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Abstract: Water scarcity in arid and semi-arid regions is a critical constraint on the effectiveness of ecological
restoration efforts. Adsorptive atmospheric water harvesting (AWH) technologies have emerged as promising
tools to alleviate plant water stress in such environments; however, their application in ecological restoration
remains underexplored. This study co-polymerized NIPAM and AM to form a new composite gel and loaded it
with hygroscopic salts to test the effects of gel ratios on the water absorption and release properties, as well as the
performance under different temperature, humidity and light conditions, and water production in the field. The
results show that the composite gel with NIPAM : AM mass ratio of 1 : 1.5 had the optimal balance between
water adsorption and water release, with the dissolution rate reached 24.7 g/g, while 75.3% of water release could
be realized, which was 31.3% more than the water production of the PNIPAM gel. Under the condition of
temperature 20 °C and relative humidity (RH) 50%, the composite gel loaded with hygroscopic salt CaCl, : LiCl
molar ratio of 1 : 7 has the highest hygroscopicity, which is 1.14 times that of the loaded pure LiCl gel, and can be
hygroscopic under the condition of 30%—100% RH. The above optimized composite hygroscopic gel was applied
to the ecological restoration project of mines in arid-semi-arid areas. The average daily water yield in summer was
about 0.74 g/g, which could make up for the shortfall of the ecological water demand of plants based on Penman's
formula when the dosage was in the range of 14.1-17.6 g. The results confirm the feasibility of the application.

Keywords: ecological restoration; air water extraction technology; composite adsorben; hydrogel; ecological
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Fig. 1 Preparation process of composite hygroscopic gel
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Table 1 Mass ratio within the composite gel

5 Al A2 A3 A4 A5 A6 A7
NIPAM/iLb/% 100 66.7 60 50 40 333 0
AM 5 H/% 0 333 40 50 60 667 100

Bl AM LU P38 K, 26 B I 1 i T 23R 3% I
T, WREZK Lo 0 T B . 2 B ok AN EL A 2% K o i 3k
1) AM LR G, &AL AM B IS0 BE IR [ 2 i 5
B2 KEEA S, 8 L I INRE K B K AR T T
FARMERBIK R, EAEKAER R TRE =AE L
LB 1 2 iR R . 24 NIPAM 5 AM &b 1: 1.5
i, ¥ RKRR 3] 24.72 g/g ORI, BEK Lk 5] 75.3%,
W25 A 72K B de i 200 18.6 g/g, Fb PNIPAM 17
FEOK R 14.4 g/g AN T 31.3%, J5 X E AR
It L

K 3. B 4 b A EEK S PNIPAM #E I8 1Y oh 45 3%
fik A7 W3 AR, 1s Ja 2 B R A B2 ik £ R 95.3°, 1T
PNIPAM 432 fih /1 K 120.4°; 10 s J5 54 B8R 09 HE il £A
4 39.3°, PNIPAM £z fil /1 oy 82.1°. 10 s B 52 5 BEIE
Tl 4% 19 YRR AU /N, F B 52 A B R o K T R

FIH SEM X &2 4 5E I 1) T8 550 R il WL 285 4 3R 4 7
fiE, FLPN I S A A0 UL ] 5. JORAEHCR 500 £, Wi
AN A B N SR Hth 2 LA R, FLARE R AE S ~
20 pm 2 [H], 3P 45 A8 AN A A Wk 1 T 2k A K
Gy F PR YL, i B E RN T MR R T, R
I W R S 51 30 v 00 T 1 B T A A S

NIPAM AM  —m— FfkE
100 730
< 80f /i
g i/i 2674 | 55
i ; A L, 2528 -
4 60 on
\Egr /22.35 15 oo
= */i 0 >
£ 40t / LEEE ¥
= 18.84 =
= &
e i s N
£ oyl 1571
Al A2 A3 A4 A5 A6 A7
(a) Bk
NIPAM AM  —m— BK LA
100 7 100
§ 80 903 — “
\ 4
i 836 oi's i\i <
i 60F 9 753\i =
ol : =
= \* N
2 68.4 =
T 40} 646, 100 =
) &
)
4\.H 20 L
140
0 B S S S S

