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Abstract 
Increasingly, as regulatory limits become more stringent, selenium has be-
come a parameter of concern. Selenium is a naturally occurring element that 
is largely mobilized by anthropogenic activity such as mining for fuel and 
subsequent combustion, metal ore refining and processing, and agricultural 
irrigation. Of concern is removing selenium liquid matrices and immobilizing 
it from leachable solid matrices. Chemical reduction and stabilization using 
zero valent iron (ZVI) is applicable to both concerns. The solid matrix case 
study is applicable to ash ponds solids or industrial bag house dust solids. This 
paper presents data for treatment and stabilization of selenium within a solid 
matrix using ZVI. The methodology uses an aqueous mediate reaction to 
promote a stable solid matrix of non-leachable selenium. The paper describes 
matrix challenges and key variables that effected successful treatment. Testing 
with simulated and real bag house dust solids were used to establish data to 
support the permeance of the reaction. The data show that ZVI converts ionic 
selenium to a zero valent state in the solid matrix. It was also recognized that a 
fraction of ionic selenium may fail to react with the ZVI, but the results show 
that despite the presence of the unreacted ionic selenium, the toxicity charac-
teristic leachate procedure (TCLP) results following treatment do not exceed 
the 1 mg/L hazardous waste criteria. 
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1. Introduction 

Increasingly, as regulatory limits become more stringent, selenium has become a 
parameter of concern. Selenium is a naturally occurring element that is largely 
mobilized by anthropogenic activity such as mining for fuel and subsequent 
combustion, metal ore refining and processing, and agricultural irrigation [1] 
[2]. Selenium, despite being an essential trace element needed by all organisms, 
is if concern in larger concentrations due to its potential to bioaccumulate which 
can result in toxic effects [3]. 

One particular concern is immobilizing selenium contained in a solid waste 
material prior to disposal. The environmental fate of selenium is closely linked 
to it redox state, as the oxyanions selenite (Se4+) and selenate (Se6+) are mobile 
and relatively poorly adsorbed on natural solids [4]. Selenite and selenate are 
more readily bioavailable and pose a greater toxic risk than elemental selenium 
[5]. It has been seen that selenium is leached from solids such as baghouse dust 
(BHD) from aluminum processing when analyzed using the Toxicity Characte-
ristic Leachate Procedure (TCLP) (USEPA Method 1311). Chemical reduction 
and stabilization using zero valent iron (ZVI) was considered for a BHD con-
taining selenium at concentrations that caused the solid matrix to exceed cha-
racteristically a 1 mg/L TCLP hazardous thresholds (USEPA, 40 CFR 261.24). 
Under this program, an approach was developed which utilized ZVI with BHD 
in a water-phase promoted chemical reduction and surface adsorption reaction. 

The motivation for this research was regarding United States Environmental 
Protection Agency (USEPA) Land Disposal Restrictions (LDR) Phase IV: Final 
Rule Promulgating Treatment Standards for Metals Wastes and Mineral Processing 
Wastes [6]. This standard documents that addition of iron metal, in the form of 
fines, filings, or dust, for the purpose of ostensibly achieving a treatment stan-
dard for lead in foundry sands is “impermissible dilution” [6]. An interpretation 
of this ruling by a non-federal agency regards use of ZVI to treat metals other 
than lead in matrices other than foundry sands as “impermissible dilution.” This 
contrasts with the argument that addition of ZVI constitutes treatment when the 
iron metal is an integral reagent for chemical reaction and stabilization (e.g., ef-
ficacy of treatment). Concerns regarding the long-term stability of selenium in 
the BHD subsequent to disposal in a landfill were also expressed (e.g., perma-
nence of treatment). 

This paper presents bench-scale stabilization testing conducted and describes 
the methods and results of the simulated landfill stabilization testing. The objec-
tive was to demonstrate the efficacy and permanence of treatment with respect 
to selenium-ZVI treatment in a BHD matrix. This treatment has been the focus 
of many other studies with positive results for selenium decontamination in-
cluding agricultural drainage water and ash pond water from a coal-fired power 
plant [7] [8]. 

