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Abstract Surface modification by humectants is an

important technology to improve product quality in

textile field, healthcare, tobacco processing and paper-

making industry. As a common humectant glycerol is

applied to keep the moisture adsorbability of the plant

fibers duringmanufacturing. The effects of glycerol on

the moisture adsorption of the plant fibers were studied

by analyzing the induced differences of bulk and

surface physicochemical property with XRD, FTIR,

SEM characterizations. The improvement of moisture

adsorption capacity of the modified plant fibers was

caused by the increased active adsorption sites, while

the moisture diffusion resistance increased simultane-

ously with glycerol indicated by a declining Deff. LF-

NMR relaxation spectra demonstrated the water state

and distribution in the plant fibers were changed by

loading glycerol. The moisture transfer mechanisms

induced by glycerol were also investigated. Free water

failed to materialize in the plant fibers treated with

glycerol, immobile water existed preferentially during

the adsorption, and bound water presented increasing

after the immobile water was saturated. These findings

are referenced values to improve the manufacturing

processes of moisture-retaining properties of different

functional plant fibers.Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s10570-022-04449-1.
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Introduction

Plant fibers contain major components of cellulose

(linear polymers of glucose residues), hemicellulose

(heteroglycans) and lignin (Pei and Ping 2012).

Because of the rich hydrophilic functional groups of

the former two components (Jiang et al. 2017;

Hofstetter et al. 2006), the plant fibers present strong

hydrophilic properties. Water adsorption capability of

the plant fibers is closely related to their properties,

such as mechanical strength (Perrier et al. 2017;

Ridzuan et al. 2016), physicochemical resistance

(Varara et al., 2018), bacterial inhibition capability

(Popescu et al. 2014), hydrolysis (Jiang et al. 2021)

and pyrolysis performance (Sun et al. 2019). There-

fore, the water adsorption behaviour on plant fibers is

importantly correlated to their wide applications, such

as fields of paper-making (Modaressi and Garnier

2002), bio-energy (Emerson et al. 2018; Sotannde

et al. 2020), bio-degradation (Gheorghita et al. 2020),

functional materials (Hachem et al. 2020; Melo et al.

2021), pharmaceutics, cosmetics, textile and tobacco

industries (Sun et al. 2019).

The moisture adsorption performances of plant

fibers are mainly affected by hydrophilic composi-

tions, microstructures and surface morphologies

(Penttilä et al. 2020; Jiang et al. 2021), which can be

changed by a multiple physiochemical methods and

techniques.

Researchers have investigated on the surface mod-

ification with humectants to optimize the moisture

adsorption property and strengthen the water holding

capacity (WHC) of the plant fibers (Jiang et al, 2021;

Yamamoto et al. 2020; Wang et al. 2020b). Among of

them, glycerol is commonly applied as a humectant in

textile field, healthcare, tobacco processing and paper-

making industry. For example, a sheet of the plant

fibers coated with a high spreading rate (20–30%, 80%

of the coating liquid being glycerol) is used for

producing ultra-soft moisture tissue towel paper with

outstanding features of hydrophilicity, excellent soft-

ness and skin-friendliness for newborns and other

special populations. In tobacco industry, glycerol is

usually used as a humectant added into the heated

tobacco substrate to preserve its moisture content and

generate aerosol when it was heated (Yang et al. 2015;

Halter and Ito 1972). Overall, investigations of

mechanisms on WHC of the plant fibers loaded with

glycerol were limited, given their importance and the

demands for the optimization.

The moisture adsorption of plant fibers is affected

by the interaction between their equilibrium adsorp-

tion capacity and transport resistance (Alak et al.

2000). Water vapor adsorption experiments could

reveal the influence of glycerol on hygroscopic kinetic

parameters. Low-field nuclear magnetic resonance

(LF-NMR) technique has been widely used in obtain-

ing the water state and distribution in different

materials, such as fruits, vegetables, protein, woods

and other porous media. Relaxation time demonstrates

variations of physical and chemical processes of the

inter-facial water from the perspective of molecular

structure. Two-dimensional time domain LF-NMR
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(2D LF-NMR) technique (Guo et al. 2019; Wang et al.