Al A2 A3 A4 A5 A6 A7
(b) oK LA
B2 A[E LGSR A A R AR K bL i
Fig. 2 Dissolution rates and water release ratio of different
proportions of gels

ls 5s 10s

‘ ) —)
B3 S&REHSSEmA

Fig. 3 Dynamic contact angle of composite gels

Is 5s 10s
Bl 4 % PNIPAM ERHBSEMA
Fig. 4 Dynamic contact angle of pure PNIPAM gel

2.2 IR ER A Ay A R
221 WRIRER A

3 R A R R B W R A T R G B Y
FLAE Y, B N AR LA (C=0) 585 5 T AL B 7 &
A LA R L1 2, T A 4 -85 e 1 WAV P B
AR VR TR S O E I 437 1L 3 ~ 5 mol/L 1Y LiCl
VS VR, DAt g 122 YA ) ik 32 R 0 VRIS 1) 2k e A



o S W A I ) 25 DAL B AR T 5 -2 T R ML DA AR 25 8 B ] - 43 -

< & YR
B 5 S/ SEM B
Fig. 5 SEM image of the composite gel

IR 50% . L 20 °C T B - i W B 1, 25 3 E 6
FIE 7 o R JE 1 380 o S W B o B R A RO B Y
b TE AN, 2SO N 4.5 mol/L B 2% 5 0 Fff
et iy N (=S i 2 P e EE U S E R 2R
W B 23 10 K K ER B il BE IS N AR RS Y, A M At
45mol/L J5 Wi A EikH R I TR, 4
e M 3.5 mol/L #2 T+ ZE 4.0 mol/L I, 25 £k F i W jh
P HHETE T 12% F116%, 1 4.0 mol/L #2712 4.5 mol/L
B Eh IR A 43%, LR APES IR, 58T
WO B 141 R ] 4 mol/L.

33 ) it
3.0 [ = O
a0t .
on
o I I
0 25F Ea =
i
X 1.5
B ol
3
F s

0

3.0 35 40 45 5.0

W IRER IR B/ (mol- L)

E6 EARKSOARKEREHBRENHETERRME
Fig. 6 Salt loading and adsorption of composite gels after
immersion in hygroscopic salt solutions of
different concentrations

222 WRIRE: LA

2 Bk ELA R R SOAEAL A B . L far DA B AR
RERT, 7RG 5 v RE S 7R SR 10 A% rh o] A B Ba, 15
JEAKE J A 7 1) A 5 R AR A R R, AT B AL 1
P 00 B T ORI A LT b S A R B
E 5245 W B3 s v 97 28 2 b B 7R 1 5 G R T 1Y
[ B B B b 2 3 1 i s

AT CaCl, 5 LiCl # A [F]EE /R b (3% 2) IR A

fi# >} 4 mol/L I WIR AR VAW o TR TV R T M )5 T i e
JE o DU 5 TR 5 FE 1) R A T 23R R S A T B, 45
9E G ER W TC HE 6 52 A W K B R s ARBUK T RE 1Y
S, g5 R E 78 Fin .

F2 WREAILLE)
Table 2 Ratio of hygroscopic salt

=2 S1 S2 S3 S4
CaCl, : LiCI(FEE/R L) 1:4 1:7 1:9 0:1

o - Rt

3.49
3.27
3.23 3.06
o 37
'
&
E 21
=
=
B 1f
0
1:4 1:7 1:9 0:1

B 7 7[R PR Eh R A A A U B 2
Fig.7 Equilibrium adsorption of different ratios of hygroscopic
salt gels

1471
12}
1.0+
081
0.6

0.4

AL R (gog!)

02}

5 6 7 8 9 10

Hif )/

o 1 2 3 4 5 6 7 8 9 10
I ] /h
B 8  ASIE] b 5 MR Eh 5% BT A R B 13 2R
Fig. 8 Adsorption rates of different ratios of hygroscopic
salt gels

M7 s LLE AR 50%, W 20 °C
T, A B AR T RN R P U I T A R R A T A R
4fi LiCl Y BE S o S2 ~F- i W B 1 5 /&y 34 3.49 g/g, L2l
LiCl A - 7 W B i 1 149%. 5 ¢ Wz BFF 3 5% 56 s (1] 434
RIS, 25 A BE ST 4 h i) I B et R 30T, R 25 R R A
5% VAN, S2 A EEhaisfe; M 6 h J5, BR S2 LIAbAY
S 2 5 J 11 W BT S 3T oA o R K, W B 3 W T
ZE0H, S2 5 Fe Ik S4 AH Lb W B it #H 22 0.08 g/g, S2 Y
W T Hb 91 53 B W R K B SRR R T RO, B



