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The objective of this study was to survey the influence of the grafted poly(hydroxyethyl acrylate) (PHEA) branches on 

the sizing properties (adhesion and film properties) of PVA1799 to determine if the branches can improve the sizing 

properties and develop a new PVA-based size (PVA1799-g-PHEA) with a suitable grafting ratio for potential use in 

polyester/cotton warp sizing. The sizing properties of PVA1799-g-PHEA were estimated compared with PVA1799. The 

PVA1799-g-PHEA samples with the grafting ratios of 3.53 %, 6.74 %, 7.04 %, and 7.34 % were synthesized through 

graft polymerization of PVA1799 with different masses of HEA monomers at 40 ℃ using the Fe2+-H2O2 redox system 

by a dry process. The sample was characterized by Fourier transform infrared (FTIR), scanning electron microscopy 

(SEM), and thermogravimetric (TG) analyses. FTIR analysis confirmed the successful incorporation of PHEA branches, 

SEM analysis pointed out that the surface morphology of PVA1799-g-PHEA and PVA1799 had no obvious difference, 

and TG analysis revealed that incorporating the PHEA branches promoted the thermal stability of PVA1799. Compared 

to PVA1799, the PVA1799-g-PHEA exhibited significantly higher bonding forces with polyester/cotton roving and 

greater film elongation. It also displayed a slight increase in film strength and a reduced film break time when exposed 

to hot water. This suggests that incorporating PHEA branches can enhance the sizing properties and desizability of 

PVA1799. These improvements were further enhanced by increasing the grafting ratio. Notably, the PVA1799-g-PHEA 

with the 7.34 % grafting ratio showed promising potential for sizing polyester/cotton warp yarns. 
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1. INTRODUCTION 

During the weaving process, warp yarn experiences 

friction with adjacent yarns and mechanical components 

and repeated stretching and bending [1]. These issues can 

pull fibers from the yarns, damaging their structure and 

increasing breakage rates, which negatively impacts loom 

efficiency [2]. Therefore, most short- and long-filament 

warp yarns must be sized with textile sizes before weaving. 

Currently, starch-based polymeric materials as textile 

sizes have been widely adopted in textile sizing [3] due to 

their natural renewability [4], good biodegradability [5], 

and low price [6]. Another main textile size is polyvinyl 

alcohol (PVA); its main chain is a carbon chain containing 

numerous hydroxyl groups, which makes the PVA show 

strong polarity and have many hydrogen bonds [7]. PVA 

has good water solubility [8,9] and permeability [10] and 

can form a tough film with strong wear resistance, making 

it attractive in fields such as textile sizing [11]. However, 

PVA also has some disadvantages. For example, the 

PVA1799 has the main disadvantages such as easy 

skinning of the paste, difficulty of desizing, and being 

mainly suitable for sizing hydrophilic fiber yarns. These 

issues limit its application in the sizing application.  

The graft polymerization between polymers and vinyl 

monomers has become an important technique for 

attaching synthetic branches to polymer molecules [12]. 

This technique has been considered one of the most 

important techniques for strengthening the properties of 
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starch used in warp sizing [13]. The prepared grafted 

starches have been used to some extent in warp sizing [14] 

and paper making [15]. Nevertheless, no clear research is 

available about the utilization of grafted PVA1799 in the 

warp sizing application in recent years. Hydroxyethyl 

acrylate (HEA) containing hydroxyl and ester groups can 

be used as a monomer for attaching the poly(hydroxyethyl 

acrylate) (PHEA) branches onto PVA1799 chains. The 

branches may obstruct the hydrogen bonding between 

PVA1799 hydroxyls and increase the distance between 

PVA1799 chains, which favors penetrating the water into 

the matrix of PVA1799 film or layer formed between the 

fibers within roving or yarns. Accordingly, the PHEA 

branches may be expected to improve the desizing of 

PVA1799. In addition, the hydrophilic hydroxyl and 

hydrophobic ester groups in the HEA units make the 

PHEA branches exhibit an amphiphilic characteristic, 

inducing a lowered surface tension for the PVA1799 paste 

and favoring enhancing its wetting and spreading at the 

fiber surface, which is beneficial to the simultaneous 

bonding of PVA1799 to both hydrophilic and hydrophobic 

fibers. As a result, the HEA monomer is selected to modify 

PVA1799 to improve its properties. The molecular 

structure of the prepared PVA1799-g-PHEA is presented 

in Fig. 1. So far, no studies have conveyed the influence of 

the PHEA branches on the sizing properties (adhesion and 

film properties) of PVA1799. As a result, this study aims 

to determine if the branches can improve the sizing 

properties and attain a suitable grafting ratio of PVA1799-

g-PHEA for its potential use in polyester/cotton warp 

sizing. 
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2. EXPERIMENTAL DETAILS 

