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Abstract

This study reports on the synthesis, characterization, and water release kinetics of a sample of deliquescent
acrylamide hydrogel imbibed in activated carbon powder using thermal analysis and FT-IR spectroscopy. It was
synthesized by the radical polymerization of acrylamide and N, N'-methylene-bis-acrylamide in the presence of
potassium persulfate, calcium chloride, and activated carbon powder. The kinetics of water desorption were
evaluated with a pseudo-single component model applied to the isoconversional method using thermogravimetric
analysis (TGA) thermograms at heating rates ranging from 0.25 to 8.0 Kmin .. The highest water release rate at
0.25 Kmin™ was at 39 °C, a temperature easily achievable through sunlight photo-thermal heating. All extents of
reaction (@) were fit best for diffusional models, except for a few that matched better with power type models. The
Ea for water release was found to be approximately 23 kJmole™, which is lower than the vaporization energy of
water (46 kJmole™). The differential scanning calorimetry (DSC) thermogram showed a transition centered at 25
°C, which is close to the maximum water release rate of TGA. Therefore, its phase transition from hydrophilic to
hydrophobic caused water release, a phenomenon that has been confirmed by other researchers and makes the
product suitable as a condenser for passive atmospheric water generators.
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I. INTRODUCTION

This investigation focused on the preparation, steam absorption, and water desorption of a
poly(acrylamide) hydrogel sample imbibed in CaCl,, as a co-water absorbent and activated carbon powder as a
solar energy harvester. It was studied using thermogravimetric analysis (TGA), differential scanning calorimetry
(DSC), and attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy techniques. This
research is significant because it tackles the issue of generating water from the atmosphere to counter the impacts
of climate change on the availability of clean water. Hygroscopic salt and acrylamide gels show promising results
for extracting water from the environment.!? This strategy has the potential for the development of passive
atmospheric water generation (AWG) technologies.?

The Earth has 1,386 million cubic kilometers of water, however, only 35.5 million cubic kilometers
(2.5%) is freshwater, and less than 0.75% of this freshwater is sustainably managed. Human activity and climatic
change are causing freshwater resources to decline, making water anxiety the fifth leading global risk.*®
Worldwide, the consumption of potable water tripled within the last 50 years.!'%!! Another consumer of
freshwater is the agricultural and food production industry which withdraws over 74% of freshwater, and a 14%
increase in this figure is predicted by 2030.'>"'* Moreover, mineral contamination is a fundamental problem in
many regions, such as in the 50 countries located in the Pacific Ring of Fire.!> However, water desalination!!’
could alleviate water stress for more than four billion people ¥ who live near saline water resources.'*!° In some
arid and humid areas of Asia, America, and Africa, AWG technologies collecting fog, rain, and vapor have been
installed to alleviate local water stress and prevent poverty and forced relocation.>?%2! Freshwater anxiety could
be widely relieved by developing AWG technologies to harvest renewable, invisible atmospheric vapor, which is
estimated to be equivalent to 12,900 cubic kilometers of liquid water.?>?* The availability of individual AWG
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units operating by the force of nature (i.e. passive AWGs) would relieve pressure on power resources, and many
water-stressed situations independent of geo-climatic conditions.

The amount of vapor in the air (~ 1-3%) 2* is measured as the percent of relative humidity (% RH), and
its concentration depends on the location, time, temperature, and geographic and climatic conditions. 2>%° A cool
atmosphere holds less moisture, about 7% less per one degree (1°C) of cooling than a warm one. Temperature
variations during the day and night cause changes in the air’s relative humidity, producing dewfall as a natural
water source for plants and animals, in arid and humid regions, in particular. Dewfall is also used for human
consumption as AWG technologies become more popular.?® Active AWG technologies require significant energy
input and result in substantial heat release, and their mechanisms are more thermodynamically complicated than
passive AWG technologies or fog harvesters that work with the forces of nature.»?’-3

