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pyrite and other sulfide minerals and through secondary 
reactions and ion exchange processes (Capo et  al. 2001; 
Watzlaf et al. 2004; Younger et al. 2002). Base cations, sul-
fate, and bicarbonate (HCO−

3
) alkalinity make up most of 

the inorganic contribution to total dissolved solids (TDSs) 
in mine drainage (Palmer et al. 2010; Skousen et al. 2000; 
Timpano et al. 2010). Some mine waters also contain ele-
vated concentrations of Na and chloride due to the associ-
ated geology or connections with abandoned gas and oil 
wells and abandoned mine workings (Emrich and Merritt 
1969; Hedin et  al. 2005; Stiles et  al. 2004). Water from 
mines flooded less than 15 years ago may exhibit elevated 
TDS (Stiles et al. 2004). Electrical conductivity (EC), TDS, 
and ionic strength are closely related, with all three indica-
tive of the total number of dissolved ions (Cravotta 2008; 
Cravotta and Brady 2015; Hem 1985).

Vertical flow bioreactors (VFBRs) were originally 
conceived as a method to create anoxic, reducing condi-
tions to promote alkalinity generation via bacterial sulfate 
reduction (BSR) and dissolution of limestone mixed with 
or underlying an organic substrate (Kepler and McCleary 
1994). However, for hard rock mine drainage, VFBR have 
also been used extensively to remove trace metals through 
sorption to organic matter and by precipitation as sulfides, 
hydroxides, and carbonates (Dvorak et al. 1992; Machemer 
and Wildeman 1992; Neculita et  al. 2008; Webb et  al. 
1998). In addition, VFBR can be very effective in remov-
ing sulfate, depending on the substrate used and hydraulic 
retention time (HRT; Cocos et al. 2002; Dvorak et al. 1992; 
Neculita et al. 2007; Pinto et al. 2015; Willow and Cohen 
2003).

When treating net-alkaline mine drainage, VFBR will 
often be preceded by oxidation and settling ponds, where 
 Fe2+ is oxidized to  Fe3+, hydrolyzed, and precipitated as Fe 
oxyhydroxides (e.g., FeOOH) (Watzlaf et  al. 2004). As a 

Abstract Passive treatment systems (PTSs) are frequently 
used to treat mine drainage that contains elevated concen-
trations of Fe, sulfate, and trace metals. Vertical flow biore-
actors (VFBRs), often designed specifically to remove trace 
metals from mine drainage and retain them in an organic 
substrate, are a common PTS component. Many factors, 
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and their ability to remove trace metals. A paired-compar-
ison study was performed in which two sets of columns 
were constructed, filled with an organic substrate, and fed 
synthetic mine water of differing ionic strengths, domi-
nated by Na and sulfate, for 1 year. Elevated ionic strength 
significantly increased the rate of removal of Cd and Zn, 
and possibly Pb. Conversely, elevated ionic strength signifi-
cantly decreased the rate of removal of Ni and Mn and even 
caused the eventual release of Mn from the substrate.
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Introduction

Mine drainage can contain elevated cations (e.g.,  Fe2+, 
 Na+,  Ca2+,  Mg2+) and sulfate (SO2−

4
) from oxidation of 
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result, water entering VFBR will often exhibit near-neutral 
pH, but will have lost substantial amounts of alkalinity 
(Dvorak et al. 1992; Neculita et al. 2007). Although small 
amounts of trace metals may be removed via sorption and 
coprecipitation with Fe oxyhydroxides, the remainder may 
be removed in VFBR (Dzombak and Morel 1990; Kairies 
et al. 2005). In addition, some sulfate may be removed via 
sorption to Fe oxyhydroxides, but most will make its way 
to the VFBR (Ali and Dzombak 1996; Webster et al. 1998).

Although secondary standards for drinking water 
already exist, the US Environmental Protection Agency 
(US EPA) has proposed protocols for regulating conduc-
tivity concentrations in natural waters (US EPA 2011). 
However, TDS removal down to the proposed conductivity 
limits via conventional mine drainage treatment schemes 
can be inconsistent (Pinto et al. 2015). In addition, elevated 
TDS concentrations may affect some water treatment meth-
ods (Cravotta 2008; Hem 1985; Langmuir 1997).