At low concentrations of selenium in water, selenium is removed through 
surface adsorption and chemical reduction [9] [10]. The reaction mechanism is 
as follows [9]: 
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2

0Fe Fe 2e 0.41 VE+ − = −⇔ +                  (1) 

4 2 2 03HSeO 3H 2e H SeO H O 1.15 VE− + −+ = −+ ⇔ +           (2) 

2 0 03 2H SeO 4H 4e Se 0 74 V3H .O E+ −+ = −+ ⇔ +           (3) 

The standard reduction potentials of Reactions 2 and 3 are higher than Reac-
tion 1, indicating that selenate can be reduced to elemental selenium (Se0) by ID 
(Fe0) under standard conditions [11]. Recent work by Ling has demonstrated 
through advanced microscopy and analysis that that chemical reduction of Se+4 
to Se0 is the main Se-ZVI reaction mechanism [12]. 

The form of selenium in the landfill will be dependent on the environmental 
conditions present. It is recognized that over time as the stabilization of the 
waste passes from aerobic to anaerobic to methanogenic, oxidation-reduction 
potential (pe) decreases, indicating that the landfill will maintain a significant 
reducing environment [13]. As can be seen by the pe-pH diagram (Figure 1), 
the shaded rectangle represents a typical landfill environment (acidic pH and 
low pe) [11]. Within this environment, the selenium metal (Se0) and selenide 
(Se2−) will be stable and thus there exists limited potential for re-oxidation to se-
lenate or selenite. In reducing conditions selenium solubility is low, but when 
the pe is above 3.38 the concentration of dissolved selenium increases signifi-
cantly. Selenium solubility is at its maximum in oxidizing conditions at a pH of 
6.5, with increasing solubility as pe increases [14]. Therefore, within a landfill 
environment, the selenium metal (Se0) and selenide (Se2−) should be stable and 
thus there exists limited potential for re-oxidation to selenate or selenite. 
 

 
Figure 1. The pe vs pH for selenium and selenium containing compounds. The shaded 
box area indicates likely landfill conditions for both oxidation-reduction potential (pe) 
and pH [11]. 

0               2               4                6               8               10             12             14
pH 

20

15

10

5

0

-5

-10

SeO4
2-

SeO4
2-

HSeO4
-

HSeO3
-

HSe-

H2Se

Se (0)

H2SeO
3

https://doi.org/10.4236/jep.2017.89062


S. A. Grieco et al. 
 

 

DOI: 10.4236/jep.2017.89062 993 Journal of Environmental Protection 
 

2. Testing Materials and Analytical Procedures 

Reagent grade (Fisher Scientific, USA) and production grade zero valent iron 
(ZVI) were used for testing. Bag house dust (BHD) was provided by manufac-
turer in the aluminum industry. Deionized water was used for all aqueous addi-
tions to solid test aliquots. Analytical grade zero valent selenium (ZVS) and sili-
ca power (Sigma Aldrich, USA) were used to prepare simulated reacted and sta-
bilized BHD. 

Particle size distribution was conducted via sieve screening (ASTM C136). 
Samples used for treatment were mechanically agitated using a shaker table. 
Toxicity characteristic leaching procedure (TCLP) tests were conduct both 
in-house and using an external laboratory (EPA Method 1311) using Type I ex-
traction solution. Aqueous phase selenium was quantified using ICP/AES (EPA 
Method 6010C). As noted in the results, certain samples were exposed to an in-
tensive acid/microwave digestion procedure in lieu of standard EPA hot nitric 
acid digestion method. 

3. Methods and Results 
3.1. Effect of ZVI Mass Ratio 

Several blends of BHD, ZVI, and water were selected for treatment. BHD and 
ZVI ratio blends tested include 96 BHD:4 ZVI, 92 BHD:8 ZVI ID and 90 
BHD:10 ZVI. Ratios are mass based. The 96 BHD:4 ZVI was selected based on 
bench-scale screening tests for use in the remaining tests (data not shown). 

3.2. Effect of ZVI Particle Size 

In order to identify an effective and practical source of iron for larger-scale op-
eration, a particle size distribution was performed with trial production grade, 
bulk production grade, and analytical grade iron dust. Particle sizes were 
screened between 20 and 400 mesh. Bulk production and analytical grades were 
found to be composed primarily of 100 to 400 mesh, approximately 70% - 80% 
by mass. Whereas the trial production grade was coarser with 70% of the sample 
mass residing in the 20 to 40 mesh range. 

Upon completing the particle size distribution, dusts of each incremental 
mesh size were used to quantify the efficacy of treating selenium in a BHD ma-
trix. Results from this testing are shown in Figure 2. As expected, the removal 
efficiency per unit mass of iron added increased with smaller particle size, due to 
greater surface area available for reaction. Results from this testing show that 
iron dust particles of 80 mesh or smaller result in 90% reduction in selenium as 
detected by the TCLP test after treatment; iron dust of this size range was consi-
dered optimum for treatment. 