The emergence of temperature-responsive polymers that regulate water condensation and release at the
molecular level by transitioning from hydrophilic to hydrophobic by temperature changes has increased the
successful development of AWG technologies.?' > When they are placed in an interpenetrating polymeric gel
network, they capture moisture from the air at lower temperatures and release water via a phase separation process
at a slightly higher temperature. Poly(acrylamide),' poly(N-vinyl caprolactone),’® poly(N,N-diethylamino ethyl
methacrylate), poly(pyrrole chloride) (PPy-Cl),” poly(N-isopropylacrylamide) (PNIPAM),3!3® and some
copolymers such as poly(L-lactic acid)—poly-(ethylene glycol)—poly(L-lactic acid) are among those stimuli-
responsive polymers.3!4 Their behavior has inspired the creation of responsive nanostructured polymer
materials and systems in the forms of thin films, particulates, and assemblies to harvest environmental water.
Smart materials isolation or in a network of hygroscopic minerals and polymers have provided good moisture
absorption and desorption networks.*'* The hydrogel becomes hygroscopic * with the addition of sorbents such
as salts,' metal-organic frameworks,* or hygroscopic polymers.3* Generally, three processes co-occur inside the
hydrogel: vapor transport, sorption, and liquid transport.*® Vapor transport through interconnected gaseous
micropores relies on diffusion due to the presence of a vapor pressure difference. Sorption occurs on the liquid—gas
interface of the micropores. In the intervening time, the liquid is transported through the nanopores of the polymer
network, driven by the water chemical potential difference between the wet and dry regions of the polymer
network.*” The redistribution of water leads to the structural change of micropores and polymer networks and
further induces a volumetric expansion of the hydrogel due to the pore elastic effect.?* This effect is unique to
hydrogels compared to other commonly used sorbent systems with rigid materials.?*

PNIPAM undergoes a phase transition at its lower critical solution temperature (LCST) near 32 °C.31:3
Hair-size fibers made of a mixture of hydrophobic plastics with hydrophilic PNIPAM capture water from a highly
humid atmosphere at lower temperatures (below 25 °C) within a few minutes and released it at above 35 °C.%
The amount of thermoresponsive PNIPAM at the skin layer controlled the wettability of the fibers. Other
hydrophilic polymers, such as nylon, have also given good results when electro-sprayed on the surface of the
fibers to condense dewfall. Also, a combination of PNIPAM with hydrophilic sodium alginate made an
interpenetrating polymer network gel that can capture moisture from the air and directly extract liquid
Water.3’31’40'4'

Metal-organic frameworks (MOFs) resulting from reticular chemistry are another kind of three-
dimensional interconnected network of highly porous crystalline solid materials suitable for AWGs fabrication.
244243 The desorption process requires heat input depending on the water molecules' adsorption strength to reach
regeneration temperature, which varies from 70 -170 °C. 24

Hygroscopic minerals such as calcium chloride, lithium chloride, lithium bromide, silica gel, and zeolite
attract moisture everywhere in very low and highly humid environments. #*°-53 These moisture absorbents have
been used to fabricate AWGs that harvest moisture at night when the air humidity increases by natural cooling of
the warm air. The water desorption occurred during the day by heating the hygroscopic bed with solar radiation
in a closed container.® For example, in a dry and arid region experiencing a 20% RH at 30 °C during the day, an
energy-intensive and impractical process must cool the air to below its dew point (~ < 4 °C) to turn vapor into
liquid. However, by heating the humid descants, air humidity reaches above 80% RH at 30 °C in the cabin, and
then the vapor liquefied at temperatures below the dew point (below 26 °C). This process requires less energy
than extracting water from dry air in arid environments.>*>°

In our quest for searching for new materials for the construction of AWGs, an acrylamide hydrogel
containing CaCl, as an effective water absorbing, activated carbon powder as a source of radiation energy
absorbent, and an acrylamide hydrogel as the frame for the system and water regulator, where it accumulates
water at the hydrophilic state and release waster at its hydrophobic state was prepared and submerged to TGA
experimentation. Six water desorption thermograms at heating rates ranging from 0.25 to 8.0 Kmin™!, which are
attainable under solar radiation, were performed and analyzed to understand the accurate mechanism of its water
desorption. The maximum rate of water release was estimated at each thermogram by its derivative. The TGA
thermograms and their derivatives were analyzed based on the isoconversional method 3%°"° to estimate the
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kinetics triplet for water desorption at the temperature range of 30-120 °C. The obtained values were within
expectations and supported the funding in the published literature.

