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A B S T R A C T

Effective removal of contaminants of emerging concern (CECs) from water via adsorption requires adsorbent
materials that showcase a synergistic combination of textural properties, hydrophobicity, and specific surface
interactions. In this work, we present a hierarchical composite prepared on the basis of in-situ or confined growth of a
faujasite zeolite (FAU) within the voids of a 3D mesoporous ordered carbon (3DOm). This adsorbent was tested for
the removal of several CECs (i.e., caffeine, carbamazepine, naproxen and metabolites clofibric acid, 10,11-epoxy-
carbamazepine, o-desmethyl naproxen, paraxanthine, and salicylic acid) from water at ambient conditions. Upon
inclusion of copper(II) extra-framework cations, the hierarchical composite (Cu-3DOm-FAU) excelled at adsorbing
ionic CECs and offered similar uptake capacity toward neutral parent compounds in both single- and multi-
component fashion and while covering a mg L�1 - mg L�1 concentration range. Compared to other adsorbents
reported so far in the literature, the Cu-3DOm-FAU composite adsorption capacities were larger, in many cases by at
least one order of magnitude. Given the substantial thermal stability of the composite, regeneration could be
accomplished via thermal cycling also depending on the type of CEC involved.
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1. Introduction

Contaminants of emerging concern (CECs) encompass recalcitrant
molecules present in different water sources and streams (e.g., surface,
ground, and drinking water) (Akhbarizadeh et al., 2020; Ebele et al., 2020;
K’Oreje et al., 2020). Althoughmostof thepresent-day wastewatertreatment
plants (WWTPs) limit the spreading of CECs, they lack technology to handle
CECs removal effectively (Golovko et al., 2021; Rout et al., 2021). Pilot plant
studies, however, have shown that considerable mitigation might be
achieved by strategically combining advanced treatment techniques;
interestingly, pilot tests trains that included adsorption were the most
effective in removing the largest number of contaminants (Dhangar and
Kumar, 2020; Östman et al., 2019; Rizzo et al., 2020). These and other
examplesmotivate thefindingof innovateways toaddresstypical adsorbents
limitations (e.g., stability in water, selectivity, and capacity). The design of
hierarchical composites, for instance, has been considered as a highly
ambitious and challenging approach capable of overcoming the limitations
of each material as an adsorbent synergistically (Chen et al., 2020; Jaspal and
Malviya, 2020; Szczę�sniak et al., 2020).

The in-situ growth of a material within the voids of another has been
considered as a potential way to synergistically combine the best
characteristics of the each of the constituents of a hierarchical structure
(Wang et al., 2018; Yoo et al., 2009). However, most of the interest in such
design has been placed on hydrogen storage, supercapacitor, electrodes,
and catalysis applications (Castro-Muñiz et al., 2019; Wang et al., 2017;
Zhang et al., 2013, 2020). Tsapatsis and co-workers have employed
confined synthesis of zeolites in three-dimensional ordered mesoporous
carbon (3DOm), but the latter was removed to achieve an ordered
mesoporous zeolitic structure with outstanding catalytic properties (Chen
et al., 2011). If instead the 3DOm is left in place, the resulting hierarchical
composite could be considered as a potential adsorbent for CECs since it
would combine hydrophobicity and ease of surface functionalization to
achieve superior capacity and performance. Furthermore, transition
metal inclusion (i.e., copper(II)) onto the zeolitic phase could be a
potential strategy to significantly enhance selectivity toward CECs
(Cabrera-Lafaurie et al., 2015; González-Ramos et al., 2014; Wei et al.,
2017). Besides producing electrostatic interactions and H-bonding,
transition metals also undergo complexation with CECs, contributing to
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the uptake mechanism to enhance both capacity and selectivity (Wei
et al., 2017). Such stable adsorbent-adsorbate complex with a transition
metal rely on the electron back donation process, which allows
copper acceptance of electrons into its 4s orbitals while simultaneously
donating electrons from its 3d orbitals to the organic species through,
for example, aromatic rings and/or N- and/or O-donor groups (�OH,
�OOH and –NH2) (Rivera-Jiménez and Hernández-Maldonado, 2008;
Wei et al., 2017).

Inspired by the aforementioned reports, this paper presents an
investigation on the preparation and adsorptive performance of a
hierarchical composite based on in-situ or confined growth of a faujasite
(FAU) zeolite within 3DOm and later decorated with copper(II) cations (i.e.,
Cu-3DOm-FAU)asanefforttoimprovecomplexationtypeinteractionsovera
set of CECs in concentration covering the mg L�1 - mg L�1 range, and in both
single- and multi-component fashion. The CECs selected for this study
showcase a broad range of physical-chemical properties (i.e., size, pKa, Log
Kow, and molecular structure) and include parent and metabolites
compounds which are frequently detected in aquatic environments (i.e.,
CFN, CBZ, CFA, E-CBZ, NPX, o-NPX, PXN and SA; see Table S1). In addition, a
physical mixture of FAU and 3DOm also containing copper was also
characterized and tested to offer a direct performance comparison vs the Cu-
3DOm-FAU hierarchical composite.

2. Experimental section

The 3DOm replica was prepared following Fan and co-workers recipes
and using 40 nm silica nanospheres as a sacrificial template (Fan et al.,
2008). 3DOm-FAU composites were synthesized adapting procedures
reported elsewhere (Chen et al., 2011). Cu-3DOm-FAU was obtained via
liquid phase cation exchange of sodium cations and protons in 3DOm-
FAU. Reagents and a detailed description of the synthesis, post-synthesis
functionalization, and characterization protocols are found in the
Supplementary Material file.