3.3. Effect of Water Ratio 

Because the selenium in the BHD needs to be solubilized and contacted with the 
ZVI surface, adequate water is required. However, water not only adds mass 
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(and thus can increase the cost of disposal), but the requirements under 40 CFR 
268.3 impose an upper limit of materials that can be added to comply with per-
missible dilution values (EPA, 1998). Five different mass fractions of water were 
added to aliquots of 96 BHD: 4 ID, respectively. All samples were mechanically 
agitated until water and ZVI combined with the BHD. Figure 3 shows the sele-
nium TCLP results as a function of water added. 
 

 
Figure 2. Reduction in TCLP selenium concentration as a function of ZVI particle size. 
 

 
Figure 3. Observed selenium reduction in BHD blends with 96 BHD: 4 ID at varying 
mass fractions of water. Error bars indicate the range of values for replicate samples. 
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The results of this testing demonstrate that selenium-containing BHD can be 
chemically stabilized with ZVI at an approximate 96 BHD: 4 ID ratio with 35% 
water by mass, which is below the acceptable dilution ratio of 0.45. Above 35%, 
significant benefits were not observed. Below 35% water, the mass of water was 
insufficient to promote complete stabilization. This is because the selenium/iron 
oxidation-reduction reaction is a water-mediated reaction and the selenium 
must be dissolved and transported to the ZVI surface to occur. 

3.4. Effect of Cure Time 

During particle size distribution testing, TCLP tests were completed both 
in-house and using an external laboratory. Resulting selenium concentrations of 
TCLP from the external laboratory were consistently less than the in house 
TCLP extractions. It was recognized that samples sent to the external laboratory 
experienced approximately 3 days of time (transport and receiving) between 
treatment and commencement of analysis, whereas in house extractions began 
on the day treatment was performed. It was determined this transport time 
played a role in treatment efficiency. Therefore, additional testing was conducted 
utilizing treated material allowed to cure in open air for a time period of 3 and 
10 days, respectively, to allow for the mechanism of treatment to take place. 

Figure 4 shows TCLP values for BHD samples treated with water and ZVI for 
0, 3, and 10 day cure times. The “Initial Se TCLP” (0 days cure time) shows the 
reduction in selenium by comparing TCLP values from the external laboratory, 
before and after treatment with ZVI and water. This sample would have been 
subjected to a 3 day cure as a result of transport. Improvement upon curing is  
 

 
Figure 4. Average percent reduction in selenium TCLP. Error bars indicate the range of 
values for replicate samples. 
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supported by increased average percent reduction in selenium TCLP values and 
minimization of data distribution of replicates (Figure 4 error bars). These data 
support the observations of data from the outside lab and suggest that a mini-
mum 3 day cure time is necessary for optimized chemical stabilization. 

3.5. Longer-Term Static “Weathering” Tests 

Extended solids-phase extraction time periods were conducted on both 3 and 10 
day cured samples. Treated samples of BHD were submerged in TCLP extrac-
tion fluid for periods of 1, 2, 3 and 4 and 13 weeks. Results from extended TCLP 
extractions are shown in Figure 5. 

Average TCLP selenium concentrations of untreated BHD used in this phase 
of testing was 4.55 mg/L (range 4.39 to 4.71 mg/L). The resulting selenium con-
centrations were less than the 1.0 mg/L limit for hazardous waste criteria. Sam-
ples cured for 3 days result in an average reduction of leachable selenium by 
93%. Samples cured for 10 days result in an average reduction of leachable sele-
nium by 97%. 

Regarding the observable increase in dissolved selenium concentrations in the 
3-day cured material, there are several possible explanations as to why concen-
trations increase between weeks 4 and 13. Individual samples were prepared in 
an identical manner in a single batch, except for the cure time of 3 or 10 days. 
The increase of dissolved selenium in 3 day cured samples beginning in week 4 
may be a result of physical stability differences between the 3-day and 10-day 
cure samples. The shortened cure time may also not allow for adequate chemical 
stabilization, if some of the selenium is still present in aqueous solution which 
could be exposed during longer soak time. 
 