II. EXPERIMENTAL
Materials
Activated carbon powder, acrylamide (AA), calcium chloride (CaCly), N, N’-methylene bis acrylamide
(MBAA), and potassium persulfate were purchased from Fisher Scientific, a Thermo Fischer Scientific (USA)
company. They were used as received. Fresh distilled water was prepared in the lab.

Synthesis

Five (5.0) g of distilled water, 21 mg of activated carbon powder as solar heat absorbent, and 4.02 g
CaCl, were added to a 60 mL ThermoScientific™ screwed cap septum vial. The mixture was dispersed by
exposure to ultrasound for 2 hours. Then 922 mg of AA, 4.4 mg of MBAA as a crosslinking agent, 1.4 mg of
potassium persulfate as the polymerization initiator, were added to the mixture and shaken to dissolve. The
mixture was held for 45 min under a stream of 20 mLmin™! ultrapure argon to eliminate the oxygen present then
on top of a hot plate at ~70 °C untill gel formation was completed. The product (CDAAG) was a black uniform
AA hydrogel embedded with activated carbon powder and CaCl,, as shown in picture 1. Six pieces of the gel were
cut for the study.

Picture 1. (a) the polymerization container and its cap; (b) the CDAAG after removal from botel; (c) a cut
of gel in TGA pan saturated with water before heating; (d) the sample after scanned with p = 0.25 Kmin™
to 120 °C.

Thermal Analysis
Thermogravimetric Analysis (TGA)

The TGA studies were conducted on a TGA-7 Thermogravimetric Analyzer (PerkinElmer, Inc., USA)
run by a Dell PC using Pyrus 13.2.3. It was calibrated by four-points calibration method since the thermocouple
in this device is not in direct contact with the sample. The absorption reaction was prevented by increasing
temperature linearly and a well-controlled nitrogen stream of 60 mLmin™' (room temperature and pressure), which
carried the volatiles away as soon as they formed. The sample weight preserved was recorded continuously with
the corresponding temperature and time. Six scans were carried out at the rates of 0.25, 0.5, 1, 2, 4, and 8 Kmin™!
to evaluate the kinetics parameters accurately. The data were downloaded to Microsoft Excel for the study.

The values of the extent of desorption (o) for each sample were estimated by (%W 1-%W1i)/(%W1-%Wf)
where %W 1 represents the initial weight percent of the sample, usually 100%, %W1i represents the weight percent
of the remaining sample at any time, and %Wf = 55.44% represents the %W of the sample at the end of the
dehydration process based on thermograms at the heating rates of 0.25 and 0.50 Kmin . The values of o increased
from zero to one as the dehydration progressed from initiation to completion for the scans at 0.25, 0.50, and 1.0
Kmin, respectively and they were lower for the other samples that the dehydration was not completed.
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Differential Scanning Calorimetry (DSC)

The DSC experiments were carried out on a DSC-7 Differential Scanning Calorimeter (PerkinElmer, Inc.,
USA) under a continuous stream of 60 mLmin™! of argon, operated by a Dell PC using Pyrus 13.2.3. The instrument
was calibrated using a standard sample of indium. A piece of gel (40 mg) was inserted into a stainless-steel liquid
DSC pan for thermal analysis. The DSC cell was chilled to -30 °C before running the sample.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy

We employed a Perkin-Elmer (USA) FT-IR Spectrophotometer, specifically the Spectrum Two model,
which was outfitted with a PerkinElmer ATR (ATR-FTIR) accessory. This instrument operated using the
Spectrum IR program version 10.6.2 and was controlled via an HP computer. Our aim was to assess the
spectroscopic properties of both the reactants and products under ambient conditions. Subsequently, the spectral
data were acquired and exported in Excel format for ease of subsequent analysis.