Elevated ionic strength can enhance or inhibit trace 
metal removal in VFBR. An increase in bicarbonate con-
centration and pH due to BSR may provide a suitable 
environment for divalent trace metals to precipitate as car-
bonates (Dvorak et al. 1992; Sobolewski 1996). However, 
some studies have shown an increase in metal–carbonate 
solubilities at higher ionic strength, leaving trace metals to 
be removed by other mechanisms or left in solution (Plas-
sard et al. 2000; Sun et al. 2009). Theoretically, sulfide min-
eral solubility will also increase as ionic strength increases 
(Lewis 2010). However, at least one study has found that 
the solubility of some sulfide minerals may decrease as 
ionic strength increases (Shpiner et  al. 2009). In addi-
tion, ionic strength may impact the solubility of hydrogen 
sulfide, thus limiting the potential for metal–sulfide forma-
tion (Duan et al. 2007). In order to evaluate the impact of 
TDS/conductivity/ionic strength on trace metal removal 
efficiency, an examination of how they affect VFBR perfor-
mance as a whole was necessary.

Experimental Design

Column Construction

To evaluate the effect of ionic strength on trace metal 
removal in VFBRs, a paired comparison column study was 
designed. Continuously fed, downward-flow columns were 
used to approximate field bioreactors. A HRT of 72 h was 
used in order to provide ample time for sulfate reduction 
and subsequent sulfide precipitation (Neculita et al. 2007).

In addition to HRT, a target flow rate of approximately 
3 L/day and an assumed substrate porosity of 0.5 were 
used to determine the dimensions of the columns. These 
calculations resulted in the construction of six 38 cm (15 

in.) long columns constructed with 25 cm (10 in.) diam-
eter PVC pipe, each with a total volume of 19.3 L PVC 
caps with 1.3  cm (0.5 in.) threaded holes were used to 
enclose the columns. Opaque PVC was used to better 
simulate field bioreactor conditions and to prevent the 
growth of phototrophic bacteria and algae. The effluent 
port was covered with 20-mesh nylon screen, which was 
covered with a 2.5 cm (1 in.) layer of inert pea gravel, to 
prevent large particulates from entering and collecting in 
the effluent tubing. Over the pea gravel, all columns were 
filled with a 2:1 mixture (by volume) of spent mushroom 
compost (SMC) and inert river rock (to provide structure 
and prevent compaction/loss of permeability). The fill 
mixture for each column was stirred manually for 5 min 
before placement in the columns.

Readily available SMC from J-M Farms, Inc., Miami, 
OK was used as the substrate and carbon source. This 
SMC consisted of a base of wheat straw amended with 
chicken litter, cottonseed meal, soybean meal, peat moss, 
sugar beet lime, and gypsum. Water elevation was con-
trolled by maintaining the effluent tubing at an eleva-
tion ≈ 2 cm below the top of the columns (Supplemental 
Fig. 1).

Simulated Mine Drainage

The six columns were divided into two sets of three rep-
licates; one set received low ionic (LI) strength simulated 
mine drainage (SMD) and the other received high ionic 
(HI) strength SMD. All SMD was intended to simulate 
approximate conditions in net-alkaline mine drainage after 
Fe has been removed by an oxidation pond. Both LI and 
HI SMD contained 0.5 mg/L each of Cd, Mn, Ni, Pb, and 
Zn. However, the LI SMD contained base cation concentra-
tions of 10 mg/L Ca and 25 mg/L Na and anion concentra-
tions of 15 mg/L Cl and 125 mg/L sulfate, resulting in an 
approximate ionic strength of  10−3 M. In contrast, the HI 
SMD contained base cation concentrations of 250 mg/L Ca 
and 1000 mg/L Na and anion concentrations of 440 mg/L 
Cl and 2100 mg/L sulfate, resulting in an approximate ionic 
strength of  10−1 M.

Each SMD was prepared in a 50 L carboy approximately 
every 5 days. The respective SMD solutions were fed into 
the top of each column with peristaltic pumps at a target 
flow rate of 3.1 L/day (130 mL/h) and allowed to flow natu-
rally via gravity through the remainder of the system. This 
flow rate was selected to balance the size of the columns 
with the desired 72 h HRT; a higher flow rate would have 
required column sizes infeasible for the laboratory. Satura-
tion of all material was ensured by maintaining approxi-
mately 5 cm (2 in.) of water cover over the surface of the 
substrate.
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Methods

