Environmental Management (2019) 63:148-158
https://doi.org/10.1007/s00267-018-1112-8

® CrossMark

Removal of Acidity and Metals from Acid Mine Drainage-Impacted
Water using Industrial Byproducts

Abhishek RoyChowdhury' - Dibyendu Sarkar@®' - Rupali Datta?

Received: 1 March 2018 / Accepted: 24 September 2018 / Published online: 1 October 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

One of the biggest environmental impacts of mining is the generation of acid mine drainage (AMD). In the absence of proper
post-mining management practices, AMD pollution can cause massive environmental damage. Current AMD management
practices often fail to meet the expectations of cost, efficiency, and sustainability. The objective of this study was to utilize
the metal-binding and acid-neutralizing capacity of an industrial by-product that is otherwise landfilled, namely drinking-
water treatment residuals (WTRs), to treat AMD-water, thus offering a green remediation alternative. AMD-water was
collected from Tab-Simco coal mine in Carbondale, Illinois. It was highly acidic (pH 2.27), and contaminated with metals,
metalloids and sulfate at very high concentrations. A filter media, prepared using locally-generated aluminum (Al) and
calcium (Ca)-based WTRs, was used to increase pH and to remove metals and SO?[ from AMD-water. Laboratory-batch
sorption studies at various WTRs (Al and Ca):AMD-water ratios were performed to optimize the filter media. WTRs:sand
ratio of 1:6 provided optimal permeability, and 1:1 Al-WTRs:Ca-WTRs ratio was the optimal sorbent mix for removal of the
metals of concern. A scaled-up study using a 55-gallon WTRs and sand-based filter was designed and tested. The results
showed that the filter media removed more than 99% of the initial Fe (137 mg/L), Al (80 mg/L), Zn (11 mg/L), Pb (7 mg/L),
As (4 mg/L), Mn (33 mg/L), and 44% of the initial SOﬁ_ (2481 mg/L) from Tab-Simco AMD-water. pH increased from 2.27
to 7.8. Desorption experiments showed that the metals were irreversibly bound to the WTRs and were not released back to
the water.

Keywords Acid mine drainage - Drinking water treatment residuals - Tab-Simco coal mine * Green remediation * Filter media

Introduction

Production of acid mine drainage (AMD) is one of the most
concerning environmental impacts associated with mining
operations. Oxidation of pyrite (FeS,), in the presence of
oxygen and water, can lead to the generation of a metal-rich
and highly acidic solution, namely AMD. The overall pyrite
oxidation reaction can be expressed as follows (Stumm and
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Morgan 1981):

Fe S, +3.750; + 3.5H,0 — Fe(OH);+2S0;™ + 4H" + heat

(1)

pH of AMD is reported to be typically between 2.0 and
4.0, in which many metals are highly soluble (Neculita et al.
2007; RoyChowdhury et al. 2015). Studies have reported
AMD-induced acidity and metal toxicity to have destroyed
habitats of many aquatic species, such as trout, shrimp, and
mosquito fish (Soucek et al. 2000; Hansen et al. 2002;
Schmidt et al. 2002; Gerhardt et al. 2004; Martin and
Goldblatt 2007; Jennings et al. 2008; Trout Unlimited
2011). Without proper management practices, abandoned
mine sites could accelerate the AMD generation process.
Currently, more than 557,000 abandoned mines exist in the
United States (US Forest Service 2005), and AMD-
impacted streams range between 15,000 and 23,000 km
across the country (Kim et al. 1982; U.S. Forest Service
1993; USEPA 1994a; Jennings et al. 2008).
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AMD treatment technologies are either prevention/
source control techniques or remediation techniques.
Prevention techniques focus on exclusion of oxygen or
water or both from the system to control AMD produc-
tion. Remediation techniques employ various methods to
clean up AMD and AMD-impacted systems (Johnson and
Hallberg 2005; RoyChowdhury et al. 2015). Existing
AMD remediation technologies, such as aerobic wet-
lands, anaerobic wetlands, and sulfate-reducing bior-
eactors are costly, require constant maintenance, and
cannot address AMD problems over a prolonged period
of time (RoyChowdhury et al. 2015). Hence, there is an
urgent need to develop technically and economically
effective AMD remediation technologies, ideally that are
also sustainable.

Drinking water treatment residuals (WTRs) are a by-
product of water coagulation and flocculation process. The
most frequently used coagulants include alum, iron salts,
and lime, which generate aluminum-based water treatment
residuals (Al-WTRs), iron-based water treatment residuals
(Fe-WTRs), and calcium-based water treatment residuals
(Ca-WTRys), respectively. More than 2 mega tons of WTRs
are generated from various water treatment facilities in the
United States every day (Prakash and Sengupta 2003),
which, in the absence of proper recycling options, are
mostly landfilled. Al- and Fe-WTRs are primarily made of
amorphous oxides and hydroxides of aluminum and iron,
which provide reaction sites for adsorption of heavy metals,
such as Cu, Pb, and Zn (Sarkar et al. 2007; Makris 2004;
Makris et al. 2004), while Ca-WTRs is a liming agent which
can be used to increase solution pH (RoyChowdhury et al.
2018). WTRs have high affinity for a wide range of
environmental contaminants, such as perchlorate, phos-
phate, chromate, and arsenate (Sarkar et al. 2007; Makris
et al. 2004; Makris et al. 2006a, b, Makris et al. 2007, Hardy
et al. 2008, Nagar et al. 2009). With very small particle size
distribution and an extensive micro-porous network, WTRs
ensure a high relative surface area for sorption (Sarkar et al.
2007; Makris 2004; Makris et al. 2004; Hardy et al. 2008).
Toxicity Characteristic Leaching Protocol (TCLP) studies
have consistently shown that the leaching of bound metals
from WTRs are well under the USEPA-prescribed limit
(Makris et al. 2006a, b; Sarkar et al. 2007; RoyChowdhury
et al. 2018), which classifies WTRs as non-hazardous,
allowing for reuse in various environmental applications.
These unique characteristics of WTRs led us to hypothesize
their potential reuse in pH elevation and removal of toxic
metals from AMD-impacted water. Hence, the objectives of
this study were (1) to develop a WTRs-based gravity flow
filter media to lower the acidity and metal concentrations in
AMD-water, (2) to optimize the efficiency of the proposed
WTRs-based filter media via laboratory batch and column
experiments, and (3) to design and evaluate a field-

