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THAI ABSTRACT 

ณัฏฐา กอบนิธิกุลวงศ์ : ผลของสารเอทานอลภายใต้คลื่นอัลตราโซนิกในการช่วยลดปริมาณ
มอนอเมอร์ที่ตกค้างและยังคงคุณสมบัติการทนต่อแรงดัดโค้งของอะคริลิกเรซินที่ใช้รองฐาน
ฟันปลอมแบบแข็งชนิดบ่มด้วยตัวเอง (EFFECT OF ETHANOL SOLUTIONS UNDER 
ULTRASONIC WAVE ON RESIDUAL MONOMER REDUCTION AND FLEXURAL 
PROPERTIES IN AUTOPOLYMERIZING HARD RELINE ACRYLIC RESINS) อ.ที่ปรึกษา
วิทยานิพนธ์หลัก: รศ. ชัยรัตน์ วิวัฒน์วรพันธ์ {, 85 หน้า. 

อะคริลิกเรซินที่ใช้รองฐานฟันปลอมแบบแข็งชนิดบ่มด้วยตัวเองนั้นมีข้อดีอยู่มาก แต่ก็พบว่า
มีข้อเสียหลายประการต่อผู้ป่วยด้วย เนื่องมาจากมอนอเมอร์ที่หลงเหลือภายหลังปฏิกิริยาการเกิดพอ
ลิเมอร์ มีผลต่อสมบัติทางกายภาพของวัสดุและยังเป็นอันตรายต่อเนื้อเยื่ออ่อนภายในช่องปากด้วย 
ดังนั้นมีงานวิจัยก่อนหน้านี้หลายงาน ศึกษาหาวิธีลดปริมาณมอนอเมอร์ที่หลงเหลือในอะคริลิกเรซิน 
ได้แก่ การแช่น า้ในเครื่องท าความสะอาดอัลตราโซนิกหรือในสารละลายเอทานอล  เป็นต้น 
วัตถุประสงค์ของการศึกษานี้เพ่ือหาความเข้มข้นที่เหมาะสมของสารละลายเอทานอลภายใต้คลื่นอัล
ตราโซนิกที่มีผลลดปริมาณมอนอเมอร์ที่หลงเหลือ และยังคงไม่เปลี่ยนแปลงคุณสมบัติการทนต่อแรง
ดัดโค้งของวัสดุ โดยเตรียมชิ้นงานผลิตภัณฑ์ Unifast Trad (UF) และ Kooliner (KL) อย่างละ 48 
ชิ้น ตามค าแนะน าของบริษัทในแต่ละผลิตภัณฑ์ ท าการแบ่งโดยการสุ่มเป็น 8กลุ่ม กลุ่มละ 6 ชิ้น 
ได้แก่ กลุ่มควบคุมลบ (NC) กลุ่มควบคุมบวก โดยน าไปแช่ในน้ า 50 องศาเซลเซียส 60 นาที (PC1) 
และแช่ในน้ า 55 องศาเซลเซียส 10 นาที (PC2) กลุ่มที่เหลือคือ น าไปแช่ในสารละลายเอทานอลใน
ความเข้มข้นต่างๆ ดังนี้ 10, 20, 30, 40 และ 50 เปอร์เซ็นต์ ในอ่างอัลตราโซนิกที่มีความถี่  40 
กิโลเฮิรตซ์ ที่อุณหภูมิ 55 องศาเซลเซียส 5 นาที ท าการตรวจหาปริมาณมอนอเมอร์ที่หลงเหลือด้วย
วิธีโครมาโตกราฟีเหลวสมรรถนะสูงตามวิธีการมาตรฐานสากลหมายเลข 20795-1 (2013) เตรียม
ชิ้นงานทั้ง 2 ผลิตภัณฑ์ อย่างละ 80 ชิ้น ตามค าแนะน าของบริษัทผู้ผลิต และท าการแบ่งโดยการสุ่ม 
ทั้งหมด 8 กลุ่ม ดังที่กล่าวไว้ข้างต้น กลุ่มละ 10 ชิ้นแล้วน ามาทดสอบคุณสมบัติด้านความแข็งแรงดัด
โค้งด้วยหัวกด 3 ต าแหน่ง ตามวิธีการมาตรฐานสากลหมายเลข 20795-1 (2013) ท าการวิเคราะห์
ข้อมูลที่ได้ทางสถิติด้วยการวิเคราะห์ความแปรปรวนทางเดียวและ Tukey HSD (p<0.05) ผลการ
ทดลอง พบว่า ในวัสดุ UF การแช่ในสารละลายเอทานอลที่มีความเข้มข้น 40 เปอร์เซ็นต์ภายใต้
คลื่นอัลตราโซนิก และในวัสดุ KL การแช่ในสารละลายเอทานอลที่มีความเข้มข้น 10 เปอร์เซ็นต์
ภายใต้คลื่นอัลตราโซนิก  ที่อุณหภูมิ 55 องศาเซลเซียส 5 นาที  มีประสิทธิภาพสูงที่สุดในการลด
มอนอเมอร์ที่ตกค้างและยังคงคุณสมบัติทางด้านความแข็งแรง 
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Autopolymerizing hard reline acrylic resins have not only have many 
advantages but also have disadvantages to patients. According to residual monomer 
(RM) content after polymerization, RM affect materials’ physical properties and also 
have harmful effects to soft tissue in oral cavity. Therefore, there are previous 
researches studied in reducing the RM content in acrylic resins such as water immersion 
in ultrasonic cleanser or immersion in ethanol solutions. The purpose of this study was 
to determine the appropriate concentration of ethanol under ultrasonic wave, affecting 
the reduction of RM content and maintain their flexural properties. Forty-eight 
specimens of Unifast Trad (UF) and forty-eight specimens of Kooliner (KL) were 
prepared according to their manufacturers’ instructions and divided randomly into 
eight groups (N=6): NC: Negative control; PC1 and PC2 (positive control); water 
immersion at 50°C 60 min and 55°C 10 min respectively; The others were immersed in 
ethanol solutions of 10, 20, 30, 40 and 50% with ultrasonic bath (40 kHz) at 55°C 5 
min. RM were determined by HPLC following ISO 20795-1 (2013). Eighty specimens of 
UT and eighty specimens of KL were prepared according to their manufacturers’ 
instructions, and also divided into the same as the above eight groups to test 3-point 
flexural properties following ISO 20795-1 (2013)(N=10). Statistical analysis was 
performed using one-way ANOVA and Tukey HSD at p<0.05.  Immersion UF in 40% 
ethanol solution under ultrasonic bath (40 kHz) at 55°C for 5 min and immersion KL in 
10% ethanol solution under ultrasonic bath (40 kHz) at 55°C for 5 min are chosen to 
be a proper method to reduce RM effectively and maintain their flexural properties 
respectively. 
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CHAPTER I INTRODUCTION 

Background and rational 

The development of acrylic resins has been used in dentistry since 1936 (1). 
Heat-cured acrylic resins were used in making dentures while autopolymerizing acrylic 
resins were used as relining, repair or temporary crown materials in prosthodontics. 
The autopolymerizing acrylic resins are more convenient to patients than heat-cured 
acrylic resins because there is no need for processing in a laboratory, resulting in a 
reduced waiting time. The autopolymerizing system has many disadvantages. 
Unpleasant monomer odor, potential for sensitization and irritation of oral soft tissue 
by the monomers and heat generation during polymerization are areas of clinical 
concern. 

Some residual monomers leach out of the acrylic resin and sometimes cause 
a soft tissue reaction (2, 3). Their leached concentrations are potentially high enough 
to irritate and response to mucosal tissues. For example, residual methyl methacrylate 
monomer can be present in acrylic resins used for dental appliances and can leach 
from these resins into water (4, 5). 

Nowadays, there are several methods of reducing the residual monomer (RM) 
in acrylic resins such as immersion in hot water (5-7), microwave irradiation (7), 
ultrasonic cleaner (8) and ethanol solutions (9). 

