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CHAPTER 4 :RESULTS AND DISCUSSION

OVERVIEW

Chapter 4 constitutes of 4 main Sections namely Membrane selection (Section 4.1), Single
component SO,/O, permeation (Section 4.2), Binary SO,/0O, mixture permeation (Section
4.3), and Concluding remarks (Section 4.4). Section 4.1 details the criteria that were used to
select the test membranes from diverse suppliers, and the final elimination of poor
performing membranes based on experimental screening results. Section 4.2 presents a
discussion on the pure component permeation of both SO, and O,. Section 4.3 presents a
discussion on the SO,/O, binary mixture permeation. Section 4.4 then gives a conclusion of
the chapter.
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4.1 MEMBRANE SELECTION

Determination of the ideal membrane material type and the criteria of elimination of poor
performing membranes through a screening technique are presented with the thrust of

selecting a membrane for the separation of SO, and O, in the Hybrid Sulphur process.
4.1.1 CHOICE OF MEMBRANE BASED ON MATERIAL TYPE

Gas separation membranes may be classified as is presented in Figure 4.1. The choice of
the membrane material type to be employed was based on the proposed feed gas mixture
composition given in Section 3.4.2 and the techno-economic feasibility of use of the material
in question that is presented in literature.

Appendix H (in hard copy and in CD), presents the VLE properties of the combined streams
in need of SO,/O, separation in the Hybrid Sulphur process. The resultant predicted
combined vapor phase stream composition range based on the optimum flash temperature
range of (27.6°C - 57.38°C) was (9.35 mol % — 18.16 mol %) SO, and (90.54 mol % - 81.23
mol %) O,. It would be economically reasonable to employ a membrane that would
preferentially allow permeation of the minor component (SO;) in the feed stream, the
justification being that much less membrane areas would be required to permeate the minute
component (SO) in contrast to the area requirements that would be needed to permeate the
major bulk constituent (O,) (Javaid, 2005:221). Thus the ideal membrane type for the
separation of SO,/O, in the present context would be one that preferentially favors the
transport of SO,. It is perceived that ultra thin sheets made into a tubular membrane
configuration would be suitable for the industrial application, though a flat sheet membrane
was used in the laboratory scale experiments. SO, would permeate radially through the
tubular unit and allow recovery of an SO, rich stream on the outer of the tube whilst the O,
rich stream would be recovered at the inner end of the tubular membrane. However a
disadvantage that surfaces is the need to recompress the permeated SO, from atmospheric
pressure to almost 3 bar partial pressure prior to introduction to the anolyte tank in the

industrial sceanario.

Figure 4.1 presents the available membrane types that could achieve the SO,/O, separation.
Table 4.1 then presents the separation mechanisms employed by the respective membranes

and a justification for the membrane material type selection.
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Figure 4.1 Membrane classification
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Table 4.1 Characteristics of different membrane types

Organic Polymer

Inorganic

a)

b)

c)

Dense non-porous

Employ a solution
diffusion mechanism

Solubility selectivity
(Selectivity based on
material-component
interaction rather than
molecular size)
dominates in rubbery
polymers®

Glassy polymers
generally exhibit
diffusivity selectivity
(molecular seiving
mechanism), though
exceptions exist with
glassy polymers with
large free volumes
where solubility
selectivity

dominates®®

(€}

a)

Porous
Micro-porous

Carbon molecular

sieves and zeolites

employ a size
exclusion
mechanism for
separation®

a)

b)

Porous

Nano-porous

Selective Surface
Flow membranes
that selectively
permeate the
larger and more
polar

components®”

Employ a
selective
adsorption -
surface diffusion
— desorption
mechanism®

a)

b)

<)

Dense non-porous

Dense ceramic
membranes which
allow component
transport in ionic
form at temperatures
ranging from 600°C-
1000°C®

Dense ceramic
protonic membranes
which are H; specific
and allow component
transport in ionic form
at temperatures
ranging from 500°C-
800°C®

Dense metallic

membranes which
separate components
within a temperature
range of 300°C-
600°C®

(1) Javaid, (2005:221); (2) Stern & Fried, (2007:1037); (3) van der Donk, (2008 :7) ; (4) Sircar et al.
1999 :2081)

With reference to Table 4.1 all four different membrane types to some extent have the

potential of separating SO, from O,, however there was need to select a membrane type
that:

1) Preferentially permeates SO, and leaves behind O..

2) May be used on large scale commercial applications.

3) May easily be assembled into modular form so as to reduce foot print

requirements.

4) May achieve separation at the desired operating conditions (15°C-55°C,

laboratory scale and 27.6°C — 57.38°C proposed industrial scale)
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The dense non-porous inorganic membranes were disqualified by the temperature range
(300°C-1000°C) within which separation occurs. It was intended to operate at temperatures
below 60°C in the present study. The micro-porous inorganic membranes would
preferentially allow permeation of the smaller O, molecule (kinetic diameter = 3.46A (Breck,
1974:636)) rather than the desired SO, molecule (kinetic diameter = 3.6A (Breck, (1974:636))
because of the size exclusion mechanism employed. Yet nano-porous inorganic membranes
would preferentially permeate SO, which is larger (kinetic diameter = 3.6A) and more polar
(Dipole moment = 1.6 debye (Bae & Lee, (2005:102)) compared to O, (kinetic diameter =
3.46A, dipole moment = 0 debye (Bae & Lee, (2005:102)), the manufacturing cost and the
membrane’s durability have confined its application to small scale specialty applications
(Koros, 2004; Scholes et al. 2012:16). Dense non-porous organic polymer membranes may
allow either SO, or O, to preferentially permeate through solubility or diffusivity selectivity
respectively. The expected differing (SO,-polymer) and (O,-polymer) interactions evidenced
by the gases’ differing lennard jones constants and critical temperatures indicate the
possibility of separating SO, and O, through the solubility selectivity transport mechanism
employed by the rubbery dense non—porous polymer membranes and some glassy dense
non-porous polymers (Stiel & Thodos, 1962:236; Bae & Lee, 2005:102; Stern & Fried,
2007:1037). Solubility selectivity would favor the transport of the more interactive SO,
molecule. The task at hand is to select a polymer type that would favor SO, permeation
based on expected gas-polymer interactions derived from both the polymer and gas
properties. Most commercial applications have employed dense non-porous polymers for gas
separation because of their ease of manufacture into modules which translates to reduced
foot prints (Scholes et al. 2012:16). Dense polymeric membranes were thus deemed perfect

candidates for the separation in question.
4.1.2 CHOICE OF MEMBRANES BASED ON INTRINSIC PROPERTIES

