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ABSTRACT 
 
In Brazil there are around 340 Nuclear Medicine Services (NMS), 30 of them, are located in the city of Rio de 
Janeiro. The most widely used radionuclides in the country are 131I and 99mTc, but among them, 99mTc is the  most 
concern, because it has a short half-life (6 hours) and decays to 99Tc, which is a beta emitter with a long half-life 
(214,000 years). It is estimated that 80% of radiopharmaceuticals administered to the patients are excreted still on 
the NMS, and then discharged to the city sewer system. In Rio de Janeiro the Alegria Station receives most of the 
sewage from the NMS, and after passing through all stages of treatment, the effluent is discharged into the Canal 
do Cunha and flows into the Guanabara Bay. The aim of this study is to perform a survey to estimate the 131I and 
99Tc discharged levels at the Canal do Cunha and evaluate the radiological impact to non-human biota and to the 
populations exposed to these radionuclides. It was estimated based on data supplied by the national regulatory 
body that the treatment plant receives approximately 1014 Bq of 99Tc and 1012 Bq of 131I per year. Considering a 
conservative approach, in which all the radionuclides received by the station are released from it, the activity 
concentration of 131I at the discharge point (DP) is around 63 Bq/L in river water and 3 Bq/kg in the bottom 
sediments. The estimated activity concentration for 99Tc is 32 Bq/L in water and 6 Bq/kg in the sediment. For the 
community located downstream at 1200 meters from the DP, the activity concentration values in water and 
sediments are 18 Bq/L and 1 Bq/kg for 131I and 9 Bq/L and 2 Bq/kg for 99Tc, respectively. The annual effective 
dose for adult bathers near the DP is estimated to be 10-3 mSv/y for 131I and 10-7 mSv/y for 99Tc and, for local 
swimmers and fish consumers living along the Canal do Cunha, the annual effective dose is estimated to be 10-2 
mSv/y for 131I and 10-3 mSv/y for 99Tc. For biota, the zooplankton showed the highest dose, 6µGy/h. Therefore, 
according to the results, the radiopharmaceuticals discharge at the Canal do Cunha offer no significant risk to 
human as well as to non-human biota.  
 
 
 

1. INTRODUCTION 
 
 
Nuclear Medicine is a medical specialty in which a chemical compound containing a 
radioactive isotope is administered to a patient for diagnostic or therapeutic purpose. 
Radiopharmaceuticals are chemical compounds without pharmacological effect, labeled with 
some kind of radioactive material (radionuclide) that act as a tracer of a certain specific 
biological process. The application of a given radionuclide for diagnosis or therapy depends on 
their physical properties such as nuclear emission type, physical half-life (T1/2) and photons or 
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ionizing particles energy. The radiopharmaceuticals are administered to the patient by 
intravenous injection, oral ingestion or inhalation and after distribution processes and 
metabolism; they can be eliminated by the saliva, sweat and excreta. 
 
For diagnostic purpose, the most common radioisotope used in nuclear medicine is 
Technetium-99m (99mTc), which is a metastable nuclear isomer of technetium and it is available 
in a portable generator (Mo/Tc), device of low-cost for "in situ" use, that last for a week with 
daily elutions. 99mTc has a relatively short physical half-life of 6 hours, emits monoenergetic γ-
ray photons, readily detectable 140keV, having a great flexibility to be bound to a large variety 
of compounds (chelating agents) due to its nine oxidation states (-1 to +7). Another popular 
radiopharmaceutical is 131I, which is a gamma (γ) and beta (β-) emitter, has a decay half-life of 
about 8 days and is used in diagnostics and for therapy of diseases related to thyroid. 
  
According to the national authority regulatory body, The Brazilian Nuclear Energy 
Commission, about 340 Nuclear Medicine Services (NMS) are registered in the country. In the 
city of Rio de Janeiro there are 27 authorized NMS, 90% of them use the 99Mo/99mTc generator 
and 85% use 131I for diagnosis and therapy [31]. The Estação Alegria (EA) is one of three 
sewage treatment plants of the city.  EA, receives effluents from 12 NMS. Because of the big 
amount of received NM effluents, EA was chosen for the present study case. 
 