deployable drum filter using the optimized WTRs-based
filter media.

Materials and Methods

Location of AMD-Site, Sample Collection and
Characterization

The Tab-Simco mine, an abandoned coal mine located in
Carbondale, Illinois, was selected as the proposed study
area of this project. This site is reported to be heavily
impacted by AMD contamination (RoyChowdhury et al.
2017; Smith 2002; Segid 2010). Detailed characterization of
the Tab-Simco mine site and its AMD pollution status has
been reported elsewhere (RoyChowdhury et al. 2017). In
2007, a sulfate-reducing bioreactor (SRB) was constructed
at the Tab-Simco site, but the system failed in 2011 (Behum
et al. 2013). The bioreactor is currently filled with AMD-
water (Figures ESM1 and ESM2 in online resources), from
which water samples were collected in October, 2014.
Samples were collected and transported to New Jersey
following the 1981 EPA/CE-81-1 protocol (Plumb 1981).
Detailed methods for handling and analysis of these sam-
ples has been reported elsewhere (RoyChowdhury et al.
2017).

Water samples were tested for pH and electrical con-
ductivity (using Oakton ion 510 series pH/conductivity
meter, USA). pH and EC measurements were taken both on
site and at the laboratory following standard protocols
(Klute 1996; Rhoades 1996). Samples were then filtered
using 0.45 ym syringe filter, and tested for RCRA 8 metals
plus Fe, Al, Mn, Cu, and Ni using an ICP-MS (Thermo-
scientific X-series: X0448, USA). Method detection limit
for all analytes tested was 1 pg/L. Filtered water samples
were also tested for total sulfate (SOi_) using a Dionex IC
(IC 25 with EG 40, Dionex, USA). All analyses were per-
formed in triplicates.

Collection and Characterization of WTRs

Al-WTRs was collected from the City of Carbondale Water
Treatment Plant, IL, and Ca-WTRs was collected from
Saline Valley Water Treatment Plant, IL. Al- and Ca-WTRs
were transported to New Jersey following the 1981 EPA/
CE-81-1 protocol (Plumb 1981). WTR samples were air-
dried, ground, and sieved through a 1-mm sieve prior to use.
pH and EC of AI-WTRs and Ca-WTRs were measured
following standard protocols (Klute 1996; Rhoades 1996).
Organic matter content of WTRs was calculated using loss
on ignition (LOI) method (Klute 1996). Total C and N
content of Al- and Ca-WTRs were analyzed following a dry
combustion process using an Elementar Vario EL-III CHNS
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analyzer (USA). Total Fe and Al concentrations of Al- and
Ca-WTRs were analyzed by ICP-MS following USEPA
3050B method (USEPA 1996). Oxalate-extractable Fe and
Al concentrations were determined by ICP-MS following
the ammonium oxalate extraction method (McKeague et al.
1971). Toxicity characteristics leaching protocol (TCLP)
tests were performed on both WTRs using the USEPA 1311
method. Method detection limit for all analytes tested was
1 pug/L. All analyses were performed in triplicates.

Laboratory Batch Sorption Experiments

Metal sorption experiments with Al- and Ca-WTRs were
performed as a function of solid:solution ratio and contact
time. All experiments were carried out in triplicates in 50-
mL polypropylene centrifuge tubes. For laboratory batch
sorption experiments, reaction volume was set as 50 mL as
50-mL polypropylene centrifuge tubes are sturdy and easy
to handle in such experimental setups. Detailed experi-
mental setups are described in the following subsections.
Only metals that exceeded USEPA permissible limit in Tab-
Simco AMD-water were used in these experiments.

Effect of Solid:Solution Ratio

Six solid:solution (g:mL) ratios of WTRs to AMD-water
were tested: 1:10, 1:25, 1:50, 1:100, 1:125, and 1:150.
Solid:solution ratios were selected based on previous stu-
dies on WTRs involving various environmental con-
taminants (Makris et al. 2006a; Nagar et al. 2009; Punamiya
et al. 2013; Sarkar et al. 2007). To achieve these solid:
solution ratios, an appropriate mass of WTRs was intro-
duced into 50 mL AMD-water in a 50 mL polypropylene
centrifuge tube. In the tests to evaluate the effect of co-
application of AI-WTRs and Ca-WTRs, mass ratios of 1:1,
1:2, and 2:1 AlI-WTRs to Ca-WTRs were used. Co-
application was tested for higher solid:solution ratios
(1:100, 1:125, and 1:150), and in total, 21 different treat-
ments were tested. It was hypothesized that co-application
of Al- and Ca-WTRs would reduce the overall amount of
WTRs required to treat AMD-water. pH was not controlled
during the treatments; initial and final pH values were
recorded. The tubes were shaken on a reciprocating shaker
at 250 rpm for 24 h at room temperature, then centrifuged at
4000 x g for 15 min at room temperature and filtered using
0.45 um syringe filters. Metals exceeding the USEPA per-
missible limit were analyzed, and the optimum solid:solu-
tion ratio was determined.

