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Water Impact Statement:

We are reporting novel data about the chemical characterization of drinking water treatment residuals
(DWTRs) in the perspective of understanding what controls their high metal sorption capacities. We show
that these properties are related to the selection of additives beyond the coagulant. This research informs
the potential application of DWTRs for the remediation of polluted sites.
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Drinking water treatment residuals (DWTRs) are complex mixtures of organic and inorganic phases

EiohEEGpononananax generally disposed of as waste materials. However, their strong sorptive properties could be further
exploited to immobilize contaminants. To characterize these materials, we applied a range of an-
alytical techniques to a set of aluminum-based DWTRs. We determined surface areas, elemental
compositions using CHNS analysis and X-ray fluorescence (XRF), performed thermogravimetric anal-
yses paired with mass spectrometry (TGA-MS), and used synchrotron-based methods: X-ray diffrac-
tion (XRD) and X-ray absorption spectroscopy (XAS). Elemental analyses and specific surface area
measurements — that vary between 7.23+£0.03 and 197.6 +0.9 m?/g — indicate that non-coagulant
additives must play an important role in controlling sorption. High resolution powder XRD reveals
the presence of only a few crystalline minerals mostly derived from source waters or additives. Fe
was detected by XRF in all samples, whereas Mn was present in significant levels in samples with
potassium permanganate as additive. The chemical speciation of these elements was characterized
by performing spectral decompositions of XAS spectra. The spectral features of Fe are consistent
with iron(111) oxides/hydroxides and structural iron in clays. On the other hand, Mn is predominantly
present under its reduced form, Mn(ll).

1 Introduction _ o
Management and disposal of DWTRs can place a significant

Drinking water treatment residuals (DWTRs) are the byprod-
ucts of the coagulation, flocculation, and sedimentation steps of
conventional drinking water treatment!. At these stages, tur-
bidity is removed from source waters using coagulants (such as
alum, Al, (SO,)3, or ferric chloride, FeCl;) and often flocculation
aids (such as polyacrylamide and Poly-diallyldimethylammonium
chloride — polyDADMAGC — polymers) 2. In addition, other chem-
icals may be added to alter the composition of incoming waters
at this time; for example, lime (CaO or Ca(OH),), potassium per-
manganate (KMnO4)2, and activated carbon. What results is a
complex organic-inorganic mixed material that includes compo-
nents from both the source water and the chemical additives used
at the drinking water treatment plant!.
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cost burden on municipalities®. In conventional drinking water
treatment, DWTRs are generated at a volumetric ratio of 1:300-
500 to treated water; the relative volume of DWTRs increases
by an order of magnitude at drinking water treatment plants
(DWTPs) that employ lime softening3. In the United States,
DWTRs are sometimes directly discharged into the environment
upon their generation when permitted by state or regional author-
ities through the National Pollutant Discharge Elimination Sys-
tem (NPDES)3. In other situations, more rigorous steps may be
necessary to dispose of DWTRs. For example, DWTRs may be
dewatered and applied to land, or they may be disposed of as
sludge in sewers to be managed by wastewater treatment plants
through “indirect discharge"2. Hazardous DWTRSs, as often deter-
mined through toxicity characteristic leaching procedure (TCLP)
results, may need to be disposed of at hazardous waste land-
fills or through the use of Class I well injections*. Even among
non-hazardous DWTRs, there are historic and lingering concerns
about their environmental impacts, including the potential re-
lease of aluminum in acidic environments®, issues due to com-
promised DWTP source waters®, potential adverse ecosystem im-
pacts”8, and the use of synthetic organic polymers to aid floc-
culation®. It is worth emphasizing that most studies have found
limited to negligible environmental and health impacts from the
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disposal of these DWTRs, provided reasonable precautions are
taken>8,

Recent research has sought to find ways to repurpose DWTRs as
sorbent materials 110, Indeed, DWTRs are characterized by high
sorption capacities for arsenic'>!2, inorganic phosphorus 314,
and mercury !>16, However, these studies may be somewhat lim-
ited in scope, since they tend to focus on a specific DWTR charac-
terized by the coagulant of choice. This leaves the richness in the
diversity of these materials generally under-addressed. Hence,
there is a need to characterize the chemical diversity of DWTRs
that derive from the use of the same coagulant to gain insights
into what controls sorptive properties.

Here, we characterize DWTR samples obtained from 6 DWTPs
in the United States. Each of these samples comes from treat-
ment plants that use an aluminum-based coagulant. These sam-
ples, however, differ in terms of the other chemical additives used
as well as the water sources (e.g. surface water, groundwater,
or a mix of the two). For this, we apply a multi-method ap-
proach that relies on (1.) thermogravimetric analysis coupled
to mass spectroscopy (TGA-MS) for broad quantification of ma-
terial composition, (2.) specific surface area analysis and micro-
porosity relying on the BET theory, (3.) elemental composition by
means of x-ray fluorescence (XRF) and CHNS analyses, and (4.)
the characterization of crystalline and amorphous mineral phases
by high-resolution X-ray diffraction (XRD) and X-ray absorption
spectroscopy (XAS).

