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A B S T R AC T

The objective of this work was to investigate 2
4SO − -, Cl–-, and 2

3CO − - ions interference on the 
eff ectiveness of perchlorate removal from smelting wastewaters in order to select adaptive bio-
technological solutions. Ion chromatography using the EPA method 314.0 was utilized for the 
perchlorate determination. The precision, the method detection limits (MDL), and the mini-
mum reporting level (MRL) of the analytical method were critically examined. In spite of the 
strong inhibitory eff ects of the dissolved inorganic substances contained in smelting waste-
water, microbes could cope with their relatively high concentration allowing the subsequent 
biological treatment to reduce eff ectively the perchlorates concentration to a satisfactory level. 
The increase of the 2

4SO − -concentration from 0 to 16,000 ppm (conductivity: 428 ——>   24,800 μS/
cm) led to a reduction of the perchlorates biodegradation rate by approximately 10 times from 
0.0365/h to 0.0033/h. However, most of the perchlorates were removed after a hydraulic reten-
tion time (HRT) of half a day with mixed liquor volatile suspended solid (MLVSS) of 2000–3000 
ppm. The introduction to the bioreactor of infl uent containing a 2

4SO − -concentration of 20,000 
ppm (conductivity: 30,100 μS/cm) resulted in almost complete removal of perchlorates below 
the detection limit for a short period of time. The persistence of this condition, however, seri-
ously inhibited the microbial activity.

Keywords:  Perchlorate; Zinc smelting; Conductivity; Biological treatment; Percent diff erence; 
Distortion

1. Introduction

Since their fi rst successful artifi cial synthesis in the 
1890s in Sweden, perchlorates ( 4ClO− ) have been exten-
sively applied as propellant for rockets and missiles, 
commercial explosive, air bag initiator in vehicles, fi re 
work gunpowder, reagents, etc [1]. The perchlorate ion 
has the tetrahedral structure with four oxygen atoms 
surrounding the chlorine atom. The high oxygen con-
tents of perchlorate salts make them ideal as oxidizers.

The perchlorates released to the environment, 
being soluble in water, are introduced to the aque-
ous systems and move rather long distance from the 
source through the aquatic paths. They do not form 
covalent bonds with other ions, and linger in the envi-
ronment. Perchlorates are easily introduced to the 
human body through the polluted food and water. 
Perchlorates, although used for medical purposes, 
react with the sodium iodine symporter and inhibit 
the iodine uptake by thyroid, causing hypothyroidism 
and subsequently aff ect the thyroid hormone secre-
tion [2]. The insuffi  cient release of these hormones 
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can cause problems in development of conspectuses 
or the growth of infants such as an irreversible brain 
damage [3]. The insuffi  cient intake of iodine can also 
induce thyroid functional disorder in pregnant or 
breast-feeding women followed by developmental 
disability or learning disorder in fetus or infants. The 
daily oral exposure (reference dose, RfD) to perchlo-
rates of a normal person is 0.7 μg/kg/day, the amount 
that is not likely to cause harmful eff ects during his 
lifetime. The United States Environmental Protection 
Agency (US EPA) had set the drinking water equiva-
lent level (DWEL) of perchlorates to 24.5 ppb (ppb) 
and reduced it to 15.0 ppb (ppb) in 2008. In Massachu-
sett s and California, the compulsory standard was set 
to 2 and 6 ppb, respectively, and in other states, in the 
range of 4–51 ppb [4].

Thus, it is crucial to maintain the amount of the per-
chlorates in the environment up to a point; the challenges 
have been focused on how to eliminate waste materi-
als effi  ciently. The purifi cation of the ground/drinking 
water can be achieved by means of simple ion exchange 
systems, whereas for the treatment of wastewaters con-
taining high concentrations of dissolved inorganic sub-
stances, heavy-duty ion exchange processes, membrane 
separations (i.e. electrodialysis and reverse osmosis) or 
electrochemical reduction using zero-valent iron are 
necessary [8]. However, the industrial-scale purifi ca-
tion of perchlorates containing wastewaters from LCD 
plants, chemical factories and smelting industries can-
not be stably performed by conventional physicochemi-
cal treatment methods.

