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Superior single- and multi-component siloxane
removal from water using a faulted silica DON
zeolite adsorbent+

Dariana R. Vega-Santander, Rodinson Arrieta-Pérez, Daniela Rivera-Mirabal,
Gabriela Del Valle-Pérez, Miguel Sepulveda-Pagan, Juan C. Mufioz-Senmache,
Yomaira J. Pagan-Torres® and Arturo J. Hernandez-Maldonado © *

Removal of monomeric siloxanes from water via adsorption poses a significant challenge, particularly
during water reclamation in closed-volume systems. In this study, both faulted and faultless variants
UTD-1 pure silica zeolites with a DON-type framework were considered for the removal of
monomethylsilanetriol (MMST), dimethylsilanediol (DMSD), and trimethylsilanol (TMS), in single- and
multi-component fashion. The results showed that UTD-1¢,,teq €xhibited the largest adsorption capacity
for TMS, with a maximum adsorption uptake of 731 mg g~* in the 1 to 140 mg L™! aqueous
concentration range. This is 7x larger than UTD-1g mess @and at least one magnitude larger than other
materials such as activated carbon. The interaction of TMS with UTD-1¢,1teq is mainly with OH groups
from siloxy-related faults present in the material, and multicomponent adsorption tests showed that TMS
helps to drive the uptake of other siloxanes via co-adsorption. UTD-1 is a promising material platform for
developing adsorption-based strategies for removing persistent monomeric siloxanes from aqueous
environments.

Linear siloxanes are ubiquitous and may enter water sources, with some being capable of affecting the human central nervous system upon ingestion. In closed-

volume systems, where water reclamation is perhaps mandatory, their concentration is much more prominent due to the intrinsic infrastructure. Existing
commercial adsorbents lack capacity and selectivity toward linear siloxanes, particularly when in mixtures. Given that adsorption is amongst the separation

platforms with smaller energy requirement footprints, developing adsorbent materials with siloxane selectivity and capacity would be ideal. Pure porous silica

zeolites with framework surface faults, in the form of siloxy groups, are not only selective toward individual or single-component siloxanes for removal from

water but also multi-component matrices.

Introduction

Siloxanes are a category of silicone derivatives containing Si-O
bonding" arranged in linear or cyclic structures, extensively
employed across multiple industries and consumer products.”™
In 2020, the total worldwide production of silicon-based
compounds was around eight million metric tons,” and
production will continue to grow in the coming years.*”
Consequently, the concentration of siloxane compounds that
could be released into the environment will also increase, and
siloxanes are already detected in water, soil, air, and
sediments.®*® This also poses a potential risk to the environ-
ment and human health since some siloxanes are known to be

Department of Chemical Engineering, University of Puerto Rico, Mayagiiez Campus,
Mayagiiez, PR 00681, USA. E-mail: arturoj. hernandez@upr.edu
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3va00282a

10 | Environ. Sci.; Adv., 2024, 3, 10-18

toxic, particularly those with low molecular weight. Linear
siloxanes that have been detected in water and that are products
of the hydrolysis of larger siloxanes include mono-
methylsilanetriol (MMST),"” dimethylsilanediol (DMSD), and
trimethylsilanol (TMS)."®** DMSD is toxic to humans if ingested
for long periods, even at low concentrations (i.e., mg L™"),>°
while TMS has been associated with causing central nervous
system problems.** Such toxicity arises from the ability of the
siloxane to permeate biological membranes and skin layers.??
Although MMST is used in dietary supplements, it is found in
the environment in combination with DMSD and TMS since all
are usually produced simultaneously during the hydrolysis of
larger siloxanes. For instance, MMST, TMS, and DMSD have
been detected in reclaimed water from closed-volume environ-
ments, such as the International Space Station (ISS); low
molecular weight siloxane concentrations up to 10 mg L™" have
been reported downstream in the ISS.**>%>*

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3va00282a&domain=pdf&date_stamp=2023-12-23
http://orcid.org/0000-0002-8655-7058
http://orcid.org/0000-0001-9379-8987
https://doi.org/10.1039/d3va00282a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3va00282a
https://pubs.rsc.org/en/journals/journal/VA
https://pubs.rsc.org/en/journals/journal/VA?issueid=VA003001

