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drainage waters.
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Stable Immobilized Amine Sorbents for Heavy Metal and REE
Removal from Industrial Wastewaters

Walter Christopher Wilfong®°*, Brian W. Kail*?, Qiuming Wang?<, Fan Shi®®, Greg Shipley?, Thomas J. Tarka?, and McMahan
L. Gray®*

Pollution of precious water systems with heavy metals predicates the need to eliminate them from industrial process or
mining effluents prior to discharge to sustain this precious resource. Herein, we developed H,0-stable basic immobilized
amine sorbents (BIAS) from a combination of N,N-diglycidyl-4-glycidyloxyaniline tri-epoxide crosslinker (E3) and
polyethylenimine (PEI). Stability screening was accomplished through thermal gravimetric analysis decompositions and CO,
capture studies. Amine leach resistance of the optimized formula, PES-0.43-500 — 40 wt% E3/PEI-0.43 on 500 um SiO,, was
further analyzed by CHNS analyis and Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS). Examination of
wash solution with our UV-Vis/Cu? amine quantification technique confirmed TGA results. Sequential impregnation of SiO,
with E3/PEIl was monitored in-situ by DRIFTS and distinguished an interfacial, hydrogen-bonded E3-PEl---SiO, layer from a
bulk crosslinked E3-PEl network. Comparative adsorption tests were conducted with PES-0.43-500, S930PLUS cation
exchange resin, and pine biochar for toxic (Pb, Cd, Hg, Se, Ar, Se), valuable (La through Yb REE’s), and other (Al, Mn, Zn, Cu,
etc.) metals removal/recovery from synthetic and real solutions. High affinity of PES-0.43-500 towards Cr, As, and Se and
its high Hg (99.2%) and Pb (98.2%) uptakes from a six-element mixture translated well to commercial flue gas desulfurization
water (FGD, pH 6.7) and Pb-spiked tap water. Near-complete recovery of all REE’s from local acid mine drainage (AMD-PBG,
pH 3.6) outperformed the resin and was closely mirrored during 5-cycle REE recover-strip testing with synthetic AMD (pH

2.6). Robust performance and easy scalability of green BIAS materials make them attractive for commercialization.

Introduction

Widespread contamination of Earth’s water systems with a
myriad of heavy metals continues to grow and become an
increasing threat to our way of life.1"> Most notably for the
heavy metals, the U.S. Resource Conservation and Recovery Act
(RCRA) classified arsenic, cadmium, chromium, lead, mercury
and selenium in cationic or anionic form as posing a significant
health risk due to their toxicity.® Besides these RCRA metals, Cu
is also regulated by the EPA particularly for drinking water (Lead
and Copper Rule) 7 while the toxicity criteria for Al regarding
freshwater aquatic life has been updated to improve the
ecosystem.® Remediation of these plus a variety of other
metals, especially at the contamination source, is urgently
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needed to ensure the sustainability of our precious clean water
resources and infrastructures.

Contributing sources for heavy metal contaminants found in
potable water, rivers, ground water, and other bodies include
runoff from electronics and steel production, corrosion of
household plumbing, hydraulic fracturing, acid mine drainage
(AMD) discharged from active or abandoned metal and coal
mines, plus others. ®11 Beyond acid mine drainage, other coal
wastewater sources like those derived from coal-fired power
plant ash ponds or ash dumps and flue gas desulfurization (FGD)
effluents contain high concentrations of heavy metals. Field
samples of FGD, AMD, and ash pond or dump leachate were
found to contain low ppb to high ppm concentrations of RCRA
species; Ni, Zn, V, B, Fe, Cu, Al, Be, Co, Li, Mo, Mn, Tl, Sr; and
others (not all present in every water type).11-13

Accompanying the toxic metals in coal waste waters,
primarily acid mine drainage, are valuable rare earth elements.
Only 1.3% of the global reserves are controlled by the United
States while 59% are controlled by Brazil and China.'* The U.S.’s
limited REE supply presents a national security risk, motivating
research conducted by the US Department of Energy and other
institutions for recovering REE’s from domestic sources,
including water.'5-18 Recovery of aqueous REE’s from AMD is a
green method alternative to that of mining and processing the
solid REE’s. The mining/processing activities deteriorate the
surrounding environment and generate greenhouse gas
emissions on the order of 2,430 GJ CO,/tonne REE oxide.1? 20
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Among the most common methods for extracting the toxic
and valuable heavy metals from different water sources, liquid-
liquid extraction; membrane separation; and adsorption; the
latter is most attractive because it facilitates both fast uptake of
the aqueous metals and easy separation of the treated solution
from the solid sorbent. Polymeric ion exchange resins (IER)?% 22,
zeolites,?® and activated carbons plus biochars?* 2> are well
studied sorbents because of their proven performance and
long-standing utilization in household and industrial
applications. Amberlite (DuPont), Advera (PQ Corporation), and
Centaur (Calgon) brands are typical examples of these
materials. Lesser known due to lack of commercialization are
functionalized silica sorbents. These have contained grafted, as-
is ((3-aminpropyl)triethoxysilane, APTES)?® and ligand-modified
furan-2,4-diamido-propyltriethoxysilane/APTES and
diethylenetriaminepentaacetic dianhydride/APTES
aminosilanes;! 2?7 ligand-modified ethylenediamineteatraacetic
acid/chitosan-silica hybrids?8; and impregnated aminoacids (L-
cysteine) or polyamines (polyethylenimine).?®

H,0-stable grafted sorbents sometimes afford relatively
limited metal uptake by their monolayer of coverage, whereas
the unstable/leachable amines comprising the bulk layers of
impregnated sorbents introduce a secondary source of
contamination. Although activated carbon and biochar are
ubiquitously available for/as water treatment systems, their
high processing/activating temperatures (300-900 °C) can
generate a relatively high carbon footprint compared to that of
typical silica supports used for the amine-functionalized
sorbents. Some life cycle assessments estimated that the Global
Warming Potential for activated carbon (AC) and biochar (BC)
can be between 4.7 (calculated from data table) and 9.3 kg CO,-
eq./kg AC, BC (no CO, capture) compared to 4.1 for a typical
precipitated silica.30-32

Herein, we developed novel crosslinked epoxy-amine, N, N-
diglycidyl-4-glycidyloxyaniline (E3)-polyethylenimine)/silica
sorbents for extraction of toxic heavy metals and REEs from
synthetic and real solutions. An array of materials was prepared
by simple wet impregnation, then screened for H,0 stability by
water washing and for availability of amine sites by CO, capture.
Retention of >91% impregnated E3-PElI species after
prewashing the optimized sorbent, PES-0.43-500, was
attributed to amine-epoxy crosslinking (DRIFTS) and confirmed
by analyzing the aqueous amine content with a UV-Vis/Cu?*
technique. Metal extraction from synthetic solution revealed
high affinity towards oxyanionic Cr(VI) (92.8%), As(V) (65.6%),
and Se(VI) (47.0%) compared to a commercial cation exchange
resin and biochar. Uptakes of Cd?*, Pb?*, and Hg?* mixed with
the oxyanions were similar for all sorbents. The extraction
trends for Cr, Pb, and Hg were similarly observed for industrial
FGD water, where the sorbent further showed good affinity for
Re, Zn, Ni, and Mn. Cyclic adsorption-desorption of ~90% REE’s
from a synthetic AMD solution, and successful removal of >90%
of Pb from spiked tap water to below US Environmental
Protection Agency (EPA) limits further proved the efficacy of
this sorbent for real applications.