Recently, researchers reported the removal of 
perchlorates from organic wastewaters using a bio-
logical treatment by anaerobic/aerobic reactions [5]. 
Microorganisms prefer 3NO− , 2NO−  or 3ClO−  as elec-
tron accept ors to perchlorates under anaerobic con-
dition [6]. Thus, it is possible to induce the growth 
of microorganisms by allowing the degradation of the 
perchlorates through addition of the electron accep-
tors such as 3NO− , 2NO−  or 3ClO−  into the wastewater. 
In addition, a biological treatment scheme with these 
characteristics will be useful to remove perchlorates 
from wastewaters containing high concentrations of 
total dissolved solids. Ions inhibit microbial growth 
and activity which degrade perchlorates in the waste-
water [7].

This research proposes an eff ective biological treat-
ment of perchlorates in smelting wastewaters contain-
ing high concentration of total dissolved solids after 
the dilution of the toxic material and addition of car-
bon source. The experimental work was carried out 
using the wastewater discharged from a factory with 
the biological treatment unit devised through the 
examination of wastewater characteristics and reduc-
tion technology.

2. Experiment and analysis

2.1. Experimental method

The biological treatment experiments included both 
batch and continuous reactors. The experiments using 
a batch reactor was carried out by mixing wastewater 
treated, acetic acid, nutrients and sludge for 6–8 h. The 
wastewater was obtained from the effl  uent of the selec-
tive zinc precipitation (SZP) process of zinc smelting 
and was diluted with distilled water to adjust the con-
centrations of 2

4SO −  to 0, 8000, 12,000, 16,000 and 20,000 
ppm. To maintain the concentration of perchlorates 
unchanged before and after the dilution of wastewa-
ter, NaClO4 was added to the reactor. The fi nal concen-
tration of acetic acid added as the extraneous carbon 
source was 150 ppm. As additional nutrients, urea was 
added to set the level of ammonium nitrogen to 25 ppm 
and KH2PO4 and K2HPO4 were used to set the level of 
phosphorus to 25 ppm. The level of MgSO4 was set to 
2 ppm and the level of yeast extract was set to 25 ppm 
(dry weight). The microorganisms for perchlorate deg-
radation were obtained from the return sludge from a 
sewage treatment plant and acclimated to the experi-
mental condition. In the experiment without smelting 
wastewater (i.e., 0 ppm 2

4SO − ), the inoculums sludge 
was acclimated to the same culture solution for 7 days.

In the experiment using the smelting wastewater, 
the microorganisms were cultivated under the con-
dition of increasing concentration of total dissolved 
solids, gradually decreasing the dilution factor of the 
wastewater for 6 days before adjusting the concentra-
tion of 2

4SO −  to the target concentration 1 day prior to 
the experiment. The acclimation of microorganisms to 
the target sulfate concentration was allowed for 5 days 
in the follow-up batch reactor experiments. The sludge 
was washed three times with cultivation solution and 
inoculated to the reactor in the amount of MLVSS to 
reach 650 ppm, which was increased to 1500 ppm in the 
follow-up experiments. After mixing, the sludge was 
aerated with pure nitrogen gas for 5 min to eliminate 
dissolved oxygen. The reactor was sealed with a cap 
after pH was adjusted to 7.0 and the sludge was aer-
ated with nitrogen gas for additional 2 min. The reac-
tor, whose concentration was 0 ppm, was monitored in 
the absence of 2

4SO −  using a pH meter through the hole 
in the sealing cap. Every reactor was stirred completely 
through the experimental processes.

The experimental system for the continuous reac-
tor experiment was composed of anaerobic and aerobic 
reactors and a precipitation tank (Fig. 1) whose reten-
tion times were set to 0.5, 0.2 and 0.8 day, respectively. A 
stirring apparatus was installed in the anaerobic reactor 
for mixing, and an aerator was equipped for mixing and 
oxygen supply. The wastewater used in the experiments 
was supplied by the Smelting Factory A and diluted 
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To investigate the eff ect of anion interference, a 
mixed solution of NaCl, Na2SO4 and Na2CO3 contain-
ing 5000 ppm of the individual anions ( 2

4SO − , Cl– and 
2
3CO − ) was prepared. The mixed solution was diluted 

to prepare sample solutions with anion concentration 
ranging 0–1000 ppm. Twenty fi ve ppb perchlorates 
were added to the sample solutions.

The perchlorate recovery rate was determined using 
diluted (5×) and un-diluted smelting wastewater, into 
which perchlorates (10 ppb) were added. Perchlorates 
in both samples were measured with fi ve replicates, and 
the recovery rate was determined by subtracting the 
concentration of perchlorates in the diluted blank sam-
ples (no addition of perchlorates) from the correspond-
ing value of the samples with added perchlorates.