Selection of the ideal membrane to undertake a particular gas separation is a
function of both the membrane material and the nature of components to be
separated. Solvay, a major polymer manufacturer highlights that present day gas
separation membranes are synthesized from both Sulfone polymers and
Fluoropolymers (Solvay, 2012a). Membranes chosen for the present study were all
either Sulfone or Fluoro based. Table 4.2 presents different membrane intrinsic
properties that were used to justify the selection of the membranes used in the

present study. The commercial availability of the membrane was also considered.
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Table 4.2 Intrinsic properties of selected membranes

Membrane Permeability(Barrer) Resistance to H,SO4 Free Volume(%) Polymer Commercial availability(Supplier)
N2 SOZ 02 C02

Hyflon F 4.6 Excellent” - Fluoro™ Solvay!”
Halar 0.03“, 0.058® 0.137,0.145® | 1.91® Excellent® 1.20% Fluoro® Solvay®
Nafion 117 * * Excellent® 3.30-3.7%Y Sulfone®™ Dupont™
Hyflon M 1.52© 3.040 4.6 13.710 Excellent® -0.08** Fluoro™ Solvay®
Udel Polysulfone 0.249 1.380 5.79 Excellent™ 15.20®2 Sulfone™ Solvay™®
Teflon AF 2400 4909, 480° 990, 990% 2800%) Unknown 37.00 Fluoro™ Dupont®

(1) (Solvay, 2011:39); (2) (Biogeneral, 2012); (3) (Park & Lee, 2008:652); (4) (Massey, 2003:76); (5) (Western Analytical, 2012); (6) (Solvay, 2012b:12); (7) (Solvay 2008:22); (8)
(Solvay, 2006:22); (9) (Orme & Stewart, 2009:512); (10) (Dupont, 2009); (11) (Sodaye et al. 1997:985); (12) (Drodten & Schedlitzki, 2011:131); (13) (Nunes & Peinemann, 2006:60);
(14) (Koev, 2011); (15) (Solvay, 2012b:4); (16) (Solvay 2008:3) *Humidity dependent permeability graph in Appendix E; ** Calculation in Appendix C

Table 4.3 Properties of gases

Properties Gases

[\ SO, 0, [
Kinetic Diameter (A) 3.64% 3.60% 3.46" 3.30%
Lennard Jones Constant €/k (K) 97.20% | 347%® | 122.00®¥ | 191.00?
Critical Temperature T (K 126.20" | 430.75 | 154.58" | 304.21“

(1) (Breck, 1974:636); (2) (Stiel & Thodos, (1962:236); (3) (Meyer & Thodos, 1962:532); (4) (Poling et al. 2008 :2-138)
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The aim was to employ a membrane that offers the lowest possible O, permeability, whilst
simultaneously offering the highest possible SO, permeability. Table 4.2 only provides the O,
permeability in all membranes with the exception of Nafion 117 which has a humidity
dependant O, permeability presented by Catalano et al. (2012:6313) and given in Appendix
E. SO, permeability is only given for Hyflon M (Perfluoroalkoxy) which acts as a standard
membrane upon which both the experimental permeabilites of O, and SO, can be
compared. It may be perceived that Hyflon F would exhibit similar gas separation properties
as Hyflon M, since Hyflon F (MFA) is regarded to belong to the perfluoroakoxy class, the
difference being melting point (Massey, 2003:91).

Javaid, (2005:221) suggested that since diffusivity selectivity favors the permeability of the
smaller molecules, to accomplish separation based on preferential transport of the heavier
molecule, the polymer in question must possess a large enough free volume such that the
diffusivity ratios of the two components is pushed to unity (Javaid, 2005:221). In such a
scenario, solubility selectivity then dominates and thus the heavier molecule permeates
preferentially.

Scrutinizing Tables 4.2 and 4.3, the permeability of all gases in Hyflon M tends to increase
with decreasing gas molecular kinetic diameter, implying the dominance of diffusivity
selectivity. The latter trend fully resonates with the suggestion by Javaid, (2005:221). Hyflon
M (PFA) has a very low free volume (= 0), and thus diffusivity selectivity dominates. The
choice of membranes with increased free volume (Halar = 1.2%, Nafion 117 = 3.77%, Udel
Polysulfone = 15.5% and Teflon AF 2400 = 37%) aimed at suppressing the dominance of
diffusivity selectivity and thus allow SO, to take advantage of its highly interactive potential to
permeate preferentially through solubility selectivity. Gas properties that have a bearing on
solubility in a polymeric matrix are chemical affinity with the polymer which is related to
molecular polarisation, condensability and the gas molecule’s kinetic diameter (Phair,
2006:797). Shieh & Chung, (1999:2851) suggests that the solubility of a gas in a polymer is
hinged on the critical temperature of the gas and the Lennard jones force constants which in-
turn give a measure of gas condensability and molecular interaction respectively. Solubility of
a gas in a polymer thus increases with increased condensability and increased gas-polymer
molecular interactions, the gas’ critical temperature (T;) may safely be used to estimate
solubility (Park & Lee, 2008:642). It is clearly evident that SO, has the greatest interaction
potential based on the data given in Table 4.3 and the latter discussion. SO, was thus
expected to permeate preferentially through solubility selectivity. It must be noted however

that factors inclusive of the polymer chemical structure could have a bearing on the net
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permeability of the gases in question (Matteucci et al. 2006:31). The latter was outside the
scope of the present study, and the choice of polymers with increased free volume was
deemed sufficient to atleast suppress diffusivity selectivity though there was a possibility of

the polymer chemical structure reversing the intent.

