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Separation performance of cellulose triacetate dense film membrane in
the presence of 15% H,S containing gas mixtures with various levels of
humidity at 20 bar and 30 ° C: After baseline, first 15% H,S, 5% CO, and
bal. CH4 is introduced in the red region, followed by 15% H,S, 5% COy,
3% N-Butane, 300 ppm toluene and bal. CH, is switched in the

region. Subsequently, the 15% H2S and butane/toluene gas mixture with
various levels of humidity is present in the blue region. Systematically, the
reverse order of gas mixtures trend is also demonstrated for membrane
robustness.
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15 Abstract

16  The current study aims to provide a thorough understanding of the separation performance
17  of the cellulose (tri)-acetate (CTA) membrane material in humid high H,S natural gas feed
18 streams. The systematic study of the gas separation performances of CTA polymers has been
19 carried out in self-standing symmetric films and asymmetric hollow fiber membranes. The
20 separation performance in HxS-containing mixtures (CHs/CO2/H.S, 80/5/15 mol%) were
21  evaluated at 30 and 50 °C at 20, 35 and 50 bar, including higher hydrocarbons (butane and
22  toluene) in the presence of various levels of humidity, up to 4500 ppm or 80% RH, depending
23  onconditions of temperature and pressure. For the first time, the effect of these contaminants
24 and humidity together under sour gas (15% H,S) has demonstrated the promising stability of
25 CTA membrane separation performance (both H,S permeability and H,S /CHa selectivity wise)
26  and with the improvement of permeability due to combination of H,S plasticization and
27  competitive sorption makes this phenomenon even more attractive and worth studying

28  further.
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1 Introduction

The composition of natural gas can vary over a wide compositional range of CHs, CO,, H,S and
hydrocarbons. The maximum allowable concentration of H,S and CO: for pipeline specification
natural gas in the U.S. is 4 ppm and 2 mol%, respectively [1]. For the removal of these two
gases from natural gas, several solvent-based absorption processes such as Diethanolamine
(amines), Sulfinol® (amines), Rectisol® (methanol) or Selexol™ (polyethylene glycol), and

adsorption-based (carbonate, or carbon molecular sieves) processes have been developed [2].

Compared to conventional absorption processes, membrane-based gas separation is a
technology with low capital cost, potentially high energy efficiency, small footprint,
modularity, simple operation, and low maintenance, as well as minimal environmental impact
[3]. Gas separation membranes have been widely used for CO, removal applications and can
come with the added benefit of co-removal of H,S and H,0 as well. In fact, removal of H,S
from natural gas using membranes can have significant benefits for improving the gas
purification of a sour natural gas field and membrane technology being modular can be
integrated with rest of the gas treatment plants for de-bottlenecking the plants, reduce sulfur

load by diverting the H2S molecules back to the reservoir through reinjection [4-6].

Currently, the only commercial membranes applied for natural gas sweetening are polymeric,
of which the majority (>80%) are based on cellulosic based materials [7]. There have been
promising studies from various research groups showing the potential of cellulose triacetate
(CTA) and polyimide membranes for removal of H,S from various hydrocarbon mixtures
(including methane, ethane, propane and aromatics like toluene) [8-10]. In this paper, we
extend that understanding and perform a systematic parametric study of CTA membranes
separation performance under high H,S containing mixed gases along with varying levels of
relative humidity/moisture, and various hydrocarbon chains (including aromatics). As
moisture and higher hydrocarbons are important constituents of natural gas fields, it becomes
vital to understand the impact of contaminants in H,S environment for fundamental

understanding and application of membranes for industry adaptation.


https://www.sciencedirect.com/topics/engineering/hydrogen-sulfide
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2 Background

Integrally skinned asymmetric cellulose acetate (CA) membranes are the current industrial
standard for the removal of CO, from natural gas but show relatively modest permeabilities.
In addition, they are perceived to suffer selectivity loss under aggressive feed conditions
leading to rather modest selectivity values of 20-30 and 10-20, for the gas pairs H,S/CH4 and
CO2/CHa, respectively. Cellulose acetate membranes show a relatively low H,S permeability of
approximately 4.7-10.2 Barrer, depending on temperature (22 — 80 °C) at low HsS partial
pressure (1 bar) [11]. At higher pressures (34.4 and 48.3 bar, T = 35°C, feed H,S/CO,/CHa4 =
20/20/60), H,S permeability values of 8.7 and 39.7 Barrer are obtained, with a H>S/CHa
selectivity of 29.7 - 27.4, respectively [12]. Under the same conditions, a CO; permeability of,
respectively, 8.7 and 27.5 Barrer is obtained at a CO2/CH4 selectivity of 29.5 - 19.1. The
increase in permeability combined with the decrease in CO,/CHa selectivity with pressure is,

generally, related to plasticization phenomena.

In an early work reported by Allied-Signal, the effect of typical natural gas impurities such as
H.0, H.S, carbonyl sulphide (COS), and hydrocarbons was presented at a feed pressure of
around 13.8 bar [13]. In their Exxon field tests, spiral wound cellulose acetate modules did not
show any sign of chemical or physical degradation in the natural gas feed containing 17% of
H2S and 44.9% of CO,, saturated with water. CO,/CHa4 and H,S/CHg, selectivity were in the range
of 13-15 and 17-22, respectively. The effect of moisture was separately investigated in a lab
environment. For relative humidity of 10% or less, there is no appreciable effect on the carbon
dioxide flux. For relative humidity in the range 18-23%, the flux decreased 30% compared to
the dry gas flux but recovered when the feed was switched back to dry gas. For relative
humidity of 30% and higher, the flux decline was found to be large, rapid and irreversible. In
the same work, the effects of water vapor plus hydrogen sulfide are reported. Hydrogen
sulfide has a negligible effect on membrane performance if the feed gas is dry. If both
hydrogen sulfide and water vapor are present, however, the transmembrane flux is
substantially reduced. Li et al. concluded that the processing of streams containing both high
concentrations of hydrogen sulfide and water vapor must be avoided with cellulose acetate
membranes [13]. Experimental conditions, such as temperature and pressure, however, are

