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SUMMARY
Thermo-responsive polymer is becoming a potential water purification and water harvesting material. To
clarify the water diffusion characteristics, the desorption ratio of liquid water and water vapor for a poly
(N-isopropylacrylamide) was researched by the multi-scale method. Firstly, macro and micro structures
for the hydrogel with different water content were characterized. Second, the dynamic moisture preserving
status of the hydrogel during the desorption process were tested. Thirdly, the dynamic liquid-vapor desorp-
tion rate was quantified. The macro volume of the polymer is of liner relationship with water content. During
the desorption process, free and immobilized water transfers to immobilized and bound water. About 80% of
the purified liquidwater can be collected directly in closed environment, while the amount decreased to 21%–
25% in air convection condition. The results suggested a heatingmethod for improving liquidwater collection
rate with low energy cost for practical applications.
INTRODUCTION

Energy and water resources have always been severe topics.

Only 2.5% of Earth’s water is fresh water, and the amount of

fresh water still declines due to contamination.1,2 Among the wa-

ter production and water purification technologies, atmospheric

adsorption-based water purification and water harvesting have

been proven to be a potential method for providing fresh wa-

ter.3–5 Thermo-responsive polymers (TRP) have special behavior

around the lower critical solution temperature (LCST).6,7 When

the ambient temperature is lower than the LCST, TRPs can

adsorb the solution and become swollen. When heated to a tem-

perature higher than the LCST, TRPs will shrink and release the

adsorbed components.8 Typical TRPs are based on poly(N-iso-

propylacrylamide) (PNIPAM), poly(N-vinyl caprolactam) (PVCL),

poly (vinyl methyl ether) (PVME), poly(oligo (ethylene glycol)

methacrylate) (POEGMA) and et al. Many of the PNIPAM based

TRPs have the LCST around 32�C,9,10 and the LCST of PVCL,

PVME, and POEGMA are 30�50�C,11 37�C12 and 27–60�C,13

respectively. This kind of polymer has a wide range of applica-

tions, in terms of controlled drug delivery,14,15 thermal manage-

ment of high-safety electrochemical storage devices16 and

buildings,17 dehumidification,18 humidity sensor19 and et al.

Affected by the neurotoxicity of PNIPAM, PVCL20 and

POEGMA21 based TRPs, with high biocompatibility, are more

suitable for the application of biological field than PNIPAM.
iScience 28, 111619, Janu
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Thermo-responsive block copolymers, interpenetrating network

TRPs have higher performance in specific aspect than copoly-

mers. The swelling performance of TRPs can be improved by

forming copolymers with polyethylene glycol (PEG),22 and high

hydrophilicity and equilibrium swelling rate can be achieved by

combining with sodium acrylate (SA).23 Applying crosslinker,

e.g., N,N,N0,N0-tetramethylenediamine,24 or forming double

network with electrostatic co-monomer, 2-acrylamido-2-

methylpropane sulfonic acid (AMPS)25 can obtain TRPs with

high mechanical property. In recent years, TRPs have been

widely researched in water production applications, including at-

mospheric water harvesting10 and waste water purification

treatment.26,27

For atmospheric water harvesting, the water vapor adsorption

rate for gel by crosslinking PNIPAMwith N, N0-methylenebisacry-

lamide is 0.3 g/g.28 The mount of hygroscopic salt, e.g., LiCl and

CaCl2, can increase the water absorption capacity of TRPs to 1.7

g/g,17,29 and liquid water can be obtained by heating the temper-

ature to higher than the LCST. The crosslinking with photothermal

material, the liquid water desorption process can be driven by the

solar, achieving high energy efficiency.30 By combining TRPswith

solution and energy devices, water generation can be achieved

with the coefficient of performance rising to more than 4 times

at most.31 These kinds of TRPs are developed on the principle

of water vapor capturing performance improvement and water

production with low energy consumption.
ary 17, 2025 ª 2024 The Author(s). Published by Elsevier Inc. 1
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Figure 1. Liquid water desorption and application of PNIPAM hydrogel

(A) Liquid water desorption process by heating PNIPAM hydrogel.

(B) Schematic figure of the water purification and water harvesting of PNIPAM based hydrogel.
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When it comes to the application for wastewater purification,

ions,32 oil and salt (desalination)33 can be removed by TRPs.

TRPs based forward osmosis have been widely researched for

the purification of salt ions.34–36 The low temperature gel can

adsorb water from wastewater through forward osmosis, and

generates purified water when heated to above the LCST.

Similar to the reversible hydrophilic-hydrophobic transitions on

metal surfaces,37 the separation of water and oil for TRPs is

based on the transition from hydrophilic-oleophobic under low

temperature to the hydrophobic-oleophilic heating to above

the LCST,26 about 45�C.38 In convers, based on the hydrophilic-

ity and underwater superoleophobicity under low temperature,

the dissolved water in oil can also be adsorbed under the

LCST. As for the removing of ions or organic dyes in polluted wa-

ter, sorption properties and thermo-responsive properties can

achieve pollutant sorption and purified water release when heat-

ed to above the LCST, respectively.39 Ni ion (70%),40 Cu2+,41 and

Hg(II) ions42 can be removed by the corresponding adsorption

segment of PNIPAM based thermal-responsive polymer. For

removing the organic pollutants in the wastewater, the adsorp-

tion composites are different.43–46 However, the above re-

searches are of the mixing and flocculation method, and the

heating of the whole system to 60�C47 is required. To reduce

the heating energy, dried block TRPs can be put into the polluted

water to achieve the absorption of water and pollutant.48 After

the adsorption process under low temperature, more than 20

g/g,30 the purified water and the pollutant in TRP gels can be

separated.49 After heating the swollen TRPs block to above the

LCST, the chemical deposited pollutant can be maintained in

the gel, and liquid water is desorbed.50 Thus, the block TRP ma-

terials will be an energy efficient water purification method.

