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ABSTRACT: Methyl tert-butyl ether (MTBE) was used as a replacement for Pb in gasoline before it was found to be harmful, and
for this reason, these two contaminants often coexist in groundwater at older fueling facilities. ZSM-5 is a well-characterized
synthetic zeolite that shows promise in the removal of organic contaminants from water. While numerous studies have quantified the
adsorption of metal to hydrophilic zeolites, few have investigated the mechanisms for adsorption to hydrophobic zeolites such as
ZSM-S. In this study, batch adsorption tests and synchrotron-based extended X-ray absorption fine structure (EXAFS) analyses were
conducted to investigate the adsorption of Pb to ZSM-5 in the presence and absence of MTBE. Batch adsorption studies showed
that MTBE did not significantly impact Pb adsorption. EXAFS analyses revealed two Pb binding mechanisms: (1) precipitation as a
PbO-(H,0) type surface coating and (2) adsorption of Pb at Si surface sites. The PbO-(H,O) type surface coating is more stable at
pH 6 due to the formation of solid-phase hydroxide minerals, while the Pb to Si surface site occupancy is constrained by the
availability of silanol sites on the surface. Our study provides an understanding of the mechanisms of precipitation and/or adsorption
of Pb to hydrophobic zeolites and new insights into the synthesis and/or modification of zeolites to target the removal of co-
contaminants from water and wastewater.

KEYWORDS: clean water and sanitation, green and sustainable remediation, adsorbent, surface coating, advanced spectroscopic analysis

1. INTRODUCTION storage in underground and surface tanks, and for this reason,
it often co-occurs with Pb and other potentially toxic heavy
metals.'” Despite this concern, few studies have been
conducted to examine the effects of MTBE on the adsorption
behavior of these metals.

Heavy metal removal by zeolites has generally been
investigated by exploring adsorption kinetics, developing
equilibrium isotherms, and determining the impact of various
influencing factors such as pH, ionic strength, and co-
contaminant interactions. While the adsorption of metals to
zeolites is well-studied, less is known about the environments

Heavy metals that are released into the environment are a
major public health concern due to their toxic nature and
persistence, and lead (Pb) is among the most common.' " A
wide range of remediation methods have been investigated to
remove heavy metals from water and wastewater, including
surface precipitation,” ion exchange,’ electrochemical pro-
cesses,’ adsorption,s’9 and a combination of these methods.'’
Of the methods described above, adsorption is considered to
be an efficient and economic method of metal remediation,
and zeolites are some of the most widely used and low-cost
adsorbents.'" Methyl tert-butyl ether (MTBE) is a gasoline
additive that replaced Pb as an octane enhancer and oxygenate Received:  June 4, 2020

in 1979 in the United States and has since been banned by the Revised:  August 30, 2020
U.S. Environmental Protection Agency due to groundwater Accepted:  September 2, 2020
contamination concerns.'” However, it is still commonly used Published: September 15, 2020
in many countries such as Mexico, Chile, and Venezuela."?

Release of MTBE occurs during transport, delivery, and
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for binding of metals to the zeolite surface at an atomic level.
This can be addressed with synchrotron-based X-ray
absorption spectroscopy (XAS) investigations that can
effectively identify the oxidation states and coordination
environment of metal ions sorbed onto ion—exchan%ed
materials, e.g, biochars,"*™"" clay minerals,"®  zeolites,"*°
and metal oxides.*"** However, with respect to zeolites,
most XAS studies of the adsorption of heavy metals focus on
hydrophilic zeolites, such as clinoptilolite,””** which are
known to be excellent adsorbents of metal cations. By
comparison, hydrophobic zeolites generally have a high
adsorption capacity for organic compounds but inferior
heavy metal adsorption capacities. Accordingly, few studies
have determined the local coordination geometry of metals
bound to these zeolites, including ZSM-5. For example, Ju et
al.*> found that Pb** ion-exchanged ZSM-$ consisted of highly
dispersed three-coordinate Pb(II) species with a Pb—O atomic
distance of 2.3 A. Bordiga et al. © revealed that the local
environments of Ag" and Cu*" were similar in exchanged ZSM-
5 with Cu®* surrounded by 2.5 + 0.3 oxygen atoms at a metal—
oxygen distance of 2.00 & 0.02 A and Ag* surrounded by 2.5 +
0.4 oxygen atoms at a distance of 2.30 + 0.03 A. The different
metal—oxygen distances were explained by the larger ionic
radius of Ag', while the coordination numbers (CNs) were
considered to be equal (2.5). Morra et al.”’ first resolved
hyperfine interactions of Zn>* with a nearby Al nucleus with a
Zn—Al distance of 2.88 A in a Zn**-loaded ZSM-S. Shao et
al.”® found that Eu(IIl) bound to the =SOH sites of ZSM-5,
and extended X-ray absorption fine structure (EXAFS) analysis
indicated an Eu—O interatomic distance of 2.31 + 0.01 A with
a CN of 7.7 and a residual factor of 0.045.