Open Access Article. Published on 10 November 2023. Downloaded on 2/7/2026 8:11:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Developing appropriate adsorbents could be an efficient and
cost-effective solution for siloxane removal.*® The United States
National Aeronautics and Space Administration (NASA) has
already focused on the usage of commercial adsorbents such as
ion exchange resins*** and activated carbon;*~* for instance,
NASA has reported siloxane uptake capacities for TMS and
DMSD of approximately 0.15 and 0.30 mg per cm® of adsorbent,
respectively.’® More recently, Hernandez-Maldonado and co-
workers® prepared a hierarchical zeolite-carbon composite via
confined space synthesis and reported adsorption capacities for
TMS and DMSD of around 2.0 and 0.8 mg cm ™, respectively,
highlighting the importance of adding specific adsorbent-
adsorbate interactions to the overall surface potential as well as
hydrophobicity to increase selectivity toward the siloxane and
uptake capacities.

Pure silica zeolite materials (PSZs), which contain only
silicon and oxygen atoms, are highly hydrophobic**** and this
holds  significant importance for treatment
applications.>*” Moreover, PSZs display exceptional high
thermal stability, opening the possibility of being regenerated
by thermal swing after being spent during adsorption.**** PSZs
have been extensively tested as adsorbents for gas/vapor**** and
liquid®*****¢ phase separations. For the latter, PSZs have even
been considered for removing several micropollutants from
water in computational studies by Chen et al.,*” who showed the
importance of pore diameters, surface areas, and crystal
frameworks for the uptake of different problematic compounds.
Although it is difficult to tailor extraframework moieties that act
as specific adsorption sites in PSZs, exploiting silanol groups
resulting from structural defects is an alternative. The presence
or absence of these could significantly impact the PSZ material
surface potential and its performance in adsorption and catal-
ysis applications.***® Further, combining such defects with
a larger pore channel could make PSZ an excellent alternative to
achieve sound diffusion of adsorbates and high capacity,
essential for continuous or dynamic adsorption scenarios. UTD-
1 (University of Texas at Dallas, number 1) is a PSZ with a DON-
type framework with pores bounded by 14 tetrahedral atoms,
the first PSZ with extra-large pores with a diameter of approxi-
mately 10 x 7.5 A% UTD-1 can exhibit structural defects or
faults that cause silanol groups in its structure, which are
formed to compensate for the positive charge of the structure-
directing agent (SDA) used during the synthesis process. In
turn, the silanol groups could act as active sites for the
adsorption of target molecules, and the size of the UTD-1 pores
enables a high selectivity in capturing molecules overtaking
diffusion problems encountered in other zeolite types. UTD-1
has about 3.5% faults per unit cell, amongst the largest re-
ported for a PSZ, and all are exposed to the pore surface.” For
instance, many of the surface faults of pure silica MFI are in
positions that are sterically forbidden for interactions with
guest molecules (i.e., not near the main pore).*

The main goal of this work is to evaluate the effect of
structural faults in UTD-1 zeolite on the removal of monomeric
siloxanes (MMST, DMSD, and TMS) from water in single- and
multi-component fashion. To achieve this, faulted and faultless
UTD-1 frameworks (i.e., UTD-1feq and UTD-1pyess) WeTe

water
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synthesized via hydrothermal methods following or modifying
recipes published by Freyhardt et al*' and Wessels et al.,*
respectively. The resulting adsorbent materials were fully
characterized via X-ray diffraction (XRD), nitrogen porosimetry,
thermogravimetric analysis (TGA), water contact angle
measurements, zeta potential analysis, and Fourier transform
infrared (FT-IR) spectroscopy. FT-IR was also used in an attempt
to elucidate adsorption mechanisms. Finally, multi-cycle
adsorption  studies with thermal-assisted and OH-
replenishment treatments were performed to evaluate the
possibility of regeneration of faulted UTD-1 adsorbents.