not easily extracted from the Allied-Signal report.
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A recent study verified the performance of a cellulose tri-acetate hollow fiber membrane in
realistic raw natural gas sweetening conditions [8]. In that study, the CTA hollow fiber
membrane samples were specially prepared and provided by SLB. A gas composition with high
H.S content (20 mol.%), low CO; content (5 mol.%), and significant amounts of C;He (3 mol.%)
and CsHs (3 mol.%) as well as trace amount of toluene (100-300 ppm) with CHs comprising
the rest of the feed was applied. Various temperatures (35 °C and 50 °C) and pressures (6.9 -
31.3 bar) were considered. On the benefit of controlled plasticization for the CTA hollow fiber
membrane, an attractive CO; and H,S permeance (>110 GPU) and selectivity for CO2 and H,S
over CHa (22 and 28, respectively) at 35 °C and 31.3 bar were obtained. Another study applied
a H2S containing gas mixture containing of 5% CO3, 21% H,S, 15% C,Hs, 10% CsHsg balanced
with CHs while mixed-gas permeation tests were carried out at three temperatures, 15 °C,
25 °C, and 35 °C, and four pressures, 15 bar, 29 bar, 39 bar, and 46 bar [10]. It was found that
the H,S mixed-gas permeation increased with increasing feed pressure. At the lower feed
pressure between 15 bar and 30 bar, the H,S/HCs selectivity were essentially stable. However,
the selectivity is drastically decreased at the feed pressure of 30 bar and higher. The high
condensability and solubility of H,S at pressures higher than 30 bar would increase the

mobility of the CTA polymer chain segments dramatically [10].

Natural gas sweetening by membranes can be challenged by co-existence of condensable
hydrocarbons, e.g., Cs+ and toluene, which can compete with H,S, CO2 and CH4 in the sorption
in the polymer matrix, therefore hindering the permeation of other components. This was
shown by a recent study on cellulose triacetate (CTA) hollow fiber membranes [8]. By
increasing the toluene concentration from 100 ppm to 300 ppm, significant reductions in
permeance and selectivity were observed for both HS/CHs and CO,/CHs separations.
Moreover, the membrane's stability under aggressive conditions, e.g., high concentration of
condensable H,S, CO; as well as various hydrocarbons, high operating pressure (> 30 bar),
and variation of operating temperature, is also important for future applications. No
information of such stability for CTA membranes in the co-existence of both humidity and
condensable hydrocarbons is available in literature. Therefore, in this study, we have
conducted further evaluations on the performance of cellulose acetate (CTA). The
characterization of the separation performances has been performed for sour feed gas

including higher hydrocarbons and in the presence of various levels of humidity. To our
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understanding such evaluation in humid harsh sour conditions, and in the presence of higher

hydrocarbons, is not available in current literature.

The current study aims thus to provide a thorough understanding of the separation
performance of the cellulose (tri)-acetate (CTA) membrane material. Initially, dense-film CTA
membranes have been prepared by EMI and sent to SINTEF for thorough characterization with
H,S-containing mixtures. Measurements have initially been performed in a non-HS-
containing CH4/CO2 mixture (5% CO; in CHa4) to be able to compare the performance with
literature [14-16], and also the membrane stability, before and after H,S exposure.
Subsequently, the separation performance in H,S-containing mixtures (CH4/CO2/H,S, 80/5/15
mol%) was thoroughly evaluated at 30 and 50 °C at 20, 35 and 50 bar, including various levels
of humidity and in the presence of higher hydrocarbons, such as toluene. In addition, CTA
hollow fibers were spun using the dry jet-wet quench technique and evaluated in the same

gas mixtures.
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3 Experimental
3.1 Membrane samples
3.1.1 Self-supported membranes

Cellulose (tri)-acetate (CTA) membrane samples were obtained from EMI Twente. Samples
were made using CTA (degree of substitution (DS) ~2.7) from Eastman (CA-398-100) and
dichloromethane (DCM) as solvent during casting [15]. The thicknesses of the samples

investigated range from approximately 40-60 um, as detailed in Table 2.

3.1.2 CTA fiber samples

CTA hollow fibers were spun using the dry jet-wet quench technique which is based on non-
solvent induced phase separation method. In this technique, a polymer solution in an aprotic
solvent is co-extruded with a bore fluid through holes in a spinneret. The spinneret consists of
two co-centric nozzles and bore fluid is fed to the inner one while the spinning dope is flowing
through the slit between the nozzles. The spinning dope may contain a co-solvent and other
additives. The bore solution most of the time is a mixture of the solvent of the spinning dope
and at least one non-solvent. The ratio of the solvent and non-solvent(s) depends on the
spinning dope and its precipitation behavior. More information on the fundamentals of hollow
fiber formation by the non-solvent induced phase separation method is available in the
literature [17-20]. N-methyl-2-pyrrolidone (NMP, 99% extra pure) was used as the solvent and
received from Themo Scientific. Acetone is used as the co-solvent (Sigma-Aldrich, 299.5 ACS
reagent). LiCl was introduced to the recipe as non-solvent. It also acts as pore-former (99% by
Sigma-Aldrich). Demi water is used as non-solvent in the quench and rinsing baths. LiCl was
first dissolved in the NMP/Acetone mixture prior to adding the polymer, which was previously
dried in a vacuum oven at 105 °C overnight. The jar was placed on a roller bench and slightly
heated using an IR heating lamp. Prior to spinning, the dope was filtered through 25-40 um
metal mesh filter applying 6 bar of Ny-pressure. The filtered dope was directly filled into the
container of the spinning system and degassed for at least 24 hours at 50 °C. Table 1 shows
the dope compositions and the spinning conditions. The dope and coagulation bath
temperatures were fixed at 50 °C for all experiments and one type of spinneret was used (ID
Needle of 0.22 mm and OD orifice of 0.61 mm). The other spinning parameters (draw ratio,
dope and bore flowrates, N, flowrate within the chimney) were altered to achieve a steady
spinning session that could yield concentric round hollow fibers with asymmetric morphology

with open substructure and outer diameter below 400 um.
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Table 1 Overview of dope compositions and conditions of spin trials with adjusted recipe.
C-CTA-11-2 C-CTA-11-2R

%wt. Polymer 22 22
%wt. NMP 61 61
%wt. Acetone 15 15
% LiCl 2 2
Bore Fluid
%wt. (NMP/H;0) 20/80 20/80
Chimney length (cm) 13 13
N2-flow chimney (L/min) 2.5 2.5
Dope flow (ml/min) 3.3 3.3
Bore flow (ml/min) 0.56 0.56
Pulling speed (m/min) 9.6 9.6

