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Insights of water vapor sorption onto polymer based sorbents
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Abstract Two polymer based sorbents PS-I and PS-II are
analyzed for water sorption applications. Adsorption/des-
orption isotherms of water vapor onto PS-I and PS-II have
been experimentally measured using a magnetic suspen-
sion adsorption measurement unit for adsorber temperature
ranges 20-80 °C and evaporator temperature ranges
2-73 °C. The equilibrium adsorption uptake of water va-
pors corresponding to saturation condition at 30 °C by PS-I
and PS-II was found nearly 2 and 2.5 times higher than the
conventional silica-gel, respectively. Adsorption data has
been analyzed for various adsorption models which include
Brunauer-Emmett-Teller (BET); Freundlich; Dubinin—
Astakhov (D-A); Oswin; and Guggenheim—Anderson—de
Boer (GAB) model. The GAB and BET model give the
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good fit for relative pressure range of 0.10-0.90 and
0.05-0.35, respectively. At all adsorption temperatures of
both sorbents, the monolayer uptake by the GAB model is
found higher than the BET model. Effect of adsorption
potential on adsorption uptake is highlighted in relation
with water vapor adsorption mechanism. The isosteric heat
of water vapor adsorption is determined for both sorbents
using Clausius—Clapeyron equation.
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List of symbols

A Polanyi’s adsorption potential (kJ/kg)

A°, B° Oswin model constants

C BET and GAB model constant related
to heat

E Adsorption characteristic parameter
(kl/kg)

E (%) Relative percentage deviation modulus

foap, fBET Terms defined for linearization of GAB
and BET models

GWP Global warming potential

H, Monolayer heat of sorption (kJ/kg)

H, Multilayer heat of sorption (kJ/kg)

HVAC Heating, ventilation and air-
conditioning

K Fitting parameter for GAB model

M Equilibrium adsorption uptake (kg/kg)

M, Monolayer adsorption uptake (kg/kg)

M, Maximum adsorption capacity (kg/kg)

Minos Qms Co, Ko GAB model adjustable constant for
temperature effect

n Fitting constant for D—A and

Freundlich model (-)
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ODP Ozone depletion potential

P Pressure (kPa)

P, Saturation pressure (kPa)

P/P, Relative pressure (-)

Qqt Isosteric heat of sorption (kJ/kg)

R Specific gas constant for water
(kJ/kg-K)

T Temperature (K)

Taas Adsorption/adsorber temperature
(°C/K)

Teva Evaporator temperature (°C/K)

AH,., AHy Functions related to water sorption heat
(kJ/kg)

A Heat of condensation of water (kJ/kg)

1 Introduction

The thermally powered adsorption heat pump systems are
receiving much attention as a replaceable eco-friendly
technology for refrigeration and HVAC systems. The ad-
sorption based systems ensures zero ODP and GWP, and
can be operated on thermal heat source which gives op-
portunity to utilize low grade waste heat or solar thermal
energy. Many adsorbent/refrigerant pairs have been expe-
rienced to establish an efficient and economic adsorption
heat pump system which includes: (i) activated carbons
with ethanol (El-Sharkawy et al. 2014), methanol (El-
Sharkawy et al. 2009), ammonia (Tamainot-Telto and
Critoph 1997), HCF410A (Askalany et al. 2014), HFO-
1234ze(E) (Jribi et al. 2013), R134a (Saha et al. 2012) and
n-butane (Saha et al. 2008); (ii) activated carbon fiber with
ethanol (Saha et al. 2007); (iii) metal organic frameworks
(MOFs) with water (Rezk et al. 2012), and ethanol (Rezk
2013); (iv) silica-gel with water (Saha et al. 1997), and
ammonia (Sward 1999); (v) zeolite with CO, (Sward
1999), and water (Demir 2013); and many more.
Polymers are widely used in industries such as lubricant,
rubber, membrane, hydrophobic adsorbent and medicine
(Gun’ko et al. 2014), and therefore adsorption character-
istics of polymers have been studied widely. Although the
polymers and polymer based adsorbents have been utilized
for many adsorption applications e.g. removal of chromium
(Duranoglu et al. 2010) and CO, capture/storage (Fan et al.
2014) but the use of polymer adsorbents in adsorption heat
pump and cooling system is not so common as compared to
carbon, silica-gel and zeolite. The sorption behavior in
polymers is quite complex e.g. adsorption/absorption phe-
nomena (Perret et al. 1972) and swelling/hysteresis phe-
nomena (Smith 1947), and their intensity depends upon the
nature of the polymer (like as polar/non-polar and mono-
sulfonated/fully-sulfonated) and the employed conditions.
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In the present study two kinds of polymer based sorbents
are used for the water sorption analysis by utilizing
gravimetric method. Adsorption data is fitted with various
adsorption models and isosteric heat of adsorption is de-
termined for each sorbent. The study focuses on the re-
search parameters that need to address for establishing an
adsorption heat pump system.