3. Results and discussion

3.1. Adsorbent synthesis and characterization

Successful syntheses of silica nanospheres and 3DOm were confirmed
via small-angle X-ray scattering (SAXS), transmission electron microscopy
(TEM), and nitrogen adsorption at -196 �C (Figs. S1-S2; see Supplementary
Material). Elemental and thermal gravimetric analyses corroborated the
zeolite presence in the 3DOm-FAU composite (Table S2 and Fig. S3), while
the long-range order displayed by TEM and X-ray diffraction (XRD)
patterns (Fig. S4) along with textural properties analyses (Table S2 and
Fig. S2) revealed that the zeolite crystals were grown within the 3DOm
voids. It is worth highlighting certain structural, chemical, and textural
differences between a physical mixture of 3DOm and Cu-FAU and a
hierarchical composite (Fig. 1). Although the former was prepared using
the same constituent amounts as that of the Cu-3DOm-FAU hierarchical
composite (i.e., �75 wt.% Cu-FAU and �25 wt.% 3DOm), in this sample,
the zeolite phase was grown/prepared and exchanged with Cu(II) ex-situ
and then manually mixed with the 3DOm.

Notice in Fig. 1(a) that plane (111) (corresponding to peak at
2u = 6.2�) almost vanished, and several peaks reflections (denoted by
black arrows) increased considerably in intensity. These are associated to
the hydrolysis of copper in the FAU supercages, which is rather prominent
in the case of the physical mixture of 3DOm and Cu-FAU. Despite having
the same chemical composition, water also appears to interact and thus,
desorb differently from each pore system (see Fig. 1(b)). Interestingly, the
pore size distribution equivalency (peak �450 Å in Fig. 1(c)) compared
against sole 3DOm agrees with Cu-FAU crystals located outside of the
hydrophobic mesopores of the former, where interaction with water
molecules is mostly favorable (see Fig. 1(c) and S3). In contrast, on the
hierarchical composite, 3DOm provides shielding of FAU against stronger
interactions with water. This is advantageous for the uptake of CECs from
water (Figs. 1(d), 2, S5 & S6).

Fig. 1. (a) X-ray diffraction patterns, (b) thermal gravimetric profiles, (c) pore size distribution, and (d) single-component equilibrium of salicylic acid adsorption
isotherms (neutral pH).
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3.2. Single component CEC adsorption

Equilibrium adsorption isotherms as well as single point adsorption
uptake amounts (@ Ce � 100 mg L�1) were gathered at 25 �C, neutral pH,
and 24 h of equilibration time (Fig. 2). The adsorption data were
normalized by adsorbent volume for accurate comparisons since
heterogeneity in bulk density arises due to zeolitic confinement within
the 3DOm cavities. Also, a low concentration transient uptake test of CBZ
onto 3DOm-FAU revealed that the required time to reach equilibrium
(i.e., 100 ppb) was approximately two hours (see Fig. S5).

The CEC concentration range tested was not large enough to allow for
explicit observation of adsorption saturation (i.e., no uptake plateaus are
observed in the isotherms). However, a qualitative estimation of strength
of the adsorption sites was made using the inverse of the C parameter in
the Modified Dubinin Astakhov (MDA) model as described in the
Supplementary Material (see also Fig. S7). Fit adequacy of the isotherm
data with MDA was evaluated with the residual root mean square error
(RRMSE) (see Table S3). In general, the interaction levels exhibited by the
3DOm-FAU variants are orders of magnitude larger compared to the sole
3DOm (see Fig. S7).

Single CEC component isotherm adsorption data gathered for 3DOm
suggest weak interactions and less selectivity among CECs, as apparent by
the converging trend of uptake amounts upon a decrease in concentration
(Fig. 2). The underlying driving force plausibly arises from donor-
acceptor complexes (e.g., p-p complexes or p-p stacking). Furthermore,
the negative charge of the 3DOm surface (Fig. S8) hinders ionic molecules
adsorption via electrostatic repulsion.

On the other hand, the hydrophobic character of the graphitic shell in
the 3DOm-FAU composites as well as adsorption sites provided by the
zeolitic core component allow for enhancements in both CEC uptake
capacity and selectivity (see Fig. 2). For instance, adsorbates with large
pKa (e.g., CBZ and CFN) are driven by non-electrostatic interactions, and
the functional groups of their metabolic counterparts will impact the
adsorptive mechanism. A close inspection of the CBZ isotherms for
3DOm-FAU reveals uptakes about 2 times larger compared to that if
3DOm alone, while E-CBZ displayed lower capacities. Although the epoxy

group on E-CBZ affords an additional H-bonding acceptor group, it can
also draw back electron density from the aromatic rings, inhibiting
interactions through p-p stacking. A similar analysis may explain the
observed adsorption performance for CFN and its metabolite; a
contribution to adsorbate-adsorbent interactions due to the less
hydrophilic nature of the former adsorbate could explain the lower
adsorption capacity displayed toward PXN. Though plausibly small,
influence from a complex interaction caused by the fairly positive charge
close to the nitrogen atom in CFN might also occur. Zeolitic confinement
synergy, probably involving Brønsted acidity, is evidenced by the slight
improvement in adsorption capacity for ionic CECs compared to 3DOm
carbon (about 1.5 larger capacity), this despite electrostatic repulsion
that may be caused by the negative surface charge of the hierarchical
composite (see Fig. S8).

Prominent enhancements were observed in the case of Cu-3DOm-
FAU, up to 7 times larger adsorption capacity compared to 3DOm-FAU for
SA. NPX also displayed a similar trend, with a 2-fold increase. In addition
to the electrostatic attraction (i.e., Fig. S8), the stronger affinity behavior
might be explained by the presence of copper(II); since transition metals
serve as centers attracting adsorbates through specific interactions,
including complexation (Hernandez-Maldonado and Muñoz-Senmache,
2020). This generates stronger affinity due to the arrangement between
the orbitals of the metal and the electron-rich groups of the CECs (e.g.,
aromatic rings, �OH, �OOH, and –NH2). In fact, Chen and co-workers
have reported details on this particular mechanism for the uptake of
organic moieties onto Cu-FAU in the absence of water (Wei et al., 2017).
Nevertheless, in some cases, a highly electronegative atom may also
interfere with adsorbate-adsorbent interactions by withdrawing electron
density from the aromatic ring, inhibiting a stable complex formation
with the metal that seems to be the case for CFA and o-NPX. However,
despite the effect of the hydroxyl group placed in the ortho-position in the
NPX metabolite, the transition metal-containing composite variant
adsorbed nearly 4 times more than 3DOm-FAU.

