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Abstract: To improve the surface wetting properties of rice straw, effects of distilled water and four alkali pretreatment 
on the straw surface wettability were analyzed. The straw surface contact angle at different time points was measured by 
JC2000A contact angle measuring apparatus, optical microscope (OM) and scanning electron microscopy (SEM) 
combined with a linear regression technique for parameter extraction. The results show that the surface wettability of rice 
straw obtained significant improvement after alkali treatment and the contact angle decreases until it reaches equilibrium 
(force balance, heat balance and chemical equilibrium) over time. The contact angle has the maximum rate of change at 
the mass fraction of l  in 10min by NaNH2 pretreatment of the rice straw with the contact angle decrease gradient of 
20.64 . The contact angle has the smallest decrease gradient of 3.6  by CaH2 pretreatment of the rice straw under the 
same conditions, however, a large number of CaCO3 formation lead to the contact angle which does not change 
significantly over time. When smooth wax inside and outside the straw surface is removed, there has been similar to the 
“etched” phenomenon with wettability improved obviously by SEM image analysis. The optimum conditions of 
processing technology were obtained through orthogonal test: concentration of NaOH is 0.6 , solvent ratio 1:3.5 and 
reaction time 12h. 

Keywords: Dynamic wettability, rice straw, alkali pretreatment, dynamic contact angle, wetting model, wetting model, NaOH 
treatment, regression analysis, orthogonal test. 

1. INTRODUCTION 

 Dynamic wetting is characterized by some of the liquid 
(water, adhesives, paint, oxidizing agent, cross-linking agent, 
waterproofing agents, dye and various modification solution, 
etc.) in contact with the solid surface, wetting, spreading and 
easing of penetration and effectiveness on the surface [1]. This 
property is very important to the interface bonding, surface 
finishing and various modified treatment process [2, 3]. 

 Adhesive joint, simply said, it is to make the adhesive 
bonding and adhesive bonding to form the bulk of the 
necessary mechanical strength of a stable system [4]. If you 
simply consider the adhesive joint process, which including 
variety of processes the adhesive liquefaction, flow, 
diffusion, osmosis, solidification, deformation and 
destruction. Each process has a certain effect to the strength 
of the bonding and to the understanding that the adhesive 
joint only on a particular process is not possible [5-7]. The 
adhesive must be infiltrated and spread on the solid (rice 
straw) surface, which is the necessary condition to obtain 
high-strength adhesive joints [8, 9]. This paper focuses on 
the wettability and to consider issues from the perspectives 
of thermodynamics and kinetics of adhesive joint. 

 Wettability refers to the process that the air above the 
solid (rice straw) surface is gradually replaced by liquid 
(adhesive) [10]. The degree of wetting from liquid to solid is 
usually represented by contact angle (contact angle) or cos . 
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When the droplet of adhesive is in contact with the straw 
surface, the balance condition is shown in Fig. (1). The angle 
, through the surface tangent line of the junction point of 

solid, liquid and gas phase and the attached surface of the 
liquid, which is called the contact angle. When three phases 
equilibrium [11], the Eq. 1 set up. 

SG = LG cos + SL            (1) 

SG-Solid - gas interfacial tension; 

LG-Liquid - gas interface tension; 

SL-Solid - liquid interfacial tension; 

SL-Solid - liquid interfacial tension. 

 

Fig. (1). Liquid wetting on solid surface. 

 = 0°, cos =1, completely wet that liquid to the solid 
surface, such as the capillary rise in the concave 
hemispherical surface; 

 <90°, 0<cos <1, the solid can be wetted by liquid, such 
as dropping the adhesive on wood; 

 >90°, cos <0, the solid is not wetted by the liquid, such 
as dropping the mercury on the glass; 
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 =180°, cos = -1, completely non - wetting. 