The concentrations of divalent metals such as Pb(II) may be
increased in groundwater at contaminated sites, and these
metals may form precipitates under modestly alkaline
conditions.”’ Adsorption, ion exchange, and/or surface
precipitation reactions may be active when using zeolites like
ZSM-S to treat contaminated groundwater, and understanding
the mechanisms of removal and coordination of sorbed Pb ions
at the zeolite surface is critical to making accurate estimates of
sorbent efficacy. For this reason, ZSM-5 and Pb were chosen as
a representative hydrophobic zeolite and heavy metal,
respectively, to investigate their sorption characteristics in
aqueous solution and explore the binding environment of Pb.
The study aims (1) to provide the protonation constants and
site densities of ZSM-5 surface functional groups using
potentiometric titrations and a constant capacitance surface
complexation model, (2) to describe the characteristics of
sorption of Pb(Il) to ZSM-5 in aqueous solution, (3) to
evaluate the effects of solution pH and the coexistence of
MTBE on the removal of Pb from solution, and (4) to explore
the oxidation states and coordination environments of sorbed
Pb using synchrotron-based EXAFS analysis.

2. MATERIALS AND METHODS

2.1. Materials. The hydrogen form of ZSM-5 was
purchased from Acros Organics. It has a particle size of 2—8
um, a surface area of 400 m?/g, and a SiO,/Al,05 molar ratio
of 469. Other detailed physicochemical properties can be
found in our previous study.’”*' The X-ray diffraction (XRD)
pattern and SEM image can be found in Figures S1 and S2,
respectively. Hydrochloric acid (HCl, 37%) and sodium
hydroxide (NaOH) of ACS grade or higher were used to
adjust the solution pH in the batch adsorption experiments.

109

2.2, Potentiometric Titrations. Potentiometric titrations
were conducted to determine the concentrations and acidity
constant (K,) values of proton-active surface functional groups
of the zeolite. Prior to a potentiometric titration, the pH
electrode (Metrohm 90S Titrando) was calibrated using a set
of three pH buffers and then placed in a covered sample cup
containing a magnetic stir bar and dispensers for acid (0.1 M
HCI) and base (0.1 M NaOH) titrants. Approximately 0.05 g
of dry ZSM-5 powder was suspended in 50 mL of a 0.01 M
NaNO; electrolyte solution. The sample containers were then
sealed with Parafilm and purged with N, gas for 30 min prior
to each titration and throughout the titration process to
maintain a CO,-free solution. A full titration consisted of a
forward titration and backward titration: the forward titration
(pH 3 to 11) was performed by adding small aliquots of 0.1 M
NaOH, and the backward titration (pH 11 to 3) was
conducted by adding small aliquots of 0.1 M HCI. Hysteresis
was not observed when comparing forward and backward
titrations, indicating that the sorbent was not damaged during
the titration procedure and that proton adsorption was fully
reversible. Additional information about the titration protocols
can be found in our previous papers.’”>

