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Abstract

The objective of this study was to evaluate the effects of different reactive mixtures and hydraulic retention times (HRTs) on
hydraulic parameters (hydraulic conductivity, k,,, and porosity) and the efficiency of passive biochemical reactors (PBRs)
for treatment of ferriferous acid mine drainage (AMD). Five 10.7 L PBRs were filled with three reactive mixtures, contain-
ing either a carbon-rich substrate (60% w/w) or an inert/neutralizing agent (50% w/w). The PBRs were tested over a 450 day
period using two qualities of iron-rich AMD (4 and 1 g L~! Fe in AMD1 and AMD2, respectively), and two HRTs, of 5 and
7 days. During the last week of the columns’ operation, a tracer test (5 g L™! of NaCl) was also performed, in addition to
monthly measurements using the falling head method. Changes in HRT and k,,, were evaluated throughout the experiment.
The PBRs increased the pH of AMD influents from 3.5 to 6 and efficiently removed Al, Cd, Cr, Ni, Pb, and Zn (>90%),
whereas Fe was only partially and inconsistently treated. No significant differences were observed among the three tested
mixtures, regardless of the HRT or the AMD quality. Results from the tracer test and k,,, measurements showed no signifi-
cant decrease in the initial values of the hydraulic parameters with time except for column 3, where a slight decrease was
observed. Although sorption could have been important during the start-up of the PBRs, post-testing characterization of the
spent reactive mixtures showed that the Fe was mainly retained as oxy-hydroxides and sulfides. Given the PBRs’ marginal
effectiveness for Fe-rich AMD, pre-treatment removal of the iron is recommended.
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Introduction lower investments of capital and energy (Neculita et al.

2007; Skousen et al. 2017; USEPA 2014). Limestone or dol-

Various active and passive technologies are available for
acid mine drainage (AMD) treatment. Active treatment is
generally relied on by operating mines, whereas passive
systems are generally used as complementary tools for the
reclamation of closed or abandoned mines sites, primarily
because they use natural or residual materials and involve

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10230-018-0514-4) contains
supplementary material, which is available to authorized users.

P4 Gérald J. Zagury
Gerald.Zagury @polymtl.ca

Research Institute on Mines and Environment (RIME),
University of Québec in Abitibi-Témiscamingue (UQAT),
Rouyn-Noranda, QC J9X 5E4, Canada

Department of Civil, Geological, and Mining Engineering,
Polytechnique Montréal, RIME-Polytechnique Montréal,
Montreal, QC H3C 3A7, Canada

@ Springer

omitic drains and passive biochemical reactors (PBRs) have
been successfully used to treat moderately contaminated
AMD (USEPA 2014). In PBRs, fermentative organisms
provide electron donors by decomposing complex organic
matter, while sulfate- and metal-reducing microbes use
these electron donors to produce products that lead to metal
immobilization (Baldwin et al. 2015). Laboratory and field
observations show that precipitation of biosulfides is only
one removal mechanism, with other mechanisms including
sorption and precipitation of metals as hydroxides and car-
bonates (Lewis 2010; USEPA 2014).

However, passive treatment of ferriferous AMD, i.e. iron-
rich (> 500 mg L™! Fe), is still very challenging. To date,
a relatively limited number of studies are available on this
topic (Ayora et al. 2013; Chang et al. 2000; Genty et al.
2011, 2012a, b, 2016, 2017; Neculita et al. 2008a, b; Rot-
ting et al. 2008; Rakotonimaro et al. 2016, 2017; Zagury
et al. 2006). Laboratory and field-scale studies found that


http://crossmark.crossref.org/dialog/?doi=10.1007/s10230-018-0514-4&domain=pdf
https://doi.org/10.1007/s10230-018-0514-4