Ultrasonic waves have been used in different fields such as SONAR in 
underwater world, ultrasonic medical imaging, and industrial cleaning that was 
reported to be a method to increase the extraction rate of organic substances by the 
effect of sonication (10). The ultrasonic sensing can probe into objectives 
nondestructively because it can spread through any kinds of media including solids, 
liquids and gases except vacuum.  

Ethanol is a versatile solvent, miscible with water and with many organic 
solvents. Ethanol molecules can swell and penetrate into the space in polymers for 
promoting reduce the RM content (9). Thus ethanol is considered as a practical solution 
to remove RM content from acrylic resins. 
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The aim of this study was to find the proper concentration of ethanol solution 
under ultrasonic wave that can reduce the RM content effectively and remain the 
flexural properties of autopolymerizing hard reline acrylic resins. 

 
Research objective 

To determine the optimal concentration of ethanol solution under ultrasonic 

wave for reducing RM content in autopolymerizing hard relining acrylic resins and 
maintaining their flexural properties. 

 
Research hypothesis 

Hypothesis 1 
H10: there is no significant difference in mean of RM content of each material between 
all experimental groups of postpolymerization treatment and that of the control group. 
(p≥0.05) 
H11: there is a significant difference in mean of RM content of each material between 
at least one experimental group of postpolymerization treatment and that of the 
control group. (p<0.05)  
 
Hypothesis 2 
H20: there is no significant difference in mean of RM content of each material between 
all groups of postpolymerization treatment in various ethanol concentrations under 
ultrasonic wave and that of the group of water immersion at 50oC 60 min. (p≥0.05) 
H21: there is significant difference in mean of RM content of each material between at 
least one group of postpolymerization treatment in various ethanol concentrations 
under ultrasonic wave and that of the group of water immersion at 50oC 60 min. 
(p<0.05)  
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Hypothesis 3 
H30: there is no significant difference in mean of RM content of each material between 
all groups of postpolymerization treatment in various ethanol concentrations under 
ultrasonic wave and that of the group of water immersion at 55oC 10 min. (p≥0.05) 
H31: there is significant difference in mean of RM content of each material between at 
least one group of postpolymerization treatment in various ethanol concentrations 
under ultrasonic wave and that of the group of water immersion at 55oC 10 min. 
(p<0.05)  
 
Hypothesis 4 
H40: there is no significant difference in mean of flexural strength of each material 
between all experimental groups of autopolymerizing hard reline acrylic resins after 
postpolymerization treatment and that of the control group. (p≥0.05) 
H41: there is a significant difference in mean of flexural strength of each material 
between at least one of experimental groups of autopolymerizing hard reline acrylic 
resins after postpolymerization treatment and that of the control group. (p<0.05)  
 
Hypothesis 5 
H50: there is no significant difference in mean of flexural strength of each material 
between all experimental groups of autopolymerizing hard reline acrylic resins after 
postpolymerization treatment in various ethanol concentrations under ultrasonic wave 
and that of the group of water immersion at 50oC 60 min. (p≥0.05) 
H51: there is a significant difference in mean of flexural strength of each material 
between at least one of experimental groups of autopolymerizing hard reline acrylic 
resins after postpolymerization treatment in various ethanol concentrations under 
ultrasonic wave and that of the group of water immersion at 50oC 60 min. (p<0.05)  
 
Hypothesis 6 
H60: there is no significant difference in mean of flexural strength of each material 
between all experimental groups of autopolymerizing hard reline acrylic resins after 
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postpolymerization treatment in various ethanol concentrations under ultrasonic wave 
and that of the group of water immersion at 55oC 10 min. (p≥0.05) 
H61: there is a significant difference in mean of flexural strength of each material 
between at least one of experimental groups of autopolymerizing hard reline acrylic 
resins after postpolymerization treatment in various ethanol concentrations under 
ultrasonic wave and that of the group of water immersion at 55oC 10 min. (p<0.05)  
 
Hypothesis 7 
H70: there is no significant difference in mean of flexural modulus of each material 
between all experimental groups of autopolymerizing hard reline acrylic resins after 
postpolymerization treatment and that of the control group. (p≥0.05) 
H71: there is a significant difference in mean of flexural modulus of each material 
between at least one of experimental groups of autopolymerizing hard reline acrylic 
resins after postpolymerization treatment and that of the control group. (p<0.05)  
 
Hypothesis 8 
H80: there is no significant difference in mean of flexural modulus of each material 
between all experimental groups of  autopolymerizing hard reline acrylic resins after 
postpolymerization treatment in various ethanol concentrations under ultrasonic wave 
and that of the group of water immersion at 50oC 60 min. (p≥0.05) 
H81: there is a significant difference in mean of flexural modulus of each material 
between at least one of experimental groups of autopolymerizing hard reline acrylic 
resins after postpolymerization treatment in various ethanol concentrations under 
ultrasonic wave and that of the group of water immersion at 50oC 60 min. (p<0.05)  
 
Hypothesis 9 
H90: there is no significant difference in mean of flexural modulus of each material 
between all experimental groups of  autopolymerizing hard reline acrylic resins after 
postpolymerization treatment in various ethanol concentrations under ultrasonic wave 
and that of the group of water immersion at 55oC 10 min. (p≥0.05) 
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H91: there is a significant difference in mean of flexural modulus of each material 
between at least one of experimental groups of autopolymerizing hard reline acrylic 
resins after postpolymerization treatment in various ethanol concentrations under 
ultrasonic wave and that of the group of water immersion at 55oC 10 min. (p<0.05)  
 

Scope of the research 

1. This research is an in vitro study 
2. Two commercial autopolymerizing hard reline acrylic resins used in this study 

are Unifast Trad (UF) and Kooliner (KL) 
3. Investigator in this study only is one person 

 
Limitation 

This research was studied in 2 materials of autopolymerizing hard reline acrylic 
resins; UF and KL are determined in vitro. If the results appeared effectively, we will 
apply this method including other autopolymerizing hard reline acrylic resins to 
decrease RM content for patients in dental offices. 

 
Keywords     

- Autopolymerizing acrylic resins  

- Residual monomer  

- Ethanol     

- Ultrasonic wave 

- HPLC  

- Flexural properties 
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Conceptual framework 

 
 

Expected benefits 

The application of ethanol solutions under ultrasonic wave as 
postpolymerization treatment in autopolymerizing hard reline acrylic resins will help 
patients save time in clinic by reducing RM content rapidly. 
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CHAPTER II LITERATURE REVIEW 

Denture Base Polymers 

 Denture base is a prosthetic device constructed to replace the missing teeth 
that are supported by surrounding hard and soft tissues. There is evidence that 
dentures are used as treatment in prosthodontics around 700 B.C. in Dentistry (11). 
Therefore, there is development in the quality of dental materials to improve in 
esthetics, function and comfort for patients (11). 
 In 1936, Walter Bauer found polymerization of acrylic resins. Then, the acrylic 
resins have become popular as denture base material in clinical fabrication. Poly 
(methyl methacrylate) is still use in denture base because of its esthetics, ease of  
repair and saving cost (12). Denture base polymers are classified into five types as 
shown in Table 1. (13)                                                                                                                                                
 
Table 1: Classification of denture base polymers according to ISO 1567 
Type Class    Description 
   1          1      Heat-processing polymers, powder and liquid  
   1          2    Heat-processed (plastic cake) 
   2          1      Auto-polymerized polymers, powder and liquid  
   2      1    Auto-polymerized polymers (powder and liquid pour type resins) 
   3     -   Thermoplastic blank or powder 
   4      -   Light-activated materials 
   5     -   Microwave-cured materials 
 
Polymer-monomer interaction  

Acrylics are polyesters based on acrylic acid (propenoic acid, CH2=CHCO2H) 
formed from the polymerization of an alkyl acrylate ester. As the polymerization 
progresses, there is the conversion of MMA into poly-MMA during which the conversion 
of monomer molecules into the polymers (14). There are 4 stages in the addition 
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polymerization chain reaction: induction, propagation, chain transfer and termination 
(15).  

 
Activation of benzoyl peroxide (BPO). During activation, the bond is broken 

between the two oxygen atoms and the pair of electron is split between the two 
fragments. 

