Evaluation of Uranium Levels in Dental Amalgam Fillings Using Neutron Activation Analysis Technology
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Abstract. In this pilot study, we calculated uranium concentrations, equivalent and absorbed doses, and radiological hazard coefficients for ten samples of metal amalgam fillings. These contained mercury at levels ranging from 50 to 60%, while the remaining contents included zinc, tin, silver, and copper, in varying proportions from one manufacturer to another. These samples were collected from various locations in Iraq, from government hospitals or authorized dealers, specifically from Baghdad, using neutron activation technology and a CR-39 solid-state path detector. The samples were ground, pressed into 1.5 cm diameter disc molds, placed on top of the detector pieces, and secured with adhesive tape. They were then exposed to a neutron flux inside an americium beryllium accelerator for seven days at a neutron flux rate of 105 nm cm² s-1 and a neutron flux of 6.048 × 1010 nm cm. Next, the chemical etching phase was carried out, and the effects were calculated manually using an optical microscope and also using computer images. The results showed uranium concentrations ranging between 3.10 ± 0.74 and 5.41 ± 0.84 ppm for the fifth and seventh samples, respectively, and effective doses ranging between 0.32 and 0.56 mSv/y for the same samples. In other words, the uranium concentration and effective doses were lowest for sample five and highest for sample seven, as shown in the research input table. Our results demonstrate that uranium is still used today, albeit in very small quantities, in the composition of these fillings, despite its ban in the 1980s. However, its radiation doses are still within the limits permitted by the International Atomic Energy Agency and the World Health Organization. Therefore, people with amalgam fillings are exposed to higher radiation doses than others, meaning they have received almost half of the permitted doses. In addition, the study was on one gram per sample, so the increase in weight means an increase in the effective dose received.
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INTRODUCTION
     Radiation resulting from the decay of heavy elements is one of the most important radioactive pollutants affecting the living cells of all organisms. In the field of restorative dentistry, an American patent was issued in 1942[1] to add uranium to these materials to give them a cosmetic appearance and durability. This situation continued until the early eighties, when studies showed risks and warnings regarding their use. Consequently, the American Dental Association issued Standard 52 in 1979[2], [3], [4], which includes reducing the percentage of uranium in dental restorative materials, including fillings and manufacturing materials. These materials still contain, albeit small, percentages of uranium impurities, which is natural. For this reason, we conducted this study to determine the percentage of natural uranium present in amalgam fillings in ten companies from different origins, using neutron activation technology and the CR-39 solid detector, due to its advantages such as sensitivity and high efficiency in detecting the effects of alpha particles. We conducted mathematical calculations using approved equations to calculate the risk factor and procedures. Absorbent and equivalent, and finally discuss the construction risks of these materials and whether they are within the permissible limits or not [5][6]. The Dental Filling Materials are the compounds and elements used in the field of restorative dentistry to repair caries, erosion, and minor fractures in the teeth. either fillings that penetrate the teeth and take the place of caries after their removal or replace a missing part of a tooth, i.e., cosmetic. The need for dental restoration appeared thousands of years ago, as a group of molars dating back to one hundred thousand years ago were discovered. Fillings made of beeswax were found in Italy 650 years ago. Recently, in the nineteenth century, pure metals were used in the process of filling dental cavities, such as gold, silver, and tin. With the advancement of science, a mixture of metals with mercury called amalgam was developed, which remains the most common filling to date, despite surrounding risks and warnings. However, it became popular due to its effectiveness, durability, and cheapness. However, its metallic colour encouraged scientists to search for compounds with properties close to amalgam and with a more aesthetic appearance. They have come up with a group of fillings, including ceramic, resin composites, and glass ionomers. Research is still ongoing to find materials with higher properties and a natural Aesthetic [7], [8]. And the material we studied is Amalgam, the word amalgam in Greek means soft mass, it most important and most common type of filling is a metal alloy, the main element of which is mercury at a rate of about 50 per cent, and the rest of the components are metals whose percentages may vary and are not fixed (lead - zinc - silver – tin). The oldest type is the silver alloy, and it is still commonly used to this day. The old types were made of tin and silver in China from 618 A.D. during the reign of the ruling Tang Dynasty. The composition of the amalgam was published by Liu Wentai, where the recipe indicated that he used 45 parts of silver, 100 parts of mercury, and 900 parts of tin. Because mercury is the most toxic substance, its circulation was banned, and a great uproar was raised around it. In 1844[4], the American Association of Dental Surgeons issued a document banning its use and circulation, and the Regional Dental Association and the St. Louis Association joined it. Amalgam fillings were called plastic fillings at the time. The battle against amalgam intensified when it caused the death of a middle-aged man in Nebraska. The death certificate stated that the filling had caused swelling and oedema of the mouth and windpipe and blocked the airway. The tooth being restored was a second molar in the lower jaw. Another patient died after having eight fillings[8], [9]. The technology used is Neutron activation analysis technique it is one of the most important nuclear techniques used for the quantitative and qualitative determination of inorganic elements present in a specific sample. One of its most important features is that it is a non-destructive technique that takes a very small part of the sample and exposes it to neutrons, and thus it will be excited. Hence, the name activation, i.e., the excitement of the nucleus as a result of absorbing neutrons, does not take into account the chemical structure. Thus, it has found solutions to existing problems, such as valuable and rare samples, such as ancient artefacts and works of art that are feared to be damaged after irradiating the elements. The nuclei are excited and emit radiation. By studying the paths of radioactive decay, as the elements are transformed into their artificial isotopes, and each isotope has a distinctive gamma radiation that has its own characteristics, such as the fingerprint in humans, the concentrations of the elements within these samples can be determined. It has types that have developed according to increasing needs, such as INAA, which is done directly on the samples, and RNAA, which is preceded by a chemical purification process. This technique only requires 50 milligrams of any sample to perform neutron activation[10] [7] . CR-39 detector is one of the types of transparent solid polymers. One of its unique features is that it leaves a cone-like trace when nuclear particles penetrate, as it converts their energy into a tangible trace. It is considered one of the most efficient methods for detecting radiation and knowing the concentrations of heavy elements, as it is inexpensive compared to other methods and sensitive to the lowest energy of particles. As for its mechanism of operation, the sample containing the radioactive element is placed in close proximity, or when studying places or gases and people[8], [11], it is placed in the open air, but for long periods. After that, it is chemically etched using an alkaline solution, usually sodium hydroxide. After this process, we can observe the traces through a traditional light microscope, and using a simple equation, we can reach the density of these traces and thus know the concentration of heavy elements. The chemical structure of this polymer CH2=CH-CH2-O-CO-O-CH2CH2-O-CH2CH2-O-CO-O-CH2-CH=CH2 [9] [12], [13], [14].
METHOD AND MATERIAL
Samples  
     We collected ten samples of amalgam fillings from different locations, as shown in the attached samples were from a different company as in table 1, in order to identify the differences in the uranium ratios included in the composition of these materials. Each sample included ten capsules to ensure their sufficiency when working on them in the laboratory.
	Table 1. Research samples by origin, company, and location.


