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Abstract 
The aim of this study is to clarify the effect of different concentrations of titanium dioxide nano-
particles (Nps) on the properties of two types of heat polymerized acrylic resin. The tested para-
meters were flexural strength, impact strength, and microhardness. The two types of acrylic resin 
used in this study were conventional unmodified (Implacryl, Vertex) and high impact heat poly-
merized acrylic resin (Vertex-Dental, Netherlands). Both types of acrylic resin were modified by 
using 1% and 5% TiO2 Nps powder. Specimen’s dimensions were prepared according to the 
American Dental Association Specification No. 12. Three types of specimens were prepared: 1) 
flexural strength specimens 50 mm × 10 (±0.2) mm × 3 (±0.2) mm, 2) impact strength test speci-
mens 60 mm × 6.0 mm × 4.0 mm, 3) microhardnesss specimens 25 mm × 10 mm × 3 (±0.2) mm. 
For each test 6 groups were prepared (each group containing 5 samples). Thirty specimens were 
prepared in each of the three tests, amounting to a total number of 90 specimens. Mechanical 
properties such as flexural strength (FS), impact strength and microhardness of the above men-
tioned specimens were determined using universal testing machine, Izod pendulum impact test-
ing machine and Vickers microhardness tester, respectively. ISO Specification No. 1567 was fol-
lowed in microhardness test. The data was collected and statistically analyzed. Flexural strength 
considerably decreased by increasing TiO2 concentration in both types of acrylic resin. Impact 
strength of the conventional acrylic resin modified by 1% of additives significantly increased. The 
microhardness is significantly increased by addition of 5% of TiO2 Nps. The Incorporation of TiO2 
nanoparticles into acrylic resins can adversely affect its flexural strength. Meanwhile, the impact 
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strength can be modified by small percentage of additives (abt. 1%). This effect is directly corre-
lated with the concentration of nanoparticles. On the other hand, concentrations of TiO2 Nps (abt. 
5%) positively affect the microhardness of both types of acrylic resin used in the present study. 

 
Keywords 
Titanium Dioxide, High Impact Acrylic Resin, Conventional Unmodified Acrylic Resin, Impact 
Strength, Flexural Strength, Microhardness, Water Sorption 

 
 

1. Introduction 
Polymers composites have an important role in dental field because their distinctive features allow a wide range 
of clinical implementations, which are impossible with the use of other types of materials [1]. One of the com-
monly used polymers in dental filed is polymethylmethacrylate (PMMA), which uses either heat polymerized or 
self-polymerized acrylic resin. The popularity of acrylic resin is related mainly to its ease in manipulation, ease 
in finishing and polishing, as well as it needs inexpensive equipment [2]. Furthermore, the acrylic resin (PMMA) 
has good stability in the oral conditions and has high aesthetic quality. Unfortunately, until now the acrylic resin 
denture base material does not fulfill all the requirements of acceptable mechanical properties [3]. However, low 
mechanical properties against impact, bending, and fatigue are important issues to be addressed in order to im-
prove acrylic polymers properties for removable orthodontic appliances and dentures [4] [5]. Many techniques 
have been used for improving mechanical properties such as chemical correction of polymeric structure by addi-
tives like polyethylene glycol dimethacrylate. The other useful method is to reinforce acrylic base composite by 
materials like fibers and particles [6] [7]. 

Although there are many types of nano-metals, TiO2 nanoparticles are increasingly used owing to the impres-
sive features as nontoxicity, chemically inactive, low cost, high refractive index, antibacterial effect, corrosion 
resistant and high microhardness. Furthermore literature has also showed that nanoscale TiO2 reinforcement 
agents bring new optical, electrical, physiochemical properties attained at very low TiO2 content, which makes 
polymer-TiO2 nanocomposites a promising new class of materials. It can be anticipated that it will be commer-
cially beneficial for widespread fields [8] [9]. Moreover TiO2 nanoparticles have been used as additives to bio-
materials in order to induce antimicrobial properties [10]. Antimicrobial activities of TiO2 against Candida al-
bicans, Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli, Lactobacillus acidophilus, etc. have 
been proved by recent studies [11]. 

On the other hand, mechanical properties of acrylic resins are as much important, the flexural strength (FS) 
has achieved special concern. A standard minimal limit for flexural strength has been established for any acrylic 
resin types by ISO 20795-1(2008) international standard for dentistry base polymers [12] [13]. It has been stated 
that ultimate flexural strength of any polymerized materials shall not be less than 50 MPa. Therefore it is 
strongly recommended to evaluate the effects of any additive or modifier on mechanical properties of acrylic 
materials to avoid any deleterious effect which may reduce their strength to below standard level [10] [14]. 