2 | J. Name., 2012, 00, 1-3

Experimental

Materials and Reagents

Polyethylenimine, branched with molecular weight 800 g/mol
(PElggo, H,0<2%, Sigma-Aldrich), N, N-diglycidyl-4-
glycidyloxyaniline (E3, 95-106 g/mol epoxide equivalent, purity
290.0%, Sigma-Aldrich), and amorphous silica (PQ Corporation,
type CS-2129) with 100 and 500 pm avg. particle sizes
comprised the immobilized amine sorbent. Methanol (ACS,
Fisher Scientific) served as a solvent for sorbent preparation.
Commercial samples of PUROLITE S930 PLUS cation exchange
resin and pine biochar sorbents were provided by Purolite and
BioEnergy Development, respectively.

A 500 ppm CuCl, (97%, Sigma Aldrich)/ultrapure water
(Milli-Q) solution was used to quantify aqueous amine
concentrations in wash solutions. The following additional
species were used to prepare single- or mixed-element REE and
heavy metal solutions: REE’s — LaCl; (anhydrous, 99.9% trace
metals basis), NdCls:6 H,O (99.9% trace metals basis), EuCls-6
H,0 (99.9% trace metals basis), DyCls:6 H,0 (299.99% trace
metals basis), YbCl3:6 H,0 (99.9% trace metals basis);
alkali/alkaline — Na,SO,4 (anhydrous, ACS), MgCl,-6 H,0 (ACS),
CaCl, (anhydrous); heavy metal cations — PbCl, (98%), CdCl,
(tech. grade), HgCl, (ACS reagent, 299.5%), MnSQO,4-H,0 (99+%,
extra pure), Aly(SO4);:18 H,O (98+% ACS), Fey(SO4)3:5 H,0
(97%); heavy metal oxyanions - Na,CrO,4 (98%), Na;HAsO47 H,0
(298.0%), Na,Se0, (>95%). Commercial field samples of flue gas
desulfurization water derived from coal combustion and acid
mine drainage runoff were provided by AquaTech and a local
botanical garden, respectively. Tap water was taken from the
lab faucet and spiked with 125 ppb of Pb.

Sorbent Preparation

An array of immobilized amine sorbents, each having 50 wt%
organic loadings was prepared by our previously-reported
procedure. Several 2.0 to 5.0 g portions of PElgy and 0.0 to 3.0
g of E3 were dissolved in 100.0 g MeOH at E3/PElgq ratios from
0.13/1 to 1.5/1. Each of the resulting impregnation solutions
was mixed with 5.0 g of 100 um SiO; in a 250 mL round-bottom
flask set inside of a rotary-evaporator maintained at 40 °C and
100 rpm. MeOH was gradually evaporated from the solid/liquid
mixture by step-wise reducing the initial 760 mmHg system
pressure to 360 mm Hg for 30 min; 110 mmHg for 20 min; then
20 mmHg for 10 min. After 1 hour of drying under vacuum,
atmospheric pressure was restored and the sample moved to a
105 °C oven for 30-60 min for final drying and completion of the
amine-epoxy reaction. The sorbent was impregnated and dried
at a relatively low temperature, 40 °C, to minimize premature
E3-PEI crosslinking outside the SiO; pores.

An array of similar 500 um sorbents was prepared at a 40
wt% organic loading and with the same E3/PElgg ratios. Larger
particle size is expected to facilitate better flow of metal
solution through the packed sorbent bed. Sorbents were
labelled with the scheme, “PES-X-Y”, where “PES” denotes the
base formula “PEl-epoxy-silica”, X represents the E3/PElgg
ratio, and Y represents the particle size of 100 or 500 microns.

This journal is © The Royal Society of Chemistry 20xx
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Water Stability Testing
All immobilized amine sorbents were tested for their H,0
stability using our previously published accelerated water
washing method.33 Here, 0.5 g beds of sorbent were set atop a
ceramic frit inside a 1.0 cm-diameter glass column (4.0 mL) and
exposed to 20 mL of 0.5 mL/min flowing ultrapure water.
Organic content of the fresh and washed sorbents was
ascertained through Thermal Gravimetric Analysis (TGA, Q500,
TA Instruments) decomposition studies and CO, adsorption
tests. Thermal decompositions were performed in the TGA by
first pretreating the sorbents at 105 °C in 60 mL/min flowing N,
for 90 min to remove H,0 and CO, preadsorbed from the
environment; ramping at 20 °C/min up to 800 °C in a 60 mL/min
air flow and holding for 30 min; then cooling down. Sorbent
organic content retained (OCR) values after washing were
calculated as, OCR=wt% Organicyashed/Wt% Organicsesh X 100%.
CO, adsorption runs were accomplished in the TGA on
similarly pretreated sorbents. A 14 %CO,/N, flow was passed
through the reactor cell at 75 °C for 30 min, causing a weight
increase in the sorbent that was used to calculate CO, capture
capacity (mmol CO,/g-sorb.). Percentage of CO, capture
retained (PCR) values were calculated as, CO, ads.yashed/CO2
ads.fresh X 100%. Higher OCR and PCR values directly reflected
sorbents more stable towards organics leaching during water
treatment.

Metal Uptake Evaluation

Six total solutions, whose exact compositions can be found in
Table S1 in the electronic supplemental information (ESI), were
tested in the flow column: (i) 5 REE — ~50 ppm each of La3*, Nd3*,
Eu3*, Dy3*, Yb3* (250 ppm total) REE’s at pH 5.3 + 0.05; (ii) RCRA
— ~25 ppm each of Pb%*, Cd%*, Hg?*, Se®*, Crt*, As>* (150 ppm
total) heavy metals at pH 6.2; (iii) AMD-SYN — synthetic acid
mine drainage at pH 2.6; (iv) FGD — commercial flue gas
desulfurization water at pH 6.7; (v) AMD-PBG — local acid mine
drainage runoff at pH 3.6; and (vi) Pb-spiked tap —~125 ppb Pb-
spiked tap water at pH 5.7. Because solution (ii) was somewhat
unstable and formed precipitates while aging, uptake tests were
completed within 1 hour of its preparation.