For all trials, the spun fibers were kept in the post-processing rinsing bath for 2 days before
performing the solvent exchange procedure. The post-processing rinsing bath is fed with fresh
water continuously. The solvent exchange was performed in 4 steps; in the first two steps,
fibers were soaked in methanol for 1 hour each time and for the last two steps were
performed in n-Hexane for 1 hour each time. Subsequently, the fibers were air dried and
characterized. The spinning session C-CTA-11-22R was performed as the repetition of the
session C-CTA-11-2 to check the repeatability and obtain more fibers to build modules for gas
permeation measurements. After the preparation of modules with multiple fibers, a
polydimethylsiloxane (PDMS) coating was applied on the fibers to seal the possible defects.
The elastomer base (SYLGARD 184, Dow Chemicals) and the curing agent were dissolved in n-
Hexane and mixed at room temperature for 1 hour. This solution was then diluted to the
concentration targeted for the coating. A 2%wt. solution was used for the module with fibers
from C-CTA-11-2 and a 1% solution was used for the modules with fibers from C-CTA-11-2R.
The solutions were filled into the modules and drained after 10 seconds. After air drying for 4
hours, the PDMS was further crosslinked in a convection oven at 45 °C overnight. Modules
were pre-tested to verify the absence of defects and then shipped to SINTEF for further

permeation tests.



215
216

217
218
219
220
221
222
223
224

225

226
227

228
229
230
231
232
233
234
235
236
237
238
239

3.2 Gas permeation properties

For the testing of the self-supported CTA samples, a high-pressure Millipore 47 mm HP Holder
(active area 9.6 cm?) was applied. Connections for feed, retentate, sweep and permeate
streams were installed with the help of Swagelok® connectors. The Millipore module is shown
in Figure 1. Circular CTA samples for the permeation were easily punched out from the free-
standing CTA film and applied in the module. In between the porous filter plate and the CTA
film a porous 25 um-thick polypropylene (PP) film (Celgard® 2500) to prevent that the CTA
film was mechanically damaged during the high-pressure operation. Without the Celgard®film
it was observed that the CTA membrane was mechanically deformed (around 5 pum) from

polymer extrusion into the openings of the Millipore back-pressure support screen.

Figure 1 Millipore 47 mm HP membrane holder and integration of the CTA film. The CTA film is supported by a
porous 25 um-thick polypropylene (PP) film (Celgard®).

All gas permeation measurements were conducted using the constant-pressure method,
analogue to ASTM D3985 — 17, through employing gas chromatography (GC) analysis on the
permeate stream, in a permeation set-up under mixed gas conditions. The setup was designed
to withstand a pressure up to 92 bars, and the membrane module was placed in a Memmert
UF450 forced air circulation oven for temperature control. Automated mass flow controllers
(MFC) (Bronkhorst High-Tech B.V.) were used to control the gas supply to the feed and
permeate side of the membrane module. A controlled evaporation mixing (CEM) system was
installed for the accurate introduction of low levels of humidity (Bronkhorst High-Tech, CEM
W-101A-C10-K, size 2 — 100 pg/h). The pressure of the feed side was controlled with the help
of a back-pressure controller (Bronkhorst High-Tech, P-512C equipped with F-033C control
valve, max. 92 bar). At the permeate side, argon was applied as a sweep flow gas. The

permeate side was at atmospheric pressure, and the permeate flow was measured using an
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automated mass flow meter (Bronkhorst High-Tech, F-101D, size 100 mL/min). A micro-GC
(Agilent 490) equipped with a thermal conductivity detector (TCD) was employed to monitor
the permeate composition. The micro-GC was calibrated for low concentrations of CO; (0-12
vol.%), CHa (0-5 vol.%) and H,S (0-25 vol.%)) in Argon using CO2/CHa/H2S mixtures prepared in
the lab using calibrated flow controllers. A good linear fit (R?> = 20.999) was obtained for the
GC response as a function of CO», H;S, and CHs4 content. The flux of the respective gaseous
components was calculated from the measured absolute permeate flow and the permeate
composition measured by the GC. Permeability values were expressed at 20 °C and 1.013 bar
(1 atm) in units of Barrer. Selectivity is defined as the ratio of permeability of the two gaseous

components.

Bottled pre-mixed gas cylinders (Nippon gas) were employed. Investigated gas mixtures
include a mixture containing 5% CO; in CH4, a mixture containing 15% H,S and 5% CO; in CHa,
and a mixture containing butane (3%) and a trace amount of toluene (300 ppm) maintaining
15% H.S, 5% CO,, in CHs Two temperatures, i.e., 30 °C and 50 °C, and three pressures, ranging
from 20 bar to 50 bar, were considered in the study. Table 2 provides an overview of the

varying test conditions for the investigated self-standing CTA samples.

Table 2 Self-supported CTA membrane samples and conditions investigated.
Sample | Thickness | 5% CO2 | Humid 15% Humid | Cs/toluene Humid
[um] 5% CO> H2S 15% HaS Ca/toluene
CTA#2 X
CTA#3 X X
CTA#S5 449+5.1 X X
CTA#6 46.3+2.8 X X X
CTA#7 456+5.6 X X
CTA#9 63.1+7.3 X X X
CTA#10 | 34915 X X X X

10
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4 Results and discussion
4.1 Self-standing CTA samples

4.1.1 Permeation in CO,/CHa including humidity

The performance of the individual CTA membrane films was initially evaluated up to 50 °C and
50 bar in a pre-mixed feed consisting of 5% CO; in CHa. In total, seven samples were evaluated
for their performance. The obtained membrane performance with standard deviation can be

seen in Figure 2, while the numerical values for obtained permeability and selectivity are given

in Table 3.
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Figure 2 Initial performance of CTA samples as function of pressure at 30 °C
Table 3 Numerical values for obtained permeability and selectivity, 30 °C, 5% CO2 in CH4 as feed.
Temperature | Pressure CO; permeability CHa permeability CO2/CH4
[°C] [bar] [Barrer] [Barrer] selectivity [-]
30 50 7.6+0.7 0.27 +0.03 28.6+1.3
30 35 8.3+0.7 0.28 £0.04 30.2+1.9
30 20 9.0+0.8 0.28 +0.04 325+2.4

The obtained CO; permeability and CO,/CHa selectivity is 9.0 Barrer and 32, respectively at 20
bar. For CTA self-standing films with similar thickness, Scholes et al. report ~7-8 Barrer [14].
The obtained permeability and selectivity also agree well with data reported by Swaiden et al.
[16]. It can thus be concluded that the samples result in reproducible performance. The effect

of humidity in 5% CO; in CH4 as feed was subsequently investigated. Figure 3 shows the effect
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of humidity on the CO; permeability and CO,/CHs selectivity at a pressure of 20, 30 and 35

bar. At each humidity level the performance was left to stabilize for at least 12 hours.
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Figure 3 Effect of relative humidity on CTA performance, 30 °C and varying pressure. Sample CTA#5.

