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Abstract: The direct use of nanosorbents for water purification is limited due to their aggregation
and the lack of techniques for their recovery from natural waters. To overcome these problems,
the affixation of nanomaterials onto bulk, non-mobile supports has been proposed. However, a
method to simulate the efficiency of these sorbents under realistic conditions is still not available. To
address this need, this work describes a method for evaluating the sorption efficiency of nanosorbent
materials incorporated on bulk supports under non-equilibrium conditions. The method combines
the principles of passive sampling, an environmental monitoring technique that is based on passive
diffusion of dissolved contaminants from water to a sorbent, with batch sorption experiments that
measure sorption under equilibrium conditions, to determine the parameters associated with water
purification. These parameters are the maximum sorption capacity of the sorbent and the sampling
rate, which is the volume of contaminated water treated per unit of time. From these variables, the
deployment time of the sorbent until reaching saturation is proposed as an alternative indicator
of sorbent efficiency. As proof-of-principle, the removal of oxyanions from a Zr-metal-organic
framework (MOR—1) immobilized on cotton textiles was investigated. The results show that the
sorption capacity under passive diffusion uptake conditions, is approximately 20 mg/g for As(VI)
and 36 mg/g Se(IV), which is 10 to 30 times lower compared to that determined in batch sorption
studies, indicating that conventional equilibrium sorption overestimates the efficiency of the sorbents
under realistic conditions. The application of the method to a worst-case scenario, involving the

severe contamination of freshwaters with arsenate species, is also demonstrated.
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1. Introduction

In recent decades, there has been a rapid growth in research associated with the devel-
opment of new sorbent materials for the removal of organic and inorganic contaminants
from water [1-3]. On most occasions, these sorbents are produced in micro- or nano-
sized form, offering significant advantages compared to their bulk counterparts (such as
higher sorption capacity and faster sorption kinetics) due to their high specific surface area,
tunable sorption sites (pore size, surface functionalization, etc.) and short intra-particle
diffusion distance [1,2,4-8]. However, their small size is also a bottleneck in the practical
application of these materials in natural waters. Upon addition into water (eco)systems,
micro-/nano-sized particles aggregate, precipitate to sediments, or adhere to physical
obstacles (e.g., rocks, plant roots, etc.) and are removed from the water column [9,10]. Even
more, nanosized particles may be uptaken by organisms causing toxic effects [11]. All these
processes compromise the performance of the materials and render their collection and
retrieval from the water phase practically impossible.

To overcome these limitations and enable the realistic use of nano sorbent materials in
water purification, recent reports propose the immobilization of nanosorbents onto less-
mobile, bulk structures that can be immersed into water to “trap” the target contaminants
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and then recovered as bulk material [10,12]. Sponges [13], polyurethane foam [14], cotton
textiles [15] and cellulose-based composite membranes [16] are some of the scaffolds that
have been proposed as potential bulk supports of nano-sized adsorbents for the removal of
contaminants from aqueous media.

Although the affixation of nanomaterials in bulk supports may overcome some of the
difficulties associated with the use of nanomaterials in natural waters, the determination
of their performance in real-world applications is a challenge. That is because there is
no method to determine the effectiveness of a sorbent under realistic conditions, and as
a result, batch sorption studies are still used as the “gold standard” method to evaluate
sorbents’ efficiency. However, batch sorption is performed under controlled laboratory
conditions that are significantly different than those encountered in natural waters. Specifi-
cally, in batch sorption studies, the sorbent is added to a given volume of contaminated
aqueous phase (usually spiked distilled water) and mixed under vigorous stirring until
equilibrium is reached between the concentration of the contaminants in the aqueous and
the sorbent phase. In natural waters, the hydrodynamic and physicochemical conditions
are significantly different in several ways: (a) the bulk-supported sorbent cannot be mixed
and maintained in suspension. Instead, it can only be held static inside the water column.
(b) Water is a dynamic medium that is continually renewed under variable flow velocity
and mixing conditions (usually turbulent), which range from a few m/h in lake waters
to several m/s in river waters. Therefore, the water-sorbent contact time is significantly
lower (a few seconds) than the contact time during batch sorption (a few minutes to hours).
(c) The concentration of contaminants is not constant and exhibits diurnal variation. (d) The
concentration of ubiquitous water components (such as dissolved organic matter, anions,
cations, chlorophyll, etc.) that may compete for the available sorption sites is significantly
higher than the concentration of dissolved contaminants, and these components exhibit
diurnal, seasonal and spatial variability. Under these conditions, batch sorption may not
provide a realistic evaluation of the sorption kinetics and the maximum sorption capacity.

