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Abstract: To understand the cause for the increasing water absorption rate of wheat shorts after cold plasma
treatment, a dynamic moisture adsorption instrument was used to measure the moisture sorption isotherms of
samples treated with 120 W low-pressure strong radio frequency helium or oxygen CP for different times.
The result was that the Caurie equation can fit an isotherm, and its coefficient C, gived the density of water
adsorbed by the sample. For adsorbed or desorbed samples, as the helium or oxygen CP treatment time at the
same power increased, there was no difference in the density of adsorbed water, and the coefficient M, gived
the adsorbed water content of the monomolecular layer of the sample. For adsorbed or desorbed samples, as
the helium CP treatment time at the same power increased, the water content of the monomolecular layer
increased significantly. For samples treated with oxygen plasma, the content of the adsorbed monomolecular
layer water first decreased and then increased as the treatment time increased, while the desorbed
single-molecule water content showed a decreasing trend with the increased time. In order to improve the
fitting of the Caurie equation, M, was corrected to A+Bt (t was the temperature, A and B were constants).
Analysis of the coefficients of the modified Caurie equation showed that as the 120 W helium CP treatment
time (0~180 s) increased, the monomolecular layer of water, the number of adsorbed water molecule layers,
the bound water content, and the water adsorption surface area all showed a continuous increase trend. For
oxygen CP, these indicators showed an increasing trend in the first 60 s of processing, and then showed a
decreasing trend if the processing time was extended. The results showed that compared with oxygen-cold
plasma, high-energy helium-cold plasma improved the hydrophilicity of wheat shorts proteins and polysaccharides.
As the treatment time increased, the surface area and number of layers of water adsorbed by these
macromolecules and the monomolecular layer, and the bound water content steadily continued to increase.

Key words: wheat shorts; modified Caurie equation; the density of adsorbed water; monolayer water content;

the number of sorbed water layers; cold plasma
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Fig. 1 Effects of low-pressure radio-frequency cold plasma on the water adsorption rate and pasting properties of wheat shorts
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Fig.2 Moisture adsorption and desorption isotherms of wheat shorts treated by cold plasma
F1 Cauwrie FEMNEFFLAEIMERKSREFBLINAEER
Table 1 The fitting results of moisture adsorption and desorption isotherms of CP treated wheat shorts with Caurie equation
U it
FE i Caurie J5 2 4L St =S4 Caurie J5 2 4L Gt ESH
M, Co MRE/% M, Co MRE/%
He-CP-0s 7.424+0.151° 1.408+0.058 10.254 6 7.686+0.099° 1.531+0.041 8.806 7
He-CP30s 7.694+0.134% 1.402+0.047 9.509 6 7.652+0.125°¢ 1.541+0.052 9.779 6
He-CP60s 7.873+0.109% 1.399+0.037 8.3314 7.874+0.106% 1.524+0.041 83187
He-CP90s 7.924+0.095° 1.398+0.032 7.3358 7.943+0.094% 1.521£0.035 7.464 9
He-CP120s 8.041+0.082 1.401+0.027 6.298 5 8.094+0.087> 1.516+0.031 7.008 6
He-CP150s 8.104+0.075% 1.398+0.024 5.600 3 8.186+0.081* 1.509+0.028 6.423 1
He-CP180s 8.191+0.066" 1.399+0.020 5.169 2 8.332+0.075° 1.501+0.025 5.4559
O-CP-0s 7.443£0.163" 1.394+0.064 10.258 5 7.403£0.141°° 1.5490.064 11.6373
O-CP30s 7.691£0.142° 1.386+0.051 8.760 5 7.668+0.128" 1.529+0.052 9.156 8
O-CP60s 7.627+0.127° 1.385+0.046 8.608 2 7.602+0.112° 1.531+0.047 8.9743
0O-CP90s 6.887+0.221°¢ 1.368+0.099 16.769 8 7.165+0.157°¢ 1.532+0.082 12.354 4
0O-CP120s 7.288+0.154% 1.413+0.065 10.111 4 7.419+0.143° 1.533+0.067 11.102 4
O-CP150s 7.0760.160% 1.415+0.073 11.4292 7.243+0.153 1.538+0.079 12.518 6
0-CP180s 8.091+0.186" 1.478+0.133 17.2159 6.323+0.185¢ 1.605+0.146 19.381 5

T My [l — SR /NG T8 AR s %) S0 AR CP AR FIR i 22 5K B B 25K P (P<0.05 ).