2 Experimental

2.1 Drinking Water Treatment Residual (DWTR) Samples

Drinking water treatment residuals were obtained from DWTPs
across the United States. State of origin, chemical additives, and
type of source water (surface or groundwater) for each sample
are included in Table 1. These DWTRs were selected from a to-
tal of 15 samples after a screening step based on metal content
guidelines for safe introduction of waste materials to aquatic en-
vironments”>17. Each DWTR sample is referred by the abbrevia-
tion of the state of origin — for example, DWTR-TN refers to the
sample from Tennessee. Dewatered DWTR samples provided by
DWTPs were air-dried and subsequently ground. For each DWTR,
particles of less than 2 mm in size were separated from the bulk
DWTRs using a No. 10 mesh, producing the fine material used in
all experiments.

All DWTRs analyzed in this study use an aluminum salt
as part of the coagulation process. That aluminum salt is
aluminum sulfate (Al,(SO,4);, or “alum"), with the exception
of DWTR-TN, which uses polyaluminum chlorohydrate (PACI,
Al Clsy_m (OH) ). Aluminum coagulants form aluminum hydrox-
ide, AI(OH)4 that decreases the alkalinity of the solution, but PAC]
partially offsets this through its basicity.

Beyond the coagulant, all but the MN sample use synthetic or-
ganic polymers to aid in flocculation. NC, OR, and WY use an-
ionic polymers (which are generally polyacrylamide polymers),
while UT and TN use cationic polymers (which are generally poly-
DADMAC polymers). These are applied at low-to-sub-ppm levels
to source waters to lessen the necessary coagulant dose?2.
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Half of the samples (MN, NC, and TN) employ lime softening,
where CaO or Ca(OH), is added to the source waters to remove
Mg and Ca from solution through precipitation?.

Potassium permanganate (KMnO,) is used to oxidize unwanted
chemicals in source waters, such as sulfide, organic matter, fer-
rous iron, and reduced manganese2. UT and TN use KMnO, as
an additive. Other chemicals may be used for similar oxidative
purposes, but these additives will not themselves form a precipi-
tate as a result. Within the suite of DWTRs, these include chlorine
gas (OR), ozone (WY), and hydrogen peroxide (TN, again).

Finally, UT and WY samples use activated carbon as an additive,
which sorbs dissolved contaminants in the source waters.

Most of these DWTRs come from treatment plants that draw
primarily (as in WY and MN) or exclusively (as in OR, TN, and
UT) from surface waters. DWTR-NC is the exception: all the wa-
ter for that treatment plant comes from groundwater wells.

2.2 Thermogravimetric Mass Spectrometry (TGA-MS)
Thermogravimetric analysis data were collected using a Netzsch
STA 449 F3 Jupiter Simultaneous Thermal Analysis (STA) instru-
ment. Measurements were made under ultra-high purity helium
gas flowing at 211 mL/min. Following a 10-minute isothermal
step at 30°C, the temperature was increased at a rate of 10°C/min
up to 900°C and held at that temperature in a final isothermal
step for 10 minutes. Gases were transferred to an Agilent Tech-
nologies 7890A Gas Chromatograph equipped with an Agilent HP-
5 column and Agilent 5975 MSD spectrometer. Injections of 250
uL of the gas mixtures were analyzed every minute through the
heating and final isothermal steps, and mass spectra were col-
lected from 10-400 m/z. A baseline measurement using an empty
alumina crucible under the same operating conditions was col-
lected to correct for the buoyancy effect. Approximately 15 mg
of the fine fractions for each DWTR were used for this analysis.
Mass losses for the DWTRs are expressed relative to the mass at
the end of the initial isothermal step. Samples were dried at 40
°C for one day prior to analysis.

Mass spectrometry (MS) data were analyzed using Agilent
ChemStation software. For quantification of the major ions at m/z
18 (water) and 44 (carbon dioxide), integration of the peaks were
performed within the software. For the peak forest maps show-
ing the m/z ranging from 50 to 150, raw data were exported. The
median count value for each m/z was calculated starting at 5 min-
utes after the commencement of the high-temperature isothermal
step and ending at the last collected MS data point approximately
20 minutes later during the declining temperature step. This me-
dian value provided the baseline to estimate the integrated peak
area for the high m/z ions.

2.3 Specific Surface Area and Microporosity Analysis by Ni-
trogen Adsorption

Surface area analysis was conducted on the fine fraction of DWTR

samples based on the physisorption of nitrogen using a Mi-

cromeritics 3Flex instrument. DWTRs were dried at 40 °C, then

immediately prior to analysis, samples were degassed at 100 and

120°C using a Micromeritics Smart VacPrep. Samples were con-
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Table 1 DWTR sample characteristics, including their state of origin, chemical additives used in drinking water treatment, and general source waters.

State  Additives Water Source
MN Aluminum sulfate, lime, ferric chloride 70— 80% surface water, remainder groundwater
NC Aluminum sulfate, lime, anionic polymer Groundwater
OR Aluminum sulfate, chlorine gas, anionic polyacrylamide polymer, sodium Surface water
hydroxide
TN Polyaluminum chlorohydrate, potassium permanganate, lime, soda ash, Surface water
hydrogen peroxide, cationic polymer
uT Aluminum sulfate, potassium permanganate, activated carbon, cationic Surface water

polymer

WY Aluminum sulfate, anionic polyacrylamide polymer, powdered activated

carbon, sodium fluorosilicate, ozone

Mostly surface water with some groundwater
supplementation

firmed to be ready for analysis if their leak rate was less than
0.0025 mmHg/min after 120 s.