2.1. Materials and reagents 

PVA1799, containing a volatile matter content of 

5.37 %, was supplied by Shuangxin Environmental 

Protection Materials Co., Ltd. (Nei Monggol, China). 

Polyester/cotton (65/35 in blending ratio, 775 tex) roving 

applied to assess the adhesion was offered by Anhui 

Huamao Textile Co., Ltd. (Anhui, China). 

Analytical reagents: HEA, anhydrous ethanol, 

hydrogen peroxide, ammonium ferrous sulfate, etc., were 

supplied by Sinopharm Chemical Reagent Co., Ltd. 

(Shanghai, China). 

2.2. Synthesis of PVA1799-g-PHEA 

Under a dry process, the graft polymerization of 

PVA1799 with HEA monomer was conducted to 

synthesize the PVA1799-g-PHEA, as illustrated in Fig. 1. 

The 120 g of PVA1799 was first crushed by the pulverizer 

and then ground with a mortar. The prepared ammonium 

ferrous sulfate solution (28 g, 0.5 wt.%), hydrogen 

peroxide aqueous solution (30 g, 1.0 wt.%), and HEA 

monomer (its mass was indicated in Fig. 3) were 

transferred into the different spray bottles, respectively, 

and sprayed evenly on the PVA1799 under mechanical 

stirring. During the spraying process, 2/3 of the initiator 

solutions and all HEA were evenly sprayed, and then the 

remaining initiator solutions were sprayed under consistent 

agitation. After completing the spraying process in 30 to 

40 minutes, it was maintained at 40 ℃ for 3.5 h to conduct 

the grafting reaction. During this, the product was flipped 

every half hour. After the response, the product was 

redispersed with anhydrous ethanol, followed by filtering 

and washing 3 times, drying at 45 ℃, crushing, and 

sieving to gain the PVA1799-g-PHEA sample. 

2.3. Measurement of grafting ratio 

The grafting ratio (Rg, %) determines the graft 

polymerization level, indicating a mass percentage of 

grafted branches to grafted raw material. The Rg of 

PVA1799-g-PHEA was obtained by a weighing method 

and calculated using Eq. 1: 

, (1) 

where m1 and m2 are the masses (g) of the dried PVA1799-

g-PHEA obtained after the preparation process and the 

dried PVA1799 used in the grafting. 

2.4. Fourier transform infrared (FTIR) analysis 

To reveal the successful incorporation of PHEA 

branches on the PVA1799, the PVA1799 and PVA1799-g-

PHEA were pressed into thin pellets with the KBr pellet 

technique and analyzed on the Nicolet Nexus 470 FTIR 

spectrophotometer (Thermo Electron Corporation, USA). 

The analysis was performed within 500 – 4000 cm–1 at a 4 

cm–1 resolution. 

2.5. Scanning electron microscopy (SEM) analysis 

An S-4800 scanning electron microscope (SEM, 

Hitachi Limited, Japan) was adopted to collect the images 

of PVA1799 and PVA1799-g-PHEA. Before collection, 

coating the samples with gold layers was implemented. 

2.6. Thermogravimetric (TG) analysis 

The PVA1799 and PVA1799-g-PHEA samples were 

performed the TG analysis using a NETZSCH TG 209 F3 

(NETZSCH-Gerätebau GmbH, Selb, Germany) at  

35 – 600 °C and 10 °C/min with a flow rate of 200 ml/min 

for N2. 