It can be generalized that for atmospheric water harvesting

and water purification regeneration process of TRP materials,

the heating to shrink water release is a necessary process. Dur-

ing the desorption process, both macro and micro structure

variate with the adsorption water amount.51 The porous param-
2 iScience 28, 111619, January 17, 2025
eters of PNIPAM based hydrogel for removing the pollutant are

the crucial factors for mass transport, and the diameter can be

controlled by temperature induced swollen and shrinking.52

Scanning electron microscopy (SEM) and nuclear magnetic

resonance (NMR) are effective methods for characterizing the

microstructure, as well as revealing the hydration mechanism

of porous materials.53 The pore structure and surface

morphology of a TRP membrane can be characterized by using

field emission SEM.54 However, the dynamic porous parameters

were not involved, especially for water uptake related porous pa-

rameters. On the other hand, for the thermal driven desorption

process of TRPs block, gaseous water is also available.55 By

condensing the water vapor, about 1.31 g g�1$day�1 water

can be generated of a PNIPAM based core-shell hydrogel.56 In

general, the revealing of liquid-gaseous desorption character-

istic is highly recommended for high efficiency purified water

generation.

In brief, the existing research is mainly concentrated on devel-

oping high performance TRP hydrogels, neglecting the charac-

terization during the desorption processes, as well as the va-

por-liquid two-phase desorption performance. To address this

research gap for further understanding the liquid water desorp-

tionmechanism and to provide a desorption strategy for different

applications, this research combines micro desorption charac-

terization experiment and macro desorption test experiment to-

ward a PNIPAM hydrogel (typical TRP with LCST of 32�C).
Firstly, the macro and micro structures for the hydrogel with

different water content were characterized by macro volume

measurement methods and SEM. Second, by using low-field nu-

clear magnetic resonance (LF-NMR), the dynamic moisture pre-

serving conditions of the hydrogel during the desorption process

were tested. Thirdly, two experimental setups were built for

testing the liquid water and water vapor desorption ratio, under

a closed environment and air convection environment, from a

macro perspective. The dynamic liquid-vapor desorption rate

was quantified separately.



Figure 2. Macro structure and SEM images of PNIPAM hydrogel under different water content

Both macro volume andmicro pore diameter increases with the rising of water content; scale bar, 500 mm for all middle line images, 50 mm for bottom line images

with water content of completely dry and 1 g/g, 100 mm for bottom line images with water content of 2.2 g/g, 6.8 g/g and maximum.
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RESULTS

Bulk volume and porous parameter decrease during
desorption
The prepared PNIPAM hydrogel was placed on a heating plate to

observe the liquid water desorption process. The heating tem-

perature of the plate was set at 80�C. The desorption process

and the schematic figure of the water purification and water har-

vesting of the PNIPAM based hydrogel are shown in (Figures 1A

and 1B).

The PNIPAMhydrogel transferred from transparent to opaque,

after being heated to a temperature higher than the LCST. After

the PNIPAM becomes opaque, the discharge of liquid water can

be observed. The change in transparency and water desorption

process takes only several minutes. Based on the process, the

shrinkage induced water release can generate liquid water

directly, from both atmosphere and pollutant water, by using

PNIPAM based polymer hydrogels.

The macro and micro surface structure of the PNIPAM hydro-

gel, of under different water content, testing results are shown in

(Figure 2). It can be found that both the pore diameter of micro-

structure andmacro size have a significant correlation with water

content.

The surface of the PNIPAM hydrogel is smooth when the water

content is 0 g/g (completely dry). There is almost no pore except

for very few porous structures of large volume. The large volume

of pore structure may be attributed to the small amount of the re-

sidual water after the drying process. With the water content in-

creases to the maximum adsorption amount, the pore diameter

increases, and the micro surface gets rough. The macro struc-

ture of the PNIPAM hydrogel is also affected by the adsorbed
water amount and gel fraction. With the water content varies

from 0 g/g to the maximum value, the diameter of the gel in-

creases to 34.30 mm from 16.30 mm, accordingly.

To accurately quantify the macro structure under different wa-

ter content, bulk volumes of the gel are tested further. To reduce

the deviation caused by the synthesis process, two samples

based on the same synthesis process were tested by using the

same method. The testing results and the CME calculation re-

sults of the PNIPAM hydrogel are shown in (Figures 3A and 3B).

For both two PNIPAM samples, the bulk volume is of linear

relationship with the variation of water content, and the good-

ness of fit is higher than 0.999 for both samples. The gel fraction

of PNIPAM hydrogel reduces with the rising of water content. For

completely dried PNIPAM gel, the gel fraction reaches 100%.

When the water content increases to 11.411 g, the gel fraction

reduced to 9.37% for sample-1. For sample 2, the gel fraction

is 8.66%, with a water content of 11.134 g. Thus, with a high wa-

ter content of PNIPAM hydrogel, the adsorbed water takes more

than 90% of the weight, representing the high water adsorption

capacity of such gel.

The calculated CME ranges from 0.73 to 0.99 m 3/kg. It should

be noted that the lowest CME values are found at a low water

content of 0.234 g/g and 0.288 g/g for sample-1 and sample-2,

respectively. The corresponding CME are both 0.73 m3/kg.

Due to the large deviations under low water content, the 0.73

m3/kg was not included into consideration. The calculated

average CME is 0.94 m3/kg, by considering both two samples.