After an adjustment period of 4 weeks, effluent samples 
were collected from each column every 2 weeks for 1 year 
(approximately equivalent to 100 pore volumes). Tempera-
ture, pH, dissolved oxygen (DO), EC, oxidation–reduc-
tion potential (ORP), and total alkalinity were measured 
immediately. Samples for total and dissolved metals were 
collected in 60 mL HDPE bottles and acidified with trace 
metal grade nitric acid to pH < 2. Dissolved metals sam-
ples were filtered with 0.45 μm nylon syringe filters prior to 
acidification. Samples for total and dissolved carbon analy-
ses were collected in 40 mL amber glass bottles that had 
been pre-baked at 400 °C for 1 h. Dissolved carbon samples 
were filtered with 0.45 μm nylon syringe filters; all carbon 
samples were stored at ≤4 °C and analyzed as soon as pos-
sible after collection. Samples for sulfate and chloride anal-
ysis were collected in 30 mL polypropylene scintillation 
vials, stored at ≤4 °C, and analyzed within 48  h. Sulfide 
samples were collected in 60 mL HDPE bottles, preserved 
with zinc acetate and sodium hydroxide, and analyzed 
within 24 h. Methods used for all sample analyses are listed 
in Supplemental Table 1.

In addition to samples collected for chemical analyses, 
effluent samples were collected quarterly for determina-
tion of SRB populations using the most probable number 
technique, as well as overall anaerobic bacteria popula-
tions. Bacteria culture bottles containing either the Ameri-
can Petroleum Institute RP-38 sulfate reducer medium 
(for SRB) or thioglycollate medium (for anaerobic bacte-
ria) were obtained from VK Enterprises in Edmond, OK. 
Bottles were inoculated and serial diluted to  10−6 to deter-
mine populations in both media. Samples were incubated 
at room temperature up to 28 days before determining the 
populations.

Minitab version 17.2.1 was used to compute all statistics 
(Minitab 2010). A significance level of 0.05 was applied. 
All data sets were checked for normality using the Ander-
son–Darling statistic. The Mann–Whitney test (also known 
as the Wilcoxon rank sum test) was used to determine 
significant differences between data sets. Upward and/or 
downward trends were determined using the Mann–Kend-
all test.

Results and Discussion

Influent Characteristics

The LI and HI columns were each fed SMD by their own 
low-flow peristaltic pump. During the study, an average 
flow of 3.24  L/day (2.25  L/min) was maintained in the 
LI columns and an average flow of 3.11 L/day (2.16 mL/

min) was maintained in the HI columns. Seventy batches 
(50  L carboys) each of LI and HI SMD were prepared 
through the study, and each column was treated with 
≈1215  L of SMD, which took 375 days for the LI col-
umns and 391 days for the HI columns.

LI and HI SMD samples were collected approximately 
every 10 batches during the study. Mean SMD water 
quality is listed in Supplemental Table  2. Sulfide data 
are not included in the table as all samples contained the 
constituent at concentrations below the detection limit of 
0.1  mg/L. In addition, total carbon concentrations were 
all less than 1.0 mg/L and excluded from the table. Mean 
total and dissolved metal data are listed in Supplemental 
Table 3.

There were significant differences in EC, pH, and sul-
fate between the LI and HI SMD. The differences in con-
ductivity and sulfate were due to the designed differences 
in chemical constituents and ionic strength and were 
expected. The pH was most affected by the different sulfate 
concentrations. An increased sulfate concentration was cor-
related with a lower pH, as indicated by the Spearman’s rho 
value of −0.705 (p = 0.023). Cravotta (2008) found a simi-
lar correlation between pH and sulfate in a survey of 140 
coal mine drainages in Pennsylvania. Although there was a 
significant difference in pH in LI and HI SMD, the values 
were within the desirable range for treatment in a VFBR.

Total and dissolved Pb concentrations in the HI SMD 
were close to the target of 0.5 mg/L in the first two batches 
at the beginning of the study. However, a new supply of 
 Na2SO4 was obtained and inadvertently contributed addi-
tional Pb to the HI SMD. This disparity accounts for the 
significant difference in LI and HI SMD Pb concentrations 
and larger standard deviations in Pb concentrations in both 
SMDs. However, there were no significant differences in 
mean Cd, Mn, Ni, and Zn concentrations between LI and 
HI SMD. A significant difference was also found between 
the total and dissolved Na concentrations in the HI SMD, 
most likely due to incomplete dissolution of the  Na2SO4 
salt used to prepare the solution.