 
Figure 5. Selenium TCLP concentrations after extended extraction time. 
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3.6. Assessment of Zero Valent Selenium (ZVS) Permanence in the 
Absence of Iron in TCLP Test Solution 

The permanence of treatment considers the stability of selenium chemically re-
duced to a zero-valent state. To evaluate permanence a simulated BHD was pre-
pared using a mixture of zero valent selenium (ZVS) and silicon dioxide (SiO2) 
powder, to represent inert components of BHD. No iron was utilized to 
represent complete iron removal from the treated BHD (through reaction, solu-
bilization, and mobilization via landfill percolation). Although contact (i.e., close 
proximity) between the ZVI and selenium are required for surface electron 
transfer, there is no support that proximity is required to maintain a reduced 
chemical state. ZVS has a solubility of 0.24 µg/L and has reduced potential to 
solubilize without chemical oxidation [15]. 

Prior to blending with the SiO2 powder, ZVS was triple washed with DI water 
to remove ionic (oxidized) selenium from the surface. The triple washed ZVS 
was combined with the SiO2 powder in mass concentration of 0.125 g ZVS and 
99.875 g SiO2 powder. The bases of using this ratio was that a total selenium 
concentration of 0.125 g selenium per 100 g of actual BHD corresponded to a 
selenium TCLP of 8 mg/L, which is the maximum TCLP concentration consi-
dered in this testing. 

Results from the external laboratory and internal extraction testing are pro-
vided as Table 1. 

3.7. Quantification of Selenium in Baghouse Dust (BHD) 

Testing was conducted on BHD material to estimate the speciation of present in 
the as-received material Samples of raw, un-stabilized BHD and stabilized BHD 
were analyzed in triplicate (Table 2). The total quantity and speciation of sele-
nium has been estimated using a subtractive method. Using this method, TCLP 
tests were performed on BHD samples before and after stabilization methods, 
and compared to Total Selenium results from historical data from the manufac-
ture. 
 
Table 1. Zero Valent Selenium in the absence of iron: TCLP stability testing. 

External Laboratory Extraction Testing In-House Extraction Testing 

Description Result Units Description Result Units 

99.875 g Simulated BHD 
+ 0.125 g ZVS 

<0.05 mg/L 
99.875 g Simulated BHD 
+ 0.125 g ZVS in 2L of 
Acetic Extraction Fluid 

0.0060 mg/L 

- - - 
99.875 g Simulated BHD 
+ 0.125 g ZVS in 800 mL 
of Acetic Extraction Fluid 

0.0068 mg/L 

99.625 g Simulated BHD 
+ 0.375 g ZVS 

<0.05 mg/L - - - 

98.9 g Simulated BHD + 
1.1 g ZVS 

<0.05 mg/L - - - 
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Table 2. Total Selenium Results. 

 
Total Selenium  
Results (mg/kg) 

Selenium TCLP  
Results (mg/L) 

Leachable Selenium 
(rule of 20 adjustment) 

(mg/kg) 

Before Treatment 

105 3.37 67.4 

106 3.37 67.4 

91.6 3.42 68.4 

Average: 100.9 Average: 3.38 Average: 67.73 

After Treatment 

97.4 0.324 6.48 

99.9 0.236 4.72 

95.6 0.09 1.8 

Average: 97.6 Average: 0.22 Average: 4.07 

 
Total Selenium testing used a digestion of the solid BHD assay to solubilize 

and oxidize selenium contained within the BHD material (EPA Method 6010C). 
Therefore, total selenium results provide a good representation of all selenium, 
both ionic and ZVS. 

However, it is recognized that some selenium may be so tightly bound in the 
complex matrix of the BHD that it is not liberated even by the aggressive extrac-
tion method used for total selenium testing. As a secondary test of total selenium 
analysis, three samples of the as-received BHD were subjected to microwave as-
sisted nitric acid digestion and tested for total selenium using ICP/EAS per EPA 
Method 6010C. 

The average total selenium result using conventional EPA digestion protocol 
was 100.9 mg/kg versus 106 mg/kg using the aggressive digestion technique. The 
results suggest that the more aggressive digestion provided nominally differences 
and support that total selenium in the BHD quantified analytically using EPA 
Method 6010C is acceptable. 

In contrast, the TCLP extraction procedure utilized acidic, buffered DI water. 
Based on physical chemical properties, ionic selenium is leachable by the TCLP 
method, while ZVS is not. Therefore, the difference between the results of total 
selenium testing and TCLP testing of BHD can be used to determine the amount 
of selenium in zero valent form in stabilized solids. 