Some authors reported that, the addition of TiO2 nanoparticles to PMMA will lead to a significant decrease in 
the porosity of the denture resin. This finding suggests that the metal oxide nanoparticles are suitable additives 
for the improvement of PMMA formulations since high porosities have been considered as a critical drawback 
for PMMA in prosthodontics applications [7]. 

Although, the study of TiO2-based nanocomposites is still in its infancy and much research remains to be car-
ried out to explore improved synthesis techniques yielding the different nanocomposite structures and to fully 
understand the actual structure/properties relationships. This study aims to investigate the effect of addition of 
TiO2 nanoparticles on the acrylic resin properties, including flexural strength, impact strength, and microhard-
ness. 

2. Materials and Methods 
Two types of heat- polymerized acrylic resins were used in this study(Vertex-Dental bv J.V. oldenbarneveltin 62 
3705 HJ Zeist, Netherlands): 
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1) Normal heat cure acrylic resin (Rapid simplified); 
2) High impact acrylic resin (Implacryl). 
TiO2 nanoparticles with an average diameter of 46 nm were purchased from the Nano technology center (Be-

ni-Suef University, Beni-Suef city, Egypt). The parameters measured in this study were flexural strength, impact 
strength, microhardness. 

2.1. Sample Preparation 
The sample dimensions were selected according to ISO 20795-1(2008) for comparing the samples with the 
standard (Specimens’ dimensions are shown in Table 1). To achieve smooth surface without porosity stainless 
steel mold with selected dimensions were used to form the acrylic samples. Two different concentrations of 
TiO2 by weight (1% and 5%) were added into both types of heat-cure acrylic resin. The samples were processed 
with optimal condition according to manufacture instructions (2.1:0.95 Powder/monomer ratios). 

Conventional packing method and water bath curing for 2 hours at 95˚C and 150 bar. After polymerization, 
the flasks were bench cooled at room temperature for 30 minutes and then placed for 15 minutes under running 
water before opening, according to manufacturer’s instructions. Specimens retrieved were inspected for any ir-
regularity. Faulty specimens were discarded and final specimens were selected for each group. Resin specimens 
were then stored in water for 2 weeks before testing. Thirty specimens were used for each test [flexural strength, 
impact strength, and microhardness] with the total number of 90 specimens. 

2.2. Sample Grouping 
Three tests were carried out, each test contains 6 groups. In each group, 5 specimens were made. Table 2 shows 
groups’ classifications. 

2.3. Flexural Strength (FS) 
Specimens were tested by 3-point bend test on Lloyd universal testing machine (Model LRX plus II, Fareham, 
England) at a cross head speed of 5 mm/min. For the 3-point bend test, a fixture was fabricated as shown in 
Figure 1. 

The maximum force (F) necessary to produce fracture of the specimen was recorded in Newton (N). The 
flexural strength Q was calculated in (MPa) for all specimens using Equation (1). 

2

3
2

FIQ
BH

=                                     (1) 

 
Table 1. Specimens’ dimensions adopted in present study.                                  

Test Specimen Dimension 

Bending 50 mm × 10 (±0.2) mm × 3.0 (±0.2) mm 

Impact 60 mm × 6.0 mm × 4.0 mm 

Microhardness 25 mm × 10 mm × 3 (±0.2) mm 

 
Table 2. Classification of the groups for each test.                                                    

Groups Description 

NC Conventional heat-cure acrylic resin (PMMA) without additives as control. 

N1 Conventional heat-cure acrylic resin (PMMA) with 1% TiO2 oxide nano-fillers powder. 

N5 Conventional heat-cure acrylic resin (PMMA) with 5% TiO2 oxide nano-fillers powder. 

HC High Impact heat-cure acrylic resin (PMMA) without additives as control. 

H1 High Impact heat-cure acrylic resin (PMMA) with 1% TiO2 oxide nano-fillers powder. 

H5 High Impact heat-cure acrylic resin (PMMA) with 5% TiO2 oxide nano-fillers powder. 
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Figure 1. Flexural test; (a) fixture applied for the test and (b) flexural test specimen with dimensions. 
 
where “F” is the maximum/fracture force in Newton (N), “I” is the distance between the two supporting points 
in (mm); “B” is the specimen width in (mm) and “H” is the specimen height subjected to bending in (mm). 

2.4. Impact Strength 
After all specimens were stored in distilled water at 37˚C for 24 hours, a notch was made in the middle of each 
specimen on one edge with 1.2 mm lengths using sand paper disk and taper steel file. The samples were tested 
with Pendulum impact tester (S.C. Dey & Co., Calcutta, India) using IZOD method. The specimens were 
clamped at one end vertically, and the notched surface of the specimens facing the pendulum was used to break 
the specimens. The test was performed with 0.85 Jpendulum impact testing machine (bench type). The energy 
absorbed by the specimen up to fracture was detected and values obtained were tabulated for statistical analysis. 
The strength required to break the samples was calculated using Equation (2) [15]. 