Experimental

Two UTD-1 variants were synthesized following methods re-
ported elsewhere. UTD-14,,.¢ Was synthesized in hydroxide
media, following the procedure outlined by Freyhardt et al.,**
while UTD-1g,,ess Was prepared according to the method re-
ported by Wessels et al.* in fluoride media. The synthesis of
both UTD-1 variants involved the use of bis(pentamethyl-
cyclopentadienyl)cobalt(m) hydroxide ([(Cp*),Co]OH) as SDA,
which was effectively produced with a modification of a previ-
ously reported method.** Both faulted and faultless variants of
UTD-1 were fully characterized to assess their crystallinity,
textural properties, thermal stability, and hydrophobicity,
among others. The adsorption capacities for MMST, DMSD, and
TMS were evaluated under both single and multicomponent
conditions. Detailed information on reagents, synthesis proce-
dures, characterization, and adsorption protocols, including
adsorption regeneration tests, can be found in the ESI text.t

Results and discussion
Synthesis and characterization of UTD-1 adsorbents

PSZs consist of silicon and oxygen atoms and are hydrophobic
without acid sites. Thus, the competitive adsorption of metal
cations in water treatment applications can be significantly
reduced.”® Two DON-type PSZ adsorbent materials were
prepared here using [(Cp*),Co]OH as the SDA.** One of these
DON PSZ was prepared with framework faults or siloxy groups
in its structure (UTD-1p,z.q) to counterbalance the structural
charges from the organometallic complex of the SDA.>*> Subse-
quently, these siloxy groups give rise to silanol groups during
the decomposition of the SDA; the elimination of the SDA is
essential to fully expose the material porosity. The other DON-
type material (UTD-1f,0055) Was made in a fluorine medium
to eliminate faults since, in this case, fluoride ions can coun-
terbalance the positive charge of the SDA.*>*"%*%*% The crys-
tallinity and the DON topology of the adsorbents were
corroborated via XRD. The XRD profiles shown in Fig. 1 are
consistent with the previously reported XRD profiles of a fully
detemplated DON-type zeolite.*>*>** It should be noted that the
presence of expected structural faults in UTD-1,¢q Will not be
readily apparent from crystallographic measurements as these
are highly dispersed along the long range of the one-
dimensional 14-ring channel, locally impacting the structure
but not the long-range order or the dimension of the pores.*>*
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Fig. 1 Powder
(DON) variants.

X-ray diffraction patterns for detemplated UTD-1

In fact, Lobo et al. employed solid-state nuclear magnetic
resonance (NMR) spectroscopy and simulations of intergrowth
structures with the program DiFFAX to elucidate the level of
faulting in these materials.*® As shown below, the present work
used TGA and FTIR data to quantify the siloxy groups directly
associated with the faults (i.e., source of specific OH).

TGA data showed that both UTD-1 variants are thermally
stable up to ca. 900 °C. The level of hydrophobicity of both UTD-
1 materials is apparent in the TGA data gathered, and it was also
corroborated via contact angle measurements (see Fig. 2). The
higher water content of UTD-1z,;eq compared to UTD-1g¢ess
could be related to the interaction of water molecules with
silanol groups from the faults in the former. However, both
materials still exhibit considerable hydrophobicity, which
confers an advantageous trait for adsorption processes in
aqueous environments by eliminating competition between
target contaminants and water molecules for the available
active adsorption sites.

UTD-1 11655 €xhibits a weight loss within the range of 175 to
300 °C, which could be attributed to the thermal decomposition
and elimination of residual traces of fluorine introduced during
the synthesis process.®*** Both DON-type materials exhibited
a weight loss within the range of 470 to 750 °C, which could be
attributed to the condensation of silanol groups*® that emerge
during the removal of the SDA**** and that condense at high
temperatures. Based on reports for other PSZ materials also
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Fig. 2 (Left) Thermal gravimetric profiles for detemplated UTD-1
variants. Data gathered under air atmosphere. (Right) Water contact
angle measurements for UTD-variants.
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synthesized in a fluorinated medium,*>** therefore, it can be
inferred that UTD-1g,.ss also contains a certain amount of
silanol groups.