2.7. Determination of adhesion 

The adhesion of PVA samples to polyester/cotton 

fibers was investigated according to FZ/T 15001–2008 in 

China. The main steps of this method generally contain (a) 

making a size paste, (b) sizing the roving with the paste 

and drying it in the air to form the sized roving, and (c) 

tensile testing [16]. The PVA1799 or PVA1799-g-PHEA 

aqueous paste (1 wt.%, 900 mL) was prepared at 95 °C 

under consistent stirring. Then, the metal frame twining the 

polyester/cotton roving was submerged in the paste 

(700 mL) for 5 min, followed by air-drying to gain the 

sized roving. After being held at 20 °C and 65 % relative 

humidity (RH) for 1 d, the tensile testing of the sized 

roving was carried out with a YG026D electronic strength 

tester (Ningbo Textile Instrument Factory, China) at the 

drawing rate and clamping distance of 50 mm/min and 

10 cm. The presented bonding force was the average of 20 

tests, wherein any outlier data had been excluded. 

2.8. Measurement of surface tension 

After cooling down to room temperature, the surface 

tension of the residual paste (150 mL) was tested in 

duplicate on a DCAT 21 Full-Automatic Surface and 

Interface Tensiometer (Kono Industries Inc., Shanghai, 

China). 

2.9. Measurement of light transmittance 

Craig's method [17] was applied to measure the light 

transmittance of the paste (1 wt.%, the residual 50 mL) 

using a UV9600 spectrophotometer (Ruili Analytical 

Instrument Co., Ltd., Beijing, China) against a distilled 

water blank. 

 

 

 

 

 

Fig. 1. Preparation of PVA1799-g-PHEA by the grafting of PVA1799 with HEA by the Fe2+–H2O2 redox system 
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2.10. Preparation and determination of the film 

A casting method presented in our previous study [18] 

was utilized to make the PVA1799 and PVA1799-g-PHEA 

films. The sample was mechanically stirred and thoroughly 

dissolved into distilled water at 95 °C to prepare the 

sample paste (6 wt.%, 400 mL), which was then poured 

onto a leveled glass plate covered with a polyester film 

(650 mm × 400 mm) and dried at 20 °C and 65 % RH to 

obtain the film. The film strips with the specifications of 

200 mm × 10 mm, 100 mm × 20 mm, and 100 mm × 5 mm 

were prepared for the following determination. 

The drawing tests of the strips (200 mm × 10 mm) 

were carried out on the YG026D tester at the drawing rate 

and clamping distance of 50 mm/min and 10 cm. The 

reported results were the mean values of 20 individual 

tests, wherein any outlier data had been excluded. 

A YG731C instrument (Depp Textile Technology Co., 

Ltd., China) was utilized to measure the bending 

endurance (cycle) at a bending angle of 120o [19]. The 

strips with the specification of 100 mm × 5 mm were 

selected during the measurement. 

Determination of the time to break the strip 

(100 mm × 20 mm) in distilled water at 80 °C was 

performed following the study [20]. The experiment 

involved adding a fixed mass of 1.0 g to one side of a film 

strip, and the strip was then half-immersed in the water. 

The strip broken time was read instantly. The presented 

result represented the mean value of 10 individual tests. 

3. RESULTS AND DISCUSSION 

3.1. FTIR analysis 

The spectra of PVA1799 and PVA1799-g-PHEA 

samples were analyzed, as presented in Fig. 2. The peaks at 

about 1640 cm–1 and 1440 cm–1 in the spectra belonged to 

the O-H absorption peak in the combined water [21] and 

−CH2 absorption peak [22], respectively. 

 

Fig. 2.  FTIR spectra of (a) PVA1799; (b) PVA1799-g-PHEA 

(Rg = 7.3 %) samples 

The band appeared at about 3420 cm–1, indicating the 

characteristic peak of O–H [23, 24], and its intensity in the 

spectrum of PVA1799-g-PHEA was higher than the 

PVA1799 (as presented from the local enlarged drawing), 

which was due to the existence of O–H in the HEA units. 

Besides, one new peak at the 1721 cm–1 in the  

PVA1799-g-PHEA indicated the ester carbonyl absorption 

peak [25 – 27], revealing the successful incorporation of 

PHEA branches on the PVA1799. 