3. Results and discussion

3.1. Determination of MDL and MRL

The results obtained by the AG16/AS16 column for 
the solutions containing 5 and 10 ppb were 1.2 and 1.6 
ppb, respectively. The corresponding values obtained 
using the AG20/AS20 column were rather similar (1.1 
and 1.2 ppb, respectively).

In general, the MRL for perchlorates is three times 
higher than the MDL or fi ve times higher than the noise 
in the chromatogram [9]. The values of three times MDL 
for the sample concentrations of 5 and 10 ppb were 3.5 
and 4.7 ppb with AG16/AS16 column and 3.3 and 3.5 
ppb with AG20/AS20 column, respectively. Considering 
the noise of the chromatogram, the MRL for perchlo-
rates should be greater than the values above.

with tap water before the experiments. Each of four bio-
reactors received diluted wastewater, whose 2

4SO −  con-
centration was diff erent from one another (<500–25,000 
ppm) with a rate of 2 L/d. As exogenous carbon source, 
acetic acid (300 ppm), nitrogen (15 ppm, urea was used) 
and phosphorus (5 ppm) were added to the diluted 
wastewater, and pH was set to 5.0 before the wastewater 
was introduced into the reactors in order to keep their 
pH neutral. For the microbial inoculation, the return 
sludge from the biological treatment facility of Smelting 
Factory A and the sewage treatment plant were mixed. 
The amount of MLVSS in the anaerobic reactors ranged 
between 2000 and 3000 ppm.

2.2. Analytical methods

The analysis of perchlorates was performed accord-
ing to the EPA method 314.0 [7]. The concentration of 
perchlorates was determined by ion chromatography 
(IC; DX500, Dionex) using AG16/AS16 and AG20/AS20 
columns. The IC conditions for the perchlorate analysis 
are summarized in Table 1. In this study, 1 mL samples 
were introduced into the IC system that comprised of a 
pump, injection valve, guard column, analytical column, 
suppressor, and conductivity detector.

Before the perchlorate analysis, we evaluated the 
accuracy of the chromatographic columns (AG16/AS16 
and AG20/AS20) used for the analysis of perchlorates. 
The method detection limit (MDL), the detectable mini-
mum concentration, and the minimum reporting level 
(MRL), the quantifi able minimum concentration of per-
chlorates, were compared.

The precision of analysis, the detection limits and 
the eff ect of interfering ions ( 2

4SO − , Cl–, 2
3CO − ) were also 

considered in the evaluation of the results. Deionized 
water was used for all the analyses, and the samples 
were fi ltered through 0.45 μm fi lters.

Fig. 1. The biological reactors for the continuous pe  rchlorate 
treatment experiment. (1) Rotating motor, and various reac-
tors of (2) anaerobic/anoxic (3) aerobic and (4) sett ling.

Table 1
IC condition for perchlorate analysis

IC DX500 (Dionex) 

Column AG16 (4 mm, Dionex), AS16 
 (4 mm, Dionex)

 AG20 (4 mm, Dionex), AS20 
 (4 mm, Dionex)

Suppressor ULTRAII ASRS 4 mm 
 (300 mA, Dionex)

Detector ED40 (Dionex)

Injection volume 1000 μL 

Eluent 50 mM NaOH

Flow rate 1.0 mL/min for AS16 and 
 1.2 mL/min for AS20
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The signals of the chromatograms for 5 ppb using 
AG16/AS16 column and for 4 ppb using AG20/AS20 col-
umn exhibited values 5 points greater than the noise. It is 
suggested that the MRL for perchlorates would be 5 ppb 
and 4 ppb for the AG16/AS16 and for the AG20/AS20 
column, respectively. In the present study, the results 
were evaluated on the basis of the values obtained using 
the AG16/AS16 column.

3.2. Standard for ion interference

When measuring perchlorates in a complex matrix 
sample, the analytical sensitivity would be insignifi -
cant. Especially, general ions such as 2

4SO − , Cl– and 
2
3CO −  exhibit a short retention time and sensitive 

reaction in a column for perchlorate measurement, 
acting as inhibitors. Fig. 2 shows the chromatograms 
of a sample of 25 ppb perchlorates in deionized water 
(a) and of a sample containing the same concentra-
tion of perchlorates in the presence of 1000 ppm of 

2
4SO − -, Cl–-, and 2

3CO −  ions (b). As the concentration 
of the interfering ions increased, the conductivity 
increased rapidly at the retention time of 3.5–4 min, 
decreased gradually, and aff ected until perchlorates 
were detected. Wastewater in general contains high 
concentration of such interfering ions which can 
cause an analytical error in perchlorate measurement. 
Therefore it is required to set a limit for the amount of 
interfering ions and to eliminate them with pretreat-
ment or dilution in cases their concentration exceeds 
this limit.