Room-temperature metal removal/recovery tests were first
performed on washed sorbents either in flow or batch
configuration. Adsorption under flowing conditions was
conducted in a separate glass column identical to that used for
sorbent washing. A 0.5 g sample of immobilized amine sorbent
(washed), pine biochar (425-600 um, washed), or as-is
S930PLUS (425 to 1,000 um) cation exchange resin was loaded
into the column and 20 mL of 0.5 mL/min flowing aqueous
metal solution was passed over the sorbent bed via a peristaltic
pump. Treated solution exiting the column was collected in a 50
mL polystyrene vial and submitted along with fresh stock
solution for Inductively Coupled Plasma Mass Spectrometry
(ICP-MS), Optical Emission Spectroscopy (OES), and Cold Vapor
Atomic Absorption Spectroscopy (CVAAS, for Hg) analyses of
aqueous metal concentrations (see ESI for analysis procedures).
To ensure the validity of all data per the analytical procedure,
metal concentrations in the treated solutions below the

This journal is © The Royal Society of Chemistry 20xx

reporting limit were taken at that limit and used for metal
uptake calculations.

A 5-cycle, recover-strip test was performed with AMD-SYN
as the contaminant solution and pH 8.5 ammonium citrate-
ammonium hydroxide buffer as the stripping agent. A 20 mL
volume of AMD-SYN was first passed over the 0.5 g sorbent bed
at 0.5 mL/min, followed by the same volume of ammonium
citrate/ammonium hydroxide buffer solution; this completed
one cycle. A total of 5 cycles was performed. A 1-min air purge
of the column and lines after each individual AMD-SYN and
buffer step ensured removal of remaining interstitial solution
trapped between the particles.

Relative maximum metal uptake tests were conducted for
each sorbent type in batch mode by soaking 0.150 g samples in
50 mL of separate 5 mM Eu3* (pH=5.0), Cd?* (pH=5.1), or Cr6*
(pH=7.7) solutions for 17-24 hours. Following metal uptake, the
treated solutions were decanted from the sorbents and
analyzed for aqueous metal content.

Sorbent Characterization

Brunauer-Emmett-Teller (BET) surface areas and Barrett-
Joyner-Halenda (BJH) pore volumes plus pore size distributions
of pretreated washed biochar and SiO, (250 °C, 24 hours,
vacuum) plus associated immobilized amine sorbents (110 °C,
24 hours, vacuum) were determined by N, physisorption
measurements at 77 K using a Quantachrome NOVA 2200
surface analyzer.

Carbon-hydrogen-nitrogen-sulfur (CHNS) assessment of the
sorbents was carried out with a Perkin Elmer Il Series CHNS
elemental analyzer to determine the N content of the fresh
materials. Generally, solid sorbents were combusted in an
oxygen rich environment, where the generated gases were
analyzed with a frontal chromatography unit.

Diffuse Reflectance Infrared Fourier
Spectroscopy (DRIFTS) analysis performed on the
immobilized amine sorbents to assess their chemical structure.
About 10-20 mg of sorbent were loaded into the sample cup of
a DRIFTS SMART accessory set inside a Nicolet 8700 infrared
spectrometer (ThermoScientific). IR single beam spectra of
pretreated sorbents (120 °C, N, 30 min) were obtained at 50 °C
by averaging 25 co-added scans collected over 15 s with a 4 cm™
resolution.

DRIFTS was further utilized to perform in-situ impregnation
of SiO, with 40 wt% of E3/PElgy, according to the optimum
sorbent formula. About 6-7 mg of ground 500 um SiO, were
tightly packed into a metal cup set inside the ceramic DRIFTS
sample cup, which was sealed with a dome housing ZnSe
windows (4000 to 600 cm™ range). The SiO, sample was
pretreated at 110 °C under N, flow for 60 min then cooled to 40
°C. The temperature of the SiO, bed was previously verified by

Transform
was

placing a thermocouple on the cup surface and monitoring the
temperature during heating and cooling. Subsequently the
dome was removed, 16 uL of 7.9 wt% E3/PElgg,-0.43 in MeOH
were injected onto the surface of the SiO, bed, then the dome
was replaced. The wet mixture then sat at 40 °C under N, flow
for 90 min to evaporate nearly all MeOH. Following, the sample
was heated at 110 °C for 60 min to evaporate any remaining
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solvent and to crosslink PEI with E3, then the sample was cooled
back down. This deposited about 13 wt% organics on the SiO,
surface, which was previously equated to a near monolayer of
coverage.3* A second injection of 26.3 wt% E3/PEl was
deposited onto SiO,, followed by MeOH evaporation,
crosslinking, and cooling. This deposited about 27 wt% organics
on SiO; as bulk species to give a 40 wt% total loading.

Results and Discussion

Sorbent Stability and CO, Capture Screening

Immobilized amine sorbents were prepared by co-impregnating
SiO, with polyethyleneimine (metal adsorption sites) and N, N-
diglycidyl-4-glycidyloxyaniline, a tri-epoxide that covalently
crosslinks PEIl. Crosslinking dramatically enhanced the leach
resistance of the amine molecules and rendered the sorbent
water-stable during TGA
decomposition and CHNS elemental analysis results in Table 1
show that the fresh 100 um size sorbents contained 44.2 to 50.0
wt% organics. The decreasing mmol N/g-sorb. content with
increasing E3/PEI ratio results from substitution of PEIl with E3
and reflects diminished adsorptive performance when the

aqueous metal extractions.

sorbents’ primary (-NH;) and secondary (-NH) amines were
reduced.

Table 1: Immobilized amine sorbent organic and amine content plus CO, capture
capacity. The wt% N values were determined from CHNS analyses. CO, capture
amine efficiency (mol CO,/mol NH,+NH) was calculated, in part, from the wt% N.
Sorbent PS-0-100 contained no E3.