During the desorption process, both the solid volume and

mass of the PNIPAM skeleton do not change. Thus, the loss of

the water will result in a reduction of the porosity of the

PNIPAM skeleton, and the reduction rate equals to the CME.
iScience 28, 111619, January 17, 2025 3



A B Figure 3. Macro volume andweight charac-

teristics of PNIPAM hydrogel

Sample-1 (S1) and sample-2 (S2) has similar bulk

volume, gel fraction and CME parameters.

(A) Volume and gel fraction under different water

weight. Data are represented as the result of single

experiment of each sample.

(B) CME calculation results. Data are represented

as the box-plot of each sample.
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Amorphous structure of poly(N-isopropylacrylamide)
The XRD spectra for the PNIPAM sample are shown in Figure S4.

It shows a broad diffraction peak at around 2q = 20.84�, indi-
cating the amorphous structure of the PNIPAM. The results

have similar variation trends with the PNIPAM hydrogel XRD re-

sults in ref. 57.

Special thermal properties
The differential scanning calorimetry (DSC) and thermal diffusion

coefficient (TDC) testing results of the completely dried PNIPAM

are shown in (Figures 4A and 4B), respectively.

Obviously, the DSC curve of the dried PNIPAM has no melting

peak. The heat flow increases with the rising of temperature,

especially for temperatures higher than 35�C. As both the heat-

ing rate andmass of PNIPAM are constant during the testing, the

specific heat capacity of dried PNIPAM has the same variation

trend toward temperature. The specific heat capacity of

PNIPAM is different from common materials. TDC is affected

by density, thermal conductivity and specific heat capacity.

The density is of constant during the testing process, and the

thermal conductivity is of proportional relationship with the prod-

uct of TDC and specific heat capacity. Though the specific heat

capacity differs from common material, the thermal conductivity

is of linear relationship with temperature, which is the same with

common materials.

Water changes to bound and immobilized water above
lower critical solution temperature
The distribution of T2 relaxation time according to the LF-NMR

testing results for the PNIPAM hydrogel under different water

content is shown in (Figures 5A and 5B). The peak of the curve

represents the water type and ratio in the PNIPAM hydrogel.

The peak T21 (0.01–1 ms), T22 (1–100 ms), and T23 (>100 ms)

represent the bound water, immobilized water, and free water,

respectively. The peak area ratio of different water content is

shown in (Figure 5C).

It can be found that the water in PNIPAM hydrogel is always of

two peak characteristics.When thewater content of the PNIPAM

is higher than 0.6 g/g, the distribution of water type is mainly im-

mobilized water and free water. For water content lower than 0.6

g/g, the water types are mainly immobilized water and bound

water. When the water content is higher than 2.0 g/g, the water

desorption manifests as the reduction of both free water and im-

mobilized water, without changing for water type. With the

further reduction of water content, the peaks of the curve grad-
4 iScience 28, 111619, January 17, 2025
ually convert to immobilized water from free water and to bound

water from immobilized water. During the desorption processes,

the ratio of free water decreases, while the ratio of immobilized

water and bound water increases. Thus, the water release gets

more difficult with the proceeding of the desorption process.

The desorption will begin from the outer layer, and the pore of

the PNIPAM skeleton will shrink. The reduction of the pore diam-

eter of the outer layer will result in an obstructive effect for water

releasing from the internal layer. For further analyzing of the dy-

namic of the water desorption process, the sample with a water

content of 2.5 g/g was heated to higher than the LCST, and LF-

NMR testing was conducted every few minutes, during the

consecutive heating process. During the dynamic desorption

process, the distribution of T2 relaxation time according to the

LF-NMR testing results of the PNIPAM hydrogel is shown in

(Figures 6A and 6B).

It can be found that both the free water peak and immobilized

water peak of the T2 curve reduce at the beginning of the heating

process, when the temperature of PNIPAM is higher than the

LCST. The free water tends to convert to immobilized water,

and the immobilized water changes to bound water. When heat-

ed for further, from 1min to 8min, the corresponding T2 time and

area ratio of the bound water do not change with the heating

time. In comparison, T2 time of the immobilized water peak re-

duces, and the area ratio of immobilized water increases with

the increase of heating time. Thus, the shrinkage of the

PNIPAM skeleton will leads to significant water type transforma-

tion, and the heating to the water releasing process will be hin-

dered by the characteristic. On the other hand, the water type

conversion trend of the dynamic heating process shows unifor-

mity with steady state results.

Desorption in closed and air convection environment
Liquid water accounts for the vast majority in closed

environment desorption

In closed environment, the evaporated water amount, from liquid

to vapor, increases with the rising of heating temperature. There

exists a maximum evaporated water amount in a closed environ-

ment, and the amount is also increases with the rising of the

heating temperature. The time for reaching the saturated water

vapor is lower than 60 min. Based on the quantification testing

results of the evaporation amount, the water desorption amount

as vapor type can be calculated. The testing results of liquid, va-

por, and evaporation amounts during the PNIPAM dynamic

desorption process are shown in (Figure 7A). During the heating



A B Figure 4. Thermal properties of dry PNIPAM

(A) DSC testing results. Data are represented as

the result of single experiment.

(B) TDC testing results. Data are represented as

the mean of three independent experiments.
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process, the process that temperature of the PNIPAM increases

to above the LCST will take several minutes. The beginning time,

as soon as the PNIPAM transferred from transparent to opaque,

is recorded as t0. The ratio of different water desorption types for

t0 +600 s and t0 +2400 s is listed later in discussion, as (Figure 7B)

shows.