Note: The column lowercase superscripts following M, indicate significant difference (P<0.05).
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Fig.3 Monolayer water content in wheat shorts (A) and the density of sorbed water calculated by Caurie (B) and (C) Mcaurie equation
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Table 2 Fitting results of moisture adsorption and desorption isotherms of CP treated wheat shorts with the modified Caurie equation

v A BfE MCaurie firE MCaurie

Fei A B Co MRE/% A B Co MRE/%
He-CP-0s 10.518 ~1.170E-01 1.388+0.014° 42549 9.411 —6.302E-02 1.505+0.020° 4.608 1
He-CP30s 10.218 —9.647E-02 1.388+0.015° 4.593 8 10.091 —8.892E-02 1.505£0.019° 4.692 1
He-CP60s 9.854 —7.630E-02 1.389+0.012° 3.986 1 9.826 ~7.156E-02 1.496+0.015° 3.766 9
He-CP90s 9.609 —6.518E-02 1.389+0.012° 3.793 3 9.621 —6.176E-02 1.497+0.015° 3.7355
He-CP120s 9.415 ~5.351E-02 1.396+0.012° 3.546 3 9.507 ~5.220E-02 1.497+0.016° 4.140 1
He-CP150s 9.292 —4.638E-02 1.394+0.012° 3.484 8 9.462 —4.723E-02 1.493+0.015° 3.927 5
He-CP180s 9.125 —3.661E-02 1.396+0.013* 3.799 4 9.468 —4.217E-02 1.486+0.014° 3.3132
0-CP-0s 10.532 ~1.171E-01 1.3810.015" 3.9742 10.468 ~1.106E-01 1.501£0.022"% 5,088 5
0-CP30s 10.219 -9.701E-02 1.378+0.014%¢ 3.9912 10.265 —9.453E-02 1.493+0.018¢ 3.883 1
0-CP60s 9.886 —8.704E-02 1.378+0.011°¢ 3.5622 9.857 —8.246E-02 1.498+0.015%  3.944 7
0-CP90s 11.445 ~1.682E-01 1.338+0.025° 6.3357 10.523 ~1.264E-01 1.53740.022° 5.168 1
0-CP120s 10.143 ~1.093E-01 1.409+0.016" 2.9789 10.269 —1.083E-01 1.536+0.023>  4.7127
0-CP150s 10.146 ~1.169E-01 1.409+0.018" 3.170 9 10.388 —1.188E-01 1.541+0.025° 5.130 1
0-CP180s 10.333 ~1.571E-01 1.473+0.029* 5.426 6 10.685 ~1.606E-01 1.626+0.044° 9.096 2

T Co [l —FHE AR /NG T8 EFRFRR X E s CP AL BIA: i 22 533K B B # /K- (P<0.05),

Note: The column lowercase superscripts following C, indicate significant difference (P<0.05).

% 3 Caurie #1 MCaurie Il AN E W FITFSH LR

Table 3 Comparison of statistical parameters between Caurie and Mcaurie

2 I T R ZH
RSS SE R MRE/%
W B Caurie A 6.501E-03 1.383E-04 0.949 3 7.499 9
A 3.669E-02 8.533E-04 0.849 2 11.879 1
MCaurie A 7.423E-04 1.614E-05 0.993 6 3.9227
A 1.647E-03 5.116E-05 0.990 8 4.2057
i W% Caurie A 2.924E-03 8.881E-05 0.957 5 7.608 2
A 2.789E—02 6.485E—04 0.870 9 12.160 8
MCaurie A 7.161E-04 1.746E-05 0.991 6 4.0262
A 2.437E-03 6.028E-05 0.987 7 54319