 Eq. 1 can be obtained from the adhesion (Wa), wetting 
(Wi) and the spreading coefficient (S) with cos  and LG of 
expression and value these parameters according to the 
experimental determination of cos  and LG. 

 The above-mentioned contact angle refers to the 
equilibrium contact angle e, which is under certain 
temperature and pressure, from the moment the contact angle 
of droplets fell the solid surface (the initial contact angle i), 
and after some time to go through to reach the equilibrium 
value e [12]. For different natures of the contact interface, it 
is not only depends on the thermodynamic conditions of 
wettability between them, that is the interface compatibility 
between the two parameters, surface energy, the actual 
surface of the liquid and solid adhesive bonding system, but 
also considers the dynamics of the interface between two 
molecules contacting processes and the actual rate of 
diffusion and osmosis. Roughness has been defined as Eq. 2: 

I =
cos i

cos e

             (2) 

 For the study of wetting properties, many world-wide 
scholars study the characterization of the interface and try to 
improve the structure and properties of the interface then to 
explore the interface characteristics of the relationship 
between overall performance and the material carried out 
extensive and in-depth study [13-17] while most studies have 
been focused on wood materials [18-20]. 

 Zisman, W.A. (1962) studied constitution effects on 
adhesion and adhesion [21], Gray pointed out that wood 
surface wettability decreased with increasing time, which 
means that free energy from the surface of the wood varies 
with surface aging changes [22]. Herczeg, A. (1965) studied 
wettability of wood [23] and Chen, C.M. (1970) studied the 
wettability of wood through determining the instantaneous or 
equilibrium contact angles at the solid adhesive interface 
[24]. Hse, C.Y. (1972) confirmed the quality of the contact 
angle is proportional with the glue [25]. In 1977, the research 
of Nguyen and some others suggested that the free energy in 
the solid and liquid surface is very close to the critical 
surface tension ( C). Therefore, the solid surface free energy 
can be estimated through measuring the critical surface 
tension. Nguyen once measured extracting Douglas fir and 
pine wood wettability before and after changing, both 
obtained by the extraction of wood treatment reduced the 
contact angle , which improved wettability, This study 
provides an important basis for the later studies on the 
wettability of wood extract [26]. Sheldon (2001) and Dunky 
(1998) studied dynamic adhesive wettability of Douglas fir 
(pseudosuga menziesii) and southerm pine and Gardner 
(2001) reported wood surface properties including 
wettability [27]. 

 Our research team (Zhiming liu 2002) in the previous 
study analyzed Wheat Straw and Wheat Straw fibers, in 
Figs. (2-4) Wheat Straw carbohydrate rich outer surface and 
a certain amount of SiO2, carbohydrate material for the 
skeleton to form a doped SiO2 organic compounds and 
stratum corneum (closed layer), Urea-formaldehyde resin 
(UF) resin is difficult to immerse within the stratum corneum 
of Rice Straw, affecting the matrix resin wetting, diffusion 

and infiltration, making it difficult to produce a qualified 
board. Isocyanine adhesive (MDI) of new adhesives to create 
new conditions for the manufacture of Rice Straw 
particleboard, its production costs are high, which has a 
strong chemical reaction activity, particularly in reacting 
with water (even small amounts of water). This study 
confirmed that the wettability of wheat straw is especially 
important to improve the bonding mechanism and as well as 
to provide the theoretical basis for efficiently use of 
resources. 

 This study will use Rice Straw as a substrate using 
JC2000A Contact Angle Measuring Apparatus and optical 
microscope (OM) and scanning electron microscopy (SEM) 
to establish rice straw wetting model, which aims to improve 
the bonding properties of the rice straw surface and analyze 
the contact angle of the straw surface wettability with 
distilled water and Alkali (NaOH, NaNH2, CaH2, KOH) 
treatment. Orthogonal test is to optimize their treatment 
options, as the particleboard hot-pressing process 
development and process of making a reasonable analysis of 
the details, then theoretically guide the manufacturing 
process of medium density straw board. 