Effect of Contact Time

Once the optimal solid:solution ratio was determined, var-
ious contact time intervals were tested for metals sorption:
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1, 2, 3,5, 10, 15, 30 min, 1, 2, 6, 10, and 24 h, using the
same reactor (50 mL centrifuge tubes) as described in the
previous section. The retention times were selected based
on previous WTR studies on different environmental con-
taminants (Hardy 2008; Makris et al. 2006a; Nagar et al.
2009; Punamiya et al. 2013; Sarkar et al. 2007).

Desorption studies were performed using spent WTRs
after completion of the solid:solution ratio experiments.
Supernatants were removed and residuals were collected,
air-dried, and weighed. An appropriate volume of deionized
(DI) water was added to the tubes to attain the initial solid:
solution ratio. Samples were shaken at 250 rpm on a reci-
procating shaker at room temperature. Samples were with-
drawn at designated time intervals (1, 6, 12, 24, 40, and
48 h), filtered using 0.45 pm syringe filters and analyzed for
metals.

Laboratory-Scale WTRs-Filter Column Studies

WTRs-filter columns were prepared using 30 cm x 2.54 cm
clear PVC pipes. Each end of the pipe was fitted with a
2.54-cm dome-shaped cap. Each of these caps was drilled in
order to install inlet/outlet tubing. Glass wool and filter
membranes were used to seal the bottom to prevent leaching
of the filter media. A Cole-Parmer Ismatec 4 channel peri-
staltic pump was used to feed AMD-water into the columns
(Fig. 1, and ESM3 in online resource).

One of the major disadvantages of WTRs is their low
porosity. To improve hydraulic conductivity of the filter
media (10cm height and 53 mL volume), WTRs were
uniformly mixed with sand at ten mass ratios ranging from
1:1 to 1:10. Sand was thoroughly washed with DI water and
dried prior to mixing. Based on the results of previous
experiments, a 1:1 mixture of AI-WTRs to Ca-WTRs was
used for this study. Hydraulic tests were conducted using DI
water to select the optimal WTRs:sand ratio. The filtration
rate was greatly influenced by the height of water table over
the filter bed. Therefore, the flow rate was measured at ten
different heights of water table above the filter media
(1-10 cm). Based on the test results, an optimal WTRs:sand
ratio was selected for follow-studies where AMD-water was

AMD-Water —

Clear PVC column

WTRs and Sand mix
j/ (30cm x 2.5cm)

Glass wool and

—> Flow Direction Filter Membrane

Water Outlet

Fig. 1 Schematic design of the laboratory-scale WTRs-filter
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Table 1 Water quality parameters of Tab-Simco water samples (n = 3)

Sample pH EC Al As Cd Cr Cu Fe Mn Ni Pb Zn SO?[
Name (mS/cm) (mg/L)
AMD- 22702 39+ 8015 4+0.01 1+0.01 1+0.04 4+0.05 137+5.0 33.19+ 3+£03 7+1.2 11+0.9 2481+
water 0.03 0.36 50.0
Table 2 Physico-chemical Sample pH EC  OM  C (%) N(%) Toul Oxalate
properties of AI-WTR and Ca- (uSlem) (%)
WTR (n=3) Al Fe Al Fe
mg/kg
Al-WTR 59+ 1615+ 6.78+x 213+ 097+ 35691114 151+1.7 28,552+93 6.8+0.3
0.06 10.2 0.21 0.83 0.02
Ca-WTR 94+ 1552+ 049+ 104+ 061+ 191+25 1200+8.3 89+5.2 540+9.1
0.3 2.7 0.01 0.41 0.05

passed through the WTRs-filter media, and filtrates were
periodically collected until the number of bed volume (BV)
reached 50. Collected samples were filtered (using 0.45 um
syringe filters) for measurement of RCRA 8 metals plus Fe,
Al, Mn, Cu, Ni (using ICP-MS), and SO;~ concentration
(using IC). Method detection limit for all analytes tested in
ICP-MS was 1 pg/L.

Field-Scale 208 L (55 gallon) Drum Filter Studies

Based on the previous laboratory-scale WTRs-filter column
studies, a field-scale 208 L (55 gallon) drum filter was
designed, with an outlet pipe at the bottom (Figure ESM4 in
online resource). Ninety kg of filter media were packed into
the drum. A membrane filter was installed inside the drum
to prevent leaching of filter media. Two different types of
“green” filter media (1 and 2) were prepared to test the
effluent flow rate.

Filter media 1 was prepared by mixing sand and WTRs
at 1:6 ratio while maintaining 1:1 ratio of AI-WTRs and Ca-
WTRs. The filter media was initially saturated with water.
After draining, 378 L (100 gallons) of AMD-water collected
from the Tab-Simco SRB pond was fed into the filter. The
AMD-water was filtered by gravity without any additional
energy requirement. Filtered AMD-water was collected
through the outlet at the bottom of the drum.

Filter media 2 was prepared to obtain an increased flow
rate by adding clean carbon materials. A specific amount of
carbon material was placed at the bottom and the sand-
WTRs mixture was layered on top. AMD-water was filtered
through the media as described above for filter media 1.

Effluent collected from the filter media 1 and 2 were
analyzed for total RCRA 8 metals plus Fe, Al, Mn, Cu, Ni
(using ICP-MS), and SO;~ concentration (using IC).
Method detection limit for all analytes tested in ICP-MS
was 1 pug/L. Influent and effluent pHs were recorded.