At 20 bar and relatively short-term exposure to relative humidity levels of 2.5 — 25% RH (50 —
500 ppm), the CO; permeability is reduced by around 10 — 13%, at unchanged CO,/CHa
selectivity. At these humidity levels, the reduction seems reversible. This behavior agrees with
the data from Li et al. [13] that show no significant effect on the CO; flux at relative humidity
levels of 10% or less. For relative humidity in the range 18-23%, the flux decreased 30%
compared to the dry gas flux, but recovered when the feed was switched back to dry gas. For
relative humidity > 30%, the flux decline was found to be large, rapid, and irreversible.
Subsequently, the humidity was investigated at slightly more elevated pressures, i.e., 30 and
35 bar. The results are plotted as function of the relative humidity of the feed in Figure 3
showing that the percentage reduction in CO; permeability follows a relation with the relative

humidity of the gaseous feed, at least within the conditions investigated.

4.1.2 Permeation in ternary mixtures including 15% H,S and humidity

Subsequently, the CTA performance has been investigated in a sour feed gas containing 15%
H,S. Membrane CTA#3 was followed over time while varying pressure at both 30 and 50 °Cin
the presence of 15% H.S. The sample was tested for an overall period of 1000 hours, of which
approximately 480 hours was in the presence of 15% H,S. As an example, the time-dependent
flux and selectivity behaviour at 30 °C, at pressures of respectively 20, 35 and 50 bar is given

in Figure 4.

12
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Figure 4 Time-dependent performance of sample CTA#3 in the presence of 15% H2S at 30 °C. HzS is present in

the red region.

Compared to the baseline performance in 5% CO; in CHa, the introduction of H.S results at 20
bar (see Figure 4 at process time between 50 and 100h) in a gradually increasing trend of both
the CO; and H.S permeability over time, combined with a slight decrease in CO2/CHa
selectivity. This effect is magnified at the higher pressures (after 100 and 150h the pressure
was increased to respectively 30 and 50 bar). For example, the CO; and H;S permeability
increases respectively by approximately 30 and 40% over a period of 100 hours at 50 bar. This
might be explained by a gradually controlled plasticization induced by H»S. The slow kinetics
can be explained by the fact that a relatively thick self-supported membrane sample is applied
for the current tests. Compared to the permeability prior to any H;S exposure, the H,S
introduction results in a large increase in CO; permeability (10-200% for 20 — 50 bar) at the
expense of a minor drop in CO2/CHa selectivity (9-27%). Figure 5 shows the gas separation
performance in the presence of 15% H,S as function of pressure (full lines: incremental
pressure; dotted lines: decremental pressure). The increased permeability is rather long-
lasting for these thick self-supported samples. The total sour gas selectivity, (CO2+H2S)/CHa,
shows values around 54-48, while the total sour gas permeability equals 48 (20 bar) — 54 (50
bar) Barrer. The removal of H,S from the feed leads to a much faster decrease in permeability
(see process time between 350 and 400 hours in Figure 4), while the CO2/CHa recovers quickly
back to the CO,/CHa selectivity prior to any H,S exposure. However, even after 100h of sweet

operation, the permeability lies 40% above its initial value prior to any H,S exposure.
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Figure 5 Performance of CTA#3 in the presence of 15% H:S as function of pressure during the increase in pressure

(full lines) and decrease in pressure (dotted lines), T = 30 °C.

These results agree rather well with expectations from existing literature. Cellulose acetate
membranes show a relatively low H;S permeability of approximately 4.7-10.2 Barrer,
depending on temperature (22 — 80 °C) at low H3S partial pressure (1 bar) [11]. However, at
higher pressure (T = 35°C, feed H,S/CO2/CH4 = 20/20/60), a H2S permeability of 8.7 and 39.7
Barrer is obtained at 34.4 and 48.3 bar respectively, with a H,S/CHa selectivity varying between
29.7 and 27.4 [12]. Under the same conditions, a CO, permeability of respectively 8.7 and 27.5
Barrer is obtained with a CO,/CHs selectivity of 29.5 - 19.1. The increase in permeability
combined with the decrease in CO2/CHa selectivity with pressure might be related to
plasticization phenomena expected due to the high condensability of H,S and CO,, which leads
to high solubility in the polymer matrix, increasing the mobility of the polymer chain segments,
thereby increasing gas permeation [8]. As expected also, CO2/CH,4 selectivity decreases
gradually as plasticization occurs. However, the plasticized CTA membrane shows an
unexpectedly stable H,S/CHj selectivity. A similar behavior has been reported for CTA hollow
fiber membranes [8] and glassy polyimide-based dense film membranes for H,S/CO2/CHa

ternary mixture separation [9], illustrating the controlled plasticization benefits of H5S.

Subsequently, the performance of the CTA membranes has been investigated in humid sour
feed gas streams containing 15% of H,S. Figure 6 shows the time-dependent performance in
the presence of 15% H,S at 30 °C during humidity exposure up to 90% RH at 20 bar (CTA#7)
and 50 bar (CTA#6), respectively. Initially, the performance is left to stabilize in the sour feed

gas (5% CO,, 15% H.S in CHa4) for around 4 days. This establishes a proper baseline prior to the

14



343
344
345

346

347
348

349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368

humidity introduction. Then, the performance in humid 15% H,S is investigated at varying
water vapor content over a period of around 200 hours. Finally, the performance in the dry

sour feed gas (5% CO2, 15% H,S in CHa) is again verified to investigate any hysteresis effects.
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Figure 6 Time-dependent performance of CTA in the presence of 15% H:2S at 30°C, (a) 20 bar, sample CTA#7;(b)

50 bar, sample CTA#6. Humidity is added in the blue region. HzS is present in the red region.