2. MATERIALS AND METHODS 

2.1. Materials Preparation 

 Rice straw was obtained from outside Harbin City, 
Heilongjiang Province, China. The straw was removed leaf 
and sheath and dried in the sun and be cut into 3-5cm length 
pieces. Sample surface texture, color and interception sites as 
far as possible, the optimal pretreatment conditions in their 
processing reserve. 

 Treatment agent: Distilled water, Northeast Forestry 
University lab self-making, temperature of 37.0 ± 0.1°C; 
modified urea-formaldehyde resin (UF), Northeast Forestry 
University, self- making, solid content of 64%; Isocyanate 
adhesive (MDI), Northeast Forestry University self- making, 
solid content of 32%; NaOH (AR), NaNH2 (AR), CaH2 
(AR), KOH (AR), Fine Chemical Co., Ltd. Of Tianjin 
Central: mg/kg > 96%. 

 Test apparatus: JC2000A Contact Angle Measuring 
Apparatus (CAA, made in shanghai, P.R. China). Optical 
microscope (OM): Olympus, BX51. Scanning electron 
microscopy (SEM): OLYMPUS, SZX12. 

2.2. Materials Preparation 

(1) Wetting measurements were using the JC2000A 
Contact Angle Measuring Apparatus Images of the 
droplet shape on the rice straw surface were captured 
by a camera and saved every 10s During the wetting 
measurements, as time elapsed, the drop shape tended 
to stabilize (equilibrium contact angle was obtained). 
The contact angles at both ends of the measured drop 
were averaged Nine data points were taken for each 
recorded drop to obtain a curve of contact angle vs 
time. Five replicates were averaged for each sample. 

 Sample size: 2 15mm 

 Drop volume: 5 l 

 Temperature of the lab: 15.0±2.0°C 
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 Measuring time: 0s, 10s, 20s, 50s, 100s, 150s, 250s, 
400s, 600s and 900s 

 Reduplicate: 3. 

(2) Rice straw surface were carried out with four kinds of 
alkali wetting spray, no lye outflow; Rice straw was 
dried after wetting for 8 hours, and the sample was 
measured with the water content of 3-4%; Rice straw 

surface contact angle was measured under different 
treatment conditions, and effects of treatment on the 
wettability of rice straw was compared. Specification 
treatment conditions are shown in Table 1. 

 (3) In addition, Rice straws were saturated by spraying 
them with 1.6% NaOH. During the course of praying 

and wetting, almost no diluted alkali leached out from 

 

Fig. (2). Cross Section of wheat straw LM 200(OM). 

 

Fig. (3). Exterior surface of wheat straw. 

 

Fig. (4). Interior surface of wheat straw. 
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the treated rice straws. After 8 h, the rice straws were 
dried to a moisture content of approximately 4% in an 
oven at 95°C to 102°C in order to be used for 
manufacturing particleboard. In the wettability 
experiment, the treated straws were stored in the air 
for 2 weeks after drying. Finally, the interior and 
exterior surfaces of the treated rice straws were 
observed with the OM and SEM. At the same time, 
we could observe the structural changes of rice straw 
surfaces. 

Table 1. Factors and Levels of Orthogonal Experiment 

 

Factors Levels 
Treatment  

Agent 
Concentration/% Time/Min 

1 NaNH2 1 3 30 

2 NaOH 1 3 90 

3 KOH 1 3 60 

4 CaH2 1 3 10 

 

 (4) Established wetting model is used to describe contact 
angle changes as a function of time, the constant( K 
value )in the model is used to quantify the spreading 
and penetrating rate of the liquid/straw system. 
Orthogonal experimental design method, three main 
factors were selected test level 3, following Table 2, 
each experiment was repeated three times. Derived 
from the analysis of the optimal process conditions, 
process parameters were selected for review 
screening test. 