Results and Discussion
Characterization of Tab-Simco AMD-Water

Table 1 presents the characterization data of Tab-Simco
AMD-water. Water was highly acidic with a pH of 2.27 +
0.2. EC of water was 3.9 + 0.03 mS/cm. Presence of a wide
range of metals was detected in the Tab-Simco AMD-water
samples. Fe concentration water was 137 +5 mg/L, which
far exceeded the USEPA permissible limit for Fe (1.0 mg/L)
in surface water (USEPA 1994b; NCAC 2003). Among the
RCRAS metals, concentration of As (4.00 +0.01 mg/L), Pb
(7.0+£1.2mg/L), and Cr (1.0£0.04mg/L) were sig-
nificantly higher than their respective USEPA permissible
surface water limits (0.05, 0.25, 0.5 mg/L) (USEPA 1994b;
NCAC 2003). Zn concentration (11.0 +0.9 mg/L) was also
higher than its USEPA permissible limit (0.5 mg/L). Other
metals with concentrations above USEPA permissible limits
included Al (80+ 15mg/L), Cu (4+£0.05mg/L), Cd (1=
0.01 mg/L), Mn (33 £0.36 mg/L), Ni (3 +0.25 mg/L), and
SOi_(2481 +50 mg/L). USEPA permissible limits for Al,
Cu, Cd, Mn, Ni, and SO?[ are 0.05-0.2, 1, 0.005, 0.05, and
250 mg/L, respectively (USEPA 1994b; NCAC 2003). Tab
Simco AMD-water was, therefore, highly contaminated and
extremely acidic.

Characterization of WTRs

Physico-chemical properties of AI-WTRs and Ca-WTRs are
presented in Table 2. pH of AI-WTRs was 5.9 +0.06, while
that of Ca-WTRs was 9.4 + 0.3, indicating high potential of
the solid to neutralize the acidity of AMD-water. EC of Al-
WTRs and Ca-WTRs was 1615+ 10.2 and 1552 +£2.7 uS/
cm, respectively. Al-WTRs had 6.78% organic matter
content; in contrast, Ca-WTRs had only 0.49% organic
matter. The C:N ratios of Al- and Ca-WTRs were 21 and
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Table 3 Toxicity characteristic leaching protocol (TCLP) results of WTRs (n = 3)

Sample name  As Ba Cd Cr Pb Hg Se Ag Al Fe

(mg/L)
Al-WTR BDL 0.07+0.005 0.006+0.001 0.07+0.003 0.06+0.005 BDL BDL BDL 166+3.5 1.8+£0.03
Ca-WTR 0.005+0.001 BDL 0.002+0.00  0.09+0.007 BDL BDL BDL BDL 1.03x0.09 16.6+0.25
EPA Limit 5.0 100 1.0 5.0 5.0 0.2 1.0 5.0 NR NR

BDL below method detection limit, NR not regulated

8 m1:10
7 -
6 ILLT 1 I m1:25
54 1:50
T 4 m1:100
3 4
5 m1:125
1 1:150
0 - :
o« & & & &
& & & & ¢
I id F o4 od
& & &
P P P
R O o
WTRs Ammendment

Fig. 2 Effect of WTRs amendment on pH of AMD solution. 1:0, 0:1,
1:1, 1:2, and 2:1 mixtures of Al-WTRs:Ca-WTRs were used at six
solid:solution ratios, ranging from 1:10 to 1:150 (n = 3)

17, respectively. AI-WTRs had 35,691 + 114 mg/kg and
15.1 £ 1.7 mg/kg of total Al and Fe content, respectively,
among which 80% Al and 45% Fe were oxalate-extractable,
indicating the presence of large concentrations of amor-
phous surfaces that are ideal for metal binding. Total Al and
Fe contents of Ca-WTRs were 191 +2.5 mg/kg and 1200 +
8.3 mg/kg with 46% oxalate-extractable Al and 45%
oxalate-extractable Fe fraction, respectively. Higher
oxalate-extractable Al and Fe fractions are indication of
amorphous nature of WTRs that correlates to high specific
surface areas and abundant active sorption sites (Makris
2004).

Table 3 presents TCLP results for the RCRA8 metals,
plus Al and Fe. All RCRAS8 metals were much below their
corresponding allowable USEPA limits, indicating that both
Al-WTRs and Ca-WTRs could be classified as non-
hazardous materials. TCLP results also showed that nei-
ther of the WTRs leached any significant amount of Al or
Fe.

Batch Sorption Experiments
Effect of solid:solution ratio on pH

Figure 2 shows effects of WTR-amendment on solution pH
at various solid:solution ratios. For AI-WTRs treatments,
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the final pH after 24 h of experimental period ranged from
4.73 to 3.32 with increasing solid:solution ratio from 1:10 to
1:150, which indicates that AI-WTRs had a limited cap-
ability to raise the pH of AMD-water. For Ca-WTRs
treatments, the final pH ranged from 6.32 to 6.11 with
increasing solid:solution ratio from 1:10 to 1:150, sug-
gesting that Ca-WTRs could effectively increase pH of
AMD-water, bringing it close to neutral. At a solid:solution
ratio of 1:100, co-application of AI-WTRs and Ca-WTRs
raised the solution pH to 6.8 and 6.6 where the ratio of Al-
WTRs:Ca-WTRs was 1:2 and 1:1, respectively. These
results indicate that co-application of Al- and Ca-WTRs
would be effective in addressing one of the major concerns
of AMD, its high acidity. Co-application also reduced the
amount of WTRs required to treat AMD-water. These
results were in agreement with past studies where WTRs
ability to increase system pH was documented (Roy-
Chowdhury et al. 2018). This study showed that WTRs can
effectively increase pH of acidic AMD-water.