( )Kg mmEC
IS

h bA
⋅

=
⋅

                                      (2) 

where “IS” isimpact strength in (kJ/mm2), “EC” is corrected energy absorbed by breaking the test specimen, “bA” 
is the remaining thickness at notch tip, and “h” is the specimen width. 

2.5. Microhardness 
Digital display Vickers microhardness tester (Model HVS-50, Laizhou Huayin Testing Instrument Co. Ltd., 
China) was used for determining surface microhardness. The specimens were polished by different types of sand 
papers from one surface. Microhardness tester was adjusted to a load of 50 gram for 10 sec. Four indentations 
were equally placed over a specimen surface to be not closer than 1 mm apart or to the margin of the specimens. 
Surface microhardness was obtained using Equation (3). 

21.854L dVHN =                                       (3) 

where VHN is Vickers microhardness number in Kg/m2, L is load in Kg and d is length of the diagonals in mm. 
Calculated values for flexural strength, impact strength, and microhardness were statistically analyzed. Statis-

tical analysis was done by applying SPSS software package (IBM Company, New York, US). Mean and stan-
dard deviation in each group were calculated and normal distribution curve was obtained and evaluated. Two 
way (Univariate test) and One way ANOVA was done for all tested groups for each type of acrylic resin fol-
lowed by multiple comparison test (low significant difference LSD). Statistical significance was set at P ≤ 0.05. 
Independent t test was done between N1 group and H1 group for impact test.  

3. Results 
Flexural strength, impact strength and microhardness were measured for all specimens groups and values are 
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listed in Table 3. 

3.1. Flexural Strength 
A comparison between mean flexural strength of the two types of PMMA is shown in Table 4 and Figure 2 for 
tested groups. ANOVA test showed statistically significant difference between groups of types of acrylic resin. 
NC group showed significantly highest mean flexural strength followed by HC and H1 containing 1% TiO2 na-
noparticles, then N1 specimen. N5 and H5 groups recorded the lowest flexural strength respectively. There were 
significant differences (P < 0.05) between studied groups. 

3.2. Impact Strength 
Analysis of the impact strength data showed significant difference between the tested groups. There was signif-
icant decrease in the impact strength for groups reinforced with (1% and 5% TiO2) when compared to control 
group as shown in Table 4 and Figure 3. 
 

 
Figure 2. Chart of mean flexural strength (MPa) of the tested groups. 

 

 
Figure 3. Chart of mean impact strength (KJ/m2) of the tested groups.     
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Table 3. Summary for mechanical test results.                                                                  

No. Material Concentrations Flexural strength Impact strength Microhardness 

1 

Conventional 
acrylic resin 

Control 

144.0 1.90 17.41 

2 111.0 1.90 18.19 

3 104.0 2.20 17.76 

4 112.5 2.05 17.58 

5 124.0 1.98 16.83 

6 

1% 

105.0 2.10 17.70 

7 100.0 2.70 16.45 

8 95.0 3.20 16.73 

9 102.5 2.65 16.90 

10 100.0 2.95 17.12 

11 

5% 

91.0 2.00 21.61 

12 96.0 1.70 17.38 

13 83.0 2.00 20.41 

14 87.0 1.85 19.50 

15 93.5 1.93 18.90 

16 

High impact 
acrylic resin 

Control 

126.0 2.80 17.94 

17 93.0 3.20 16.10 

18 107.0 2.60 19.58 

19 109.5 3.00 15.15 

20 100.0 2.90 17.02 

21 

1% 

121.0 3.00 18.43 

22 107.0 2.70 15.28 

23 105.0 3.20 15.00 

24 113.0 2.85 15.27 

25 114.0 2.95 19.38 

26 

5% 

100.0 2.10 20.56 

27 90.0 3.20 16.01 

28 78.0 3.40 17.92 

29 89.0 3.15 21.21 

30 95.0 2.75 21.35 

 
Table 4. Mean flexural strength, impact strengthand microhardness values of all tested groups.                             

 
NC N1 N5 

P-value 
HC H1 H5 

P-value 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

Flexural test 
(MPa) 119.67a ± 15.66 100.5b ± 3.7 90.1b ± 5.1 0.002* 107.1a ± 16.56 112a ± 8.72 90.4b ± 11.02 0.008* 

Impact test 
(KJ/m2) 2a ± 0.17 2.7b ± 0.6 1.9a ± 0.2 0.001* 2.90a ± 0.3 2.94a ± 0.3 2.92a ± 0.7 0.00* 

Microhardness 
(VHN) 17.55a ± 0.5 16.98a ± 0.47 19.56b ± 1.6 0.004* 17.16a ± 1.71 16.67a ± 2.07 19.41b ± 2.35 0.02* 

*Significant at P ≤ 0.05; Means with different letters are significantly different according to LSD test. 
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3.3. Microhardness 
Both Table 4 and Figure 4 show the mean microhardness of tested groups. In both types of acrylic resin there is 
significant deference in microhardness between all groups by ANOVA test. The LSD multiple comparisons 
show a statistically no significant difference between control groups and 1% groups in both types of acrylic resin 
in recorded values of microhardness. While the N5 and H5 recorded the highest values of Vicker’s microhard-
ness number. 