At 20 bar (Figure 6a, 130h) the introduction of H,S results in a minor gradually increasing
behavior of both the CO; and H.S permeability over time, combined with a decrease in
CO2/CHa4 selectivity. Compared to the permeability prior to any H.S exposure, the H,S
introduction results in an increase in CO, permeability from 8.1 to 9.6 Barrer at the expense
of a reduced CO»/CHg selectivity from 33.6 to 28.6 under the current conditions (30 °C and 20
bar). The H;S permeability equals 10.9 Barrer. Thereafter (Figure 6a, 230h) humidity is
introduced at a water content of 600 ppm (28% RH). This results in a slow gradual increasing
behavior in both CO; and H,S permeability. During the next 2 days of operation at 600 ppm
the CO; and H,S permeability increased from respectively 9.4 and 10.9 Barrer to 9.7 and 11.5
Barrer. The permeability increase occurs at seemingly unchanged CO2/CHs and H2S/CHa
selectivity. The further increase in humidity, first to 1200 and then to 1800 ppm results in a
similar effect. Upon changing the humidity level initially both the CO; and H.S permeability
show some flow stabilization, after which followed a slow and gradually increasing
permeability behavior. Our hypothesis is in the higher H,S environment, the combination of
H,S plasticizing and hydrophilic nature of CTA is enabling the swelling of polymer chains which
allows the H,S molecules to pass through, but the there is still significant competitive sorption
between condensable gases (H2S, CO2 and H,0) vs. CHs which helps in preserving or slightly
increasing selectivity. H,S separation behavior seems to benefit from the presence of high
moisture content. The reduction in humidity from 1800 to 600 ppm (Figure 6a, 375 h) does

not trigger an immediate decrease in permeability, indicating there is probably some
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hysteresis at higher humidity content. Considering the thickness and density of the samples,
it will take additional time for the polymer chain to return to the original state. Comparing
initial and post-humid membrane performance shows that the humidity exposure has
increased the CO; and H.S permeability from respectively 9.6 and 10.9 Barrer to 11.8 and 14.2
Barrer, even after 2 days of operation in dry gas. The H,S/CHa selectivity is not affected by the
humid operation, while the CO./CHs selectivity obtained after the humid operation is
somewhat lower compared to the initial value, i.e., 27.0 compared to 28.6. At 50 bar a similar
behavior is observed though the plasticization upon H;S introduction at 50 bar is much larger,
explained by the higher partial pressure of H,S in contact with the membrane as previously
explained in Figure 5. The H,S introduction at 50 bar results in a large increase in CO;
permeability from 6.9 to 26.0 Barrer (9.6 Barrer at 20 bar) at the expense of a reduced CO2/CH4
selectivity from 29.2 to 19.0. The H,S permeability after 100 h of stabilisation equals 40.5
Barrer (10.9 Barrer at 20 bar). Then humidity is introduced at a level of 400 ppm (Figure 6b,
320h, 45% RH). Similar to what was observed at 20 bar, this results in a minor immediate
decrease in CO, permeability, which is followed by a gradual increasing trend observed
especially for the H,S permeability. During 3 days of operation, the CO; and H;S permeability
increases from respectively 25.4 and 40.2 Barrer to 26.0 and 41.3 Barrer. The humidity
introduction also triggers a minor increase in the H,S/CHa selectivity at unchanged CO,/CHa
selectivity. The subsequent further increase in humidity to 800 ppm generates in a similar
response on the permeability. Compared to the observations at 20 bar (Figure 6a), the various
humidity levels affect the membrane performance to a minor effect at 50 bar, both in absolute
and relative amount. It seems that the additional swelling and/or plasticization effect of
humidity at 50 bar is little compared to the already highly plasticized/swollen membrane at
50 bar 15% H,S. Moreover, the higher partial pressure of each gaseous component results in
a stronger competition to water molecules to solubilize within the polymeric matrix, possibly
limiting the water uptake. The reduction in humidity at 50 bar from 800 to 400 ppm (Figure
6b, 480h) and subsequently complete removal of humidity (Figure 6b, 515h) results in the
opposite behaviour. An initial minor decrease in permeability is followed by a gradually
decreasing trend. It should be noted that from the moment the humidity was decreased (~475
hours), both the CO,/CHs and H,S/CHas selectivity seemingly started to decline. The exact
reason for this is unclear, but it may be related to the drying of acidic droplets on the

membrane surface possibly formed during the high humidity conditions (800 ppm = 95% RH).
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4.1.3 Effect of higher hydrocarbons including 15% H,S and humidity

Subsequently, measurements were performed in the presence of higher hydrocarbons (3%
butane and 300 ppm toluene) in the presence of humidity. For this investigation, new
membrane samples were applied to provide a valid comparison of membrane performance

under different test conditions.

Figure 7 shows the time-dependent performance in the presence of 15% H>S at 30 °C and
subsequently 20, 30 bar (from 210 h) and 20 bar (from 475 h). Butane and toluene presence
is indicated by the orange region. Prior to the introduction of butane and toluene, the
membrane performance was left to stabilize in the feed mixture containing 15% H>S. The
observed trend upon H,S introduction agree well with those previously observed in both

Figure 4 and Figure 6a.
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Figure 7 Time-dependent performance of sample CTA#9 in the presence of 15% HzS at 30 °C and subsequently

20 and 30 bar (from 210h). Butane and toluene are added in the orange region. HzS is present in the red region.

After a stabilization period of around 50 h in 15% H,S mixture (5% CO; and rest CHa), a new
gas mixture of 15% H,S + 5% CO; + 3% butane, 300 ppm toluene and bal. CH4 was introduced
to the membrane (Figure 7, 160 h) to evaluate the individual effect of Ca/toluene on the CTA
performance. This introduction results in a minor inhibition of both the CO, and H,S
permeability. After 2 days of exposure, both the CO, and H,S permeability have decreased by
around 4%. Both the CO,/CHas and H,S/CHa selectivity are seemingly unaffected at these
operating conditions (30 °C and 20 bar). After removal of butane and toluene the pressure

was increased to 30 bar, which, as expected, resulted in higher values of both the CO; and H,S