3.8. Proposed Mechanism of Treatment and Stabilization 

Figure 6 depicts the proposed model of reduction and fate of selenium within 
the BHD matrix. The BHD may contain both ionic and zero valent selenium 
(Se0), denoted as A and B respectively. During treatment, water and ZVI are 
added to the BHD in the proper ratios and agitated to solubilize selenium and 
allow contact between the selenium and ZVI. The mixture is allowed to cure for 
10 days to provide additional reaction time and stabilization. In this process, a 
large fraction of the ionic selenium (A) is converted to elemental selenium (A2). 
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Figure 6. Selenium fate schematic. (1) Where A = A1 + A2 . B does not participate in Treatment. (2) Where: C is a minor, physi-
cally bound fraction of Se+, 1 2 2C A A B B A+ + +  . Mixture passes the TCLP test. (3) Presence of Fe is not required to main-
tain zero-valent state of A1 and B. As Fe dissociates, C may become leachable; though 1 2C A A B+ + . (4) The dashed box 
represents selenium that was converted to or already existing as the zero-valent species. 

 
Using a TCLP leaching procedure, ionic selenium (A1) is obtained through 

analysis. The physically bound and converted selenium (C) remains as a solid. 
The quantity (C) is assumed to be a summation of B + A2. Other forms of sele-
nium containing compounds may be contained within the matrix. ZVI may be 
oxidized to Fe(II) or Fe(III) and form ferric hydroxide in solution (Ling, 2015). 
Thus, the formation of FeSe or selenite adsorbed to ferric hydroxide may occur. 

The data presented in Table 2 show that approximately 70% of the untreated 
BHD is ionic selenium and 30% of the selenium is ZVS. The treatment process 
results in conversion of greater than 90% of the ionic selenium to ZVS resulting 
in about a 96% concentration of ZVS in the treated BHD. The observed differ-
ence in total selenium before and after stabilization of approximately 3% may be 
attributed to selenium which is locked into the solid matrix of the BHD as a re-
sult of curing. This bound selenium may be physically occluded from the sample 
digestion method, and incrementally further reduces leachable selenium. 

When the stabilized BHD is disposed of in a landfill, selenium which has been 
converted to ZVS will remain in landfill environmental conditions after the re-
maining iron, which does not participate in the initial redox reaction, oxidizes 
(dissipates or washes away). 

Figure 7 shows a potential mass balance of selenium within the landfill using 
data obtained during this study. If the bound selenium is fully leached, the TCLP 
result would be increased by about 0.165 mg/L, but would remain well below the 
TCLP limit of 1.0 mg/L. Furthermore, selenium that is potentially adsorbed to 
the surface of BHD or iron accounts for less than 3% (3 mg/kg) of the total 
quantity of selenium of BHD (Table 2). Using the 20:1 rule, if this mass were to 
completely leach, the corresponding concentration would be 0.15 mg/L (EPA 
Method 1311). 

The resulting TCLP concentration (A1 = 0.22 mg/L) represents the value 
measured upon disposal after stabilization. Should the remaining selenium 
which is physically bound (C = 0.165) the total leached concentration from the 
stabilized product would be 0.39 mg/L, which is below the 1 mg/L TCLP ha-
zardous waste value. 
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Figure 7. Selenium mass balance. Note that the dashed box represents selenium that was 
converted to or already existing as the zero-valent species. (1) This value was calculated 
based on the total measurements. 

4. Conclusions 

The testing performed identified a mixture of 4% ZVI by BHD mass and 35% 
water (as a percentage of total dry mass) as the optimum condition. Since this is 
an aqueous-mediated solid interface reaction, both the quantity of water to mo-
bilize the selenium and the surface area of ZVI are critical parameters. The test-
ing results demonstrated that the selenium conversion increased with increasing 
surface area and reached asymptotic values with particle sizes smaller than 80 
mesh for production-grade material. 

This study demonstrated that ZVI converts ionic selenium to a zero-valent 
state in BHD. Although it is recognized that a small fraction of ionic selenium 
fails to react with the iron dust (ZVI), repeated testing has shown that despite 
the presence of the unreacted ionic selenium, the TCLP results following treat-
ment do not exceed the 1 mg/L threshold. In real BHD, no additional release of 
selenium was observed subsequently to iron being solubilized. Additional testing 
using “simulated BHD” with stock zero-valent selenium (ZVS) showed a de mi-
nimus amount of re-solubilization, supporting chemical stability in a landfill en-
vironment. Therefore, since ZVS is chemically equivalent, whether in simulated 
or real samples, the treatment appears to be effective and permanent. 

Furthermore, this study allows for the conversion and treatment of selenium 
in BHD in a controlled, engineered reaction prior to disposal and supports that 
the material would comply with permissible dilution constraints as defined by 
the USEPA. 
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