4. Discussion 
Fracture in an acrylic denture base is a common clinical problem. Therefore, numerous number of trials were 
done to improve the mechanical properties of PMMA, but they can be summarized in three ways: replacing 
PMMA with an alternative material; chemically modifying it; and reinforcing the PMMA with other materials 
like fibers or metals [16] [17]. 

In this investigation the authors principally aimed to assess possible changes in the mechanical properties of 
two types of PMMA namely conventional and high impact acrylic resin, in particular, the flexural strength (FS), 
impact strength, and microhardness through incorporating of TiO2 nano particles with two different concentra-
tions 1% and 5%. Up to the best knowledge of the authors, the most suitable concentration for the addition of 
different nano metals to the acrylic resin that can lead to the best properties is doubtful until now. Moreover, it 
was found that concentrations above 5% have led to massive changes occurred in the color of acrylic [18]. 
Therefore, the two concentrations 1% and 5% were selected. 

Flexural strength of denture base resin is considered the primary mode of clinical failure [19]. Based on flex-
ural strength values obtained in the present study, it has been demonstrated that flexural strength would drop by 
addition of additive to acrylic resin since it acts as impurities especially with conventional acrylic resin [10]. 
This is in agreement with result obtained by Sodagar et al. [10]. In the contrary, adding 1% TiO2 to PMMA 
could raise the flexural strength of the resin. These results may be attributed to dispersion of TiO2 Nps in 
PMMA matrix which adversely affects degree of conversion which in turn leads to increase in the level of resi-
dual unreacted monomer that acts as plasticizer [20]. It is easily noted that the content of nano additives is of 
critical importance. 

Impact results showed significant increase for conventional acrylic resin modified by 1% TiO2 Nps. Statistical 
compression (independent T test) was done between the results of 1% conventional acrylic resin samples and the 
1% samples of high impact resin. No significant difference was observed between both groups. Therefore, addi-
tion of 1% TiO2 Nps to conventional resin improves conventional resin impact strength to reach the high impact 
material. This achievement can reduce much cost by replacing the high impact material with conventional one.  
 

 
Figure 4. Chart of mean hardness (VHN) of the tested groups of PMMA. 
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On the other hand, higher concentrations (5% TiO2) will lead to impact strength deterioration of the resin ma-
terial. This is attributed to higher filler content above saturation point at which the resin cannot incorporate fur-
ther filler particles. Any attempt to add filler particles after reaching saturation of matrix leads to interruption in 
the resin matrix continuity and thus causing a decrease in the strength of reinforced specimens. These findings 
are consistent with those reported by different authors [21] [22]. 

Adding 1% TiO2 decreased microhardness of both types of resin materials while adding 5% TiO2 could en-
hance the microhardness of both types of resin materials to reach nearly identical microhardness values. This 
microhardness increase leads to higher wear resistance for the resin material as reported by some authors [23] 
[24]. Higher wear resistance can be benefitted in some dental applications such as occlusal splint appliances. In 
addition, the microhardness increase by adding 5% TiO2 to the conventional acrylic resin material gives a 
chance to replace the high impact material with the conventional one which minimizes the total cost of denture 
base with about 60% - 70%. 

5. Conclusions 
From the present study, the following remarks could be drawn: 
• Adding 1% TiO2 could enhance the impact strength of the conventional resin material to reach high impact 

material. 
• Adding 5% TiO2 increased the microhardness values for conventional resin material to remarkable values. 
• Addition of TiO2 Nps had an adverse effect on the flexural strength of conventional heat polymerized acryl-

ic resin. 
• The effect of TiO2 Nps on flexural strength of PMMA depended on several factors, including the type of 

acrylics and the concentrations of nano particles. 
• Replacement of high impact resin material with conventional one having additives of TiO2 could be 

achieved based on economic considerations in the light of mechanical properties improvement. 
• Further studies are needed to investigate the effect of other nanomaterials on mechanical and physical prop-