	Sample no.
	Manufacturer
	Origin
	Sample collection location

	1 
	Zhengzhou Linker Medical Equipment Co.
	China
	Anbar Governorate / Fallujah / Specialized Dental Center

	2 
	Foshan SCS Medical Instrument Co.
	China
	Baghdad Governorate / Bab Al-Muadham / Al-Qimmah Al-Samiah Company for Dental Supplies

	3 
	Kerr Dental
	Australian
	Baghdad Governorate / Bab Al-Muadham / Al-Qimmah Al-Samiah Company for Dental Supplies

	4 
	VOCO
	Germany
	Iraq/Baghdad/Bab Al-Muadham/High Summit Office for Dental Supplies

	5 
	Cavex Avalloy
	Netherlands
	Baghdad Governorate / Bab Al-Muadham / Al-Qimmah Al-Samiah Company for Dental Supplies

	6 
	Cavex Avalloy II
	Netherlands
	Baghdad Governorate / Bab Al-Muadham / Al-Qimmah Al-Samiah Company for Dental Supplies

	7 
	Wykalloy
	U.S.A
	Baghdad Governorate / Bab Al-Muadham / Al-Qimmah Al-Samiah Company for Dental Supplies

	8 
	IVOCLAR VIVADENT
	U.S.A
	Anbar Governorate / Fallujah / Specialized Dental Center

	9 
	Nu alloy
	Colombia
	Baghdad Governorate / Bab Al-Muadham / Al-Qimmah Al-Samiah Company for Dental Supplies

	10 
	Vivid Alloy
	Italy
	Baghdad Governorate / Bab Al-Muadham / Al-Qimmah Al-Samiah Company for Dental Supplies
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	Figure 1. a. The irradiation of the detectors and samples by the neutron source, b. pellets are covered with (CR-39)