Surface area calculations are based on the Brunauer-Emmett-
Teller (BET) theoryls, while pore size distributions are based on
the Barrett-Joyner-Halenda (BJH)!? method with the Halsey t-
curve 0 as applied to desorption data.

2.4 Carbon, Hydrogen, Nitrogen, and Sulfur Elemental Anal-
ysis (CHNS)

Data for the elemental abundance for carbon, hydrogen, nitrogen,
and sulfur (CHNS) in DWTR samples were collected using the El-
ementar Vario EL Cube. Sulfanilamide standards were used to
verify the accuracy of the measurements. For each DWTR, tripli-
cate measurements were taken using approximately 5 mg of sam-
ple for each measurement.

Measurements were taken for DWTR samples with and without
the addition of phosphoric acid. Acidification allows for the con-
tribution of acid-volatile carbon to be distinguished from non-acid
volatile forms of carbon; most often, the acid-volatile carbon is
dominated by carbonate minerals, and the non-acid-volatile car-
bon would primarily be made up of organic matter?!. Two DWTR
samples, UT and WY, are sourced from DWTPs that use activated
carbon as an additive; importantly, activated carbon is also non-
acid-volatile. 50 mg of each sample was placed in a glass vial and
dried at 40 degrees Celsius for one day. For acidified samples, 1.5
M H;PO, was added in a 50 uL initial spike. Subsequent addi-
tions of acid were applied in 100 uL increments. Samples were
dried at 60°C after each addition of acid. A total of 50 uL acid
was added to OR and WY, 150 uL to UT, and 750 uL to TN, NC,
and MN. These volumes were selected to ensure a molar ratio
of protons from the acid to carbonate of at least 6:12! based on
the estimated carbonate content for each DWTR as suggested by
chemical additives used and the TGA data collected.

After all acid was added, these samples were dried for three
days at 40° C. Mass of these samples were tracked across time
and corrected using an empty sample bottle undergoing the same
heat treatment. H, N, S, and total C abundance values were taken
from the results of un-acidified samples. The non-acid-volatile
C was taken from the acidified samples (corrected based on the
change in mass with the addition of acid), and the acid-volatile
C abundance was taken to be the difference between C measure-
ments in the two samples.

2.5 X-Ray Fluorescence (XRF)

XRF data were collected using a Xenemetrix Ex-Calibur EX-2600.
This instrument uses a Rh X-ray source, operated here at 20 keV
and 10 pA, and a silicon energy-dispersive detector. Spectra were
collected for 120 s with no filter over the detector. All samples
used the fine fraction of the DWTRs with data collected at room
temperature under vacuum. Samples were placed on 6 um Mylar
film stretched over plastic cups.

2.6 X-Ray Diffraction (XRD)

Powder XRD measurements were first performed using labora-
tory based diffractometers. However it proved difficult to re-
solve the presence of other crystalline phases than quartz and
calcite. Hence, synchrotron-based high-resolution powder XRD
analyses were conducted at the bending magnet beamline of
the Dow-Northwestern-Dupont Collaborative Access Team (DND-
CAT), Sector 5 of the Advanced Photon Source at Argonne Na-
tional Laboratory in Lemont, IL, USA. Fine and ground samples
were sieved through a 63 um 230 mesh. These were subsequently
sealed in glass capillaries that were rotated within the monochro-
matic X-ray beam, which had a wavelength A = 0.620426 A, which
translates to an energy of 20 keV. The scan ran from 26 val-
ues of 7.5 to 41.5°. Peak identification was performed using
MDI-JADE software?? with the International Centre for Diffrac-
tion Data database 23, and additional crystallographic information
was collected from the American Mineralogist Crystal Structure
Database >4,

2.7 X-Ray Absorption Spectroscopy (XAS)

Like the XRD analyses, XAS data were collected at DND-CAT on
the bending magnet beamline. Data for samples were collected
at the Fe and Mn K-edges in fluorescence mode using two Vortex
ME-4 silicon drift detectors and aligned in energy using a refer-
ence foil for the metal of interest. For standard/reference mate-
rials, data were collected in absorbance mode. Intensities for 10,
IT1, and IT2 were measured with Oxford ionization chambers of
29.6 cm path lengths, and energy was set using a Si (111) dou-
ble crystal monochromator. Other Fe K-edge standards were col-
lected from previous XAS experiments2®, the Lawrence Berkeley
National Laboratory XAS database?®, and the National Institute
for Materials Sciences Materials Data Repository (MDR) 2728, Mn
database standards include spectra from previous studies2?, dis-

Journal Name, [year], [vol.], 1-14 |3

Page 4 of 15



Page 5 of 15

tributed with the Demeter suite for XAFS analysis 30 found on the
MDR %728 and included in supplementary materials by Manceau,
Marcus, and Grangeon3!. For standards without reference foil
data included, a spectrum from the database was aligned to data
collected at DND-CAT (either Mn or Fe metal foil or manganese
carbonate), and the offset for the alignment was applied to all the

spectra from that database.

XAS data analysis was performed using araucaria®?, a data

analysis package written in Python and utilizing Jupyter note-
books33. This software package depends on scipy34, sklearn3>,
and numpy3°. Glitches were removed from the spectra auto-
matically3”. For the interpretation of X-ray absorption near edge
spectra (XANES), principal component analysis (PCA) and target
transformation performed on the spectral libraries of references
(TT) were performed to inform about the selection of the proper
set spectra to use. This was followed by performing spectral
decompositions based on linear combination fitting (LCF) 3840,
These techniques were applied to the first-derivative XANES for
spectra at both the Mn and Fe K-edge?>.