2.3. Pb(ll) Adsorption Tests. Batch Pb(II) adsorption
experiments were conducted using 40 mg/L lead nitrate in a 1
M NaNOj; solution to ensure a constant ionic strength. The
typical pH of groundwater is in the range of 6—8.5, depending
on the surrounding soil and rock types. Acidic groundwater
also commonly exists in acidic mining discharge areas and in
natural groundwater systems due to, for example, pyrite
oxidation in acid sulfate soils.””*> Considering the wide range
of groundwater pH, the experiments were carried out in
increments of 1 pH unit, between pH 2 and 10, with a
solid:liquid ratio of 1 g/L. The initial concentrations of Pb**
were 1, 5, 10, 20, 40, and 100 mg/L to determine the
adsorption isotherm for ZSM-S5. The effect of the existence of
MTBE was evaluated by the addition of 100 mg/L MTBE.
Control experiments were also carried out under identical
conditions without the addition of ZSM-S. After being shaken
for 24 h to ensure a stable pH and equilibrium adsorption of
Pb, the supernatant was filtered through 0.20 ym nylon
membranes (Millex HP). The filtered supernatants were
analyzed for dissolved Pb concentrations at the University of
Alberta Environmental Geochemistry Laboratory by induc-
tively coupled plasma mass spectrometry (ICP-MS/MS;
Agilent model 8800). All experiments were conducted in
duplicate.

2.4. X-ray Absorption Spectroscopy (XAS) Data
Collection and Analysis. XAS was utilized to investigate
the oxidation states and coordination environments of Pb
adsorbed to ZSM-S. Lead L3-edge EXAFS data were collected
at the Hard X-ray Micro-Analysis (HXMA) beamline of the
Canadian Light Source (CLS) in Saskatoon, Canada.’® ZSM-5§
samples from Pb adsorption experiments conducted at pH 4
and 6 were used for EXAFS analyses. During the measure-
ments, the CLS storage ring was operated at 220 mA, and the
beamline superconducting wiggler was run in a 22 T
magnitude field. The beamline was configured in its focused
mode with Rh mirrors (collimating and focusing mirrors) in
the X-ray beam path. The X-ray beam photon energy was
initially calibrated by a lead metallic foil provided by EXAFS
Materials, and the same Pb foil was set at the downstream
position of the sample, located between the second and third
straight ion chamber detectors, making the in-step energy

https://dx.doi.org/10.1021/acsestwater.0c00010
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calibration available for each EXAFS scan. To decrease the
high harmonic components in the incident X-ray beam, the
second crystal of the monochromator Si(111) crystal was
detuned by 50% at the end of the scan. EXAFS measurements
were taken in transmission mode for the model compound
lead oxide hydrate [PbO-(H,0)]*” and conducted in
fluorescence mode for the Pb sample system using a 32-
element Ge array detector. The Pb L3-edge data collection
configuration for the full EXAFS experiment was (—200 to
—30 eV; 10 eV/step, 2 s/point) for the pre-edge region, (—30
to 70 eV; 0.5 eV/step, 2 s/point) for X-ray absorption near-
edge structure (XANES), and (70 eV to 14 A™'; 0.05 A™"/step,
2—10 s/point) for EXAFS. Following the standard procedure,
the model compound PbO-(H,0) was diluted using boron
nitride (BN) powder to a concentration corresponding roughly
to a XANES unit-edge jump. Data reduction and Feff 7-
based”® R space curve fitting were performed using the
ATHENA software package’ and WINXAS version 2.3,
respectively. XANES theoretical modeling was performed
using the code FDMNES."'

3. RESULTS

3.1. Protonation Model of ZSM-5. Potentiometric
titrations were conducted to determine the proton buffering
capacity of ZSM-5. The titration curves were modeled using a
constant capacitance model (CCM) to determine the proton
binding constants and site concentrations of surface functional
groups. The fitting results are shown in Figure S3 and Table 1.

Table 1. Calculated Parameters from the Protonation Model
of Titration Data of ZSM-5“

=L,” =L, Vy (variance)
pPK, 9.09 6.07 3.09
site density (mol/g) 325 x 1074 7.47 X 107°
capacitance (F/m?) S

“=L,” and =L, are surface functional groups.