2 Materials and methods
2.1 Materials

Two kinds of novel polymer based sorbents namely PS-I
and PS-II supplied by the Calsonic Kansei Corporation,
Japan, are used for water sorption analysis. The particle
size of the sorbents was determined by using 3D laser
measuring microscope, OLS-4000 (LEXT). Laser micro-
scope pictures for sorbent PS-I and PS-II are shown in
Fig. 1a, b, respectively. The minimum, maximum and av-
erage particle sizes for both sorbents are determined which
are listed in Table 1.

Bulk densities for PS-I, PS-II, and silica-gel (type RD)
were measured by Micromeritics: GeoPyc 1360 Pycnometer
provided by Micromeritics Instrument Corporation by ap-
plying pressure of 140, 280, 420 and 560 kPa. The particle
diameter of RD type silica gel was varying from 1.0 to
1.81 mm whereas the particle size information of polymer
sorbents is given in Table 1. The schematic diagram of the
experimental unit is shown in Fig. 2a. At multiple con-
solidation conditions it measures the bulk volume by tap-
ping/vibrating the sample within a graduated cylinder which
is shown by component ‘2’ in Fig. 2a. The displacement of
plunger movement into the sample chamber is the actual
measurement of the system which is further translated into
bulk density. The plunger moves 2.6458E—4 cm along a
screw with each motor pulse that drives the plunger. The
calculated bulk densities for each sample are shown in
Fig. 2b. Here it can be seen that the PS-II achieves nearly
1.5 and 1.16 times higher bulk density as compared to PS-I
and silica-gel, respectively. Adsorbent density is important
to ensure the promising system size for adsorption applica-
tions. Furthermore, the amount of adsorption uptake will
also be increased if considered on volume basis (kg/m3).

2.2 Description of the experimental setup

Sorption isotherms for PS-I and PS-II have been measured
gravimetrically using magnetic suspension adsorption
measurement unit (Rubotherm: MSB-VG-S2) provided by
BEL Japan. Figure 3 shows the schematic diagram of the
magnetic suspension adsorption measurement unit. The
apparatus mainly include magnetics suspension adsorption
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Fig. 1 Laser microscope image of few particles for: a PS-I; and b PS-II

Table 1 Minimum, maximum and average particle diameters of PS-I
and PS-II

Diameter/sorbent (pm) PS-1 PS-1I

Minimum diameter 0.468 12.953
Maximum diameter 6.019 30.277
Average diameter 2.581 19.316

measurement unit; an evaporator with precise temperature
control system; isothermal oil circulation baths to maintain
adsorption/evaporation temperatures; isothermal air bath to
ensure zero condensation within the system; a series of
vacuum pumps including diaphragm, rotary and turbo-
molecular types (with vacuum less than 3 x 107> Pa); and

(a)

THE!

|'|':

ing mode:XYZ fine scan
Image size[pixels]:1024X1024
Image size[pm]: 259x258
Objective
lens:MPLAPONLEXT50
Zoom:1X

a PC along with data logger and software with automatic
system control. The weight measurement repeatability of
the magnetic balance is £30 pg with the relative error of
£0.002 % of the reading. The system is employing nitro-
gen gas to control the valves whereas pressurized helium
gas is used to ensure the leakage as well as to calculate the
excluded volume of the adsorbed molecules which is re-
quired for buoyancy correction. As shown in Fig. 3, three
kinds of absolute pressure gauges (1) 3500 kPa, Keller
PAA-35XHTT-35; (2) 133.3 kPa, MKS 628B13TBEI1B;
and (3) 1.33 kPa, MKS 628B12TBEI1B are used in parallel
to measure the water vapor pressure with an accuracy of
0.15-0.25 %FS. The refrigerant’s temperature is measured