Calculations for the LCF were performed using Imfit4!, forcing
the sum of standards to be equal to 1. Standards were eliminated
from the LCF for each sample if (1.) the uncertainty for that
standard’s weight in the fit encompassed O or (2.) the omission
of that standard from the LCF resulted in an increase of <0.001
in the 2 measure for goodness-of-fit.

3 Results and Discussion

We present below the results of the suite of analyses that were
performed to characterize air-dried and ground DWTR samples.
As a preamble, one needs to note that exposing reduced ele-
ments, such as Fe(II) or Mn(II), to di-oxygen may lead to their
oxidation and therefore changes in their coordination environ-
ment/speciation. At the same time, since we did not control
the chain of custody of the samples that were shipped to us and
that their application would occurred after storage and transport,
most likely as dried granulate, air-drying seemed to be the most
effective and sustainable approach for the re-use of stabilized
DWTRs.

3.1 Thermogravimetric Mass Spectrometry

Thermogravimetric results are presented in Figure 1. These data
divide the DWTRs neatly into two groups: those with relatively
consistent declines in mass from 100-600°C, and those which see
steep declines in mass above 600°C. This division corresponds
with the use of lime as an additive. Above 600°C, carbonate min-
erals decompose, releasing carbon dioxide*2; the high mass loss
in that region is tied to high carbonate mineral content in lime-
based DWTRs (MN, NC, TN). Mass loss in other regions is broadly
indicative of the organic matter and water content of these mate-
rials. Below 200°C, most mass loss will be connected to the dehy-
dration of the materials*2. Between 200 and 600°C, several de-
composition processes may contribute to mass loss. Distinguish-
ing organic matter decomposition in this region by TGA remains
a point of research interest; in general, though quantification of
inorganic carbon in carbonate minerals is quite accurate based
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Fig. 1 Thermogravimetric results for DWTR samples. Mass of the
DWTR, shown as the percentage of the mass relative to the mass at
the end of the initial isothermal step, is compared to temperature.

Table 2 Thermogravimetric analysis results for DWTR samples, showing
the percentage mass loss over specified temperature ranges. Mass loss
from (1.) 200-430°C may be attributed to organic matter decomposition,
(2.) 430-600°C inorganic material decomposition, and (3.) 600-825°C
carbonate mineral decomposition 2.

Mass Loss (%)

DWTR Samples 200-430°C  430-600°C  600-825°C
Lime-based NC 1.3 2.0 35.9
MN 4.4 2.7 33.1
TN 0.7 1.1 38.4
No lime OR 10.1 4.5 1.0
uUT 10.8 5.2 3.9
WYy 8.9 5.1 1.4

on the mass loss above 50043 or 600°C*2, attempts to quantify
organic carbon can lead to less accurate, but still informative, re-
sults 4344, Broadly speaking, in soils, mass loss from 200-430°C 42
or similar temperature ranges** has been attributed to the de-
composition of organic matter. From 430-600°C, non-carbonate
mineral decomposition (i.e. clays) can factor into the mass loss 2.
However, these are imperfect assumptions. Magnesium hydrox-
ide, which is assumed to precipitate during the lime softening
process2, will lose a significant amount of mass within that “or-
ganic matter" range*®. Organic matter can decompose across the
full range of temperatures, depending on its composition, and
under an inert atmosphere, decomposition can be incomplete 42
(an inert atmosphere was used to minimize the decomposition of
activated carbon %47 allowing some separation between organic
and activated carbon not feasible through analyses like CHNS).
Despite these complicating factors, the TGA provides a starting
point for characterizing the material. Mass losses in these regions
are presented in Table 2.

DWTRs without lime lose approximately 10% of their mass in
the “organic" region for TGA; by comparison, NC and TN sam-
ples lose much less, approximately 1%. MN is intermediate to
these extremes, but because magnesium hydroxide decomposes
in a similar region, further evidence through mass spectrometry
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Fig. 2 Peak areas as a function of temperature for m/z 18 (water, left subplot) and 44 (carbon dioxide, right subplot) from the mass spectra
collected from the TGA-MS. Note the difference in y-axis scales for these two subplots: carbon dioxide reaches much larger peak areas (nearly 80,000
counts«min) , specifically above 600°C in lime-based DWTRs. The inset in the bottom subplot zooms in to provide detail at lower temperatures and

in non-lime-based DWTRs.

and elemental analysis will be needed to assert that MN has more
organic matter than its lime-based peers.

Figure 2 shows the peak areas of two mass-to-charge ratios
from the mass spectra of the gases released from the DWTRs
as a function of temperature: water (m/z 18) and carbon diox-
ide (m/z 44). The steep release of carbon dioxide in lime-based
DWTRs (and, to a lesser extent, DWTR-UT) further validate the
connection between mass loss above 600°C and carbonate de-
composition. Through this, the inorganic carbon from carbonate
minerals can be approximated for these samples. Assuming all
mass loss in that region is due to the release of carbon dioxide,
carbon from carbonates will make up less than 0.5% of the mass
in OR and WY samples; 1.1% of the UT sample; and range from
9.0% (MN) to 10.5% (TN) in the lime-based DWTRs. Provided
that all this inorganic carbon is in the form of calcium carbonate,
lime-based DWTRs are found by Equation 1 to range from 75%
(MN) to 87% (TN) calcium carbonate. Particularly at 87% cal-
cium carbonate, these findings align with the order-of-magnitude
increase in waste volume at lime softening drinking water treat-
ment plants3.