 

 
Initiation of a methyl methacrylate molecule. The unpaired electron of the free 

radical accesses the methyl methacrylate molecule (A and B), the electron in the 
double bond (C=C) is attracted to the free radical to form an electron pair and covalent 
bond between the free radical and the monomer molecule (C and D). Finally, the new 
molecule a free radical is made from the remaining unpaired electron (D). 
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Propagation and chain growth. The free electron interacts with the double 

bond (C=C) of the methyl methacrylate molecule. A new, longer free radical is formed. 
 

 
 
A free radical accesses a methyl methacrylate molecule and devotes a 

hydrogen atom to the methyl methacrylate molecule then chain transfer occurs.  
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Another type of the chain transfer can occur when a propagating chain interacts 

with the passivated segment that was formed.  

  
 
Two free radicals interact and form a covalent bond then the termination 

occurs. 
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When two free radicals access each other, a new double bond may be formed 

on the molecule that devotes a hydrogen atom to the other free radical (15). 
The unreacted (residual) monomer is considered undesirable. Because it effects 

on mechanical properties and irritating soft tissue. 
 

Mj
∗ + M1                        M j+1

∗ 

 From above equation, we have known that free-radical polymerization systems 
are thermodynamic equilibrium. According to Lung CY and Darvell BW’s study (2007) 
(16), they found that time-temperature response surface for the equilibration of PMMA 
with MMA. So now we can expect the ‘residual monomer’ in denture base acrylic 
resins. 
 
Acrylic resins 

Acrylic resins were first used in dentistry in the 1940s (11). Owing to their 
advantages in the clinic, they are used for different applications including temporary 
crowns, custom trays and baseplates for denture construction (17). 
 Physical properties of acrylic resins are hard, brittle and glassy polymers 
composed of long chains of small repeating units (18).   
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 Dental acrylics resins are divided in 3 types, based on the factor that initiates 
the reaction: chemical-, heat- and light-activated (19). Heat-activated materials were 
use a hot water bath or microwave oven while light-activated materials were use with 
wavelength 460-480 nm (peak 470 nm) as an energy source. In chemical activated 
acrylic resins, action is set when the tertiary aromatic amine in liquid portion activates 
the benzoyl peroxide in powder portion to produce free radicals (20). 
 
Autopolymerizing hard reline acrylic resins 

In Unifast Trad, it composed of pre-polymerized PMMA powder particles, which 
are mixed with MMA monomer (21). Initiator is a peroxide such as a benzoyl peroxide 
(13). A cross-linking agent have been added to hard reline materials to improve 
mechanical properties in craze resistance and stiffness (22). Hydroquinone is added as 
an inhibitor to prevent premature polymerization (17). Typically, a tertiary aromatic 
amine is added to induce the reaction, producing free radicals. The inhibitor in the 
liquid destroys the free radicals that are initially produced, and working time results. 
In Kooliner, it composed of pre- polymerized poly ethyl methacrylate (PEMA) powder 
particles, which are mixed with isobutyl methacrylate (IBMA) of monomer (9). 
 

 
                                Figure 1. Methyl methacrylate structure      
        

 
Figure 2. Isobutyl methacrylate structure 

 



 

 

25 

Disadvantages of autopolymerizing hard reline acrylic resins 

Although autopolymerizing hard reline acrylic resins not only have a lot of 
advantages but also have disadvantages. As noted by Hickey and Zarb (23), these 
materials cause lesions in the mouth (i.e. clinical burns on the mucosa) and another 
problem regarding in this material includes color change (24). 
 During polymerization of acrylic resins, the conversion of monomer to polymer 
is incomplete and some unreacted monomer, called residual monomer (RM), 
remained in space between polymer chains (25, 26). The conversion of heat-
polymerizing materials is better than the conversion of autopolymerizing materials. 
Thus, there is less RM in heat-cured PMMA than in chemical-cured PMMA (27). 

 An oxidation product of the residual MMA monomer can form formaldehyde, 
which can leach from the resins  (6, 28). Formaldehyde has proven to be cytotoxic as 
much lower concentrations than MMA (6, 29). This compound is suspected to be a 
strong irritant to the mucous membranes even at low concentrations. 

 
Allergic reaction 

 Allergy is a hypersensitive reaction to an allergen. Allergic reactions are divided 
in two groups: immediate and delayed. Immediate allergic reactions often result from 
various foods and drugs. Acrylic resins are involved in the delayed or contact allergy 
type, stomatitis venenata, which described by Nealey and Del Rio as a contact allergy 
from a prosthesis device of self-curing acrylic resin (30). MMA monomer causes an 
allergic reaction on contact with skin or oral mucosa. After the polymerization reaction, 
various amounts of the MMA monomer remain in the acrylic resin. Nowadays, there 
are relatively few reports of hypersensitivity to dental agents in the literature. 
Nonetheless, it is pertinent to address this problem, particularly with MMA, and to find 
a mode of treatment for such cases. 
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Residual monomer (RM) 

After polymerization, the level of RM are leached depending on the time (31, 
32). The highest amount of RM are released within 24 h after being processed (33). 
Then, a slow and moderate release is seen over a long period of time. It is a belief 
that tissue sensitivity to acrylic resins depends on the level of RM (3). Additionally, RM 
is a plasticizer which affect the mechanical properties (34, 35) 

Different kinds of compounds including RM content, such as MMA, and 
additives such as hydroquinone (HQ), benzoyl peroxide (BP), N, N-dimethyl-p-toluidine 
(DMPT), etc. are eluted from acrylic polymers. These compounds diffuse into saliva 
and come into contact with the oral mucosa, which can lead to denture stomatitis. 
These lesions exhibit redness or burning sensations, often occurring in the areas 
beneath the dentures (3). 

 
Methods for reducing residual monomer 

Because of the toxicity of RM content, several methods have been proposed 
to reduce the RM and the degradation products of acrylic resins, including: immersion 
in hot water (5-7), microwave irradiation (7) and ultrasonic cleaner (8), the latter of 
which promotes the reduction of MMA content by the effect of cavitation i.e. the 
formation and collapsing of microscopic vacuum bubbles (8). Ultrasonic treatment has 
been used to enhance protein extraction from autoclaved soybean flakes (10). In 
addition, ultrasonic treatment can also promote polymerization (36). In recent years, 
Neves et al. reported that ethanol solutions can help increasing biocompatibility (9), 
showing that ethanol solutions and high temperature reduced the monomer content 
and the cytotoxicity of acrylic reline resins (9). Ethanol solutions have been used in 
order to accelerate solubility and increase leaching of organic solvents. Bettencourt et 
al. showed that ethanol promotes the leaching of RM from the polymer matrix of bone 
cements used in joint arthroplasty (9, 37).  
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Ultrasonic wave 

Ultrasonic sensing techniques are widely used in various fields of engineering 
and basic science, especially for industrial and medical applications. Ultrasonic sensing 
can probe inside objectives nondestructively because it can spread through any kinds 
of media including solids, liquids and gases except vacuum. There are two types of 
ultrasonic waves: bulk (fundamental) waves that expand inside of an object, and 
guided wave that expand near the surface or together with the interface of an object 
(38). 

Ultrasonic wave has been used in different fields such as SONAR in underwater 
world, ultrasonic medical imaging, and industrial cleaning that was reported to be a 
method to increase the extraction rate of organic substances by the effect of sonication 
(10). Recently, Kuijpers et al. found that ultrasonic treatment can also promote 
chemical reactions through ultrasonic polymerization (36). In dentistry, ultrasonic wave 
is also usually used for cleaning and scaling.  
 
Ethanol 

Ethanol is a clear, colorless liquid with an agreeable odor. It is an alcohol, a 
group of chemical compounds whose molecules contain a hydroxyl group, –OH, 
bonded to a carbon atom. Ethanol melts at –114.1°C, boils at 78.5°C, and has a density 
of 0.789 g/ml at 20°C. Its low freezing point has made it useful as a fluid in 
thermometers for temperatures below –40°C, the freezing point of mercury, and for 
other low-temperature purposes, such as for antifreeze in automobile radiators (39). 
Additionally, ethanol is used as solvent to extract compounds from polymer matrix  of 
bone cements used in joint arthroplasty (9, 37). 