2020b; Montrazi et al. 2018; Zheng et al. 2017)

combining two sequences between longitudinal (lat-

tice-spin relaxation time, T1) and transverse (the spin–

spin relaxation time, T2) relaxation time (T1–T2)

simultaneously has been developed. Among the

parameters, T1 is the time for the protons to relapse

to the original energy stage while the additional pulse

electromagnetic wave is removed, and T2 is the time

for the actuated protons in the identical frequency but

different moving tends to change their directions at the

same level (Joardder et al. 2019; Wang et al. 2020a).

2D LF-NMR offers an enhancement to basic 1D

technique, and the result could be presented as 2D

correlation maps of T1–T2 relaxation spectra after 2D

inverse Laplace transforms of the original data.

According to the BPP theoretical model (Merobbie

et al. 2007), T1 is closely related to the motion of

molecules and easily affected by the exchange process

between the different protons, and suitable for the

study of the high-frequency motion in the system, and

T2 is affected by the dipolar coupling between protons.

The sequence for capturing T1 data is encoded in the

indirect dimension, while that for T2 is modulated by

the direct dimension. Inversion-Recovery (IR) and

Saturation-Recovery (SR) are encoded in the indirect

dimension for T1, and encoded in the combination

with Carr-Purcell-Meiboom-Gill (CPMG) for T2.

Thus, protons can be distinguished to several compo-

nents by the value of the relaxation time in samples,

leading to the capture and visualization of existing

states and distributions of water in samples during the

water vapor adsorption (Sanders et al. 2021).

Although the moisture adsorption of the porous

media has been studied for more than a century,

researchers have not reached a consensus on the

mechanism of the water migration (Popescu et al.

2014; Hill et al. 2009) and proposed numerous

adsorption mechanisms (Fredriksson and Thybring

2018; Guo et al. 2017; Lovikka and RautkariL 2018;

Zhang et al. 2018), such as the moisture transfer

process via the mono-layer adsorption, the muti-layer

adsorption or the capillary condensation upon the

increased relative humidity, parallel exponential

kinetics. This work applied the advanced and insight-

ful 2D LF-NMR technique to study the water state and

distribution of the plant fibers loaded with glycerol.

Some characterization methods were applied to

demonstrate the change of the pore structure and

surface of these samples. In the water vapor adsorption

experiment, the influence of glycerol on hygroscopic

kinetic parameters was revealed. The collected infor-

mation was aimed to provide the establishment of

mechanisms on the moisture migration in the plant

fibers.

Materials and methods

Sample preparation

In this study, a plant fiber sheet (coded as ZZP0) is

produced by China Tobacco Yunnan Reconstituted

Tobacco Co. Ltd. ZZP0, plant-sourced material con-

sisted of wood pulp and hemp pulp at 90–98% to

2–10%, and the ratios of cellulose, hemicellulose and

lignin are 52.8%, 30.5% and 16.8% respectively.

ZZP0 exhibits paper structure with a finished surface

density of 45 ± 0.5 g/m2.

This sample was subjected to post-treatments using

a set of self-designed devices to impregnate glycerol

first and followed by a two-stage infrared drying

process (Fig. 1). The impregnation liquid was made of

glycerol-ethanol solution, and the two-stage infrared

was conducted at 50 �C and 80 �C in order.

The composite sheet samples loaded with different

glycerol contents were coded as ZZP1, ZZP2 and

ZZP3. They were obtained by adjusting the concen-

tration of the applied impregnation liquid. Glycerol

content of the sample was analyzed by gas chro-

matography (GC 6890, Agilent Technologies, Inc.

US). The information of the starting material ZZP0

and its post-treatment samples ZZP1, ZZP2 and ZZP3

is given in Table 1.

Besides all of the samples were used during the

water vapor adsorption, characterization and LF-NMR

T2 relaxation spectra, ZZP0 and ZZP3 were applied

for capturing 2D LF-NMR T1-T2 relaxation spectra.

Each sample sheet was cut into 0.5 9 0.5 cm in size

for the subsequent characterizations and experiments

except for the air permeability measurement.

Water vapor adsorption experiment

The moisture adsorption properties of the series

samples were measured using a water vapor sorption

kit called SPSx-1l Advance (ProUmid GmbH & Co.

KG, Germany). Samples were placed on the sample
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holder that was connected to a microbalance under a

hanging wire. The holder was located in a thermostat-

ically controlled chamber, which provides a stable hy-

grothermal environment (Alak et al. 2000; Guo et al.