Mine Water and the Environment (2018) 37:686—695

687

multi-step systems, consisting of chemical and biochemi-
cal, aerobic and anaerobic units, were more appropriate to
limit clogging and extend the lifespan and efficiency of pas-
sive treatment systems in the case of highly contaminated
AMD (Ayora et al. 2013; Champagne et al. 2005; Rotting
et al. 2008). The development of a passive treatment system
known as dispersed alkalinity substrate (DAS), which con-
sists of a mixture of a coarse organic material (e.g. wood
chips) and a neutralizing agent (e.g. calcite—CaCO; or
magnesia—MgO), showed promising results for the treat-
ment of metals in highly contaminated AMD, including both
trivalent (Fe, up to 1.5 g L™!) and bivalent (Zn, up to 0.6 g
L_l) species (Ayora et al. 2013; Genty et al. 2016, 2017;
Rakotonimaro et al. 2016, 2017; Rotting et al. 2008).
However, AMD at closed and abandoned metal mine sites
is sometimes characterized by much higher iron concentra-
tions (up to 141 g L™! Fe, in extreme cases, such as at Iron
Mountain, CA, USA), whereas most of the divalent metals
are present at lower concentrations (Moncur et al. 2005). The
efficiency of passive treatment for iron-rich AMD is severely
limited, primarily by changes in the hydraulic parameters
of the systems, which lead to decreased porosity and per-
meability and, finally, to clogging and drastic limitation of
gravity flow (Ayora et al. 2013; Bolis et al. 1992; Neculita
et al. 2008b; Younger et al. 2002). The main metal removal
mechanism during ferriferous AMD treatment in PBRs is
precipitation as oxyhydroxides, carbonates, and sulfides;
sulfides may represent a minor proportion (up to 15%, for
around 500 mg L~! Fe in AMD:; Neculita et al. 2008b).
The efficient removal of iron from Fe-rich AMD (500 mg
L~! Fe) was reported in column PBRs (filled with fresh and
spent oak chips, spent mushroom compost, waste paper
sludge, or organic-rich soil) at 20 days of hydraulic reten-
tion time (HRT) over 20 weeks, but residual concentrations
progressively increased afterwards until the end of testing,
at week 35 (Chang et al. 2000). However, no hydraulic
parameters were measured in this study (Chang et al. 2000).
A reactive mixture consisting of a four-material substrate
(manure, wood chips, sawdust, and compost) and inorganic
components (sand, sediment, and calcite) was also found
to be efficient in the treatment of iron-rich AMD in six
3.5 L column PBRs (with HRTs of 7.3 and 10 days, over a
15-month period; Neculita et al. 2008a). Severe decreases in
porosity (from 0.34 to 0.43 to very low values) and k,, (from
23x107%2t02x107° cm s~!, with an HRT of 7.3 days) were
observed at the end of the testing period, after 38 weeks of
operation (7.3 x 10~ cm s~! at 10 days of HRT; Neculita
et al. 2008b). The suspected cause for the drastic reduction
in the kg, was the build-up of iron oxyhydroxides in the top
layer and/or the accumulation of metal biosulfides in the
bottom layer of the reactors. The decrease in &, in a one-
dimensional flow column was previously stressed by Seki
et al. (2006). The presence of residual iron, either dissolved

or as nanoparticles, could also cause acute toxicity in treated
effluent (Butler et al. 2011; Neculita et al. 2008c; Seo et al.
2010).

The present study is a follow-up of a previous investi-
gation (Genty et al. 2017), where the role of sorption in
iron removal was assessed through batch testing; this study
allowed for the selection of the most promising reactive mix-
tures for the treatment of iron-rich AMD in column PBRs.
The objective of the present study was to evaluate the effects
of different reactive mixtures and HRTs on hydraulic param-
eters (kg and porosity) and the efficiency of PBRs in the
treatment of ferriferous AMD.

Materials and Methods
Column Set-up and Operation

Three reactive mixtures (Table 1) were previously selected
through batch testing (Genty et al. 2017). Two qualities of
synthetic AMD (AMD1=4 g L™! Fe, AMD2=1 g L™! Fe;
Table 2) and two HRTs (5 and 7 days) were tested in five
10.7 L Plexiglas column PBRs (14 X 70 cm), over a 450 day
period.

The PBR columns contained mixtures #1, #2, and #3,
or mixtures #2D and #3D, which were duplicates of col-
umns #2 and #3, respectively. As indicated in Table 1, the
tests were performed with either powdered calcium car-
bonate (ACS chemical) or limestone (~ 96% calcite, with
minor amounts of quartz, and other crystal forms of cal-
cium carbonate) as neutralizing material. During the first
173 days and after 229 days, the HRT was set at 5 days

Table 1 Composition (% dry mass) of the reactive mixtures used in
column PBRs

Mixture #1 #2 #3

Cellulosic wastes

Maple wood chips 10 5 6

Maple sawdust 20 10 11
Organic wastes

Chicken manure 10 5

Leaf compost 20 10 12
Inoculum

Sediment 15 8 8
Inert structural agent

Sand 20 10 50
Nutrient (nitrogen)

Urea 3 2 3
Neutralizing agent

Calcium carbonate (99% purity) 2 2

Limestone rock (96% purity) 50
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Table 2 Characteristics of the two qualities of synthetic AMD (in mg
L, except for pH)