Theory of the kinetics of water desorption
The kinetics of the thermally simulated water release of the CDAAG was studied by the measurement
and parameterization of the rates of weight loss originating by eq.1:%

A
CDAAG(active) » CDAAG + H>O (vapor) (1)

Moist CDAAG(active) was heated (i) to release the absorbed humidity in the form of vapor [H>O
(vapor)] or nano-droplets of water that were carried away with the stream of nitrogen gas (wind). The rate of
thermally stimulated dehydration of CDAAG (-dW/dt) was expressed by the negative derivative of TGA
thermogram (-DTGA). The rate of dehydration was parameterized by the advancement of dehydration (o)), where
(1-0) represents the residual amount of water in the sample. The mechanism of the water release is expressed by
a pre-assuming kinetic function, f{a), as shown in Table 1. We assumed, that the rate constant follows the

Arrhenius relationship [k(T) = AExp (— g—;)], as shown by eq. 2: %!

Rate = “28 = —k(T)f (@) = ~f (QAExp(~2) (2)

where T represents the absolute temperature value in K, Ea represents the energy barrier to release water
by the CDAAG, and R = 8.314 J mol! K'! is the universal gas constant. Equation (2) is the starting point for
various differential kinetic methods and applies to any reaction type. The values of E., and InA, with the pre-
assumed form of f{a) are estimated from the slope and intercept of the Arrhenius plot based on eq. 3, by plotting
[InRate/f(0)] = In k versus 1/T, for a given value of o, as shown by the graphs in Fig. 4.
dw/dt] _ _ g _ Eq
Zn[—m _lnk_lnl%J_—EHnA 3)
Equation 3 relates the temperature, and rate of weight loss at each interval when it is applied to TGA data. 6263

Table 1. Reaction models that were used to describe the thermally stimulated water release of the

CDAAG system.
No. Reaction Model Code fa)
1 Power law P4 40’
2 Power law P3 30?3
3 Power law P2 2a'?
4 Power law P2/3 2/3a7 "
5 One-dimensional diffusion D1 120!
6 Mampel (first order) Fl1 (1-a)
7 Avrami-Erofeev A4 4(1 — )[-In(1 — a)*
8 Avrami-Erofeev A3 3(1 — o)[-In(1 — ®)]*?
9 Avrami-Erofeev A2 2(1 — o)[=In(1 — &)]""?
10 Three-dimensional diffusion D3 32(1 =)’ [1 = (1 =)
11 Contracting sphere R3 3(1—a)*?
12 Contracting cylinder R2 2(1 —a)'?
13 Two-dimensional diffusion D2 [~In(1 —a)]"'
14 Random Scission L2 2(a*— a)
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III. RESULTS AND DISCUSSIONS
ATR-FTIR Spectroscopy.

Figure 1(a) shows the main vibrational characteristics of AA. Antisymmetric and symmetric N-H
stretching vibrations in primary amide moiety, at 3348 and 3199 cm™ and its scissoring vibration at 1417 cm™.
The IR absorption band for a carbonyl group in a compound depending on its structure appears between 1650-
1850 cm™. For simple aldehydes and ketones, its stretching vibration has a strong absorption between 1710 and
1740 cm™. The carbonyl stretching vibration band for saturated aliphatic ketones appears at 1715 cm™.
Conjugation of the C=0 bond with a double bond lowers the stretching frequency, hence, the carbonyl stretching
vibration of AA is manifested at 1665 cm™.

The stretching vibration of a carbon-carbon double bond (C=C) is typically observed in the range of
1600-1680 cm™. The peaks can vary slightly depending on the specific compound and its environment. It is more
intense for cis isomers than for trans isomers. Also, terminal olefins show stronger C=C double bond stretching
vibrations than internal double bonds. Not all C=C vibrations are IR-active, and sometimes the C=C stretch can
be rather small and difficult to see. The IR stretching vibration of the C=C of the acrylamide end group appears
at 1609 cm™! since it is in conjugation with the nearby carbonyl group. The IR spectrum of alkenes C-H stretching
peaks between 3100 and 3000 cm ™ and the C-H wags of alkenes fall between 1000 and 600.