2017). Prior to the water vapor adsorption of plant

fiber samples at a specific condition of 25 �C and 80%

RH (relative humidity), samples were conditioned at

25 �C and 0% RH for 24 h. The judgement of the

adsorption equilibrium was that the rate of the sample

mass change was below 0.2 mg/20 min.

In this work, the moisture content (MC) was the

water content on dry weight base, and the calculation

of moisture ratio (MR) of each sample followed the

Eq. (1) (Chen et al. 2012):

MR ¼ MCe �MCt

MCe �MC0

ð1Þ

whereMCt is the real-time (t, s) moisture content (%),

MC0 is the initial moisture content (%), andMCe is the

equilibrium adsorption moisture content (%).

The equation Eq. (2) below, based on Fick’s

Second Law of diffusion was applied for the calcula-

tion of the effective diffusivity of the samples (Chen

et al. 2012). Deff was determined by the slope of the

straight line of experimental adsorption data in terms

of ln(MR) vs. adsorption time, whereas the MR

value C 0.05 was applicable to fit the line.

lnðMRÞ ¼ ln
8

p2

� �
� p2Deff

4L2

� �
ð2Þ

where t is adsorption time (s), L is the half thickness of

the sample (m), Deff is the diffusion coefficient (m
2/s).

To capture the adsorption isotherms of the samples

before and after loading with glycerol, the dynamic

vapor sorption (single cycle adsorption–desorption)

was carried out by SPSx-1l Advance (Hill et al. 2010;

Fredriksson and Thybring 2018; Guo et al. 2017) at 25

�C. The wide RH range was from 0 to 95%, and the

judgement of the adsorption equilibrium for the target

RH was consistent as mentioned above.

Sample characterizations

Crystal structures of the plant fibers with the loaded

glycerol were explored using a X-ray diffractometry

(D8 Advance, Bruker Corporation, Germany), the

laboratory X-ray generator operating in reflection

mode. The maximum power, tube voltage and electric

current of the X-ray emitter were 3 KW, 40 kV and

40 mA, respectively. The sample holder is made of

single crystal silicon (20 mm diameter, 0.5 mm

thickness), the scanning angle 2h ranged from 5� to

50�, and all 2h values are from Cu Ka radiation. ZZP0

is made from wood and hemp pulp, exhibiting paper

structure, to avoid the the effect of ball milling on the

crystallinity index (CrI) of the samples, all sample

sheets were cut into pieces 0.5 9 0.5 mm in size for

this characterization. Surface functional groups of

samples were determined using a FTIR spectroscopy

(IS 50, Thermo Scientific Nicolet, USA). The spectra

were recorded in the range of 400–4000 cm-1 and

2

3 4

5
direction of the material direction of the conveyer rotating shaft

1
    50°C  80°C

Fig. 1 The experimental

set-up used for drying and

impregnating device: 1—

raw material tank (plant

fiber sheet roll); 2—

impregnating device; 3,4—

infraed drying; 5—post-

treated sample collector

Table 1 Information of the plant fiber samples

Sample Preparation condition wt% L0 (mm)

cis (mol/L) ti (min)

ZZP0 – – 0.00 0.120

ZZP1 0.20 1 5.60 0.131

ZZP2 0.60 5 14.12 0.135

ZZP3 1.00 5 21.02 0.137

cis is the molar concentration of glycerol in impregnating

solution, mol/L; ti is the immersion time of plant fiber, min;

wt% is the mass percent of glycerol in the plant fibe; L’ is the
thickness of the sample, mm
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each spectrum was the result of 32 accumulated scans

with 4 cm-1 resolution. The pore characteristics of the

samples were investigated by a mercury intrusion

porosimetry (MIP) (AutoPore IV 9500, Micromeritics

Instrument Corporation, US). The observation was

carried after the samples underwent drying process at

80 �C, 2 h. Air permeability was analyzed by an air

permeability tester (TQY-4A, Hefei Institutes of

Physical Science, China Academy of Sciences,

China). Morphology and composition spectral analy-

sis on the samples were observed by a field emission

scanning electron microscopy (SEM, ZEISS Sigma

300, Carl Zeiss AG, Germany) operating at 20.0 kV.

Each sample was mounted on a sample holder with the

carbon conductive tape and coated with a thin layer of

platinum using a sputter coater.