Parameters Concentration (mg L") Saltused

Al 7 Al,(SO,4)5-18H,0
Cd 0.5 CdSO,-8H,0

Cr 1 CrK(50,),-12H,0
Fe 4000/1000 FeSO,-7H20

Mg 10 MgSO,-7H,0
Mn 10 MnSO,-H,0

Ni 2 NiSO,-6H,0

Pb 0.5 Pb(NO;),

Neka 9000 Na,SO,-10H,O
Zn 0.5 ZnS0O,-7H,0

pH 35

(0.6 mL min_l); between 173 and 229 days, the HRT was
set at 7 days (0.4 mL min~!). Testing started with 4 g L™!
Fe (AMDI1) and, after 55 days, was decreased to 1 g L' Fe
(AMD?2); after 229 days, the AMDI influent was reinstated.
Columns #2D and #3D were fed with AMD1 using an HRT
of 5 days throughout the experiment.

The columns were fed by peristaltic pumps, in a verti-
cal downward flow, with ferriferous AMD to allow for the
progressive development of anoxic conditions. A perforated
plastic plate covered with a geotextile was placed at the bot-
tom of the columns to ensure the even distribution of the
feed. After their set-up, all PBRs were saturated with Post-
gate B medium, prepared in distilled water, with the fol-
lowing composition: 3.5 g L™! sodium lactate (or 4.7 mL
of 56.8% lactate liquid); 2.0 g L™! MgSO,-7H,0; 1.0 g L™!
NH,CI; 1.27 g L! CaS0O,2H,0; 1.0 g L! yeast extract;
0.5 ¢ L™! KH,PO,; 0.5 g L™! FeSO,-7H,0; 0.1 g L' thio-
glycolic acid, and 0.1 g L™! ascorbic acid (Postgate 1984).
Then, the PBRs were incubated at ambient temperature for
four weeks (i.e. rough acclimation period for anaerobic bac-
teria) prior to the beginning of the experiment. During this
period, weekly samples were collected from the columns’
effluent and the Eh was measured. AMD input began when
the Eh was below —150 mV (Neculita et al. 2008a). The
efficiency of the PBRs was evaluated based on parameters
measured in influent and effluent samples collected during
the 450 days of testing (284 days for column #1). These
parameters included: pH, Eh, acidity, alkalinity, and sulfate
and metal concentrations. Counts of sulfate-reducing bac-
teria (SRB) were also performed for all columns using the
most-probable number (MPN) technique (ASTM 2009).

Evaluation of Hydraulic Parameters

The initial porosity of the reactive mixtures was estimated
by the volume of Postgate B medium needed to saturate the
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columns, and ranged from 0.40 to 0.46. Changes in k,, and
HRT were evaluated over the duration of the column tests.
Significant decreases in k,, are generally interpreted as an
indication of clogging (Bolis et al. 1992; Neculita et al.
2008a). The k,,, was evaluated monthly using the falling
head method (ASTM 1995). A tracer test (5 g L~! of NaCl
mixed into the AMD feed) was also performed during the
last week of operation in column #2 in order to estimate the
actual HRT. Because the flow rate was too small to use a
pulse tracer test, injection reproduced a one-step tracer test,
which consisted of increasing and maintaining the chloride
concentrations in the AMD close to 0—5 g L' over an 11 day
period (Fogler 2006). Residual chloride concentrations in
the column #2 effluent were used to draw the breakthrough
curve. Chloride concentrations were determined using a
Metrohm 881 compact IC (pro Ions chromatograph, with
chemical and CO, suppressor, column Metrosep A supp
5-150/4.0, eluent: 3.2 mmol Na,CO; and 1 mmol NaHCO;,

flow rate: 0.7 mL min™).

Analytical Methods for Evaluating Influent
and Effluent Quality

The pH and Eh were measured immediately after sampling
(Benchtop pH/ISE meter, Orion model 920). The alkalinity
and acidity were determined by titrating non-filtered samples
with 0.02N H,SO, to a pH of 4.5, and with 0.1 N NaOH
to a pH 8.3, respectively (APHA 2005). Filtered (0.45 pm)
and acidified (2% nitric acid) samples were used to deter-
mine metal (Al, Cd, Cr, Fe, Pb, Ni, and Zn) concentrations
through inductively coupled plasma atomic emission spec-
trometry (ICP-AES, Perkin Elmer OPTIMA 3100 RL). Sul-
fate concentrations were determined using a nephelometric
method (AFNOR 1986) and an Ultraspec 2100 pro spec-
trometer (relative precision of +0.5%).