AR ZGE mUR AR, XA IR SR R A T PARAR BRI ) g S B A (181 3C ),

TE ERH KF 80%HY X B . 24 KMERHNBESFEKE=E. BMAKEHK
B IE Caurie HFEREL Co 7EE 2 HLIEE ZEKEE
£SD Z i, XF U B sl g A i, B R — DR A JEA Caurie J7 FEASGE B 7 1L BE XA i B9

SEE T UL RIS WK AR 22, RAK S R, B IE Caurie 77 FLAEAS R IR
1 HLARAE B T IRAL BRE A OB LR S5 BTl s (3 4). S0 % B TR B M R
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Fig. 4 Fitting curves of two equations to the measured 25 °C adsorption and desorption isotherms
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Table 4 Monolayer water content in CP treated wheat shorts calculated by the parameter of modified Caurie equation %

Mo
it e Bt fifk Ml

15 °C 20 °C 25 °C 30 °C 35 °C 15 °C 20 °C 25 °C 30 °C 35 °C
He-CP-0s 8.76 8.18 7.59 7.01 6.42 8.47 8.15 7.84 7.52 7.21
He-CP30s 8.77 8.29 7.81 7.32 6.84 8.76 8.31 7.87 7.42 6.98
He-CP60s 8.71 8.33 7.95 7.57 7.18 8.75 8.39 8.04 7.68 7.32
He-CP90s 8.63 8.31 7.98 7.65 7.33 8.69 8.39 8.08 7.71 7.46
He-CP120s 8.61 8.34 8.08 7.81 7.54 8.72 8.46 8.20 7.94 7.68
He-CP150s 8.60 8.36 8.13 7.90 7.67 8.75 8.52 8.28 8.05 7.81
He-CP180s 8.58 8.39 8.21 8.03 7.84 8.84 8.62 8.41 8.20 7.99
0O-CP-0s 8.78 8.19 7.60 7.02 6.43 8.81 8.26 7.70 7.15 6.60
0-CP30s 8.76 8.28 7.79 7.31 6.82 8.85 8.37 7.90 7.43 6.96
0-CP60s 8.58 8.15 7.71 7.27 6.84 8.62 8.21 7.80 7.38 6.97
0O-CP90s 8.91 8.08 7.24 6.40 5.56 8.63 8.00 7.36 6.73 6.10
O-CP120s 8.50 7.96 7.41 6.86 6.32 8.64 8.10 7.56 7.02 6.48
O-CP150s 8.39 7.81 7.22 6.64 6.06 8.61 8.01 7.42 6.82 6.23
0O-CP180s 7.98 7.19 6.41 5.62 4.83 8.28 7.47 6.67 5.87 5.06
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LR TFABLRM RS, 7 15~35 °CYEM, Wkt
PG E K AR A R 4.83%~8.91%, T2
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3.28~6.67, f#MWE: 3.11~5.93, FERIFESMET, Bl
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Table S The number of adsorbed layers in CP treated wheat shorts

W B 7K 2 5

15 °C 20 °C 25 °C 30 °C 35 °C 15 °C 20 °C 25 °C 30 °C 35 °C
He-CP-0s 6.31 5.89 5.47 5.05 4.63 5.63 5.42 521 5.00 479
He-CP30s 6.32 5.97 5.62 5.28 4.93 5.82 5.52 5.23 4.93 4.64
He-CP60s 6.27 6.00 5.72 5.45 5.17 5.85 5.61 537 5.13 4.89
He-CP90s 6.21 5.98 5.74 5.51 5.28 5.81 5.60 5.40 5.19 4.98
He-CP120s 6.17 5.98 5.79 5.59 5.40 5.83 5.65 5.48 5.30 5.13
He-CP150s 6.17 6.00 5.83 5.67 5.50 5.86 5.70 5.55 5.39 5.23
He-CP180s 6.14 6.01 5.88 5.75 5.62 5.95 5.80 5.66 5.52 5.38
0-CP-0s 6.35 5.93 5.51 5.08 4.66 5.87 5.50 5.13 4.76 4.40
0-CP30s 6.36 6.01 5.66 5.30 4.95 5.93 5.61 5.29 4.98 4.66
0-CP60s 6.23 5.91 5.60 5.28 4.96 5.75 5.48 5.20 4.93 4.65
0-CP90s 6.67 6.04 5.41 4.78 4.15 5.61 5.20 4.79 438 3.97
0-CP120s 6.04 5.65 5.26 4.87 4.48 5.63 5.28 4.92 457 422
0-CP150s 5.96 5.54 5.13 4.71 430 5.58 5.20 4.81 4.43 4.04
0-CP180s 5.42 4.88 435 3.82 3.28 5.09 4.60 4.10 3.61 3.11