. 44 - 7K 3C b 5T TR ML BT

44l

A3 K A% LiCl B I8 fE .
2.3 EERTEIMERE

FEAG I 50 v A W U e e TR R G 1 R
PE e FURE K MERE, B A6 BF b 9 W% 7K B B 7K 5 4 A
I, R B BB E S 10 YR A A W B 98 AR RS 475 AT DA
ik 3] 98.8%; B /K PERETE 10 YA 4 i A7 A5 B 5y, (H
BN, 5510 TG h A 74.4% KB, Wt
SRR T B TR, RO M R e, B
A v T B A A M
24 AIEHEMZ MW

A4 0 5 D0 Ak S5 049 52 6 W 0 R R TR A N TR
FE N, 5 L RE A X I 8 RO o ) e X R B % R
ARG FEHEAT W
2.4.1 I I o W A A R A R

1 S 3 S B AE 5 ~ 20 °C. 30% ~ 90% J% i+t il
AR E L 1F T, &2 H 6 h W& 3 F H 3D smoother
ol A5 9 pros, ol LA R A R B,
AFRT T BT A 95 5 PR T 38 2% o 5 o P B s RO
5°C I, FHXFIR BE 30% ~ 90% K ik 181 A1 4 8 F A W fft
34 0.55, 0.98, 1.59, 2.54, 4.68 g/g, fx KA 22 7] 35
8.5 i 5 T LA 5 AH XoF U 3 A R) BN, S B ) R ) DU) A /N
5~20°C ZHEITE 7% VAN o J5 R AR XHE B o 25 R
SEBR K TR B 5 T R A A K TR S 1 B AL, i A
KR 1 B s RTE K 28 SRR S T 9 5 R 38K g
J1, B2 SRR B FE RO T, 20 °C LUTR 3 H
2%, P S PR /K 95 B it 22 BE AR/, BB AH X0 88 Xo) 5
JIZ 1) W o6 3 3R A 2 B A o

5 -

W (ggt)
(3]

15
RIEIC
B9 SARERRERRFESEETH 6 h RHE

Fig. 9 Equilibrium adsorption of composite hygroscopic gels

10

under different environmental conditions

S A5 W L BB JE A AN [) R o 34 B8 vl g G o 3 46 DL
P 100 2% 308 B2 F At 556 2 0% B 3o R AT T T i 0%
Wi B R . AR 90% T BEIE ELE 4 h BEIE

W2 B33 23R A T Ui B AR, L ATY BE A 5 48 1 A5 i A XS
10 30% 1 50% P BE IS AE 2 h I 5 e W B 3 5 45 11
K,

35
30
W 25
220

=05

0 1 23 45 6 7 8 910
) /h
E 10 S5RRERERERE THRMHER
Fig. 10 Adsorption rate of composite hygroscopic gel under
different humidity conditions

2.4.2 G FIR X B K G AR 5

W o 25 -7 1 52 TR s A VR B 50% . it
J& 25 °C, St 15x10° LUX F /436 B8 25 1k B 55 7K A8
FEULIE 11, BT LUE Y, SRR K SRR 5 2 A By
B 8 — W Br B RS AR G IR, IR G T & 30.4 °C
oy SIS R R (R LN AL TN R R
WA E R, IR E B TRZRE S 5 R B BER Y
ARK = REARG AKMEURS I, i T 0k 8 R i, BEIR
F U B HE— 2B b TR 2R 35 °C, o B AR BE A D i K
R

250 13
200 130
& c P
W 150 125 5
4 =
=100} 120 2
ol B KR s
—m— B i
0 : 10
0 1 2 3 4 5 6 7 8 9
fif /b
11 BB EFA/KELE 25°C, HIE 15x10° LUX AEXHEE
50% E£HETHITL

Fig. 11 Gel temperature and water content with light intensity of
15x10° LUX, 25 °C and RH of 50%

BB N TS EFEIREE H 20, 25, 30, 35 °C, Y58 H 9x

10%, 12x10%, 15x10* LUX 47 B KR, A 5 21 0 Ft
S5 1 52 A W T I 20 g, [A]BE 30 min R, 0 E A



2025 4

TR, 45 52 5 W IR R IR £ DI 1 B A - R DX A A B S 0 - 45 -

7] it R B2 % 11 05 J5C 18 1) f Jo ) I R
IR (R 3)
®3 REIREMNE THBKLLE
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Fig. 12 Duration of water release from gels at different
temperatures and light intensities
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Fig. 14 Photos of the plant growth hole experiment
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Fig. 15 Changes in soil water content in Petri dishes
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Fig. 16 Temperature and humidity changes in the
planting hole
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