Samples of spent reactive mixtures from the middle
sections of each PBR were collected at the end of the test-
ing period, and rapidly frozen to prevent sulfide oxidation.
No visible difference in color between the top and bottom
layers was found during dismantlement. Total sulfur was
determined for samples from the top, middle, and bottom
layers using a carbon/sulfur analyzer (ELTRA CS 2000);
these analyses showed no significant differences. Physico-
chemical analyses were carried out on water extracts (1:10
solid: liquid ratio) of solid samples using standard methods
(APHA 2005). These analyses included: total organic car-
bon (TOC), total Kjeldahl nitrogen (TKN), and dissolved
organic carbon (DOC). Prior to analysis of total metal (Al,
Cd, Cr, Fe, Ni, and Zn) concentrations, solid samples were
digested in a mixture of strong acids (10 mL HNO;, 1 mL
Br,, 10 mL HCI, and 1-2 mL HF). To assess the stability
of metal precipitates and their potential mobility in spent
reactive mixtures, leaching techniques (i.e. a sequential



Mine Water and the Environment (2018) 37:686—695

689

extraction procedure—SEP) and mineralogical characteri-
sations were used. The SEP (Zagury et al. 1997) previously
allowed for the collection of useful information on metal
removal mechanisms in spent reactive mixtures collected
from PBRs (Neculita et al. 2008a). The SEP allowed for sep-
aration of: (a) fraction 1: soluble and exchangeable metals;
(b) fraction 2: carbonate-bound metals; (c) fraction 3: reduc-
ible or metals bound to Fe—-Mn oxides; (d) fraction 4: oxidiz-
able or metals bound to organic matter; and (e) fraction 5:
residual metals. More details on the procedure are provided
elsewhere (Neculita et al. 2008a; Zagury et al. 1997).

Mineralogical characterisation was performed using scan-
ning electron microscopy (SEM) coupled with X-ray microa-
nalysis (Hitachi 3500-N) and energy dispersive spectrometry
(EDS) of an X-ray probe (20 keV, 140 A, 25 kPa, and a
working distance of 15 mm). Liquid—solid chemical equi-
libria were estimated by geochemical equilibrium modeling
using Visual MINTEQ (ver. 2.53).

Results

In order to follow the effects of changes made to the col-
umns during their operation (Table 3), and for the pur-
poses of discussion, the results of this study (Fig. 1) were
divided into five time periods. The geochemical data from
treated effluents in the duplicate columns, over a 64 day
period, were interpreted using paired difference tests
(Mendelhall and Beaver 1994). Results demonstrated that
pH, Eh, and alkalinity, acidity, iron, and sulfate concen-
trations can be considered as originating from the same
population (confidence interval of 95%), i.e. from identical
tests. Additional information is provided elsewhere (Genty
et al. 2011). Maximum iron uptake capacity (qy,,,) of the
three reactive mixtures was also evaluated in a previous
study and showed values of 8.1, 3.2, and 3.7 mg g~! for
columns #1, #2, and #3, respectively (Genty et al. 2017).

Table 3 Physicochemical
parameters and geochemical
data of feed and treated effluent

pH Eh
(mV)

Alkalinity
(mg L™! CaCO;)

Iron Sulfates  Iron removal % Sulfate removal %

(eL™

(gL™) Av. Min Max Av. Min Max

in column PBRs

Period 1 (0-55 days): 5 days of HRT, 4 g L™! Fe

AMD1 2.8 555 0

#1 6.7 31 3820
#2 65 7 2610
#3 6.2 30 1740

Period 2 (56-173 days): 5 days of HRT, 1 g L™! Fe

AMD2 32 498 0

#1 62 11 521
#2 62 29 327
#3 62 16 373

3.71 9.93 - - - - - -

2.23 8.80 36 0 99 21 9 41
1.72 8.69 49 6 98 24 1 42
2.62 10.0 26 2 75 14 1 31
1.21 8.85 - - - - - -

0.96 8.42 33 5 66 8 0 21
0.98 9.30 29 8 45 4 24
0.97 8.13 27 1 47 11 4 22

Period 3(174-229 days): 7 days of HRT, 1 g L™! Fe

AMD2 32 498 0

#1 62 27 496
#2 62 25 571
#3 63 16 485

1.21 8.85 - - - - - -
0.63 8.77 47 23 66 1110 11
0.62 8.99 50 38 45 7 6 9
0.73 8.87 37 16 47 10 8 11