Gas streams in need of SO,/O, separation in the hybrid sulphur process contain acidic

vapours, as such potential membranes should be resistant to H,SO, attack.
4.1.3 CHOICE OF MEMBRANE BASED ON SCREENING EXPERIMENTS

Screening experiments were carried out in an effort to eliminate the worst
performing membranes from the membranes of choice based on single component
permeability values, flux values and ideal SO,/O, selectivity values. Figure 4.2
gives bar chart plots of the experimental membrane permeability results plotted
against pressure. It is important to note that Hyflon F experiments were carried out
at pressures 1.85 bar, 2.85 bar and 3.85 bar. Table 4.4 gives a summary of the
membrane screening results with ideal selectivities and Table 4.5 then gives
expected gas fluxes in hypothetical 1um thick membranes at the diverse trans-
membrane pressures. Of the available membranes, it is desired to select

membranes with:

1) The highest SO, permeability but with a low O, permeability
2) The highest SO,/O, selectivity

3) The highest SO, volumetric flux but with low O, volumetric flux
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Figure 4.2 Membrane permeability against pressure
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Table 4.4 Ideal selectivity of gases against O,

Selectivity against O,
Membrane
SO, 1Bar SO, 2 Bar SO, 3 Bar N, 1 Bar N, 2 Bar N, 3 Bar CO, 1Bar CO, 2Bar CO, 3Bar

Hyflon F 0.74 0.78 0.99 0.37 0.30 0.32 2.21 2.28 2.49
Halar - - 16.90 - - - - - 6.76
Nafion 117 29.8 34.54 40.20 - - - 3.61 2.83 2.53
Hyflon M 0.83 0.97 1.11 - - 0.32 2.46 2.35 2.43
UPS 46.00 58.47 314.00 0.22 6.46 5.20 5.60
Teflon AF 2400 1.18 1.05 1.26 0.45 0.44 0.46 2.00 2.03 2.02
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Table 4.5 Normalized gas flux values per 1 micrometer thick hypothetical film at diverse trans-membrane pressures
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Membrane Pure O,@ 25+ 1°C Pure SO, @25+ 1°C Pure N, @ 25+ 1°C Pure CO, @25+ 1°C
Volumetric Flux (m®.m?hr?) x 102 | Volumetric Flux (m>.m?hr?) x 10% | Volumetric Flux (m®.m?hr") x 10° | Volumetric Flux (m®*m?hr™) x 10
Hyflon F 3.85Bar | 285Bar | 1.85Bar | 3.85Bar | 2.85Bar | 1.85Bar | 3.85Bar | 2.85Bar | 1.85Bar | 3.85Bar | 2.85Bar | 1.85 Bar
6.99 5.61 3.70 6.89 4.38 2.74 2.22 1.70 1.36 17.41 12.81 8.18
Halar 3 Bar 2 Bar 1 Bar 3 Bar 2 Bar 1 Bar 3 Bar 2 Bar 1 Bar 3 Bar 2 Bar 1 Bar
0.10 1.62 0.65
Nafion 117 3 Bar 2 Bar 1 Bar 3 Bar 2 Bar 1 Bar 3 Bar 2 Bar 1 Bar 3 Bar 2 Bar 1 Bar
4.45 2.99 1.61 178.71 103.20 47.91 11.23 8.47 5.80
Hyflon M 3 Bar 2 Bar 1 Bar 3 Bar 2 Bar 1 Bar 3 Bar 2 Bar 1 Bar 3 Bar 2 Bar 1 Bar
4.38 2.85 1.45 4.68 2.62 1.24 1.43 10.03 6.65 3.43
UPS 3 Bar 2 Bar 1 Bar 3 Bar 2 Bar 1 Bar 3 Bar 2 Bar 1 Bar 3 Bar 2 Bar 1 Bar
0.81 0.55 0.28 255.59 32.11 12.92 0.18 4.56 2.85 1.81
Teflon AF 2400 3 Bar 2 Bar 1 Bar 3 Bar 2 Bar 1 Bar 3 Bar 2 Bar 1 Bar 3 Bar 2 Bar 1 Bar
787.49 565.40 303.88 990.33 594.35 358.44 361.44 247.21 137.29 1592.39 1149.01 607.40
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Figure 4.2 and Table 4.5 indicate that Teflon AF 2400, Udel Polysulfone and Nafion 117
presented the highest and desired SO, permeability and normalized SO, flux values
respectively and thus could be the membranes of choice for further investigation. However,
the low Teflon AF 2400 SO,/O, selectivity (=1 within the the pressure range, 1-3 Bar)
presented in Table 4.4 rendered the membrane unfit for the present application. Halar
presented a relatively fair SO,/O, selectivity of 17 given in Table 4.4, however the low SO,
flux of 0.0162 (m>.m?hr') at 3 bar disqualified the membrane from further investigation.
Nafion 117 and Udel Polysulfone presented the highest and most desirable SO,/O, ideal
selectivity, SO, permeability and SO, flux values as such remained superlative membranes
for further investigation.