CaCO3 — CaO+CO; (4 €]

The peak areas in the lower temperature ranges show that the
phases contributing to mass loss here are less clear-cut. DWTRs
OR, WY, and MN have distinct peaks in the release of carbon diox-
ide near 400°C, which would suggest the significance of the de-
composition of organic matter near that temperature. However,
that carbon dioxide release tails off well above the 430°C informal
threshold between organic matter and inorganic decomposition.
The peak for water near 400°C in the MN sample also doesn’t
discount the dehydration of magnesium hydroxide driving some
change in mass for that sample. Moreover, UT sees relatively con-
sistent release of carbon dioxide from 100-600°C. A better un-
derstanding of these processes may be achieved by tracking the
release of higher m/z ions attributable to organic matter, though
more precise quantification will demand elemental analysis.

The mass spectra as a function of temperature for higher m/z
values, ranging from 50 to 150, are shown in Figure 3. Lime-
based DWTRs MN, NC, and TN show low intensity and low di-
versity in the peaks here. MN, and to a lesser extent, NC, show

some high-temperature release of an ion at m/z 64, which could
be attributable to the decomposition of sulfates and the release
of SO, 8. DWTRs without lime (OR, UT, and WY) show much
higher intensity and diversity in their mass spectra at this m/z
range. These ions span the 200-600°C range, suggesting both
that the 200-430°C range will underestimate organic matter and
200-600°C would capture most organic matter decomposition, at
the risk of including other processes.

3.2 Specific Surface Area and Microporosity Analysis by Ni-
trogen Adsorption

BET surface area results are presented in Figure 4 along with pore
size distributions. Specific surface areas of the samples tested
vary between 7.23 to 197.6 m?/g for TN and UT samples, re-
spectively. UT has a much higher surface area than any of the
other DWTRSs, and this is attributable to the high microporosity
observed in that sample. These characteristics are most likely due
to the use of activated carbon as an additive for the UT sample.
WY also contains activated carbon as an additive, but that limited
fraction does not lead to a similarly high surface area or micro-
porosity. Among the lime-based DWTRs, MN and TN both have
relatively low calculated surface areas. NC is the exception, using
lime as an additive and possessing the second-highest BET surface
area among all samples. With the exception of the UT sample, mi-
croporosity is limited in these DWTRs, which are more accurately
characterized as mesoporous.

3.3 Elemental Analyses
3.3.1 CHNS.

CHNS results are presented in Figure 6, with each element plot-
ted as its percentage mass in the DWTR in Subplot A. The lime-
based DWTRs have a very high quantity of acid-volatile carbon;
the quantities here are well-aligned with the those estimated
from TGA-MS, with findings through CHNS of 9.34 +0.09% acid-
volatile carbon in MN, 9.58 0.05% in NC, and 10.4£0.1% in
TN (compared with 9.0, 9.8, and 10.5% carbonate carbon, re-
spectively, by TGA-MS). In contrast, the non-lime-based DWTRs
tend to have very high standard deviations for measurements of
inorganic carbon relative to the mean findings. WY had espe-
cially large variance in measurements of both acid-volatile and
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Fig. 4 BET surface area results for the six DWTR samples. Calculated surface areas, along with the uncertainties of the fit to the BET model,
are displayed in the left subplot. Pore volume distribution for DWTRs as a function of pore diameter are shown in the right subplot. Results were

calculated using desorption data with the BJH method®. The UT sample shows an especially large pore volume in the micropore region, which drives
its large BET surface area. For the other samples, the surface area is largely attributable to mesoporosity.
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Fig. 5 X-ray fluorescence spectra for drinking water treatment residual samples. Spectra were collected at 20 keV and 10 puA with no filter and are
not normalized. The left subplot shows the full spectrum for each sample; peaks are immediately discernible down to the Alk, fluorescence line and
up to the Fek, fluorescence line. The top right subplot focuses on the Mng, fluorescence line. MN and TN have distinct, well-defined peaks here.
Signals for OR and WY are also slightly elevated, though the fluorescence here overlaps with what is detected for the high Fek, peaks. Finally, the
bottom right subplot focuses on Cug, and Zng, emission lines. Peaks here are poorly defined and very low intensity across all DWTR samples.

non-acid-volatile C not seen in H, N, or S measurements. This
indicates heterogeneity specific to carbon measurements, which
may be attributable to some non-uniformity in the distribution of
the activated carbon additive for WY.

The non-acid-volatile carbon measurements follow a general
pattern where they are least abundant in lime-based DWTRs,
more abundant in OR and WY, and most abundant in UT. The
non-acid-volatile C is generally attributable to organic carbon?!,
but it also will include activated carbon in both the UT and WY
samples. These results confirmed what was observed previously
by the determination of the specific surface area, i.e., the large
fraction of non-acid-volatile C in the UT sample compared to any
of the other samples is likely due to a large addition of activated
carbon. Within the lime-based DWTRs, MN has nearly double
the non-acid-volatile C content (1.86 4-0.09%) compared to the
next-highest sample (1.0+0.1% for TN).