Period 4 (230-291 days): 7 days of HRT, 4 g L™! Fe

AMD2 2.8 555 0

#1 6.1 52 525
#2 6.1 46 430
#3 62 45 375

Period 5 (292-450 days): 5 days of HRT, 4 g L™! Fe

AMD1 2.8 555 0

#1 6.1 23 343
#2 6.1 33 241
#3 6.1 57 201

371 9.93 - - - - - -
1.79 9.80 32 10 55 8 4 12
243 9.82 22 5 45 4 2 6
2.16 9.96 28 9 60 5 1 7
371 9.93 - - - - - -
3.19 9.75 No available data

3.36 9.63 18 0 50 8 4 16
3.39 9.47 14 2 36 7 0 14

The data (#1, #2, and #3) are for the end of each operating period (1-5)
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Period 1 (Days 0-55): 5 Day HRTand 4 g L™" Fe

During period 1, the pH in columns #1, #2, and #3 decreased
rapidly from between 7 and 8.6 to between 6.2 and 6.7
(Fig. 1a), while the Eh ranged between — 100 and 100 mV
(Fig. 1b). Effluent iron concentrations (Fig. 1c) were low
after the first week of operation for mixtures #1 and #2
(13 and 64 mg L™, respectively), but high for mixture #3
(939 mg L™"). Concentrations then increased progressively
to approximately 2.7 g L™! on day 55. After starting up
the PBRs, Fe removal efficiency was between 75 and 99%,
depending on the column, but rapidly decreased to close
to 0, before increasing again and stabilizing at 30-45%, on
day 55 (Table 3). Sulfate concentrations ranged from 8.4 to
12.6 g L! in the influent (Fig. 1d), and from 6.8 to 10.7 g
L~!in the effluent from column #1, 7.3-10 g L~! from col-
umn #2, and 8.25 to 12.2 g L™! from column #3. Alkalinity
decreased from 10.8 g L™' CaCO; and stabilized between
400 and 700 mg L™ CaCO; (Fig. le), whereas acidity
increased in all columns (Fig. 1f) from 1.1 g L™' CaCOj to
upto4gL™! CaCOj; on day 55.

Period 2 (Days 55-173): 5 Day HRTand 1 gL™" Fe

During period 2, the pH in all columns remained stable at
around 6.2, while Eh varied slightly (11-29 mV). Iron con-
centrations in the effluent decreased and stabilized at similar
values (955 to 980 mg L"), which correspond to an iron
removal efficiency of 27-33%. Sulfate concentrations in the
effluent were lower than in the AMD (8-11% removal), with
minimum values in column #1, at 7.35 g L™!. Acidity and
alkalinity stabilized at 1-2 g L™! as CaCO, and at 327 to
521 mg L' as CaCOs, respectively, with the highest alkalin-
ity generation in column #1.

Period 3 (Days 174-229): 7 Day HRTand 1 gL' Fe

During period 3, the pH stayed close to 6.2, while Eh oscil-
lated between 16 and 27 mV (Table 3). Iron concentrations
progressively decreased (615-732 mg L"), with removal
efficiencies between 37 and 50%. However, sulfate concen-
trations in the effluent were similar to those in the influent;
removal rates were similar to those during period 2. Acid-
ity remained in the same range (0.9-1.6 g L' as CaCOy),
while alkalinity increased significantly in columns #2 and
#3, relative to period 2 (571 and 485 mg L~! as CaCO;,
respectively). Alkalinity remained relatively constant for
column #1 (496 mg L 'as CaCO0,).

Period 4 (Days 230-291): 7 Day HRTand 4g L' Fe

During period 4, significant increases were observed in iron
concentrations (1.79-2.43 g L™1), and its removal efficiency

decreased to between 28 and 32%. At the same time, acid-
ity increased to values similar to the first period (4.0 g
L~! CaCO,), while sulfate concentrations also increased
(9.8-10 g L), corresponding to lower removal efficien-
cies (4-8%) relative to period 3 (7-11%). Other param-
eters, including pH (6.1), Eh (45-52 mV), and alkalinity
(375-525 mg L™! CaCO,) showed only slight variations
(Table 3).

Period 5 (Days 292-450): 5 Day HRTand 4 g L™" Fe

During the final period, pH and Eh remained in the same
range as period 4 (pH=6.1 and Eh=2357 mV). Iron
removal efficiencies decreased (14-18%) and, as a result,
alkalinity decreased as well (201-343 mg L~! CaCO,). Sul-
fate removal remained similar to period 4 (7-8%). Over-
all, most parameters were similar to those at the end of
period 1 (similar operational conditions, after reaching the
equilibrium). Therefore, the PBR columns #1, #2, and #3
maintained their efficiency and stability after 450 days of
operation.