The water state and distribution in the samples were

performed using a LF-NMR analyzer (NMI20-040 V-

I, Shanghai Niumag Co., Ltd, China), equipped with a

0.55 T permanent magnet corresponding to a proton

resonance frequency of 22.4 MHz at 30 �C. 2D LF-

NMR T1-T2 relaxation spectra on ZZP0 and ZZP3

were collected based on the SR-CPMG sequence in a

Teflon sample tube (u40 mm, internal diameter). To

increase the ratio of signal-to-noise (S/N), the relax-

ation data were measured from 2000 echoes with 9 ls
and 25 ls for 90o and 180o pulses respectively. Other

test parameters included: 0.1 ms for echo time, 10 dB

and 3 dB for analog gain and the digital gain

respectively, 32 for the number of repeat scanning

(NS), 1000 ms for waiting time (TW), 200 kHz for

sampling frequency (SW). T2 relaxation spectra were

collected based on the CPMG pulse sequence. The

parameter setting was consistent to the 2D LF-NMR

T1-T2 relaxation spectra test above. Multi-ExpInv

analysis software (Shanghai Niumag Co., Ltd, China)

was applied during the signal value inversion.

Results and discussion

Water vapor adsorption dynamics of the plant

fibers

Water vapor adsorption experiments were conducted

at 25 �C and 80% RH, and the moisture adsorption

curves of the experimental samples were shown in

Fig. 2a. It exhibited the corresponding increase of

MCe with the increasing content of glycerol,

evidenced by 14.22%, 19.64%, 25.03% and 34.41%

for ZZP0, ZZP1, ZZP2 and ZZP3, respectively. The

prolonged hygroscopic equilibrium time was another

marker by the increased application content of glyc-

erol, evidenced by that 8.38 h for ZZP0 and 18.37 h

for ZZP3 (2.19 times). According to Eq. (2), the

adjusted R-square of the fitting line correlating ln(MR)

and the time was greater than 0.994 for each sample

(Fig. 2b). The calculated Deff values were

1.841 9 10–13 m2/s, 1.565 9 10–13 m2/s,

1.391 9 10–13 m2/s and 1.255 9 10–13 m2/s for

ZZP0, ZZP1, ZZP2 and ZZP3, respectively, revealing

a decrease of Deff upon the increased content of

glycerol. The moisture capacity strengthened while

the Deff of moisture decreased during the moisture

adsorption in the plant fibers. Fig. S1 displayed the

MCe of the samples enhanced with the increase of the

glycerol content especially at RH higher than 60%

RH. According to the International Union of Pure and

Applied Chemistry (IUPAC) classification, as shown

in Fig. S1a, the moisture adsorption of ZZP0 was

characterized by the sigmoidal shape (type II)

isotherm (Hill et al. 2010; Popescu et al. 2014) and

an absolute hysteresis was observed around 80% RH

(Hill et al. 2010). In contrast, the adsorption isotherms

of ZZP2-3 (Fig. S1c-d) conformed to type III (Popescu

et al. 2014), and the hysteresis phenomenon barely

existed for ZZP2-3. Hill et al. (2010) verified that

glycerol applied as a humectant changed the moisture

adsorption property of the plant fibers and the

interaction mechanisms between water vapor and the

samples, concluding that reversible formation of

hydrogen bonding occurred during the moisture

adsorption for the plant fibers with glycerol.

The distributed water adsorption sites existing in

the amorphous region (Garg et al. 2021) and the

amount of hydrophilic functional groups significantly

influenced the moisture adsorption performance of the

plant fibers. The moisture diffusion resistance during

the adsorption process was associated with the pore

characteristics and permeability of the plant fibers

(Jiang et al. 2017).

As a major component of the plant fibers, cellulose

contains a crystalline structure with intra- and inter-

molecular hydrogen bonds (Dereka et al. 2021). Water

molecules on the plant fibers are linked to their

amorphous region by the hydrogen bond. Figure 3

shows XRD patterns of all the samples. The back-

ground signal including the sample holder and basal
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Fig. 2 Moisture adsorption curves of the samples (a) and correlation between ln(MR) vs. the adsorption time (b)

Fig. 3 Peak deconvolution of the plant fiber samples XRD data: (a) ZZP0; (b) ZZP1; (c) ZZP2; (d) ZZP3
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signal should be subtracted from XRD data to

optimize the fitting progress, and this measure could

ensure a stable baseline fitting, demonstrating the

XRD patterns with nearly zero intensity at 30� 2h
(Fig. 3). The XRD patterns presented peaks at 15.04�,
16.04� and 22.49� 2h, which were assigned to that the

Miller indices of (1–10), (110) and (200), respectively,

typical of cellulose Ib (French 2014; Wang et al.