17



423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449

450
451
452
453

permeability at the expense of slightly reduced values of both CO,/CHs and H;S/CHa
selectivity. After a stabilization period of around 72 h, butane and toluene were subsequently
introduced, which again resulted in a gradual inhibition of both the CO; and H,S permeabilities
at otherwise unchanged CO2/CHs and H,S/CHs selectivities. Comparing the obtained
permeability with the extrapolated CO; and H,S permeabilities (dotted line in Figure 7) the
magnitude of inhibition is around 10% (30 °C and 30 bar). Note that the gradual decline in
permeability is shifted to a gradual increase after around 330 h. At this point, the flux-
increasing effect of H,S plasticization at 30 bar prevails over the flux behavior. The removal of
butane and toluene from the feed stream results in the recovery of the flux, seemingly close
to the extrapolated performance in the absence of these higher hydrocarbons. Subsequently,
the effect of butane and toluene was investigated for a second time at 20 bar. For this, the
membrane was again first left to stabilize at 20 bar in a feed mixture of CH4/CO,/H,S, 80/5/15.
After approximately 3 days, butane and toluene were added to the feed mixture for a period
of 3 days (Figure 7, 520 h). Again, the introduction of butane and toluene results in an
inhibition of both the CO, and H.S permeability, though compared to the initial exposure to
the hydrocarbons at 20 bar, the flux inhibition is larger; ~17% compared to the initial 4%. Both
the CO2/CH4 and H,S/CH4 selectivities are seemingly unaffected at these operating conditions
(30 °C and 20 bar). The removal of butane and toluene from the feed stream (process time
600 h) results in a flux recovery, potentially close to the extrapolated performance in the
absence of these higher hydrocarbons. In general, highly condensable gases with large kinetic
size, such as toluene, compete with H,S and CO; by sorption but can also hinder their diffusion
[8]. Therefore, at limited absolute pressure, a higher toluene partial pressure results in
decreased H,S/CH4 and CO,/CHa selectivities. Nevertheless, the controlled plasticization of the
CTA membrane at elevated H,S partial pressure creates additional free volume (sorption-
favored) and increased mobility (diffusion-favored) for all gas molecules. Potentially, the
enhanced detrimental effect of toluene on the CTA performance at elevated pressure is offset

by the new “opportunities” for permeation [8].

In the following, the CTA performance has been investigated in sour feed gas streams
containing 15% of H,S including higher hydrocarbons (3% butane and 300 ppm toluene) at
humidity at levels between 600 — 1800 ppm (20 bar, 30 °C; RH = 28-85%). No information on

the performance of CTA membranes in the co-existence of both humidity and condensable
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hydrocarbons is available in literature. The results are presented in Figure 8 during which the
membrane (CTA#10) was operated in humid 15% H,S including higher hydrocarbons from a
process time of 170 h. Initially, 15% H,S (with no high hydrocarbons or moisture) was
introduced at 70 hours, and then switched to 15% H.S + C4/toluene mixture at 125 hours.
Even though a similar behaviour was observed compared to sample CTA#9, the CO; (11.2
versus 10 Barrer) and H.S (13.4 versus 11.6 Barrer) permeabilities in the presence of 15% H.S
were slightly higher. This can be explained by the lower thickness of CTA#10 leading to a
potentially larger effect of plasticization. The introduction of butane and toluene (without
humidity) reduced the permeability by around 8%. This reduction is also larger compared to

the CTA#9 sample, for which the reduction was found to be ~4% at 20 bar.
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Figure 8 Performance of sample CTA#10 in the presence of 15% H2S at 30 < and 20 bar at various levels of
humidity. Butane and toluene are added in the orange region. HzS is present in the red region. Humidity (including H2S and
butane/toluene) is present in the blue region.

Subsequently, humidity is introduced at a level of 600 ppm, which resulted in a slow gradual
increasing trend in both the CO; and H.S permeability. During 2 days of humid operation the
CO; and H3S permeability increased from 10.2 and 12.3 Barrer to 10.5 and 13.1 Barrer,
respectively. This increase occurred at a seemingly unchanged H,S/CHs selectivity, but a
decreasing CO,/CHg, selectivity trend. The further increase in water content to 1200 ppm and
thereafter to 1800 ppm generated a similar response on the permeability; an immediate flow
stabilization, followed by a gradually increasing behaviour. Compared to dry operation, the
CO; and H3S permeability at 1800 ppm humidity increased from 10.2 and 12.3 Barrer to 12.2

(+19%) and 17.1 (+38%) Barrer, respectively. The larger increase in H,S permeability resulted

19



477
478
479
480
481
482
483
484
485

486

487
488
489
490
491
492
493
494
495
496
497
498
499

500
501

502
503

in an increased H,S/CHs selectivity during humid operation. Note, however, the gradual
decrease in CO2/CHa selectivity during the humid operation. The reduction in humidity from
1800 to 600 ppm and subsequent complete removal of humidity resulted in the opposite
behaviour; an initial minor increase in permeability followed by a gradual decreasing trend.
The permeability enhancement takes time to return to its original value after humidity
removal. The slow kinetics can be explained by the fact that experiments are performed on a
relatively thick self-supported membrane sample. Therefore, in the following, CTA hollow
fibers were spun and evaluated in the same gas mixtures, including higher hydrocarbons in

the presence of various levels of humidity.

4.2 CTA hollow fiber samples

4.2.1 CTA hollow fiber membrane spinning

Initially, it was targeted to obtain hollow fibers with outer diameter smaller than 400 um and
the wall thickness to be around 100 um to get a burst pressure over 30 bars (inside out).
However, to reach the target, the wall thickness was increased to 150 um. As a result of this
necessity, the fiber outer diameter was set above 644 um. Besides the burst pressure
measurements, fibers were also characterized by single gas permeation measurements and
SEM imaging. Hollow fiber modules with 4 connections (feed, retentate, sweep, permeate)
tested under 3 bar transmembrane pressure with atmospheric permeate side pressure at 35°C
for N2 and CO,. The CO2/N2 perm-selectivity value was considered as an indication of the
formation of a successful defect-free membrane module that could be used for extended
permeation tests. Results of characterization studies are given in Table 4. Cross-sectional
images of the C-CTA11-2 and C-CTA-11-2R fibers from are shown in Figure 9. Images indicate

an open asymmetric substructure with a dense skin layer.

Table 4 Gas permeation properties at 35°C and burst pressure of fibers obtained in the spinning trials.
Batch CO»- CO2/N,- Dimensions Burst pressure
permeance (GPU) Selectivity (-) oD/wall (um) (bar)
C-CTA-11-2 72%* 29* 644 / 186 30-33
C-CTA-11-2R 100-120* 32%* 644 / 177 30-33

* After PDMS-coating
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Figure 9 Cross-section of fibers obtained in sessions 11-2 and 11-2R showing overview, wall and outside skin
morphology.