Table 2. Factors and Levels of Orthogonal Experiment 

 

Factors Levels 
Concentration/% 

A 

Liquid Ratio 

B 

Time/h 

C 

1 0.3 10g:45ml 6 

2 1.5 10g:25ml 12 

3 0.6 10g:35ml 24 

 

 According to the principle of orthogonal design table, the 
use of L9(3

4) orthogonal table, and developed the following 
experimental scheme, shown Table 3. 

3. RESULTS AND DISCUSSION 

(1) Analysis of Surface Contact Angle 

 Learning from the predecessors’ theory, model of wood 
and adhesive wetting, and basing on the surface of distilled 
water diffusion in the rice straw to quantitative evaluation of 
diffusivity - permeability coefficient K under different 
treatment conditions the surface wetting properties of rice 
straw. 

 When liquid droplets (spray) drop on the surface of the 
rice straw [28], there will be three processes occur 
successively: the first process is the formation of the initial 
contact angle between the droplets and a liquid-solid 
interface of rice straw. The second process happens after the 
formation of the contact angle, which is that, the droplet’s 

diffusivity in the surface of rice straw. The third process is 
that in the meantime of the droplet diffusivity, droplets 
penetrating inside the rice straw. Shows in Fig. (5). 

Table 3. Orthogonal Experiments Design of L9(3
4
) 

 

Experiment No. 
A 

1 

B 

2 

C 

3 

 

4 

1 1(0.3) 1(1:4.5) 1(8) 1 

2 1(0.3) 2(1:2.5) 2(12) 2 

3 1(0.3) 3(1:3.5) 3(24) 3 

4 2(1.5) 1(1:4.5) 2(12) 3 

5 2(1.5) 2(1:2.5) 3(24) 1 

6 2(1.5) 3(1:3.5) 1(8) 2 

7 3(0.6) 1(1:4.5) 3(24) 2 

8 3(0.6) 2(1 :2.5) 1(8) 3 

9 3(0.6) 3(1:3.5) 2(12) 1 

 

 

Fig. (5). Distilled water wetting the surface of the straw. 

 The first process the formation of the contact angle, 
involving liquid-solid interface thermodynamics; The second 
process - diffusivity, due to the changes in surface energy of 
rice straw, due to adsorption and kinetic factors; the third 
process - permeability is relevant to surface structure of rice 
straw. Comparing with anisotropic porous material wood 
although the outer surface of straw has stoma, but owing to 
the keratin with poor permeability. However, the diffusivity 
and permeability on the surface the straw remain, which can 
be confirmed from the changes of the contact angle over 
time [29-31]. 

 Fig. (6) shows the contact angle of the surface of the 
liquid in the straw, the trend over time( 0s, 10s, 20s, 50s, 
100s, 150s, 250s, 400s, 600s and 900s ), Fig. (7) shows using 
linear regression analysis on each test, the contact angle with 
time for processing, diffusivity-permeability coefficient K. 
Fig. (8) shows experimental K value. 

 Experiments confirmed that during the liquid wetting 
process of the rice straw surface, the contact angle changes 
over time. When the droplet just drops on the straw surface, 
the contact angle is large and declined rapidly over time, 
then more and smaller, until the relative balanced. For an 
ideal liquid-solid system, the velocity of variation of 
diffusion and penetration over time can be expressed as the 

following Eq. 3:- 
d

dt
= K            (3) 
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 K Constant of change of contact angle; Contact angle 
(°) ; t Time (s). 