Effect of solid:solution ratio on metal adsorption onto WTRs
surface

After the acid removal capacity of the WTRs was estab-
lished, experiments were designed to test their metal
removal ability from AMD-water. The effect of solid:
solution ratio on adsorption of Fe, As, Pb, Cr, and Zn was
tested. Concentrations of all these metals were well above
their respective USEPA surface water limits in Tab-Simco
AMD-water. It is well established that AI-WTRs irrever-
sibly adsorb metals on their surfaces principally via inner-
sphere surface complexation (Sarkar et al. 2007; Makris
et al. 2007; Hardy 2008; Punamiya et al. 2015). Amorphous
nature of WTRs provided abundant active sorption sites for
metals present in the AMD-water. The effect of solid:
solution ratio on Fe adsorption to WTRs surface is pre-
sented in Fig. 3. The initial Fe concentration of AMD-water
was 137mg/L. The final Fe concentration after 24 h
experimental period ranged between 1.04 mg/L (for 1:10
dilution) and 4.77 mg/L (for 1:150 dilution) for AI-WTRs
treatments, and between 0.3 mg/L (for 1:25 dilution) and
0.8 mg/L (for 1:150 dilution) for Ca-WTRs treatments. Co-
application of AI-WTRs and Ca-WTRs further reduced the
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Fig. 3 Effect of solid:solution ratio on Fe concentrations in AMD.
Sorbents are 1:0, 0:1, 1:1, 1:2 and 2:1 mix of AI-WTRs: Ca-WTRs (n
=3

Fe concentration of AMD to 0.5 mg/L (1:100 WTR:AMD
where AI-WTRs and Ca-WTRs were used at 1:1 ratio). In
all treatments where Al-WTRs and Ca-WTRs were co-
applied, the Fe concentration decreased to well below the
USEPA limit for Fe in surface water (1 mg/L). Arsenic (As)
concentration after 24h experimental period ranged
between 0.11 mg/L. (1:10 dilution) and 1.46 mg/L (1:150
dilution) for AI-WTRs treatments, and between 0.13 mg/L
(1:25 dilution) and 0.73 mg/L (1:150 dilution) for Ca-WTRs
treatments. The lowest As concentration among the co-
application treatments (0.21 mg/L) was observed at
1:100 solid:solution ratio with a AI-WTRs:Ca-WTRs ratio
of 1:1 (Figure ESMS5 in online resource). Lead concentra-
tion after 24 h experimental period ranged from 0.02 to
1.66 mg/L and from 0.18 to 1.81 mg/L for AI-WTRs and
Ca-WTRs treatments, respectively. Lead concentration
ranged between 0.47 and 2.17 mg/L for treatments where
both WTRs were used together (Figure ESM6 in online
resource). Chromium concentration after 24 h experimental
period ranged between 0.04 and 0.24 mg/L for AI-WTRs
and Ca-WTRs treatments, respectively. Chromium con-
centration varied from 0.06 to 0.23 mg/L for co-application
of Al- and Ca-WTRs (Figure ESM7 in online resource).
Zinc concentration after 24 h experimental period was
measured at 0.09-3.87 mg/L for AI-WTRs treatments, and
at 0.11-0.3 mg/L for Ca-WTRs treatments. Once again, co-
application of AI-WTRs and Ca-WTRs significantly
reduced Zn concentration at a higher solid:solution ratio
(Figure ESMS in online resource). Our results showed that
co-application AI-WTRs and Ca-WTRs provides abundant
active sorption sites for all metals present in the AMD-
water. As the functional groups in WTRs form inner-sphere
surface complexes with metals on their surfaces, the overall
metal concentration in the AMD-water was significantly
reduced. Results from the metal adsorption studies are in
agreement with other published reports. Chiang et al. (2012)
showed that heavy metal adsorption on WTRs surface in a
multi-metal system was higher than other common heavy

1 2 3 5 10 60 120
Time (Mins)

Fig. 4 Metals adsorption as a function of reaction time. Sorbent: AMD
ratio of 1:100. Sorbent is a 1:1 mix of AI-WTRs and Ca-WTRs (n = 3)

metal sorbents, such as goethite and zeolite. Castaldi et al.
(2015) showed that Al- and Fe-WTRs can adsorb Cu and Pb
from acidic aqueous solution. Their study also showed that
WTRs form strong inner-sphere surface complexes with
those metals. Previous studies by our group also showed
that WTRs are effective in the removal of heavy metals such
as Pb, Cu, and Zn from simulated AMD-water matrices
containing mixture of heavy metals at high concentrations
(Hardy 2008). Results from this study show that Al- and
Ca-WTRs are able to significantly reduce acidity and metal
concentrations from AMD-water. Co-application of Al- and
Ca-WTRs is more effective in lowering acidity and metal
concentrations from AMD-water. A ratio of 1:100 sorbent:
AMD-water—sorbent being a 1:1 ratio of AI-WTRs to Ca-
WTRs—was selected for the next phase of our study. There
was a possibility that metal precipitation might have
attributed to the removal of metal concentration from the
system. However, geochemical modeling using Visual
MINTEQ (version 3.1) excluded that possibility. Hence, we
infer that adsorption is the major mechanism of metal
removal. While the ability of WTRs to adsorb heavy metals
from various environmental matrices is well investigated by
researchers (Sarkar et al. 2007; Makris et al. 2007; Nagar
et al. 2009), the use of Al- and Ca-WTRs for treating an
extremely acidic multi-metal contaminated real AMD
matrix has not been investigated previously. Our results
show that co-application of Al- and Ca-WTRs can not only
increase the pH of AMD-water, but can also effectively
remove heavy metals from the solution, indicating their
potential use for AMD remediation.