Obviously, the total desorption rate decreases with time going

by. After 40 min desorption (T > LCST), the desorption rate tends

to be stable and slow. The highest liquid water desorption

amount occurs at a heating temperature of 50�C, about 0.30
g/g. The remaining water of the PNIPAM is 2.2 g/g, significantly

higher than the desorbed water. When the temperature further

increases to 60�C, the liquid water desorption amount decreases

to 0.23 g/g. However, at the beginning of 5 min, the liquid water
A

C

B

Figure 5. LF-NMR testing results for PNIPAM hydrogel under different water content

For water content higher than 2.0 g/g, the water desorption manifests as the reducing of both free water and im

With the further reduction of water content, the peaks of the curve convert to immobilized water from free w

(A) T2 curve for water content varies from 2.3 g/g to 5.1 g/g. Data are represented as the result of single exp

(B) T2 curve for water content varies from 0.6 g/g to 2.0 g/g. Data are represented as the result of single exp

(C) The ratio of water type for different water content. Data are represented as the result of single experimen

iS
desorption amount of 60�C is higher than

that of 40�C and 50�C heating tempera-

ture. This phenomenon may be attributed

to the fast water release of the outer layer
at the beginning of several minutes under high temperatures.

When heated further, the fast shrinkage of the PNIPAM skeleton

at the outer layer will block the internal water release for the

following desorption process. In a closed environment, most of

the water is desorbed as liquid water. Direct water vapor desorp-

tion from PNIPAM only takes about 10% of the total desorption

amount. The rate of the evaporated water vapor and direct vapor

desorption rate decreases sharply, due to the gradual saturation

of the closed environment.

In brief, a heating temperature of 50�C is suitable for the con-

ditions that a high liquid water amount is required, to obtain as

much liquid water as possible. While for fast liquid water gener-

ation scenarios, high temperature (higher than 60�C) is better to

obtain more liquid water within 5 min.
mobilized water, without changing for water type.

ater and to bound water from immobilized water.

eriment.

eriment.

t.

cience 28, 111619, January 17, 2025 5



A B Figure 6. LF-NMR testing results for dy-

namic heating process of the PNIPAM hy-

drogel.Free water converts to immobilized

water, and immobilized water changes to

boundwater, obstructing the water desorp-

tion process

(A) T2 curve for different heating time. Data are

represented as the result of single experiment.

(B) The ratio of water type for different desorption

time. Data are represented as the result of single

experiment.
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High total desorption amount with low liquid water ratio

in air convection environment

In air convection environment, the evaporated liquid water will

not get saturated, and the water vapor can be taken away by

the air flow. Under the same hot air temperature of 40�C–60�C,
the liquid-vapor desorption performance of PNIPAMwas tested.

The air flow velocity was controlled at 2 m/s. The experimental

results are shown in (Figures 8A and 8B, 8C and 8D).

During the convection heating process, the phase transition

occurs along the flow direction of the hot air. Thus, the desorp-

tion can be divided into three stages, see (Figure 8A): transparent

stage (T < LCST), transition stage (T > LCST for part of the mate-

rial), and opaque stage (T > LCST). The liquid water and gaseous

water have different desorption performances in the three

stages, and (Figure 8B) shows the water desorption curve under

different convection air temperature. For stage I, all the desorbed

water is of gaseous type. When the phase transition of PNIPAM

occurs, stage II, liquid water can be found. Due to the convection
A

B

Figure 7. Liquid water and water vapor desorption of PNIPAM hydroge

50�C heating temperature has the highest desorption amount. Directly liquid wa

(A) Dynamic desorption curve of liquid water, vapor and evaporation under heat

minimum value of three independent experiments.

(B) The corresponding desorbed water ratio under typical desorption time for diffe

experiments.
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of hot air, most of the desorbed liquid water evaporates to water

vapor. It can be found that the highest available liquid water

(liquid water can be collected directly) is at the beginning of stage

III. The reason is that the liquid water desorption rate decreases

when the phase transition of the whole material is finished. When

the liquid water desorption rate is lower than the evaporation

rate, the available liquid water amount gets reduced.

To obtain the highest liquidwater collection amount, a high con-

vection air temperature is recommended. For air temperature

ranges from 40�C to 60�C, the condition of 60�C has the highest

available liquid water amount of about 0.11 g/g and fastest water

desorption rate (10min), see (Figure 8C). On the other hand, the air

temperature of 60�Calso has the highest total desorption amount,

about 0.54 g/g. However, the amount of the available liquid water

for air convection conditions is much lower than that for closed

environment conditions. (Figure 8D) shows the ratio of available

liquid water and the gaseous water under different desorption

temperatures. The maximum available liquid water only takes
l in closed environment

ter desorption takes more than 80% of the total desorption amount.

ing temperature of 40�C–60�C. Data are represented as mean, maximum and

rent heating temperature. Data are represented as mean of three independent



A

B

C D

Figure 8. Liquid water and water vapor desorption of PNIPAM hydrogel under air convection condition
60�C has the highest total desorption amount, and the maximum available liquid water only takes 21%–25% of the total desorption amount.

(A) Three stages during the air convection desorption period.

(B) Available liquid water and gaseous water dynamic desorption curve of desorption air temperature ranges from 40�C to 60�C. Data are represented as mean,

maximum and minimum value of three independent experiments.

(C) Liquid water capture comparison of three heating temperature. Data are represented asmean, maximum and minimum value of three independent experiments.

(D) Liquid and gaseous water desorption ratio under heating time of maximum liquid water amount and 90 min. Data are represented as mean, maximum and

minimum value of three independent experiments.
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21%–25% of the total desorption amount. Thus, to obtain more

liquid water, the combination of condensation equipment is

necessary, for the air convection conditions.

