. The ratio of
the silica functional groups was compared to the capacity of
the samples after 5000 cycles (Fig. 8B). All three silicas showed
a decreased capacity with increasing silanol content. This
trend is the opposite expected trend but can be related to the
changes in surface area. If the accessible surface area decreases
due to the collapse of pores, then even if the silanol groups
have been preserved, they will not interact with the
water molecules. Additionally, it must be mentioned that there
was no evidence in any of the DRFIT spectra to indicate
the formation of carboxylate groups on the surface of the
desiccants.

A multiple parameter regression analysis was conducted for
zeolite 13X and the three silica gel materials to investigate the
significance of correlation between the changes in material
properties and the changes in adsorption capacities. For zeolite
13X, the BET surface area, pore volume, micropore surface area,
and micropore volume all showed significant correlations
(P-value o 0.05). Of the tested properties, the correlation to
BET surface area showed the largest t-statistic. The plot of
capacity against BET surface area is shown in Fig. 8A. For the

silica gels, the 2.2 nm pore size silica showed significant
correlation between both the BET surface area and the sila-
nol/siloxane ratio (P-value o 0.0005), and both parameters had
a similar magnitude t-stat. For the 3.0 and 6.0 nm pore size
silicas, only the silanol/siloxane ratio showed a significant
correlation (P-value o 0.05).

Interestingly, as the silanol/siloxane ratio increased, the
adsorption capacity decreased for all three silica gels. It is already
established that the water absorption of silica gels depends on the
silanol concentration on the surface of the silica gels, so it stands
to reason that increasing the silanol concentration would increase
water adsorption. One possible explanation would be that
changes in the pore structure reduce the accessibility of water to
the silanol groups. It should be noted that the regression fitting
of the zeolite 13X properties only had one statistical degree of
freedom, while the 2.2 nm pore size silica had three statistical
degrees of freedom and the 3.0 and 6.0 nm pore size silicas each
had four degrees of freedom.

The crystallinity of the zeolite 4A and zeolite 13X samples
was investigated by PXRD (Fig. 9). The dry gas and wet gas
regeneration conditions for all three gas mixtures showed little
change between the samples. Between the gas mixtures, there
was a small amount of peak broadening for the zeolite 4A
around 30 2y. It is difficult to attribute this to changes in the
material, as sample preparation can also result in such small
changes. We note that peak broadening can be caused by
changes in crystallite size and changes in crystallinity. Our
previous work showed that zeolite 4A crystals became fractured
over time, versus loosing crystallinity. The SEM images of the
zeolite 4A (Fig. 10) show small particulate around the larger
crystallites for all samples, with some of the crystallites show-
ing wear on the surface. However, throughout the imaged
samples, there were no indications of fracturing occurring on
the crystallites, as was observed in previous experiments with-
out CO2 in the gas mixture.20

The PXRD of zeolite 13X (Fig. 9) showed broadening around
the 30 2y region, but this didn’t change between the samples.

Fig. 8 A comparison of the adsorption capacity of zeolite 13X (red) and 2.2 nm pore size silica (green) against the surface area (A) and the adsorption
capacity of the silca gels (2.2 nm pore size, green; 3.0 nm pore size, blue; 6.0 nm pore size, purple) against the ratio of silanol to siloxane groups (B). The
experimental capacities (J) and the capacities predicted by the regression analysis (�) are presented for both plots.
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Unlike the experiments without CO2 in the gas mixture,20 the
zeolite generally retained crystallinity without much difference
between the dry and wet gas regeneration conditions. The
SEM images (Fig. 11) of the zeolite 13X samples after 5000
TSA cycles showed that all six samples retained sharp edges of
the crystallites, whereas the images from the experiments
without CO2 in the gas mixture20 showed rounding of the
crystallite edges.

The adsorption mechanism of CO2 on both zeolite and silica
surfaces is believed to be primarily physisorption, with some
studies indicating a minor amount of chemisorption occurring
on these materials.31,32 The presence of the chemisorbed CO2

could inhibit the degradation of the desiccants during the TSA

cycling. For the silica gel materials, the CO2 may interfere with
the dehydroxylation/rehydroxylation process during thermal
treatment. It is known that silanols on silica surfaces are lost
during thermal treatment, and that when water is present, the
silanols can be regenerated on the silica surface.33 To better
understand the role of CO2 on the surface silanol chemistry,
further experiments will need to be conducted.

4. Conclusion

The previous literature18,19 into what factors influence the
degradation of desiccants have always focused on changes in

Fig. 9 PXRD spectra for zeolite 4A (Left) and zeolite 13X (Right) for the different gas mixtures (A, B: pCO2
= 3.49 kPa, pH2O = 2.39 kPa, N2 balance; C, D:

pCO2
= 3.49 kPa, pH2O = 2.21 kPa, N2 balance; E, F: pCO2

= 34.9 kPa, pH2O = 2.21 kPa, N2 balance). Results for dry gas (red) and wet gas (blue) regeneration
conditions are reported.
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water content or regeneration temperature. We present results
on how the degradation of desiccants is influenced by the
concentration of CO2 in the process fluid. It was observed that
increasing the CO2 concentration (in the regeneration gas)
resulted in less degradation across all desiccants tested.
Additionally, higher water concentrations in the regeneration
gas resulted in a decrease in the desiccant degradation at the
same CO2 concentration. For zeolite 13X, the surface area and
pore volumes were greater in the samples subjected to a 10%
CO2 (pCO2

= 34.9 kPa) gas mixture during the TSA process
than in the 1% CO2 (pCO2

= 3.49 kPa) mixtures. In the silica
gel samples, a higher capacity for water adsorption after
5000 TSA cycles was observed in materials with a lower concen-
tration of surface silanol groups, i.e., silica gel became a

better adsorbent upon exposure to hot wet CO2. As expected,
higher surface areas were associated with higher adsorption
capacities.

In terms of looking at the degradation of commercial
desiccants, these results are important for materials applications
in different process scenarios. For example, dehydration for the
purposes of cryogenic liquefaction of natural gas would not
benefit from CO2, but could benefit from wet gas regeneration.
Alternatively, raw gas conditioning at the wellhead would benefit
from the presence of CO2, H2O in the regeneration gas and a
lower regeneration temperature (lower dew-point requirements).
Future work should consider the effect of binders, which will be
challenging for 5000 cycles. Here the rapid cycling is possible
due to the small beds explored, whereas larger tests require both

Fig. 10 SEM images of zeolite 4A after 5000 TSA cycles. Images for (A, D: pCO2
= 3.49 kPa, pH2O = 2.39 kPa, N2 balance; B, E: pCO2

= 3.49 kPa, pH2O =
2.21 kPa, N2 balance; C, F: pCO2

= 34.9 kPa, pH2O = 2.21 kPa, N2 balance). Images of the material after dry gas (A–C) and wet gas (D–F) regeneration
conditions are presented. The white bars represent a length of four mm.
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large laboratory gas flow and longer experimental time (years
versus months).
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