Effect of contact time

Within the first 3 min of reaction time, apparent equilibrium
was achieved for all metals (Fig. 4); metals adsorption did
not vary between 3 and 120 min when the experiments were
stopped. A majority of the initial Fe, As, Pb, Cr, and Zn
concentrations of AMD-water (99, 100, 97, 100, and 95%,
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Fig. 5 Metals desorption from spent WTRs previously used in
adsorption experiments (Fig. 4) as a function of time (n = 3)

respectively) were adsorbed onto WTRs surfaces. Solution
pH was 6.9 +0.2. Metals sorption on WTRs surface was
very strong and irreversible as documented by the results of
the desorption study (Fig. 5). Metal binding on the WTRs
surface was irreversible and desorption between 0 and 48 h
was insignificant (< 5%). Adsorption of metals on WTRs is
associated with the formation of inner-sphere complexes.
Previous studies, using various indirect and direct
mechanisms, including surface complexation modeling
(SCM), X-ray absorption near edge structure (XANES), and
extended X-ray absorption fine structure (EXAFS) showed
that WTRs can adsorb environmental contaminants such as
As, Pb, Cu, and P through inner-sphere complexation
(Sarkar et al. 2007; Makris et al. 2007; Hardy 2008;
Punamiya et al. 2015). Covalent bonds are generally strong
and cannot be easily broken. Studies showed that the oxides
and hydroxide functional groups provide reaction sites for
adsorption where inner-sphere complexations occur. It is
also well documented that amorphous surfaces have much
larger site density than crystalline surfaces. Therefore,
oxalate-extractable Al and Fe fractions that measure the
degree of amorphous surfaces are good indicators of the
WTRs potential in binding metals. WTR characterization
data of this study (Table 2) show that AI-WTRs contained
80% oxalate-extractable Al and 45% oxalate-extractable Fe,
and Ca-WTRs contained 46% oxalate-extractable Al and
45% oxalate-extractable Fe. Hence, Al- and Ca-WTRs can
be assumed to provide a large number of adsorption sites for
the metals present in the AMD solution. Also, the results
from desorption study suggested that the metal binding on
the WTRs surface was possibly due to the formation of
inner-sphere complexes, which are strong and irreversible
(Hardy 2008; Makris 2004; Punamiya et al. 2015). Similar
behavior of WTRs were also reported by Chiang et al.
(2012), where WTRs removed more than 80% of the con-
taminants such as Cd, Co, Pb, Ni, and Zn from a multi-
metal solution. Castaldi et al. (2015) investigated the
adsorption mechanisms of Pb and Cu on WTRs surfaces.

@ Springer

Their study used FT-IR spectra to show inner-sphere
bonding of the metals on WTRs surface. Our study shows
that not only very fast multi-metal adsorption from AMD-
water occurred on WTRs surfaces, the adsorption was
irreversible.

Laboratory-Scale WTRs-Filter Column Studies

Batch sorption experiments showed that AI-WTRs and Ca-
WTRs were effective sorbents of metals in AMD-water. A
1:1 ratio of AI-WTRs to Ca-WTRs was selected for follow-
up column studies. Clear PVC pipes (30 cm height, 2.54 cm
wide) were used to build WTRs-filter columns. As WTRs
matrices have very poor permeability, they were mixed with
sand at various mass ratios. A BV of 53 mL was used for
our study, which was equivalent to 10 cm bed height. A
series of hydraulic tests were performed to select the opti-
mal WTRs:sand ratio in terms of both hydraulic character-
istics and treatment performance, i.e., metal retention
(Figures ESM9 and ESM10 in online resource). Hydraulic
retention time (HRT) in the filter bed ranged from 6.18 to
1.35 min at different WTRs:sand ratios (Figure ESM9 in
online resource). Increasing sand ratios increased the flow
rate in the column. After a series of trials, a ratio of 1:6
WTRs to sand was selected for follow-up experiments, as
this ensured a desirable flow rate (15 mL/min) at 10cm
water height (Figure ESM11 in online resource).

After optimizing the composition of the filter media,
AMD-water was passed through the column at a flow rate of
15 mL/min. Effluents were periodically collected at differ-
ent bed volumes. The results are presented in Table 4. The
WTRs-filter media increased the initial acidic pH of raw
AMBD-water from 2.27 to 6.5. It was observed that up to 20
bed volumes, the filter media significantly removed acidity
and metal concentrations, but beyond that its overall per-
formance dropped, which indicates that after treating 20 BV
equivalent of AMD-water, adsorption capacity of the filter
media was exhausted. Rust formation in the treatment col-
umn was observed (Figure ESM11 in online resource),
which was a result of removal of Fe from AMD-water. The
pH of filtered AMD-water was 6.5 (at 1 bed volume).
During the study, significant metal removal was observed
from the AMD-water. More than 90% metals were removed
from the AMD-water (Table 3) with 36% removal of sulfate
concentration. At the end of the column study, a TCLP test
was performed on the spent WTRs media following the
USEPA 1311 method. The results showed that no metal
leaching occurred under simulated landfill conditions sug-
gestive of strong, irreversible metal binding on WTRs sur-
face. Results from the WTRs-filter column study were in
agreement with the results of our earlier batch sorption
studies and showed that the effective metal removal was
possible from AMD-water by using WTRs-filter media. Our
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Table 4 pH, Metals and Sulfate removal by WTRs filer column over time (n = 3)