A confirmation of the synergy provided by the in-situ zeolitic growth
approach arised upon analysis of a SA adsorption isotherm gathered with
the materials that were mixed physically. A 2-fold increase in uptake for

Fig. 2. Single- (top) and multi-component (bottom) equilibrium CEC adsorption isotherms. Insets with bar charts: comparison of stacked single-point adsorption
equilibrium amounts of corresponding CECs at 100 mg L�1 in both single- and multi-component fashion. Data gathered at ambient temperature and for neutral pH. Solid
lines are for a visual representation of the trends only.
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all the prescribed concentration range was displayed by Cu-3DOm-FAU
composite (see Fig. 1(d)). Hydrolysis of the metal center caused by higher
water content is responsible for the detrimental performance of the
physical mixture (Fig. 1(a,b)). More importantly, the lack of protection
from the carbon mesopores phase towards Cu-FAU crystal seems to be the
principal factor inhibiting the uptake since the zeolitic phase is
completely exposed to such hydrolysis, despite a hydrophobic component
is present on the mixture. Therefore, this result could be taken as
substantial evidence of the effective hydrophobic shielding of 3DOm as a
host of the hydrophilic zeolite and the remarkable contribution of copper
(II). It should be pointed out that the Cu(II) orbitals arrangement
generates a strong electronic field that serves as a counterbalance and
simultaneously provides coordination complexes through CECs func-
tional groups (Wei et al., 2017). Also, no significant leaching of Cu(II) was
observed in this work based on ICP-MS data gathered for a spent Cu-
3DOm-FAU sample and this coincides with data reported for FAU and clay
based adsorbents that were initially modified via exchange with the metal
and also tested for CECs adsorption (Cabrera-Lafaurie et al., 2014, 2015).

3.3. Multi-component CEC adsorption

As shown in Fig. 2 (right), multi-component adsorption equilibrium
isotherms were collected to research a more complex, competitive
scenario. An overall decrease in adsorption capacity across all of the
adsorbents clearly evidences competition between CECs toward inter-
actions with sites. Still, selectivity order was similar as that observed in
single-component tests and this suggests that the decrease in capacity
(i.e., about �37 %, see insets on Fig. 2) was probably due only to steric
aspects.

On the other hand, selectivity in Cu-3DOm-FAU is slightly different
between single-and multi-component tests, and the perimeter created by
the isotherms showed a more horizontal and spread out region compared
to 3DOm. This also suggests stronger interactions between the CECs and
the hierarchical adsorbents and was further confirmed by the estimates of
C values (MDA model, Fig. S7). Also, despite competition among CECs for
sites, the adsorption capacities of Cu-3DOm-FAU are about 2 times larger
than that of 3DOm (see insets in Fig. 2).

3.4. Comparison against other adsorbent materials

Fig. 3 and Table S4 show maximum values for observed loading
amounts of CBZ, CFN, CFA, and NPX (equilibrium concentration range of
100–200 mg L�1) and several adsorbents reported in the literature. For
comparison purposes and appropriateness, the data were gathered from
reports where the aqueous phase concentration of the CECs was mostly in
the mg L�1 range; uptake data were normalized by volume using the
adsorbent bulk density.

In general, Fig. 3 shows superior CEC uptake capacities in hierarchical
materials compared to other materials (i.e., carbons, zeolites, minerals,
resins, sand, cork and silicas), even those that included a transition metal
as a surface constituent. For instance, despite a copper metal site being
able to bring selectivity in a silica-based material grafted with surfactants
(Cu-NH2_g_SBA-15) (Ortiz-Martínez et al., 2018), its adsorption capacity
remained significantly lower than 3DOm-FAU and mostly due to the
relative hydrophilicity of the former. In the case of the composites based
on an Fe-containing metal organic framework (i.e., CMOF), an in-situ
growing confinement technique also allowed an enhancement (Muñoz-
Senmache et al., 2020) though not as a significant as those observed in
composite reported in this study.

Among all the adsorbents, the largest CEC adsorption amount
appears to correspond to a composite prepared with an amorphous
Darco KB-G activated carbon and copper(II)-FAU (Cu-CFAU). Very much
like Cu-3DOm-FAU, the Cu-CFAU relies on multiple interactions
(Fernández-Reyes et al., 2021). However, there are considerable
differences in content of FAU between these composites and this limits

or enhances the ultimate adsorption capacity. FAU occupies about 99 %
and 78 % of the voids of Cu-CFAU and Cu-3DOm-FAU, respectively. The
immediate effect that this has on the overall material uptake capacity can
be observed in the data shown in Fig. 4(a). Upon normalization by the
zeolitic content, it can be seen that negligible differences exist between
the uptake capacity of both composites. However, since there remains
void space in the 3DOm to further grow FAU, there also remains an
opportunity to add further adsorption sites and enhance the CEC
adsorption loadings. A long-lasting 5-cycle synthesis/aging replenish-
ing protocol was applied in this study (see Supplemental Material) to
achieve the aforementioned FAU occupancy in the 3DOm composite,
but there are other syntheses approaches that may be considered to
enhance this. However, this is an effort that would fall outside the scope
of the present work.

It is also worth mentioning that the adsorption capacities exhibited by
the hierarchical adsorbents presented here are comparable with those of