and controlled accurately by platinum resistance
(b) |
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Fig. 2 a Schematic diagram of bulk density measurement unit. (1) left mandrel, (2) sample chamber, (3) sample, (4) plunger piston, (5) plunger,
(6) right mandrel, and (7) pressure adjustment unit. b Bulk densities for PS-I, PS-II and silica-gel at different pressures
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Fig. 3 Schematic diagram of the magnetic suspension adsorption
measurement unit. (1) adsorbent, (2) refrigerant, (3) magnetic
suspension balance, (4) oil circulation jacket, (5) isothermal oil bath,
(6) high speed heater (regeneration), (7) thermocouples, (8) rotary
pump, (9) turbo-molecular pump, (10) buffer, (11) isothermal oil bath,
(12) diaphragm pump, (13) nitrogen gas, (14) helium gas, and (P1 to
P6) pressure gauges

temperature element (100 Q) together with pressure gauges
which help in temperature adjustment to the corresponding
to the vapor pressure. The system performs entire ex-
periment automatically by following the instruction given
through the software. The system provides flexibility in
changing the recording interval (e.g. 1 s) as well as the
equilibrium conditions (e.g. 10 pg for 60 s) of own choice
which might need to change depending upon the nature of
sorbents/refrigerant pair. The volume of the basket with the
sample was measured using helium, which is a case for the
measurement of excess adsorption (Talu 2013; Gumma and
Talu 2010). Prior to each adsorption isotherm experiment,
the helium bouncy measurements are performed at the
isotherm temperature and pressure of 1.0 MPa. It is worth
mentioning that the change in adsorbent volume due to
swelling is marginal compared to the volume of the basket,
and the bouncy is mainly affected by the volume of the
basket, though the effect of adsorbent swelling isn’t con-
sidered in this study.

The sorption amount was measured gravimetrically by
the magnetic suspension balance without physical contact
with the sample cell. The magnetic suspension unit consists
of permanent magnet, sensor code and electronic control
unit. To keep the sample in suspension, the electric signals
are manipulated by the unit which is further translated into
the sorption mass.

2.3 Experimental procedure
For each experiment nearly 90 mg of PS-I and PS-II were
used for water sorption analysis. Using the multistep

technique adsorption isotherms for each sample were ob-
tained at 20, 30, 50, 70 and 80 °C whereas desorption
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isotherm were obtained at 30, 50 and 70 °C. For each ad-
sorption temperature, the evaporator’s temperature was
varied from 2 °C to nearby adsorption temperature (which
employs relative pressure =0.90).

Initially samples were regenerated at 120 °C for 4 h
under vacuum condition which approaches to 3 x 107> Pa
for degassing the sample. Followed by regeneration, the
sample was cooled to the set adsorption temperature and
meanwhile the refrigerant temperature was maintained at
first set point. Once the temperature on sample and re-
frigerant side became steady the valves were opened for
adsorption. The system recorded the adsorption of water
vapors for each second until the equilibrium condition
arises and after that refrigerant temperature was increased
to the next set point. Similarly water vapor adsorption was
recorded for all the set refrigerant temperatures. The same
procedure was followed for desorption isotherms by de-
creasing the refrigerant temperature.