MBAA is a white solid that is used as a cross-linking agent in polyacrylamides. It is mixed with
acrylamide to make polyacrylamide gels for use in protein and nucleic acid electrophoresis, and in our case, for
atmospheric water absorption and desorption. Its IR stretching vibrations as shown in Fig. 1(b). The vibrational
characteristics of MBAA at 3301 for secondary amide, 3063 for sp> hydrogen, 2975 for sp® hydrogen, carbonyl
group at 1657, and carbon double bond at 1627 all in cm™.
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Fig. 1. ATR-FTIR representation of (a) acrylamide, (b) N, N’-bis-methylene-acrylamide, (c) potassium
persulfate, (d) activated carbon powder, () deliquescent acrylamide hydrogel (CDAAG), (Green wet gel,
and red dry gel)

Potassium persulfate has a decomposition temperature of 50-60 °C, ideal for the initiation of radical
polymerization in aqueous solutions. Figure Ic shows its IR spectrum with absorption at 1256, 1057, 678, and
556 cm™.

Figure 1(e) shows the characteristic vibrational properties of CDAAG saturated with water (green full
line), the absorptions are centered at 3350 cm™ and a shoulder at 3180 cm™ indicating the presence of primary
and secondary amides, combined with the vibration of the hydroxyl group of water. The very weak absorption at
2973 and 2900 cm™ represents the sp* hydrogens, and the carbonyl group shifted to 1657 cm™. The absence of
C=C signal indicates the close to complete conversion of reactants to products. The dry hydrogel vibration of N-
H and NH, are shown at 3356 cm™ and 3161 cm ™ and C=0 carbonyl at the same place.
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Differential Scanning Calorimetry (DSC)

Some industrial applications and the materials’ processing types relate to the physical properties of
matter, such as melting point (mp) and glass transition temperature (Tg). The relatively high mp (> 300 °C) and
Tg temperatures (~163 °C) of polyacrylamide (PAA) result from strong interactions between polar amide groups.
During the first DSC scan of the CDAAG as shown in Fig. 2, its physical changes were registered at temperatures
~25°C (AH ~72Jg!, AC, ~ 2.4 Jg'K™), and Tg ~ 124 °C (AC, = 59 Jg'K™). These transitions do not coincide
with mp (> 300 °C) and Tg (~163 °C) of PAA. Also, they are not related to the AA’s mp (84.5 °C). Therefore,
they are related to the new product CDAAG, as was expected.
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Fig. 2. Differential scanning calorimetry (DSC) thermogram of a sample of CDAAG; 45 mg of wet (green
line) at B = 40 Kmin™, and (red line) 33 mg of dry gel at = 10 Kmin™'.

160

The transition around 25 °C could be related to a phase transition and conformational rearrangements of
CDAAG. This thermal transition could also be responsible for the spontaneous release of absorbed vapor in the
form of liquid water at temperatures above 40°C as has been supported by other researchers’ work.

Thermogravimetry Studies

Six samples CDAAG were analyzed by TGA (Table 2), for water desorption analysis. The weight loss
by temperature and time was taken as the measure of water desorption from CDAAG. The variations of normalized
weights (% W), advancement of water release (o), and its normalized rates are shown by the graphs in the plots of
Fig. 3 (a), (b), (c) and, (d), respectively. The amount of water released depended on time, temperature, and heating
rate. For example, at the slower heating rate, B = 0.25 Kmin'!, the CDAAG took 121 min to warm up to 60 °C and
released about 40% of its absorbed water as shown by the corresponding graph in Fig 3(a) and data in Table 2.
While the sample at the faster heating rate, § Kmin™!, took 5.1 min to reach the same temperature and released
2.5% of its water contents.

Table 2. Water yields (WY, w%) and temperature by heating rates (0.25 to 8 Kmin™) in the temperature

range of 40 to 80 °C
40 °C 50 °C 60 °C 70 °C 80 °C
B m

(Kmin™') | (mg) . . . _ wY _
WY (%) | t(min) WY (%) t(min) | WY (%) | t(@min) | WY (%) | t(min) (%) t (min)

0.25 38.25 21.8 54.8 35.5 88.6 39.7 120.7 41.0 153.7 42.2 184.9
0.50 36.36 15.4 333 27.4 54.1 37.2 733 39.7 92.4 40.9 107.4
1.0 41.86 7.3 17.2 14.4 27.6 23.0 38.0 31.3 47.8 37.6 56.7
2.0 62.54 2.7 9.0 5.7 14.4 10.0 19.7 15.1 24.7 21.1 29.7
4.0 44.74 1.8 4.6 3.8 7.3 6.6 9.8 10.5 12.4 15.3 14.9

8.0 49.87 0.50 2.5 1.2 3.8 2.5 5.1 4.4 6.4 7.3 8.2
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Fig. 3. (a) Thermograms of water desorption, (b) Water desorption advancement, and (c) normalized
water desorption rate, (d) o versus time for water release of CDAAG, respectively; and (e) Water yields
at a given temperature for a f§ values.