FE 15~35 CHERIN, 2558 b3 45
B K AR AL BB RS2 33.72%~55.42%, i i
32.36%~52.53%; AV 5B TR 455 K
75 Ak T PRI B 15.87%~59.49% , it W S 15.77%~
52.42% (3% 6) o AVRSERE T LB 7K W B 1Y
FE 0 AR I I B 134.2~172 mP/g, e
126.2~161.9 m*/g; 48V 25 85 1 4b BE VM 2K 18 Fff 11
T AUAS AT R R B S 89.4~181.5 m/g, itk
2 84.8~161.3 mY/g (£ 7) . ERFELMET, B
RN, W RN BT 2SR i

K53 B 2 T AR Bk L - HL W B 0 T 9455
IK 5 KK o3 W B R AR e TR RS DL . v
S5 T A A B ) 38 45 K 5 AR IR R A S T
BUZ IR ALL T 3003 )2 K 5 8 o

M 8 FHih, B 120 W 2038 %5 Tk 4
210 LN ETNEUR | I o S =/ N4 7 i
JRH. SR K e 3 i FR ) B B S0 T i
B MR SF R TR, X LERARTERT 60 s
Ab RS B T B, 2 P E R AL A ] S B
R Sk
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Table 6 The content of bound water in CP treated wheat shorts %
HEKEE
FE S % i i %
15 °C 20 °C 25 °C 30 °C 35 °C 15 °C 20 °C 25 °C 30 °C 35 °C
He-CP-0s 55.33 48.20 41.55 35.40 29.74 47.62 44.14 40.79 37.58 34.50
He-CP30s 55.42 49.50 43.90 38.65 33.72 50.96 4591 41.13 36.62 32.36
He-CP60s 54.61 49.93 45.46 41.20 37.15 51.21 47.11 43.18 39.42 35.83
He-CP90s 53.64 49.66 45.84 42.17 38.66 50.50 46.98 43.58 40.31 37.17
He-CP120s 53.13 49.88 46.73 43.69 40.75 50.84 47.84 44.94 42.12 39.40
He-CP150s 53.01 50.19 47.44 44.78 42.19 51.32 48.59 45.93 43.35 40.84
He-CP180s 52.68 50.46 48.28 46.15 44.07 52.53 50.06 47.64 4528 42.98
0-CP-0s 55.76 48.57 41.87 35.67 29.97 51.70 45.41 39.53 34.06 28.99
0-CP-30s 55.74 49.74 44.08 38.76 33.79 52.42 46.97 41.82 36.97 32.41
0-CP-60s 53.43 48.15 43.14 38.41 33.95 49.60 44.97 40.57 36.39 32.44
0-CP-90s 59.49 48.81 39.18 30.60 23.09 48.42 41.59 35.27 29.48 24.20
0-CP-120s 51.32 44.94 38.98 33.44 28.33 48.65 4275 37.22 32.08 27.32
0-CP-150s 49.99 43.27 37.04 31.29 26.03 48.06 41.66 35.71 30.22 25.19
0-CP-180s 43.19 35.11 27.86 21.44 15.87 42.12 34.35 27.36 21.17 15.77
KT EBTHELELIBHKS TFRMHRER
Table 7 The surface area of water sorption in CP treated wheat shorts m*/g
TR A3 F % B 2 1T AR
i % B fite %
15 °C 20 °C 25 °C 30 °C 35 °C 15 °C 20 °C 25 °C 30 °C 35 °C
He-CP-0s 171.9 160.4 149.0 137.5 126.0 153.1 147.4 141.7 136.0 130.3