Evolution of Saturated Hydraulic Conductivity

The clogging of column PBRs can be assessed by k,,, values;
a decrease in k,, indicates reduced effective porosity due to
pore filling due to the build-up of bacterial growth, physical
deposition of fine particles, gas production, and biochemi-
cal precipitation of minerals (Anello et al. 2005; Bolis et al.
1992; Seki et al. 2006; Soleimani et al. 2009). In this study,
k,,, decreased in column #3 (from 5.2x 107> to 4.2x 1073
cm s~!), whereas it remained stable in column #2 (2.1 x 107
cm s~!). These findings are consistent with previous studies,
including a decrease from 1x 107> to 5x 10~ cm s~! (URS
2003) and from 1 x 107> to 1x 10~ cm s~! (Waybrant et al.
1998). Feeding the column PBRs with an upward flow may

have reduced clogging (Bolis et al. 1992; URS 2003).
Evolution of Hydraulic Retention Time

The response of column #2 to a step-wise injection of
NaCl showed that during the first 96 h, Cl concentrations
remained relatively stable (201-280 mg L), but progres-
sively increased afterwards and stabilized at 2150 mg L™
after 264 h (Fig. 2). According to the trend of C1~ concentra-
tions in the tracer test, which was not completely recovered,
the system could be modeled as a succession of a plug flow
reactor (with 96 h of HRT, i.e. latency period) and a con-
tinuous stirred reactor (with 34.7 h of HRT, i.e. increased
Cl™ concentrations).

The total HRT of column #2 was estimated to be 5.4 days,
corresponding to a porosity of 0.47, which is slightly higher
than the initial value (0.41). The tracer test results did not
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Fig.2 Tracer test results

show any significant decrease in HRT with time or clogging.
These findings were also confirmed by visual observations
at the dismantling stage.

Characterization of the Spent Reactive Mixtures

Analyses of the solid samples of the spent reactive mix-
tures, collected after column dismantlement, showed an
increase in the TOC/TKN ratio, corresponding to a loss of
nitrogen relative to carbon, likely due to bacterial growth.
These conditions could affect long-term bacterial viability
and growth. In addition, DOC clearly decreased (14, 3, and
1% of the initial DOC concentrations for mixtures #1, #2,
and #3, respectively).

Initial concentrations of total sulfur in samples from the
top, middle, and bottom layers (0.6—1%) showed no signifi-
cant differences between columns #1, #2, and #3. However,
total sulfur increased (4, 3 and 2%, respectively). The SEP
analyses showed that, regardless of the mixture, Al was
mostly present in the residual fraction (86-93%; Table 4).

Only a small portion of the Al (1-9%) was bound to
organic matter or to Fe-Mn oxyhydroxides. Visual MINTEQ
modeling suggested that the precipitated Al hydroxides
[boehmite, y-AlO(OH); diaspore, a-AIO(OH); and gibbsite,
a-Al(OH);] was probably the main Al sink. Most of the Al
is probably originating from the reactive mixtures, which
initially contained = 1% Al.

The Cr fractionation was similar: 2-4% oxidizable or
bound to organic matter, 23-55% reducible or bound to
Fe—Mn oxides-hydroxides, and 40-69% in the residual frac-
tion. Lead, however, was mostly retained in fraction 3 (up
to 54%), 4 (3 to 40%), and 5 (up to 96%). The formation
of reducible phases or Fe-Mn oxyhydroxide-bound phases
(i.e. fraction 3) seemed to be the predominant mechanism
for Zn retention (73-86%), followed by the formation of
oxidizable or organic matter-bound phases (9-24%). The
soluble and exchangeable fraction (fraction 1) of Ni was
not negligible (6—12%), although its retention was mainly
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due to the formation of reducible phases or Fe-Mn oxyhy-
droxide-bound phases (37-64%), followed by the formation
of oxidizable or organic matter-bound phases (16-38%).
A similar trend was observed for Mn, for which Visual
MINTEQ also suggested the formation of a carbonate phase,
such as rhodochrosite [Mn(COs),]. The fractionation of Cd
was notably different, with a high soluble or exchangeable
fraction (0-50%). The other mechanism of Cd removal was
the formation of reducible phases or Fe-Mn oxyhydroxide-
bound phases (40-60%, depending on the mixture). Iron
was mainly present in the reducible fraction or bound to
the Fe—-Mn oxyhydroxide fraction (51-67%), in the oxidiz-
able or organic matter-bound fraction (14-17%), and in
the residual fraction (8—26%). A small fraction of the iron
was also bound to carbonates (6-10%), and as soluble or
exchangeable species (1-4%). The precipitation of iron
as carbonates, oxyhydroxides, and hydroxylsulfates [e.g.
siderite, FeCOj; ferrihydrite, Fe,05-0.5(H,0); goethite,
a-FeO(OH); lepidocrocite, y-FeO(OH); and schwertman-
nite, FegOg(OH)((SO,)-nH,0] was also indicated by Visual
MINTEQ. Total metal removal by mixtures #1, #2, and #3
amounted to 72, 47, and 61 mg g™, respectively, consistent
with previously reported data (Neculita et al. 2008b).