erties of PMMA. 
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Abstract 
In this work, different sizes of gold nanoparticles were synthesized at room temperature by using 
trisodium citrate as a surfactant stabilizing agent and sodium borohydride as a reducing agent. 
Transmission Electron Microscopy (TEM) confirmed that the samples were synthesized in spheri-
cal shapes with three different particle sizes: 4 nm, 7 nm and 11 nm. Ultraviolet-visible spectra 
measurements were used to analyze the way that surface plasmon bands were affected by the dif-
ferent particles sizes. The effect of sphere size on photocatalytic reduction of 4-Nitrophenol was 
then studied and the rate constant of the reduction was calculated to be 0.014 s−1, 0.0091 s−1 and 
0.003 s−1 for particles sizes of 4 nm, 7 nm and 11 nm, respectively. The results obtained indicated 
that small particles were more active in catalytic reduction due to their high surface energy. 
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1. Introduction 
Nanomaterials are commonly defined as materials with an average grain size less than 100 nanometres and at 
least one dimension in the nanometre range [1]-[3]. Nano-sized particles exist in nature and can be created from 
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a variety of elements, minerals or products [4]. These types of materials are considered to be in a unique class. 
Nanostructured materials have many forms and can be in zero dimension (e.g. Quantum Dots [5]), one dimen-
sion (e.g. surface films), two dimensions (e.g. strands or fibres [6]) or three dimensions (e.g. particles). The gen-
eral method of synthesis can be classed as either top-down or bottom-up [7] and synthesis implementation me-
thods can be chemical, physical or mechanical [8] [9]. Gold nanoparticles (AuNPs) were synthesized by chemi-
cal methods via the reduction of tetrachloroauric acid (HAuCl4) with tri-sodium citrate in an aqueous solution by 
Verma et al. (2014) [10]. Photocatalysis increases the rate of a chemical reaction due to the participation of an 
additional substance called a catalyst [11]. The role of AuNPs in catalysis applications drastically changed at the 
end of the 1980s, when Haruta and co-workers were able to prepare small gold particles supported on oxides and 
discovered these were catalytically active in CO oxidation at low temperatures [12]. Lin et al. (2013) used 
NaBH4 as a reducing agent to prepare AuNPs and studied the effect of nanoparticle sizes in the catalytic reduc-
tion of 4-Nitrophenol [13]. They prepared their nanoparticles in a different method and obtained 1.7 - 8.2 nm 
AuNPs. Their results obtained that the catalytic activity increased with decreasing size, with the best perfor-
mance from 3.4 nm AuNPs. However, they observed that smaller particles, 1.7 nm AuNPs, deviated from this 
trend. Seoudi and Said (2011) prepared AuNPs at 10 nm, 9 nm and 11 nm using sodium citrate, cetyltrimethy-
lammonium bromide (CTAB), and chitosan as capping materials. The catalytic activities of AuNPs were studied 
for 4-Nitrophenol reduction by NaBH4 as a model reaction. They concluded that AuNPs catalyzed the electron 
transfer process between 1

4BH−  and nitro compounds with all the capping materials used AuNPs capped by 
chitosan was more active for the reduction than the other two [14]. AuNPs have been more recently tested in 
hydrogenation reactions and it seems that they are also very promising catalysts for these types of reactions due 
to their high selectivity in C=C and C=O bond hydrogenation [15]. In this work, AuNPs of different sizes were 
prepared using different molar ratios of tri-sodium citrate (Na3C6H5O7) as a stabilizing agent. The effect of this 
stabilizing agent on the particle size and plasmon bands was investigated using TEM and UV-VIS measure-
ments. The prepared samples were used in the reduction of 4-Nitrophenol (4-NP) to 4-Aminophenol (4-AP) us-
ing NaBH4 as a model reaction to clarify the effect of particle size on reduction dependence.  

2. Experimental 
2.1. Chemicals 
All chemicals—hydrogen tetrachloroauratetrihydrate (HAuCl4·3H2O, 99.9%,) molecular weight: 339.79 g/mol, 
tri-sodium citrate dihydrate (HOC(COONa)(CH2COONa)2·2H2O) molecular weight: 294.10 g/mol, sodium bo-
rohydride (NaBH4) molecular weight: 37.83 and 4-Nitrophenol (4-NP) molecular weight: 139.11 were pur-
chased from Sigma-Aldrich (USA) and used as received without further purification. Unless mentioned, distilled 
and deionized water was used as a solvent in all the preparations. 

2.2. Preparation of Colloidal AuNPs by Chemical Methods 
The molar concentration was calculated using the formula; ( ) ( )1C m V MW= × , where C is the molar con-
centration in mol/L, m is the m is the weight, MW is the molecular weight and V is the volume which is the 
method of expressing the concentration of a solute in a solution. 0.00849 gm of HAuCl4·3H2O was dissolved in 
100 mL deionized water to prepare a stock solution of hydrogen tetrachloroauratetrihydrate with a predeter-
mined concentration of metal salt (HAuCl4·3H2O; 2.5 × 10−4 M) and 0.0074 gm of tri-sodium citrate dihydrate-
was dissolved in 100 mL deionized water to prepare (HOC(COONa)(CH2COONa)2·2H2O, 2.5 × 10−4 M). Stock 
solution was made in a conical flask and kept in the dark to protect against light. Next, ice cold sodium borohy-
dride (NaBH4) 0.1 M was prepared by dissolved of 0.0378 gm in 100 mL deionized water as a stock solution. In 
a typical synthesis (S1); 3.5 mL of 2.5 × 10−4 M tri-sodium citrate dihydrate was mixed with 10 mL of 2.5 × 
10−4 M chloroauric acid solution under magnetic stirring for 10 min at room temperature, then 0.3 mL ice cold 
NaBH4 was added. The color of the mixture changed to pink quickly and became deep pink due to the formation 
of AuNPs. The last two samples (S2 and S3) were prepared by the same procedure except that the molar ratio of 
tri-sodium citrate dehydrate was changed by adding 15 and 30 mL of HOC(COONa)(CH2COONa)2·2H2O 2.5 × 
10−4 M to 10 mL of 2.5 × 10−4 M chloroauric acid. 