Titration data were modeled using the software package
FITEQL 3.2,* which uses a least-squares error approach to
solve for a discrete number of proton-active sites and their
corresponding site concentrations.” Several fitting approaches
were attempted, including invoking between one and four
proton active sites, and considering the presence of an
amphoteric surface site with, and without, an additional
monoprotic site. A two-site protonation model best simulated
the experimental data, according to the following equations:

=LH o =L, + H' (1)
_ [ELI_]GH+

T =L, H] ®)

=L,H & =L, + H' (3)
_ [=L, lay+

LH [=L,H] 4)

The L, site has a density of 7.47 X 10~ mol/g. This is similar
in ma§nitude to that of basal sites on previously studied
clays,>** suggesting that L, represents basal sites, which can
be either aluminum hydroxide (=Al—-OH) or silanol (=Si—
OH) sites at the zeolite surface. The density of L; sites (3.25 X
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107* mol/g) is higher than for L,, and using clays again as a
comparison, it is likely that L, represents ion exchange sites
(generated by isomorphic substitution) because they generally
have a site density that if higher than that of basal sites.”””’
With regard to ZSM-S5, there is limited isomorphic substitution
of Si** by AI** as compared to that in clay minerals and another
ZSM-5 that has a lower Si:Al ratio;*® however, the 10-
membered ring in the ZSM-5 structure provides sites for
exchange reactions with ions in aqueous solution. Thus, we
hypothesize that L, represents ion exchange sites in the Si
tetrahedron ring structure of zeolites instead of isomorphic
substitution, which is consistent with the EXAFS investigation
that follows.

3.2. Sorption of Pb to ZSM-5. 3.2.1. Sorption Isotherms.
Equilibrium sorption of heavy metals, including Pb, onto
zeolites is often shown to occur within 12 h.*** To determine
the sorption capacity of ZSM-5 for Pb, batch sorption
equilibrium tests were conducted with a series of initial Pb
concentrations from 1 to 100 mg/L at pH 4 and 6. These
concentrations were chosen on the basis of estimates of
sorption capacity from trial tests. As shown in Figure S4 and
Table 2, the Langmuir and Freundlich models adequately

Table 2. Isotherm Model Parameters for Sorption of Pb to
ZSM-5 at pH 4 and 6

model parameter pH 4 pH 6
Langmuir model Q, (mg/g) 14.39 + 5.83 46.34 + 6.25
b (L/mg) 0.009 + 0.006 0.016 + 0.004
R, 0.991 0.984
AIC 20.04 25.74
P 0.002 2.05 x 107*
R? 0.967 0.993
Freundlich model K¢ (mg/g) 0.16 + 0.10 1.12 + 0.25
1/n 0.81 0.72
AIC 21.64 27.10
P 0.003 3.07 x 107*
R? 0.955 0.990

describe the experimental sorption data (R* > 0.9, and p <
0.01). The Akaike’s information criterion (AIC) values were
further calculated as a quality control for these two models.
The sorption of Pb to ZSM-S was best fit by the Langmuir
model at pH 4 and 6 as shown by the highest R* values and the
lowest AIC values, and sorption was favorable (0 < R < 1).
The value of 1/n from the Freundlich model is close to 1,
indicating homogeneous binding sites on the surface of ZSM-S.

As shown in Table 2, the sorption capacity of ZSM-S at pH
6 was 46.34 mg/g, triple that at pH 4 (14.39 mg/g). The Pb
speciation diagram (Figure SS) showed that lead hydroxide,
PbO-(H,0), was the major precipitate, whereas lead carbonate
does not form even when solution equilibrium with
atmospheric CO, is considered. Therefore, the higher sorption
capacity at pH 6 was mainly due to the precipitation of Pb(II)
to form a hydroxide surface coating on the zeolite. The results
of the control experiments also revealed that Pb(II) began to
precipitate from pH S.5 (Figure S6), indicating the formation
of lead hydroxide precipitants onto the surface of ZSM-S or
into the solution at pH 6. In addition, the removal of heavy
metals, including Pb(II), from aqueous solution is known to be
greatly influenced by the surface chemistry and the number of
adsorption sites of zeolites.*>*’

https://dx.doi.org/10.1021/acsestwater.0c00010
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ZSM-S has a relatively low Pb sorption capacity as compared
with those of many other adsorbents, such as activated carbon
(AC), clay, biochar, and other zeolites (see Table 3), especially