Subplot B of Figure 6 shows the molar fraction of N and S in the
DWTRs. As before, lime-based DWTRs show significantly lower
concentrations of these elements than non-lime-based DWTRs.
In the group without lime, some of the effects from before are
slightly tempered without the influence of activated carbon. UT,
which has the highest non-acid-volatile C fraction, also has the
highest quantities of N and S; WY, which clearly had the second-
most non-acid-volatile C, is on par with OR in terms of concen-
tration for N and S. In the lime group, MN has the greatest quan-
tity of N and S combined - a notable finding, considering MN
is the only DWTR in this set that does not include a synthetic
organic polymer. NC has a disproportionately high concentra-
tion of S along with a very low concentration of N. It is also the
only DWTR sample to be drawn exclusively from groundwater.
Given the sizable fraction of more reducing conditions in aquifers
of the region“?, this could be reflective of a small, but still im-
pactful fraction of sulfide minerals pulled up from the aquifer.
The CHNS findings for the UT sample along with the division be-
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Fig. 6 CHNS elemental analysis results for DWTR samples. Subplot A
shows the mass fractions of hydrogen, nitrogen, sulfur, and acid-volatile
and non-acid-volatile carbon in terms of the percent mass of the DWTR.
Subplot B shows the moles of nitrogen and sulfur per kg DWTR.
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tween DWTRs with and without lime highlight the contribution
of chemical additives to DWTR composition; however, the MN
and NC sample results show that the influence of source water
chemistry, particularly on these elements, cannot be discounted.

3.3.2 X-Ray Fluorescence.

To detect for the presence of dominant elements in DWTR sam-
ples, we used XRF. Results are presented in Figure 5. Fluorescent
yield () increases with increasing atomic number®?; as such,
despite the relatively high expected concentrations of Al from the
coagulants, the limited fluorescent yield of x-rays by this element
limits the intensity of the peaks. It is also worth emphasizing
that direct comparisons of the peak size for different samples only
provide limited meaning. Factors, including the thickness of the
sample, will impact the intensities of the XRF spectra. However,
relative comparisons of elemental abundance are possible. For
example, WY has a peak for iron that is larger than its peak for
Ca, while NC has a peak for Ca that is larger than its peak for Fe.
Ergo, NC will have a greater ratio of Ca to Fe compared to WY,
and vice versa.

DWTRs that use lime as an additive (NC, MN, TN) are domi-
nated by an intense signal at 3.7 keV corresponding to the Cag,
fluorescence lines?. All DWTRs showed some peak there; of the
DWTRs without a lime additive, only UT had its largest peak at
the Cag, line, though relative to the other elements seen in the
UT spectrum, this line was less intense than NC, MN, and TN
samples.

At lower energies, the distinct peak for Cl in the UT sample
(overlapping with the Rh source peak) implies a relatively high
salt content in that particular DWTR. This is unsurprising, given
the desert environment of Utah, but it does highlight the caution
needed prior to utilizing these materials for environmental reme-
diation in freshwater environments”.

Of the elements suitable for XAS analysis at the bending mag-
net beamline of the Sector 5 of the Advanced Photon Source, only
Mn and Fe are present in sufficient quantities to provide a sizable
fluorescent signal. Like Ca, all samples show a discernible peak at
the Feg, line, with WY and OR showing particularly strong fluo-
rescence. On the other hand, UT and TN show the largest signals
for Mn. Unsurprisingly, these are the two DWTR samples that in-
clude KMnO, as an additive. OR and WY samples have slightly
elevated intensities in the region of the Mng, line, but these are
strongly influenced by the intense Fek, fluorescence. For other
trace elements that may be suitable for XAS analysis, including
Cu and Zn, peaks were indistinct and of low intensity. Based on
these results, XAS data were collected at the Fe K-edge for all
DWTR samples and at the Mn K-edge for UT and TN samples.

3.4 X-Ray Diffraction

In contrast to laboratory-source powder XRD+, high-resolution
XRD produces a diffraction pattern with especially well-resolved
peaks and practically no background signal due to the use of
monochromatic X-rays. As a result, it is particularly well suited
to determine crystallite size if any peak can be detected from
background®!. Hence, it greatly eases mineral identification.
The high-resolution XRD patterns for the six DWTR samples are
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shown in Figure 7. Lime-based DWTRs (MN, NC, and TN) showed
high-intensity diffraction patterns corresponding to calcite, sug-
gesting an abundance of highly crystalline calcite. In terms of
carbonate minerals, low-intensity peaks for calcite and dolomite
were also present in the UT diffraction pattern, whereas in the
WY sample, only dolomite was detected. Quartz tends to be ubig-
uitous in many DWTRs and was identified in the diffraction pat-
terns of TN, UT, OR, and WY. Finally, patterns corresponding to
feldspar (albite and microcline) and clay (illite or smectite) were
observed in OR and WY samples at low intensities.

Aside from the presence of calcite, which is ubiquitous in the
lime-based DWTRs, all crystalline phases identified correspond to
minerals that would originate from the source waters rather than
the ones that can be generated by the addition of aluminum salts
or chemical additives. In fact, each of the identified crystalline
phases is commonly found in XRD patterns of sediments>2. Crys-
talline aluminum and iron hydroxides were not detected, and no
crystalline manganese minerals can be detected in the UT and TN
samples which use KMnO, as an additive.