Organic
Loading  Amine Content CO, Capture
(mmol CO,/g-sorb.;
(Wt. % N; mmol mol CO,/mol
Sorbent (Wt. %) N/g-sorb.) NH,+NH)
PS-0-100 48.3 14.47; 10.34 2.79;0.4
PES-0.13-100 50 14.34;10.24 2.06; 0.32
PES-0.20-100 49.6 13.13;9.38 1.8;0.3
PES-0.28-100 47.6 12.26; 8.76 1.57;0.29
PES-0.43-100 44.7 11.06; 7.9 1.22;0.27
PES-0.67-100 44.2 9.86; 7.04 0.69; 0.18
PES-1.5-100 50.0 7.42;5.3 0.11; 0.04

Fig. 1 confirms the loss in active amine sites through low
mmol CO,/g-sorb. gas capture at higher E3/PEI values, where
more primary and secondary amines were converted into
tertiary amines through crosslinking. Amine-based sorbents are
widely known to adsorb dry CO, by -NH, and -NH groups,
excluding -N groups, as ammonium-carbamate ion pairs and
carbamic acid.3> 36 Therefore, CO, may serve as a probe
molecule to estimate the availability of -NH, and -NH sites for
metal adsorption. Here, we use the trend in sorbent CO,
capture capacity to screen for their metal adsorption potentials.
Sharp exponential growth in the PCR and OCR values inversely
mirrors the exponential decay in CO, capture capacity up to a
critical E3/PEIl weight ratio of X=0.43; a -CH-O-CH,- (epoxy)/-
NH,, -NH molar ratio of 0.32. This indicates the formation of an

4 | J. Name., 2012, 00, 1-3

extensive, crosslinked PEI-E3-PEl network that joins separate
PEI molecules within the SiO; pores.
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Fig. 1: CO, capture performance plus PCR and OCR values for 100 pm-size immobilized

0 0.25 15

amine sorbents. OCR and PCR values represent amine leach resistance/sorbent water
stability. Numbers beside the OCR profile represent the epoxy/amine (primary plus
secondary amines) group molar ratio.

Levelling-off of the OCR profile beginning at X=0.43 contrasted
with the gradual increase in the PCR profile up to X=1.5 (1.12
epoxy/amine ratio), suggesting fortification of the already
stable polymer network. This fortification should minimize any
rearrangement or redistribution of the PEI-E3-PElI network
during metal extraction but could likely block or restrict metals
to non-crosslinked -NH, and -NH sites. A detailed DRIFTS
analysis of these sorbents, shown in the ESI, supports these
findings. Therein, beginning at X=0.43 the decreasing 3288 (-
NH/-NH,)/2818 (-CH,) and increasing 3120 (-OH----NH/-
NH,)/2818 IR absorbance profiles for cross-linked species
levelled-off as the amine efficiency (mol CO,/mol N) gradually
dropped. OCR values >100% in Fig. 1 could reflect a net sorbent
mass gain of H,0 either strongly adsorbed within the sorbent
pores or reacted with remaining E3 epoxy groups comprising
the network.

The CO, capture and IR results predict that sorbents with
X>0.43 values would exhibit restricted metal adsorption
performance while displaying only a marginal increase in leach
resistance. Therefore, we further tested PES-0.43-100 for metal
uptake. An initial packed-bed adsorption test of washed sorbent
with ~250 ppm mixed La, Nd, Eu, Dy, and Yb (45-57 ppm each)
solution yielded >99.9% recovery of the REE’s (data not shown).
Similarly, testing with simulated acid mine drainage solution
(AMD-SYN; 49 ppb total REE, 1-14 ppm each) yielded >94.0%
recovery of REE’s, >99% removal of each Al, Mn, Fe, plus
removal of Ni and Zn (data not shown). However, there was
significant back-up of solution in the column during testing,
especially with AMD-SYN, due to pressure drop across the small
particles. This
Therefore, we

issue would be magnified at pilot-scale.

adjusted the sorbent
accommodate a 500 pm sorbent size.

Increased particle size of the sorbent inherently introduced

formulation to

slight mass transfer limitations during impregnation of the
E3/PEI mixture.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2: OCR values for 500 um, PES-X-500 sorbents. The inset picture shows the
external morphology of the irregularly shaped particles.

A 40 wt% instead of 50 wt% (100 um sorbent) loading was
required to minimize excessive accumulation of organics on the
external SiO, surface, which causes agglomeration of the larger-
size sorbent. Fig. 2 expectedly shows a similar trend in OCR
values for the 500 pum as that for the 100 um sorbents, with the
same optimum E3/PEl ratio at X=0.43.
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Fig. 3: (a) PElgg concentration profile during PES-0.43-500 washing, determined by a UV-
Vis/Cu?* technique. (b) DRIFTS absorbance spectra of fresh and washed sorbent, taken
at 50 °C. Absorbance=log(1/1), where | is the single beam spectrum of each sample
pretreated at 120 °C in N, for 30 min then cooled down.
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Leach resistance of organic-functionalized sorbents is
critical to prevent additional contamination of water sources
and ensure longevity in practical application. Fig. 3 (a) shows the
PEI concentration profile while washing PES-0.43-500 prior to
metal adsorption studies. These
determined using previously-published  UV-Vis/Cu?*

aqueous amine quantification method.3” Briefly, amine wash

concentrations were

our

solution samples were diluted with ultrapure water; mixed (2
mL) with 500 ppm Cu?* solution (2 mL); then scanned in a
GENESYS IS 10 (Thermo Scientific)
spectrometer to determine aqueous amine concentration. The

ultraviolet-visible

dramatic drop in PEI concentration from 2005 to 52 ppm after
just 15 mL reflects loss of unreacted amines deposited on the
external sorbent surface. Trailing of the PEI profile down to the
limit of quantification at 600 mL represents gradual leaching of
non-crosslinked amines from within the sorbent pores.
Calculating the OCR value from the spectroscopically verified
PEI concentrations, OCR=wt% OrganiCyashed,uv-vis/ Wt%
Organicfeshtea X 100%, gave a value of 91.6% at 100 mL. This
mirrors the same nitrogen content retained value (NCR)
calculated by CHNS analysis and contrasts the 102.2%
determined from the TGA method. This
incorporation of H,0 into the polymer network presumably as

confirms the

either hydrogen bonded species or covalent vicinal diols, E3-
CH,-CH(OH)-CH,(OH), through reaction with unreacted epoxies.

After 100 mL, the sorbent (0.5 g) was >99% stable towards
additional washing. Accordingly, 700 mL of ultrapure water
were used to pretreat a 3.5 g batch of PES-0.43-500 prior to
water treatment studies. The DRIFTS spectra of this material in
Fig. 3 (b) show strong retention of all PEl and E3 IR features after
washing. Slight reductions in the 3288 (amine)/808 (bulk silica
Si-O-Si) and 1600/808 IR ratios were accompanied by a minimal
increase in the -C=C-/Si-O-Si ratio. This affirms the slight loss of
only amine previously determined by UV-Vis/Cu?*. Table 2
summarizes the OCR values and other associated
physiochemical properties of the sorbent. The substantial ~60%
reduction-growth in BJH pore volume-bulk density, minimal BET
surface area loss, and shrinkage in BJH average pore size go with
the >100% OCR (TGA) value after washing. Together these
results support generation of E3-CH,-CH(OH)-CH,(OH) groups,
which strengthen the network and provide added metal
adsorption sites.