The water desorption was initiated as soon as the supersaturated sample was placed into the TGA pan (~
25°C). The yield of water released at a given temperature depended on the heating rates, as can be observed from
the data listed in Table 2. As the heating rate, , was increased, the amounts of water released by the CDAAG at
a given temperature were less due to thermal lag effect. For example, at temperature 60 °C, the amount of water
released by B = 0.25, 0.50, 1.0, 2.0, 4.0, and 8 Kmim™ were 39.7%, 37.2%, 23.0%, 10.0%, 6.6%, and 2.5%, and
the corresponding times are 120.7, 73.3, 38.0, 19.7, 9.8, 5.1 min, respectively, as shown by the data in the
corresponding columns of Table 2. This phenomenon indicated the importance of the time factor in warming up
CDAAG and providing the time required to change its conformation from the hydrophilic to the hydrophobic
phase. Both factors, the thermal lag, and conformational transitions are affecting the amounts of water desorption
of CDAAG samples. In this case, the higher heating rate is less effective because of the short duration to reach

the indicated temperature.

The tendency of the variation of o and normalized rate of dehydration by temperature as shown in Fig.
3 (b) have the shape of a sigmoid reaction, where the rate of dehydration at the starting point is zero, it increases
by the advancement of the dehydration, reaches a maximum and then decreases. For the values of § at 4 and 8

Kmin™, the reaction stopped before completion while the system was in its acceleration to reach its max rate.
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Figure 3(d) shows the effects of heating rate on the temperature of the samples, and the amounts of water
desorbed at various temperatures and 3 values. At the f = 0.25 the water desorption plateaus after the sample
temperature reaches 60 °C, while at § = 1, the plateau initiates after 90 °C due to thermal lag effects.

The temperature of the maximum rate of water release (Rmax) also depended on the heating rate, as shown
in Fig. 3 (¢), and the data listed in Table 3. The maximum rate of water yield was at temperatures below the boiling
point of water, ranging from 39 to 98 °C for the 3 ranging from 0.25 to 4 Kmin™, respectively. Our results were
within expectations since other researchers also reported the release of water from acrylamide gels at very low
temperatures achievable by photothermal CNTs.! Therefore, CDAAG is a good candidate for the condenser
fabrication of AWG using passive conditions.

Table 3 shows the values of the maximum rate of water generation (Rmax, %omin™'), temperature at the
maximum rate of water generation (Tmax, °C), and the values of a at the maximum rate of water generation. All
maximum values increase with the increasing value of 3, indicating the effects of thermal lag on these properties.

Table 3. Variation of the parameters at the maximum water release rate with the heating rate of CDAAG.

B (Kmin™) Riunax (Yomin™) Tax (°C) Olmax WY (%)
0.25 0.435 39 0.510 209
0.50 0.589 45 0.537 22.0

1.0 0.867 62 0.544 243
2.0 0.804 86 0.559 249
4.0 1.04 98 0.584 26.1

Isoconversional kinetics of water desorption

The plots in Fig. 4 illustrate the relationship between Ink and 1/T, as per the isoconversional model,
according to eq. 3, across a range of o values spanning from 0.1 to 0.8. The isoconversional method assumes that
the reaction mechanism remains consistent at a specific a value, regardless of the heating rate, and temperature,
as referenced by many researchers.3>%64-% This approach was utilized to construct the Arrhenius plot
corresponding to the specified a values for dehydration of CDAAG. The slope of the best-fitting line that traverses
the data points signifies the value of Ea/R, and the intercept relates to InA.