He-CP30s 172.0 162.6 153.1 143.7 134.2 158.4 150.4 142.3 134.3 126.2
He-CP60s 170.7 163.2 155.8 148.3 140.8 159.3 152.8 146.3 139.8 133.2
He-CP90s 169.2 162.8 156.4 150.0 143.6 158.1 152.5 146.9 141.3 135.7
He-CP120s 168.0 162.7 157.5 152.3 147.1 158.7 153.9 149.2 144.4 139.7
He-CP150s 167.9 163.4 158.8 154.3 149.8 159.6 155.3 151.0 146.7 142.4
He-CP180s 167.3 163.7 160.1 156.5 153.0 161.9 158.0 154.2 150.3 146.4
0-CP-0s 173.0 161.5 149.9 138.4 126.8 159.8 149.8 139.7 129.7 119.7
0-CP30s 173.2 163.6 154.0 144.4 134.8 161.3 152.7 144.1 135.5 126.9
0-CP60s 169.5 160.9 152.3 143.7 135.1 156.7 149.2 141.7 134.2 126.7
0-CP90s 181.5 164.4 147.3 130.2 113.1 152.8 141.6 130.4 119.2 108.0
0-CP120s 164.3 153.8 143.2 132.6 122.1 153.2 143.6 134.0 124.4 114.8
0-CP150s 162.2 150.9 139.6 128.3 117.0 152.0 141.6 131.1 120.6 110.1
0-CP180s 147.4 132.9 118.4 103.9 89.4 138.6 125.1 111.7 98.2 84.8
K8 EBETEHAER B RHESFEKILEEKEER RN
Table 8 Effects of CP treatment time on monolayer water content and bound water properties in wheat shorts
YO Mo/% Koy FIREK HEAKEE/% IK 45 A B T Y (m?/g)
He-CP-0s 7.71£0.71% 5.34+0.51% 41.49+7.61%° 145.33+14.03%
He-CP30s 7.84+0.69™ 5.43+0.52% 42.82+7.68" 147.72+14.27%
He-CP60s 7.99+0.55% 5.55+0.43" 44.51+6.25" 151.02+11.58°
He-CP90s 8.03+0.48% 5.57+0.38" 44.85+5.42° 151.65+10.27°
He-CP120s 8.1440.40° 5.63+0.32° 45.93+4.54° 153.35+8.64"
He-CP150s 8.21+0.36" 5.69+0.29" 46.76+4.05° 154.92+7.77°
He-CP180s 8.3120.31° 5.77+0.23° 48.01+3.41° 157.14+6.38"
0-CP-0s 7.65+0.85% 5.32+0.62% 41.15+9.15% 144.83+16.99%
0-CP30s 7.85£0.72% 5.48+0.54™ 43.27+7.93® 149.05+14.55%
0-CP60s 7.75+0.63% 5.40+0.49™ 42.11+6.98 147.00+£13.26®
0-CP90s 7.30+1.11% 5.10+0.86™ 38.01+11.78% 138.85+23.32
0-CP120s 7.49+0.81% 5.09+0.58% 38.50+8.33% 138.60+15.81%°
0-CP150s 7.32+0.88% 4.97+0.62" 36.85+8.77% 135.34+16.85%
0-CP180s 6.54+1.19° 4.23+0.78° 28.42+10.03° 115.04+21.15°

TE: AR LT BELSD FoR, W —FURE A FNG T 0 ERRFROR 2 535 8] B #F KT (P<0.05).

Note: Data shows as Mean+SD; the column lowercase superscripts indicate significant difference (P<0.05).
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