DRIFTS Sequential Impregnation

A Diffuse Reflectance FTIR, in-situ impregnation study of SiO,
with a surface layer (13 wt% total) and bulk layers (40 wt% total)
of the epoxy/amine-0.43 mixture was conducted to gain
detailed insight into the chemical structure of the optimum PES-
0.43-500 sorbent. Fig. 4 (a), top first shows the IR absorbance
spectrum of a thin, crosslinked E3/PEI-0.43/1 film deposited
onto a stainless-steel disk set atop the DRIFTS sample cup. This
study provides the basis for assigning IR features produced by
E3-PEI crosslinking within the PES sorbent. Here, about 5 pL of
an 8 wt% E3/PEI (0.43/1)/MeOH solution were deposited onto
the disk (ID=); MeOH evaporated at 40°C for 60 min; and the
resulting film heated to and reacted at 95 °C for 60 min then
cooled down. After the reaction, negative N-H bands produced
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at 3360 and 3288 cm™ (stretching), 1595 cm™ (bending), and
950 to 650 cm™ (wagging) for consumed -NH, and -NH groups3®-
40 were accompanied by negative ones at 840 and 1255 cm™ (C-
0-C) plus 3100 to 2700 cm™ {C-H stretching) for depleted epoxy
groups.3® 4!

The generation of a positive broad O-H stretching band from
3600 to 2400 cm?, peaking at 3120 cm™, represents pendant
hydroxyl groups from new E3-CH,-CH(-OH)-CH,-NH-PE! or E3-
CH;-CH(-OH)-CH;-N-PEI segments. The region between 1550
and 900 cm™ is convoluted with overlapping positive C-O
(hydroxyls) and C-N (amine) stretching vibrations.3% 42 43

Therefore, we use the spectra of the pure E3 and PEl as a guide
to assign the reactant and product groups. The band at 1357 cm-
1 has been observed for other crosslinked amine-epoxy
systems,?” 44 and is tentatively assigned as the coupling
between the O-H bending from the hydroxyl groups and the C-
H wagging of neighboring -CH.** The observed band at 1212 cm-
1 was generated in our previous work for crosslinked E3-
tetraethylnepentamine (TEPA) and shows C-N stretching of new
E3-PEl species.’> A strong vibration near this position was
previously observed for triethylamine3® and likely reflects

tertiary amine species.

(a) 1357/ OH, z zgg/xs@{ () Hypothesized Sorbent Structure
] 3120 1s7/<H, 1 i
0.25 ! 1516 1 | g
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| — epoxy :
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Fig. 4: (a} top — IR absorbance spectra [Abs.=log(1/1}], of pure E3 and PEI deposited on KBr particles and absorbance spectrum of a crosslinked (95 °C, 60 min} E3/PEI-0.43/1 thin film

deposited onto a metal disk; bottom — magnified IR absorbance spectra of SiO, impregnated with surface (13 wt% total} and bulk (40 wt% total} layers of E3/PEIl mixture at 40 °C

N\

3400 3150 2900 1450 1250 1050

following MeOH evaporation at 40 °C for 90 min and crosslinking at 105-110 °C for 60. Absorbance=log(lo/1}, where |, was the single beam spectrum of the pretreated SiO, bed and

| were the single beam spectra of E3/PEI deposited onto the SiO, surface. Spectrum (iii}=(ii}-(i}. (b} Magnification of key IR features for species formed from the E3-PEI reaction. (c}
Hypothesized surface and bulk structures of the optimized PES-0.43-500 immobilized amine sorbent.

Note, 1212 cm™ is outside the range typically observed for
secondary alcohols.*® Bands at 1089 and 1170 cm™ could be
produced by either C-N stretching of the crosslinks or C-O
stretching of the alcohols.

Fig. 4 (a), bottom shows that depositing a near monolayer
of organics on the SiO; surface (13 wt%) diminished the IR band
intensities of geminal (HO-Si-OH) and H-bonded (Si-OH---OH-Si)
hydroxyls at 3738 and 3546 cm?, respectively. Simultaneously
a strong, broad band from 3500 cm-! to 2000 cm™ and a weaker
band at 1010 cm™ for Si-OH--PEl species were produced.??
Emergence of the structure-sensitive Si-O-Si band at 1260 cm-?
reflects slight changes in the bulk silica structure beneath the

6 | J. Name., 2012, 00, 1-3

PEI-E3/SiO; interface. Distinctive -NH and -CH bands of PEI plus
the -C=C- band of E3 affirms the organics were loaded onto
silica. We previously observed all these IR features, minus those
for E3, upon sequentially impregnating 13 wt% total PEl onto
the same SiO, grade.?*

Because of the net effect of positive band growth from
loaded species and band reduction from reacted species, direct
evidence for E3-PEl crosslinking at the interface is dubious.
However, minimal growth in the 1357 cm intensity shows only
slight formation of pendant hydroxyls. This provides indirect
evidence for marginal crosslinking near the silica interface. We
expect that H-bonding of PElI with SiO, markedly inhibited

This journal is © The Royal Society of Chemistry 20xx
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amine groups from crosslinking with E3. Note that there are no
clear IR features for covalent E3-silica linkages, presumably
because of the typically slower reaction rate of epoxides with
hydroxyls than with amines.

Loading the sorbent with an additional 27 wt% organics (40
wt% total) completed the remaining monolayer and deposited
bulk layers of crosslinked E3-PEI species within the silica pores.
The slight intensity drop for Si-OH sites paralleled with a 2.15-
fold rise in the 2818 (-CH,, -CH; PEI, E3)/2300 (Si-OH---amine)
absorbance intensity ratio confirms coverage of the silica-
bound E3-PEI surface layer. Fig. 4 (b) highlights key spectral
differences between the surface and bulk layers. These include
broadened and/or strengthened features of amine and pendant
hydroxyl groups between 3500 and 3000 cm, along with
enhanced formation of crosslinked species directly observed
between 1400 and 1100 cm™. Increased 1357/1454 and
1212/1454 absorbance ratios by 79% and 319%, respectively,
confirm higher concentrations of E3-CH,-CH(-OH)-CH,-NH-PE/
and/or E3-CH,-CH(-OH)-CH,-N-PE] crosslinks present in the bulk
than at the surface. Expectedly, the 1595/1454 ratio for
previously unreacted -NH, dropped by 71%. Note, the 1516 (-
C=C-)/1454 ratio diminished by 25% despite identical E3/PEI
ratios for the bulk and surface. We attribute this to a shift in
the spectral baseline. Because our other ratios change by
>>25%, conclusions drawn about their physical meaning are still
valid.