Ink

%
&
i “egee -
-2.0 4 & ] ; ; ; 25 } + t t t
260 270 280 280 300 310 257 267 277 287 287 307 311 260 L2l Ze] 230 3.0 310
1000/T (K?) 1000/T (K?) 1000/T (K1)
o Inr e P4 e P3 o P2 o P2/3 = D1 ¢ F1
© A4 + A3 A A2 A D3 4 R3 - D2 - L2
—-—--Linear (Inr)  ------ Linear (P4) Linear (P3) - == Linear (P2) === Linear (P2/3) ==~ Linear (D1) —=--- Linear (F1)
— - —Linear (A4)  ------ Linear (A3) Linear (A2) weeene Linear (D3) Linear (R3)  ------ Linear (D2) —-—--Linear (L2)

Fig. 4. Arrhenius plots of the CDAAG dehydration at the indicated a values.
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For any given a value, the estimated E,, values obtained from the slopes of the least-squares adjusted
lines exhibited proximity, irrespective of the fla) function. This is evident from the parallel adjusted lines
displayed in the plots of Fig. 4, agreeing with the expectations of the method. For instance, considering the case
of a = 0.300, the average E,, 0300 = 23.27 £ 0.03 kJmol ! value derived from the slope of all models, therefore, all
the values of Ea at o = 0.3 superimpose each other as shown in the plot of Fig. 5(a). However, the values of InAg 300
=7.9+0.7 min"! were not coinciding with each other, showing higher values of standard deviation, consequently,
as shown in Fig 6(b) where a number of value points were observed for each a value. A similar effect was observed
at other extent of water release.

The relative constancy of the values of Eaa = 23 £ 1 was observed for the o values ranging from 0.05 to
0.4. The values of Eaq at higher values of o were smaller due to the temperatures above 50 °C which provides
higher amounts of energy to release water.

Fig. 5(a) depicts the variation in energy barrier values (Ea.,) as determined by the application of the
isoconversional method (Eq 3). This is done across a range of a values spanning from 0.050 to 0.80, employing
the reaction models enumerated in Table 1. The corresponding InA values are illustrated in Fig. 5(b), whereas
their r? values are presented in Fig. 6.
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Fig. 5. Variation of (a) activation energy barrier (Eaq) and (b) values of Arrhenius pre-exponential factor
(InA) of dehydration of CDAAG versus the corresponding extent of reaction (o), respectively.

Figure 5(b) shows the variation of the values of InA« by o, as obtained from Arrhenius plots of Fig. 5.
The variations of the values of InAq by a (Fig. 5(b)), show similar tendencies as the variations of Eaq« versus a,
disregarding their scattering. It is apparent that the InA values are influenced by the chosen reaction model, the
o) function.

The rate of reaction (do/dt) at a given a value is expressed as the product of two terms, [A« f{a)] and
[exp(—E«/RT)], therefore, as the value of one increases, the two other term has to increase. Comparisons of Figs.
5(a) and (b) show the correlation among E,q, and Aq. The changes in the values of Aa related to a given o and
Aa) value reflect the change of the mechanism of the individual step of the reaction, which is related to changes
in the rate-limiting steps, as has been recognized by other researchers.’”-%67 When the term of E« becomes
dominant, it is a sign of a change in the limiting step of the reaction.

The estimated kinetics parameters by the actual method are called “effective”, “apparent”, “empirical”,
or “global” values of E.« and InA«. The effective parameters most likely, are composite values, determined by
the sum of kinetic parameters of the involved individual steps assuming that the water delivery has the Arrhenius
temperature dependency.>®% Global kinetic parameters differ from intrinsic parameters; they can vary strongly
with the temperature and the extent of conversion 70 or take on negative values.”! Such discrepancies are not
expected for the E, values of a single-step chemical reaction or a simple physical change. The relative constant
values of kinetic parameters at the extent of o < 0.4 are an indication of a single change: the vaporization of water
below its boiling point with a very low barrier of energy [<E,> = 23 + 2 kJmol'! Fig. 5(a)], smaller than the value
of the heat of vaporization of water at similar vapor pressure (~ 45 kJmol!). Therefore, the E, obtained in this
work is related to the self-release of water from CDAAG during the experiment. The sudden decrease (~ 50%) in
the energy barrier at the values of o larger than 0.4, is due to two factors, the hydrophobicity of the system and
available energy at higher temperatures (above 50 °C).