3.2. Grafting ratio 

Fig. 3 presents the grafting ratio (Rg) results of 

PVA1799-g-PHEA samples. The Rg gradually increased 

from 0 to 7.34 % with increasing the amounts of HEA 

from 0 g to 25 g. It indicated that the PVA1799-g-PHEA 

samples containing Rg values of 0 – 7.34 % could be 

successfully prepared via the grafting between PVA1799 

(120 g) and HEA monomer (0 – 25 g) using the Fe2+–H2O2 

redox system in a dry process. With the increase in the 

amount of HEA, its concentration in the reaction system 

increased, which intensified the grafting reaction and 

formed more PHEA branches on the hydroxyls of 

PVA1799, inducing a gradual Rg value.  

 

Fig. 3. The characterization of PVA1799-g-PHEA, i.e., grafting 

ratio 

3.3. Surface morphology 

SEM analysis of PVA1799 and PVA1799-g-PHEA 

was conducted to observe their surface morphology, as 

displayed in Fig. 4. As found, the PVA1799 (Fig. 4 a) used 

in this study showed a rough granule surface. It could be 

found in Fig. 4 b that the PVA1799-g-PHEA also 

possessed a rough granule surface and had no obvious 

difference from the surface of PVA1799. These implied 

that the graft polymerization of PVA1799 with HEA 

monomer by a dry process did not produce serious damage 

on the granule surface but retained the granular form of 

PVA1799. 

3.4. TG analysis 

The thermal degradation behaviors of PVA1799 and 

PVA1799-g-PHEA were estimated by TG analysis, as 

shown in Fig. 5. As seen, the PVA1799 and PVA1799-g-

PHEA samples possessed the main three-stage and four-

stage thermograms, respectively. The weight loss observed 

up to about 250 °C was attributed to the vaporization of 

water in both samples. The major weight losses of 

PVA1799-g-PHEA and PVA1799 were 56.8 % and 67.5 % 

in the temperature ranges of about 320 – 420 °C and  

245 – 380 °C, respectively. The maximal decomposition 

temperatures of PVA1799-g-PHEA and PVA1799 were 

approximately 380 °C and 289 °C, respectively. These 
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results revealed that the PHEA branches could alleviate the 

thermal degradation of PVA1799 and promote its thermal 

stability. 

 

Fig. 4. a – SEM images of PVA1799, ×150; b – PVA1799-g-

PHEA, Rg = 7.3 %, ×150 

 

Fig. 5. a – TG-DTG of PVA1799; b – PVA1799-g-PHEA, 

Rg = 7.3 % 

3.5. Effect of the grafted PHEA branches on the 

bonding forces 

In warp sizing, it is well known that the polymer as a 

provisional adhesive enhances yarn strength [28]. 

Therefore, we investigated the effect of the grafted PHEA 

branches on the adhesion of PVA1799, as shown in Fig. 6. 

Compared to PVA1799, the bonding force of PVA1799-g-

PHEA to polyester/cotton roving was significantly 

enhanced. The bonding force of PVA1799-g-PHEA 

depended on the Rg, which gradually increased with 

increasing the Rg from 3.53 % to 7.34 %. These findings 

concluded that incorporating PHEA branches improved the 

adhesion of PVA1799 to fibers, and a greater improvement 

in the adhesion was exhibited as more PHEA branches 

were grafted onto PVA1799. 

During the air-drying of the sized roving, the PVA 

sample paste existing among the fibers within the roving 

converts into PVA adhesive layers. Adhesive failure may 

occur under external forces during the tensile testing of 

sized roving. There are two types of adhesive failures 

based on the location of the fracture: cohesive and 

interfacial failures [29]. The former primarily happens 

within the layer matrix, while the latter occurs at the 

layer/fiber interfaces. It is crucial for enhancing adhesion 

by reducing the occurrence of adhesive failures. 

 

Fig. 6. Influence of grafting ratio on the adhesion of PVA1799 to 

polyester/cotton fibers 

As proved, the paste with a low surface tension wets 

and spreads the fiber surface strongly, favoring bonding to 

fibers [30]. Therefore, to better understand the superior 

bonding forces for PVA1799-g-PHEA, it is essential to 

focus on surface tension. The surface tension of PVA1799-

g-PHEA and control PVA1799 pastes was tested, as 

presented in Fig. 7. 

 

Fig. 7. Effect of grafting ratio on surface tension of PVA1799 

paste 

It indicated that the amphipathic PHEA branches 

exerted an effective effect on reducing the tension, which 

was necessary to improve the surface activity of PVA1799. 