 

Methods for determination of residual monomer 

Over the years, Gas chromatography (GC) (40) and High-performance liquid 
chromatography (HPLC) (8, 9, 41) have been used for the determination of RM content 
from denture base resins. 
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High-performance liquid chromatography (HPLC) has been recommended to be 
a suitable method of determining and evaluating low RM values. This method also 
allows for comparison under identical conditions (42). 

 
High performance liquid chromatography (HPLC) 

HPLC was developed in the late 1960s and early 1970s (43).  At present, HPLC 
is generally used in biochemistry and analysis to separate, identify, and quantify active 
compounds. It is widely applied in various areas, including pharmaceutical and 
chemical industries (44). 

 The main section of HPLC is a column that holds packing material (stationary 
phase), and a mobile phase which is moved through the column by a pump. A detector 
shows the retention times of the molecules. The retention time, i.e. the time that 
solvents come out of the end of the column. Depends on the interactions between 
the stationary phase, the molecules are analyzed and the solvents are used. Solvents 
used including combinations of water or organic liquids; the most common are 
methanol and acetonitrile. The solvents, additives and gradient rely on the stationary 
phase and the analyses. The gradient is separated depending on the difference of 
mobile phase component during the analysis.
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CHAPTER III METHODOLOGY 

Target population 

Two autopolymerizing hard reline acrylic resins, Unifast Trad (UF) and Kooliner (KL) 
 
Sample 

Disk-shaped acrylic resins 
 
Table 2: Materials under evaluation in the study 

Product Manufacturer P/L ratio 
(g/mL) 

Composition Curing cycle 

Unifast Trad 
(UF) 

GC America Inc., 
Alsip, IL, USA 

2/1 P: PMMA 
L: MMA 

2 minutes 

Kooliner (KL) GC America Inc., 
Alsip, IL, USA 

1.4/1 P: PEMA 
L: IBMA 

10 minutes 

P: powder; L: liquid; PMMA: poly (methyl methacrylate); MMA: methyl methacrylate; 
PEMA: poly (ethyl methacrylate); IBMA: isobutyl methacrylate 
 
Instruments 

1. Circular mold recommended by ISO 20795-1(2013) 

2. Rectangle mold recommend by ISO 20795-1(2013) 

3. Hydraulic pressure machine ‘EWG 5414’ (Kavo, NC, USA) 

4. Freezer -20°C (Sanyo, Osaka, Japan) 

5. Ultrasonic cleaner at 40 kHz (GT SONIC, Meizhou, China) 

6. Ethanol (Merck, Darmstadt, Germany) 

7. Polishing machine ‘Nano 2000T’ (Pace Technologies, Tucson, USA) 
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8. Metallographic grinding paper No.500 and 1200 (TOA, Bangkok, Thailand) 

9. Digital scale ‘Satorius BP1105’ (Sartorius, Goettingen, Germany) 

10. Magnetic stirrer (Diligent, Bangkok, Thailand) 

11. PTFE coated magnetic stirring bar (Cowie Technology, Middlesbrough, UK)                                                                       

12. Centrifugal machine ‘Avanti J-E’ (Beckman Coulter, CA, USA) 

13. HPLC system (Shimadzu Corporation, Kyoto, Japan) 

14. HPLC column (Merck Millipore, Darmstadt, Germany) 

15. Micropipet (Labnet, New Jersey, USA) 

16. Volumetic flask 5mL,10mL, 1L (Duran, Wertheim, Germany) 

17. Digital Vernier calipers (Mitutoyo, Kawasaki, Japan) 

18. Tetrahydrofuran (Merck KGaA, Darmstadt, Germany) 

19. Methanol (Merck KGaA, Darmstadt, Germany) 

20. Incubator (Contherm Scientific Ltd., Korokoro, New Zealand) 

21. Universal Testing Machine (Shimadzu, Kyoto, Japan) 

 

Residual monomers determination 

Sample preparation to analyze RM and postpolymerization treatments 

1. All specimens were prepared from stainless steel mold as 
recommended by ISO 20795-1.(2013) (45) (disk-shaped, a diameter of 50±1 mm, 
depth 3±0.1 mm with a flat cover) 
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Figure 3. Circular mold recommended by ISO 20795-1 (2013) 
 

2. Forty-eight specimens of each material were prepared following the 
recommendations of the manufacturers (powder to liquid ratio is 2.0 g : 1 mL for 
Unifast Trad and 1.4 g : 1 mL for Kooliner). The mixture was placed into a metal 
mold. The metal mold was pressed in a hydraulic press at 300 kPa. 

 

 

Figure 4. Hydraulic Pressure machine 
 

3. The specimens were then kept in a dark place for 24±5 h. All 
specimens were carefully wet ground with 500 and 1200-grit silicon carbide paper to 
remove excess material until a thickness of 2.0±0.1 mm by digital vernier calipers 
(Mitutoyo, Kawasaki, Japan). 
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Figure 5. Polishing machine (Nano 2000T) 
 

4. After polishing, the specimens of each material (Unifast Trad; UF and 
Kooliner; KL) were randomly divided into 8 groups as shown in Table3. 

5. Each specimen was placed in the center of source of ultrasonic wave. 
Above the source of ultrasonic wave 5 cm by tying the thread with a cover of 
ultrasonic cleaner. (Figure 6.) 

 

 

Figure 6. The placement of specimens in the ultrasonic cleaner 



 

 

33 

 
 

Figure 7. Ultrasonic cleaner (40 kHz) 
 
Solution preparation for extract RM 

-Solution A 
Tetrahydrofurane (THF) solution was prepared by weight approximately 0.02 g of 

hydroquinone into a 1L volumetric flask. THF was added until the total volume was 
1L. 

-Solution B 
Methanol solution was prepared by weight approximately 0.02 g of hydroquinone 

into a 1L volumetric flask. Methanol was added until the total volume was 1L. 
 

Solution preparation for calibration curve 

-Solution C 
Methanol / Tetrahydrofurane solution was prepared by mixing one volume part 

of solution A and four volume parts of solution B. 
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Table 3: Description of experimental groups. 
 

Group Method to reduce RM Time Code 
UF    KL 

Amount of 
samples 

1  Control          -      UFNC   KLNC            6 

2 Immersion in water 50°C    60 min              UFPC1   KLPC1           6 

3 Immersion in water 55°C    10 min              UFPC2   KLPC2           6 

4 Immersion in ethanol 10% 
and ultrasonic wave 55°C 

     5 min             UF10%E  KL10%E       6 

5 Immersion in ethanol 20%       
and ultrasonic wave 55°C 

     5 min            UF20%E  KL20%E       6 

6 Immersion in ethanol 30%       
and ultrasonic wave 55°C 

     5 min            UF30%E  KL30%E       6 

7 Immersion in ethanol 40%       
and ultrasonic wave 55°C 

     5 min    UF40%E  KL40%E       6 

8 Immersion in ethanol 50%       
and ultrasonic wave 55°C 

     5 min    UF50%E  KL50%E       6 

 

Residual monomer extraction procedure 

1. After the postpolymerization treatment, all specimens were broken 
into small pieces in order to prepare three samples with a weight of 650 mg for each 
sample. 
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Figure 8. The specimen was broken into small pieces 
 

 

Figure 9. Each sample was weighed by the Sartorius BP1105 digital scale 
 

2. For each sample, 10 ml of solution A was added as an extraction solvent.  
The sample solutions were magnetically stirred by using a clean 3-mm 
polytetrafluoroethylene-coated for magnetic stirring bar for 72±2 h. 
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Figure 10. Solution A was added in the sample with magnetic stirring bar 
 

 

 

Figure 11. Magnetic stirrer (Diligent, Bangkok, Thailand) 
 

3. To precipitate the dissolved polymer, 8 ml of solution B was added to 
2 ml of each of the previously prepared samples to final volume.  
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4.   Each sample was shaken then laid down 20 min. Five mL of the 
clear solution from each flask was transferred to glass centrifugation tubes, 
centrifuged at 3000 rpm for 15 min at 25 °C (Avanti J-E, Beckman Coulter, CA, USA).  