Fig. 3. Maximumsingle-component capacities reported forthe adsorptionofcaffeine,
carbamazepine, clofibric acid, or naproxen onto different adsorbent materials at an
equilibrium concentration range of 100-200 mg L�1, ambient temperature, and pH �
7.0. Adsorbents include polymeric resin (Haddad et al., 2019), medium sand (Kiecak
etal.,2019),clinoptilolite(azeolite)(Lealetal.,2017),palygorskite(Lealetal.,2017),
mesoporoussilica (SBA-15)(Ortiz-Martínezetal.,2018),Cu(II)-amine-functionalized
mesoporous silica (Cu-NH2_g_SBA-15) (Ortiz-Martínez et al., 2018), hexagonal
mesoporous silica (HMS) (Suriyanon et al., 2015), amine-functionalized HMS (A-
HMS) (Suriyanon et al., 2015), mercapto-functionalized HMS (M-HMS) (Suriyanon
et al., 2015), Darco KB-G powdered activated carbon (AC) (Fernández-Reyes et al.,
2021), Shirasaki S10 powdered activated carbon (AC1) (Suriyanon et al., 2015),
granular activated carbon coal-based Calgon Filtrasorbs 400 (F400) (Yu et al., 2008),
coconut shell based activated carbon (CTIF-AC) (Yu et al., 2008), biochar (Tong et al.,
2019), cork (Mallek et al., 2018), metal organic framework MIL-100Fe (MOF)
(Muñoz-Senmache et al., 2020), MIL-100Fe/Darco KB-G activated carbon composite
(CMOF) (Muñoz-Senmache et al., 2020), a detemplated FAU/Darco KB-G carbon
composite (Fernández-Reyes et al., 2021), a Cu(II) CFAU composite (Cu-CFAU)
(Fernández-Reyes et al., 2021), as well as the materials presented in this work. See
Table S4 for exact data numbers.
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commercially available adsorbents such as sole activated carbon from an
estimated cost perspective (see Fig. S9).

3.5. Potential for reusability

Hernandez-Maldonado and co-workers have already shown that Cu-CFAU
can be fully regenerated multiple times using a thermal treatment cycle under
an inert environment as long as the melting points of the CECs being removed
lies under the decomposition temperature of the carbon (Fernández-Reyes
et al., 2021). Since 3DOm brings a thermal stability similar to that of
amorphousDarcoKB-Gactivatedcarbon(seeFig.4(b)), thermaltreatmentwill
definitely work to regenerate 3DOm-FAU materials. However, other
regeneration options could be considered, such as solvent washing or pH
swing (depending upon the CECs properties (e.g., pKa) and stability of zeolitic
portion in acidic conditions) (Kulkarni and Kaware, 2014).

4. Conclusion

A hierarchical porous composite based on the in situ or confined
growth of faujasite zeolite inside the voids of a mesoporous ordered
carbon (i.e., 3DOm-FAU) was prepared and tested for the adsorptive
removal of selected CECs from water at ambient temperature. The
adsorbent design brings a synergistic combination of hydrophobicity and
specific adsorbent-adsorbate interactions, particularly upon the inclusion
of extra-framework copper(II) sites, resulting in the efficient retention of
CECs. The adsorption driving force appears to be a result of electrostatic
attractions, hydrophobic-hydrophilic interactions, Brønsted acidity, and
stronger surface electric field provided by copper(II) species and leading
to adsorption capacities that are at least an order of magnitude larger than
those observed in other adsorbents.
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Experimental Methods 

Reagents and Materials 

Reagents used for the synthesis, characterization, and adsorption performance tests: 

Reagent Supplier 

L-lysine (98%), tetraethylorthosilicate (TEOS) (98%), furfuryl 
alcohol (98%), oxalic acid (99.99%), potassium hydroxide (90%), 
aluminum isopropoxide (98%), tetramethylammonium hydroxide 
(TMAOH, 25 wt.%), Ludox HS-40 colloidal silica (40 wt.% 
suspension in H2O), copper(II) nitrate hemi(pentahydrate) (99.99%), 
Caffeine (CFN), carbamazepine (CBZ), clofibric acid (CFA), 10,11-
epoxy carbamazepine (E-CBZ), naproxen (NPX), o-desmethyl 
naproxen (o-NPX), paraxanthine (PXN), salicylic acid (SA), 
anhydrous ethanol, and HPLC grade methanol. 

Sigma Aldrich (USA) 

Ultra-high purity grade nitrogen high purity grade helium Praxair, Inc. 
HPLC grade water, HPLC grade acetonitrile Honeywell (USA) 
HPLC grade formic acid and HPLC grade ammonium acetate Agilent (USA) 
Deionized water (18 MΩ cm) Produced in-house 

Synthesis of 3DOm Carbon  

The 3DOm-carbon replica was synthesized using 40nm silica nanospheres (i.e., sacrificial 

template) (Fan et al., 2008). The 20nm silica nanoparticles were prepared as follows: an aqueous 

solution of L-lysine was prepared by dissolving it in deionized water and the solution temperature 

was brought to 90 ⁰C. Afterward, tetraethylorthosilicate (TEOS) was added dropwise under 

magnetic stirring at 500 rpm; this led to a hydrolysis reaction (Yokoi et al., 2006) that was allowed 

for 48 hours. The new solution was then transferred to a Teflon-lined stainless-steel autoclave 

reactor where subsequent hydrothermal aging was carried out without stirring under autogenous 

conditions at 100 ⁰C for 24 hours. The 20 nm silica nanospheres were then used to prepare 40 nm 

silica nanoparticles via seeded growth. TEOS was again added dropwise to the solution under 

magnetic stirring followed by hydrolysis for 24 hours. This procedure was carried out three (3) 

times to yield a solution composition of 492SiO2:1.23lysine:9500water:1968ethanol. Direct 
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evaporation at 80 ⁰C was performed to acquire the 40 nm silica nanospheres. Finally, the resulting 

nanoparticles were calcined at 550 ⁰C to remove L-lysine content. 

A solution of furfuryl alcohol and oxalic acid was used to fill the space between the packed 40 nm 

silica nanoparticles via incipient wetness. Afterward, the product was heated to 90 ⁰C for three (3) 

days; the product was then placed under nitrogen flow for 3 h at 200 ⁰C to cure the polymer. Then, 

it was heated at 900 ⁰C for three (3) more hours to carbonize the polymer. Finally, to yield the 

porous carbon replica, a 6M KOH solution was used to dissolve the silica nanospheres. The 

resulting 3DOm-carbon with ~40nm pore was washed with copious amounts of deionized water 

and dried at 90 ⁰C in a forced convection oven.  

Synthesis of Hierarchical 3DOm-FAU Composites  

Hierarchical 3DOm-FAU composites were synthesized using seeded and confined growth 

synthesis techniques, and adapting procedures outlined elsewhere (Chen et al., 2011). TMAOH 

was used as a structure-directing agent (SDA) or template to guide growth of the zeolitic phase. 