Hence these results suggest that the aluminium salts and the
chemical additives applied at DWTPs lead initially to the forma-
tion of amorphous precipitates. These amorphous phases can
however transform into more crystalline precipitates upon age-
ing, e.g. Ostwald ripening, as was suggested in the case of the
addition of Al salts to lake sediments in order to limit phosphorus
efflux>3>4. Alternatively, one can promote the formation of more
crystalline phases, e.g. gibbsite in the case of aluminum hydrox-
ide, by heating the DWTR>® in order to increase P sorption.

Consequently, we turned our attention to a method that probes
short range order, x-ray absorption spectroscopy, to investigate
the amorphous nature of the solid phases present in DWTRs that
can play a significant role in sorption processes. This can be pri-
marily done by looking at the Fe and Mn K-edges.

3.5 X-Ray Absorption Spectroscopy
3.5.1 Fe K-edge XAS.

First-derivative XANES data at the Fe K-edge and LCF results are
presented in Figure 8. Target transformations based on the first
derivative of the spectra performed after principal component
analysis are presented in Fig. A5 of the SIf. Most of the sam-
ples are quite similar with one exception: the spectrum of the MN
sample shows very distinct features. There is a pronounced shoul-
der above 7130 eV and oscillations near 7140 eV. One should
note that the MN DWTR is the only one that contains FeCl; as
an additive, which is applied in storage lakes prior to intake for
the DWTP. Aside from this, NC and TN samples are quite similar,
while UT, WY, and OR samples also cluster together. Yet again,
clear divisions in material properties emerge between lime-based
and non-lime-based DWTRs.

Using standard spectra for illite2® and hydrous ferric oxide
(HFO), the non-lime-based DWTRs can be reconstructed with a
high degree of confidence. Illite was selected as a standard due
to its observed presence in XRD for OR and WY samples. These
results indicate iron is in predominantly ferric form for non-lime-
based DWTRs, but a significant fraction of this iron may be tied to
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Fig. 7 Synchrotron-source X-ray diffraction patterns for the drinking water treatment residual samples, along with identified crystalline mineral phases.
Peaks for calcite, quartz, albite, microcline, and dolomite were identified using JADE, as were the clay peaks attributable to either illite or smectite.
Note that the intensities are not on the same scales; for instance, NC and WY samples show some especially intense diffraction patterns, while the
UT sample has weak diffraction patters, indicating a poorly crystalline sample.
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Fig. 8 Fe K-edge first-derivative XANES results for DWTRs. On the left,
the spectra for the DWTRs and the standards employed in linear com-
bination fitting (LCF) are shown. The merged spectra for the DWTRs
are shown with a solid line, while the range in values from each scan is
shown with a lighter shaded area. For most samples, the shaded region
is too small to be seen (it may be observed near 7140 eV in the TN
spectrum). The fit results using the standard spectra are shown with the
dotted lines. On the right, the LCF results are shown as a bar chart, and
%% goodness-of-fit values are listed at the base of each bar.

10 | Journal Name, [year], [vol], 1-14

Environmental Science: Water Research & Technology

structural iron in clay minerals rather than iron (oxy-)hydroxides.
This aligns with previous findings highlighting complex nature of
iron minerals in the environment, where ferric iron may be struc-
turally incorporated into clays in significant fractions>® or asso-
ciated with a wide range of elements beyond what is found in
simple iron oxides or oxy-hydroxides®”.

NC and TN spectra are best reconstructed with HFO and lepi-
docrocite. For both samples, lepidocrocite accounts for the major-
ity of the fit. Unlike the non-lime-based DWTRs, there is no spec-
troscopic (or crystallographic) evidence of iron associated with
clays in these materials.

Finally, the MN sample is reconstructed using goethite, zinc
ferrite2728 and magnesioferrite 2728, The y2 value for this fit is
much higher than in the other samples, indicating the imperfect
nature of this result. However, this standard is able to account
for the unusual features seen in the MN sample, including the
shoulder and the oscillations. These features are not specific to
magnesioferrite or zinc ferrite; in fact, they may be accounted for
with a range of spinel ferrite materials not including magnetite.
Spinel ferrite compounds adhere the general chemical formula of
X2*Fe,04, where X is a divalent cation such as magnesium (form-
ing magnesioferrite), copper (forming cuprospinel), manganese
(forming jacobsite), or ferrous iron (forming magnetite). In some
spinel ferrites, ferric iron can at least partially occupy the tetrahe-
dral sites more commonly occupied by the divalent cation, mak-
ing an “inverse" spinel®8. Other researchers using FDMNES ab
initio XANES calculations identified the degree of inversion giv-
ing rise to the types of features seen in the MN sample’s XANES
due to the contribution of tetrahedrally coordinated ferric iron to
the spectra59-60,

Spinel ferrite chemical species may be precipitated when a so-
lution containing both the divalent cation and ferric iron is mixed
with a highly alkaline solution®!. Generally, researchers syn-
thesizing these minerals in the laboratory include an annealing
and/or calcination step®? to dehydrate and crystallize the mate-
rial from precursor hydroxide minerals®3; others have asserted
that the spinel ferrite phase is precipitated at low temperatures,
and the annealing step leads to longer-range crystal order®*. Iron
minerals may also transform into spinel ferrites, such as jacob-
site, provided a relatively high ratio of the divalent cation to the
iron>8:65, The magnesium and zinc spinel ferrite spectra best fit
the MN spectrum, so they are used in the fit. Also plausible as a
contributor is maghemite (y-Fe,O,), which possesses the spinel
ferrite geometry with some octahedral site vacancies to balance
the charge of the mineral>®; maghemite forms through the oxi-
dation of magnetite>8, so magnetite coming from the groundwa-
ter’s source aquifer also presents a path for the presence of some
of these spectral features.

