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ABSTRACT 
 
Efforts aimed at going deeper into the understanding of the purification processes of contaminated waters and at 
the optimization of both the technological and economic performance of such processes have been developed  
following the introduction of innovative wastewater treatment processes. 
Among the several wastewater depuration processes, this study focuses physical aspects of systems known as 
artificial wetlands and a special version of the anaerobic biological reactor. This biological reactor is of the 
upflow anaerobic sludge blanket (UASB) type, which is increasingly being utilized for the processing of urban 
wastewater. However, its effluent eventually needs some polishing to be performed at an artificial wetland 
stage. 
The hydrodynamic performances of both a special version of the UASB and a vegetated wetland have been 
studied using the tracer methodology, based on the impulse response of these systems. Both radioactive and 
activable tracers have been employed and had their information analyzed by appropriate softwares. Comments 
are presented on the advantages of the activable tracers. 
The results thus obtained have demonstrated the potential of the application of activable tracers in the 
experimental research of either natural or artificial hydraulic systems. 
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1. INTRODUCTION 
 
The ever changing world is pressing for the improvement of new technologies in various 
fields, perhaps the most critical being the environment. The demand for water in adequate 
quality and quantity has instigated the interest of many researchers in expanding and 
improving both domestic and industrial wastewater treatment techniques, always aiming at  
higher efficiency standards of pollutants removal and construction and operation economy 
[DEZOTTI, 2008]. This treatment is performed using reactors characterized by basic 
operational models: batch, cascading complete mix, continuous flow, packed media and 
anaerobic sludge blanket upflow (UASB). Not infrequently the effluents from these systems 
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still need a final polishing prior to their discharge in the environment, often secured by 
wetland systems.  
 
Activable tracers based on complexes of the rare earth elements indium, lanthanum, 
samarium and europium complexes were used to evaluate the hydrodynamic characteristics 
of vertical UASB reactors and wetland systems in the Center for Research and Training in 
Sanitation (CePTS-UFMG), run by the Department of Sanitary and Environmental 
Engineering of the Federal University of Minas Gerais, next to the Arrudas Sewage 
Treatment Plant owned by COPASA, in Belo Horizonte. 
  
 

2. PROCESSES FOR WASTEWATER TREATMENT 
 
Urbanization causes undesirable effects such as pollution and degradation of natural means. 
Through the exercise of their social and economic activities, humans are able to generate 
waste requiring treatment and proper disposal. 
 
Effluents have different origins which lead to different treatment processes depending on 
standards to be met before their discharge in watercourses. Effluent treatment can be divided 
into primary, secondary and tertiary. Coarse material, settleable solids, oils and greases and 
are removed in the primary treatment. At this stage pH balance may also be performed. 
Secondary treatment is achieved using reducing bacteria for the removal of organic matter. 
The most common systems used in Brazil are stabilization ponds, activated sludge, aerobic 
systems with biofilms, anaerobic systems and disposal in soil [VON SPERLING, 1996]. 
Tertiary treatment is quite infrequent in the Brazil; it aims at the complete the secondary 
treatment; and acts in the removal of specific pollutants (nutrients, toxic substances or 
nonbiodegradable). 

 
2.1. Anaerobic Systems  

  
Both anaerobic and aerobic systems are widely used in the treatment of domestic and 
industrial wastewater in order to minimize the construction and operational costs. 
 

 
 

Figure 1: Upflow anaerobic sludge blanket reactor. 
Adapted VON SPERLING, 1996. 
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Figure 1 shows that the wastewater enters the lower region of the reactor and passes upstream 
through a column consisting of a sludge bed in which the biomass growth occurs. Anaerobic 
microorganisms digest organic matter, producing methane and carbon dioxide that are 
released the system through the three-phase separator at the top of the reactor.  This device 
separates the liquid, solid, and gaseous phases, assisting in the retention of the biomass that is 
deposited on the bottom, thereby not being released along with the effluent [SOUZA, 2011]. 
Notwithstanding, the ability to remove organic matter, nutrients and pathogens is limited, 
requiring post-treatment.  
 