5. Determined each sample that there was no remaining polymer in the 
solution by filter. Each sample was transferred to vial 2 mL to assess RM content. 

 
 

 

Figure 12. Centrifugal machine (Beckman Coulter, CA, USA) 
 

 

Figure 13. The clear final sample to analyze by HPLC 
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6.     The supernatant of each sample was analyzed by a high 
performance liquid chromatography (HPLC) system (Shimadzu, Kyoto, Japan. 
Prominence system; RP-18-Lichrospher-Merck column; mobile phase of 
water/methanol (34:66); flow rate of 0.8 ml/min; UV light wave length 205 nm 
detector). 

 

Figure 14. HPLC system 
 

Method for Calibration curve 

Calibration solutions for HPLC were prepared by making at least 5 standard 
solutions with various concentrations of MMA for Unifast Trad and IBMA for Kooliner 
(i.e. 6 mg, 60 mg, 150 mg, 300 mg and 400 mg by weight) into a glass flask of 5 ml. 
Solution C was added until the total volume is 5 ml. Then, 100 µl of each calibration 
solution was transferred into a glass flask of 10 ml. Solution C was added until the 
total volume was 10 ml.  

The mass of MMA or IBMA was recorded and the final concentrations were 
calculated in percent of mass. If the MMA or IBMA content of the sample solutions 
did not fit within the extreme MMA or IBMA concentrations of the calibration graph, 
additional calibration points were made. 

 



 

 

39 

Residual monomer determination 

The standard curve was used to determine the concentration in microgram of 
MMA (1) and IBMA (2), C per milliliter of analyzed sample solution. 

 
ƒ(x) = (2.21898*107) x + 305459     (1) 
 
ƒ(x) = (1.70872*107) x + 685739     (2) 

These were standard curves. Where ƒ(x) was absorbance area of MMA or IBMA by UV 
detector and x= MMA or IBMA concentration. 

 
The quantity of residual monomers (µg) in 1 g of each sample was calculated 

according to the following equation: 
 

M = [C × (10/2)* × 10**]                  (3) 
Where * was the tetrahydrofuran amount and ** was the methanol amount used for 
extraction. 

 
Residual monomer (% mass fraction) =   (M/ Msample) × 100    (4) 

Where Msample is the mass of sample, in micrograms. 

Flexural properties determination 

Sample preparation  

1. All specimens were prepared from stainless steel mold as 
recommended by ISO 20795-1. (2013) (45) (a length of 64 mm, a width of 10.0±0.2 
mm, and a height of 3.3±0.2 mm) 

2.  Eighty specimens of each material were prepared following the 
recommendations of the manufacturer (powder to liquid ratio is 2.0 g : 1mL for 
Unifast Trad and 1.4 g : 1 mL for Kooliner) and the mixture was placed into a metal 
mold. 
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Figure 15. The rectangle mold recommended by ISO 20795-1 
3.   All specimens were carefully ground with 500 and 1200-grit silicon 

carbide paper to remove excess material.  Before testing, the specimens were stored 
in water at 37±2°C for 50±2 h, as recommended by ISO 20795-1 (2013) (45). 

 
Flexural strength and Flexural modulus test 

1. The average of individual measures of each specimen (width and 
thickness) was measured by a digital vernier caliper. Inserted value in the software 
before testing. 

2. Using a Shimadzu universal testing machine, a 3-point bending test 
was performed at a crosshead speed of 5 mm/min with a 50 mm distance between 
the supports. 

The fracture load was recorded in Newton (N). The flexural strength was 
expressed in MPa and calculated using the following form 

FS =   3 * W * L             (5) 
                             2 * b * d2                                              

Where FS was the flexural strength, W was the maximum load before fracture (N), L 
was the distance between the supports (50 mm), b was the width of the specimen 
(mm), and d was the thickness of the specimen (mm). 

The flexural modulus was calculated using the following formula:     
   E =   F1 *L3            (6) 

                  4* b * d3 * h 
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Where F1 was the load, in N, at a point in the straight line portion (with the maximum 
slope) of the load/deflection curve, h was the deflection, in mm, at load F1 (L, b, d 
are as previously defined). 
 
Statistical analysis 

The data of RM content and flexural properties in Unifast Trad and Kooliner 
were analyzed using One-sample Kolmogorov-smirnov and Levene test to evaluate 
distribution and variances respectively. If the data were normally distribution and 
equal variance. The mean values of properties of experimental groups were 
compared by one-way analysis of variance (ANOVA) followed by Tukey HSD at a 

significance level α = 0.05. Statistical analyses were performed using SPSS software 
(SPSS ver.17, IBM, New York, NY, USA). 
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CHAPTER IV RESULTS 

The retention time of MMA and IBMA were 2.499 and 2.364 min respectively. 
Concentrations of standard solutions were injected into HPLC system to create the 
chromatograms of standard solutions of MMA and IBMA (Figure 16. and 19.) and the 
chromatograms of sample solutions of MMA and IBMA. (Figure 18. and 21.) The 
standard curve was calculated from HPLC chromatograms. The RM content was 
determined from standard calibration curve. (Figure 17. and 20.) 

 

 
Figure 16. Chromatogram of standard solutions of MMA 

 

 
Figure 17. Standard calibration curve of MMA 

R2 = 0.999 
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Figure 18. Chromatogram of sample solutions of MMA 

 
 
 

 
Figure 19. Chromatogram of standard solutions of IBMA 
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Figure 20. Standard calibration curve of IBMA 

 
 

 

 
Figure 21. Chromatogram of sample solutions of IBMA 

 
 The mean of RM content of Unifast Trad and Kooliner are shown in Table 4. 
and 5.respectively.   
 
 

R2 = 0.996 
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Table 4: Means and standard deviations of residual monomer content of the 
experimental groups in Unifast Trad (UF) 
 

Group Postpolymerization 
treatment 

    Time Code    RM(mg%)  

1  Control    - UFNC        3.087 ± 0.132 

2 Immersion in water 50°C  60 min         UFPC1       2.134 ± 0.125 

3 Immersion in water 55°C  10 min          UFPC2       2.508 ± 0.153 

4 Immersion in ethanol 10%       
and ultrasonic wave 55°C 

  5 min              UF10%E     2.204 ± 0.098 

5 Immersion in ethanol 20%       
and ultrasonic wave 55°C 

  5 min             UF20%E     2.360 ± 0.185 

6 Immersion in ethanol 30%       
and ultrasonic wave 55°C 

  5 min           UF30%E     1.643 ± 0.139 

7 Immersion in ethanol 40%       
and ultrasonic wave 55°C 

  5 min             UF40%E     1.255 ± 0.128 

8 Immersion in ethanol 50%       
and ultrasonic wave 55°C 

  5 min          UF50%E     1.164 ± 0.101 
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Table 5: Means and standard deviations of residual monomer content of the 
experimental groups in Kooliner (KL) 
 

Group Postpolymerization 
treatment 

    Time Code    RM(mg%) 

1  Control    - KLNC       2.258 ± 0.407 

2 Immersion in water 50°C  60 min         KLPC1     1.556 ± 0.327 

3 Immersion in water 55°C  10 min          KLPC2     2.012 ± 0.282 

4 Immersion in ethanol 10%       
and ultrasonic wave 55°C 

  5 min              KL10%E   1.685 ± 0.117 

5 Immersion in ethanol 20%       
and ultrasonic wave 55°C 

  5 min             KL20%E   1.573 ± 0.040 

6 Immersion in ethanol 30%       
and ultrasonic wave 55°C 

  5 min           KL30%E   1.837 ± 0.207 

7 Immersion in ethanol 40%       
and ultrasonic wave 55°C 

  5 min             KL40%E   1.617 ± 0.169 

8 Immersion in ethanol 50%       
and ultrasonic wave 55°C 

  5 min          KL50%E   1.375 ± 0.211 

 

Part 1: No postpolymerization groups (UFNC and KLNC) were used as control 
One-way ANOVA of RM content evaluation of both materials indicated 

significant differences among experimental groups. (p<0.05) (Figure 22. and 23.) All 
postpolymerization treatment groups of the UF demonstrated decrease of RM content 
significantly when compared with the UFNC group. The UF50%E group showed the 
maximum reduction of RM content, followed by the UF40%E group which did not 
significant different compared with the UF50%E group. The UF30%E group had less RM 
reduction significantly when compared with the UF50%E and UF40%E groups. The 
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least RM reduction was showed in UF10%E group which no significant difference when 
compared with that in the UF20%E group. The KLPC1, KL10%E, KL20%E, KL40%E and 
KL50%E groups demonstrated decrease of RM content significantly when compared 
with the KLNC group. There was no significant difference of RM content in the KL10%E, 
KL20%E and KL40%E groups. Additionally, the KL50%E group showed the RM content 
was less than the KL30%E group significantly. 