4.2 SINGLE COMPONENT PERMEATION OF SO, AND O, IN NAFION AND UPS

A closer scrutiny to the permeability of SO, and O, in Nafion 117 and Udel Polysulfone (UPS)
is presented with the purpose of identifying the effect of process parameters (pressure in the
single permeation case) on permeability and normalized gas flux. Despite the presence of
gas interactions in binary mixture permeation, the effect of process parameters on pure

component permeation could aid optimization of the mixed gas separation.
4.2.1SINGLE PERMEATION IN UDEL POLYSULFONE

O, has a weaker sorbing potential compared to SO, based on the gas properties given in
Table 4.3 (Park & Lee, 2008:642; Shieh & Chung, 1999:2851). Matteucci et al (2006:22)
predicts that the permeability of the low sorbing components, mostly permanent gases
inclusive of O, is either weakly or not dependant on feed pressure, which agrees closely with
present experimental results (see Figure 4.3). Statements by Koros & Chern, (1987:885),
Park & Lee, (2008:638) , Fritzsche & Kurz, (1990:564) and Stern & Fried, (2007:1036), which
highlight that supercritical gases such as N, and O, present permeability coefficients that are
independent of pressure whether it be in rubbery or glassy polymers at moderate pressures

are enough to validate the trend presented by the observed results.

82



CHAPTER 4 - RESULTS AND DISCUSSION

1.20

1.00 £ /-L T
[

0.80

0.60

0.40

Permeability (Barrer)

0.20

0 1 2 3
Pressure (Bar)

0.00

Figure 4.3 Pressure dependence of O, permeability in UPS

Figure 4.3 gives a plot of O, permeability against feed pressure and confirms the
independence of O, permeability on feed pressure in Udel polysulfone. SO, however
presented a pressure dependant permeability through Udel polysulfone which is evident in
Figure 4.4.
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Figure 4.4 Pressure dependence of SO, permeability in UPS

At the feed pressure of 3 bar, a suspicious permeability point of 311.39 Barrer presents the
possibility of plasticization. Plasticization initiates polymer chain spacing increments which in-
turn results in increased polymer chain mobility. The net effect is an increase in diffusion and
permeability coefficients (Matteucci et al. 2006:22). Figure 4.4 adopts a shape analogous to
that presented in Figure 2.4 case (2) of Section 2.3.2 which is typical of plasticizing gases
(Matteucci et al. 2006:22). A conclusion was thus drawn that SO, is highly sorbing in Udel

polysulfone and has a plasticizing effect on the polymer.

An analysis of the normalized gas flux of the two gases (SO, and O,) proved that the O, gas
flux increased linearly as pressure was increased from 1 bar to 3 bar, whilst that of SO,
increased exponentially, a phenomenon that could be of advantage in mixed gas separation,
not negating though the possibility of interaction of the gases. Figure 4.5 and Figure 4.6
present the plots of O, and SO, flux against pressure respectively in Udel Polysulfone, the

plot values were gotten from Table 4.5.
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Figure 4.5 Effect of O, feed pressure on normalized gas flux in UPS
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Figure 4.6 Effect of SO, feed pressure on normalized gas flux in UPS

85



CHAPTER 4 - RESULTS AND DISCUSSION

4.2.2 SINGLE PERMEATION IN NAFION 117

O, presented a much lower gas permeability than SO, in Nafion 117 which was non-
dependant on feed pressure and is given in Figure 4.7. The latter behavior in a similar
manner with Udel Polysulfone concured with statements suggesting the independence of O,
(permanent gas) permeability on feed pressure. SO, however presented a much higher
pressure dependant permeability that increased with feed pressure and is given in Figure
4.9.
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Figure 4.7 Pressure dependence of O, permeability in Nafion 117

With reference to Figure 4.7, the O, permeability values in Nafion 117 were almost identical

at the three different feed pressure conditions.

Catalano, et al. (2012:6313) presented a study that affirmed the dependence of O,
permeability on the relative humidity of the Nafion 117 membrane which equilibrates to the
humidity of surrounding conditions (Dupont, 2009). The laboratory humidity conditions
calculated from dry and wet bulb temperatures yielded a relative humidity of almost 35 %,

whilst the actual weight percentage of water in the polymer at ambient conditions was
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5 wt %. Figure 4.8 indicates the weight loss of a Nafion 117 sample heated to 105 ° C for 3
hours in a Mettler-Toledo Halogen moisture analyser. The weight loss was attributed to the
loss of chemisorbed water which enhanced O, permeability in the polymer. The experimental
relative humidity would be slightly less than ambient since the membrane was subjected to
vacuum conditions for almost an hour thus allowing liberation of some of the chemisorbed

water.
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Figure 4.8 Weight loss of Nafion 117 due to water evaporation

The Nafion 117 membrane is known to be chemically stable at a temperature of 120 °C
which confines any weight loss attributed to heating at 105°C to liberation of water (Orme &
Stewart, 2009:512). With reference to Figure 4.8 the initial wet weight of the sample was
1.432 g and the dry weight was 1.36 g which affirmed the presence of chemisorbed water in
the sample. The dependence of O, permeability on relative humidity ushers in more options
of optimizing O, permeability in the polymer. Figure 4.9 presents the pressure dependence of

SO, permeability in Nafion 117.
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Figure 4.9 Pressure dependence of SO, permeability in Nafion 117

The SO, gas properties given in Table 4.3 justify the permeability behavior given in Figure
4.9. The much higher SO, critical temperature (T.) value compared to that of O, affirmed the
principle of increased gas solubility and thus permeability in polymers with increased gas
critical temperature (T,) (Park & Lee, 2008:642).The pressure dependence of SO,
permeability in Nafion 117 to an extent adopted the behavior of plasticizing gases given in
Figure 2.4 case (2) of Section 2.3.2 and also presented by Matteucci et al. (2006:22).
However, the behavior presented by SO, in Nafion 117 was less pronounced, probably
indicating weaker plasticization in contrast to SO, permeability in Udel Polysulfone.

Figure 4.10 presents the normalized gas flux of O, (flux based on hypothetical 1 um thick
films) through Nafion 117.
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Figure 4.10 Effect of O, feed pressure on normalized gas flux through Nafion 117

O, presented an almost linear relationship between the normalized gas flux (flux based
on hypothetical 1 pum thick films) through the Nafion 117 membrane and the feed
pressure. The SO, flux behavior is given in Figure 4.11.
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Figure 4.11 Effect of SO, feed pressure on normalized gas flux through Nafion117

The SO, normalized gas flux (flux based on hypothetical 1 um thick films) through Nafion 117
also presented a linear relationship with feed pressure in contrast to the exponential behavior
presented in Udel Polysulfone.