Silanols are localized either on the external surface or within
the structure of the zeolite,****>% and can exist in various
forms in zeolites, including isolated silanol, geminal silanol,
and silanol nest, among others.*** In the case of UTD-1sess,
the broad peak observed in the weight loss derivative profile
indicates a wide variety of silanol groups in the structure. For
UTD-1f500q, the peak maximum centered at 550 °C showed
a high population of a specific type of silanol group. This region
is likely associated with siloxy SiO ™ ---HOSi groups (i.e., geminal
silanol or silanol nest); condensation occurs when these silanol
groups are in proximity, producing water.***® A deconvolution
of the weight derivative with respect to temperature for UTD-
Lfuea in the region between 470 and 750 °C (see Fig. S1f),
conducted to identify the temperature range and the area of the
peak with a maximum at 550 °C, showed that the material has
a weight loss of approximately 0.5% wt (range is 470-675 °C;
deconvolution region with 67% area) when correlated to the
corresponding location within the TGA weight loss profile
(Fig. 2). This weight loss probably corresponds solely to the
release of water during the condensation of a population of
silanol groups present only in UTD-144,.4. Considering that for
every two silanol groups that condense, one water molecule is
formed, the weight percentage corresponding to this water
content (i.e., 0.5 wt%) indicates the presence of a population of
2.1 OH sites per UTD-1 unit cell. This value agrees with those
previously reported by Lobo et al.>* based on solid-state NMR
spectroscopy studies, showing a population of these species
accounted for 3.5% of the total silicon in the structure (i.e., 2.2
OH sites per DON unit cell).*?

Upon full detemplation, both UTD-1 variants showcase type I
nitrogen adsorption isotherm profiles (—196 °C; Fig. S27) as
defined by the IUPAC (International Union of Pure and Applied
Chemistry), characteristic of micropore materials. However, the
overall N, adsorption uptake capacity is larger in the case of
UTD-1fa1ee¢ and this might be due to access of N, to voids
resulting from the previously discussed faults. In fact, BET
surface areas are around 326 and 290 m> g~ for UTD-1y500q and
UTD-1 000055, TESPectively. Furthermore, although the pore size
distribution (PSD) profiles for both materials show an average
pore size of ca. 10 A (see Fig. S31), a notable discrepancy can be
observed when comparing the areas under the said profiles; the
area under a PSD yields the pore volume of a material. The pore
volume for UTD-1uysszess is ca. 0.135 cm® g~ . In the case of UTD-
1auicea, the area is ca. 0.165 cm® g™, which also suggests that N,
is accessing additional voids compared to the faultless variant.

Given that the PSD profile for UTD-1g,,;.q appears asym-
metrical, a deconvolution was made, and the analysis yielded
what seems to be two pore populations (refer to Fig. S4t).
Determining the area under the curve for the most prominent
peak reveals that UTD-1z,.s possesses primary pores with
a volume of around 0.135 cm® g, equivalent to UTD-1pz1zess-
Meanwhile, the second pore population (smallest peak) exhibits
a pore volume of roughly 0.03 cm® g~ '. This suggests that at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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least a portion of the voids produced by the faults are indeed
accessible to N, adsorbate molecules.

Finally, both UTD-1 variants were also analyzed to estimate
the effective surface charges via zeta potential analysis. The
profiles shown in Fig. 3 indicate that both variants have
a negatively charged surface throughout most of the pH range,
with an isoelectric point of around 4. These data will be
employed throughout the discussion of the adsorption of
siloxanes.

Single component adsorption

Fig. 4 displays the single component isotherms gathered for the
adsorption of MMST, DMSD, or TMS onto UTD-1 at pH ~ 7 and
ambient temperature. The data were fitted with the modified
Dubinin-Astakhov isotherm model (MDA), and the saturation
loadings were estimated under the assumption of full occu-
pancy of the pore by densely packed adsorbates, wherein
siloxanes molecules behave as spheres and fill perfectly within
the adsorbent pore. The corresponding model parameters (see
Table S1) were determined using non-linear regression, and
their suitability was assessed by computing the residual root
mean square errors (RRMSE).