3 Data analysis
3.1 Modelling of sorption isotherms

The adsorption data is analyzed for various adsorption
models which include; (i) Brunauer—Emmett-Teller (BET)
(Brunauer et al. 1938); (ii) Freundlich (1926); (iii) Dubinin—
Astakhov (D—A) (Dubinin 1967; Dubinin and Astakhov
1971); (iv) Oswin (1946); and (v) Guggenheim (1966),
Anderson (1946), De Boer (1953) (GAB). The BET theory
is based on simple two parametric model of multilayer
sorption which represents the development of monolayer
Langmuir sorption model. The BET theory well describes
the mono/multilayer gas adsorption on nonporous adsor-
bents and also considered for water sorption analysis on
polymers (Toribio et al. 2004). Two parameters based an
empirical expression of Freundlich model was recognized as
early as 1926 by Freundlich (1926) which was later derived
theoretically using various approaches (Hayward and Trap-
nell 1964; Sips 1950, 1948). This kind of isotherms are
observed for many heterogeneous surfaces including acti-
vated carbon, silica, clays, metals, and polymers (Umpleby
II et al. 2001). Oswin (1946) developed an empirical sorp-
tion isotherm model which has been found a good fit water
sorption model for various foods products as well as for
pectin, a bio polymer (Basu et al. 2013). The D-A equation,
a generalized version of the Dubinin—-Radushkevich (D-R)
equation (where parameter n = 2) is based on micropore
volume filling theory which is related to Polanyi’s adsorp-
tion potential theory (Hutson and Yang 1997). The theory is
widely used for micropore adsorption on carbons (El-Shar-
kawy et al. 2014, 2009) and also considered for carbonized
polymers (Rand 1976). The corresponding mathematical
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expression for adsorption models and their linear forms are
given in Table 2. The parameters of each model are iden-
tified in the nomenclature. Linear technique is used to de-
termine the model parameters and goodness of the fit by
minimizing the mean relative percentage deviation modulus,
E (%) which is defined as:

100 N |:|Mexp - Mcal|:|
E(%)=— _ 1
) =3 2| (1)

Where N is the number of experimental points, M.y, is ex-
perimental and M, is calculated adsorption uptakes (kg/kg).

The GAB model which is represented by Eq. (2) is
widely used for moisture sorption analysis of food products
(Akanbi et al. 2006; Menkov and Dinkov 1999). Apart
from the food product the model is also used for different
kind of adsorbents e.g. bentonite (Mihoubi and Bellagi
2006), nanoparticles (Ribeyre et al. 2014) and lignite
(Pakowski et al. 2011) etc. The GAB model is an im-
provement of the BET theory and shares two of its con-
stants (i) ‘M,,” the monolayer capacity, and (ii) ‘C’ the
analogous formulation of the BET constant Cggr. The
GAB models provide its versatility with a third constant
‘K’ and can be interconnected with the BET constants as
given in Eq. (3—4). If this third constant ‘K’ is equal to
unity, the GAB equation is thus reduced to BET equation.

B M,.CK(P/P,)
M= =K@ - K@/ + KPR )
Cger = CgasK (3)
CBET = CGAB when K =1 (4)

All three constants of GAB model (M,,,, C, K) have the
physical meaning and can be written as functions of ad-
sorption temperature:

Am
M, =M 5
m mo €XP (RTads> ( )
AH
o
AH
K = K, exp (RTa:s) (7)

Where T4 is absolute temperature (K); R is specific gas
constant for water (kJ/kg-K); M0, qm» Co, and K, are the
adjustable constants for the temperature effect. AH. and
AHy are functions of heat of water sorption which can be
written as:

AH, = H,, — H, (8)
AH, = /. — H, )

The A represents the heat of condensation of water (kJ/
kg) whereas H,, and H,, are the heat of water sorption of
monolayer and multilayer (kJ/kg), respectively.

Direct and indirect techniques can be employed to es-
timate the constants of GAB model from the experimental
data by minimizing the mean relative percentage deviation
modulus, E (%). In the direct technique the six constants of
GAB model (M0, qm»> Cos Ko, AH, AHy) are calculated by
inserting the Eq. (5-7) in Eq. (2). However, in the indirect
technique the three constants (M,,, C, K) are estimated at
first on each temperature and then the six constants (M,
qm> Co» Ko, AH., AH,) are calculated by using the three
constants. The reliability of indirect technique depends on
the M,,,, C and K regions that are obtained from the first
estimation. The indirect technique is not recommended
because the basic three constants of the GAB equation are
interconnected with each other (Maroulis et al. 1988).
Hence in the present study the constants of the GAB model
are estimated by the fit of the equation using the direct
technique.