Interfacial defects around outspreaded areas will occur due 

to poor wetting and outspreading, resulting in noticeable 

damage to bonding. [31]. Consequently, incorporating 

amphipathic PHEA branches might acquire stronger 

wetting and spreading abilities to abate the interfacial 

failure, thereby facilitating the bonding to polyester/cotton 

fibers. 
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Furthermore, the graft polymerization of PVA1799 

with the HEA monomer introduces grafted PHEA branches 

onto the PVA1799. These branches function as wedges, 

preventing the ordered arrangement of PVA1799 chains 

and reducing the association of PVA hydroxyls. This 

process plasticizes the PVA adhesive layers, effectively 

decreasing the likelihood of cohesive failure and enhancing 

adhesion. 

Adhesives can generate chemical forces between the 

bonded materials, primarily through hydrogen bonds and 

van der Waals forces [28]. When the adhesive surface is 

near the bonded material surface, chemical forces can 

develop at the interfaces due to the recombination of 

radicals on their surfaces [32]. These chemical forces at the 

interfaces significantly influence adhesive bonding 

strength to the bonded material [33]. Many polar hydroxyls 

exist on the cotton and PVA1799-g-PHEA chains (in the 

HEA units and PVA molecules). The chemical interactions 

between the hydroxyl groups at the interfaces of adhesive 

layers and cotton fibers will enhance the interaction at the 

interface, thereby improving adhesion to cotton fibers. The 

primary interactions that occur are van der Waals forces 

and hydrogen bonds. The ester groups in the HEA units of 

PVA1799-g-PHEA are similar to those in polyester, 

promoting van der Waals forces that enhance the bonding 

of PVA1799-g-PHEA to polyester fibers.  

Additionally, the paste wetting and spreading of the 

sizing agent are also related to its water dispersibility. 

Usually, the higher the water dispersibility, the better the 

wetting and spreading. Water dispersibility is commonly 

assessed by determining the light transmittance of the 

paste. The light transmittance results of PVA1799-g-PHEA 

and control PVA1799 (grafting ratio = 0 %) pastes are 

presented in Fig. 8.  

 

Fig. 8. Effect of grafting ratio on light transmittance of PVA1799 

paste 

As seen, the light transmittance of PVA1799-g-PHEA 

paste was slightly lower than that of control PVA1799 

paste, which meant that introducing the PHEA branches 

did not lead to an obvious decrease in the light 

transmittance, whereas just caused a slight decrease. 

Therefore, introducing the PHEA branches had no obvious 

effect on the water dispersibility of PVA1799, which 

revealed that water dispersibility showed a subtle influence 

on the adhesion of PVA1799-g-PHEA. 

As a result, grafting PHEA branches onto PVA1799 

significantly improves its bonding force with 

polyester/cotton roving compared to unmodified 

PVA1799. As the Rg increases, the number of grafted 

PHEA branches rises, positively affecting wetting, 

spreading, internal plasticization, and chemical 

interactions, which in turn gradually increases the bonding 

force. 

3.6. Effect on film properties 

The warp sizing process creates a protective film on 

the warp surface, enhancing abrasion resistance and 

facilitating smooth weaving [11]. Therefore, investigating 

the film properties of PVA1799-g-PHEA samples is 

essential to ensure their strength and toughness against 

mechanical actions. 

Fig. 9 illustrate how the grafting ratio affects the 

tensile properties: tensile strength and breaking elongation 

of the PVA1799 film.  

 

Fig. 9. a – effect of grafting ratio on the tensile strength;  

b – breaking elongation of the film (grafting ratio = 0 

indicates the PVA1799 film) 