The maximum MMST adsorption loadings for UTD-1s,eq
and UTD-17u4e5s were 5.7 and 0.8 mg g’l. Given that MMST is
highly hydrophilic (log Kow = —0.41, Table 1) and has a strong
tendency to self-condense;*** its preference for adsorbate—
adsorbate interactions and its affinity for water would explain
the lower interaction with both UTD-1 adsorbent variants,
compared to TMS. However, the faulted material exhibits an
MMST adsorption capacity approximately seven times greater
relative to UTD-1z,.55- The adsorbate-adsorbent interaction is
likely attributed to the hydroxyl groups of the MMST molecule
and the silanol groups resulting from the imperfections in UTD-
1fauitea- In the case of the DMSD, the adsorption loading was
more significant compared to MMST, with UTD-1p,.q and
UTD-1j1e5s achieving loading values of 12 and 15 mg g !
respectively. The zeta potential results (Fig. 3) indicate that both
UTD-1 variants possess significant negative surface charge
profiles. Considering that DMSD contains positive regions due
to its two methyl groups, it is plausible to suggest that the
interaction between DMSD and the highly negative adsorbent
surfaces primarily occurs through electrostatic interactions.
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Fig. 3 Zeta potential measurements for UTD-1 materials.
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Fig. 4 Single component equilibrium adsorption isotherms for (top)
MMST and DMSD, and (bottom) TMS onto UTD-1. Conditions: ambient
temperature and pH ~ 7. Data includes error bars.

The slightly superior adsorption capacity of UTD-1g,qess for
DMSD can be attributed to the material's hydrophobic nature.
Although both UTD-1 variants exhibit hydrophobic character-
istics, as indicated by the water contact angle measurements,
the thermogravimetric analysis reveals that UTD-1g,.q does
adsorb more water than the faultless variant (see Fig. 2). This
increased water adsorption influences the DMSD adsorption
capacity of the faulted variant, resulting in a somewhat reduced
capacity for DMSD adsorption. Moreover, if the physical and
chemical properties of DMSD and MMST are compared, it is
observed that they are quite similar (Table 1), with the former
being slightly more stable because of the three hydroxyl groups;
this renders MMST more susceptible to self-condensation,®
thereby leading to the possibility of less interaction with the
adsorbent surface. The interactions are evidenced in values of
the MDA model C parameter (see Table S11), which is inversely
related to the adsorption energy (ESI eqn (S2)t). Due to the
weaker interaction between both adsorbent variants and
MMST, the C parameter values are larger compared to DMSD,
almost by an order of magnitude.

For TMS, the observed maximum adsorption loadings were
73.1 and 10.8 mg g~ for UTD-1fg5000 and UTD-1g507055, T€SPEC-
tively (Fig. 4). Although both materials have the same frame-
work topology (i.e., DON) and almost identical textural
characteristics, it is remarkable that the shape of the TMS
adsorption isotherm in the case of UTD-1z,.q is quite rectan-
gular, suggesting the presence of significant, specific interac-
tions between the corresponding adsorption sites and the TMS,
even at equilibrium concentrations below 10 mg L~'. The

Environ. Sci.. Adv., 2024, 3,10-18 | 13


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3va00282a

Open Access Article. Published on 10 November 2023. Downloaded on 2/7/2026 8:11:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Environmental Science: Advances Paper

Table 1 Physicochemical properties of MMST, DMSD, and TMS
Monomethylsilanetriol Dimethylsilanediol Trimethylsilanol
(MMST) (DMSD) (TMS)

pK.>® 10.75 11.90 11.00

Log Koy~ —0.87 —0.41 1.14

Molecular weight (g mol ) 94.14 92.17 90.20

Kinetic diameter (A)*” 4.30 4.34 4.55

Water solubility (g L™")> >2000.00 2450.00 42.6

Boiling point (°C)** 201.00 100.35 99.00

presence of OH groups in silica-rich surfaces is known to
enhance the uptake of siloxanes significantly but from head-
space biogas.®® Therefore, given that UTD-1f,;.q possess OH
groups that counterbalance structural charges as a result of
detemplation, it is plausible that these species are also serving
as specific adsorption sites during the uptake of siloxanes from
water; specifically in the TMS uptake.