detector

The first step was to mix each filling using a specialized amalgamator to ensure the homogeneity of the filling materials and their hardening. After that, we crushed and ground them using a German-made electric grinder and a hand grinder to ensure the smoothness and small size of the particles, which we then sieved using a laboratory sieve with an opening diameter of 250 micrometers. Then, the samples, which were transformed into a fine powder, were pressed using a hydraulic press in a special mould with a diameter of one and a half centimeters and a weight of one gram, which included the addition of 0.2 grams of starch to ensure the consistency of the sample after that and not to disintegrate. Then, the samples were placed on C-39 solid trace detector pieces, as for the CR-39 detector, it was calibrated by subtracting the external contamination present in the laboratory, i.e., the workplace, where eight detectors were placed in various locations for ten days. Then, chemical etching was carried out, and the average readings of the traces representing the emitted alpha particles were taken. The average readings were 19, so this number was subtracted from all the readings. which were cut with dimensions of 1.5 x 1.5 centimeters in the form of a strip as in figure 1 a. We put it in the radioactive material for seven days in our college lab as in b. figure1, and the next step was to take out the samples and wash them with distilled water and then carry out the etching process on the detector pieces using a sodium hydroxide solution at a temperature of 60 C0 in a special device for three hours. The samples were taken and washed well and dried and they were read on the light microscope at a rate of ten readings for each sample for the traces that resulted due to the presence of the uranium element in the samples. Then we calculated the number of these traces and their average for each sample and we subtracted the number of traces that were formed on the zero-trace detector in the lab and thus we obtained the concentration of these traces and through equations we calculated the concentration of uranium in these samples and the specific effectiveness and the hazard index and the specific dose and the equivalent dose and the effective dose as follows
CALCULATIONS 
     First, we need the slope. The slope used in the equation represents the axis of the practical part. The way we get it is as follows: preparing six samples of amalgam from one sample randomly. Five samples are added to the uranium acetate solution with a known concentration, which is mentioned in the table. As for the last sample, it is zero, meaning no uranium is added to it, only raw amalgam. Then we put it in an oven to dry it. After we dried it, we took it out and ground it again. Then we pressed it into moulds and stuck the resulting discs on the face of the detector and entered them into the irradiator in the laboratory like the rest of the samples. This step is considered the first step in the practical part, which is included in equation 3 for calculating the concentration of uranium. We obtain it from the standard samples in Figure 2, by using data in Table 2, which we prepared by mixing the uranium acetate solution, according to the concentrations mentioned in the table. Using the graph, we extracted the slope, which is included in the equation for calculating the concentration and density [15] [16] [17].
                                                                                         	(1)
         				(2)
       				(3)
Cx = Uranium concentration for unknown samples, Cs = Uranium concentration for standard samples, x = The density of the effects of the unknown models is represented, s = The density of the effects of the standard models is represented, Rx, Rs = The range of the fragments is approximately equal to one. For this value, it is equal to one because it represents the average range of fission fragments in the known standard and unknown samples, and they are almost equal, so the quotient is one
Ix = Isotopic abundances of uranium-235 and uranium-238 Content on depleted uranium for unknown samples
Is = Isotopic abundances of uranium-235 and uranium-238 containing natural uranium for standard samples
                                       			                          (4)
             	                                 	            (5)                                           
                                                              Cx(ppm) =		                            	                        (6)                                                    
                                                               	  	                        	                                      (7)
Nave= The rate of quantitative effects within the area., A = area =0.0676 mm2
                                                                   DTi = 1.6 x 10-10 ×S. A × Er       	 		                        (8)
                                     HTi = DTi × WR  				                       (9)
                                                               ETi =  WTi × HTi                      		                                             (10)   
                                                               Hex =  				                                    (11)
(S.A) = specific activity Bq/kg, (Hex) = Hazard index, DTi=Absorbed dose (mGy/y), HTi =The Equivalent Dose, 
ETi = effective doses (mSv/y) 
	Table .2 Symbols used in equations and their values

	The symbol
	Meaning
	value

	E       [18]
	Alpha Energy
	4.2 MeV

	WR     [19]
	Alpha Radiation Weighting Factor
	20

	WTi   [19]
	skin, bone surface Weighting Factor
	0.01



	Table .3 Standard amalgam sample data

	Uranium concentration (Cx)ppm
	traces density ()
	Traces average
	Net traces

	0
	488
	52
	33

	2
	1065
	91
	72

	8
	1080
	92
	73

	12
	1168
	98
	79

	16
	1701
	134
	115

	20
	1980
	153
	134
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Figure .2 Relationship of trace density with uranium concentration for the standard models amalgam filling
Using equation 6 we were able to calculate the concentration of uranium in the samples and equation 7 was used to calculate the density, as shown in table 4
	Table .4 Rate and density of traces and uranium concentrations