2.3. Characterization 
The morphology and distribution of the AuNPs samples were analysed using images from transmission electron 
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microscopy (TEM). TEM (JEOL-JEM-1011), Japan was operated at an accelerating voltage of 120 kV. The 
samples for TEM were prepared by depositing a drop of colloidal AuNPs on a carbon-coated standard copper 
grid (300 meshes) and allowed to dry before the TEM measurements were taken. The UV-VIS absorption spec-
tra of AuNP nanoparticles were measured at room temperature on a spectrophotometer (Thermo-scientific Evo-
lution 220) in a 1 cm optical path quartz cuvette over wavelengths of 300 - 900 nm at a resolution of 2 nm.  

2.4. Photo-Catalytic Reduction of 4-NP Using NaBH4 and Colloidal AuNPs 
The photo-catalytic reduction of 4-NP was performed in a quartz cuvette 4 cm in height with 1 cm path length. 
An aqueous solution of 0.03 M NaBH4 and 4-NP (2 mmol) was prepared and kept at 4˚C. The photo-catalytic 
reduction was studied by mixing 200 µL (2 mmol) of 4-NP with 2 mL deionized water in a cuvette and then 
adding 1 mL of 0.03 M NaBH4 to the mixture. The UV-VIS spectra were measured at different times. The dis-
tance between the light source and the cuvette containing the mixture was kept constant in all cases while mea-
surements were taken. The same reaction was carried out in a cuvette again and 300 µL of colloidal AuNPs (S1) 
was added so that the UV-VIS spectra could be monitored at different times in situ using a UV-VIS spectropho-
tometer (Thermo-scientific Evolution 220). The last two colloidal AuNPs samples (S2 and S3) used the same 
volumes (300 µL) of the mixture and same concentrations of 4-NP and NaBH4. The spectra of these two mix-
tures were measured multiple times. The reaction temperature was held constant at room temperature (20˚C) to 
reduce thermal effects on the catalytic rate. The time the reduction started and completed varied depending on 
the size of the nanoparticle. 

3. Results and Discussion 
Figure 1 shows the transmission electron microscopy (TEM) images of AuNPs prepared with different molar 
ratios of trisodium citrate. All the nanoparticles synthesized were roughly spherical in shape and morphologies 
were irregularly distributed in two of the samples (S1 and S3) and regularly distributed in sample S2. The di-
ameter of the particles was measured using a millimetre scale and the number of particles within a bin of 5 mm 
with different average diameters was counted [16]. It was noted that the particle size decreased with decreasing 
concentration of tri-sodium citrate. The results agree with the previous work of Zabetakis et al. (2012) [17]. The 
negatively charged layer of citrate ions act as electrostatic stabilization and it is prevent the agglomeration of 
AuNPs. Lower level of citrate favor increased growth/agglomeration of the nanoparticles. Aggregated species 
can be attributed to the rapid reduction of AuIII by large excess of citrate. So that strongly reduction nature of 
tri-sodium citrate inducing rapid nucleation is followed by agglomeration rather than an extended particles 
growth phase. The average size of the Au nanoparticles was found to be ≈4 nm, 7 nm and 11 nm for samples S1, 
S2 and S3, respectively. TEM measurements of the three AuNPs samples exhibit a narrow size polydisprisity 
and it decrease with increasing the particle sizes due to the seeding growth process and sefl-focusing formation 
of AuNPs. Moreover the size polydispersity changed with the change of trisodium citrate concentrations. Figure 
2 shows the UV-VIS absorption spectra of the gold nanoparticles synthesized with different particle sizes: 4 nm 
(S1), 7 nm (S2) and 11 nm (S3). From this figure we see that a sharp peak was observed at three wavelengths 
(512, 513 and 514 nm) for the three samples (S1-S3), respectively. The band shifted to a higher wavelength with 
increasing size of the nanoparticle due to the quantum size effect. These bands are assigned to the surface plas-
mon band of the gold nanoparticles and distinguished by their red color. It can be seen that the position and 
width of the SRP bands dependent on the size and polydispersity that affected by the molar ration of the reactant. 
These bands express a collective oscillation frequency for the electrons in the conduction band. The electrons 
submitted to these sizes of AuNPs are much smaller than the incident wavelength of the light. In this case, the 
electric field induced by light oE  is constant and the electrons submit to the electromagnetic field and propa-
gate like a plasmon wave. Considering that the atoms’ nuclei are still, the oscillation of the electrons leads to a 
periodic charge separation and generates oscillating dipoles whose magnitude reaches a maximum at the nano-
particles’ surface. At resonance, the amplitude of the local electric field in the particle, E1, is enhanced compared 
to that of the applied field Eo. The optical excitation of the SPR that described a collective oscillation of the 
conduction electrons of the AuNPs appears as a broad absorbance bands. This is because the coupling of inci-
dent electromagnetic radiation into a surface plasmon happened at the interface between the particle and the me-
dium surrounding the particle. As well as, large bandwidth of the plasmon can be associated with the dephasing 
of the coherent electron oscillation and corresponds to the rapid loss of the coherent electron motion which 
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Figure 1. Transmission electron microscopy (TEM) images of AuNPs prepared at different molar ratios of 
chloroauric acid and trisodium citrate; sample S1 (20:7), S2 (20:20) and S3 (20:60). The average particle 
sizes estimated from images were 4, 7 and 11 nm for the samples S1, S2 and S3, respectively.               