3.2 Isosteric heat of sorption

The isosteric heat of sorption or enthalpy of sorption (Qy)
is the difference between the activation energy of adsorp-
tion and desorption, and it represents the strength of ad-
sorbent-refrigerant interaction (Szekely et al. 1976). It is
difficult to measure the isosteric heat of adsorption ex-
perimentally. However, using the GAB adsorption model
with calculated fitting parameters, the isosteric heat of
adsorption (Qg) can be determined by the Clausius—
Clapeyron relationship for certain uptake:

Table 2 Adsorption isotherm models used for fitting of the experimental data

Model Mathematical expression Linear form No. of parameters
BET - M.,,,Cger(P/P,) _ (P/P,) 1 Cger — 1 2

M= [T 7B (/P o] Wi (7R~ Mot (V) (PP

n n n
D-A M=M,exp [f <%> } ‘A =R Ty ln (%) In(M) = In(M,) — (%) <RTads In (%)) 3
Oswin (P/P,) B ( (P/P,) > 2
— A0 o InM = InA° + B®In | =0l -

M=A {1 - (P/Po)} ! ! \T=(P/P,)

GAB MnCK(P/P,) (P/P,) 3

M=

[(1 = K(P/Po)][(1 — K(P/Po) + CK(P/P,)]

fore = M= K(P/Py)) ~ sck + (Sd) /P
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Qq olnP } (10)
M

T‘{m

Where Qy is the isosteric heat of sorption (kJ/kg) and R
is specific gas constant for water (kJ/kg-K). Qg can be
determined by the slope obtained from the linear plot be-
tween In(P) and (1/T,q4s). Using GAB equation the In(P) can
be calculated by the following relationship:

(RD type) is almost 0.40 kg/kg (Sultan et al. 2014).
However, at the same conditions, polymer sorbents PS-I
and PS-II are enabling nearly 2 and 2.5 times higher ad-
sorption amount as compared to silica-gel, respectively.
Figure 5 shows that the both samples enable relatively
linear trend of adsorption isotherms at lower adsorption
temperatures whereas sigmoid shaped isotherms are ob-

In(P) = In(P,) + In

[(MaC/M) +2 = €] = \/[(MyC/M) +2 — CP—4(1 - ©)

2K(1 - C)

4 Results and discussion

Water vapor adsorption/desorption isotherms by two
polymer sorbents PS-I and PS-II are measured gravimet-
rically at adsorption temperatures between 20 and 80 °C. A
little hysteresis is observed in adsorption data, though the
effect is minimized at adsorption temperature more than
50 °C. Figure 4a, b show the hysteresis loop on water va-
por adsorption—desorption isotherm at 70 °C for PS-I and
PS-II, respectively. It can be seen that the both polymer
sorbents enable minor hysteresis at higher temperature
which is favorable for the regeneration process of an ad-
sorption heat pump system.

Water vapor adsorption isotherms at 20, 30, 50, 70 and
80 °C for PS-I and PS-II are shown in Fig. 5a, b, respec-
tively. The equilibrium water vapor uptake corresponding
to saturation condition at 30 °C by conventional silica-gel

(a)

0.7
0.6 [ ®Adsorption o
B - :
=4 N O Desorption
iﬁ 0.5 r
E ’ $
R g
= C
gost .
g 0.2 : .
3 I o) s
< r g ®
0.1
r e ¢
0 R L L L
0 0.2 0.4 0.6 0.8
P/Po [-]

tained on higher adsorption temperatures. The fact can be
more visible if the adsorption data (on Fig. 5) is plotted
against relative pressure. This kind of phenomena is
promising for designing an open-cycle and/or close-cycle
adsorption heat pump systems.

The adsorption data is analyzed for well-known ad-
sorption models that include: BET, Freundlich, D-A,
Oswin, and GAB. The constants of the GAB model are
estimated by the fit of the equation using the direct
technique as explained under Sect. 3.1. The fitting pa-
rameters for BET, Freundlich, D-A and Oswin adsorption
models are calculated through the slope and intercept of
the linear plots of the corresponding equations (see
Table 2). However, the Freundlich model and its results
are not incorporated in the article because of the max-
imum fitting error (E = 2-18 %). The fitting results of
each adsorption model for PS-I and PS-II are given in

(b)

® Adsorption
— °
&D 08 O Desorption
)
=
2 o6 [ .
8
) s
=
S 04 o
& o)
L o @
< 02 o ®
F o le) [ ]
(e
0 n 1 1 n 1 1
0 0.2 0.4 0.6 0.8 1
P/Po [-]