The EPA Method 314.0 [9] recommends a prepara-
tion of a series of model solutions containing the same 
perchlorate concentration and adding diff erent amounts 
of 2

4SO − , Cl– and 3CO−  in deionized water. The concen-
tration of 2

4SO − , Cl– and 3CO−  should be maintained the 
same in the individual solution.

Although the ionic solutions prepared contain the 
same amount of 2

4SO − , Cl– and 3CO− , their ratio in actual 
samples are diff erent. Therefore, it is more rational to 
use conductivity than the concentration of such ions to 
set the limits of the ion interference. Since the interfer-
ing ions aff ect the height of perchlorate peak rather than 
its area when analyzing samples with an IC system, 
the peak area to height (A/H) ratio could indicate the 
degree of inhibition. The conductivity, when the percent 
diff erence exceeds 20%, is set to the matrix conductiv-
ity threshold (MCT). The conductivity of samples mea-
sured should be less than the MCT.

Linear increase was observed in the relationship 
between the conductivity and perchlorate percent dif-
ference in the ionic solutions that have diff erent concen-
trations of 2

4SO − , Cl– and 3CO−  when measured using 
the AG16/AS16 column (Fig. 3) and the AG20/AS20 col-
umn (Fig. 4). The concentrations of interfering ions at 
20% diff erence were 270 and 330 ppm, and the conduc-
tivities at the concentrations were 2236 and 2537 μS/cm, 

Fig. 2. The chromatogram for the samples containing 25 ppb perchlorate (a) without 2
4SO − , Cl– and 2

3CO −  and (b) with
2
4SO − , Cl– and 2

3CO −  (each 1000 ppm).

Fig. 3. The relationship between percent diff erence (PDA/H) 
and conductivity at diff erent concentrations of 2

4SO − , Cl– 
and 2

3CO −    for AG16/AS16 column.
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respectively, exhibiting higher values for the AG20/AS20 
column.

We also examined whether the limit for the concen-
tration and conductivity of mixed interfering ions could 
also be applied to smelting wastewater because its 2

4SO −  
concentration is higher than those of the other interfer-
ing ions. Fig. 5 shows the relationship between conduc-
tivity and percent diff erence when the ionic solutions 
contain diff erent amounts of 2

4SO −  (only for the AG16/
AS16 column). The 2

4SO −  concentration at 20% diff er-
ence was 1220 ppm, higher than those of the other ions 
such as Cl– (810 ppm) and 2

3CO −  (270 ppm). The conduc-
tivity, however, for these concentrations did not show a 
considerable variation (2450 μS/cm for 2

4SO −  only and 
2236 μS/cm for the mixed ions). In other words, the MCT 
[7] is applicable to the measurement of perchlorates in 
smelting wastewater when the eff ect of interfering ions 
was minimized.

It was also studied whether the 2
4SO −  concentration 

and MCT could be applied for reducing the eff ect of 
inference ions when quantifying perchlorates in smelt-
ing wastewater. Fig. 6 shows the relationship between 

2
4SO −  concentration and conductivity when the waste-

water discharged from a smelting factory is diluted with 
deionized water. The effl  uent exhibited the 2

4SO −  con-
centration of 7450 ppm and the conductivity of 11,630 
μS/cm. The effl  uent was diluted with deionized water 
and the relationship between 2

4SO −  concentration and 
conductivity was similar to that of the ionic solution of 

2
4SO −  only in deionized water when the 2

4SO −  concen-
tration was below 2500 ppm. Thus, it is suggested that 
both MCT and 2

4SO −  concentration can be used as the 
limit for percent diff erence under ca. 20% in measuring 
the amount of perchlorates in smelting wastewater.

3.3. Biological treatment of perchlorates in smelting 
wastewater

The objective of both the batch and the continu-
ous reactor experiments was to develop a biologi-
cal treatment method of perchlorates in the inorganic 
wastewater from the Smelting Factory A containing 
high concentration of dissolved inorganic compounds 
(Table 2). These inorganic materials inhibit microbes by 
increasing osmotic pressure inside the organisms, which 
hampers the treatment process. Kincannon and Gaudy 
[10] observed that microbial plasmolysis induced the 
increase in SCOD by 600 ppm when NaCl (4.5%) was 
added into the batch bioreactor containing 650 ppm of 
MLVSS. Pernett i and Di Palma [7] evaluated the adverse 
eff ect of Na2SO4 on the microbial activity. When Na2SO4 
was applied to the aerobic bioreactor, the microbial activ-
ity decreased proportionally to the concentration of the 
salt. The organic matt er decomposition rate decreased 
by 40% with the rise in the Na2SO4 content from 0% to 
1.5% and by 80% at 3.0%-point.