Table 3. Comparison of Sorption Capacities of Pb onto
Different Adsorbents

sorption capacity

sorbent (mg/g pH ref
peanut husk AC 113.96 6 48
pine cone AC 27.53 52 49
montmorillonite-illite type 52 4 S0
clay
sludge biochar 30.9 S S1
sesame straw biochar 102 7 52
buffalo weed biochar 333.33 S 53
natural zeolite tuff 78.6 S 54
clinoptilolite 80.93 45 S5
clinoptilolite 117.64 4 56
clinoptilolite 108.69 6 56
ZSM-5 20.1 3 57
ZSM-5 14.39 4 this study
ZSM-5 46.34 6 this study

at pH 4 where Pb(II) does not precipitate as a lead hydroxide.
The unbalanced substitution of Si** with AI** in the crystalline
lattice of zeolite can lead to a net negative charge, resulting in
an increase in the number of free cations that can exchange
with metal ions, including Pb*, in the adsorption process.
ZSM-S has a high Si:Al ratio and, therefore, few free cations
that can exchange with Pb**, leading to its low adsorption
capacity for Pb(II).

3.2.2. Effect of pH and the Presence of MTBE. The effect of
solution pH on sorption of Pb(II) to ZSM-S in the pH range
of 2—10 with and without the presence of MTBE is shown in
Figure 1. Adsorbed Pb(II) remains below 4.5% between pH 2

40 o oo 0o ©
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>
£ 204
3
(@)
10 4 o
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o no MTBE
(@) .
ol o © 988%¢%¢ o with MTBE
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Figure 1. pH-edge plots of sorption of Pb to ZSM-5 with and without
the existence of MTBE.

and S.5, increases rapidly to nearly 100% with increased pH’s
from 5.5 to 7.5, and then stays constant until the pH reaches
10. Pb(II) begins to precipitate from pH 6.5.

The presence of MTBE had a negligible effect on the
sorption of Pb to ZSM-S at all pH values (Figure 1). According
to the high adsorption capacity (53.55 mg/g) of ZSM-S for

MTBE obtained in our previous study,”® both Pb and MTBE
were added to the solution in excess during co-sorption
experiments. In this way, the adsorption reached saturation for
both Pb and MTBE on the surface of ZSM-5. We observed
that MTBE tends to enter the pores of ZSM-5,*" while Pb(II)
is likely adsorbed by ion exchange and surface precipitation.
Therefore, the sorption of Pb and MTBE is not competitive,
and the coexistence of MTBE has a negligible effect on the
sorption of Pb to ZSM-S under the conditions of this study.
3.3. EXAFS Characterization. M-1 and M-2 are EXAFS
structural models developed to represent the PbO-(H,0) type
surface coating and Pb coordination at a Si-centered site,
respectively, with details shown in the Supporting Information.
EXAFS characterization revealed that M-1 type (Figure S7)
and M-2 type (Figure S8) modes of Pb surface speciation
coexist at pH 4 and 6. Therefore, an M-3 model was developed
to combine the M-1 and M-2 models, and then M-3-based
theoretical scattering amplitudes and phases were calculated
using FEFF 7.02°° to guide the R space curve fitting. The
experimental data from the pH 6 sample were compared with
the FEFF modeling in both R space (Figure S9a) and k space
(Figure S9b). Two experimentally resolved data trends, “A”
and “B”, can be observed in Figure S10 and Figure 2. The

0.15

—— pH=4
—— pH=6

Ky (k) (arb unit)

4 6
k (A

Figure 2. Backward FT-filtered k*y(k) (“sine” window function, FT
window from 1.0 to 2.2 A) at pH 4 and 6.

negative correlation of trend “A” and pH can be attributed to
structural compression of the PbO-(H,0) surface coating,
while the positive correlation for trend “B” can be induced by
the development of PbO-(H,0) particles. This is consistent
with the M-3-based R space curve fitting results listed in Table
S.

As shown in Table S5, paths 1—4 are the backscattering
covered by the M-1 submodel and path 5 corresponds to the
M-2 submodel. The fitted values of the interatomic distance
(R) for the pH 4 sample closely match the distance for the
corresponding path predicted by the M-3 model, indicating the
existence of the precursor of PbO-(H,0). Fitting reveals an
overall consistency in the CN throughout all fitted paths
between the pH 6 sample and submodel M-1, further
supporting the existence of PbO-(H,0) at pH 6. In addition,
the fitted R for the Pb—O1 path for the pH 6 sample of 2.28 A
is consistent with the 2.30 A distance fitted by Ju et al.” in a
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Figure 3. (a) XANES spectra and (b) their corresponding first derivatives for the Pb bearing ZSM-S sample systems.