Effluent Characteristics

Mean effluent water quality data are shown in Table  1. 
Over the course of the study, all columns sustained anoxic 
and reducing conditions and exhibited near-neutral pH. 
Concentrations of DO quickly dropped to <1  mg/L and 
remained so throughout the study. In addition, reducing 
conditions developed in all columns within 2 weeks after 
saturation; ORP remained below −200  mV in LI and HI 
column effluents for the entire study. Chloride was conserv-
ative in both sets of columns, with no significant concentra-
tion changes.
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pH, Conductivity, and Alkalinity

Throughout the study, effluent pH in both sets of columns 
remained significantly higher than the influent pH. It also 
generally remained in the 5–8 range considered optimal 
for SRB productivity and metal removal as sulfides (Elliot 
et al. 1998; Postgate 1984; Tsukamoto et al. 2004; Willow 
and Cohen 2003), with two exceptions. In weeks 44 and 50, 
average effluent pH in the HI columns were slightly above 
8 at 8.18 and 8.06, respectively. The pH in the HI effluent 
was slightly, but significantly, higher than the pH in the LI 
effluent throughout most of the study, with means of 7.62 
and 7.37, respectively. Both sets of columns exhibited sig-
nificant upward trends in pH, with pH increasing from ≈10 
weeks until the end of the study.

Effluent EC and alkalinity were initially significantly 
greater than the influent due to flushing of dissolved organic 
matter, inorganic base cations and anions from the amend-
ments (chicken litter, lime, gypsum, etc.) in the SMC (Sup-
plemental Figs. 2, 3; Dvorak et al. 1992; Guo et al. 2001; 
Song et  al. 2012). These parameters decreased quickly as 
the excess amendments were depleted, with effluent EC 
returning to levels similar to the influent concentrations in 
both sets of columns within 12 weeks. Although effluent 
alkalinity from both sets of columns decreased throughout 
the study, concentrations remained significantly greater 
than influent alkalinity.

Contribution of Sulfate Reduction to Alkalinity

Dissolution of  CaCO3 (in the form of sugar beet lime, a 
by-product of sugar beet processing) contained in the SMC 
was likely the largest contributor to the elevated alkalinity 
in the beginning of the study, as evidenced by elevated Ca 
concentrations in both the LI and HI columns (Eq. 1; Sup-
plemental Fig. 4; Gross et al. 1993).

Sulfate reduction may also produce bicarbonate alkalin-
ity (Eq. 2).

Dissolved Ca concentrations remained elevated through-
out the study, indicating continued dissolution of  CaCO3, 
but BSR likely became a larger contributor to alkalinity 
over time. The differences in effluent and influent dissolved 
Ca and sulfate concentrations, as well as relationships from 
Eqs. 1 and 2, were used to calculate bicarbonate alkalinity. 
This was then converted to  CaCO3 alkalinity and compared 
to measured alkalinity concentrations (Dvorak et al. 1992; 
Watzlaf et al. 2004; Eqs. 3, 4).

(1)CaCO3 + CO2 + H2O → Ca2+ + 2HCO−

3

(2)2CH2O + SO2−
4

→ H2S + 2HCO−

3

In the LI columns, the equivalent alkalinity from dis-
solved Ca was very near the measured alkalinity. How-
ever, from approximately 8 weeks into the study until 
the end, the alkalinity added by sulfate reduction was 
required to account for part of the measured alkalinity 
(Fig. 1).

Comparison of alkalinity contributions from  CaCO3 
dissolution and sulfate reduction was not so straightfor-
ward in the HI columns, as  CaCO3 dissolution made a 
much greater contribution to alkalinity at the beginning 
of the study than it did in the LI columns. However, this 
contribution very quickly dropped near to the values in 
the LI columns, until approximately 20 weeks into the 
study, when  CaCO3 alkalinity in the HI columns fell 
below the LI columns and remained there for the rest of 
the study. In addition, the calculated contribution of alka-
linity from sulfate reduction was far greater in the HI col-
umns due to the much faster sulfate removal rate.

The sulfur balance was calculated for both sets of 
columns to understand the discrepancy in summed and 
measured alkalinities (Eq.  5). Assuming that all trace 
metals were removed as sulfides, an effluent mass of 
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Table 1  Mean effluent water quality data and standard deviations

LI effluent 
(n = 22)

HI effluent 
(n = 22)

Mean SD Mean SD

Temperature (°C) 21 0.34 21 0.40
Conductivity (mS/cm) 0.57 0.40 4.9 0.22
pH (s.u.) 7.4 0.18 7.6 0.30
Dissolved oxygen (mg/L) 0.21 0.34 0.04 0.09
Oxidation–reduction potential (mV) −259 71 −314 34
Alkalinity (mg/L as  CaCO3) 171 58 255 107
Sulfate (mg/L) 58 7.2 1470 118
Sulfide (mg/L) 20 6.2 39 21
Chloride (mg/L) 25 1.7 435 9.8
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sulfur could be estimated and compared to the influent 
mass of sulfur.