The values of the pre-exponential factor (InA) of DHGAA are in the range of 10 to 11,000 min with
the highest values at the o being 0.1 an 0.2, the beginning of dehydration, as shown in Fig 5 (b). The lowest values
of A are indications of the physical changes in the system, which was the release of water by DAAG. The values
of A for chemical reactions are above 10°
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Fig. 6. Comparison of the values of r? of each f{c) (Table 1) at the indicated values of o

Each plot in Figure 6 compares the variation of the values of the correlations (r?) obtained by the
application of 14 pre-assumed f{o) models for the indicated avalue. The best-fitted model must show the highest
value of r?, and it belongs to the diffusion-reaction models (D1, D3, and D3 shown in red) indicating the water
release was taking place by diffusion from the hydrogel as expected. There were a few exceptions at the o values
at 0.075 and 0.30 which the power law models fit better than diffusional models. Therefore, the release of water
from CDAAG was by its diffusion and vaporization through CDAAG pore sites. The least-square fitting
correlation was very low at the start and end of the process; it has a fair relative constancy in the range of a 0.20
to 0.75. However, judging the mechanism of dehydration by the best-fitted model to the experimental data must
go with the circumstances regarding to process. Knowing that the water release mechanism involves several
consecutive reactions, and the method catches only the rate-determining step of the reaction, which is the slowest
one. Also, it was assumed that the temperature dependence of the mass loss due to the water release can be
described by the Arrhenius relationship, and the hypothetical models of the reaction mechanism, f{a). The kinetic
triplets were determined by first selecting a rate equation and then fitting it to the experimental data. The accuracy
of the results depends on the adequateness of the chosen model to describe the process. As a result, the meaningful
interpretability of the determined triplets depends on whether the selected rate equation adequately captures the
essential features of the process mechanism, not the precise fit to the data. In this case, the diffusion models that
described the sigmoidal nature of water release were the best fitting to the experimental data and the most
meaningful for the process of releasing water from CDAAG.

IV.  CONCLUSIONS, AND REMARKS

The water release mechanism involves multiple consecutive reactions, with the method focusing on the
slowest step, known as the rate-determining step. To understand the dehydration mechanism, we consider both
the experimental conditions and the best-fitting model for their data. We assumed that the temperature-dependent
mass loss due to water release follows the Arrhenius relationship and explored various hypothetical reaction
mechanism models represented as f{a).

To determine the kinetic parameters, we selected a rate equation and fitted it to experimental data. The
accuracy of our results depends on how well the chosen model captures the process, rather than achieving a perfect
fit to the data. In this study, diffusion models that described the sigmoidal nature of water release were found to
be the best fit for the experimental data and provided meaningful insights into the process of releasing water from
CDAAG.

Nine extents of water release reaction of CDAAG (@) were studied according to the pseudo-single
component model of the isoconversional method by constructing the Arrhenius plot for each of them. The results
showed a relative constancy of the activation energy (Ea) within the range of a from 0.050 to 0.40, which indicated
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a single change, i.e., the vaporization of water during the experiment. The average values of Ea in this range were
found to be 24 + 1 kJmol ™, which is lower than the heat of vaporization of water under saturated vapor pressure.
The best model to fit the experimental data was the diffusion model ranging the values of a from 0.05 to 0.7,
except for the values of o = 0.075 and 0.30 where the power-law models were fitting better.

The study shows that the maximum rate of water desorption depended on the heating rate. The highest
rate of water generation at the heating rate of 0.25 Kmin™' occurred at 39 °C, and at 4 Kmin™', it was at 98 °C, due
to thermal lag effects. The DSC transition was observed around 35 °C, coinciding with the maximum water
desorption rate when the value of B = 0.25 Kmin™'. DSC transition confirmed that the release of water by CDAAG
was facilitated by its structural transition from a hydrophilic to a hydrophobic state. These properties suggest that
CDAAG is a promising water condenser for the construction of AWG.
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