As mentioned during the materials characterization discus-
sion, the population of siloxy-related silanol groups in UTD-
1fauiea 1S about 2.1 OH sites per unit cell. The maximum
observed adsorption uptake of TMS is ca. 73.1 mg of TMS per g
of UTD-174,.q or about 3 TMS molecules per UTD-1y, .4 unit
cell (Fig. 4), and this strongly suggests preferential adsorption
of TMS at the silanol group sites. However, it should be noted
that UTD-1f0ess also possesses a surface capable of under-
going interaction with TMS. Akin to the scenario observed
during DMSD adsorption, such interaction may arise from
nonspecific adsorbate-adsorbent interactions as opposed to
what is probably happening in the faulted variant. This can be
corroborated by the comparable adsorption capacities that both
UTD-1 variants exhibited toward DMSD and MMST (Fig. 4 (top)).

In general, the superior adsorption performance of UTD-1
materials is prominently due to the level of hydrophobicity of
its silica-rich framework (i.e., PSZ). And in the case of UTD-
1faurea, the performance is also due to the existence of sites for
specific interactions. The adsorption capacity of UTD-1,eq for
TMS and DMSD contaminants is at least two orders of magni-
tude higher than that of commercially available adsorbent
materials or even the zeolite-carbon composites previously
tested for the removal of these contaminants at equilibrium
concentrations around 10 mg L™ (see Table S27).1>3!

Mechanism for TMS single component adsorption

Since TMS was the adsorbate with the highest affinity toward
UTD-1, an FTIR analysis was developed to elucidate the possible
adsorption mechanisms. Fig. S51 gathers FTIR spectra for both
UTD-1 variants after detemplation, where two broad IR bands
related to the framework Si-O-Si and Si—O are located between
750-850 cm ™" and 1000-1300 cm™". A band at 950 cm ™" in the
UTD-14,1.¢ SPectrum can also be observed, which is not present
for UTD-1f4ess and is associated with framework defects or Si-
OH from siloxy groups.®”®® Fig. 5 shows FTIR spectra for the
variants after adsorption of TMS (i.e., TMS@UTD-1feq and
TMS@UTD-1107¢55). FOr UTD-1p4 04, it can be observed that
there is a new band at 850 cm ™. This could be related to Si—-CH;

14 | Environ. Sci.: Adv, 2024, 3, 10-18

bonds stretching in the TMS molecules or to the Si-O-Si
bending mode of weak bonds created by the interaction
between TMS and the adsorbent surface, or plausibly due to the
deformations of the Si-OH groups of TMS. An important fact
from the TMS@UTD-1,1.cq Spectrum is the absence of the band
related to faults (i.e., band at 950 cm ™' in fresh UTD-11z¢eq)-
This probably reinforces the hypothesis that the presence of OH
groups on the surface of the adsorbent serves as site for the
adsorption of the TMS.

The IR spectrum for TMS@UTD-1y,,e5s €xhibits changes
within the region between 850 and 1000 cm ' relative to the
spectrum of fresh material. This could be attributed to the
adsorbed TMS phase, which introduces OH groups. Such
a change is entirely distinct from that observed in the faulted
material, and this provides further support for the previously
proposed mechanism of TMS adsorption in UTD-1fu5e4-

Multi-components adsorption

Evaluation of multi-component siloxane adsorption (ie.,
simultaneous adsorption of a mixture of siloxanes) onto either
UTD-1 variant was carried out via single-point batch equilibra-
tion tests at two different initial concentrations. The aqueous
phase solutions were prepared with an initial concentration of
ca. 1 and 10 mg of organic carbon per liter of solution (i.e., 1 and
10 mg C per L) of each contaminant at ambient temperature
and pH ~ 7. From Fig. 6, although the UTD-1 variants show
poor performance at 1 mg C per L regarding the binary DMSD-

TMS@UTD-1fauitoss

o

fo

1000 950 900 850

TMS@UTD-1 54109

Kubelka-Munk / a.u.

1000 950 900 850 80 750 700
Wavenumber / cm’
Fig. 5 FTIR spectra UTD-1 variants after TMS adsorption. Inset shows
magnified portions of distinctive peaks found in the FTIR spectra. The
solid black line data corresponding to the fresh adsorbent (Fig. S57)
spectrum have been included for better comparison.
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Fig. 6 Single point binary and ternary (far right) mixtures equilibrium
uptakes for different siloxanes onto both UTD-1 variants. Conditions:
the initial concentration of each contaminant was 1 and 10 mg C per L
(i.e., ppm C), ambient temperature, and pH ~ 7.