The results of the sulfur mass balance (Table 2) indi-
cated that total effluent masses exceeded influent masses 
in the LI columns throughout the study by an average of 
0.37 moles, or 30%. This may be an indication that gyp-
sum contained in the raw SMC dissolved, raising the 
porewater sulfate-S concentration and making it difficult 
to determine how much of the influent sulfur was actually 
removed. The calculations revealed the opposite relation-
ship in the HI columns, with an average of 3.05 mmol/L, 
or 17%, more sulfur in the influent than in the effluent. 
This could indicate gypsum precipitation in the pore 
waters of these columns, which would effectively lower 
the influent sulfate-S concentration, making accurate cal-
culation of sulfate removal difficult. It is certainly clear 
that sulfate reduction was not the only sulfate removal 
mechanism in the HI columns.

Although gypsum may precipitate from mine waters 
high in Ca and sulfate, it was not assumed that concen-
trations would be great enough to create a supersaturated 
environment (Palmer et  al. 2010). Indeed, speciation 
modeling using PHREEQC (Parkhurst and Appelo 2013) 
indicated that both the LI and HI systems were approach-
ing saturation with respect to gypsum, but both saturation 
indices were still negative (SI = −1.72 and −0.34, respec-
tively). These analyses were conducted on the bulk efflu-
ent water quality and cannot account for the potential for 
supersaturated conditions in porewater. Nonetheless, these 
results decrease the likelihood that gypsum precipitation 
was the sole cause of lower than anticipated effluent sulfate 
concentrations.

Other possible explanations for the greater sulfate 
removal in the HI columns are sorption of the CaSO0

4
 ion 

pair to the organic substrate, transformation of inorganic 
sulfate into organic sulfur, formation of elemental sulfur, or 
systemic error in measurements of influent sulfate concen-
trations (Bolan et al. 1991; Machemer et al. 1993; Sokolova 
and Alekseeva 2008). None of these potential mechanisms 
can be definitively accounted for or ruled out within the 
constraints of the data collected.

Sulfate Removal and Sulfide Production

Sulfate and sulfide data were highly variable in both sets 
of columns, but the effect was not as apparent in the HI 

(5)
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column effluents due to the much higher sulfate concen-
trations (Supplemental Fig.  5). Although there was not a 
significant trend in effluent sulfate concentrations in the LI 
columns, there was a significant downward trend in efflu-
ent sulfide concentrations. This indicates that while sulfate 
was removed throughout the study, the dominant removal 
mechanism may have shifted. In the HI columns, there was 
a significant upward trend in effluent sulfate concentrations 
coupled with a significant downward trend in sulfide con-
centrations. The mean sulfate removal rate in LI columns 
was 81  mmol/m3/day, which is substantially less than the 
300  mmol/m3/day expected under ideal conditions (URS 
2003) and the 691 mmol/m3/day found in the HI columns. 
Mean SRB populations were consistently between  102 and 
 103 organisms/mL in the LI columns and between  103 and 
 104 organisms/mL in the HI columns. Influent sulfate con-
centrations affect SRB growth and sulfate reduction kinet-
ics (Moosa et al. 2002), so a significant difference in LI and 
HI SRB populations and sulfate removal rates was antici-
pated. However, the calculated sulfate removal rate in the 
HI columns was more than likely artificially inflated due to 
the reasons discussed previously.

Carbon

Total, inorganic, and organic carbon data exhibited large 
standard deviations over the course of the study (Supple-
mental Table 4). However, this was due to the large impact 
of the initial flush of dissolved organic carbon, particularly 
in the first 12 weeks of operation (Supplemental Fig.  6). 
Statistically, total and dissolved carbon concentrations 
were not different. Surprisingly, despite the aforementioned 
potential for increased  CaCO3 dissolution in the HI col-
umns, there were no significant differences between any 
of the total or dissolved carbon fractions in the LI and HI 
columns. Comparing inorganic carbon data to the alkalin-
ity balance (Fig. 1), 3–39% of the inorganic carbon in the 
LI columns came from sulfate reduction, with the small-
est contributions being made at the beginning of the study 
when the bulk of inorganic carbon came from  CaCO3 
dissolution. Due to the uncertainties in the alkalinity bal-
ance for the HI columns, it was impossible to estimate the 
respective contributions of sulfate reduction and  CaCO3 
dissolution to the measured inorganic carbon.