The modified upflow anaerobic sludge blanket reactor, called Dual Stage Collection UASB 
reactor (UASB/DECB), has been designed with two biogas collectors. One of them, the first 
stage collector is located near the bottom of the reactor. The other one, called the second 
stage collector, is located the top of the reactor. As can be seen in Fig. 2, the feed water flows 
through the sludge bed (1) reaching the first stage biogas collector, where the flow splits. One 
fraction flows through the inner pipe and the other one flows through the external annulus 
(2). Due to the difference in density between the fluids inside (containing gas bubbles) and 
outside the inner pipe differential currents may develop opposing these two divided flows. 
The more intense inner flow tends to bar the outer flow (3) resulting in a larger fraction of the 
flow coming off the inner pipe being fed into the collector at the top. 
 
This collector of the second stage is similar to a conventional three-phase separator, but is 
equipped with holes in through which the foam exits. Actually, the role of the first stage 
collector is to capture and direct the three phase flow (solid-liquid-gas) into the second stage 
biogas collector, thus improving the mixing efficiency in the region where the scum 
accumulates. Under such conditions two mechanisms of foam control can be established: (i) 
anaerobic degradation (due to the rise of the active biomass bed), and/or (ii) the 
hydrodynamics of the scum exit (caused by the holes in the second stage biogas collector) 
[PEREIRA, 2012]. 
 

 
 

Figure 2: Modified upflow anaerobic sludge blanket reactor (UASB/DECB). 
Adapted from PEREIRA, 2012. 

 
2.2. Wetlands 
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Wetlands are inland regions flooded throughout the year or only part of it, many of which 
have been modified by human intervention. The natural wetlands are known as marshes, 
mangroves and moist meadows. 
 
The artificial wetlands (Fig. 3) feature a bottom filter bed (usually crushed stone, gravel or 
sand) on which aquatic macrophytes have been planted and through which percolates the 
effluent to be treated [PAOLI, 2010]. There, the organic matter present in the wastewater is 
eliminated by microbial degradation. The microorganisms responsible for degradation are 
usually associated with biofilms that develop on the surface of particles of the filter medium, 
comprised of the vegetation and sediment. In general, artificial systems are designed and used 
to keep aerobic conditions so that degradation is conducted by aerobic microorganisms. 
 

 
 

Figure 3: Artificial wetlands. 

Source: USEPA, 2000 and Agence de L’eau, 2005. 
 
 

3. MATERIALS AND METHODS 
 

3.1. Tracers 

 
Application of tracers for testing the flow of liquids into two-phase media has great interest 
for the investigation of environmental, industrial and biological processes. A reliable tracer 
for liquid flows contacting solid phases with high specific surfaces should accurately follow 
the flow of water and should not become adsorbed on the solids [AOKI, 1983]. 
 
Radionuclides have been used as radiotracers inasmuch as they cause emission of radiations 
with energies that can be detected in situ with quite high sensitivity. In order to trace aqueous 
flow, gama emitting radionuclides such as technetium (99mTc; 6h half-life) and bromine (82Br; 
36h half-life) have been frequently employed as radiotracers. 
 
3.2. Preparation of tracers 
 
Dissolved rare earths metals display positive charges and can be easily adsorbed on soli 
surfaces, hence they must be rendered inactive via complexation. In this context diethylene-
triaminepentaacetic acid (DTPA) is a commonly used complexation agent. For the synthesis 
of the Eu-DTPA, La-DTPA e Sm-DTPA complexes, their respective lanthanide oxides in 
aqueous suspension were initially transformed into the corresponding chlorides via reaction 
with hydrochloric acid. The complexation reactions were then performed contacting the 
carboxylates of DTPA with the lanthanide chlorides. The In-DTPA complex was obtained via 
direct reaction of carboxylate with indium chloride (commercial product). All these 
complexes were afterwards characterized via IR spectrometry.  
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3.2.1. Synthesis of the complex In-DTPA 
 
2 mmol of sodium carbonate, 2 mmol of DTPA and 20 mL of deionized water were added to 
a beaker and submitted to shaking until complete dissolution. This solution was slowly added 
to a 2 mmol indium chloride solution, the resulting mixture being submitted to magnetic 
stirring for 10 min. Then 40 ml of acetone were added and stirred for an additional 18 h 
period. The final mixture was vacuum filtered, and 0,502 g of the complex were recovered as 
a colorless solid. The In-DTPA complex was obtained in a 1:1 metal-ligand ratio. 
 