4.2.2 CTA fiber module testing in 15% H,S including humidity

One sample from the C-CTA-11-2R spinning session was used to investigate the CTA fiber
performance in the feed mixture containing 15% H,S including various levels of humidity. For
reducing the flow distribution variance and stage cut during experimentation, this module has
a relatively short active length and has only two fibers installed, resulting in an active
membrane surface area of 5.4 cm?. Figure 10 shows the time-dependent performance of
module C-CTA-11-2R-X. The sample was tested for a total period of 1130 h, exposing the
sample for approximately 600 h to 15% H,S out of which 180 h in presence of humidity.
Especially the longer-term performance stability in dry and humid atmosphere was
investigated. For the whole test duration, the temperature and pressure were kept at 30 °C

and 20 bar, respectively.
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Figure 10 Module C-CTA-11-2R-X, performance as function of time and conditions. HzS is present in the red region.

Humidity (in addition to HzS) is present in the blue region. T = 30 °C and P = 20 bar. The peaks in the graph are obtained
at an increased feed flow rate. Between 230 and 245 h the module was in static gas conditions (no feed flow).

In the initial 5% CO; feed, the C-CTA-11-2R-X module shows, respectively, a CO; permeance
and CO./CHa selectivity of 54.2 GPU and 18.7, respectively, at stage-cut below 2%. After
approximately 120 h, the feed gas was switched to 5% CO;, 15% H.S in CHs. Upon H.S
introduction the CO, permeance increased to 65.3 GPU, while the CO,/CHs selectivity was
reduced to 15.6. The H,S permeance stabilized after around 100 h at a value of around 65 GPU
at H,S/CHa, selectivity of 19.8. The above-mentioned performance data were all obtained at a
stage-cut of around 5%. Even though such stage cut is normally low enough to minimize
concentration polarization on the upstream membrane side [8], an improved separation
performance is obtained by lowering the stage-cut as shown in Figure 11 showing the high
flux of the CTA hollow fiber membranes in high H.S conditions. Numerical values for

performance at respectively low and higher feed flow rate are given in Table 5.
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Figure 11 Module C-CTA-11-2R-X, effect of feed flow rate on performance in 15% HS. T = 30 °C and P = 20 bar.
Table 5 Module C-CTA-11-2R-X, performance at respectively low/higher feed flow rate, T =30 °C and P = 20 bar.
Condition Flow / T[°C] P [bar] CO: [GPU] | H:S[GPU] CO2/CHa H2S/CHa

stage-cut

5% CO2 30 20 49.8 - 17.4 -
Low / 5%

15% H.S 30 20 65.3 84.0 15.6 19.8

5% CO2 . 30 20 54.2 - 18.7 -
High / 1%

15% H.S 30 20 69.6 91.3 16.6 21.8

For around 200 h, stable performance was obtained, but a reduction in the feed flow rate
applied after around 340 h triggered a decline in both CO; and H,S permeance combined with

lower values for both CO2/CH4 and H,S/CHa selectivity.

After approximately 525 h, humidity was introduced to the 15% H,S feed gas. The humid
operation during around 265 h in 15% H>S can be seen in Figure 10. Initially, around 800 ppm
of humidity (~40% RH) was introduced. The addition of humidity resulted in a slight increase
of both H,S/CH4 and CO2/CHs selectivity at a minor decrease in both CO2 and H,S permeance.
However, the on-going decline in performance that was initiated when lowering the feed flow
rate (340 h) seems to be accelerated after the humidity introduction. During the humid
operation for around 250 h (40% RH and 80% RH), a 7-8% drop in CO2 and H>S permeance was
observed. As the CHs4 permeance reduce to a larger extent (¥10%), the CO2/CHa and H,S/CH4

selectivities increased marginally (2-3%).

To establish that the reduction in H,S and CO2 gas permeance (even in presence of humidity)
is mainly caused by the high stage cuts, we attempted to run the experiment/gas permeation

for a short duration at a large feed flow rate by increasing by a factor of eight, reducing stage-
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cut to close to 1% from 790-795 h. The results can be seen in Figure 12 while the numerical
values are given in Table 6. Figure 12 starts at low feed flow (stage-cut around 10%) in 80%
RH. Then the flow was increased by a factor of 8 (stage cut reduced to ~1.5%). After 2 h in wet
conditions, the humidity was removed at unchanged feed conditions. Thereafter, the feed

flow rate was again reduced to a stage-cut of around 1.5%.
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Figure 12 Module C-CTA-11-2R-X, close-up of performance during humidity removal. T = 30 °C and P = 20 bar.
H:S is present in the red region. Humidity (in addition to H:2S) is present in the blue region. The peaks in the graph are
obtained at an increased feed flow rate.

Table 6 Module C-CTA-11-2R-X, performance at respectively low/higher feed flow rate in respectively dry and
humid conditions, T = 30 °C and P = 20 bar.
Condition Flow / T[°C] P [bar] CO: H2S [Barrer] | CO2/CHs H2S/CHa
stage-cut [Barrer]
Humid Low / 10% 30 20 51.4 65.2 14.7 18.7
15% HaS High / 1.5% 30 20 58.2 79.8 17.0 23.4
Dry Low / 10% 30 20 54.2 68.2 14.5 18.2
15% HaS High / 1.5% 30 20 61.6 80.7 17.0 22.3

From Figure 12 and Table 6 it can be concluded that humidity reduces the obtained CO;
permeance at a relatively flat CO2/CH, selectivity. After the feed flow rate increases, the H,S
permeance is not fully stabilized upon humidity removal, but its behavior seems unaffected
by the presence of humidity in agreement with the results shown in the section 3.2 on self-
standing CTA dense films. It seems relatively clear that the presence of humidity increases
H2S/CHa selectivity. Unfortunately, due to the limited gas inventory and specialized nature of

these experiments, it is challenging to run at higher feed flow rates for longer duration. The
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stability of CTA hollow fibers with H2S and moisture is still worth investigating for potential

industrial application.