Since the wastewater from the Smelting Factory A 
contained high concentration of dissolved inorganic 
compounds, it was necessary to fi nd the range of the 
solids so that the biological treatment facility removes 

Fig. 4. The relationship between percent diff erence (PDA/H) 
and conductivity at diff erent concentrations of 2

4SO − , Cl– 
and 2

3CO −  for AG20/AS20 column.

Fig. 5. The relationship between percent diff erence (PDA/H) 
and conductivity at varying concentration of 2

4SO −  for AG16/
AS16 column.

Fig. 6. The relationship between conductivity and 2
4SO −  con-

centration in the diluted effl  uent from zinc smelting process.
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perchlorates at a satisfactory level. At the same time, the 
eff ect of changes in inorganic dissolved solid content on 
the effi  ciency of perchlorate removal was evaluated.

It was not possible to measure the total amount of 
dissolved inorganic compounds; hence 2

4SO −  concen-
tration and conductivity were used as alternatives. It 
was because the ion exhibited the highest concentra-
tion among inorganic ions contained in the wastewa-
ter from the Smelting Factory A and the conductivity 
was proportional to the total amount of inorganic ions. 
Those two indices are convenient for the continuous 
monitoring.

3.3.1. Eff ect of interfering ion on perchlorate removal

The biological treatment experiments were carried 
out using a series of diluted wastewater samples con-
taining diff erent 2

4SO −  concentrations to evaluate the 
effi  ciency of perchlorate removal as a function of the 
concentration of interfering ion. The dependence of 
the conductivity on the 2

4SO −  concentration is summa-
rized in Table 3. The sample with 2

4SO −  concentration 
of below 500 ppm was prepared by adding perchlorates 
and nutrients into tap water instead of smelting waste-
water in the continuous reactor experimen

Since the diluted smelting wastewater samples con-
tain high concentration of interfering ions, especially 

2
4SO −  causing analytical errors, it is essential to mea-

sure perchlorates under the condition of below the MCT 
value. To ensure this condition, perchlorates were mea-
sured after diluting the samples containing high concen-
tration of interfering ions. The samples having the 2

4SO −  
concentrations of 8000, 12,000 and 16,000 ppm were 
diluted 25 times, and those of 20,000 and 25,000 ppm 
were diluted 50–100 times depending on the expected 
perchlorate concentration. Samples without smelting 

wastewater and with low concentration of interfering 
ions were not diluted. Since the maximum MDL deter-
mined in this study was 1.6 ppb, the perchlorate concen-
tration that can be measured is 1.6 ppb for the samples 
without smelting wastewater. The values of the samples 
containing smelting wastewater were obtained by mul-
tiplying the above perchlorate concentration by the 
dilution of the samples. For example, the concentration 
of perchlorates that can be measured is 40 ppb for the 
samples containing 2

4SO −  concentrations of 8000, 12,000, 
and 16,000 ppm.

3.3.2. Batch reactor experiment

The eff ect of dissolved inorganic solids on the biolog-
ical degradation of perchlorates was evaluated through 
the batch reactor experiments. The temporal change in 
perchlorate concentration with varying 2

4SO −  concen-
tration is summarized in Figs. 7 and 8. Fig. 7 shows the 
experiment results conducted using microorganisms 
cultivated in the media whose 2

4SO −  concentration was 
adjusted to the target level 1 day prior to the experi-
ments, and Fig. 8 shows the result of the study with 
microorganisms cultivated for 5 days. In the absence 
of 2

4SO − , almost all perchlorates were degraded within 
3 h, whereas only 55% of perchlorates were degraded 
within 6 h for the sample containing 8000 ppm 2

4SO − . 
For the samples with 2

4SO −  concentrations higher than 
12,000 ppm, only limited amount of perchlorates was 
degraded.