3.5.2 Mn K-edge XAS.

Mn K-edge data for UT and TN are shown in Figure 9. Both
DWTR samples are best reconstructed when manganese(Il) car-
bonate makes up the plurality of the fit. For UT, a small fraction
of the fit is allotted to Mn;0, and MnSiO5 3!, which collectively
have the effect of slightly muting the features of the MnCO; spec-
trum rather than adding particularly distinct features. TN is more
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Fig. 9 Mn K-edge first-derivative XANES results for DIWTRs. On the left,
the linear combination fitting (LCF) results are shown with x2 goodness-
of-fit values at the bottom of each bar. The right subplot shows the
spectra for the DWTRs and the standards employed in LCF. As in Fig-
ure 8, the fit results using the standard spectra are shown with the dotted
lines.

clearly different compared to the MnCO4 standard. The fit here
uses manganite®!, MnSiO4 3!, and MnFe,0,27-2%; both MnSiO,
and MnFe, O, help reconstruct the small feature near 6560 eV in
the TN spectrum. Hausmannite, or Mn;0,, shows a feature in
a similar location, though it does not help with the fit. MnSiO4
would not be expected to easily precipitate, and the TN sample
lacks evidence for the presence of MnFe, O, in the Fe K-edge spec-
trum.

However, TN shows signs of oxidation over time, as shown in
Figure 10. This progression shows a clear change towards spectral
features consistent with hausmannite. On the other hand, UT has
shown no signs of changes in speciation over time (Supplemental
Figure ??).

Regardless, these results indicate that manganese is primarily —
at least initially — in the reduced +2 oxidation state in these two
DWTR samples. This has several implications. First, manganous
species are more highly soluble than more oxidized forms of man-
ganese, such as manganite (MnO(OH)) or manganese dioxide. In
environmental applications, acidic conditions could dissolve the
manganese in these DWTRs. On the other hand, placing these
DWTRs in reducing conditions would not result in a sudden re-
lease of manganese. From the perspective of drinking water treat-
ment, this does suggest that Mn>* was not the target for oxidation
by KMnO, at the UT and TN DWTPs. Sulfide is also commonly re-
moved by oxidation at DWTPs; the redox reactions between HS™
and MnO, are shown in Equations 2, 3, and 4.
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Fig. 10 Mn K-edge first-derivative XANES results for DWTR-TN over
time. Rhodochrosite (MnCO3) and hausmannite (Mn30,) standards are
shown for comparison. Initial scans show that the speciation of man-
ganese in the TN sample is dominated by rhodochrosite. The spectrum
increasingly matches that of hausmannite over time, suggesting the man-
ganese in TN has become oxidized.

1 9 1 1
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Manganese oxides are important controls on metal mobility in
the environment®%67. Rhodochrosite (MnCO3), however, is not
highly active in trace metal sorption processes like manganese
oxide minerals®®. Since MnCO; represents a large fraction of
the Mn speciation in the DWTRs that forms when using perman-
ganate as an additive, it is unlikely that this solid phase would
lead to significant metal immobilization. However, carbonates
tend to dissolve at the sediment water interface as a result of the
pH drop that results from organic matter degradation in presence
of dissolved oxygen®. Therefore this store of Mn(Il) is likely
to oxidize and form manganese oxides’%7! that are efficient at
scavenging metals”2.

4  Conclusions

Aluminum based drinking water treatment residuals are complex
mixed materials that can drastically differ due to the composition
of their additives. These additives may turn out to have more
profound impacts on DWTRs sorption capacities than the solid
phase formed by the use of aluminum salts. As we show in this re-
port, they can result in large variations in the specific surface area
of this material, as well as the formation of a few solid phases.
Among the inorganic phases that are usually considered to con-
trol the sorption of metals, i.e., Al, Fe, and Mn oxides-hydroxides,
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these precipitates remain mostly amorphous; i.e., they are not
detected by high-resolution powder X-ray diffraction. The speci-
ation of Fe and Mn can however be characterized by x-ray ab-
sorption spectroscopy, although some uncertainties remain when
FeCl; and KMnO, are used. Interestingly, when KMnO, is used
as an additive, most of the Mn is reduced to Mn(II) in the DWTR
samples that we studied. Conversely, iron is present as Fe(III)
species.

The use of lime as an additive profoundly impacts the composi-
tion of DWTRs, resulting in materials that contain significant car-
bonated fractions. The dissolution of this fraction will then pro-
vide a buffering mechanism in environmental applications where
DWTRs are expected to be exposed to acidic solutions, hence lim-
iting metal desorption. In addition, the formation of MnCO; will
provide a reservoir for the formation of MnO, in presence of dis-
solved O, that should lead to an effective scavenging of metals.
For non-lime-based DWTRs, some broad similarities are observed
across their characterizations. Elemental and surface area analy-
ses highlight the impact of activated carbon as an additive, partic-
ularly in the UT sample. Even as a spent waste material, the high
surface area of DWTR-UT makes it an attractive candidate for
sorbing and immobilizing metal and other pollutants. Lastly, the
significant organic matter content as shown by CHNS analyses,
especially in DWTRs without a lime additive, may also promote
favorable conditions for metal binding.
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