Despite the appearance that carbon concentrations may 
have been different in the LI and HI columns (Supplemen-
tal Fig. 6), there were no significant differences when con-
sidering the entirety of the data. However, dissolved inor-
ganic carbon was significantly higher in the HI columns for 
approximately the first 12 weeks of the study. This is most 
likely due to the fact that elevated ionic strength increases 
the solubility product of  CaCO3, resulting in a greater 
amount of dissolution in the HI columns at the beginning 
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of the study than in the LI columns (Stumm and Morgan 
1996). There is also potential for enhanced dissolution of 
 CaCO3 in the HI columns due to removal of free  Ca2+ ions 
from solution due to ion pairing with sulfate, creating the 
CaSO0

4
 pair (Drever 1997).

Calcium and Sodium

Effluent calcium concentrations were significantly greater 
than influent concentrations in both sets of columns, even 
when removing the influence of the initial flush on effluent 

Fig. 1  Alkalinity balance for LI 
(a) and HI (b) columns

Table 2  Mass balance between mean influent and effluent sulfur concentrations

RPD relative percent difference

LI HI

S in (mmol/L) S out (mmol/L) In–out (mmol/L) RPD (%) S in (mmol/L) S out (mmol/L) In–out (mmol/L) RPD (%)

1.08 1.44 −0.37 −30 19.59 16.92 3.05 17
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concentrations (Supplemental Fig.  4). However, total and 
dissolved effluent calcium concentrations exhibited signifi-
cant downward trends in the LI and HI columns and nearly 
returned to influent concentrations in the HI columns. Cal-
cium concentrations in the LI columns remained elevated 
throughout the study, presumably due to continued dissolu-
tion of  CaCO3, whereas concentrations in the HI columns 
returned to near influent concentrations by the end of the 
study. This is likely due to both more rapid  CaCO3 dissolu-
tion associated with elevated ionic strength and sorption of 
CaSO0

4
 ion pairs to the SMC.

Effluent sodium concentrations also exhibited a down-
ward trend in the LI columns (Supplemental Fig.  7). In 
addition to calcium, a small amount of sodium appeared to 
leach out of the SMC for several weeks after the beginning 
of the study. In contrast, there were no significant trends in 
total or dissolved sodium concentrations in the HI columns.

Trace Metals

Mean total and dissolved concentrations of Cd, Ni, Pb, and 
Zn were all decreased significantly, from ≈0.50  mg/L to 
below 0.10 mg/L, in both sets of columns. Manganese was 
not completely removed in any of the columns, with efflu-
ent concentrations in LI being significantly lower than in 
HI (Table 3).

It is well documented that, upon startup of any VFBR, 
a substantial portion of dissolved metals are removed by 
adsorption to the organic substrate (e.g., Gibert et al. 2005; 
Machemer and Wildeman 1992; Neculita et  al. 2008; 
O’Sullivan et  al. 2004; Stark et  al. 1994; Zagury et  al. 
2006). This was the most likely explanation for the initial 
decrease in effluent Cd, Pb, and Zn concentrations in the 
LI columns. Total and dissolved Cd, Pb, and Zn concentra-
tions in the LI effluent were all at their lowest in the first 
2–4 weeks of the study, after which effluent concentrations 
of all three metals increased slightly (Fig.  2). After sorp-
tion sites become saturated, precipitation as carbonates and 

sulfides becomes the dominant removal mechanism. Exam-
ples of these precipitation reactions are illustrated in Eqs. 6 
and 7.

Past studies have demonstrated that most of the Cd, Ni, 
Pb, and Zn are removed as sulfides, but large fractions may 
be removed as carbonates or by complexation with humic 
substances in the organic substrate (Chagué-Goff 2005; 
Dvorak et al. 1992; Neculita et al. 2008; O’Sullivan et al. 
2004). Effluent sulfide, pH, alkalinity, and dissolved carbon 
concentrations were all high enough in both sets of col-
umns to support any of these mechanisms.