The batch reactor experiments were conducted again 
to re-evaluate the inhibitory eff ect of dissolved inorganic 
solids on the biological treatment of perchlorates after 
cultivating microorganisms for 5 days in each experi-
mental condition and increasing inoculums concentra-
tion (MLVSS) to 1500 ppm. The results are summarized 

Table 2
Physicochemical characteristics of zinc smelting wastewater

Items sample 4ClO−  (ppm) 2
4SO −  (ppm) Cl– (ppm) 3NO−  (ppm) Conductivity (μS/cm)

Recycling process water 104–450 56,668–240,000 196–516 6.4 490,000–920,000

Wastewater after  8.3–25.0 6476–20,000 13.2–71.6 2.0 10,630–16,930
physicochemical treatment

Table 3
2
4SO −  concentration and conductivity for biological treatment of perchlorate

2
4SO −  (ppm) <500 8000 12,000 16,000 20,000 25,000

Conductivity (μS/cm) 428 13,810 19,730 24,800 30,100 38,200
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in Fig. 8. The microorganisms were stabilized through 
5-day acclimation and exhibited higher biodegradation 
effi  ciency than the microorganisms acclimated for 1 day. 
Almost all perchlorates were degraded within 6 h in 
the presence of 12,000 ppm 2

4SO −  and were degraded 
in about 8 h under 16,000 ppm 2

4SO − . These results 
indicate that the adverse eff ect of dissolved inorganic 
solids on perchlorate degradation could be reduced 
by increasing the acclimation time of microorganisms 

and the inoculums concentration. The retention time in 
the biological treatment facility at the Smelting Factory 
A is 0.85 day. It is implied that perchlorates could be 
degraded to a satisfactory level in the presence of 16,000 
ppm 2

4SO −  (conductivity 24,800 μS/cm) when the micro-
organisms acclimated to dissolved inorganic solids were 
maintained above 1500 ppm MLVSS.

Since the perchlorate content decreased linearly in all 
the experiments after the initial acclimation time, the spe-
cifi c degradation rate was determined by linear regres-
sion analysis. The results are summarized in Table 4.

The perchlorate degradation rate was about 0.037/h 
in the absence of 2

4SO −  and was similar to the one deter-
mined by Logan et al. [11] who studied the degrada-
tion rate using the microorganism (Dechlorosoma sp. KJ) 
isolated and cultivated in a bioreactor for perchlorate 
degradation. The rate decreased greatly with increas-
ing concentration of 2

4SO − , and the eff ect of 5-day accli-
mation increased as well. In the presence of 12,000 and 
16,000 ppm 2

4SO − , the degradation rates of microorgan-
isms acclimated for 5 days increased 2.5 and 1.8 times, 
respectively, compared to the values obtained using the 
ones acclimated for 1 day.

3.3.3. Continuous treatment experiment

The effi  ciency of perchlorate treatment and the sta-
bility of the process were evaluated using the results of 
continuous treatment experiment. The retention time 
of anaerobic reactor was set to 0.5 day which is shorter 
than that of the Smelting Factory A (0.85 day), and the 
concentration of perchlorates in un-treated wastewater 
infl ow was kept higher overall. The amount of inorganic 
ions increased gradually to the target level over 1 month, 
before the experiments, to induce microbial acclimation. 
The MLVSS in the anaerobic reactor ranged from 2000 
ppm to 3000 ppm.

The perchlorate concentrations in the infl uent and 
the effl  uent are summarized in Fig. 9 presenting the 
data for experiments with infl uents of <500, 8000 and 
16,000 ppm 2

4SO − . During the experiments (over 70 
days), the concentration of perchlorates in the effl  uents 
was below the detection limits with exception of the fi rst 
three measurement for all the infl uents. The maximum 

Fig. 8. Perchlorate degradation at various 2
4SO −  concentra-

tions (Incubation 5th day, MLVSS 1500 ppm).

Fig. 7. Perchlorate degradation at various 2
4SO −  concentra-

tions (Incubation 1 day, MLVSS 650 ppm).

Table 4
Specifi c perchlorate degradation rate (g-perchlorate/g-MLVSS/h) at various 2

4SO −  concentrations

2
4SO −  (ppm) 0 8000 12,000 16,000 20,000

Degradation rate (h–1) 0.0365a 0.0121a 0.0017a 0.0018a 0.0012a

   0.0043b 0.0033b

aIncubation   1 day, MLVSS 650 ppm.
bIncubation 5day, MLVSS 1,500 ppm
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perchlorate concentration in the effl  uents was about 
0.1 ppm for <500 ppm 2

4SO −  and slightly greater than 0.1 
ppm for 8000 ppm 2

4SO − . For the 2
4SO −  concentration 

at 16,000 ppm, the maximum perchlorate concentra-
tion reached 0.21 ppm at the initial stage of the experi-
ment, followed by 0.1 and 0.09 ppm in two samples. The 
results suggest that the perchlorates can eff ectively and 
stably be removed in the presence of 16,000 ppm 2

4SO −  
(conductivity: 24,800 μS/cm).