Both radiopharmaceuticals are distributed by the Nuclear Energy Research Institute (IPEN) 
/CNEN. In the case of radioiodine, high activities are supplied for radiotherapy, from 3700 to 
9250 MBq. Therefore, therapy patients remain hospitalized for 2-3 days to avoid contamination 
and high rate of exposure to patients’ family members and general public. The radioactive waste 
is typically stored until it decays and consists of liquid, solids, gloves, syringes, wiping paper, 
cotton and contaminated cloth. The segregation procedure follows the technical criteria for the 
regulation of health service, ANVISA Resolution - RDC 306 [33], and for radioactive material, 
the standard CNEN-NE-6.053 [32]. 
 
Nevertheless, big amount of radioactive excreta is released into the sewage system from the 
practice of nuclear medicine. For instance, 131I is continuously released into the environment 
after passing through some wastewater treatment plant and result in a public and biota exposure 
[7]. Already, the presence and impact of radionuclides, releases from the sewage to 
environmental media have been internationally documented [1], [2], [9], [10], [11], [13], [19], 
[20]. 
 
A study of environmental levels of 99Tc has not been already done in Brazil. Nevertheless, in 
some countries, monitoring and environmental studies have been performed [5], [8], [16], [18]. 
99Tc is a decay product of 99mTc, has a very long half-life (2.14 105 years), being a beta emitter 
(294 keV). Its high environmental mobility is matter of concern, because 99Tc can easily enter 
into the food chain as an analogue of sulphate [4], [6]. 
 
The evaluation of dispersion and transfer of radioactive isotopes into the environment and the 
impact assessment are normally performed using mathematical models that are introduced in 
computer codes. During the last decade (2000-10) several databases were created and many 
computational tools were developed with for the aim of assessing the radiation dose that may 
be received by a man due to radiation exposure: internal (ingestion and inhalation) and external 
exposures. However, the codes should be very well understood and its advantages and 
limitations known for its correct application. 
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This study aims to estimate the quantities  of 131 I and 99Tc that are released in effluents from 
hospitals and clinics and are received in the EA. By using a computer code, this research 
addresses the assessment the concentrations of these radionuclides in the environmental media 
and the consequent dose to individuals of public and the non-human biota exposed to them. 
 
 

2. METHODOLOGY 
 

2.1. Estimation of Quantities of Radiopharmaceuticals Released on Environment 
 

 
Initially, based on the authorized operation licenses emitted by CNEN, an evaluation of the 
amounts of 131I and 99Tc that are released by hospitals and clinics and are discharged in EA was 
made, considering that all activity authorized is used in the NMS. The following conservative 
approaches were taken into account: i) technetium’s patients: before entering the examination 
room, they must wait a few hours for biological distribution,  afterwards they empty their 
bladder; ii) for diagnosis and therapy patients there was assumed that 80% of the administered 
radiopharmaceuticals  are excreted in the first 24 hours of hospitalization (and released to the 
sewage network); and iii) all the amount of radionuclides entering in the sewage station of 
Alegria (EA) is released into the Canal do Cunha, that flows to Guanabara Bay (no loss of 
radionuclides due to sewage treatment). Considering all the 12 NMS together, the total 
authorized amount is 1.74 1014 Bq/y for 99mTc and 8.90 1012 Bq/y for 131I. Thus, if 80% of the 
administrated amount is excreted still in the local, the total amount of radionuclides received 
and released from the Estação Alegria would be 1.39 1014 Bq /y for 99mTc and 7.12 1012 Bq /y 
for 131I.  
 
The Estação Alegria is located in the Caju neighborhood in the city of Rio de Janeiro. The first 
step of the treatment process consists of the separation of the solid (which gives rise to the 
primary sludge) and liquid phases the effluents. The primary sludge goes into a biodigester for 
the anaerobic treatment and subsequently into a dryer. The liquid part of the sewage goes to an 
aeration tank and then to a decantation tank. The solids from the decantation process gives rise 
to secondary sludge that is sent to the biodigester and received the same treatment as the 
primary sludge. The liquid phase of the decantation tanks gives rise to the final effluent that is 
released directly into the Canal do Cunha, which flows into the Baía de Guanabara. 
 