First, a saturated gel with a composition of 10.0SiO2:2.30Al2O3:5.50(TMA)2O:0.10Na2O:570H2O 

was obtained as follows: aluminum isopropoxide was dissolved in deionized water; subsequently, 

the SDA was added dropwise under continuous stirring (~500 rpm) at room temperature. The 

solution was stirred until the alumina source was completely dissolved. A colloidal silica solution 

(Ludox HS-40) was then dropwise added under constant stirring at 500 rpm also at room 

temperature, followed by aging for 24 hours. Afterward, the resulting gel was mixed with the 

3DOm material. Subsequent aging was carried out without stirring and under autogenous pressure 

conditions at 100 ⁰C for four (4) days inside a Teflon-lined stainless-steel autoclave. Solids were 

recovered by centrifugation of the aforementioned synthesis gel at 5800 rpm, and then re-

immersed into a new fresh saturated gel solution. This procedure was repeated five (5) times to 
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allow for sufficient zeolite growth so as to occupy as much of the 3DOm mesopore voids as 

possible. After all the enriching cycles were completed, the resulting material was washed with 

copious amount of deionized water and then dried in a forced convection oven overnight at 90 ⁰ C. 

This material was named AsPrep-3DOm-FAU. Finally, this sample was placed inside a tubular 

oven under nitrogen flow and heated to 550 ⁰C to remove the SDA molecules and therefore obtain 

a detemplated, porous hierarchical composite (i.e., 3DOm-FAU).  

Ion Exchange of Hierarchical 3DOm-FAU  

Liquid phase cation exchange on 3DOm-FAU was performed to incorporate copper(II) onto the 

zeolite phase of the composite as reported elsewhere (González-Ramos et al., 2014). Copper(II) 

nitrate hemi(pentahydrate) was dissolved in 200 mL distilled/ deionized water at 80 ⁰C. Although 

the stoichiometric amount of salt required was determined according to the cation exchange 

capacity of the synthesized FAU zeolite, an excess loading was used to guarantee maximum ion 

exchange. A certain amount of the adsorbent was added to the solution and stirred for 24 h. The 

solids were recovered and washed with copious amounts of deionized water using a centrifuge 

followed by drying in a forced convection oven at 90 ⁰C. The hierarchical metal-containing 

composite was labeled Cu-3DOm-FAU. 

Materials Characterization  

The long range order of the crystalline phases was evaluated via powder X-ray diffraction (XRD). 

The data were gathered using a Rigaku UTIMA III X-ray diffractometer with CuKα radiation (λ= 

1.5418 Å). The anode was operated at 40kV and 44mA.  XRD patterns were collected with a 

1°/min scanning speed in the 5 - 50° 2q range. The instrument was also fitted with a Small Angle 

X-Ray Scattering (SAXS) attachment to assess the identification of the ordered silica nanospheres 
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and 3DOm-carbon replica. For these particular tests, the patterns were gathered using a scanning 

speed of 0.02°/min and a step of 0.02 in a 0.1-1° 2q range.  

The morphology as well as any crystalline arrangements of the adsorbents were evaluated via 

transmission electron microscopy (TEM). Images were gathered using a JEOL JEM-2100F 

microscope operated at 200kV. Adsorbents were suspended in anhydrous ethanol (2 mg in 20mL) 

and sonicated for 5 minutes. An ultrathin carbon film supported by a lacey carbon film on a 400-

mesh copper grid was used to collect the samples. 

Thermal gravimetric analyses (TGA) were performed to elucidate successful detemplation (i.e., 

removal of the SDA) and to evaluate the thermal stability of the adsorbents (i.e., prior to textural 

properties assessment). Weight loss profiles of samples as a function of temperature were acquired 

using a high-resolution TA Instruments D550 unit operated with constant nitrogen gas flow at 60 

mL min-1. Adsorbents were heated from room temperature to 700 ⁰C at 10 ⁰C min-1. The carrier 

gas was treated before entering the analyzer’s gas chamber with pre-sorbers to remove any 

potential traces of water and/or impurities. TGA profiles were also used in conjunction with 

inductively coupled plasma mass spectroscopy (ICP-MS) data to estimate the final content of the 

composite constituents (i.e., Cu-FAU vs. 3DOm-carbon). These latter tests were performed at the 

Galbraith Laboratories, Inc. facilities in Knoxville, TN, USA. ICP-MS was also used to estimate 

any leaching of copper from a Cu-3DOm-FAU sample after being spent during adsorption of 

CECs. 

Estimation of textural properties of the adsorbents was performed via nitrogen adsorption 

equilibrium data gathered at -196 ⁰C using a Micromeritics ASAP 2020 static volumetric 

adsorption unit fitted with turbo-molecular drag pumps. Prior to each analysis, the adsorbent 

sample was degassed under vacuum conditions at 250 ⁰C for several hours. This temperature was 
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determined based on TGA data. To avoid exposure to the environment, the degassed samples were 

transferred to the analysis ports using glass vials fitted with isolation valves. Brunauer-Emmett-

Teller (BET) isotherm, Barrett-Joyner-Halenda (BJH), and corrected Horvath-Kawazoe models 

were used to estimate surface area, meso- and micro-pore size distributions, respectively (Barrett 

et al., 1951; Brunauer et al., 1938; Rege and Yang, 2000).  

Surface charge profiles of the adsorbent materials were captured via zeta potential analysis using 

Brookhaven Instruments ZetaPals unit. The measurements were collected in a pH range of 2-12. 

Samples were suspended in water (0.2% w/v), and a solution of 1 mM of KCl was used to maintain 

constant ionic strength during tests. 