It can be observed that the films produced from 

PVA1799-g-PHEA pastes exhibit greater elongation and 

slightly higher strength compared to those made from the 

PVA1799 paste. The PVA1799-g-PHEA possessed a 

gradually increased film elongation and a slightly 

increased film strength as the grafting ratio rose. The 

significantly increased elongations of PVA1799-g-PHEA 

(grafting ratio ≥ 7.02 %) films were displayed compared to 

the PVA1799 film. The PVA1799-g-PHEA (grafting ratio 

= 7.34 %) film achieved the highest elongation of 194.7 % 

compared to that (152.4 %) for PVA1799 film. These 

observations indicated that the PVA1799-g-PHEA films 

were more stretchable than the PVA1799 film, and the 

grafted PHEA branches could promote the tensile 

properties of the PVA1799 film. Undoubtedly, the 

PVA1799-g-PHEA film with greater extendibility is more 

effective than the PVA1799 film in protecting warps 

during the weaving process. In addition, Table 1 displays 
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how the grafting ratio affects the bending endurance of the 

film. It could be found that both PVA1799-g-PHEA and 

PVA1799 films possessed bending endurances of higher 

than 20000 cycles, which revealed that the PVA1799-g-

PHEA film still had excellent bending endurance. The 

excellent bending endurance made the film exhibit strong 

flexibility, favoring the weaving. 

Table 1. Effect of grafting ratio on the bending endurance of 

PVA film 

PVA samples Grafting ratio, % 
Bending endurance, 

cycles 

PVA1799 0 >20000 

PVA1799-g-PHEA 

3.53 >20000 

6.74 >20000 

7.04 >20000 

7.34 >20000 

The introduced PHEA branches act as wedges by their 

steric hindrance to interfere with the ordered arrangement 

of PVA1799 chains, lessen the association between PVA 

hydroxyl groups, and increase the distance between PVA 

chains, consequently inducing an internal plasticization to 

the PVA film, thereby imparting a higher breaking 

elongation to the PVA1799-g-PHEA film. In addition, the 

hydroxyls existing in the PVA chains and PHEA branches 

can associate to form hydrogen bonds, which may explain 

why the introduction of PHEA branches results in a slight 

increase in tensile strength. 

Besides, the study also evaluated how the grafting 

ratio affected the time it took for the PVA film to break in 

hot water, aiming to determine whether the introduction of 

PHEA branches improved the desizability of PVA1799. 

The results in Fig. 10 showed that PVA1799-g-PHEA 

films broke faster than the PVA1799 film (grafting ratio 

= 0 %). 

 

Fig. 10. Effect of grafting ratio on the time to break the PVA film 

in hot water 

This implied that PHEA branches decreased the film's 

time to break in distilled water at 80 °C. The results 

showed that there was an inverse relationship between time 

and the Rg; specifically, as the Rg increased, the time 

required decreased. The PHEA branches increase the 

distance between PVA chains due to steric hindrance and 

hydroxyl groups from the HEA units. This change 

promotes water penetration into the PVA material, 

resulting in the rapid swelling of the PVA film when 

immersed in water. As a result, a decreased time is found, 

indicating that desizing PVA from the warps is easier, 

suggesting that the PHEA branches help accelerate this 

process. 

4. CONCLUSIONS 

The previous results indicated that adding synthetic 

PHEA branches to the PVA1799 effectively improved its 

sizing properties, particularly the adhesion to 

polyester/cotton fibers and film characteristics. Compared 

to the control PVA1799, the PVA1799-g-PHEA, which 

had a grafting ratio ranging from 3.53 % to 7.34 %, 

demonstrated significantly stronger bonding forces with 

polyester/cotton roving. This suggested that the 

incorporation of PHEA branches markedly enhanced the 

adhesion. The enhancement is mainly attributed to the 

improvement of wetting and spreading arising from the 

lessened surface tension, the induced internal 

plasticization, and the produced chemical forces (van der 

Waals forces and hydrogen bonds) after incorporating the 

PHEA branches. The PVA1799-PHEA film exhibited 

greater breaking elongation and a slight increase in tensile 

strength compared to the PVA1799 film. This indicated 

that the PHEA branches had positively influenced the 

tensile properties of the PVA1799 film. In addition, both 

PVA1799-g-PHEA and PVA1799 films had excellent 

bending endurance, and the former broke in hot water in a 

shorter time than the latter, suggesting that the introduction 

of PHEA branches favored promoting the desizing of PVA 

from warp yarns. As the grafting ratio increased from 

3.53 % to 7.34 %, there was a corresponding increase in 

bonding forces and film elongation and a decreased time 

required. Based on these results, PVA1799-g-PHEA with a 

grafting ratio of 7.34 % as a new PVA-based sizing agent 

showed potential application in the sizing of 

polyester/cotton warps. 
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