3.2.2. Synthesis of the Eu-DTPA, La-DTPA and Sm-DTPA complexes. 

 
In order to obtain these chlorides 2 mmol of the respective oxides (Eu2O3, La2O3 or Sm2O3) 
were added to 5 mL of deionized water under magnetic stirring in a water bath at 80oC, unto 
which a 1:1 hydrochloric acid solution was slowly poured until the disappearance of the 
oxide suspension. The solution was evaporated to near dryness and then 5 mL more of 
deionized water were added, this procedure was repeated until the pH ≈ 6 was reached. Water 
was then added until completion of 15 mL volume thus obtaining the respective chlorides. 
 
3 mmol of sodium carbonate, 0,5 mmol of DTPA and 5 mL of deionized water were added to 
a beaker under stirring at room temperature and stirred until the dissolution thereof. To this 
solution, 15 mL of the binder chloride solution slowly added. This mixture stayed under 
stirring at room temperature for 10 min. Then 10 ml of acetone were added and stirred for 
18h. The solution was brought to dryness thus obtaining the lanthanide complexes in a 1:1 
metal-ligand ratio. 
 
 

4. RESULTS AND DISCUSSION 
 
4.1. Evidence of complexation 

 
In order to check the complexation of the metals, they were analyzed by IR spectroscopy in 
4000 and 400 cm-1 the range using a Thermo Scientific Nicolet 380 FT-IR spectrophotometer. 
 
Scrutiny of the Ln-DTPA complex IR spectra (Fig. 4) shows that the bands related to the 
axial strain of the C=O bonds were shifted to lower frequencies in the complexes, evincing 
the electrostatic binding of the indium and the lanthanide ions with oxygen of the carboxylate 
group (In-O, Ln-O), which confirms the complexation of DTPA with the ions of the elements 
to be used as activable tracers. 
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Figure 4: Overlapped IR spectra of Eu-DTPA, La-DTPA, Sm-DTPA, In-DTPA (1), and 

of pure DTPA (2). 
 
4.2. Testing the modified UASB reactor 

 
The activable tracers used in preliminary tests in the modified UASB reactor were In-DTPA 
and La-DTPA, simultaneously injected as a single pulse into the entrance of the central tube 
pipe and collected at its exit. Together with them tritiated water was also injected, but its 
activity resulted insufficient and could not be determined. 

Samples were collected with the aid of an auto sampler to make sure there would be no loss 
causing discontinuity of the response curve (Fig. 5). To accomplish this two people took turns 
in collecting samples at intervals of few seconds. 

 

 

Figure 5: Auto sampler vials and sample collection. 

 
The results obtained in the preliminary tests are shown in Fig. 6. It can be observed that the 
tracers show a similar behavior. The response to the tracer impulse contains three peaks 
which may be due to the intermingling of the split flows at the sampled section and to some 
recirculation, as discussed at greater length elsewhere [ALVARENGA, 2012]. 
 
In relation to the tracer it was evidenced that In-DTPA performed better than the other tracers 
in the liquid phase. Although equal masses of the tested tracers had been injected, the In-
DTPA produced much stronger signals at the position of the measurements. One of the 
reasons for this may have been the cross section of the indium atoms for neutrons (194 barn), 

Eu-DTPA
La-DTPA

Sm-DTPA
In-DTPA
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which is much larger than the that of lanthanum (8,98 barn). Thus, lanthanum measurements 
were rather low and erratic, as shown in Fig. 7. 
 

 
Figure 6: Experimental results of La-DTPA, In-DTPA and model fit (time units: 102s). 

 
With respect of information on structure of the flow inside the reactor it can be said that the 
responses feature several different transport paths with recirculation. It is also the possible 
that a fraction of the tracers have been retained by the large amount of sludge and other 
organic matter present in the lower chamber of the reactor. 
 
Final tests were performed the La-DTPA, Sm-DTPA and Eu-DTPA complexes. This time a 
large enough activity of tritium was precisely injected in the central pipe (CT) through tubing 
bent at its end, such that it could be positioned within the CT slightly above the its inlet 
section. Following this procedure it was attempted to ensure that the tritiated water tracer 
would only transit inside the CT. 

The response to the tracer injection was measured at the upper exit of CT, collecting samples 
via a pipe whose end was positioned just at the final section of CT.  
 
The behavior portrayed by the tracer did not exactly correspond to the expectation, which 
was a single peak response approximately reproducing the longitudinal dispersion model. 
However two peaks were observed, with some degree of overlap. 
 

La-DTPA In-DTPA



INAC 2013, Recife, PE, Brazil. 