Fig. 10 shows the concentration of perchlorates in 
the infl uents and the effl  uents for the experiments with 
the infl uent 2

4SO −  concentrations of 20,000 and 25,000 
ppm. The effl  uent perchlorate concentration rapidly 
increased to levels similar to the concentration in the 
infl uent on day 7 when the 2

4SO −  concentration was 
elevated form 16,000 ppm to 25,000 ppm. The concen-
tration of 2

4SO −  at 25,000 ppm was maintained for 7 
days and was lowered to 20,000 ppm after replacing 
the half amount of sludge by fresh one. The perchlo-
rate concentration in the effl  uent gradually decreased 
to below the detection limits for 7 days and increased 

rapidly to the level similar to the concentration in the 
infl uent thereafter. These results imply that the infl uent 
containing 20,000 ppm 2

4SO −  can be treated for short 
term with highly active microorganisms and that most 
of the microorganisms lose their activity if the condi-
tion persists. It is suggested that the maximum 2

4SO −  
concentration in infl uent should range between 16,000 
and 20,000 ppm (conductivity: 24,800–30,100 μS/cm) for 
the stable biological treatment of perchlorates.

In the Smelting Factory A, the concentration of 2
4SO −  

could increase up to 20,000 ppm. Such a temporary high 
concentration of 2

4SO −  in the infl uent would not exert an 
adverse eff ect on microbial activity, but sustained infl ux 
of infl uent with high 2

4SO −  concentration requires reduc-
ing the inorganic ion contents (i.e., 2

4SO − ) by dilution or 
chemical treatment.

Since in a biological treatment facility changes in 
characteristics and fl ow rates of effl  uent from each pro-
cess of a smelting factory can change the perchlorates 
or dissolved inorganic solid content, we evaluated the 
dynamics of perchlorates, giving such a shock load. 
Fig. 11 shows changes in perchlorate concentration in 
the infl uent and the effl  uent with varying degrees of 
infl uent 2

4SO −  concentration, which gradually increased 
from 3000 to 16,000 ppm. With the infl uent 2

4SO −  con-
centration of 8000 ppm, the effl  uent perchlorate was not 
detected although the concentration of perchlorates in 
the infl uent changed rapidly from 10 ppm to 60 ppm. It 
should be noted that acetic acid and nutrients did not act 
as limiting substances and that the dosage of acetic acid 
should remain unchanged in order to get similar treat-
ment effi  ciency in the result of this study.

As the concentration of 2
4SO −  in the infl uent gradu-

ally increased (<500 ——>   3000 ——>   5000 ——>   8000 ——>   12,000 
——>   8000 ——>   16,000 ppm), the concentration of perchlo-
rates in the effl  uent increased to 3.2–3.4 ppm almost 
simultaneously with the changes in 2

4SO −  concentra-
tion. The system, however, was soon stabilized with 

Fig. 11. The concentration of perchlorate in infl uent and 
effl  uent when 2

4SO −  concentration increases gradually 
(3000–16,000 ppm).

Fig. 10. The concentration of perchlorate in infl uent and effl  u-
ent at various 2

4SO −  concentrations (20,000 and 25,000 ppm).

Fig. 9. The concentrations of perchlorate in infl uent and 
effl  uent at various 2

4SO −  concentrations (<16,000 ppm).
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the perchlorate concentration below the detection limit. 
After 110 days, when the system was fully stabilized, 
the increase in 2

4SO −  concentration from 8000 ppm to 
16,000 ppm did not induce any increase in perchlorate 
concentration.

Fig. 12 summarizes the variability of perchlorate 
concentrations in the infl uent and the effl  uent in the 
case of rapid change in 2

4SO −  concentration from <500 
ppm to 16,000 ppm. Three days after the change, the 
concentration of perchlorates in the effl  uent started to 
increase reaching a maximum of 30 ppm. After that, 
the perchlorate concentration gradually decreased and 
the system was stabilized after 40 days from the begin-
ning. The biological treatment could degrade perchlo-
rates under the condition of 16,000 ppm 2

4SO − . Once the 
concentration of 2

4SO −  changes rapidly as in the experi-
ments, which is diff erent from gradual changes, it takes 
about 1 month for microbes to acclimate to the change. 
Therefore, it is required to establish a plan to gradually 
control the change in dissolved inorganic solids when 
such an abrupt change is expected.