2.2. The Exposure Scenario 
 

 
On a visit to the sewage station it was observed some people swimming in the Cunha channel 
close to the EA discharge point. In addition, a small fishing community is situated at 1.200 m 
from the opposite side of the discharge point. For this reason, two exposure scenarios were 
considered in the present work: 
 

• Workers that bath for 2 h/day at the discharge point for 220 days/y (scenario I); 
• Community living at 1.200 meters away, bathing 2 h /day in the river, 365 days /y 

totalizing 730 h /y and local fish consumers 16 kg /y of (scenario II). 
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2.3.  Computational Code - CROM   
 
The computational code – CROM - was developed and is available by CIEMAT-Spain and 
some experts from IRD was included as one of the groups responsible for the verification and 
correction of a beta version. This code is based on Safety Report Series 19 (SRS19 - IAEA) 
entitled "Generic Models for Use in Assessing the Impact of Discharges of Radioactive 
Substances to the Environment." 
 
The main objective of this code is to provide a simple method to calculate doses arising from 
radioactive discharges to the environment. The modeling approaches are applicable to 
continuous or prolonged releases to the environment, but should not be applied to accidental 
releases. The methodology is based on analysis of solutions for advection-diffusion equation 
that describe transport of radionuclides in surface water with uniform flow conditions, and it is 
applied assuming that the following conditions are fulfilled: 
 
 
• The geometry of the water surface does not change on the distance; 
• The flow characteristics do not change significantly with distance or time; 
• Radionuclides in water and sediments under routine conditions can be considered as being in 
balance. 
 
In general, the transport of radionuclides and their fate in surface waters can be expressed by 
the following advection-diffusion equation in three dimensions: 
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where 

Cw, tot       is the total concentration of radionuclide in water (Bq/m3); 

U, V, W   are the water velocities in x, y e z, respectively (m/s); 

S              is the addition or subtraction of radionuclide (Bq. m-3. s-1); 

t               is the time (s); 

x, y, z       are the longitudinal (x), lateral (y) and vertical (z) directions,  

                respectively, in  Cartesians coordinates (m); 

�
, ��, ��  are the dispersion coeffcients in the x,y e z directions, respectively    

                (m²/s); 

��             is the decay constant of the radionuclide (s-1). 
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After thorough mixing vertical radionuclide, the transport equation is reduced from the three 
dimensional equation (1) for the following two-dimensional equation advection-diffusion 
radionuclide decay, but without the subtraction and addition of other radionuclide. 
 
 

U ���.���
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Assuming that the flow field is infinitely large and the receiving surface of the body of water 
initially does not contain radionuclides, one has: 
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where 

Q      is the rate of radionuclide release (Bq/s). 

y>     is the lateral distance from the radionuclides release point measured from the riverbank. 

K> [ ]   is the modified Bessel function of  order 0. 

 
The concentration of radionuclide dissolved in surface waters (Bq/m3) can be obtained by: 
 

 

��,D = ��,���
EF>,>>EGHIJ    (4) 

 

where 

��,D       is the concentration of radionuclide dissolved in water (Bq/m3); 

Kd          is the distribution coefficient that express the radionuclides change between sorption 
             and dissolved phases (m3/kg); 
Ss             is the suspended sediment concentration (kg/m3 ou g/L); 

 

Note that the denominator 0.001 in equation (4) is the conversion Kd  unit of L/ kg to m3/kg. It 
is recommended that the calculation for the dose evaluation for drinking water, fish and 
shellfish is based on total concentrations in water (dissolved + adsorbed on suspended matter). 
 