CEC Adsorption Tests 

First, a fractional transient uptake test was used to estimate the time required for equilibration as 

well as a calculation of a diffusion coefficient. One of the neutral, largest CEC molecules used in 

this study, CBZ (see Table S1), was chosen for this part; 3DOm-FAU composite was also selected 

for this particular test in attempt to evaluate steric limitations (i.e., adsorbent with micro- and meso-

porosity). In the experiment, 15mL of the aqueous CEC solution (100 µg L-1) was combined with 

15 mg of the adsorbent and the mixture shaken inside 50 mL borosilicate centrifuge tubes (tests 

were conducted in triplicates). Then, at regular time intervals, aliquots from the supernatant phases 

were collected. Samples were analyzed using a High-Performance Liquid Chromatography 

(HPLC) system (Agilent 1290 Series) coupled to a 6460 Triple Quadrupole mass spectrometer. A 

Zorbax Eclipse RRHD column (C18) was used for the separation of adsorbates using both 

acetonitrile/(water 5 mmol ammonium acetate) and acetonitrile/(water 0.1% formic acid) for 

negative and positive mode, respectively. The mass system was operated with an Agilent Jet 

Stream Thermal Gradient with multiple reaction monitoring, and two precursor ion/product ion 
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transitions were monitored for each CEC. Uptake amounts were calculated based on concentration 

differences (i.e., mass balances) as follows:  

  (1) 

where q(t) is the adsorbed amount (mg cm-3), C0 is the initial concentration of the CEC in solution 

and C(t) is the concentration of the CEC in solution at any time t, both expressed in mg L-1, Vsolution 

is the total liquid volume of CEC solution (L), and Vadsorbent is the solid volume of the adsorbent  

(cm3). There is heterogeneity in bulk density since FAU phase is confined within the 3DOm carbon 

pore system, thus, it should be noted that all the CECs adsorption amounts were normalized by 

volume of adsorbent instead of weight (see Table S2). In addition, given the composite geometry 

observed through TEM, fractional uptake data were fitted with the slab-shaped particle 

phenomenological model shown in the following equation: 

 (2) 

where F is the fractional uptake, qe is the CEC adsorption amount when equilibrium is reached, t 

is the time, DAB is the diffusion coefficient, and L is the adsorbent particle characteristic length.  

Equilibrium adsorption isotherms for parent compounds CFN, CBZ, NPX, and metabolites CFA, 

E-CBZ, o-NPX, PX, and SA were gathered using a batch equilibration in single- and multi-

component fashions, respectively. In a typical experiment, 15 mg of the adsorbent (i.e., 3DOm-

carbon, 3DOm-FAU, Cu-3DOm-FAU) was placed in contact with a standard aqueous CECs 

solution at various concentration (i.e., from µg L-1 to mg L-1 range) in a 50 mL borosilicate 

centrifuge tubes. Upon agitation of the solutions using an orbital shaker for at least 24 hours. As 

will be shown later, this amount of time of far more than was required to achieve equilibrium. 
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Samples from the supernatant phase were gathered and analyzed with the HPLC/MS/MS described 

above. Triplicates measurements were performed for each target equilibrium concentration, and 

the uptake amounts calculated using equation 1. It should be noted that the pH of the solution at 

the end of the adsorption experiment was neutral. Equilibrium adsorption data were fitted with the 

Modified Dubinin Astakhov (MDA) model for micropore filling adsorption, adapted here for 

prediction of uptake from a liquid phase  (Do, 1998; Kapoor et al., 1989): 

  (4) 

where qe is the CEC adsorbed amount (mg cm-3) at equilibrium with an aqueous concentration Ce 

(mg L-1), qm is the CEC maximum adsorbed amount (mg cm-3), S is CEC solubility (mg L-1) (see 

Table S1), R is the universal gas constant, T is temperature (K), β is the affinity coefficient of the 

CEC, E is the characteristic energy of adsorption, n is the heterogeneity coefficient, K is Henry’s 

law constant, and 	" is a fitting parameter. The quality of the fits was evaluated based on a Residual 

Root Mean Square Error (RRMSE): 

  (3) 

where ni and k are the sample size and number of model parameters, respectively. 
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Table S1. Physico-chemical properties of selected CECs 
Contaminant 
of Emerging 

Concern 
(CEC) 

Use pKaa Log Kowa Solubility  
(mg L-1)  Chemical Structure 

Caffeine  
(CFN) 

Nervous stimulant 14.0/0.6 -0.1 21,600.0  

 

Carbamazepine 
(CBZ) 

Antiepileptic 13.9 1.9/2.5 17.7  

 

Clofibric acid 
(CFA) 

Lipid regulator 
clofibrate; clofibrate 
metabolite 

3.2 -0.4 583.0  

 

10,11-Epoxy-
carbamazepine 
(E-CBZ) 

CBZ metabolite NR 1.3 1,340.0   

 

Naproxen 
(NPX) 

Analgesic and anti-
inflammatory 

4.2 2.8  15.9  

 

o-Desmethyl- 
naproxen  
(o-NPX) 

NPX metabolite 4.3/-5.5 2.7 58.0  

 

Paraxanthine 
(PXN) 
  

CFN metabolite 
  

10.8 /-
0.9 

-0.2  27.0  

 

Salicylic acid 
(SA) 

Analgesic and anti-
inflammatory; 
acetylsalicylic acid 
metabolite 

3.0 2.3 2,240.0  

 

aChemical structure and pKa and LogKow values were gathered from literature reports (Ortiz-Martínez 
et al., 2018; Street et al., 2018). NR = not reported at pH range 1−14 
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Table S2. Textural properties of 3DOm-carbon, detemplated 3DOm-FAU, and Cu-3DOm-FAU. Data also include composition of the 
hierarchical composites. 

 

Adsorbent 3DOm 3DOm-FAU Cu-3DOm-FAU 
Approximate composition of zeolite phasea  - Na+

29H+
38[Al68Si124O384]*104H2O  Na+

9Cu2+
26H+

8[Al69Si123O384]*129H2O  
3DOm carbon content (vol%)b 100 75.5 78.9 
Bulk Density (g cm-3)c 0.177 0.794 0.691 
BET  Surface Area (m2 g-1)d 450 698 557 
Micropore area (m2 g-1)e 53 520 206 
External area (m2 g-1)e 389 105 296 
Total Pore Volume (cm3 g-1) d 2.114 1.016 1.225 
Micropore volume (cm3 g-1)e 0.034 0.282 0.116 
a From TGA and ICP analysis 
b From TGA, ICP analysis and mass balance 
c Composite bulk density values based on the observed 86 and 78% occupancy of voids of the carbon by FAU crystals in 3DOm-
FAU and Cu-3DOm-FAU, respectively. FAU density is approximately 1.93 g cm−3. 
d From N2 equilibrium adsorption gathered at -196 ⁰C. 
e From a t-plot method  
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Table S3. Modified Dubinin Astakhov (MDA) isotherm model parameters for single- and multi-component CEC adsorption. 