4.2.3 COMPARISON OF THE SO, AND O, PERMEATION IN THE NAFION 117 AND UPS

Matteucci et al (2006:12) state that the presence of a particular gas in a mixture can
influence the transport of other gases present. As a result, the pure gas or ideal selectivity is
rendered as a crude estimate of the real selectivity. However, the latter is almost inapplicable
in rubbery polymers where the ideal selectivity is a good approximation of the real selectivity
(Matteucci et al. 2006:12). A great need thus arises to conduct binary permeation
experiments in light of the fact that both Nafion 117 and Udel Polysulfone are glassy
polymers (Tg values given in Table 3.2 of Section 3.1). Figure 4.12 presents a comparison of

ideal SO,/O, selectivities of the two membranes.
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Judging the membranes’ performance from ideal selectivity given in Figure 4.12, one may
declare Udel polysulfone to have an upper hand over Nafion 117 which may not necessarily
be the case. The SO, plasticization phenomena in Udel polysulfone could allow increased
permeability of O, in the binary mixture and thus reduced SO,/O, selectivity (Matteucci et al
2006:40). Nafion 117 presented generally superior SO, gas fluxes over Udel Polysulfone
based on hypothetical 1 um thick membranes at feed pressures of 1 bar and 2 bar. An
exception however was observed at the 3 Bar SO, pressure point where a higher SO, flux
was observed in Udel Polysulfone and plasticization was suspected. Nafion 117 could thus

be dearer of the two membranes, however only the binary gas experiments would tell.
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4.3 BINARY PERMEATION OF SO,/O, GAS MIXTURES IN NAFION AND UPS

Binary permeation results of the mixtures (25 wt% SO,: 75wt % O,), (50 wt% SO,: 50wt %
0O,) and (75 wt% SO,: 25 wt % O,) in Nafion 117 and Udel Polysulfone at a temperarure
range of 15 °C to 55°C and upstream SO, partial pressure range of 1.0 to 2.4 bar are

presented in Section 4.3.

The presence of several gas constituents in a gas mixture often offer significant contribution
to the transport characteristics of each other through a polymer especially in systems
involving condensable and highly sorbing gases (Matteucci et al. 2006:3; Matteucci et al.
2006:40). Envisaged competition of gas molecules for sorption sites on the polymer matrix,
and general increased diffusion of all gas molecules attributed to plasticization by a
condensable molecule is thought to occur in mixed gas systems (Matteucci et al. 2006:40).
As such relying on the ideal selectivity found from single permeation experiments may be
dire. Binary permeation experiments were thus performed based on the background of the

poor reliability of single component permeation data in predicting binary permeation data.

It is important to note that the membrane thicknesses employed in the present study (Udel
Polysulfone = 75 um, Nafion 117 = 177 um) were used for the purposes of conducting the
research through determining important coefficients and characteristics of the polymers.
Commercial membrane gas separation applications employ membranes as thin as 1 um or
less (Baker, 2002:1394). Based on the former background, flux considerations have been
based on a hypothetical 1 um thick membrane for both Nafion 117 and Udel Polysulfone.
Udel Polysulfone has been successfully extruded in thicknesses less than 0.1 um (Wang et
al. 2002:250) , however thicknesses of 1 um or less for nafion/perfluorosulfonic acid based

membranes are unknown of.
4.3.1 BINARY PERMEATION IN NAFION 117

Nafion 117 also known to be a perfluorosulfonic acid based polymer presented both
temperature and pressure dependant SO,/O, real selectivities. SO, being the faster
gas, its composition in the permeate chamber generally decreased with increasing
temperature and increased with increasing upstream SO, partial pressure. Figures
413 (a), (b) and (c) present the temperature dependence of both SO, permeate
composition and SO,/O, selectivity at diverse temperatures and a SO, trans-
membrane partial pressure of 1.1 bar =+ 0.1. Figures 4.14 (a), (b) and (c) present the
temperature dependence of both SO, and O, pseudo permeability ([]so, and []o,)
at diverse temperatures and at a SO, trans-membrane partial pressure of 1.1 bar +

0.1. Finally, Figures 4.15 (a), (b) and (c) present the effect of temperature on the
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molar fluxes of the two gases also at a SO, trans-membrane partial pressure of 1.

bar + 0.1. The respective error bars are also plotted on the same chart.
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The SO, gas separation behavior presented by Nafion 117 in Figures 4.13 (a), (b) and (c) is
analogous to that presented by the sulfone modified polyvinylidene fluoride membranes
studied by Zavaleta & McCandless, (1976:333). Zavaleta & McCandless, (1976:333) studied
the separation of SO, from mixtures with N, (a permanent gas just like O,, Victor et al.
2008:934), and stated that best separation was observed at low process temperatures
(Zavaleta & McCandless, 1976:333; Baker, 2008:560). The similar behavior could have been
attributed to the presence of sulfone in both polymers, Nafion 117 (Perfluorosulfonic acid
membrane) and the Sulfone modified polyvinylidene fluoride membranes. Low process
temperatures enhance the solubility of condensable gases in polymers. Based on Equation
2.8 of Section 2.3, the latter statement was fully explained by Dhingra, (1997:41) who stated
that the enthalpy of solution AHs is mathematically presented thus.