DISCUSSION

Obviously, the desorption and liquid water releasing process of

the PNIPAM hydrogel will be restricted by the shrinkage of the

outer layer, for both closed environment and air convection envi-

ronment. The liquid water desorption mechanism is attributed to

the shrinkage of the PNIPAM polymer chain. When the transfu-

sion of the liquid water is blocked by the low pore diameter

and low porosity of the outer layer, the following desorption

will be in the form of water vapor. Both heating temperature

and heating rate affect the water releasing performance, during

the heating process. In this research, heating rate relates to the
product of air flowrate and air temperature. By increasing the

heating rate, from about 38.5W to 57.6W, the total water release

amount and release speed increases. From the perspective of

direct liquid water amount, increasing heating rate benefits to

water collection capacity and efficiency, within 600 s of 0.11

g/g. The kinetic reason is the fast transition of PNIPAM and the

shorten of stage I and stage II. A low heating rate causes a large

amount of outer layer water to diffuse as gaseous type, reducing

the liquid water releasing amount when heated to above the

LCST. Thus, improving the heating rate to shorten the transition

process contributes to obtain liquid water. On the other hand, a

higher heating rate provides more energy for both the transition

of PNIPAM and water evaporation, increasing the total water

releasing amount.

Another key factor is the geometric parameter, including

length alongside the air stream and thickness. Reducing the
iScience 28, 111619, January 17, 2025 7



Figure 9. Liquid water and potential liquid water generation rate of

different conditions

The highest directedly liquid water desorption rate is in a closed environment,

and the highest potential liquid water desorption rate is for air convection

condition, with the requirement of excess cooling condensation equipment.

Data are represented as mean of three independent experiments.
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length of PNIPAM alongside the air stream can shorten the tran-

sition stage (stage II) of the air convection condition, reducing the

amount of water diffused as a gaseous type. Based on the theory

of water transfusion in porous media, water flux density in-

creases with the rising of pore diameter and the reducing of

transfusion length. From this point of view, the thinner polymer

has a shorter transfusion length. On the other hand, the thinner

polymer has a shorter heat transfer time, from surface to interior.

When the temperature at the center point increases to above the

LCST, the pore diameter at the outermost layer of thinner

PNIPAM is larger than that of thicker PNIPAM, which may cause

greater water flux density. Thus, when heated to above the

LCST, driven by the force of molecular chain shrinkage, thin

polymer may be conducive to the collection of water.

Consecutive heating method may not be suitable for the con-

ditions requiring high liquid water collection amount. To solve

this problem, intermittent heating and desorption by changing

the temperature of PNIPAM hydrogel may be a potential solution

method. After heating to above the LCST for several minutes, the
Table 1. The comparison of the water generation among previously

Reference Polymer type

This research PNIPAM

Ma et al.9 PNIPAM-Silica gel-LiCl

Zhao et al.55 IPN of PNIPAM and PPy-Cl

Nandakumar et al.61 Gel made by Zn from its acetate sa

combined with an alcohol,

anamino-alcohol and water.

Hanikel et al.62 MOF-303

Yao et al.63 PAAS/GO

Ji et al.64 MCM-41/CaCl2

Cai et al.65 IPN of PNIPAM and PVA

Geng et al.66 PNIPAM anchored onto a superhyd

melamine foam skeleton, with mod

graphene layer
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hydrogel can be purgedwith low temperature environment air for

several minutes to uniform the water content of the whole hydro-

gel. For further, the establishment of the heat and mass transfer

model for describing the two-phase desorption performance of

TRPs is highly recommended. Based on the water transfusion

law inside TRPs, the cycle time of heating and purging with

ambient air can be optimized. In addition to the operation strat-

egy, changing the micro structure of hydrogel during water

releasing process through active adjustment,58 is a potential

method to reduce the blocking effect of pore diameter reduction.

On the other hand, by spraying hydrophobic film59 between

different PNIPAM layers can effectively reduce the water diffu-

sion distance, improving water collection efficiency. For some

specific pollutants, the water recovery efficiency can be

improved by coupling with other technologies, e.g., pseudoca-

pacitance system for removing rare-earth ions in waste water.60

Based on the desorption performance of PNIPAM under two

environments, the liquid water generation amount and rate can

be concluded. There is no doubt that the highest liquid water

amount (directly obtained without further process) is for the

50�C in closed environment, 0.3 g/g for heating to about

53 min. However, the liquid water generation rate of this condi-

tion is not high, only 5.7 g kg�1$min�1. The highest liquid water

generation rate is for 60�C in a closed environment, see (Fig-

ure 9). The liquid water can be generated directly at a rate of

15.4 g kg�1$min�1 by heating at 60�C for 11min, 2.7 times higher

than that of the highest liquid water amount condition. By

combining with a water vapor condenser, the theoretical liquid

water generation rate turns to 18.2 g kg�1$min�1. Compared

with desorption in a closed environment, air convection environ-

ment can reach 22.7 g kg�1$min�1 by heating at 60�C for 1.5min.

It seems that this condition has the highest total water desorp-

tion rate (potential liquid water), the cooling energy is high due

to the condensation of gaseous water requirement. Thus, three

desorption strategies of PNIPAM based thermal-responsive

polymers can be recommended for different purified water gen-

eration requirements. For scenarios with high liquid water gener-

ation amount, 50�C in a closed environment is recommended.