2016). Additionally, the indices of (1–10) and (110)

for the peaks at 12.16� and 20.34� 2h, respectively,
indicated the presence of cellulose II (French 2014).

Hence, ZZP0-3 presents the crystalline structure of

cellulose I and II. Because of the presence of cellulose

II, Segal equation is not appropriate to calculate the

CrI of the samples (French and Santiago Cintrón 2013;

French 2020), deconvolution method with Voigt

function (Yao et al. 2020) representing the separate

peaks associated with crystalline structures and amor-

phous region was proposed to analyze the CrI of the

samples. Figure 3 showed that CrI decreased from

88.02% to 83.78% upon the increase of glycerol

content and the R2 of the fitting for every sample was

above 0.9978. This was likely caused by glycerol

enlarging the amorphous region but not the crystalline

regions or the surface morphology (see Fig. S2). The

enlarged amorphous region promoted the WHC of the

plant fibers.

The hydroxyl group in glycerol seemed to have

contributed to the formation of hydrogen bond

between the water molecule and the sample. Both

the hydroxyl group and the MC were positively

correlated with the glycerol content during the water

vapor adsorption. For example, ZZP3 had the highest

glycerol content and the MCe value. FTIR spec-

troscopy could reveal the presence of organic func-

tional groups in the plant fibers (see Fig. S3 and

Table S1), especially the existence of hydrogen

bonding structures which agreed with the literature

on this type of materials (Bu et al. 2018). As shown in

Fig. 4, the wide band at 3330 cm-1 could be attributed

to –OH vibrational stretching (Bu et al. 2018; Kolbuk

et al. 2020), 2900 cm-1 to –CH stretching, 997 cm-1

to methylene (–CH2–), 1051 cm-1 to methine and

1025 cm-1 to the alcoholic hydroxyl vibration (C–

OH) (Lorenzo et al. 1999), respectively. The peaks at

2900 cm-1, 997 cm-1, 1051 cm-1 and 1025 cm-1

were enhanced, and the absorption ranges of

3260–3330 cm-1 representing the inter-molecular

hydrogen bonds (H-bonds) (Liu et al. 2013; Xin

et al. 2015) between the plant fiber and glycerol. The

increasing water adsorption sites (Taniguchi et al.

1978) here were attributed to the existence of glycerol

because of its dramatic hygroscopicity (Fig. 4a). ZZP3

presented dramatic increase of peak patterns at

3330 cm-1 and 1647 cm-1 after water vapor adsorp-

tion (Fig. 4b), the former was attributed to the inter-

molecular hydrogen bonds (Liu et al. 2013; Xin et al.

2015) both in the water-glycerol system and the water-

amorphous region of the plant fiber after ZZP1-3

experienced the water vapor adsorption, the later

attributed to the H–O–H stretching of absorbed water

(Dereka et al. 2021), and the WHC of the plant fibers

was promoted due to the existence of glycerol, which

caused the increase of the interaction in the water-

Fig. 4 IR spectra of the dried (a) and hygroscopic (b) plant fiber samples
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glycerol-plant fiber system, including hydrogen bonds

and adsorption sites, particularly the hydrogen bonds

between glycerol and water.

These findings showed that loading with glycerol

extended the equilibrium time and decreased Deff of

the plant fibers (Fig. 2). It could be deduced that

outstanding moisture capacity cost longer equilibrium

time during the water vapor adsorption, and the added

glycerol enhanced the water transport resistance due to

the change of pore characteristics (possibly pore

structure, pore size or porosity) and the water perme-

ability of the plant fibers.

According to Fig. 5a, the samples demonstrated

macroporous structure (25–75 lm, dominantly) by

MIP, and loading of glycerol reduced the porosity of

the plant fibers. ZZP1 indicated an obvious decline of

macroporous proportion comparing with ZZP0, while

the macroporous proportion of ZZP2 and ZZP3

reduced gradually comparing with ZZP1 (Fig. 5a).