	Amalgam sample
	Traces average
	Net traces
	traces density ()
	Uranium concentration (Cx)
ppm

	1 
	70
	51
	758.66±277.89
	3.36±1.23

	2 
	77
	58
	857.98±200.47
	3.80±0.88

	3 
	84
	65
	959.42±191.43
	4.25±0.84

	4 
	85
	66
	974.21±153.12
	4.31±0.67

	5 
	66
	47
	701.60±168.63
	3.10±0.74

	6 
	70
	51
	760.77±301.09
	3.37±1.33

	7 
	102
	83
	1221.47±191.52
	5.41±0.84

	8 
	87
	68
	1008.03±332.03
	4.46±1.47

	9 
	97
	78
	1151.73±327.39
	5.10±1.45

	10 
	71
	52
	767.11±164.60
	3.40±0.72


And using equation 11 we were able to calculate the Hazard index and equation 8 to calculate Absorbed dose, equation 9 to calculate The Equivalent Dose and equation 10 to calculate effective doses as shown in table 4

	[bookmark: _Hlk201421422]Table .5 Specific activity, sustained dose, equivalent dose, absorbed dose, reward, effective dose, and Hazard index


	Amalgam sample
	specific activity (S.A) Bq/kg
	Hazard index (Hex)
	[bookmark: _Hlk201573553]Absorbed dose (mGy/y)
DTi
	The Equivalent Dose
(HTi)
	effective doses (mSv/y) For bone and skin surfaces
(ETi)

	1 
	41.52±15.21
	0.22
	0.87
	17.34
	0.35

	2 
	46.96±10.97
	0.25
	0.98
	19.61
	0.39

	3 
	52.51±10.47
	0.28
	1.10
	21.93
	0.44

	4 
	53.32±8.38
	0.29
	1.11
	22.26
	0.45

	5 
	38.40±9.23
	0.21
	0.80
	16.03
	0.32

	6 
	41.64±16.48
	0.23
	0.87
	17.39
	0.35

	7 
	66.86±10.48
	0.36
	1.40
	27.91
	0.56

	8 
	55.17±18.17
	0.30
	1.15
	23.04
	0.46

	9 
	63.04±17.92
	0.34
	1.32
	26.32
	0.53

	10 
	41.99±9.01
	0.23
	0.88
	17.53
	0.35

	
	

	a.
	b.

	Figure .3 a. The Equivalent Dose (HTi) chart in amalgam filling sample, b. chart in amalgam filling sample Hazard index (Hex)
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Figure .4 Some of the tools and samples used in the laboratory in this research


CONCLUSION 
[bookmark: _Hlk202918813]     From Table 4. We note that the uranium concentration ranges from the lowest value (3.10±0.74 ppm) in sample No. 5 to the highest value (5.41±0.84 ppm) in sample No. 7, with the origin and company mentioned in Table 1. The hazard factor will be the highest for this sample, as in Figure 3. b. In general, this percentage is very small, but it proves the presence of uranium inside amalgam fillings. It is also less than the internationally agreed-upon permissible dose as in figure 3.a where highest value of equivalent dose is (0.56 mSv/y), and therefore it is within the safety limits of 1 millisievert per year[20]. There are studies that have been conducted, including the study entitled “Determination of radioactivity levels in feldspathic dental ceramics “[21], which included 42 different samples of ceramics used in the dental industry, and the purpose is to calculate the radioactivity of heavy elements(238U-232Th-226Ra) using the detector HpGe technique. They found that uranium has a radioactive value of up to 126±8 Bq/kg. The study conducted on zirconium, titled “Zirconia and radioactivity: An in vitro study to establish the presence of radionuclides in dental zirconia”[22], was based on three samples from different sources using gamma ray spectroscopy. The result was that the radioactivity of these samples was (11.082, 11.63, 34.91) Bq/kg. An Italian study was also conducted titled “Determination of dose rates from natural radionuclides in dental materials[23]” Using HPGe (High Purity Germanium Radiation Detectors) technology to determine the presence of uranium and thorium, it confirmed their presence within permissible limits. Our work complements these studies, all of which confirm the presence of uranium in their composition. Therefore, its repercussions, even if within safe limits, are greater for patients with amalgam fillings than for others. Patients with amalgam fillings are more exposed than others to the absorption of radiation resulting from the dissolution of uranium, which negatively impacts the cells surrounding the teeth. Our recommendations are to conduct the same study, but using a different technique. We also want to study the concentration of uranium in glass ionomer fillings and zirconia dental fillings, and try to find alternatives from the manufacturing companies or find ways to separate the heavy elements from the raw materials. 
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