To estimate the concentrations of the radionuclide in the environment, the computer code takes 
into account radionuclides that may be adsorbed to suspended sediments in the water column, 
thereby reducing the concentration of radionuclide dissolved in water. Radionuclides adsorbed 
in suspended sediments can also migrate downstream, depositing on the river bottom and then 
again be suspended from the bottom and incorporate at the beaches. During a period, the 
remobilization of radionuclides associated with sediments can become an additional source of 
exposure for members of critical groups by the permanency time of these at beaches. It is 
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possible to calculate the ratio between the concentration of radionuclides in the sediment and 
the concentration in water by using a distribution coefficient Kd  (L / kg). 
 
The estimated effective dose by direct exposure due to immersion in water is obtained by: 

 K�L,� = ��,���MNOP          (5) 
 

where 
 K�L,�     is the annual dose due to gamma irradiation (Sv/y); MN         is the dose coefficient  to radiation gamma exposure due to immersion  
              (Sv/y per Bq/m³); OP            is the fraction of the year that a hypothetical individual is exposed to water immersion. 
 
 
The estimate of the dose due to the intake from fish is given by the equation: 
 K�RS,T = �T,�UTMN�RS          (6) 

 
where K�RS,T     is the annual effective dose due to the intake of the radionuclide in food p (Sv/y); 
�T,�         is the concentration of radionuclide i in the food p (Bq/kg); 
UT          is the rate of food consumption  (kg / y); 
MN�RS     is the dose coefficient for ingestion of radionuclide i (Sv/Bq). 
 
 
And we have: 

�T,� = ��,JVW
E>>>           (7) 

 
where 
 ��,D        is the concentration of radionuclide i dissolved in water (Bq/m3); 

XT          is the bioaccumulation factor (L/kg); 

1000     is the conversion factor from m³ to L. 
 
 

2.4.  Parameters and Input Data 
 
 
In the Table 1 the main input data and parameters used by CROM code to estimate the 
concentrations of radionuclides in environmental compartments and the dose are presented. 
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Table 1.  Key input data values and parameters 
 

 

Parameter Value Bibliographic 
Reference 

River Average Speed 1 m/s Estimated (17) 

Critical Group Distance 1200 m Google Earth 

River Width 127 m Google Earth 

River Average Depth 4,5 m  

Projeto de 
Despoluição da 

Baía de Guanabara 

Particulate Material  0.05 [21] 

Cedae Discharge 2,5 m³/s CEDAE 

Cunha Channel Flow 8,9 m³/s [17] 

Coefficient Dispersion  
y-direction   0.27 m²/s [21] 

Dose Coefficient for 
Immersion(131I) 

1,16 E-09 
Svm³/yBq [21] 

Dose Coefficient for 
Immersion (99Tc) 

9,91 E-14 
Svm³/yBq [21] 

Dose Coefficient for 
Intake (131I) 

2,20 E-08 
Sv/Bq [21] 

Dose Coefficient for 
Intake (99Tc) 

6,40 E-10 
Sv/Bq [21] 

Coefficient Dispersion  
z-direction  0.03015 m²/s Estimated  [21] 
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Table 1.  Key input data values and parameters (continued) 
 

 

Parameter Value Bibliographic 
Reference 

Fish Consumption Rate 0,044 kg/y [22] 

Rainfall 1086 mm/y [25] 

Bioaccumulation Factor 
for Fish (99Tc)  20 L/kg [22] 

Bioaccumulation Factor 
for Fish (131I) 40 L/kg [22] 

Kd (131I) 15 ml/g [22] 

Kd (99Tc) 2 ml/g [22] 
 
 

2.5.  Erica Tool 
 
 
The ERICA Tool is a software system that assesses the radiological risk to terrestrial, 
freshwater and marine biota (Erica is freely available from: http://www.erica-tool.com/). The 
tool incorporates many parameter default values including bioaccumulation ratios, distribution 
coefficients, percentage dry weight soil or sediment, dose conversion coefficients, radiation 
weighting factors and occupancy factors. The ERICA database for reference organisms were 
derived from literature review and by assuming values for similar reference organisms and/or 
biogeochemically similar elements. Based on the bioaconcentration ratios (the ratio between 
the concentration in the organism and the concentration in an environmental media), the 
concentrations in organisms are estimated. Then dosimetric model assesses dose conversion 
coefficients for aquatic and terrestrial biota. The dose conversion coefficients have been 
derived for internal and various external exposure scenarios [26], [27], [28], [29], [30].  
 