Test type Single-Component Multi-component 
Contaminants of 
Emerging Concern 

qm 
(mg cm-3) C (-) K 

(L mg-1) α(-) n(-) RRMSEa qm 

(mg cm-3) C (-) K 
(L mg-1) α(-) n(-) RRMSEa 

3DOm-Carbon 
Caffeine 388.74 0.646 0.031 1.00 1.50 0.18 53.67 0.900 0.080 1.00 3.00 0.10 
Carbamazepine 228.84 0.003 0.000 0.91 2.00 0.23 40.29 0.873 0.144 0.00 1.10 0.14 
Clofibric Acid 181.28 0.706 0.003 1.00 2.15 0.12 12.85 1.349 0.012 0.97 1.00 0.08 
Epoxy-Carbamazepine 173.22 0.545 0.009 1.00 2.00 0.14 28.51 1.000 0.082 1.00 2.94 0.10 
Naproxen 124.35 49.811 0.229 0.10 4.00 0.51 20.34 0.659 0.288 1.00 3.54 0.04 
o-Desmethyl Naproxen 116.78 0.646 0.036 0.05 2.02 1.00 14.21 2.664 0.032 1.00 4.00 0.11 
Paraxanthine 213.76 1.374 0.043 1.00 1.55 0.12 27.46 0.942 0.052 1.00 2.54 0.07 
Salicylic Acid  345.33 2.322 0.001 0.00 4.00 0.02 12.69 0.117 0.017 0.00 2.37 0.04 

3DOm-FAU  
Caffeine 841.52 0.032 0.008 0.01 2.33 1.38 135.99 0.155 0.042 0.01 3.02 0.25 
Carbamazepine 495.37 0.600 0.027 1.00 4.00 0.78 111.15 0.006 0.000 0.60 4.00 0.42 
Clofibric Acid 392.42 0.003 0.000 0.76 3.17 0.05 30.67 0.019 0.010 0.01 4.00 0.04 
Epoxy-Carbamazepine 374.97 0.004 0.005 1.00 3.29 0.21 72.44 0.326 0.024 1.00 4.00 0.07 
Naproxen 269.19 0.018 0.000 0.17 3.66 1.72 58.00 0.001 0.115 1.00 3.00 0.25 
o-Desmethyl Naproxen 252.80 1.000 0.001 1.00 4.00 0.04 3.39 0.968 0.012 1.00 2.99 0.02 
Paraxanthine 462.73 0.899 0.004 1.00 3.35 0.20 39.36 0.003 0.000 0.43 4.00 0.11 
Salicylic Acid  747.56 0.001 0.001 1.00 4.00 0.07 21.48 0.036 0.004 0.01 3.69 0.01 

Cu-3DOm-FAU 
Caffeine 883.07 0.010 0.005 0.01 2.37 1.04 125.27 0.001 0.020 1.00 4.00 0.21 
Carbamazepine 519.83 0.015 0.006 0.04 2.67 1.72 78.87 0.006 0.015 1.00 4.00 0.16 
Clofibric Acid 411.80 0.004 0.000 1.00 4.00 0.23 37.40 0.159 0.017 1.00 4.00 0.04 
Epoxy-Carbamazepine 393.49 0.003 0.006 0.01 2.60 0.09 50.57 0.418 0.039 1.00 2.93 0.22 
Naproxen 282.49 0.002 0.000 0.91 3.65 2.19 62.81 0.000 0.180 1.00 4.00 0.19 
o-Desmethyl Naproxen 265.29 0.010 0.000 0.05 2.73 0.16 29.48 0.005 0.011 1.00 4.00 0.06 
Paraxanthine 485.59 0.004 0.000 0.07 3.95 0.20 59.69 0.751 0.017 1.00 3.59 0.11 
Salicylic Acid  784.48 0.003 0.003 1.00 3.56 0.29 24.08 0.003 0.006 1.00 4.00 0.02 
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Table S4. Carbamazepine (CBZ), caffeine (CFN), naproxen (NPX), and clofibric acid (CFA) average adsorbed amounts for different 
adsorbents at an equilibrium concentration range of 100-200 µg L-1, ambient temperature, and pH ~ 7.0.  

Adsorbent Adsorbed Amounts / μg cm-3 Reference 
CBZ CFN NPX CFA 

Polymeric resin SR 5500 47.79 27.04 NR NR (Haddad et al., 2019) 
Medium Sand 0.12 0.32 NR NR (Kiecak et al., 2019) 
Clinoptilolite 0.27 4620.00 NR NR (Leal et al., 2017) 
Palygorskite 0.06 486.00 NR NR (Leal et al., 2017) 
Mesoporous silica (SBA-15) 0.65 0.34 0.36 0.12 (Ortiz-Martínez et al., 2018) 
Copper-amine-functionalized mesoporous silica SBA-15 (Cu-
NH2_g_SBA-15) 0.04 0.01 1.76 1.16 (Ortiz-Martínez et al., 2018) 

Hexagonal mesoporous silica (HMS) 9.52 NR 8.16 6.80 (Suriyanon et al., 2015) 
Amine-functionalized HMS (A-HMS) 1.05 NR 2.52 26.18 (Suriyanon et al., 2015) 
Mercapto-functionalized HMS (M-HMS) 17.00 NR 20.40 6.46 (Suriyanon et al., 2015) 
Shirasaki S10 powdered activated carbon (AC1) 22.20 NR 25.50 8.90 (Suriyanon et al., 2015) 
Cork (biosorbent) 273.60 NR 547.20 NR (Mallek et al., 2018) 
Granular activated carbon coal-based Calgon Filtrasorbs 400 
(F400) 765.00 NR 595.00 NR (Yu et al., 2008) 