When the requirement is fast water purification, intermittent
researches

Water desorption

22.7 g/(kg$min), in 1.5 min, 60�C
15.4 g/(kg$min) (liquid), in 11 min, 60�C

0.7 g/g in 30 min, 40�C

3.4 g/g in 20 min, 40�C

lt 14 L/(kg$day) = 9.72 g/(kg$min), 50�C

1.3 kg/(kg$day) = 0.90 g/(kg$min), 120�C

25 kg/(kg$day) = 17.36 g/(kg$min), 60�C

1.2 kg/(kg$day) = 0.83 g/(kg$min), 80�C

0.23 L/(m2$h), 40�C

rophilic

ified

4.2 kg/(m2$h), 43�C, 99% ionic rejection
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heating at 60�C in a closed environment can achieve a high liquid

water generation rate (heating for 11 min and cooling for several

minutes). If the energy consumption is not considered, intermit-

tent heating at 60�C with air convection can be adopted (heating

for 1.5 min and cooling for several minutes), by using a

condenser to obtain liquid water from gaseous water.

(Table 1) shows a comparison of this research and previously

reported researches, in terms of water purification and genera-

tion performance. It can be found that the PNIPAM in the current

research has a relative highwater desorption rate comparedwith

previously reported researches, of 15.4 g kg�1$min�1 directly

liquid water generation rate and 22.7 g kg�1$min�1 water gener-

ation rate with further condensation.

Conclusions
In this research, combined micro and macro methods were

adopted to analyze both dynamic structural parameters and

liquid-vapor water releasing, for a PNIPAM hydrogel. On the ba-

sis of experimental testing, several main findings were

concluded. With the water content increases to the maximum

adsorption amount, the pore diameter increases, and the micro

surface gets rough. The bulk volume is of linear relationship with

the variation of water content, and the average CME is 0.94 m3/

kg. Based on LF-NMR characterization, PNIPAM shows a two-

peak feature under T2 relaxation. Free and immobilized water

is transferred to immobilized and bound water, for water content

reduces from 2.0 g/g to 0.6 g/g and during the dynamic heating

process. The highest liquid water directly collection amount is for

the 50�C in closed environment, 0.3 g/g for heating to about

53 min. The highest liquid water generation rate is 15.4 g

kg�1$min�1, in a closed environment by heating at 60�C for

11min. By combining with a water vapor condenser, the theoret-

ical liquid water generation rate turns to 18.2 g kg�1$min�1.

Compared with desorption in a closed environment, air convec-

tion environment can reach 22.7 g kg�1$min�1 by heating at

60�C for 1.5 min. In general, PNIPAM hydrogel is a potential wa-

ter purification material, while the optimization of geometry pa-

rameters and heating strategies is highly recommended for the

improvement of energy and water collection efficiency.

Limitations of the study
In this research, we emphasize on the liquid and vapor desorp-

tion performance of a typical thermal-responsive polymer

PNIPAM. Other kinds of thermal-responsive polymers could

have been experimented. This research conducted micro and

macro experimental methods for the water desorption perfor-

mance of PNIPAM. A comprehensive liquid water purification

and generation strategies could be proposed from the establish-

ment of a general physical model of thermal-responsive poly-

mers. The shape factors, e.g., length, width, and thickness,

along with the intermittent heating-cooling method could be

optimized for obtaining a high liquid water generation rate.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

NIPAM Shanghai Titan Scientific CAS: 2210-25-5

MBA Beijing Innochem Technology CAS: 110-26-9

TEMED Beijing Innochem Technology CAS: 110-18-9

APS Beijing Innochem Technology CAS: 7727-54-0

DI water Shanghai MACKLIN Biochemical Technology CAS: 7723-18-5
METHOD DETAILS

Synthesis of typical TRP PNIPAM
Materials

The adopted chemicals includes N-isopropylacrylamide (NIPAM, 98%), N, N0-methylenebisacrylamide (MBA, 99%), ammonium per-

sulphate (APS,R98%), N,N,N0,N0-tetramethylenediamine (TEMED, 99%) and deionized (DI) water. The NIPAM was purchased from

Shanghai Titan Scientific Co., Ltd. Ammonium persulphate. The MBA, APS, and TEMED were purchased from Beijing Innochem

Technology Co., Ltd. The DI water was purchased from Shanghai MACKLIN Biochemical Technology Co., Ltd.

Preparation of PNIPAM hydrogels

In a typical synthesis, NIPAM (1g) and TEMED (10 mL) were dissolved in 10 mL DI water under sonication (NIPAM solution). The so-

lution was purged with nitrogen for 10 min to remove the dissolved oxygen. 200 mL MBA solution of 30 mg/mL acting as crosslinker

and 50 mL APS solution of 225 mg/mL acting as initiator were added into the NIPAM solution under sonication. During the operation

process, the NIPAM solution was immersed in ice water to maintain a lower temperature. The polymerization was carried out under

temperature of 10-20�C for 24 h to obtain PNIPAM hydrogel. The PNIPAM hydrogel was placed in DI water at 10-20�C for 48 h to

remove the unreacted monomers. The PNIPAM hydrogel was dried in a vacuum oven at 50�C to constant weight, and the dry weight

of the PNIPAM hydrogel can be obtained. The schematic diagram for the synthesis process is shown in (Figure S1).

Characterization of PNIPAM
The characterization of PNIPAM hydrogel includes macro structure and micro porous parameters. The water content related macro

structure can be reflected by coefficient of macro expansion. The micro porous parameters mainly include porosity and pore diam-

eter distribution.

Surface morphology of PNIPAM hydrogel

PNIPAM hydrogel has water content related characteristics of both macro structure and micro porous parameters. To analyse the

surface morphology of micro structure under different water content, the completely dried PNIPAM hydrogels were rehydrated to

different water content of 0 g/g, 1 g/g, 2.2 g/g, 6.8 g/g and maximum water content. Then, the PNIPAM hydrogels were freeze-dried

for 48 h under temperature of lower than -60�C tomaintain the porous structure. The freeze-dried PNIPAM hydrogels were examined

by scanning electron microscope (SEM). The adopted SEM is JSM-6510 of Japan Electronics Co., Ltd (JEOL).