MMST adsorption, the adsorbents excelled for other binary
combinations or ternary systems. However, from the adsorption
results at 10 mg C per L, it is evident that UTD-1,,.4 i superior
when handling ternary mixtures. These findings are also
consistent with those in the single-component adsorption tests
(see Fig. 4), where the adsorbents exhibit similar behavior at low
concentrations, such as 1 mg C per L. Still, the adsorption
capacity shown by UTD-1g,..; at higher concentrations is
superior.

A notable aspect that should be highlighted is that TMS
appears to be the main driving force for the adsorption of the
other two compounds. In the case of binary mixtures (Fig. 6,
left), it is difficult to elucidate how much of the adsorbed
amount corresponds to TMS versus the other contaminant (i.e.,
the initial concentration of each adsorbate is 1 or 10 mg C per
L). However, TMS positively affects the adsorption of other
siloxanes and is the main contributor to the substantial
uptakes; evidencing co-adsorption may be due to strong
adsorbate-adsorbate interactions between TMS and other
siloxanes.

Adsorbent regeneration

Tests with batch equilibrium adsorption of TMS onto UTD-
1fausea Were chosen for adsorbent regeneration tests since this
adsorbate-adsorbent system showed the highest interactions.
As mentioned before, PSZs like UTD-1 have demonstrated
exceptional thermal stability, making them suitable for
thermal-based regeneration processes,” and offering an
advantage for the removal of adsorbent pollutants on spent
UTD-1; which requires activation temperatures of around 700 °©
C (see Fig. S67 for thermogravimetric data). However, since the
hydroxyl groups on the adsorbent surface promote the adsorp-
tion of contaminants such as TMS, which are also removed at
temperatures higher than 500 °C, surface OH replenishment
can be accomplished via rehydroxylation.*

Restoring hydroxyls on the adsorbent surface through
exposure to water refluxing was a successful process in recov-
ering the capability of UTD-14,eq to adsorb TMS. Fig. 7 shows
the adsorbent amount of TMS after multiple cycles (i.e., regen-
eration or rejuvenation of the adsorbent via thermal treatment
and rehydroxylation). The efficiency of the adsorbent material
remains constant even up to at least a third adsorption cycle,
and the integrity of the material is not affected, as shown in the
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Fig. 7 (Top) Adsorbed amount of TMS onto fresh and regenerated
UTD-1fauteq- (Bottom) XRD pattern of UTD-1geq Prior to each
adsorption cycle. The initial TMS concentration during the adsorption
tests was 125 mg L™, Adsorbent regeneration was performed through
thermal treatment and rehydroxylation.

XRD profiles. A two-cycle test was performed for attempting the
regeneration of UTD-1f,.¢ upon being spent with the adsorp-
tion of a ternary mixture of siloxanes (TMS-DMSD-MMST) (see
Fig. S7t). The results match those observed for the single-
component (TMS) tests in terms of capacity and long-range
adsorbent integrity.

Conclusions

The faults in the PSZ UTD-1 play an essential role in the uptake
of the siloxanes from water, particularly TMS, since the target
molecules could interact with the silanol groups from the
surface. The interaction mechanism for DMSD appears to be via
weak electrostatic forces. In the case of TMS, the uptake in UTD-
Ifauitea Was the highest and exhibited a nearly rectangular
isotherm shape across the evaluated equilibrium concentration
range (up to 150 mg L™ "). The silanol content due to siloxy faults
in the UTD-14,,0q surface is the dominant driving force in the
uptake of siloxanes such as TMS, which was confirmed by FTIR.
A faultless adsorbent variant (UTD-1fa,e5s) Shows lower inter-
action with TMS as it does not contain silanol groups from
siloxy faults. Furthermore, multi-component adsorption tests
revealed that TMS drives the co-adsorption of the other siloxane
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compounds when in a mixture. Finally, the recyclability of UTD-
1fau1tea Was corroborated based on multi-cycle TMS adsorption
tests; the adsorbent was successfully regenerated between
cycles using thermal and rehydroxylation treatments.
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