AH_ =AH +AH (4.1)

condensatbn mixing

Where:
AHgs is the enthalpy of sorption
AHcongensation IS the enthalpy of condensation of the gas molecule in the polymer

AHmixing 1S the enthalpy required to create a molecular scale gap for the gas molecule in the
polymer

S:SOexp{_s_l:s}

(2.8)

Where:

S is the solubility,

A Hgs is the enthalpy of solution of the sorbate
S, is a pre-exponent factor

R is the molar gas constant

T is the temperature in Kelvin
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In the present study it was envisioned that the low condensing nature of O, (vapor pressure
of 1481.86 Bar at 15°C (Poling et al. 2008:2-59)) rendered the condensation term less
dominant and the weak gas-polymer interactions typical of permanent or non-critical gases
such as O, made the mixing enthalpy large and positive. As such the overall O, sorption
enthalpy turned out to be large and positive and thus translated to decreased solubility with
decreased temperature in accordance to Equation 2.8. SO, (vapor pressure of 2.81 bar at
15°C (Poling et al. 2008:2-60)) on the contrary is much more condensable than O, as such
the condensation term may be deemed to have been highly negative and dominant,
translating to an overall large negative enthalpy of sorption. The overall SO, solubility in the
polymer thus increased with decreasing temperature in accordance to Equation 2.8.

Increased SO, solubility with decreasing temperature then led to increased SO, permeability
since permeability is a function directly proportional to solubility. The latter facts then
explained the increase of SO, composition in the permeate chamber with decreasing

temperature.

In addition to the given explanation, one might present an argument that diffusivity, a term
directly proportional to permeability decreases with temperature, as such a decrease in SO,
permeability should have been expected with decreasing temperature. However Equation 2.1
of Section 2.2.2 presents permeability as a product of diffusivity and solubility, and the only
explanation of an increase in SO, permeability despite any decrease in diffusivity is the
dominance of the solubility term that rendered the SO, permeation process in the present

case, a solubility controlled permeation process.

Re-focussing on Figure 4.13, the SO, permeate composition generally increased as SO,
composition in the feed was increased which is simple logic. The SO, permeate composition
in Figure 4.13 (c) which had the highest SO, feed composition (75 wt %) was seemingly
unaffected by temperature. However a good explanation to the phenomenon is that the
polymer probably got readily saturated with SO, in the gas mixture that had a high SO, molar
density (75 wt% = 60 mol%) such that any further temperature decrease would not contribute
to increased SO, sorption in the temperature range considered. The high SO, molar density
(75 wt% = 60 mol%) compared to the other gas mixtures (50 wt% = 33.3 mol%) and (25 wt%
= 14.1 mol%) meant that the probability of SO, getting into contact with the polymer was

much higher and thus the prevalence of SO, sorption was higher too.

A similar explanation of the SO,/O, selectivity behaviour with temperature was expected
since the selectivity equation is hinged on the compositions of the gases both in the feed and

permeate chambers. Equation 4.2 presents the selectivity relation.
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Aso2/02 = Y(1-X)/x(1-y) (4.2)

where: asgy/oz is the SO,/O, selectivity
y, is the permeate mass fraction of SO,

X, Is the upstream mass fraction of SO,

Figure 4.14 shows that the SO, pseudo permeability seemingly increased much more than
that of O, with temperature, but in actuality, from 15°C to 55°C, SO, permeability in Figure
4.14 (a) increased almost 3 fold whilst that of O, increased almost 9 fold. It was envisaged
that temperature had an effect of softening the rigidity of polymer chains which translated to
increased gas molecule transport through the polymer. The latter facts thus explain the rapid
increase in both SO, and O, fluxes with temperature observed in Figure 4.15 (a). The flux
values presented in Figure 4.15 are in fact expected fluxes in films with a hypothetical
thickness of 1 um. It is important to note that in commercial gas separation applications,
typical thicknesses in use are less than 0.5 ym and some also go below 0.1 um (Baker,
2002:1394). The use of the normalized flux (flux based on 1 um thickness) also allowed for
comparison of the flux observed in the two membranes that were of differing thicknesses in

the current study.

Figures 4.16 (a) , (b) and (c) present the effect of SO, feed partial pressure on SO, permeate
composition and SO,/O, real selectivity at 25°C in Nafion 117. Figures 4.17 (a), (b) and (c)
present the effect of total trans-membrane pressure on both SO, and O, pseudo permeability
and Figures 4.18 (a), (b) and (c) present the effect of total trans-membrane pressure on SO,
and O, molar flux (flux based on hypothetical 1 um thick films) in Nafion 117. The respective

error bars are plotted on the same chart.
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Figure 4.16 shows that the effect of feed SO, partial pressure on SO, permeate composition
in the SO, feed partial pressure range of 1.1 to 2.4 bar was not profound at the 3 different
compositions. Though not profound the slight increase in SO, permeate composition noted
on both 25 wt% SO, and 50 wt % SO, feed cases could not be negated. An increase in SO,
feed partial pressure implied an increase in the quantity of SO, in the feed gas mixture as
such the amount of SO, sorbed in the polymer was bound to increase. The latter statement
resonates with the Dual mode sorption model that postulates that gas solubility increases in
glassy polymers with an increase in pressure (Matteucci et al. 2006:40). The increased SO,
solubility translated to increased SO, in the permeate. Despite the corresponding increase in
O, partial pressure in the feed the low O, sorption potential was deemed insufficient to
significantly increase O, in the permeate (The latter is also discussed in Section 4.1.2). At the
high SO, feed composition of 75 wt%, it may be thought that the polymer was already
saturated by SO, gas at the low partial pressure of 1.1 bar such that increasing the SO,
partial pressure to 2 bar contributed insignificantly to the amount of already saturated sorbed
SO, in the polymer. Adding further discussion to the latter statement, the high SO, molar
density of the gas mixture (75 wt% = 60 mol%) as was presented earlier in Section 4.3.1,
could have been responsible for readily saturating the polymer at the low SO, partial

pressure of 1.1 bar.

Shown in Figures 4.17 (a), (b) and (c), the pseudo permeability of both SO, and O, increased
with increasing trans-membrane pressure, the latter fact is consistent with the behaviour
observed with SO, in the single permeation experiments. SO, presented a pressure
dependent permeability in Nafion 117, however O, permeability in the single permeation
experiments was independent of pressure. A valid explanation of the differing behaviours of
O, in single and binary permeation experiments was the envisaged polymer-gas molecule

interactions ushered in by SO, which enhanced O, transport in the binary permeation case.