 

 
Figure 2. UV-VIS spectra of AuNPs prepared at various molar ratios of chloroauric acid and trisodium 
citrate; S1 (20:7), S2 (20:20) and S3 (20:60).                                                      
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strongly suggests that the main relaxation process involves electron ± electron collisions [18]. Figure 3 illustrate 
the effect of nanoparticle on the surface plasmon band. Figure 4 shows the UV-VIS spectra of the 4-NP (2 
mmol) with and without NaBH4. The spectrum of 4-NP without NaBH4 shows one band at 317 nm. This band is 
assigned to n-π* transition owing to a lone pair of electrons (from oxygen and nitrogen atoms) in the 4-NP mo-
lecular structure. This peak was red shifted to 400 nm after adding 0.03 M NaBH4. The solution’s color also 
changed from light yellow to yellow-green. This peak indicated the formation of 4-Nitrophenolate ions. This band 
showed a slight decrease with an increase in the time of reduction and become stable after 45 minutes, remaining 
unaltered even after a couple of days. These results indicate that the 4-NP was not reduced to 4-AP. These data 
agree with the previous work of polydispersity et al. [19]. The catalytic activity of AuNPs that were 4 nm (S1), 7 
nm (S2) and 11 nm (S3) in diameter was monitored by measuring the UV-Vis spectrum of 4-NP in the 200 - 600 
nm range at different times in the presence of NaBH4. The number of gold atoms was calculated in all samples; 
for S1 (4 nm) as; radius r = 4 nm = 4e−9 m = 4e−7 cm, volume = V = (4/3) π r3 = 2.86e−19 cc, density = ρ = 19.3 
g/cc, mass = v x ρ = 5.52e−18 g, No of moles N = Mass/Atomic weight = 5.52e−18/197 = 2.8e−20 gram- moles, No 
of atoms = N x Avogadro’s number = 2.8e−20 gram-moles x 6.022e+23 atoms/gram-mole = 16861.6 = 16,862 
 

 
Figure 3. Oscillating dipoles induced by electromagnetic radiation of gold nanoparticles.                    

 

 
Figure 4. Measurements of the UV-VIS spectra of 4-NP over time with NaBH4 at (400 nm) and without 
sodium borohydride at (317 nm).                                                                 
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atoms approximately. Also, the number of gold atoms was calculated for the last two samples S2 (7 nm) and S3 
(11 nm) by the same method at 84,721 and 323,649, respectively. Figure 5 shows the reduction in the absorp-
tion spectra for the samples containing 200 µL of 4-NP (2 mmol), 1 mL of NaBH4 (0.03 M) mixed with 2 mL of 
deionized water, and 300 µL of AuNPs that were 4 nm (S1), 300 μL of (S2) 7 nm and 300 μL of (S3) 11 nm in 
diameter. For S1, the absorption spectrum peak at 400 nm decreased gradually with time. It took approximately 
300 seconds for the reduction peak to be observed. This period is usually ascribed to the diffusion time needed 
for adsorption of 4-NP onto the surface of the gold nanoparticles. A new band then appeared at about 295 nm. 
This decrease may be due to the decrease in 4-NP concentration and the new band is due to the formation of AP. 
The formation of this new band may be explained as follows. Firstly the NaBH4 reduces water to hydrogen as 
shown by the reaction: 