 

3.  RESULTS 
 
The estimated quantities of radionuclides released by NMS in the sewer system that are targeted 
for the Estação Alegria and later released to the Canal do Cunha were introduced to the code 
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(flow, width and depth of the Canal do Cunha). For dose calculation, exposure scenarios data 
of the critical groups were also introduced as input data in the code. 
 
The radionuclide concentrations estimated by the model in the different environmental 
compartments are listed in Table 2. 
 
 

Table 2. Concentration Values estimated by CROM  
 
 

Code Radionuclide  

Scenario I Scenario II 
Water 

Concentration 
(Bq/L) 

Sediment 
Concentration 

(Bq /kg) 

Water 
Concentration 

(Bq/L) 

Sediment 
Concentration 

(Bq /kg) 

CROM 
131I 63 3 18 1 

99Tc 32 6 9 2 

 
 
The results of the simulations for the adults doses values for scenarios I and II are presented 
in table 3. 
 
 

Table 3. Effective dose values for different scenarios estimated by CROM (mSv/y) 
 
 

Code Radionuclide  

Scenario I Scenario II 
External   

Immersion in 
water 

External   
Immersion 

in water 
Fish Intake Total Dose  

CROM 
131I 1.10 10-03 3.00 10-04 1.88 10-02 1.91 10-02 

99Tc 4.60 10-07 1.60 10-08 1.82 10-03 1.82 10-03 

 
 
Considering the exposure scenarios, the simulation results indicate a low exposure dose due 
to bathing in the waters of the Canal do Cunha for the two radionuclides. The fish intake is 
the most important route of exposure for the local community. 
 
Although the values are low, the individual dose levels associated with these releases are not 
considered irrelevant. The results indicate that the release of radionuclides in the environment 
is not free of control, since the National Regulatory Position 3.01/001: 2011 establishes that a 
practice is exempt of control if an expected effective dose level to be received by any person 
from the public related to this  practice  is less than or of the order of 10 µSv in one year. As 
the estimated doses due to intake of fish are slightly higher, the real activity of radionuclides 
released by the Alegria station, the concentration in water and specific parameters of the sites 
should be raised to make more realistic estimates. 
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Concentrations in water and sediment of 99Tc and 131I    estimated by the CROM  (discharge 

point) were used to calculate the biota dose. For this evaluation, we considered the following 

freshwater organisms: Benthic and pelagc fishes, molluscs, crustacean, Bivalve Moluscs, 

Phytopalacton and Zooplancton. The Figure 1 shows the total dose rate estimated by ERICA. 
 
 

 
 

Figure 1:  Total dose rate estimated by ERICA (at the discharge point) 
 
 
The highest dose was estimated to be 6 µSv /y, to be received by the zooplankton. Considering  

the dose value of 400 µSv /y recommended by UNSCEAR as the value from which effects can 

be observed in the biota, it can be concluded that even with this conservative approach, the 

results suggest that the biota at the Canal do Cunha is not affected by the release of these 

radionuclides in the water. 
 
 
 

4. CONCLUSIONS 
 
 
Although the quantities of radiopharmaceuticals released to the environment are of the order 

of TBq, the dose levels calculated for the two exposure scenarios are low. For scenario I 

(bathers at the discharge point), the effective dose values estimated by CROM code for adults 

were the order of 10-7 mSv /y for 99Tc and 10-3 mSv/y for 131I. These results indicate that the 

release of these radiopharmaceuticals in the Canal do Cunha, and subsequently in Baía de 

Guanabara, has low radiological impact for the exposure individuals and for the biota. 

However, a more realistic approach with local data should be performed to verify that the 

release of these radiopharmaceuticals is out of  control, since the level of effective dose to be 

received by the population located 1200 meters from the discharge point is slightly higher than 

the exemption limit. 
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