SO~ (mg/L)

As (mg/L) Cu (mg/L) Fe (mg/L) Ni (mg/L) Pb (mg/L) Zn (mg/L) Mn (mg/L)

Al (mg/L)

pH

Name

1661 £15.2
1718 £28.1
1675 +10.4
1602 +9.2

0.1+0.001
0.1+0.001
0.1+0.001
0.1+0.001
0.1+0.001
0.2+0.001
0.2+0.001
0.2+0.001
0.3+0.001

0.45+0.05
0.72+0.1

0.21 +0.01

0.6+0.01

0.36 +0.01
0.41+0.01
0.39+0.02
0.54 +0.01
0.5+0.02

0.74 +0.01

0.03+0.01
0.07 +0.01
0.1+0.01
0.1+0.01
0.1+0.01
0.33+0.01
0.33+0.01
0.28 +0.01
0.36+0.01
4+0.05

<MDL
99.3

0.21 £0.01
<MDL

6.15+0.01
6.12+0.01
6.13+0.03
5.73+0.01
5.81+0.01
5.92+0.02
4.09 +0.01
4.14+0.01
4.32+0.01
2.27+0.02

1BV

0.04 +0.001
0.23+0.01

<MDL

0.79+0.01
0.67 +0.02
0.97+0.03
0.79+0.02
0.44 +0.01
0.25+0.01
1.28 +0.53
1.05+0.48
3+0.25

91.6

0.08 +0.001
<MDL
<MDL

2BV

0.94+0.2

0.7+0.1

5BV

1.34+0.01
1.17+0.01
1+0.01

1.3+0.1

10BV
15BV
20BV
25BV
40BV
50BV

1580+ 18.6

0.07 £0.001
0.69 +0.02
0.42+0.01
0.85+0.01
1.2+0.02
7+1.2

100

0.03 +0.005
0.03 +0.001

1.4+0.2
3+0.05

34

1587 +33.1

1573 £41.2
1672 £29.2

1624 +18.5

1.65+0.02
1.55+0.01
1.4+0.04
11£0.9

95.9

1.04 £0.05
0.95+0.02
0.74 +0.01
1375
99.7

0.82 +0.001
0.55+0.001
0.16 +0.002
4+0.01

100

+8.2

237+2.8
9+1.6
80

2481 50
36.3

33.19+0.36

99.7

+15

Raw AMD

100

Max removal% achieved

<MDL below method detection limit, BV bed volume

Table 5 Characterization of Tab-Simco AMD before and after
filtration (n = 3)

Parameter Raw AMD from Tab- Filtered AMD
Simco
Filter media  Filter media
1 2
pH 2.27+0.2 7.1+0.03 7.8+0.05
EC (ms/cm) 3.9+0.03 2.3+£0.01 2.5+£0.01
Fe (mg/L) 1375 0.04£0.001  0.06 +£0.003
Al (mg/L) 80+15 0.5+£0.03 0.7+0.01
Ni (mg/L) 3+0.25 0.04£0.001 0.04+0.001
Zn (mg/L) 11£0.9 0.01£0.001 0.01x0.001
Pb (mg/L) T7+1.2 <MDL <MDL
As (mg/L) 4+0.01 <MDL <MDL
Cr (mg/L) 1+£0.04 <MDL <MDL
Cu (mg/L) 4+0.05 <MDL <MDL
Mn (mg/L) 33.19+0.36 0.3+0.01 0.2+0.01
SO%’ (mg/L) 2481+50 1984 £ 15 13708

<MDL below method detection limit

laboratory-scale WTRs-filter column study showed that Al-
and Ca-WTRs have the potential to remediate highly acidic
and multiple metals contaminated AMD-water.

Field-Scale WTRs-Based Drum Filter Studies

After testing the sorbent in laboratory column studies, the
study was scaled up further, and a field-scale 55-gallon
drum filter was designed to treat AMD-water. Two types of
filter media were used to prepare the drum filters. Filter
media 1 was prepared by mixing sand and WTRs at 1:6
ratio while maintaining 1:1 ratio of AI-WTRs and Ca-
WTRs. Filter media 2 had an additional layer of clean
carbon material in the bottom to improve flow rate.
Experiments using these two filter media showed that both
filter media 1 and 2 performed well in terms of pH
enhancement and metal adsorption (Table 5). Filter media 1
and 2 improved the AMD pH to 7.1 +0.03 and 7.8 +0.05,
respectively. Concentrations of the metals including Fe, As,
Cr, Pb, and Zn were all below their respective USEPA
permissible limits, after the AMD-water was passed through
the filter. Moreover, filter media 1 and 2 reduced the initial
SO3~ concentration by 20% and 44%, respectively. How-
ever, the filtration rates of the filter media varied con-
siderably. The flow rate of filter media 1 was 3.78 L/min
(1 gallon/min), which was significantly lower than that of
filter media 2, at 15 L/min (4 gallons/min). A visual com-
parison of AMD samples before and after filtration is pre-
sented in Figure ESM12 in online resource.

No visible gypsum saturation was noticed inside the filter
media during the AMD filtration process. Chemical equili-
brium calculation using the Visual MINTEQ (version 3.1)
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software with the input of the AMD-water quality para-
meters confirmed that gypsum saturation is not likely to
occur under the experimental conditions. Visual MINTEQ
analysis showed no indication of super-saturation of any
minerals. Visual MINTEQ analysis predicted potential
formation of minerals such as gibbsite, zincite, zincosite,
pyrochroite, arsenolite, chalcanthite, etc., but all of them
were predicted to be undersaturated under the experimental
conditions. Results from the field-scale WTRs-filter study
verified the outcomes of our laboratory batch sorption and
column studies, and indicated a high possibility of the
WTRs-based filter media to be effective in a field-scale
setup for removal of acidity and an array of heavy metals
from raw AMD-water.