Table 4. Correlation between XAS Data Rrends and pH Values

XAS data trend XAS feature details correlation vs pH
EXAFS A k*¢(k) oscillation peak drifting negative Figure S10, Figure 3, and Table S
B k*y(k) oscillation amplitude changing positive Figure S10, Figure 3, and Table S
XANES a whiteline peak position energy drifting positive Figures S10 and Slla,c
b whiteline peak amplitude changing negative Figures S10 and Slla,c
a line width of the first-derivative peak of XANES spectra positive Figure 3 and Figure S11b,d
B amplitude of the first-derivative peak of XANES spectra negative Figure 3 and Figure S11b,1d
Y shoulder peak feature experimentally clearly resolved only at pH 6 Figure 3 and Figures S11d and S13

Pb-ZSM-S system. The fitted CN (2.5) of this scattering path
is ~3, suggesting a 3-fold O coordination,*” consistent with the
triangular configuration of the oxygen base of the distorted
PbO, tetrahedron of PbO-(H,0) [M-1 (Figure S7a)].
Although this trian§ular oxygen configuration has been
previously reported,” the Pb—O, scattering (path 2 in this
study) is novel. The PbO, tetrahedron and the further PbO-
(H,O) type surface precipitation were first identified on the
surface of the ZSM-S system during data analysis and fitting
conducted in this study.

The fitted Pb—Si interatomic distances (3.05 and 3.07 A,
respectively) for the two samples match the corresponding
average Si—Si path distance predicted by the crystallography of
ZSM-5 (3.07 A), indicating Pb occupancy at the Si site of
ZSM-5 of the M-2 type. In addition, the reported CN and R
results (Table 5) for the Pb—Si scattering observed in the two
samples are also consistent with previous work by Um and
Papelis,”” who studied a Pb**/zeolitized tuffs system at pH
7.16 (CN = 1.0, and R = 3.09 A). However, the reported R
values for the Pb—Si scattering path in this study are shorter
than those reported for sorption of Pb*" to amorphous silica (R
= 3.40-3.44 A with different ionic strengths).61 This is
reasonable due to the fact that the PbO, tetrahedron site
occupancy is constrained by the ZSM-S surface structure,
which is significantly different from that of amorphous silica.
The impact of ionic strength on sorption of Pb to ZSM-5 will
be tested in future studies.

3.4. XANES Characterization. Four systematic changes in
the XANES spectra occurred from pH 4 to 6, as shown in
Figure 3 and Table 4. On the basis of the EXAFS results
described above, XANES theoretical modeling was used to
address these four experimentally resolved XANES data trends
(“a”, “b”, “@”, and “B”), while the “y” feature is uniquely
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resolved at pH 6. Three structural systems, 1—3, were
developed for this purpose (details can be found in the
Supporting Information). The theoretical modeling based on
structural system 1 aims to simulate the XANES features,
which characterize the structural compression process for
hydrated PbO, from pH 4 to 6. The modeled XANES system
and the corresponding first-derivative XANES system
reproduce the experimentally resolved data trends “a” and
“b” (Figure S11a) and “a” and “f” (Figure S11b), respectively.
In addition to trends “a” and “b” (Figure S11c) and trends “a”
and “f” (Figure S11d), the “y” feature (Figure S11d) has
further been reproduced through system 2-based modeling. To
further verify this observation, XANES theoretical modeling
was performed on the basis of structural system 3 (Figure
S12). The modeling indicates that “y” begins to clearly resolve
at the cluster R of 4.0 A (Figures S12b and S13) and reaches
its peak amplitude at R values of 4.0—5.0 A (Figures S12¢,2d
and S13), which is consistent with the modeling results based
on system 2.