The porosity values were 80.32%, 77.83%, 75.88%

and 67.52% for ZZP0, ZZP1, ZZP2 and ZZP3,

respectively (Fig. 5b). By inference, some glycerol

molecules impregnated into the macropore preferen-

tially during the impregnation, and the others possibly

binded to the surface of the plant fibers. Glycerol

occupied part of the pore volume, and the fiber layers

wrapped with glycerol extended the path of water

molecules in further during the water vapor

Fig. 5 The aperture distribution of the samples (a); the relationship between the porosity and glycerol content (b); the relationship

between the permeability and the porosity (c)
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adsorption. The permeability of the sample reflected

the mass transport capacity of the sample (Liu et al.

2006), and the values were 1.13628 9 10–11 m2,

1.1179 9 10–11 m2, 1.11382 9 10–11 m2 and

1.09365 9 10–11 m2 for ZZP0, ZZP1, ZZP2 and

ZZP3, respectively. The porosity of the plant fibers

decreased with the increase of glycerol content

(Fig. 5b), and the decline of macroporous proportion

and porosity (Fig. 5c) caused the permeability reduc-

tion. These factors led to the rise in the water diffusion

resistance of the plant fibers during the water vapor

adsorption.

Effect of glycerol on the water state of the plant

fibers

2D LF-NMR relaxation spectra reflect the change of

water state and distribution (Melo et al., 2021) in the

plant fibers caused by glycerol during the water vapor

adsorption, SR-CPMG sequence was applied to cap-

ture 2D T1-T2 maps of the samples. Three main water

states in the plant fibers could be distinguished clearly,

according to the relaxation time of T2. Specifically, the

T2-b in the range of 0.02–10 ms (2 9 10–2–

1 9 101 ms) and 0.02–5 ms (2 9 10–2–5 9 100 ms)

were assigned as bound water (adsorbed water) for

ZZP0 and ZZPX (the samples with glycerol)

Fig. 6 2D LF-NMR T1–T2 correlation relaxation spectra of

ZZP0 (a) and ZZP3 (c) after drying treatment at 80 �C, 0% RH,

for 2 h; ZZP0 (b) and ZZP3 (d) after hygroscopic treatment at

25 �C, 80% RH, for 18 h. T2 relaxation time is given in X axis

and T1 relaxation time in Y axis
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Fig. 7 T2 relaxation spectra of the plant fiber samples after different treatments a drying treatment at 80 �C, 0% RH, for 2 h; b–f water
vapor adsorption at 25 �C, 80% RH, for different time
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respectively, T2-i 5–80 ms (5 9 100–8 9 101 ms) as

immobile water for ZZPX, and T2-f[ 100 ms

(1 9 102 ms) as free water for ZZP0 * 3 in this

manuscript. The immobile water (T2-i) was a kind of

intermediate water (Wang et al. 2020b) mixed with

glycerol, representing the state between bound water

and free water due to the hydrogen bonding caused by

glycerol and water molecules.

ZZP0 in dry state presented a small amount of

bound water (Yang et al. 2020) as shown in Fig. 6a,

which T2-b was 0.21–2.5 ms (2.1 9 10–2–

2.5 9 100 ms). As water vapor adsorption time

extended, bound water and free water coexisted in

ZZP0, the former was given priority. Figure 6b

presented that there were bound water T2-b

0.21–2.5 ms (2.1 9 10–2–2.5 9 100 ms) mainly, free

water T2-f 80–193 ms (8 9 101–1.92 9 102 ms) par-

tially when ZZP0 achieved to moisture adsorption

equilibrium. This result was similar to other biomass

and porous media for water vapor adsorption (Wang

et al. 2020b).

ZZP3 showed differences in water state and its

distribution compared with ZZP0 at dry state. The

proton signal of glycerol and fibrous matrix over-

lapped partly due to the interaction between them, and

merely bound water T2-b 0.021–3.5 ms (2.1 9 10–2–

3.5 9 100 ms) existed in ZZP3 at the dry state

(Fig. 6c). The outstanding hydrophilicity of glycerol

was proved according to Fig. 6d, indicating that the

proton signals of glycerol and immobile water were

indivisible when ZZP3 attained moisture adsorption

equilibrium. Even the WHC of the samples improved

significantly, there was no free water existing in the

plant fibers loaded with glycerol.