Subtracting spectrum (i) from (ii) in Fig. 4 (a) bottom yielded
the chemical structure of primarily the bulk layers in spectrum
(iii). Magnification of the IR features for this spectrum (and
others) in Fig. 4 (b) reveals suppression of the 3360 cm™ band
relative to the more pronounced features of the 3265 cm™
band, which red-shifted from 3288 cm™. This suggests a relative
gain in the amount of -NH (singlet peak) versus -NH, (doublet
peak) groups upon crosslinking. Shifting of the amine band likely
resulted from hydrogen bonding with proximal -OH groups. The
broadened 1212 cm C-N shoulder band and the more
pronounced 1357 and 3120 cm™ -OH bands further confirm the
amine-epoxy reaction. These findings corroborate those based
on the drop in the 1595/1454 ratio.

The in-situ impregnation results show the sorbent is divided
into two regions, according to Fig. 4 (c). Region 1 consists of an
interfacial near-monolayer of PEl and E3, primarily anchored to
silica through Si-OH---PEl hydrogen bonds (geminal and H-
bonded Si-OH) and minimally crosslinked by E3-PEI-E3 bridges.
Region 2 constitutes a bulk network of epoxy-amine-epoxy (-C-
N-C-) crosslinks that is further stabilized by amine-hydroxyl
hydrogen bonds. We further postulate that a portion of
unreacted E3 molecules in the surface layer migrated into the
bulk for added crosslinking. Some expected sites for metal
adsorption are also shown in the figure.

Table 2: Physiochemical properties of optimum PES-0.43-500 and other sorbents. BDL, below detection limit, is <0.5
wt% and expected to be near 0 for SiO,. Values for S930PLUS were provided by the manufacturer.

Fresh Washed
Support Sorbent Sorbent
SiO,- PES-0.43- PES-0.43- Biochar - S930PLUS
Property 500 500_Fresh ~ 500_Washed Washed
Organic loading (wt%) 3.42 34.2 349
Amine content (Wt.% N;
BDL 8.52; 6.09 7.8;5.57 BDL
mmol N/g-sorb.)
Moisture+CO, (wt%) 6.2 5.67 3.17 3.73 52-60
OCR-TGA 102.4
OCR — UV-Vis/Cu 91.5° 99b
NCR — CHNS 91.5
pH (10 wt% solids/H,0) 4.8 10.3 9.0 9.7 11.4
Poui (8/mL) 0.21 0.36 0.58 0.23 0.75
m?/g (BET) 300.4 136.9 125.2 273.4
cm3/g (BJH) 2.9 1.18 0.48 0.057
Dpore, avg. (nm) 13.8 12.3 5.8 1.79

2 Weight loss could be associated with removal of strongly adsorbed water and/or partial surface dehydroxylation.

bOCR=wt% OrganiCyashed, uv-vis/ Wt% Organiceresh, 7aa X 100%.

Heavy Metal Removal/Recovery

Fig. 5 shows the adsorption of toxic heavy metals from a 125
ppm-concentrated, pH 6.2 (10-36 ppm each) solution by PES-
0.43-500, organic pine biochar, and Purolite S930PLUS cation
exchange resin. Our immobilized amine sorbent exhibited high
affinities for cationic lead (98.2%), cadmium (88.6%), and

This journal is © The Royal Society of Chemistry 20xx

mercury (99.0%) similarly as the biochar and ion exchange resin.
Speciation diagrams of the metals calculated from stability
constants at 25 °C suggest the following forms should be
dominant: Pb?* (major) and Pb(OH)* (minor); 46 47 Cd?*;*® and
Hg(OH),°, which still possesses a partial positive charge on Hg.*°
Structures with -Cl instead of -OH groups are also viable. We
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ascribe adsorption of the Cd, Pb, and Hg to complexation with
the -NH,/-NH%° and -OH sites of the bulk E3-PEl network.
Contrastingly, exchange of cationic Pb and Cd species with Na is
the mechanism for S930PLUS. We expect a combination of ion
exchange and surface complexation with oxygenated functional
groups, like phenols and carboxylic acids, to dominate
adsorption onto biochar.>1->3 Superior performance of PES-0.43-
500 for removal of Cré* (92.9%), As** (65.7%), and Se®* (47.0%)
in oxyanionic forms highlights the unique feature of the PEI-E3
network to simultaneously adsorb positively and negatively
charged species. Expected dominant forms of the aqueous
metals include HCrO4 and CrO4% (both major); 5 H,AsO, ! and
HAsO42 (both major);>> and Se0,4%.>% 37 Because PES-0.43-500
and S930PLUS are basic, shifting of the local solution pH within
the sorbent bed during testing could give CrO,% as the dominant
form of chromium. We attribute adsorption of Cr by PES-0.43-
500 to a combination of (a) amine oxidation-Cr (VI) reduction to
form amides, imides-Cr(lll) followed by Cr (lll)---amide, imide
chelation and (b) chromate---;HN-, HN-, HO- electrostatic
interactions.>® Similar schemes are envisioned for As and Se
adsorption.

Failure of S930PLUS to adsorb Cr and Se is unsurprising
considering the metals’ anionic nature. Adsorption of As by the
resin suggests positive characteristics of the metal compound.
We postulate that coordination of arsenate to Pb or Cd
facilitated exchange with the Na ions. High uptake percentages
of these six metals from stable single-element solutions (Fig. S3,
ESI) similarly as for the mixed solutions eliminates physical
filtration as a mechanism of their removal.

100 + m S930PLUS
S m Biochar
= m PES-0.43-500
3
3
3
2 60 -
=
©
3
£ 40 -

Q
o
5
£ 20
=
0 4

Cr As Se cd Pb Hg
Metal (RCRA)

Fig. 5: Removal of toxic, agueous cationic and oxyanionic RCRA heavy metals from a 160
ppm-concentrated solution at pH 6.24 by different sorbent types.

Fig. 6 (a) shows the performance of each sorbent for heavy
metal remediation from authentic flue gas desulfurization
water derived from the treatment of coal combustion exhaust
gas. PES-0.43-500 exhibited similar uptake of Hg (85.9%) and Pb
(72.3%) compared to biochar and S930PLUS. Appreciable
amounts of Cr (50.3%) and some Se (17.0 %) were removed by
our sorbent whereas these metals (except Se by S930PLUS,
13.9%) were ignored by the other materials. We further
observed comparable removal of Al (97.7%-below reporting
limit), Mn, and Ni. Interestingly, we achieved superior removal
of uranium (U, non-radioactive) and Rhenium (Re) down to
below their reporting limits. Rhenium was previously used as a
surrogate for radioactive technicium, °Tc, in metal removal
research conducted by us and others.5?-61 Adsorption of both U
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and Re suggests that BIAS sorbents could be used for
radioactive applications, like cleaning superfund sites. A
relatively lower proportion of Cd (63.5%)/Cr, and Cd/Pb
adsorption from FGD by our sorbent compared to from the ideal
6-element RCRA solution could be owed to competitive
adsorption between lower acidity Cd-H,0 complexes and those
with higher acidities, like Cu, Zn, and Ni hydrates. Quantum
chemical modelling of and experimental results for [Cd(H,0)e]*2,
2[Cu(H,0)6)%*, [Zn(H,0)6]%*, and 3[Ni(H,0)6]>* complexes
respectively gave corresponding pKa’s of 10.0, 8, and 9.0, and
9.6 .52 SEM images, shown in Fig. S4 of the ESI, reveal no
appreciably change in the sorbent’s structure upon adsorbing
metals from this real FGD. The lack of swelling implicates stable
flow-through properties during cycling. This contrasts column
plugging observed in our previous work, involving unsupported
pure polymers.