 

 
 

Figure 7: Experimental results of the tritium, La-DTPA, Sm-DTPA and Eu-DTPA 

tracers together with model fit (time units: 103s, tritium concentration in Bq.mL-1). 

 
This pattern may be due to the upflow at the entrance of the CT causing a turbulence that 
results in the injected tracer following two flows; one through the central pipe and another 
through the external annulus, this last taking travelling a longer to path before reaching the 
sample collection section. 
 
We also observe in Fig. 7 that the performances of the three rare earth tracers are very 
consistent within themselves and similar to the reference tritium tracer. The mean residence 
time measured by La-DTPA and Sm-DTPA are identical within the limits of experimental 
errors. The men residence time measured by the rare earth complexes are compared with that 
provided by the reference tracer in Table 1. 
 

Table 1: Comparison of the mean residence times in the UASB reactor 

Tracer Time (s) Divergence (%) 

Tritium 4330 - 

La-DTPA 4340 2,30 

Sm-DTPA 4340 2,30 

Eu-DTPA 4180 -3,46 

 
Divergences of this order of magnitude are not significant considering the reduced number of 
samples with which the tracer response was measured and the mean residence time 
computed. Hence, these rare earth complexes can be approved as tracers for measuring 
internal flow in UASB reactors. 

Tritium
La-DTPA

Sm-DTPA Eu-DTPA
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4.4. Test in wetland with vertical flow 

 
Figure 8 shows the responses to the injection of the 99mTc (pertecnate) tracer detected with a 
probe placed at the wetland outlet drain outlet. Three measured response of three of the four 
performed tracer runs are shown in the figure (the first run was only partially recorded by our 
counting chain). 
 
 

 
 

Figure 8: Experimental results of the 99mTc tracer. 

 

 

 

 
 

Figure 9: Schematic drawing of the vertical flow wetland showing the tracer injection 

and detection positions. 

 
The responses of the three rare-earth tracers are similar to each other (Fig. 10), evincing a 
consistency between the tracers. All of them are characterized by the partition of flow into at 
least two fractions. 
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Figure 10: Responses to injections of La-DTPA, Sm-DTPA, and Eu-DTPA tracers (time 

unit: 106 s). 

 
This pattern cannot be attributed to, or at least not exclusively to routes within the porous 
layer. It could also be caused by different path lengths or speeds inside the feed or drainage 
flow distribution pipes. Actually all these causes could be contributing in a greater or smaller 
amount, but it is certain that this behavior has to do with insufficient mixing within the 
wastewater supply box, because the shape of the responses after each injection is the same. 
 
The La-DTPA and Sm-DTPA tracers showed an excellent behavior whereas Eu-DTPA 
displayed a greater divergence with the reference 99mTc tracer, but still not too significant 
taking in account the reduced number of samples with which the residence time distribution 
curve has been measured. 
 

Table 2: Comparison of the average residence times in the wetland 

Tracer Time (s) Divergence (%) 

99mTc 4210 - 

DTPA-La 4230 0,48 

DTPA-Sm 4210 0,00 

DTPA-Eu 3710 -11,88 

 
The successful performance of the complex rare earth tracers in wastewater treatment units is 
once more confirmed. 
 
 

3. CONCLUSION  
 
This paper reports part of an investigation aiming at the development of new tracers in the 
form of diethylenetriaminepentaacetic acid (DTPA) complexes of indium or rare earths and 
the results achieved with them in field tests. The rare surveyed earth metals were La, Sm and 
Eu, together with In since the have quite large cross sections for neutrons and are thus 
entitled to be instrumental when using the activable tracer method. 
 
The DTPA complexes had their performances tested in, a UASB reactor and a vertical flow 
wetland, being evaluated by comparison with reference radioactive tracers. 
 
The results have shown that, the complexes La-DTPA and In-DTPA tested correctly traced 
the residence time distribution in the scrutinized wastewater treatment units.  

La-DTPA
DTPA-Sm DTPA-Eu
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In the UASB reactor complexes DTPA-Eu, DTPA-Sm and DTPA-In exhibited an adequate 
performance as tracers. On the other hand, the performance of the La-DTPA complex did not 
qualify as a suitable tracer in this system. 
 
The test results in the vertical wetland system showed that the tracers complexed DTPA-La, 
Sm-DTPA and DTPA-Eu performed consistently and also reproduce a single flow pattern. 
The flow patterns correctly reflect the passage of water through the porous bed and the 
distribution pipes and collect the effluent under the bed. 
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