One-way ANOVA of flexural strength data of both materials demonstrated no 
significant differences between postpolymerization treatment groups and NC group. 
(p≥0.05) (Figure 24. and 25.) In Unifast Trad, there was no significant difference of 
flexural strength in postpolymerization treatment in ethanol solutions under ultrasonic 
wave groups. In Kooliner, there was no significant difference of flexural strength in the 
KL10%E, KL20%E, KL30%E and KL40%E groups. The KL50%E group showed less flexural 
strength when compared with the KL20%E group significantly. Flexural modulus data 
of both materials demonstrated significant differences among experimental groups. 
(p<0.05) (Figure 26. and 27.) Flexural modulus of the UFPC1 and UFPC2 groups were 
significantly increased when compared with the UFNC group. There was no significant 
difference in flexural modulus between UFNC group and groups of postpolymerization 
treatment in ethanol solutions under ultrasonic wave. Additionally, there was no 
significant difference in flexural modulus in the UF20%E, UF30%E, UF40%E and 
UF50%E groups. The UF10%E group showed the maximum of flexural modulus when 
compared with the other groups of postpolymerization treatment in ethanol solutions 
under ultrasonic wave. In Kooliner, the KL10%E group was significantly increased in 
flexural modulus when compared with the KLNC group. There is no significant 
difference of flexural modulus in postpolymerization treatment in ethanol solutions 
under ultrasonic wave groups. 
 
Part 2: The Immersion in water 50°C 60 min groups (UFPC1 and KLPC1) were used as 
control 

One-way ANOVA of RM content evaluation of both materials indicated 
significant differences among groups of postpolymerization treatment in ethanol 
solutions under ultrasonic wave and group of immersion in water 50°C 60 min. (p<0.05) 
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(Figure 22. and 23.) Compared with the UFPC1 group, the UF10%E and UF20%E groups 
showed no significant reduction of RM content, while the UF30%E, UF40%E and 
UF50%E groups showed significant reduction of RM content. The UF50%E group 
showed the maximum reduction of RM content, followed by the UF40%E group which 
did not significant difference in RM content compared with the UF50%E group. In KL, 
all groups of the postpolymerization treatment in ethanol solutions under ultrasonic 
wave demonstrated no significant difference in RM content compared with the KLPC1 
group.  

Compared with UFPC1 and KLPC1 groups, all groups of postpolymerization 
treatment in ethanol solutions under ultrasonic wave demonstrated no significant 
differences in flexural strength. One-way ANOVA of flexural modulus data of both 
materials demonstrated significant differences among groups of the 
postpolymerization treatment in ethanol solutions under ultrasonic wave and group 
of immersion in water 50°C 60 min. (p<0.05) (Figure 26. and 27.) In Unifast Trad, the 
flexural modulus of all groups of postpolymerization treatment in ethanol solutions 
under ultrasonic wave, except the UF10% group were significant decreased when 
compared with that of UFPC1 group. In Kooliner, there was no significant difference in 
flexural modulus between all groups of postpolymerization treatment in ethanol 
solutions under ultrasonic wave groups and KLPC1 group. 
 
Part 3: The Immersion in water 55°C 5 min groups (UFPC2 and KLPC2) were used as 
control 

One-way ANOVA of RM content evaluation of both materials indicated 
significant differences among groups of postpolymerization treatment in ethanol 
solutions under ultrasonic wave and group of immersion in water 55°C 5 min (p<0.05) 
(Figure 22. and 23.) Compared with the UFPC2 group, the UF20%E group showed no 
significant reduction of RM content, while the UF10%E, UF30%E, UF40%E and UF50%E 
groups showed significant reduction of RM content. The UF50%E group showed the 
maximum reduction of RM content, followed by the UF40%E group which did not 
significant difference compared with the UF50%E group. Compared with that of KLPC2 
group, only KL50%E group was significantly different in RM content.  
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One-way ANOVA of flexural strength data of both materials demonstrated 
significant differences. (Figure 24. and 25.) The flexural strength of the UF groups except 
UF40%E and UF50%E groups showed significant decreased when compared with that 
of UFPC2 group. Compared with KLPC2 group, all KL groups of postpolymerization 
treatment in ethanol solutions under ultrasonic wave demonstrated no significant 
differences in flexural strength.  One-way ANOVA of flexural modulus data of both 
materials demonstrated significant differences among groups of the 
postpolymerization treatment in ethanol solutions under ultrasonic wave and group 
of immersion in water 55°C 5 min.(p<0.05) (Figure 26.and 27.) The flexural modulus 
data of all UF groups of postpolymerization treatment in ethanol solutions under 
ultrasonic wave, except the UF10%E group were significant decreased compared with 
that of UFPC2 group. Compared with the KLPC2 group, the flexural modulus of only 
the KL10%E and KL20%E groups were significant differences but that of the KL30%E, 
KL40%E and KL50%E groups were not significant differences in flexural modulus. 

 
               

 
Figure 22. Means and standard deviations of residual monomer content in all 
postpolymerization treatment groups in Unifast Trad. Identical letters denote no 

significant differences among groups. (p 0.05) 
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Figure 23. Means and standard deviations of residual monomer content in all 
postpolymerization treatment groups in Kooliner. Identical letters denote no 

significant differences among groups. (p 0.05) 

          

 
Figure 24. Means and standard deviations of flexural strength in all 
postpolymerization treatment groups in Unifast Trad. Identical letters denote no 

significant differences among groups. (p 0.05) 
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Figure 25. Means and standard deviations of flexural strength in all 
postpolymerization treatment groups in Kooliner. Identical letters denote no 

significant differences among groups. (p 0.05) 

     

 
Figure 26. Means and standard deviations of flexural modulus in all 
postpolymerization treatment groups in Unifast Trad. Identical letters denote no 

significant differences among groups. (p 0.05) 
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Figure 27. Means and standard deviations of flexural modulus in all 
postpolymerization treatment groups in Kooliner. Identical letters denote no 

significant differences among groups. (p 0.05)
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                         CHAPTER V DISCUSSION AND CONCLUSION 