The general increase in flux for both SO, and O, observed with increasing trans-membrane
pressure in Figure 4.18 was attributed to the fact that, pressure is the driving force for

permeability as such an increase in pressure would translate to increased flux in both gases.
4.3.2 BINARY PERMEATION IN UDEL POLYSULFONE

Udel Polysulfone, a glassy polymer presented a SO,/O, separation behaviour similar to that
which was presented by Nafion 117. Both temperature and pressure influenced the SO,
composition in the permeate. Figures 4.19 (a), (b) and (c) present the temperature
dependence of both SO, permeate composition and SO,/O, selectivity at diverse
temperatures (15°C to 55°C) and constant trans-membrane SO, partial pressure (1.0 bar

0.2) in Udel Polysulfone. Figures 4.20 (a), (b) and (c) present the effect of temperature on
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pseudo permeability of both SO, and O, in Udel Polysulfone. Figures 4.21 (a), (b) and (c)
then present the effect of temperature on the molar fluxes (fluxes based on hypothetical 1 um
thick films) of both gases in Udel Polysulfone. The respective error bars are also plotted on

the same chart.
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For the same reason of increased SO, in the permeate with decreased temperature in Nafion
117, the SO, permeate composition for Udel Polysulfone increased with decreasing
temperature. The explanation is given in Section 4.3.1 and needs not be repeated. However,
there could be a possibility of the presence of differing transport mechanisms attributed to
the differing polymer structures in the membranes. The SO, and O, fluxes generally
increased with increasing temperature in Udel Polysulfone as was observed with Nafion 117.
The latter observation was attributed to softening of polymer chains by heat which translated
to increased polymer chain mobility and thus increased gas transport through the polymer.
As the SO, feed composition was increased from 25 wt% to 75 wt% in Figures 4.21 (a), (b)
and (c), the O, partial pressure in the feed decreased as such translated to decreased O, flux
with decreased O, in the feed.

Figures 4.22 (a) , (b) and (c) present the effect of SO, feed partial pressure on SO, permeate
composition and SO,/O, real selectivity at 25 ° C in Udel Polysulfone. Figures 4.23 (a), (b)
and (c) present the effect of total trans-membrane pressure on the SO, and O, pseudo
permeabilities. Figures 4.24 (a), (b) and (c) present the effect of total trans-membrane
pressure on SO, and O, fluxes (fluxes based on hypothetical 1 um thick films) in Udel
Polysulfone with the respective error bars plotted on the same graph.
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With reference to Figure 4.22, a general increase in SO, composition in the permeate was
observed with an increase in pressure. The behaviour presented is in agreement with the
Dual mode sorption model that postulates that gas solubility increases in glassy polymers
with an increase in pressure (Matteucci et al. 2006:40). The increased SO, solubility
translated to increased SO, in the permeate. Despite the corresponding increase in O, partial
pressure in the feed the low O, sorption potential was deemed insufficient to significantly
increase O, in the permeate. O, generally has a much lower sorbing potential than SO, (The
latter is discussed in Section 4.1.2)

Pfromm & Koros, (1993:6142) studied the sorption and transport behavior of SO, in
Polysulfone. Findings from their study unearthed that the SO, sorption capacity in Udel
Polysulfone was extremely high in comparison with that of N, (a permanent gas similar to O,)
with a vapor pressure of 7460.31 bar at 25°C and thus low condensability (Poling et al.
2008:2-59). SO, sorption parameters surpassed those of N, by up to two orders of
magnitude. SO, with a low vapour pressure of 4 bar at 25°C has a high condensability and
thus the sorption potential in glassy Udel Polysulfone is expected to be also high, whilst the
low O, condensability evidenced by its high vapour pressure of 1817.53 bar at 25°C implied
a low O, sorbing potential (The latter is also discussed in Section 4.1.2) (Poling et al. 2008:2-
59; Poling et al. 2008:2-60). A net increase in SO, in the permeate thus resulted.

Figure 4.24 presents an increase in SO, flux with increasing trans-membrane pressure in all
feed compositions attributed to the increase in driving force for permeability. O, flux however
increased evidently with total trans-membrane pressure in Figure 4.24 (a) and then

sluggishly in (b) and (c).

4.3.3 COMPARISON OF THE SO,/O, SEPARATION POTENTIAL AND THE GAS FLUX THROUGH
NAFION 117 AND UDEL POLYSULFONE

Figure 4.25 (a), (b), (c), (d) and (e) present graphs of permeate composition against feed
composition for both Nafion 117 and Udel Polysulfone. The conditions considered were
temperatures of 15°C to 55°C and a SO, trans-membrane partial pressure of Apso, = 1.1 bar
+ 0.2. The graphs have been plotted and extrapolated to the zero axis. The graphs are
analogous to vapour liquid equilibrium graphs employed in distillation and can be used to
estimate the number of separation stages required for a given membrane separation. It is
from these graphs that a conclusion was made on which of the two membranes had an
upper hand on SO,/O, separation capability. Figures 4.26 (a), (b) and (c) present a
comparison of the effect of temperature on SO,/O, real selectivity in both Udel Polysulfone
and Nafion 117. Figures 4.27 (a), (b) and (c) present graphs of permeate composition

against feed composition for both Nafion 117 and Udel Polysulfone at diverse SO, feed
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partial pressures and constant temperature of 25°C. Figures 4.28 (a), (b) and (c) present a
comparison of SO,/O, real selectivity in Udel Polysulfone and Nafion 117 at diverse SO, feed
partial pressures at 25°C. Figures 4.29 (a), (b) and (c) present a comparison of SO, and O,

molar flux in Udel Polysulfone and Nafion 117 at varying temperatures and at a Apso, of