None of the trace metal effluent concentrations in the 
HI columns demonstrated the initial adsorption-associated 
concentration drop seen in the LI columns. This is likely 
due to adsorption inhibition due to the elevated ionic 
strength. Regardless, effluent Cd and Zn concentrations 
were consistently significantly less in the HI columns than 
in the LI columns, while effluent Ni concentrations were 
significantly less in the LI columns, indicating that elevated 
ionic strength inhibited removal. Effluent Ni concentrations 
in the LI columns and effluent Cd, Ni, and Zn concentra-
tions in the HI columns all demonstrated downward trends, 
indicating that removal efficiency increased over time. Con-
versely, Mn and Pb concentrations exhibited upward trends, 
indicating a loss in removal efficiency.

Effluent Pb concentrations were significantly less in the 
LI columns than in the HI columns (Fig.  2g–h), but the 
influent concentrations were also significantly less. Despite 
the differences between the columns, it is believed that 
most of the Pb, as well as Cd, Ni, and Zn, were removed as 
sulfides and carbonates. Speciation modeling in PHREEQC 
indicated that effluents from both sets of columns were 
supersaturated with respect to Cd, Ni, Pb, and Zn sulfides 
and Cd and Pb carbonates, but were undersaturated with 
respect to hydroxides.

(6)M2+
+ HCO−

3
→ MCO3 ↓ +H+

(7)H2S +M2+
+ 2HCO−

3
→ MS ↓ +2H2O + 2CO2

Table 3  Mean effluent metals 
concentrations and standard 
deviations

LI effluent (n = 22) HI effluent (n = 22)

Total Dissolved Total Dissolved

Mean SD Mean SD Mean SD Mean SD

Cadmium (mg/L) 0.042 0.01 0.028 0.01 0.010 0.01 0.006 0.00
Manganese (mg/L) 0.211 0.02 0.206 0.03 0.427 0.06 0.405 0.07
Nickel (mg/L) 0.059 0.03 0.038 0.01 0.058 0.01 0.051 0.01
Lead (mg/L) 0.041 0.01 0.041 0.01 0.055 0.01 0.051 0.01
Zinc (mg/L) 0.067 0.02 0.042 0.01 0.035 0.03 0.017 0.00
Calcium (mg/L) 95.2 37.6 92.8 34.4 330 60.7 307 73.4
Sodium (mg/L) 16.7 1.25 16.9 0.613 784 22.4 739 32.5
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Fig. 2  Influent and averaged metals concentrations in LI and HI columns; a total Cd, b dissolved Cd, c total Mn, d dissolved Mn, e total Ni, f 
dissolved Ni, g total Pb, h dissolved Pb, i total Zn and j dissolved Zn (error bars ±1 standard deviation)
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LI and HI effluents were not found to be supersaturated 
with respect to any Mn-sulfide, -carbonate, or -hydroxide 
minerals, indicating that most of the removal was likely 
due to adsorption to or complexation with the organic sub-
strate. Bless et  al. (2008) found that Mn adsorption onto 
organic substrates is important, but that it is pH dependent 
and often temporary. As pH increases, Mn may be replaced 
on the substrate by more readily adsorbed metals. Effluent 
Mn concentrations in the LI columns were significantly 

less than in the HI columns (Fig. 2c, d). However, a similar 
trend was observed in both sets of columns, with a decrease 
in effluent concentrations for the first 10–12 weeks, after 
which effluent concentrations began to increase. The 
increase in HI effluent Mn concentrations was much more 
pronounced than in the LI columns, with effluent concen-
trations eventually exceeding the influent concentration. 
The increase in effluent concentrations strongly indicates 
adsorption (with subsequent desorption) as the removal 
mechanism, rather than complexation with organic matter. 
Whether this behavior was due directly to the elevated ionic 
strength or the slightly increased pH caused by the elevated 
ionic strength is unknown.

Correlations

The relationships between water quality parameters and 
dissolved constituents of the LI and HI column effluents 
were evaluated using a Spearman’s rank correlation coef-
ficient table (Minitab 2010; Table 4). Positive correlations 
between conductivity and sulfate, alkalinity, inorganic and 
organic carbon, calcium, and Na were expected simply due 
to the definition of conductivity, as well as the large ini-
tial flush of dissolved organic matter and base cations and 
anions. Positive correlations between indicators of ionic 
strength (conductivity, Ca, Na, and sulfate) and Mn and Ni, 
however, reinforce the possibility that ionic strength affects 
trace metal removal in VFBR. These correlations provide 
insight to the significant difference between the LI and HI 
effluent concentrations, particularly with regard to Ni.