Crystallinity study

X-ray diffraction (XRD) was adopted to characterize the crystallinity of the PNIPAM hydrogel. The completely dried thin plate sample

(18 mm in length and width, 2 mm in thickness) was analyzed on the diffractometer of Rigaku-SmartLab in the 2q range of 10�–80�

with 5�/min scanning rate.

Gel fraction

During the swelling and shrinking processes of the PNIPAM hydrogel, the mass of the water affects the gel fraction. The gel fraction

GF of PNIPAM hydrogel was estimated by (Equation 1).

GF =
Mdry;PNIPAM

Mtotal;PNIPAM

3 100% (Equation 1)

whereMdry;PNIPAM is the weight of the completely dried PNIPAM sample andMtotal;PNIPAM is the total weight of PNIPAMhydrogel under

different water content.
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Coefficient of macro expansion

The water content related macro volume expansion of the PNIPAM hydrogel can be reflected by the coefficient of macro expansion

(CME). CME is defined as the ratio of water content volume and water content weight, which is expressed as (Equation 2).

CME =
Vhydro � Vdry

Whydro � Wdry

(Equation 2)

where CME is the coefficient of macro expansion, Vhydro and Vdry represent the PNIPAM volume under hydration and dry condition,

Whydro and Wdry represent the PNIPAM mass weight under hydration and dry condition.

The experiment of CME is conducted during the heating and vacuum drying processes. The volume andmass of the PNIPAMwere

tested after several hours drying till completely dried condition, from fully swollen state. The mass of the PNIPAM hydrogel was

weighted by using the high precise electronic balance, and the volumewas tested by usingmeasuring cylinder with drainagemethod.

Thermal properties characterization

Differential scanning calorimetry (DSC) and thermal diffusion coefficient were used to characterizing the thermal performance of the

completely dried PNIPAM. DSC testing was carried out using NETZSCH DSC 214 differential scanning calorimeter. The dried

PNIPAM was prepared as a cylinder with a diameter of 3.97 mm and a thickness of 1.92 mm. The testing temperature ranges

from 0�C to 70�C, with heating rate of 5�C/min. The protective atmosphere is nitrogen.

Thermal diffusion coefficient characterization of dried PNIPAMwas conducted by using a laser thermal conductivity testing instru-

ment of NETZSCH LFA 467. The dried PNIPAMwas prepared as a thin plate with a diameter of 12.58mmand a thickness of 1.08mm.

The tested temperature set point are 25�C, 30�C, 35�C, 40�C and 50�C. The protective atmosphere is nitrogen.

Liquid-vapor desorption experiment
LF-NMR measurements of the desorption process

LF-NMR testing results can reflect the water conditions in the PNIPAM hydrogel and the pore diameter distribution. In this research,

LF-NMR is adopted for the water condition analyzation under different water content, and reflect the water condition transfer during

heating process. LF-NMR testing was carried out using a NMRC12-010V-T NMR analyser with a magnetic field strength of

0.28±0.05 T and magnetic field uniformity of 300 ppm. The magnetic field stability is 300 Hz/hour, and the radio frequency field pulse

frequency ranges from 2 MHz to 30 MHz. A series of PNIPAM samples of different water content were prepared (from 0.6 g/g to 5.1

g/g), and used for LF-NMR relaxation analysis. All the completely dried PNIPAM sampleswere prepared to cylinder type, with 7mm in

diameter and 13 mm in height. Due to the geometric testing error, the mass of the series dried PNIPAM ranges from 0.4688 g to

0.4780 g. By placing each dry PNIPAM separately into a glass sample bottle, DI water was added to the surface of PNIPAM till ad-

sorbing the water to the required water content. By placing each sealed bottle into the sample chamber, the LF-NMR testing was

carried out, under room temperature.

Dynamic desorption process was also conducted by heating the sample with water content of 2.5 g/g to above the LCST and

continuous heating for several minutes. After the one-by-one testing of the samples of different water content, the PNIPAM hydrogel

of 2.5 g/g water content was placed into a water bath of 60�C. When the PNIPAM hydrogel become opaque, continue heated for

1 min. Then, wipe the bottle and put into the sample chamber for testing. After about 30 s testing, put the bottle back to the water

bath for further heating. Repeat the steps, and the heating time are controlled at 1 min, 6 min and 8 min.

For the aforementioned testing process, T2 transversal relaxation curves were measured by Carr–Purcell–Meiboom–Gill (CPMG)

sequence. The number of echoes (NECH) was 400, with a scan number of 32. The other NMR parameters include SW=100 kHz,

RG1 = 20.0 dB, RFD = 0.25 ms. The raw CPMG decay curves were fitted by continuous multi-exponential data via the simultaneous

iterative reconstruction technique (SIRT) algorithm.

Desorption in closed environment

The most commonly adopted method for testing the absorption/desorption rate is the consecutive method, by placing an electronic

balance into the constant temperature and humidity box.17 By using the consecutive testing methods, only total desorption amount

can be obtained. As the experiment target of the current research is to clarify the desorption ratio of liquid water and water vapor,

consecutive testing was not applicable. Thus, quasi static method that using desorption amount under several specific time points

to generate the desorption rate curve was adopted. Both constant temperature and humidity box and constant temperature oven

were adopted for the desorption performance of the closed environment experiment.