Coconut shellbased PICACTIF TE (CTIF-AC) 774.00 NR 412.80 NR (Yu et al., 2008) 
Biochar 246.86 NR NR NR (Tong et al., 2019) 
Activated carbon treated under acidic conditions (AC-AT) 1712.00 91.30 1189.00 9.00 (Muñoz-Senmache et al., 2020) 
Metal organic framework MIL-100Fe (MOF) 351.80 212.40 880.50 64.40 (Muñoz-Senmache et al., 2020) 
MIL-100Fe/Darco KB-G activated carbon composite (CMOF) 1524.60 597.30 1669.70 1524.60 (Muñoz-Senmache et al., 2020) 
Activated carbon Darco KB-G (AC) 10392.13 6778.77 2213.40 20.15 (Fernández-Reyes et al., 2021) 
Detemplated FAU/Darco KB-G carbon composite (CFAU) 2336.79 964.40 866.72 384.04 (Fernández-Reyes et al., 2021) 
Cu(II)-FAU/Darco KB-G carbon composite (Cu-CFAU) 12191.52 10272.29 8879.79 1050.60 (Fernández-Reyes et al., 2021) 
3D ordered mesoporous carbon (3DOm) 1487.39 1602.89 2078.08 269.34 this work 
Detemplated FAU/3DOm carbon composite (3DOm-FAU) 2679.73 3280.47 3530.88 86.95 this work 
Copper(II) containing FAU/3DOm carbon composite (Cu-
3DOm-FAU) 2323.89 3182.96 4889.23 339.61 this work 

NR = not reported  
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Fig. S1. (a) SAXS patterns for 40nm Si nanoparticles and 3DOm. TEM images for (b) 40nm Si nanospheres and for (c) – (e) 3DOm. 
SAXS patterns correlate to face-centered-cubic (FCC) crystal structures.
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Fig. S2. Nitrogen equilibrium adsorption–desorption isotherms gathered at -196 ⁰C and corresponding pore size distributions (PSDs) 
for (a) 3DOm, (b) detemplated hierarchical 3DOm-FAU, (c) hierarchical Cu-3DOm-FAU, and (d) a physical mixture of copper(II) 
containing zeolite (Cu-FAU) and 3DOm-carbon. PSDs estimated using the corrected Horvath−Kawazoe adsorption method are shown 
as an insets near the isotherms. The corresponding PSDs (cavity size or window size) were estimated using the BJH methods calculated 
from the isotherm adsorption and desorption branches, respectively. 
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Fig. S3. Thermal gravimetric profiles for (a) 3DOm-carbon, as-prepared (AsPrep-3DOm-FAU), detemplated (3DOm-FAU), and 
copper(II) containing (Cu-3DOm-FAU) hierarchical carbon-zeolite composites. The content of either 3DOm or FAU in the composites 
was estimated combining the thermal gravimetric and ICP compositional data with a mass balance, yielding that ca. 76 vol% (i.e., 22 
wt.%) of 3DOm-FAU corresponds to 3DOm. 
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Fig. S4. (a) XRD patterns and (b) – (d) TEM images for hierarchical composites. High-resolution images(c) and (d) display visible 
lattice planes of FAU zeolite within the 3DOm-FAU composite. Slight differences in lattice parameter a are most likely related to the 
size of the particular extra-framework cation in the material (Martins et al., 2007). TMA+ (SDA), Na+ and Cu2+ are the cations for as 
prepared 3DOm-FAU, detemplated 3DOm-FAU and Cu-3DOm-FAU, respectively. A decrease in intensity for the first three reflections 
and corresponding to planes (111), (220), and (311) upon the inclusion of copper (II) is a result of diffraction from a secondary metal 
lattice in the presence of coordinated water (Drake et al., 2006; González-Ramos et al., 2014).     
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Fig. S5. Transient carbamazepine uptake by hierarchical 3DOm-FAU at 25 ⁰ C, neutral pH, and 
an initial concentration of 100 µg L-1. Continuous, dotted line represents slab-shape phenological 
model fit. A diffusion coefficient of 1.5 x 10-15 m2 s-1 was estimated using equation 2 and after 
considering a characteristic particle length of ca. 3.2 x 10-6 m as showed by TEM (see Fig. S4(b)).  
Typical diffusivities of micro- and mesoporous materials are in the range 10-12 to 10-18 m2 s-1 

(Roque-Malherbe, 2007). 
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Fig. S6. Equilibrium salicylic acid adsorption data gathered for a hierarchical faujasite zeolite – 
three dimensionally ordered mesoporous carbon composite (3DOm-FAU), copper containing 
hierarchical faujasite zeolite - three dimensionally ordered mesoporous carbon composite (Cu-
3DOm-FAU), physical mixture of faujasite zeolite and three dimensionally ordered mesoporous 
carbon (3DOm/FAU Phys. Mix.), physical mixture of copper containing faujasite zeolite and three 
dimensionally ordered mesoporous carbon (3DOm/Cu-FAU Phys. Mix.), three dimensionally 
ordered mesoporous carbon (3DOm), and a copper containing faujasite zeolite (Cu-FAU). Data 
gathered at ambient temperature and for neutral pH. Solid lines are for visual representation of the 
trends only 
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Fig. S7. Inverse of the C value estimated from MDA model fits for single- (top) and multi-
component (bottom) equilibrium isotherms. 
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Fig. S8. Surface charge profiles of 3DOm, 3DOm-FAU, and Cu-3DOm-FAU. 
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Fig. S9.  Removal capacity of carbamazepine per cost of technology (mg $-1). Adsorbed 
carbamazepine amounts on adsorbents other than those prepared in this study were obtained from 
reports available elsewhere: faujasite (FAU) and copper(II) functionalized faujasite (Cu-FAU) 
(Cabrera-Lafaurie et al., 2014), commercially available activated carbon (AC) (Fernández-Reyes 
et al., 2021), single-wall carbon nanotube (SWCNT) (Adeleye et al., 2016), reduced graphene 
oxide (reduced GO) (Adeleye et al., 2016), multi-wall carbon nanotubes (MWCNTs) (Adeleye et 
al., 2016). Cost of preparing 3DOm included the sacrificial silica nanoparticles as well as the 
pyrolysis stage. 
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