With respect to initial metal concentrations (Al, Cd, Cr,
Fe, Mn, Ni, Pb, and Zn) in reactive mixtures #1, #2, and #3
(which were, respectively, 17.0, 19.3, and 31.3 mg g_l), SEP
results showed double to triple final metal contents (at the
end of testing), depending on the mixture. The SEP results
and secondary electron images, with related repartition of
the main chemical components of the reactive mixtures #1,
#2, and #3 are presented in ESM 1 (Supplemental material
accompanying the on-line version of this paper).

X-ray mapping is more appropriate for polished sample
sections, whereas in the present study, unpolished materi-
als were used. Results from the three mixtures showed a
superposition of Fe, O, C, and Al. This observation con-
firms the precipitation of oxide or hydroxide phases of
iron or aluminum on the surfaces of organic material (rep-
resented by carbon). The superposition of iron and sulfur
suggested possible precipitation of iron sulfide in these two
columns. However, sulfide mineral observations were hin-
dered by the sample preparation technique. Because SEM
analyses require dry samples, some biosulfides were prob-
ably oxidized. A similar observation could apply to the SEP
approach.

Discussion
Performance of Passive Biochemical Reactors

After reaching steady-state, the PBRs’ performance was
mainly dependent on three design parameters: HRT, reactive
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Table 4 Metal fractionation

. . . Mixture # Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5 Sum of fractions
using a sequential extraction _1
procedure in the reactive (%) (mgg™)
mixtures after dismantling of
the columns Al

0 0 2 5 93 27.0
0 0 2 9 89 13.0
3 0 0 7 86 22.0
cd
50 11 40 0 0 7.7x1074
35 12 53 0 0 3.5x107*
3 0 40 60 0 0 1.1x107*
Cr
0 0 55 40 8.0x1073
0 0 2 23 75 2.2x1072
0 0 27 69 2.4x1072
Fe
1 10 67 14 8 44.0
2 3 6 61 17 14 32.0
3 4 6 51 15 26 38.0
Mn
16 28 31 8 17 0.3
14 11 59 4 12 0.4
3 15 13 31 7 35 0.5
Ni
1 6 9 64 21 0 0.1
12 6 37 38 7 4.7%1072
3 10 10 59 17 4 8.3%x1072
Pb
4 0 54 40 0 1.6x1072
0 0 0 3 96 1.4
2 0 44 13 44 23%x1072
7Zn
1 3 76 21 0 0.5
1 2 73 24 0 0.2
3 1 4 86 9 0 0.2

Fraction 1: soluble and exchangeable metals; Fraction 2: carbonate-bound metals; Fraction 3: reducible
or metals bound to Fe—Mn oxides; Fraction 4: oxidizable or metals bound to organic matter; Fraction 5:

residual metals

mixture composition, and AMD quality (Neculita et al.
2007; USEPA 2014). Results showed that there were no sig-
nificant differences among the three columns (#1, #2, and
#3), which were used to evaluate three reactive mixtures,
two HRTs, and two AMD qualities. The columns’ perfor-
mance, in terms of changes in pH, Eh, and alkalinity as well
as iron and sulfate removal, were similar for given periods
of time (Table 3). Column #1 yielded only slightly more
favorable results, likely due to the higher organic substrate
content relative to the other two columns (Genty et al. 2017),
which contained 50% sand or calcitic sand. A longer HRT
promoted increased alkalinity generation, regardless of the
AMD quality. Changing the HRT from 7 to 5 days (peri-
ods 4-5) decreased alkalinity from between 525 and 375 to