The results from our batch sorption experiments to col-
umn filter experiments to field-scale drum filter studies
demonstrated high potential of WTRs-based filter media to
remediate AMD-water. Many researchers have examined
alternative sorbent materials for their effectiveness in AMD
remediation. Some of these reports were based on
laboratory-scale studies, while a few were pilot-scale field
studies. Asokbunyarat et al. (2015) used coal bottom ash to
adsorb heavy metals such as Fe, Cu, Zn, and Mn from
synthetic AMD-water, both single and multi-metal systems.
Their study showed that adsorption efficiency primarily
depends on pH, contact time and solid solution ratio. They
also found that adsorption efficiency decreased for multi-
metal solutions compared to single metal solutions due to
the presence of competing ions. Etale et al. (2016) tested the
performance of maghemite nanoparticles (NPs) for removal
of Cu and Mn from AMD-water. Their study showed that
removal of Cu and Mn from AMD-water by NPs was
greatly impacted by pH. Metal removal efficiency of NPs
increased with the increase in solution pH. They reported
that NPs removed 46% of the initial Cu and 54% of initial
Mn from AMD contaminated surface water, and 8% of
initial Cu and 50% initial Mn from AMD contaminated
groundwater. Presence of Mn negatively impacted the
retention of Cu from AMD-water. Lee et al. (2016) tested a
permeable reactive kiddle (PRK) to remediate AMD-water.
The PRK consisted of a permeable membrane, a supporting
PVC frame and the sorbent. Three different sorbents were
used for this study, namely steel slag (SS), waste cast iron
(WCI), and zerovalent iron (ZVI). Various structures, sizes,
and arrangements of PRK, and the mixing ratio of different
sorbents and cement were tested for their role in AMD
remediation. The study showed that one metric ton of AMD
could be remediated using 5-13 kg of sorbent material in
the PRK system, and they recommended using more than
one PRK arrangements and multiple sorbents to obtain the
best AMD remediation efficiency. Choi (2015) reported
biosorption of heavy metals from AMD-water on a hybrid
system consisting of sericite beads and microalgae
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Chlorella sp. In this study, AMD-water was passed through
a reactor filled with sericite beads where the HRT was 3 h.
The sericite-treated AMD-water was introduced to an
optical panel photobioreactor (OPPBR). The residence time
in OPPBR was 6 days. Removal of metals such as Fe, Cu,
Zn, Mn, As, and Cd from the AMD-water was between
97.78 and 99.26%. In another biosorption study, Choi and
Lee (2015) tested heavy metal removal efficiency of cal-
cined eggshells and microalgae hybrid system from AMD-
water. The experimental design was same as the previous
experiment reported by Choi (2015) except that sericite was
replaced with calcined eggshells. The study showed that the
removal efficiency of Fe, Cu, Zn, Mn, As, and Cd from the
AMD was between 99.47 and 100%, which is in a similar
range of what we observed in this study. Our results show
that WTRs-filter media have a significant remediation
potential for AMD. The WTRs-filter media was effective in
removing 99% of Fe, Al, Zn, Pb, and As, and increased the
pH of the AMD from 2.3 to 7.8. While WTRs have been
studied previously for the remediation of various con-
taminants, application of WTRs-based filter media was
never tested before using a field-scale filtration setup. Our
study demonstrated for the first time that WTRs-based filter
media is a realistic, cost-effective, “green”, and efficient
method for remediation of AMD-water.

Conclusion

This study showed that Al- and Ca-WTRs-based filters have
the potential for remediation of AMD-impacted water.
Laboratory- and field-scale tests showed that co-application
of AI-WTRs and Ca-WTRs could neutralize the acidity and
adsorb multiple metals and sulfate from AMD-water.
Results from batch equilibrium studies showed that a 1:100
ratio of sorbent: AMD-water—where sorbent was a 1:1 ratio
of AI-WTRs to Ca-WTRs—was most effective in lowering
acidity and metal concentrations from AMD-water. Results
from batch studies also showed that adsoption of metals
from AMD-water by WTRs was very fast, and occurred
within first 3 min of reaction time. Once metals were
adsorbed on WTRs surfaces, the bonding was strong and
irreversible as desorption of all metals from the spent sor-
bent was <5%. Batch equilibrium studies were followed by
dynamic WTRs-filter column experiments in a laboratory
scale. To increase the porosity of WTRs-filter column, a
ratio of 1:6 WTRs to sand was selected. During the
laboratory WTRs-filter column study, significant improve-
ment of pH of AMD-water was noticed, and more than 90%
removal of all metals and 36% removal of sulfate con-
centration was achieved. Optimized WTRs-filter column
was scaled up to a 55-gallon drum filter for field-scale
application. The results of field-scale WTRs drum filter
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study showed that the system effectively removed 99% of
metals present in the AMD, and increased the pH of the
AMD-water from 2.3 to 7.8. Drinking water treatment
plants generated large quantities of WTRs, which are pri-
marily disposed of in landfills. This new technology pro-
vides the industrial waste a second life, alongside offering a
“ereen” remediation option to combat AMD pollution.
WTRs can be obtained free of cost from drinking-water
treatment facilities, thereby making the technology green
from a financial point of view. This study demonstrated that
WTRs-based filtration process is a promising technology to
address AMD-induced water pollution issues.
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