4. DISCUSSION

The batch adsorption results indicated that the sorption of Pb
to ZSM-S was best fit by the Langmuir model. Being a
hydrophobic zeolite, ZSM-5 has a relatively low sorption
capacity for Pb (46.34 mg/g at pH 6 and 14.39 mg/g at pH 4)
compared with other sorbents, such as hydrophilic zeolites,
activated carbon, and biochar (Table 3). Sorption increased
with an increased solution pH in the range of 2—10, mainly
attributed to the precipitation of Pb** to form lead hydroxide.
However, the presence of MTBE (<100 mg/L) had a
negligible effect on the removal of Pb from solution, likely
due to the differing sorption mechanisms of Pb and MTBE.
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Table S. M-3-Based R Space Curve Fitting Results”

M-3 model pH 4 pH 6
path (submodel) path CN R (A) CN R (A) o (A CN R (A) o (A?)
1 (M-1) Pb—01 3 2.32 1.8 2.35 0.0049 2.5 2.28 0.0050
2 (M-1) Pb—-02 1 2.57 1.1 2.58 0.0049 1.1 2.52 0.0050
3 (M-1) Pb—Pbl 2 3.98 1.0 3.71 0.0068 2.4 371 0.0068
4 (M-1) Pb—Pb2 4 4.14 1.0 4.00 0.0100 3.5 4.00 0.0100
5 (M-2) Pb-Si 2 3.07 0.7 3.08 0.0068 1.1 3.07 0.0068

“Fitted AE, values of —2.4 and —1.2 €V for pH 4 and 6, respectively.

The mechanisms of binding of Pb to ZSM-5 were
investigated by synchrotron-based EXAFS analysis. EXAFS R
space curve fitting reveals that the precursor of PbO-(H,0)
particles forms at pH 4 due to the fact that both Pb—Pb1 and
Pb—Pb2 can be clearly identified (Table S and Figure S7). The
estimated CNs increased from undercoordinated (CN = 1.8,
1.0, and 1.0) at pH 4 to full coordination (CN = 2.5, 2.4, and
3.5) at pH 6 for the Pb—O1, Pb—Pbl, and Pb—Pb2 paths,
respectively, closely matching the M-3 model (CN = 3, 2, and
4) in Table S. This revealed a developmental process from the
precursor of the PbO-(H,0) type at pH 4 to fully developed
PbO-(H,0) particles at pH 6. Specifically, the backscattering
from nearest neighbor coordinations will be experienced
progressively by the center absorbing atom Pb, as recorded
in the R space by EXAFS FT data (e.g., Figure S3b). With a
decrease in the size of surface-precipitated PbO-(H,0)
particles, more Pb atoms are exposed on the particle surface
and experience the surface effect, i.e., a decrease in CN and
changes in bond distances for corresponding scattering paths.
This phenomenon between samples [pH 4 vs pH 6 (Table )]
was observed and revealed corresponding changes in CN and
R for different nearest neighbor scattering paths. This
experimentally revealed trend is attributed to the increasing
particle size of PbO-(H,0) from pH 4 to 6.

In addition, a compression process of the PbO-(H,O)
structural framework was characterized by a universal short-
ening effect from pH 4 to 6 for all paths of model M-3. This
effect may be induced by the PbO-(H,0) surface coating
process. When the PbO-(H,O) precursor developed initially at
pH 4, the PbO-(H,0) particles may not completely fit the
surface structure of ZSM-S. Therefore, these PbO-(H,O)
particles retained the Pb local structural environment that is
close to that of the undistorted PbO-(H,0) structure. During
the coating process on the ZSM-S surface, adjustment needs to
occur in the Pb local structural environment to enable PbO-
(H,0) particles to fit into the ZSM-S surface structure. In view
of the EXAFS results, this structural adjustment is charac-
terized as an overall compression of the Pb local structural
environment for those corresponding scattering paths (Table
S). Considering that this local structural adjustment should
lead to a relatively lower-energy status of PbO-(H,0), Pb
anchored through a PbO-(H,0) surface coating may be more
stable at pH 6 than at pH 4.