3.3.4. The eff ect of nitrates

In smelting wastewaters containing very high 
concentrations of inorganic materials (i.e., 2

4SO −  con-
centration of about 22,000 ppm, approximately), the 
perchlorates cannot be further removed due to the inhi-
bition eff ect of the salts on the microorganisms. The 
effi  ciency of perchlorate treatment was evaluated with 
the addition of nitrate into the wastewater, which is 
an electron acceptor whose degradation mechanism is 
similar to perchlorates. A batch reactor experiment was 
conducted by inoculating microbes into smelting waste-
water containing 35 ppm perchlorates and adding ace-
tic acid (ca. 140 mg COD/L) as a carbon source. Another 
batch reactor experiment was carried out by adding 35 
ppm 3NO−  into the infl uent wastewater prepared for the 

Fig. 12. The concentration of perchlorate in infl uent and 
effl  uent when 2

4SO −  concentration increases rapidly (<500 
——>   16,000 ppm).

Fig. 13. COD and time variation with the addition of nitrate 
into batch system.

Fig. 14. Perchlorate and time variation with the addition of 
nitrate into continuous system

previous experiment. The changes in the acetate concen-
tration are shown in Fig. 13. For the fi rst experiment 
condition containing only perchlorates in the waste-
water, the concentration of acetate rarely varied. The 
acetate concentration, however, decreased in the second 
experiment with the addition of nitrate as an electron 
acceptor for the growth and activity of the microorgan-
isms. The results imply that perchlorates alone could not 
induce microbial growth or activity in the wastewater 
containing high amount of dissolved inorganic solids. 
However, when the electron acceptors such as 3NO−  are 
present, the microorganisms could grow while consum-
ing organic material using only 3NO−  or 3NO−  with the 
assistance of perchlorates.

Fig. 14 depicts the changes in perchlorate concentra-
tions in the biological treatment of smelting wastewater 
containing only 45 ppm perchlorates and when nitrates 
were added into the wastewater. Acetic acid (250 mg 
COD/L) was added as an exogenous carbon source in 
all experiments. At the initial stage of the biological 
treatment, most of the perchlorates were not removed. 
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When microorganisms were additionally inoculated in 
the anaerobic reactor approximately 15 days after the 
beginning of the treatment, the perchlorate concentra-
tion in the effl  uent gradually decreased and almost 
reached zero after 40 days. However, the concentra-
tion of perchlorates in the effl  uent increased rapidly 
one week after that point, bringing their level close to 
that of the infl uent. This suggests that microorganisms 
exhibit litt le growth or activity when only perchlorates 
are contained in the wastewater. When 3NO−  was added 
(45 ppm) on the 95th day after the beginning of the 
treatment, the perchlorate concentration in the effl  uent 
gradually decreased and reached zero after 140 days. 
With the addition of 3NO− , additional exogenous carbon 
source was consumed by 30 mg COD/L. However, this 
facilitated microbial growth and activity, and removed 
perchlorates almost completely.

4. Conclusions

This study demonstrated that the biological treatment 
can successfully remove perchlorates from the wastewa-
ter (100 m3/d) discharged from the smelting factory A 
although it contains high perchlorates and dissolved inor-
ganic solids concentrations inhibiting microbial activity.

Considering the composition of wastewater and the 
availability of measurement, 2

4SO −  and conductivity 
were used to simulate the eff ect of dissolved inorganic 
solids. When the concentration of 2

4SO −  increased from 
0 to 16,000 ppm (conductivity: 428 ——>   24,800 μS/cm), 
the degradation rate of perchlorates decreased by 0.1 
times. However, relatively high amount of perchlorates 
was degraded with the retention time of 0.5 day and 
MLVSS 2000–3000 ppm. When the infl uent wastewater 
contained 20,000 ppm of 2

4SO −  (conductivity: 30,100 
μS/cm), perchlorates could be treated only for a short 
term. The high concentration of 2

4SO −  sustained in the 

infl uent for a long time inhibited microbial activity, so 
it was required to reduce the amount of 2

4SO −  and other 
inorganic dissolved ions in the infl uent by the enhanced 
dilution or chemical treatment.

When the wastewater contained perchlorates and 
high concentrations of dissolved inorganic solids ( 2

4SO −  
22,000 ppm) included perchlorates only, microbial activ-
ity and growth were limited. However, the presence of 
electron acceptors such as 3NO−  in the wastewater, along 
with perchlorates, accelerated microbial activity and 
growth, which helped to degrade perchlorates.
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