Figure 7a indicated that there was a small amount

of water left in per sample and the MC was propor-

tional to the content of glycerol at the dry state. ZZP0

demonstrated the lowest intensity, and T2-b

0.21–2.5 ms (2.1 9 10–1–2.5 9 100 ms) represented

bound water only, while the other samples contained

bound water and immobile water mixed with glycerol

whose intensity was detected at T2-i 10–35 ms

(1 9 101–3.5 9 101 ms). The amount of bound water

heightened with the increase of glycerol content, while

their immobile water decreased after the samples dried

for 2 h at 80 �C and 0% RH.With the time of moisture

adsorption extended at 25 �C and 80% RH, T2

relaxation spectra of the four samples were shown in

Fig. 7b-f respectively. The peak area of T2-i (immobile

water mixed with glycerol) accounted for a major

proportion and the amount of immobile water

increased significantly, while the corresponding peak

area of T2-b (bound water) was much less and

increased slowly. With the MC of the samples

enhanced, the value of relaxation time T2-i shifted to

the right, especially for the high glycerol content

samples ZZP2 and ZZP3. When the immobile water

closed to the saturation point, the peak area of T2-i

moved towards stability, and that of T2-b gradually

enlarged until the moisture adsorption equilibrium

was achieved. The result indicated the adsorption of

bound water responded behind immobile water for the

Fig. 8 The moisture adsorption process of the plant fibers before and after loading with glycerol
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plant fibers added with glycerol. When ZZP0 reached

its moisture adsorption equilibrium, the free water

distribution pattern of T2-f could be monitored

(Fig. 7f), while no free water signal appeared in

ZZP1-3. We postulated that water molecules entered

the plant fibers with glycerol as immobile water

preferentially during the water vapor adsorption, and

when the immobile water molecules were closed to the

saturation, part of them became bound water, simul-

taneously external water molecules supplemented the

vacancy of immobile water until the bound and

immobile water were saturated. During the whole

adsorption process, the bound and immobile water

were the main forms of water molecules for the plant

fibers loaded with glycerol.

Moisture adsorption mechanisms of the plant fiber

before and after loading with glycerol

Figure 8 illustrates the moisture adsorption behavior

during the transfer of water molecules in ZZP0 and

ZZPX loaded with an amount of glycerol. Comparing

with ZZP0, glycerol decreased the porosity and CrI of

the plant fibers, enlarged the amorphous region and

increased the active adsorption sites due to intra- and

inter-molecular hydrogen bonds for ZZPX. As a

consequence, glycerol enhanced the MCe of the plant

fibers. However, it strengthened the moisture transport

resistance (Alak et al. 2000) and caused a decrease of

Deff.

For ZZP0, as the moisture adsorption time

extended, the water molecules entered the surface

and amorphous region (Stevanic and Salmén 2020) of

the plant fibers and transformed into bound water,

simultaneously part of the water existed in the

macropore of ZZP0 as free water. For ZZPX, water

molecules entered the plant fibers as the immobile

water preferentially, due to the hydrogen bond inter-

action between glycerol and water molecules. When

the immobile water tended to be saturated, part of the

immobile water acted with the amorphous region of

the plant fibers and transformed into bound water,

simultaneously external water molecules supple-

mented the vacancy of immobile water until the bound

and immobile water were both saturated due to the

hydrogen bond interaction between glycerol and water

molecules.

Conclusions

The moisture adsorption sites of a plant-based com-

posite fiber material were enhanced by glycerol

loading, while the water diffusion resistance increased

simultaneously. LF-NMR technique provides a new

method to capture the mechanism of water vapor

adsorption in the plant fibers before and after loading

with glycerol. The technique revealed that glycerol

could affect the water states and the distributions in the

plant fibers with glycerol during the moisture adsorp-

tion. During the moisture adsorption, water molecules

entered the plant fibers loaded with glycerol as

immobile water preferentially because of the hydro-

gen bonds between water and glycerol molecules. Part

of the immobile water transformed into bound water

when the immobile water tended to be saturated,

simultaneously external water molecules supple-

mented the vacancy of immobile water. No free water

appeared during the whole moisture adsorption pro-

cess of the plant fibers loading with glycerol. The

research outcome expands the knowledge on moisture

adsorption behavior of the plant fibers and their

modification by adding humectants.
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