4 2 2 2NaBH H O NaBO 4H+ → +  

The reduction reaction is carried out by the hydrogen and involves the production of hydrogen gas that is seen 
in the form of bubbles. The continuous reduction in the intensity of the peak at 400 nm shows the consumption 
of 4-NP. The reaction mechanism can be reasoned by the inherent hydrogen adsorption by AuNPs. The AuNPs 
shuttle the hydrogen transport between NaBH4 and 4-NP. This behaviour may be explained since AuNPs adsorb  
 

 
(a)                                                     (b) 

 
(c) 

Figure 5. UV-VIS absorbance spectra for the reduction of 4-NP with NaBH4 in the presence AuNPs with particle size 4 nm 
(S1), 7 nm (S2) and 11 nm (S3).                                                                              
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hydrogen from the NaBH4 and efficiently release it during the reduction reaction and hence AuNPs act as a hy-
drogen carrier in this reduction reaction. The same behaviour was seen for the reduction of 4-NP in the presence 
of 300 μL of AuNPs in samples S2 and S3, except that the time of the reduction changed. In S2, as in S1, the 
absorption peak at 400 nm decreased with increasing time of reduction and a new band appeared at about 295 
nm, indicating the formation 4-AP. In sample S3, the absorption peak at 400 nm took a long time to occur and 
this is may have been due to the incomplete consumption of 4-NP. In addition, the intensity of the absorption 
band at 295 nm was very low. These results indicate that 4-NP did not completely transform into 4-AP in S3. It 
is well known that, the applications of gold nanoparticles in the catalytic application depend on the number of 
gold atoms on surface of nanoparticle and the sample has a larger number of atoms in the surface is more cata-
lytic activity. Sample S1 is more active due to it has a small number of gold atom (16,862) than S2 (84,721) and 
S3 (323,649) that mean it has a large number on the surface so that it has a catalytic activity than S2 and S3. The 
mechanisms and forms of reduction reaction for the transformation of 4-NP to 4-AP are shown in Figure 6. In 
this figure, two different coloured solutions are seen: one is the yellow color that distinguishes 4-NA, and the 
other is the reduced colourless product 4-AP. Figure 7 shows the kinetic curve of 4-NP reduction by AuNPs 4 
nm (S1), 7 nm (S2) and 11 nm (S3) in diameter in the presence of NaBH4. The reaction rate constant was ob-
tained by calculating the decrease in the absorption peak intensity at 400 nm with increasing time. In this figure, 
this is shown as a linear relation between ln (A/Ao) versus time. Since there was an excess of the reducing agent 
(so the concentration of sodium borohydride can be considered constant), the change in the ratio (A/Ao) with 
time corresponds to a first order reaction kinetics equation. The reduction reaction can therefore be directly cal-
culated from the linear relation between ln (A/Ao) and time: 

( )ln oA A kt= −  

where Ao is the initial absorbance of the reaction system, A is absorbance at time t, and k is the rate constant of 
the chemical reduction. From this kinetic curve, the rate constant (k, s−1) was calculated at 0.014 s−1, 0.0091 s−1  
 

 
Figure 6. The mechanisms and forms of reduction reaction for 4-NP.                
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(a)                                                     (b) 

 
(c) 

Figure 7. The kinetic curve of 4-NP reduction by AuNPs 4 nm in diameter in the presence of NaBH4.                     
 
and 0.003 s−1 for the AuNPs of diameter 4 nm, 7 nm and 11 nm (in S1, S2 and S3, respectively). By comparing 
the rate constants of 4-NP (0.014 k, s−1, 0.0091 k, s−1 and 0.003 k, s−1) in the presence of different sizes of 
AuNPs (4 nm, 7 nm and 11 nm), it was seen that, S1, which contained 4 nm AuNPs, has more catalytic activity 
due to the weak interaction between 4-NP and the gold nanoparticles with higher particles sizes. The reduction 
of 4NP by S1 and S2 can be related to the Langmuir-Hinshelwood model of heterogeneous catalysed reduction 
[20]. According to this model, borohydride ions are adsorbed onto the surface of the nanoparticles and give them 
the electrons. At the same time, molecules of 4-NP adsorbed onto the surface of AuNPs are reduced by these 
electrons. After reduction, the reaction product 4ـAP is desorbed from the gold surface. 

4. Conclusion 
In this study, we prepared AuNPs of different sizes by a simple chemical method. The results of UV-VIS mea-
surements showed that the surface plasmon resonance bands depended on the particle size. The prepared sam-
ples were used to reduce 4-NP, confirming that smaller nanoparticles were more active in the reduction process. 
The rate constant of chemical reduction was calculated for each sample and this decreased with increasing par-
ticle size. The catalytic activity of the nanoparticles can be affected and increased directly by increasing the ratio 
of the number of atom on the surface to volume. This ratio was increased with decreasing the particle size, so 
the small AuNPs size was more active in the reduction process. 
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