Fig. 6 (b) shows 97.6% removal of Pb from spiked tap water,
which dropped the excessively high starting concentration from
125 down to 2.96 ppb. This is below the 15 ppb regulatory limit
set by the US Environmental Protection Agency (EPA). Along
with Pb, the immobilized amine sorbent further removed most
Zn (94.6%) and much of the Cu (77.4%) like the other sorbents.
S930PLUS displayed superior metal removal performance for
this tap water sample (Ca=33.7 ppm, “moderately hard”)®3, with
additional Ba and Sr cation uptake. However, samples with
“very hard” Ca content of 251 to 1120 ppm CaCOs (100 to 448
ppm Ca) and high Mg should diminish the resins long-term
effectiveness to capture Pb and other toxic species due to
competitive adsorption.

100 W PES-0.43-500 M S930PLUS mBiochar
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Fig. 6: Removal of RCRA and other heavy metals from (a) flue gas desulfurization water
— 2,606 ppm alkali plus alkaline metals, 121.3 ppm heavy metals, 1.6 ppb REEs, pH 6.7;
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and (b) 125 ppb Pb-spiked tap water — 81.0 ppm alkali plus alkaline metals, 1.2 ppm
heavy metals, 0 ppb REEs, pH 5.7 by different sorbent types.

Acid mine drainage from coal mines is a large source of both
terrestrial water contamination and precious rare earth
elements, both of which are research focuses for the U.S.
Department of Energy.!® Fig. 7 shows the performance of the
sorbents to remove/recover heavy metals/REE’s from local acid
mine drainage runoff at pH 3.6. PES-0.43-500 expectedly
displayed good affinities for Ni, Mn, and Al plus B (91.8%-below
reporting limit), as shown in Fig. 7(a). The BIAS sorbent favored
the removal of both B and Al, whereas B uptake was lowest for
biochar and Al uptake was lowest for S930PLUS. Relatively high
boron uptake is advantageous towards addressing the health
advisory issued by the EPA regarding B in drinking water, which
could be contaminated by AMD runoff.%* Interestingly, our
sorbent (and biochar) displayed significantly higher REE uptakes
of 86-99.9% compared to 56.3-76.1% for the ion exchange resin
(Fig. 7(b)). We attribute the inferior performance of S930PLUS
to strong competitive adsorption between the ppb-level REE’s
and ppm-level Mg and Ca cations. We additionally treated
AMD-PBG with commercial activated carbon (Calgon, 1235.7
m2/g) under identical flowing conditions. Inferior adsorption of
essentially all metals, except Sr and Yb, by the high-surface area
carbon in Fig. S5 in the ESI compared to PES-0.43-500 further
positions the BIAS as a competitive water treatment
technology.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7: Removal/recovery of (a) heavy metals and (b) rare earth elements (REEs) from a
local acid mine drainage sample — 68.2 ppm alkali plus alkaline metals, 7.5 ppm heavy
metals, 63.6 ppb REEs, pH 3.6, fouling (alkali+alkaline+heavy)/REE ratio of 1,191/1.

The general behavior for metal capture by PES-0.43-500
followed as: REEs (89.4 to 99.9%)~Al (97.5%)>Zn (56.9%)>Mg
(3.7%)>Sr (0%). This mirrored the trend in the agueous metals’
acidities, as characterized by pKa values of their hydrated
complexes: La to Yb (5.88 to 3.53)~Al (4.6)<Zn (9.0)<Mg (11.2-
10.5)<Sr (13.3).5% 6 This strong correlation implies that acid-
base interactions are a critical driving force for metal adsorption
onto immobilized amine sorbents.

Although biochar seemed to perform as well as PES-0.43-
500 for REE’s and heavy metals regarding different water
sources, Table 3 shows that the relative maximum uptakes of Cr
(heavy metal oxyanion), Cd (heavy metal cation), and Eu (REE
cation) from pure solutions at their natural pH were significantly
higher for our material than the carbon-based ones. Testing of
activated carbon for maximum uptakes revealed that the
immobilized amine sorbent was still far superior, despite the
high surface area of the carbon. The lack of competitive
adsorption between Cd or Eu and alkaline species (Mg, Ca, etc.)
in the single-element ideal solutions facilitated their highest
maximum uptakes for S930PLUS. However, the lack of Cr
adsorption highlights the drawback of cationic IER to remove
some toxic anionic species.
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Table 3: Relative maximum uptake of Cr, Cd, and Eu from single-element solutions
at their natural pH by our best sorbent after 17-24 hours under agitation,
compared with the commercially available sorbents and other functionalized-
silica materials in the literature.

Relative Maximum Uptake
(wt%)/natural pH

Sorb. dose  Metal Ref.
(mg/mL conc.
Sorbent Name soln.) (mM) Cr cd Eu
This
PES-0.43-500 150/50 5.0 0.76/7.7 8.78/5.1 6.25/5.0
work
PES-0.43-500
. 150/50 5.0 11.8:9.9 17.9:7.8
(with SO4%:NO3)

Biochar 150/50 5.0 0/7.7 2.02/5.1 1.84/5.0

S930PLUS 150/50 5.0 0/7.7 13.05/5.1 11.26/5.0
Activated carbon 150/50 5.0 0.53/7.7 0.25/5.1 2.52/5.0

MNPs2/Si0,-
100/30 2 6.9/7.0 66

AMPAP

PANC/APTES¢
1000/1000 0.99 13.0/4.0 67
modified Sil
0.8-

NNNe-S 100/10 0.9 1.3/6.0 2.2/6.0 68
1IP-AAAPTS/SiO, 50/50 0.68 5.7 69
®magnetic nanoparticles, Paminomethylenephosphonic acid, c¢1-(2-Pyridylazo) 2-
naphthol, 43-aminopropyl triethoxysilane, e[(2-
aminoethylamino)ethylamino]propyltrimethoxysilane, f3-[2-(2-

aminoethylamino)ethylamino]propyltrimethoxysilane

Unexpectedly, spiking the 5.0 mM cation solutions with an
equimolar amount of SO4% or NO;3™ anion generally produced
modest rises in both Cd?* and Eu3* uptake for our PES-0.43-500,
by a factor of 1.2 to 1.5. However, Eu3* uptake in the presence
of SO4% jumped by a factor of 3.0. Furthermore, while the
sorbent displayed negligible affinity for the anions alone (5.0
mM uptake test, data not shown), uptake of SO, was 7.8 and
14.6 wt% with Cd and Eu, respectively, while NO3;~ was between
4 and 5 wt%. These
interactions between cations and anions in solution increased
the overall affinity of Cd?* and Eu3* to the amine sites, whereby
the chelated cations further adsorbed the anions.