 When the diffusivity and permeability ultimately tend to 
zero, Eq. 3 can add a constraint changed to Eq. 4: 

d

dt
= K 1

i

i
            (4) 

i Initial contact angle; e Balance contact angle 

 Integration order by Eq. 4: 

=
i e

i + ( e i) exp K
e

e i
t

          (5) 

 

Fig. (7). Curve of the surface contact angle of rice straw 

 Seen from the above equation, rate of change of contact 
angle refers to the proliferation and infiltration rate of liquid 
on the surface of rice straw, thus the K in Eq. 5 may also be 
called as diffusivity-permeability constant. For the above 
equations showed the diffusion - permeability of the 
situation of liquid on the surface of the solid (rice straw). At 
this point, the physical meaning of K is the measure of 

diffusion and permeability of the droplet in the surface of the 
rice straw. K value is larger, indicating that the diffusion and 
penetration of the plastic drop are faster in the surface of 
straw, the sooner you can achieve balance and better 
advantageous on the formation of “mechanical anchor 
effect”. 

 

Fig. (8). Linear function of equation Y =Kt.  

 When K = 0, then i = e, it means that diffusion and 
permeation processes do not happen. 

 Regulate the Eq. 5 for Eq. 6: 

e i

e
iln

i( e i)

( e i)
= Kt            (6) 

 In season  

 

Y =
e i

e
iln

i( e )

( e i)
,  

then the Eq. 6 into Eq. 7: 

Y = Kt               (7) 

 

 

Fig. (6). Image of the contact angle of the surface of straw at different time interval. 
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 Y is a linear function which changes over time, 
diffusivity-permeability coefficient K is the slope of the 
linear function, thus, we can get diffusion - permeability 
coefficient K from the linear fit value. 

 Fig. (8) is an obtained K value using of origin data 
analysis software. 

 Through the calculation and analysis, we can see that  
gradually decreases over time until it reaches equilibrium 
(force balance, heat balance and chemical equilibrium), 
shown in Fig. (6). Droplet wetting process on the surface of 
rice straw can be accurately described by means of wetting 
model. Diffusivity-permeability coefficient K can be used to 
evaluate the spread of liquid-solid system and permeability 
rate. 

(2) Influence of Alkali Treatment 

 Fig. (9) shows the changes of contact angle of rice straw 
surface with different Alkali treatment. 

 The results show: rice straw alkali treatment can 
effectively improve the surface contact angle. After four 
kinds of alkali treatment, rice straw surface contact angle 
becomes less with lengthening of time; the impact of 
different alkali-type on the wettability of rice straw is 
significant, but the mass fraction of alkali docking has little 
effect on the rate of change antennae. 

 NaOH treatment effect changed significantly over time 
and it proved that NaOH can effectively improve the surface 
wetting properties of rice straw; KOH treatment effect 
changed little over time [32]; NaNH2 processing rice straw 
with the contact angle of the mass fraction of l%, the 
maximum change rate within 10min and the gradient of 
contact angle decreased 20.64%; Under the same condition, 
CaH2 processing rice straw reduces the contact angle of the 
gradient is the smallest, the value is 3.6%. The reason may 
be the liquid itself, due to the nature of the liquid, CaH2 
dissolved in water then produced Ca(OH)2, with the 
extension of time, the solution absorbed CO2 from the air, 
then produced CaCO3 and resulted in lye failure; CaCO3  
 

attached to the straw surface, made the contact angle change 
inconspicuously over time. 

 By calculation and analysis, we can see that over time,  
gradually decreases until it reaches equilibrium (force 
balance, heat balance and chemical equilibrium), shows in 
Fig. (6). Wetting process of rice straw droplet surface by 
means of wetting model can be accurately described. 
Diffusivity-permeability coefficient K can be used to 
evaluate the spread of liquid-solid system, permeability rate. 

(3) SEM Analysis 

 Fig. (10) shows internal and external surface SEM 
images of rice straw in the 1.6% NaOH pretreatment before 
and after the control. 

 Fig. (10C, D) for 1.6% NaOH treated of rice straw 
surface, for the outer surface of rice straw has the dense 
smooth wax things and the main chemical composition of it 
is a fatty alcohol and the formation of higher fatty acids 
esters, esters soluble in alkali, so the smooth wax things is 
removed, This creates favorable conditions for the rice straw 
wetting, diffusion and penetration [33]. Pictures can be seen 
from the NaOH treatment, the uneven surface of rice straw 
shows a phenomenon similar to the “etching”, therefore, the 
surface wettability of rice straw can be improved by NaOH 
treatment. 