4.3 Post-process analysis

To understand the differences (if any) caused by the humid sour gas mixture on CTA dense
membranes, samples were analyzed by 3 different techniques: hydrogen nuclear magnetic
resonance (*H-NMR), thermo-gravimetrical analysis (TGA), and Fourier Transform Infrared
Spectroscopy (FTIR). For the characterization by 'H-NMR, around 10 mg of every film was
dissolved in deuterated DMSO (d6-DMSO) and placed in a typical NMR tube to be analyzed in
a C4315 - Bruker 400MHz device. The comparison of the samples analyzed is shown in the
Appendix (Figure S1). In principle, no visual changes have been observed. To be more precise,
the area of the cellulose ring (Figure S2) and the area of the substituted acetate (Figure S3)
had been enlarged. No differences were found by 'H-NMR. It can thus be concluded that the
main part of the polymer film remained unchanged after being exposed to different gas feed
conditions. A similar conclusion can be drawn from the analysis of the samples by
thermogravimetric analysis (TGA) as shown in Figure S4. After a small initial weight loss,
attributed to the water adsorbed in the film, the samples show the same weight loss pattern

indicating that the majority of the structure shows similar thermal stability.

The surface of the films was subsequently analyzed by FTIR as is shown in Figure 13. The
measurements were repeated 5 times to ensure reproducibility. It is important to understand
if there is any interaction between the polymer matrix and the gases, especially H;S and H;0.
For this reason, in Figure 14, the areas where possible interaction may happen (around 3600
cmt) are magnified. The enlarged area in Figure 14, an additional peak in the samples CTA#5,
CTA#6 and CTA#7 in comparison to the sample CTA#3 can be observed. The area of this peak
corresponds to the S-O bond stretching which can confirm the presence of sulfur molecules
[21]. This may suggest that at least, the non-acetylated part of the cellulose triacetate
structure may have been chemically altered where parts of the molecule would have changed.
It is also possible to see in Figure 14 the differences between the sides of the film where the
top part is more affected than the bottom part. This is a clear indication that the process
occurring is related to the interaction or condensation of the humid gas on the feed side of

the membrane.
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Figure 13 Conditions that the various CTA films have experienced (left), FTIR for the CTA films where CTA#3,6 and
7 where exposed to humidity and sour gas mixtures, whereas CTA #5 was only exposed to humidity but NOT the HzS
containing sour-gas mixture (right).
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Figure 14 FTIR of the area where possible interaction with HzS can be detected (left) and differences between the

top and bottom parts of the films (right).

While the CTA#3 film showed great stability, the CTA#5, CTA#6 and CTA#7 showed the effect
of the interaction of the polymer matrix with the gas in the feed side. This effect is more
significant for samples CTA#5 and CTA#7. Especially interesting is the case of the sample
CTA#5 which was not exposed to H;S, but still showed degradation. It seems that the higher
water content and temperature may act as a trigger for a substitution reaction. It can be
observed from the TGA analysis shown in Figure S4 that the amount of condensed liquid in
the membrane is around 0.5 wt. %. Since this effect amount is too small to be detected by *H-

NMR, it confirms that the process may occur only on the surface of the film.
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5 Conclusions

The current study aims to provide a thorough understanding of the separation performance
of the cellulose (tri)-acetate (CTA) membrane material in humid high H,S natural gas feed
streams. The systematic study of the gas separation performances of CTA polymers has been
carried out in self-standing symmetric films and asymmetric hollow fiber membranes. The
separation performance in H;S-containing mixtures (CH4/CO2/H>S, 80/5/15) were evaluated
at 30 and 50 °C at 20, 35 and 50 bar, including higher hydrocarbons in the presence of various
levels of humidity, up to 4500 ppm or 80% RH, depending on conditions of temperature and

pressure.

The introduction of butane and toluene in the high H,S feed mixture resulted in an inhibition
of both the CO; and H;S permeability. Both the CO,/CHs and H,S/CHa selectivity were
seemingly unaffected at these operating conditions (30 °C and 20 bar). In general, highly
condensable gases with large kinetic sizes, such as toluene, compete with H,S and CO; by
sorption but can also hinder their diffusion. Therefore, at limited absolute pressure, a higher
toluene partial pressure resulted in decreased H;S/CHs and CO./CHas selectivities.
Nevertheless, the controlled plasticization of the CTA membrane at elevated H,S partial
pressure created new free volume (sorption-favored) and passage (diffusion-favored) for all
gas molecules. Potentially, the enhanced detrimental effect of toluene on the CTA

performance at elevated pressure was offset by the new “opportunities” for permeation.

The addition of humidity resulted in a slight increase of both H,S/CHa and CO,/CHa selectivity
at a minor decrease in both CO2 and H,S permeance. During the humid operation (40% RH
and 80% RH), a 7-8% drop in CO; and H.S permeance was observed. As the CHs permeance
reduced to a larger extent, the CO2/CHs and H,S/CH4 selectivity increased only marginally.
After removal of the humidity, it can be concluded that the exposure to humidity reduced the
obtained CO, permeance at a relatively flat CO2/CHs selectivity. The H.S permeance seemed
unaffected by the presence of humidity, while it was observed that humidity presence slightly

increased H,S/CHj, selectivity.

Our hypothesis is in the higher H,S environment, the combination of H,S plasticizing and
hydrophilic nature of CTA enables the swelling of polymer chains which allows the H;S
molecules to pass through, but there is still significant competitive sorption between

condensable gases (H.S, CO, and H;0) versus CHs which helps in preserving or slightly
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increasing selectivity. H,S separation behavior seems to be benefit from the presence of high

moisture content.

To understand any chemical changes due to humid sour gas exposure, the CTA films have been
characterized using various analytical techniques. 1H-NMR showed no significant differences
and TGA showed similar thermal stability of the CTA films before and after the sour gas
exposure. FTIR showed differences for the sample CTA#5, CTA#6 and CTA#7 compared to
CTA#3 probably due to the condensation of acidified water on top of the film due to the larger

water content and temperature. This effect was especially significant on the sample CTA#7.

For the first time, the effect of these contaminants and humidity together has thus been
evaluated. By careful time-based permeation study of CTA membranes at various pressures,
temperatures, and different gas mixtures of sour gas (15% H»S) with heavy hydrocarbons (up
to butane, toluene) and up to high levels of humidity it is evident to say the membrane stability
(both permeability and selectivity) is promising. With the improvement of permeability due
to combination of H3S plasticization and competitive sorption, this phenomenon is attractive

and worth studying further.
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Figure S1. *H-NMR for the CTA films before and after measurement under H2S and humid conditions.
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Figure S2: 'H-NMR for the CTA films before and after measurement: enlargement of the cellulose ring area.
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Figure S3: 'H-NMR for the CTA films before and after measurement: enlargement of the acetate substituted area.
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Figure S4: TGA of the CTA films
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