Fig. 4 Hysteresis loop on water vapor adsorption—desorption isotherm at 70 °C for: a PS-I; and b PS-1I
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Fig. 5 Water vapor adsorption isotherms at 20, 30, 50, 70 and 80 °C for: a PS-I; and b PS-II. Symbol represents the experiment whereas lines
represent the GAB model

Table 3 Estimated parameters of adsorption models for PS-I and PS-II

Adsorption Fitting Estimated PS-1 PS-1I
model range parameters
(P/P,) 20°C 30°C 50°C 70°C 80°C 20°C 30°C 50°C 70°C 80°C
BET model 0.05-0.35 M, (kg/kg) - 0.168 0.149 0.124 0.115 - 0.266 0.202  0.155 0.14
Cger () - 8.008 10.07 1186 11.76 - 4752 774 1085 12.11
R? - 0999 0998 0996 099 - 0.996 0989 0.992 0.991
E (%) - 0.41 1.30 3.14 277 - 0.89 3.31 4.40 3.83
D-A model 0.05-0.90 M, (kg/kg) 1.20 1.76
E (kJ/kg) 47.37 41.84
n(-) 0.50 0.50
R? 0.992 0.983
E (%) 5.10 7.66
Oswin model 0.05-0.90 A° 0.312 0.285 0.269 0.234 0.226 0.451 0392 0353 0303 0.294
B° 0.407 0478  0.50 0.51 0.53 0383 0491 0536 0542  0.556
R? 0979 0987 0.997 0.997 0998 0979 0978 0994 099  0.995
E (%) 439 4098 2.74 3.56 256 407 686 4.13 4.57 4.65
GAB model 0.10-0.90 Mo (kg/kg) 0.058 0.0418
C ) 0.256 0.143
Ko ) 1.155 1.7944
qm (kJ/kg) 202.378 308.528
AH, (kJ/kg) 433.408 489.02
AHy (kJ/kg) —60.48 —129.89
R? 0.995 0.996
E (%) 295 3.14

Table 3 which clarifies the distinction of GAB model over
the others. It can be seen from Fig. 5a, b that the GAB
model gives the good fit for all adsorption temperatures of
PS-1 and PS-II, respectively. For the relative pressure
range of 0.10-0.90, the mean relative percentage

deviation modulus (E) is found 2.95 and 3.14 % for PS-I
and PS-II, respectively.

The both polymer sorbents presents sigmoid shaped
adsorption isotherms having concave shape at the initial
range of P/P, followed by the convex shape as shown in
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Figs. 4 and 5. Smith (1947) described this reason by con-
sidering two principal classes of sorbed water; firstly that
which is normally condensed within the polymer and it is
the function of relative pressure (i.e. responsible to convex
shape); and secondly by which the water is bound on the
inner/outer surface of the polymer by forces in excess of
the normal forces (i.e. responsible to concave shape). The
adsorption amount by the concave region gets its maximum
value at P/P, well shorter than saturation especially for
polar adsorbents-refrigerants, and even for the non-polar
adsorbate (nitrogen) it comes at P/P, = 0.10 (Brunauer
et al. 1938). The GAB model could not represent these
extraordinary forces responsible to formation of concave
region and hence the adsorption uptake at P/P, < 0.10 is
underestimated by the model as shown in Fig. 5.

To have the better fit of the data at lower relative
pressure the BET model is employed due to its consistency
at lower P/P,. The BET model gives good fit for all ad-
sorption temperatures of PS-I and PS-II as shown in Fig. 6.

For the both samples the monolayer uptake (M,,) de-
termined by the GAB model is found higher than the BET
model and the value decreases with the increase in ad-
sorption temperature as shown in Fig. 7. Goula et al.
(2008) also reported the similar behavior of monolayer
uptake by BET and GAB models. In polymers, the water
molecules condense in multiple layers on the first layer.
Each molecule in the top most layer replaces an equivalent
molecule in the first layer which is prevented by its over
burden from evaporating (Smith 1947). This means the first
layer adsorption amount is the function of P/P, and it
completes at saturation. As the BET model is fitted at
relatively lower P/P, range (i.e. 0.05-0.35) as compared to
GAB model (i.e. 0.10-0.90) so the numeric values of
monolayer uptakes by the BET model were found lower as
compared to the GAB model.