 In the present study, the effect of concentrations of ethanol solution under 
ultrasonic wave as postpolymerization treatment was evaluated in order to reduce 
RM content in autopolymerizing hard reline acrylic resins and maintain their 
mechanical properties. The RM content affects the mechanical properties of resins 
and causes of mucosal damage. Additionally, the oxidation of methacrylate groups 
and the decomposition of oxygen-methacrylate copolymer chains have attributed to 
formation of formaldehyde, which known potent allergen (6). The maximum 
allowable RM content in autopolymerizing acrylic resins is 4.5 mg%, defined by ISO 
20795-1 (45). The RM amount of all experimental groups passed this threshold value. 
 The result revealed that all postpolymerization treatment groups significantly 
reduced more RM content than the NC group. Hence, the first hypothesis was 
rejected. When all groups of postpolymerization treatment in ethanol solutions 
under ultrasonic wave compared with group of immersion in water 50°C 60 min 
(UFPC1 and KLPC1), there were significant differences in RM content of UF10%E-50%E 
groups. By contrast, there was no significant difference in mean of RM content 
between the KL10%E-50%E groups and KLPC1 group. Hence, the second hypothesis 
was rejected in Unifast Trad but accepted in Kooliner. When all groups of 
postpolymerization treatment in ethanol solutions under ultrasonic wave compared 
with group of immersion in water 55°C 10 min (UFPC2 and KLPC2), there were 
significant differences in RM content between at least one group of 
postpolymerization treatment with variation of ethanol solutions under ultrasonic 
bath and group of immersion in water 55°C 10 min. Thus, the third hypothesis was 
rejected.  
 There was no significant difference in flexural strength between all 
postpolymerization treatment groups and NC group. In addition, there was no 
significant difference in flexural strength between groups of postpolymerization 
treatment with ethanol solutions under ultrasonic wave and group of immersion in 
water 50°C 60 min. Thus, the fourth and fifth hypothesis were accepted. When all 
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groups of postpolymerization treatment in ethanol solutions under ultrasonic wave 
compared with group of immersion in water 55°C 10 min, there were significant 
differences of flexural strength in UF10%E-30%E groups. By contrast, there was no 
significant difference between the KL10%E-50%E groups and KLPC2 group. Thus the 
sixth hypothesis were rejected in Unifast Trad but accepted in Kooliner.  
 There were significant differences in flexural modulus between experimental 
groups and NC group in both of materials. Thus, the seventh hypothesis was rejected. 
When all groups of postpolymerization treatment in ethanol solutions under ultrasonic 
wave compared with group of immersion in water 50°C 60min (UFPC1 and KLPC1), the 
flexural modulus were decreased in UF20%E-50%E groups but there was no significant 
difference with KLPC1 group. So, the eighth hypothesis was rejected in Unifast Trad 
but accepted in Kooliner. The last hypotheses was also rejected because the flexural 
modulus were decreased in UF20%E-50%E groups and increased in KL10%E and 
KL20%E groups significantly when all groups of postpolymerization treatment in 
ethanol solutions under ultrasonic wave compared with groups of UFPC2 and KLPC2 
respectively. 

According to ISO, there are 2 methods to evaluate RM content; gas 
chromatography (GC) and high performance liquid chromatography (HPLC) (45).  HPLC 
method was chosen in this study as this method was more sensitive and precise than 
GC method (46). Moreover, the cost of HPLC method was cheaper than that of GC to 
identify the compounds. This study focus on autopolymerizing hard reline acrylic 
resins; Unifast Trad and Kooliner that composed of MMA and IBMA monomers 
respectively. Both of them are monofunctional monomers. As the polymerization 
progresses, the high viscosity of polymer mixture decreases the monomer mobility 
resulting in unreacted methacrylate groups of monomers remain as RM content that 
can leach out from the polymerized material. Part of the bifunctional (dimethacrylate) 
monomers react only to one of the double bond of methacrylate group, resulting in 
pendant molecules, which remain bound within the polymer network, and are not 
free to leach. This may help explain why the RM levels of hard reline resins with 
monofunctional monomers, even though they all had the similar degree of conversion 
(47). Thus, postpolymerization treatment will help reducing RM of hard reline resins 
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with monofunctional monomers distinctly. Especially, the results in Unifast Trad 
reduced RM content more than Kooliner since the lower molecular weight monomer 
is more liable to leach from the polymer matrix than high molecular weight monomer 
(48). The molecular weight of MMA and IBMA are 100.18 g/mol and 142.19 g/mol 
respectively. Ultrasonic wave was used to be a postpolymerization treatment in 
autopolymerizing acrylic resins in the study of Charasseangpaisarn T. and 
Wiwatwarrapan C. (8) They recommended using ultrasonic wave at low frequencies (40 
kHz) at 50°C for 5 min to reduce waiting time for patients because the RM content 
from this method was not significant differences from that of immersion in water 50°C 
for 60 min. High temperature has also been considered an important element in the 
postpolymerization treatment of acrylic resins since it seems to help furthering 
consumption of RM content during polymerization (26, 49). Ethanol molecules 
penetrate into the space between polymer chains. Ethanol molecules also swell to 
the polymer matrix, promoting the RM diffusion from the polymer. Moreover, the study 
of Neves C. et al. (2013) found that postpolymerization treatment with 50% of ethanol 
solution at 55±2°C 10 min promoted reducing the RM content significantly more 
reducing the RM content than immersion in water 55±2°C 10 min. Nevertheless, high 
concentration of ethanol solution does not only enhance reducing RM content but 
also increase the size of the inner porous, promoting changes on resins network 
structure (9). They found that ethanol 70% showed more reduction in RM content but 
they also found this group produced internal weakness of the material. In this study, 
we believe that proper concentration of ethanol, temperature and ultrasonic 
frequencies can reduce RM content effectively in autopolymerizing hard reline acrylic 
resins and also save waiting time for patients. Therefore, the purpose of this study to 
determine the proper concentration of ethanol under ultrasonic waves to decrease 
RM content in autopolymering hard reline acrylic resins and maintain their mechanical 
properties. In this study we also test flexural strength and flexural modulus to evaluate 
mechanical properties. The replacement of RM molecules with solvent molecules has 
been related to plasticizing effect. The stronger effect from the temperature of 
postpolymerization significantly increase in flexural strength of acrylic resins (50). 
Determining the most effective postpolymerization treatment should be the group 
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that reduces the RM content effectively while the flexural properties of the group that 
be chosen are not negative effects. 
 

When compared with no postpolymerization treatment (UFNC, KLNC)  
All postpolymerization treatment more reduced RM content in Unifast Trad 

significantly than NC group and there was no difference in mechanical properties. 

Immersion in water 50 C for 60 min (UFPC1) has been recommended for several years 

to reduce RM content in autopolymerizing acrylic resins (6). According to waste of 
waiting time, several studies have been searched for the method that reduce RM 
content properly and decrease waiting time. In addition, groups of postpolymerization 
treatment in ethanol solutions under ultrasonic bath showed the more concentration 
of ethanol used to treatment, the more RM content released. Because of the 
correlation between the chemistry of a solvent and monomer solubility, Hildebrand 
solubility parameter (δ), liquid which are similar values of δ seem to be miscible (9). 
The δ of the MMA and IBMA is 8.91 (cal/cm3)1/2 and 8.2 (cal/cm3)1/2 respectively, which 
closer to the ethanol than to the water. The δ of ethanol and water is 12.92 (cal/cm3)1/2 
and 23.4 (cal/cm3)1/2 respectively (51). The UF50%E group was the most effective 
reducing RM content. The RM content in UF40%E group was not significantly 
differences in UF50%E group. However, we also considered in the flexural properties, 
there was no significant difference between UF40%E and UFNC groups. In Unifast Trad, 
the UF40%E group was the most effective postpolymerization treatment to reduce RM 
content and maintain flexural properties when compared with the group of no 
postpolymerization treatment.  

The KLPC1, KL10%E, KL20%E, KL40%E and KL50%E groups reduced RM 
significantly when compared with the group of no postpolymerization treatment. The 
KL10%E group was chosen owing to efficiency to decrease RM content and maintain 
the flexural properties. Using less concentration of ethanol solution can save cost in 
clinic and avoid internal weakness in material. Even the efficiency of releasing RM in 
KL10%E group was not different from immersion in water 50°C for 60min group but 
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KL10%E group reduced more waiting time for patients and the flexural properties were 
not showed negative results. 

 

When compared with immersion in water 50 C for 60 min (UFPC1, KLPC1) 

In Unifast Trad, there was no significant difference in RM content among 
UF10%E, UF20%E and UFPC1 groups. When compared with UFPC1 group, the UF10%E 
group was chosen to be the method that decrease the same level of RM content as 
the UFPC1 group. This method was recommended to reduce RM in autopolymerizing 
acrylic resins (6) while the UF10%E group wasted less waiting time. Moreover, the 
UF10%E and UFPC1 groups had no significant difference in flexural properties. Focus 
on ethanol solution, we can save cost in clinic by using as least as possible of ethanol 
concentration to reduce RM content properly.  

When all groups of postpolymerization treatment in ethanol solutions under 
ultrasonic wave compared with KLPC1 group, there was no significant difference in 
reducing the RM content between the postpolymerization and KLPC1 groups. The 
KL10%E group was chosen because its reduction of RM content was the same level as 
that of KLPC1 group, while KL10%E group maintained the flexural properties of the 
resins and reduced more waiting time. The KL10%E group was also the cheapest group 
of immersion in ethanol solution under ultrasonic wave.  