1 bar £ 0.2. Figures 4.30 (a), (b) and (c) present a comparison of SO, and O, molar fluxes in

Udel Polysulfone and Nafion 117 at varying total trans-membrane pressures and at 25°C.
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Figure 4.25 SO,/O, separation potential of Nafion 117 and Udel Polysulfone at Apso2 1.1 bar + 0.2 and 5 different temperatures
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Figure 4.26 SO,/O, selectivity in Udel Polysulfone and Nafion 117 at Apso, 1 bar £ 0.2 and 5 different temperatures with (a) 25 wt % feed SO, (b) 50
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Figure 4.27 SO,/O, separation potential of Nafion 117 and Udel Polysulfone at 25°C and at SO, feed partial pressures of psoza), Psoz@) and Psozs)

Table 4.6 SO, partial pressure points

Nafion 117 Udel Polysulfone
O O O O
Pressure | 25% wt SO, | 50% wt SO, | 75% wt SO, | 25% wt SO, | 50% wt SO, | 75% wt SO, Y Py Py P
Psoz(1) 2.4 bar 1.8 bar 2.0 bar 2.2 bar 1.6 bar 1.8 bar = = = =
— L L i
Pso2(2) 1.4 bar 1.2 bar 1.5 bar 1.8 bar 1.3 bar 1.5 bar A A A A
Psosy | 1.3 bar 1.0 bar 1.1 bar 1.3 bar 1.0 bar 1.1 bar A —A—A—A
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From Figures 4.25 (a), (b), (c), (d) and (e), it is clearly evident that Udel Polysulfone
presented a much superior SO,/O, separation capability at diverse temperatures at a
constant trans-membrane pressure of 1.1 bar £ 0.2. Use of Nafion 117 instead of Udel
Polysulfone to achieve a set separation would require more separation stages, as such
translating to higher energy requirements for the process. Separation at low
temperatures also would reduce the SO,/O, separation stages. A similar conclusion
was drawn from Figures 4.26 (a), (b) and (c) that Udel Polysulfone would separate SO,
much more effectively than Nafion 117 within the temperature range considered.
Figures 4.27 (a), (b) and (c) in a similar manner as Figures 4.25 (a), (b) and (c) present
Udel Polysulfone as a membrane with a better separating potential than Nafion 117 at
25°C and diverse SO, feed partial pressures. The SO,/O, selectivities in Udel
Polysulfone at the different SO, feed partial pressures at 25°C also proved to surpass
those presented in Nafion 117. The latter observation is shown in Figure 4.28.

The SO, flux values based on 1 um thick hypothetical membranes given in Figures 4.29
(a), (b) and (c) were generally about a magnitude greater in Nafion 117 than in Udel
Polysulfone. The higher fluxes observed in Nafion11l7 would come with the
disadvantage of simultaneous increased O, flux. No wonder why the separation
potential offered by Nafion 117 was inferior. Figures 4.30 (a), (b) and (c) also show
Nafion to exhibit both higher SO, and O, fluxes with increased trans-membrane

pressure.

120



CHAPTER 4 - RESULTS AND DISCUSSION

4.4 CONCLUSION

Brunetti et al. (2011:286) proposed 8 inherent membrane characteristicts that would allow

use of a membrane as a gas separation membrane.

1) High permeability

2) High selectivity

3) Thermal stability

4) Chemical stability

5) Plasticisation resistance
6) Aging resistance

7) Cost effectiveness

8) Ability to be manufactured into membrane modules

Based on the latter presented criteria, and the binary permeation results a comparison
between Nafion 117 and Udel Polysulfone was made and presented in Table 4.7 so as to
determine the candidate membrane with superior overall performance for the present
application. The comparison was hinged on the binary gas experiments, where high
permeability refers to the high SO, pseudo permeability and high selectivity refers to high
S0O,/0, real selectivity. Thermal stability refers to stability within the predicted process
temperature range (< 60°C) and chemical stability refers to the resistance to attack by
sulphurous acid environments. Six of the criteria characteristics of the membranes were used

for the comparison.

Table 4.7 Summary of overall membrane performance

Property Udel Polysulfone Nafion 117
High permeability Good ¥ Excellent™
High selectivity Excellent™ Good™
Thermal stability Excellent® Excellent®
Chemical stability Excellent Excellent®™
Plasticisation resistance Fair™ Good™
Ability to be made into modules Excellent® Unknown

(1) Experimental results from present study (2) Solvay, (2011:24), (3) Dupont, (2009), (4) Solvay,
(2011:33), (5) Orme & Stewart, (2009:512), (6) Wang et al. (2002:250)

The membranes seemed to stage competition against each other for superiority, the major

shortfall of Udel Polysulfone being the resistance to plasticisation and the shortfall of Nafion
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117 being the ability to form thin films in module form. Figure 4.4 of Section 4.2.1 presents
the pressure dependence of the SO, permeability in Udel Polysulfone which takes the form
of sceanarios where plasticisation is present as is also affirmed in Figure 2.4 (case 2) of
Section 2.3. The much weaker pressure dependence of SO, permeability in Nafion 117 given
in Figure 4.9 of Section 4.2.2 signified better resistance to plasticisation within the
experimental range. Ismail & Lorna, (2002:37) presented a study that aimed to curb Udel
Polysulfone plasticisation through heat treatment of the membrane. The latter technique
could be used to increase the service life and efficiency of Udel Polysulfone. Ultra-thin films
based on Nafion are unknown of at present, however, Udel polysulfone has been spun into
ultra thin films less than 0.1 um (Wang et al. 2002:250). As such Nafion 117 was disqualified
from being a candidate for the present application. The superb SO,/O, selectivity and
superior resistance to SO, plasticisation of Nafion 117 evidenced by the weak pressure
dependence of SO, permeability (See Figure 4.9 of Section 4.2.2) could prompt research on
the synthesis of ultra-thin Nafion based membranes for SO,/O, gas separation.
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