Before the desorption experiment of PNIPAM hydrogel, the evaporation rate and evaporation amount were quantified by testing

only liquid water, for temperature variating from 40�C to 60�C. The DI water was injected into the empty container until approximately

half of its volume. The diameter of the box is 80 mm and the height is 55 mm, in order to facilitate the removal of PNIPAM hydrogel

after heating process. Then, the container was put into the constant temperature oven for more than 1 h, ensuring the temperature

constant of water can container. The container was weighted, and then the cap of the container was tightened and sealed. The

container was put back into the constant temperature oven for several minutes (5, 10, 20, 40 and 60 min, respectively). Then, the

container was weighted again. The mass difference between the two weighing is the evaporation capacity. The maximum evapora-

tion amount of 40�C, 50�C and 60�C are 0.0294 g, 0.0564 g and 0.1014 g, respectively, representing the equilibrium vapor and liquid

phase. The water evaporation rate per unit area can be calculated when the exposed surface area of the water (equals to the bottom

area of the container) was tested.
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The completely dried PNIPAM hydrogel (about 1 g) was rehydrated to water content of 2.5 g/g with DI water. The initial size of the

hydrated PNIPAM gel is 25 mm in length, 25 mm in width and 5 mm in thickness. The experiment procedure is shown in (Figure S2).

Before the experiment, the PNIPAM hydrogel and the container was placed in the constant temperature and humidity box to unify the

initial temperature and humidity. The temperature and relative humidity were controlled at 25�C, 60%. The setting temperature of the

constant temperature ovenwas the designed desorption temperature of 40�C, 50�C and 60�C. The container containing the PNIPAM

hydrogel was put into the constant temperature oven to begin the desorption process, and the timing was stated, simultaneously.

When the surface of the PNIPAM hydrogel transformed from transparent to opaque states, the time was recorded. For the following

experiment, the desorption time is controlled at extra 1, 3, 5, 10, 20 and 40 min, on the basis of the transparent to opaque states

transformation time. When the timing was done for each desorption time, the container containing the PNIPAM hydrogel was taken

out from the constant temperature oven, and the PNIPAM hydrogel was wiped by a weighted filter paper. Then, the mass of the

PNIPAM hydrogel, the wet filter paper and the container were weighted, respectively. It should be noted that the wiping process

can be done only after the transformation of PNIPAM hydrogel, as the opaque PNIPAM hydrogel gets not sticky when heated to

above the LCST. All experiments in this session are based on the same PNIPAM sample, and the water adsorption/desorption cycle

of the sample was done formore than 63 times. The desorption amount of liquid water andwater vapor can be calculated by using the

following (Equations 3, 4, and 5).

Mliquid = Ml;contain +Ml;paper +Ml;evap (Equation 3)

Mvapor = MPNIPAM � Mliquid � Ml;evap (Equation 4)

Ml;evap = Mevap

SPNIPAM

Sbase;contain

(Equation 5)

whereMliquid represents the liquid water desorption amount,Mvapor is the water vapor desorption amount,Ml;container is the desorbed

liquid water remaining in the container after the heating process,Ml;paper is the desorbed liquid water on the PNIPAM surface after the

heating process, Ml;evap is the evaporated liquid water from the surface of the PNIPAM after transformed to opaque, SPNIPAM is the

surface area of the PNIPAM hydrogel and Sbase;contain is the bottom area of the container.

Desorption in air convection environment

Forced convection with hot air can effectively improve the heat and mass transfer process. To research the desorption amount and

liquid water desorption rate, a forced convection desorption experimental platform was designed and established. The PNIPAM hy-

drogel was prepared, with water content of 2.5 g/g, as thin plate. The initial length, width and thickness of the plate PNIPAM is 70mm,

70 mm and 5 mm, respectively. The schematic figure and the photograph of the experimental setup are shown in (Figures S3A

and S3B).

A temperature and humidity chamber were utilized for controlling the temperature and humidity of the hot air. An evaporator for

cooling and dehumidification, an electric heater for heating and a humidifier for humidification were incorporated in the chamber.

a variable frequency fan mounted at the end of the hot air duct was used for extracting the hot air from the temperature and humidity

chamber. A nozzle box on the hot air duct was used for testing the air flowrate, by testing the static pressure difference before and

after the nozzle with micromanometer. Two temperature and humidity sensors were installed at the upstream and downstream of the

PNIPAM hydrogel test section, for testing the inlet and outlet air temperature and humidity variation affected by the water desorption

process, respectively. Proportional-integral-derivative (PID) control was utilized for the operation of the evaporator, heater and hu-

midifier according to the upstream temperature and humidity of the PNIPAM hydrogel test section. The detailed experimental setup

and the testing devices are listed in (Table S1).

Before the desorption process begin, the temperature and humidity were set at the desired desorption air flow condition, and the

air extracting fan was turned on. The frequency of the air extracting fan was adjusted to control the air flowrate at the required value.

When the temperature and humidity at the upstream of the PNIPAM hydrogel test section were stably controlled at the set value, the

prepared PNIPAM hydrogel test section was inserted into the experimental setup. Then, the PNIPAM hydrogel desorption experi-

mental process under air convection is similar to the desorption experiment process of the static closed environment. All experiments

in this session are based on the same PNIPAM sample, and the water adsorption/desorption cycle of the sample was done for more

than 54 times.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of characterization experiment repeat of PNIPAM, including surface morphology, crystallinity, gel fraction, CME and

thermal properties, is one times for each sample. For desorption experiment for PNIPAM, the LF-NMR tests were repeated for

one time for each sample. Desorption experiment in both closed environment and air convection environment were repeated for three

times for each time point, and the average value, maximum value and minimum value were calculated, using MS Excel.
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