 

When compared with immersion in water 55 C for 10min (UFPC2, KLPC2) 

Immersion in water 55°C for 10min (UFPC2) has already proven to be an 
effective postpolymerization treatment to reduce RM content (7). In Unifast Trad, when 
compared with UFPC2 group, all experimental groups reduced RM content significantly 
except the UF20%E group. The UF10%E group was chosen to be a method that 
reduced RM properly when all groups of polymerization treatment in ethanol solution 
under ultrasonic wave groups compared with UFPC2 group. Even the flexural strength 
of UF10%E group was less than UFPC2 but flexural modulus was considered only the 
UF10%E group that still keeping the same level of flexural modulus as UFPC2. Thus, 
high concentration of ethanol solution may affect flexural modulus.  
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The KL10%E group can reduce RM as same level as KL20%E, KL40%E and 
KL50%E groups but there was no difference from KLPC2 group. We interested in less 
concentration of ethanol solution that reduced RM content properly. The KL10%E 
group was chosen when compared with that of KLPC2 group. The flexural strength of 
KL10%E group was also showed no significant difference from that of KLPC2 group. 
Moreover, the flexural modulus of KL10%E group was more than that of KLPC2 group 
due to compensated by increasing duration of heat in KL10%E group that promoted 
mechanical properties of the materials (9). To compared with previous study of Neves 

C. et al., they recommended that immersion in 50% ethanol solution 55 2°C for 10min 

(9). This study found that postpolymerization with ethanol solutions under ultrasonic 
wave reduced RM effectively owing to less concentration of ethanol and waiting time 
were used than previous study. Additionally, the flexural properties were maintained. 

According to their benefits, autopolymerizing hard reline acrylic resins are 
commonly used for denture fabrication in the clinic. The results of the present study 
can be applied in the dental office to reduce the RM content exposure to patients. 
Moreover, this treatment is easy to achieve with simple equipment in a dental office 
and only requires a short amount of time. However, this study did not investigate other 
mechanical properties after postpolymerization treatment with ethanol solution under 
ultrasonic wave. Future studies should focus on this topic to confirm our results in 
autopolymerizing hard reline acrylic resins.  

 
Conclusion 
Under our experimental conditions, a postpolymerization treatment with 

ethanol solutions under ultrasonic wave is another method to reduce RM content of 
autopolymerizing hard reline acrylic resins while this method keeps their flexural 
properties.  

-When compared with no postpolymerization treatment group. 
 In Unifast Trad, immersion in 40% ethanol solution under ultrasonic bath (40 

kHz) at 55 C for 5min was chosen to be the most effective postpolymerization 

treatment because this method reduced more RM content than previous studies 
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effectively. Additionally, this method maintained their flexural properties and saved 
time in clinic. 

 In Kooliner, immersion in 10% ethanol solution under ultrasonic bath (40 kHz) 
at 55°C for 5min was chosen because this method reduced RM content as same level 
as immersion in water 50°C for 60min and 55°C for 10min but this method had less 
waiting time for patient. 

-When compared with immersion in water at 50 C for 60min   

In Unifast Trad, immersion in 10% ethanol solution under ultrasonic bath (40 
kHz) at 55°C for 5min was chosen because this method had less waiting time to reduce 
RM content in the same level of immersion in water 50°C for 60min and no negative 
effect in flexural properties. 

In Kooliner, immersion in 10% ethanol solution under ultrasonic bath (40 kHz) 
at 55°C for 5min was chosen because this method reduced RM content as same level 
as immersion in water 50°C for 60min but this method had less waiting time for patient. 

-When compared with immersion in water at 55°C for 10min 
In Unifast Trad, immersion in 10% ethanol solution under ultrasonic bath (40 

kHz) at 55°C for 5min was chosen because this method had less waiting time to reduce 
RM content in the same level of immersion in water 55°C for 10min and no negative 
effect in flexural properties. 

In Kooliner, immersion in 10% ethanol solution under ultrasonic bath (40 kHz) 
at 55°C for 5min was chosen because this method reduced RM content as same level 
as immersion in water 55°C for 10min but this method had less waiting time for patient.
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Table7. One-Sample Kolmogorov-Smirnov test analysis of the data distribution (RM 

content in Unifast Trad) 

Group Code N Asymp. Sig.  
(2-tailed) 

1 UFNC 6 0.999 
2 UFPC1 6 0.997 
3 UFPC2 6 0.996 
4 UF10%E 6 0.990 
5 UF20%E 6 0.996 
6 UF30%E 6 0.963 
7 UF40%E 6 0.884 
8 UF50%E 6 0.996 

 

Table8. The Levene Statistical analysis of RM content in Unifast Trad 

 

 

Table9. One-way ANOVA analysis of RM content in Unifast Trad 
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Table10. Multiple comparisons analysis of RM content in Unifast Trad 
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Table11. Tukey’s HSD analysis of RM content in Unifast Trad 

 

 

Table12. One-Sample Kolmogorov-Smirnov test analysis of the data distribution (RM 

content in Kooliner) 

Group Code N Asymp. Sig. (2-
tailed) 

1 KLNC 6 0.987 
2 KLPC1 6 0.811 
3 KLPC2 6 0.986 
4 KL10%E 6 0.960 
5 KL20%E 6 0.900 
6 KL30%E 6 0.861 
7 KL40%E 6 0.996 
8 KL50%E 6 0.811 
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Table13. The Levene Statistical analysis of RM content in Kooliner 

 

 

Table14. One-way ANOVA analysis of RM content in Kooliner 

 

 

Table15. Multiple comparison analysis of RM content in Kooliner 
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Table16. Tukey’s HSD analysis of RM content in Kooliner 

 

 

Table17. One-Sample Kolmogorov-Smirnov test analysis of the data distribution 

(flexural properties in Unifast Trad) 

Group Code N Asymp. Sig. 
(2-tailed)(FS) 

Asymp. Sig. (2-
tailed)(FM) 

1 UFNC 10 0.760 0.993 
2 UFPC1 10 0.944 0.863 
3 UFPC2 10 0.944 0.999 
4 UF10%E 10 0.757 0.958 
5 UF20%E 10 0.492 0.831 
6 UF30%E 10 0.556 0.840 
7 UF40%E 10 0.436 0.981 
8 UF50%E 10 0.918 0.949 
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Table18. The Levene Statistical analysis of flexural strength in Unifast Trad 

 

 

Table19. The Levene Statistical analysis of flexural modulus in Unifast Trad 

  

 

Table20. One-way ANOVA analysis of flexural strength in Unifast Trad 
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Table21. One-way ANOVA analysis of flexural modulus in Unifast Trad 

 

 

Table22. Multiple comparison analysis of flexural strength in Unifast Trad 
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Table23. Multiple comparison analysis of flexural modulus in Unifast Trad 
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Table24. Tukey’s HSD analysis of flexural strength in Unifast Trad 
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Table25. Tukey’s HSD analysis of flexural modulus in Unifast Trad 

 

 

Table26. One-Sample Kolmogorov-Smirnov test analysis of the data distribution 

(flexural properties in Kooliner) 

Group Code N Asymp. Sig. 
(2-tailed)(FS) 

Asymp. Sig. (2-
tailed)(FM) 

1 KLNC 10 0.979 0.911 
2 KLPC1 10 0.997 0.979 
3 KLPC2 10 0.992 0.968 
4 KL10%E 10 0.756 0.847 
5 KL20%E 10 0.990 0.971 
6 KL30%E 10 0.910 0.945 
7 KL40%E 10 0.984 0.986 
8 KL50%E 10 0.988 1.000 
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Table27. The Levene Statistical analysis of flexural properties in Kooliner 

 

 

Table28. One-way ANOVA analysis of flexural properties in Kooliner 

 

 

Table29. Multiple comparison analysis of flexural strength in Kooliner 
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Table30. Multiple comparison analysis of flexural modulus in Kooliner 
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Table30. Tukey’s HSD analysis of flexural strength in Kooliner 
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Table31. Tukey’s HSD analysis of flexural modulus in Kooliner 
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