between 343 and 201 mg L™!, as CaCO;, depending on the
reactive mixture. Iron removal was similarly affected, with
decreases from 32t022% to 18—14%. In contrast, increas-
ing the HRT from 5 to 7 days (periods 2-3) decreased iron
concentrations from 955-980 mg L™! to 615-732 mg L1,
The overall performance of PBRs treating iron-rich AMD
is greatly influenced by total iron concentration (Genty et al.
2017; Neculita et al. 2008a). With a 5 day HRT, less iron
removal was found for AMD with 1 g L' Fe (14-18%,
period 2), than AMD with 4 g L™! Fe (27-33%, period 5).
With a 7 day HRT, the opposite result was found; i.e. iron
removal decreased from 37 to 50% (period 3, 1 g L™! Fe)
to 22-32% (period 4, 4 g L™! Fe). A shorter HRT did not
provide the appropriate conditions for precipitation of iron
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hydroxides, and, given the high degree of contamination,
the SRB were probably not efficient enough in producing
soluble sulfides.

Special emphasis in the present study was given to iron
treatment; however, the performance of column-type PBRs
was also evaluated for other metals contained in the syn-
thetic AMD sample. Removal of Al, Cd, Cr, Ni, and Zn were
always over 90%; Pb removal was between 52 and 80%, and
Mn removal was between 1 and 28%. No significant differ-
ences in metal removal were observed among the three reac-
tive mixtures. Therefore, the addition of 50-60% of sandy
material neither improved nor reduced metal retention. The
removal of Mn was marginal, which is consistent with find-
ings from similar studies (Neculita et al. 2008a; Song et al.
2012a). The causes of poor Mn removal efficiency include:
the inhibition of precipitation due to Fe:Mn ratios above 2:3;
reductive dissolution of Mn oxides in the presence of agents
(such as Fe2*, sulfides, and organic acids); and the preferen-
tial complexation of other metals with sulfides (Song et al.
2012a).

Sulfate removal remained below 24% for all treatment
periods (after 55 days), regardless of the column (Table 3),
and was similar for both AMD qualities and the two tested
HRTs. The DOC/SO, ratio was very low, which indicates
a severe lack of the DOC required for bacterial growth and
could explain the low sulfate removal (Neculita and Zagury
2008). Indeed, the DOC/SO, ratio in the mixtures decreased
from initial values of 0.0133 (#1), 0.0156 (#2), and 0.0567
(#3) to 0.004 (#1), and to 0.0009 (#2 and #3), at the end of
testing.

Additional organic carbon in the reactive mixture of PBRs
treating iron-rich AMD, with relatively constant release of
DOC over time, is warranted. Previously reported findings
showed more rapid exhaustion of DOC at pH 3 relative to
pH 6 (Song et al. 2012b). For a sulfate concentration of 9 g
L™, #3.6 g L™! DOC would be required to give an optimal
DOC/sulfate ratio for sulfate reduction; i.e. 0.4 (Neculita
and Zagury 2008).

Conclusion

We evaluated the effectiveness of five passive biochemical
reactors and temporal changes in their hydraulic parame-
ters (i.e. k,,, and HRT) during the treatment of ferriferous
AMD over a 450 day period. Two synthetic, iron-rich AMD
qualities (1 and 4 g L™"), two HRTs (5 and 7 days), and
three reactive mixture compositions (which were previously
proven to be effective in batch testing) were tested. Column
PBRs increased the pH from 3.5 to 6 and efficiently removed
Al, Cd, Cr, Ni, Pb, and Zn (>90%). However, Fe concentra-
tions remained high (3.2 to 3.4 g L™!), especially after day
230; this resulted in high acidity and pH decreases in the
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treated effluents within a few hours of exposure to air. Metal
removal efficiency was only slightly affected by the HRT,
which, only increased alkalinity generation when HRT was
increased from 5 to 7 days. Differences in the efficiencies of
the three tested mixtures were not significant. Adding 50%
of a structural agent did not affect metal removal. Meas-
urements of k,, for mixtures with (50% w/w) and without
sand or calcitic sand (#2 and #3, respectively) showed no
improvement of hydraulic properties. The k,, remained rela-
tively stable (2.1x 10* cm s™! for column #2 and 9.9 x 10°
cm s~! for column #3) for more than a year. Tracer tests car-
ried out at the end of the experiment showed no significant
changes in mixture porosity, and thus confirmed that clog-
ging was not the principal cause of the limited efficiency.
Although sorption could have played an important role at the
start-up of the PBRs, Fe was mainly removed by precipita-
tion (as oxyhydroxides in aerobic conditions and biosulfides
in anaerobic conditions). However, sulfate reduction was not
the predominant mechanism of Fe removal. Given the mar-
ginal effectiveness of the PBRs for ferriferous AMD treat-
ment, a multi-step system should be considered, including
an iron pre-treatment step.
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