Table 4  Spearman’s rank 
correlation coefficient table for 
combined LI and HI effluent 
data

C
on

du
ct
iv
ity

pH D
O

O
R
P

Su
lfa

te

A
lk
al
in
ity

Su
lfi
de

D
IC

D
O
C

C
al
ci
um

So
di
um

C
ad

m
iu
m

M
an

ga
ne

se

N
ic
ke

l

L
ea
d

pH 0.07
DO 0.07 -0.56
ORP -0.64 0.13 0.09
Sulfate 0.69 0.61 -0.28 -0.34
Alkalinity 0.74 -0.44 0.52 -0.57 0.18
Sulfide 0.75 -0.24 0.13 -0.76 0.23 0.77
DIC 0.54 -0.49 0.48 -0.37 0.03 0.89 0.61
DOC 0.62 -0.51 0.67 -0.47 0.11 0.93 0.70 0.86
Calcium 0.94 0.08 0.12 -0.66 0.69 0.76 0.70 0.59 0.67
Sodium 0.87 0.22 0.03 -0.54 0.73 0.59 0.54 0.43 0.47 0.88
Cadmium -0.68 -0.62 0.32 0.32 -0.86 -0.20 -0.24 -0.07 -0.07 -0.65 -0.67
Manganese 0.58 0.69 -0.53 -0.38 0.85 -0.04 0.19 -0.19 -0.18 0.55 0.65 -0.86
Nickel 0.74 0.13 0.17 -0.49 0.56 0.67 0.61 0.55 0.55 0.78 0.78 -0.57 0.42
Lead 0.30 0.74 -0.52 -0.22 0.62 -0.12 0.13 -0.32 -0.29 0.30 0.31 -0.63 0.72 0.38
Zinc -0.70 -0.57 0.41 0.41 -0.80 -0.18 -0.32 -0.01 -0.03 -0.67 -0.66 0.90 -0.90 -0.50 -0.64

Table 5  Average removal rates of total and dissolved Cd, Mn, Ni, 
Pb, and Zn in LI and HI columns

Removal rate (mg/m3/day)

LI HI

Mean SD Mean SD

Cadmium
 Total 85.4 2.1 87.4 0.9
 Dissolved 87.3 1.3 87.7 0.4

Manganese
 Total 54.4 4.8 6.1 11.4
 Dissolved 54.7 6.0 9.9 12.9

Nickel
 Total 81.7 5.1 73.0 2.4
 Dissolved 85.2 1.6 73.6 2.1

Lead
 Total 82.2 2.6 100.3 1.1
 Dissolved 77.1 2.3 99.2 1.7

Zinc
 Total 76.5 4.0 84.6 5.2
 Dissolved 80.7 1.6 87.0 0.6
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On opening the columns at the end of the study, it was 
noticed that the substrate had settled approximately 5  cm 
(2 in.) and was covered by approximately 4 cm (1.5 in.) of 
influent water. The treatment volume was considered equiv-
alent to the volume of the submerged substrate, so the treat-
ment volume used to calculate removal rates were adjusted 
from 19.3 to 16.7  L (0.0167  m3). This value was used to 
calculate the volume adjusted removal rates (Table 5).

Overall, there were significant differences in all of the 
calculated removal rates. The LI columns had significantly 
higher Mn and Ni removal rates, mirroring the significantly 
lower effluent concentrations found in those columns. Con-
versely, the HI columns had significantly higher Cd, Pb, 
and Zn removal rates.

Conclusions

Elevated ionic strength appeared to significantly affect 
some inorganic constituents of the study, namely pH, 
alkalinity, and trace metal removal. The pH and alkalin-
ity impacts were most likely due to increased solubility of 
the  CaCO3 contained in the SMC, but may have also been 
affected by the greater sulfate concentrations in the HI col-
umns. The two organic constituents evaluated, carbon con-
centrations and SRB populations, had no evident effect. It 
was not anticipated that the elevated ionic strength (TDS/
conductivity) would affect the five selected trace met-
als differently. However, it was found that elevated ionic 
strength increased the rate of removal of Cd and Zn, and 
possibly Pb. Elevated ionic strength decreased the rate of 
Ni removal and greatly decreased the rate of Mn removal, 
and also caused the eventual release of Mn from the sub-
strate. Manganese concentrations demonstrated by far the 
most difference between LI and HI columns. Removal 
mechanisms were not determined in this portion of the 
study, but a subsequent study on the spent substrates will 
elucidate more clearly the impact of elevated ionic strength 
on products of trace metal removal in VFBR.
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