PES-0.43-500 showed better uptake of Cd than NNN-S and
IIIP-AAAPTS/SIO, from the literature, yet uptakes of Cr and Eu
below those of the other functionalized silica sorbents.
However, the nano-size of MNPs/SiO,-AMPA makes them
unsuitable for practical packed-bed systems due to
undoubtedly high pressure drop. Additionally, the prohibitively
high cost of $476/25 g for 1-(2-Pyridylazo) 2-naphthol (0.1 kg
scale) versus the low costs of $396/1,000 g for PElgy and
$140/305 g for E3 makes the PAN/APTES modified Sil sorbent
impractical for commercialization. Proven and marketable
fixed-bed water treatment systems can be easily modified to
accommodate our low-cost PES-0.43-500, $55/kg (materials
cost, 1 MT scale), providing a cost-effective water remediation

results suggest that electrostatic

technique. Note that material costs can decrease by orders of
magnitude as manufacturing quantities increase.

The DRIFTS spectra of PES-0.43-500 samples with these
adsorbed metals in Fig. S6 of the ESI clearly show oxidation of
the amines to amides/imides by captured chromate, and
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interaction of PEl with Cd?* and Eu3* through -NH,/-NH---metal
interactions. This supports our previous hypothesis for heavy
metal removal. Participation of the -OH groups during
adsorption was expected but not clearly observed from the IR
spectra.
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Fig. 8: Cyclic metal recover-strip (a)-(b) testing with synthetic acid mine drainage, AMD-
SYN — 354 ppm alkali plus alkaline metals, 341 ppm heavy metals, 53.9 ppb REEs, pH 2.6,
fouling (alkali+alkaline+heavy)/REE ratio of 12,892/1.
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Cyclic recover-strip testing of PES-0.43-500 was performed
with a synthetic acid mine drainage solution (AMD-SYN, pH 2.6)
for metal adsorption and a pH 8.5 ammonium hydroxide-
ammonium citrate buffer for subsequent metal stripping and
sorbent regeneration. AMD-SYN was more acidic and had a
higher fouling metal (alkali+alkaline+heavy)/REE ratio of
12,892/1 than that of 1,191/1 for authentic AMD-PBG. Fig. 8
shows high stability of the sorbent to extract heavy metals,
especially REE’s, from highly contaminated AMD-SYN solution.
Like adsorption from AMD-PBG the sorbent displayed high
affinities for Fe, Al, and Mn plus Cr (62.2%-below reporting limit,
cycle 1) in Fig. 8 (a), which only slightly dropped to 52.5% after
cycle 5. Moreover the REE’s displayed consistently excellent
uptakes of 79.2 to 99.2%, despite the somewhat erratic
behavior of La. Minimal recovery of Na, Mg, and Ca shows
negligible competitive adsorption between toxic or valuable
metals and inert species. These results are similar to those we
previously observed for porous E3-tetraethylenepentamine
(TEPA) monolith'> and PEl-acrylamide/SiO, hybrid hydrogel
sorbent particles” (except Mg recovery by hydrogel). Gradually
improved stripping performance of the buffer during cycling,
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shown in Fig. 8 (b), could reflect a decreasing amount of
irreversibly adsorbed species on the sorbent. The >>100%
stripping of recovered Cr (5.29 ppm fresh, 14-21 ppm stripped)
and La is unclear and under investigation.

To gain a better understanding of the
performance towards heavy metals (Al, Mn, Cu, Zn, Cd) and
REEs (La, Nd, Eu, Dy, Yb) present in a variety of water sources,
we performed a kinetic uptake test by flowing 40 mL of a 10.0

sorbent’s

mM equimolar metal solution (natural pH 3.9) over 0.5 g of PES-
0.43-500 at 0.5 mL/min and sampling every 1 mL (2 min).
Results in Figure S7 of the ESI confirmed that both uptake
kinetics (mmol M*/g-min) and capacity (mmol M*/g) grew
across the Ln3* series as both ionic radii and pKa dropped.
Disregarding Cd, the heavy metals displayed similar behavior as
the REEs. Herein, both kinetics and capacity followed as: Al
(aqueous ionic radii 50 pm)>[Cu (72 pm, pKa 7.7), Zn (70 pm,
5.5)]>Mn (80 pm). These capacity trends held true upon cross-
comparing heavy metals-REEs, like Al-Nd (50-108 pm) at similar
pKa. These results highlight the importance of considering
cation content, size, refining sorbent
formulations to treat specific water sources.

and acidity when

Conclusions

Basic immobilized amine sorbents (BIAS), utilizing robust amine-
epoxide cross-linkages, were prepared as H,O-stable materials
to remove/recover a myriad of toxic heavy metals and rare
earth elements from ideal and authentic water sources.
Optimization of the N-N-diglycidyl-4-glycidyloxyaniline (E3,
epoxy)/polyethylenimine (PEI, amine) ratio (0.43) within a silica
support (40% loading) endowed the sorbent with a 99% leach
resistance of its polymer network after prewashing. Diffuse
reflectance FTIR confirmed this network was comprised of (i) a
hydrogen-bonded E3/PEl---silica interfacial layer surrounded by
(ii) a crosslinked E3-PEl bulk structure. Relative to other
sorbents, or superior
performance of our material to remove toxic (Pb, Cd, Hg, Cr, As,
Se), heavy (Al, Mn, Ni, Zn, Cu, Re, others), and valuable (La
through Yb REE’s) metals from an ideal solution, tap water, flue
gas desulfurization water, and acid mine drainage. Solution pH
ranged from 2.6 (acidic) to 6.7 (near-neutral).
Exceptional among these sorbent types, the BIAS
simultaneously removed toxic cationic and oxyanionic (CrO,%,
HAsO,?", Se0,4%) species while largely neglecting Na, Ca, and Mg.
Future work involves changing the amine type or stripping

commercial we observed equal

values

solution to tune the adsorptive or desorptive selectivity towards
toxic/semi-toxic metals or REE’s.
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Stable and immobilized amine sorbents can simultaneously remove/recover cationic and oxyanionic
toxic metals plus valuable rare earth elements from industrial and mining effluents prior to discharging
into environmental water systems.