EXAFS R space curve fitting identified Pb—Si single-path
scattering, indicating the presence of Pb occupancy at the Si
sites of ZSM-$ from pH 4 to 6. The fitted CN values (0.7 and
1.1 at pH 4 and 6, respectively) listed in Table S are close to 1,
indicating that the Pb occupancy is likely located at the cleaved
SiO, rings. As the cleaving of SiO, rings most likely occurs on
the surface of ZSM-$ particles, leaving empty Si tetrahedron
sites available for Pb uptake, the Pb to Si site occupancy can be
expected to occur on the ZSM-5 surface sites rather than
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through a bulk type of occupancy. Therefore, ZSM-5 may have
a relatively low adsorption capacity of the M-2 type toward Pb
due to a limitation in the available number of SiO, rings on the
ZSM-5 surface. The slight increase in CN in relation to the
Pb—Si scattering from pH 4 to 6 suggests that the Pb
occupancy at Si sites may be more stable or better defined at
pH 6 than at pH 4. The fitted Pb—Si interatomic distance
(Table 5) is between 3.05 and 3.07 A, consistent with the
average Si—Si distance of the three types of Si rings in the
ZSM-5 framework (Table 4). This observation reveals that the
scale of the local structural perturbation induced by Pb site
occupancy is smaller than the EXAFS resolution. Therefore,
the exact location of the Pb occupancy on the Si rings (Figure
S7b—d) of ZSM-S cannot be identified using the current
EXAFS data. In addition, EXAFS reveals a tetrahedron Pb site
occupancy. Pb directly reacted with O to develop its first-shell
coordination. The Pb first shell is coordinated to O, which is
further coordinated to the Pb outer shell Si from the SiO, ring
of the ZSM-S structure; thus, those O atoms are shared by
both Pb and Si. The outer shell Si impacts the local
coordination environment of Pb through those shared O
atoms. The crystal defects may also impact the adsorption of
lead ions to ZSM-S, and a systematic study of their impacts on
adsorption properties would be valuable.

The XANES results were consistent with the observations
gathered from the EXAFS data. Through systematic modeling
based on structural systems 1 and 2, the experimentally
resolved data trends “a”, “b”, “@”, and “” were addressed by
the compression effect of the Pb local structural framework of
PbO-(H,0) up to the second-shell Pb—Pb coordination. In
addition, the modeling based on systems 2 and 3 further
verified that the XANES feature “y” was induced by Pb—Pb
scattering from the first-shell Pb—Pb and further outer shell
Pb—Pb coordination. Therefore, “y” is the fingerprint feature of
the Pb—Pb coordination of the PbO-(H,0) type. It should be
noted that the Pb—Si site occupancy is likely to be a point of
nucleation of PbO-(H,0) particles.

5. ENVIRONMENTAL IMPLICATIONS

This study provides mechanistic insights into the binding of
Pb(II) to ZSM-S using synchrotron-based investigations and
adsorption modeling and investigates the effects of MTBE on
the removal of Pb(II) from solution by ZSM-S. We found that
MTBE has a negligible effect on the sorption of Pb(II) to
ZSM-5, suggesting that the simultaneous treatment of these
commonly occurring co-contaminants is feasible using the
zeolite. The EXAFS analyses reveal that Pb to Si surface site
occupancy (adsorption) and the formation of PbO-(H,0) type
surface coatings (precipitation) are the two main mechanisms
of binding Pb(II) to ZSM-S. The PbO-(H,0) type of surface
coating played the more important role at pH 6, which explains

https://dx.doi.org/10.1021/acsestwater.0c00010
ACS EST Water 2021, 1, 108—116


http://pubs.acs.org/doi/suppl/10.1021/acsestwater.0c00010/suppl_file/ew0c00010_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsestwater.0c00010/suppl_file/ew0c00010_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsestwater.0c00010/suppl_file/ew0c00010_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsestwater.0c00010/suppl_file/ew0c00010_si_001.pdf
pubs.acs.org/estwater?ref=pdf
https://dx.doi.org/10.1021/acsestwater.0c00010?ref=pdf

ACS ES&T Water

pubs.acs.org/estwater

why the amount of Pb removal from solution increased with an
increased solution pH. The low Pb adsorption capacity at pH 4
can be explained by the limited availability of SiO, rings on the
ZSM-S surface, especially incomplete SiO, rings, which
constrained Pb to Si surface site occupancy due to its activity
in Pb uptake. Without the development of a surface treatment
that can increase the concentration of Si sites, Pb coordination
at Si surface sites plays a subordinate role in Pb uptake versus
the development of PbO-(H,0) type surface coatings.
Therefore, future studies should investigate the development
of modification or synthesis methods to increase the number of
incomplete SiO, rings on the ZSM-5 surface and expose these
sites to Pb, which will improve its adsorption performance for
Pb(1I) and other heavy metal cations. More generally, this
study also offers novel insights into the modification and
synthesis of other zeolites to target metal ions for water
treatment purposes.
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