(4) Orthogonal Optimization of Process 

 According to the established wetting model, the 
diffusivity-permeability coefficients K of each rice straw 
treated by NaOH were determined. 

 Table 4 shows following Table 2, Orthogonal set 
obtained in the proliferation of each experiment - the value 
of diffusivity-permeability coefficient K. 

 Table 5 shows experimental results and analysis of 
variance. 

 From Table 5, we can see that with diluted NaOH 
treatment, the capacity of diffusivity permeability coefficient 
of rice straw has been notably enhanced. Concentration is  
 

    

 NaNH2    NaOH    KOH  CaH2 

Fig. (9). Alkali treatment with different contact angle of rice straw on time change. 
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different and diffusion permeability coefficient is different. 
This indicates that NaOH treatment of straw wax layer 
partially or completely destroyed the surface. Conducive to 
wettability and penetration of liquid and after NaOH 
treatment by drying the surface of a few free NaOH residual 
(pH 9.66) at the same time, this is beneficial to improve the 
tensile strength of particle board the plane. Later experiments 
prove that this management improves physical mechanical 
performance of rice straw particle board [34, 35]. 

 According to diffusion-permeability coefficient range 
analysis, we could know that the concentration of NaOH has the 
greatest impact and quality of materials used and the volume 
ratio of NaOH treatment time influence the same. Optimal 
solution according to the choice of orthogonal principle, the 
optimal program is obtained: NaOH concentration used is 
0.15%; solvent ratio is 1:3.5 and reaction time is 12h. 

4. CONCLUSIONS 

 Based on the experimental results: 

1. Established wetting model is used to describe contact 
angle changes as a function of time. The constant (K 
value) in the model is used to quantify the spreading 
and penetrating rate of the liquid/straw system. As 
time went on, the contact angle decreases until it 
reaches equilibrium (force balance, heat balance, and 
chemical equilibrium); the straw unit surface area of 
water absorption is more form the surface free 
energy. 

2. Four alkali treatments of rice straw to spray, contact 
angle changed with the reduced processing time. 
NaOH treatment effect changed significantly over 
time, and proved that NaOH can effectively improve 
the surface wetting properties of rice straw; KOH 
treatment effect changed little over time; NaNH2 
processing rice straw and the contact angle of the 
mass l%, 10min rate of change within the maximum 
gradient of contact angle decreased 20.64%; Under 
the same condition, CaH2 processing rice straw 

(A) (B) 

  

(C) (D) 

  
Fig. (10). Pretreatment of rice straw exterior and interior surface SEM images before and after. A. The exterior surface of rice straw before 
pretreatment. B. The interior surface of rice straw before pretreatment. C. The exterior surface of rice straw after NaOH treatment. D. The 
interior surface of rice straw after NaOH treatment. 
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reduces the contact angle of the gradient is the 
smallest, value is 3.6%. Due to CaH2 dissolved in 
water and CO2 produce CaCO3. 

3. After using OM and SEM, we analyzed that the main 
chemical composition of the smooth dense wax things 
on outer surface of wheat straw is a fatty alcohol and 
the formation of higher fatty acids esters. When 
smooth wax things is removed, and esters soluble in 
alkali. This rice straw wetting, diffusion and 
penetration create favorable conditions. Pictures can 
be seen from the NaOH treatment, the uneven surface 
of rice straw, a phenomenon similar to the “etching”, 
and then the surface wettability of rice straw can be 
improved by NaOH treatment. 

4. Optimal solution according to the choice of 
orthogonal principle, the optimal program is obtained: 
NaOH concentration used is 0.6%; solvent ratio is 
1:3.5 and reaction time is 12h. 
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