03 [
A PS-I [Experiment]
— 025
Bl [ OPS-II [BET plot]
B3 I 4
2% 02 | APS-I[Experiment]
oy i
3 L OPS-I[BET plot] w &
g 015 &
: g
g
0.1
& n
3 @
< 0.05 Q
o L
0 0.1 0.2 0.3 0.4
P/Po [']

Fig. 6 Comparison of BET plot with experimental data for PS-I and
PS-II at 70 °C
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Fig. 7 Monolayer uptake comparison by BET and GAB model for
PS-I and PS-II

Using experimental data the Polanyi’s adsorption po-
tential for PS-I and PS-II is calculated by the following
equation.

A_J{denQJh) (12)

The adsorption amount is decreasing with the increase
in Polanyi’s adsorption potential for PS-I and PS-II with
the similar trend as shown in Fig. 8. It means that the PS-
I and PS-II probably follow the same water vapor ad-
sorption mechanism. Furthermore most of the uptake
occurs at lower adsorption potential which is the region
of higher relative pressure hence less molar work is re-
quired for adsorption at higher relative pressure. To avoid
the condensation, the experimental data of water vapor
adsorption on both samples covered the maximum rela-
tive pressure of nearly 0.88 only. However, Fig. 8 shows
that there is still an exponentially increasing trend of
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Fig. 8 Comparison of Polanyi’s adsorption potential with adsorption
uptake for PS-I and PS-II
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Fig. 10 Plot of isosteric heat of water vapors adsorption versus
adsorption uptake for PS-I and PS-II

adsorption uptake for PS-I and PS-II near to the zero
adsorption potential (approaches to saturation pressure)
due to utilization of the least molar work. This way of
adsorption can be effective for adsorption air-condition-
ing system by utilizing pre-cooling below the dew point.
As the polymers usually undergo limited or unlimited
swelling which increase the number of sportive points
exposed within the structure. So the sorption amount is
not only dependent to the P/P, but also effective sorption
surface after swelling (Smith 1947). Figure 8 also reveals
that the PS-I and PS-II probably follow the similar kind
of swelling phenomena which is independent from the
total sorption amount.

The isosteric heat of water vapor adsorption (Qy) is
calculated using the Clausius—Clapeyron relationship by
means of equilibrium adsorption data produced by GAB
model. The slope of the linear plot between In(P) and

1/Tqs will yield the amount equal to —Qg/R as shown in
Fig. 9a, b. These plots are useful for evaluation of close-
cycle adsorption heat pump system. The amount of Qg
decreases with the increase in adsorption uptake as shown
in Fig. 10. The average isosteric heat of adsorption for PS-I
and PS-II is found 2665 and 2708 kl/kg, respectively. The
isosteric heat of adsorption for both samples does not ex-
tremely vary as compared to conventional silica-gel which
will ensure promising results for adsorption heat pump
system.

5 Conclusions

Adsorption/desorption isotherms of water vapor onto two
polymer based sorbents PS-I and PS-II have been ex-
perimentally measured using a magnetic suspension ad-
sorption measurement unit at adsorption temperature
ranges 20-80 °C and evaporator temperature ranges
2-73 °C. The equilibrium adsorption uptake corresponding
to saturation condition at 30 °C by PS-I and PS-II is found
nearly 2 and 2.5 times higher than the conventional silica-
gel, respectively. The experimental data is analyzed by
BET, Freundlich, D-A, Oswin and GAB adsorption mod-
els. The GAB model gives the good fit under all adsorption
temperatures for the relative pressure range of 0.10-0.90.
The mean relative percentage deviation modulus is found
2.95 and 3.14 % for PS-I and PS-II, respectively. More-
over, the BET model gives the good fit for the lower
relative pressure range of 0.05-0.35. At all adsorption
temperatures of both sorbents, the monolayer uptake by the
GAB model is found higher than the BET model. A similar
effect of adsorption potential on adsorption uptake is found
by the both sorbents which is independent to the total
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adsorption amount. This means both sorbents enable same
adsorption mechanism and probably follow the similar
kind of swelling phenomena. The isosteric heat of water
vapor adsorption is determined by Clausius—Clapeyron
equation and GAB model. The average isosteric heat of
adsorption is found 2665 and 2708 kJ/kg for PS-I and PS-
II, respectively.
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