In recent decades, considerable research efforts have been devoted to the development
of devices that can be used to passively uptake dissolved contaminants from water ecosys-
tems for environmental monitoring purposes. These devices, called passive samplers,
consist of a sorbent medium (usually surrounded by a membrane and encased within a
protective housing or cage) that is immersed and statically exposed to an environmental
medium for several days or weeks to retain contaminants into the sorbent phase [17-20].
Therefore, there are many similarities between passive samplers and bulk-supported sor-
bents for water remediation. In this regard, we reasoned that the principles of passive
sampling could be useful also in describing water remediation with bulk-supported nano-
sorbent materials.

In this work, we report a new experimental protocol to model water remediation with
bulk-supported nanosorbents. The protocol combines the experimental procedures used
for the calibration of passive samplers with that employed in batch sorption studies to
determine the main parameters (sorption capacity and sampling rate) associated with sorp-
tion under dynamic, non-equilibrium conditions. From these parameters, the employment
time of the sorbent, before reaching saturation, can be calculated as an indicator of sorbent
performance. As a proof-of-concept, the uptake of As(V) and Se(IV) oxyanions from natural
waters with a porous metal-organic framework (as nanosorbent) impregnated on cotton
textiles (as bulk support) was used to assess efficiency of water purification.

2. Materials and Methods
2.1. Materials

Zirconium chloride (99.5%+, metal basis) and 2-amino terephthalic (99%) (NH,-
H,;BDC) were purchased from Alfa-Aesar. Arsenic(V) and selenium(IV) AAS-grade stan-
dard solutions (Certipur, 1000 mg/L in 0.5 M HNO3) were purchased from Sigma-Aldrich.
Pure cotton textiles were purchased from local stores. The textiles were washed with water
and acetone to remove any impurities and dried at 60 °C.
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2.2. Fabrication of MOR—1@Cotton Fabric

The fabrication of the MOR—1@cotton fabric sorbent was performed in two steps
according to our previous works [15,21]. Briefly, a piece of cotton fabric (25.12 cm? total
surface area on both sides) was modified with hydroxytyraminium chloride (0.05 g) in
20 mL tris-base 10 mM under stirring for 3 h. Then, the PDA-coated fabric was refluxed
under acidic conditions with 0.54 mmol ZrCly and 0.75 mmol NH,-H;BDC. Reflux was
performed twice with fresh reagents to ensure maximum coverage of the fabric with
MOR-1. After synthesis, the MOR—1-cotton fabric was thoroughly rinsed with distilled
water and acetone, ultrasonicated in 0.4 M HCI to remove any unreacted reagents, and
deprotonated by stirring in distilled water until the pH of the solution was neutral, to avoid
the release of acid during the experiments that could reduce the pH of the samples.

2.3. Characterization of the Sorbent

The sorbent was characterized via (a) ATR-IR using an Agilent Cary 630 FTIR, (b) PXRD
diffraction patterns recorded on a Bruker D2 Phaser X-ray diffractometer (CuK« radia-
tion, wavelength = 1.54184 A) and (c) Scanning Electron Microscopy (SEM) performed on
FEG-SEM Zeiss SUPRA 35VP (resolution 1.7 nm at 15 kV).

The determination of As(V) and Se(VI) in water samples was performed with elec-
trothermal atomic absorption spectrometry (Shimadzu AA-6800) using hollow cathode
lamps with self-reversal and D2 background correction at 20 and 12 mA, respectively. The
measurement of As(V) and Se(IV) concentrations was performed in the peak area mode at
193.7 nm and 242.8 nm, respectively.

2.4. Experimental Procedure for Oxyanion Uptake Studies

Genuine water samples (river and lake water) were retrieved in polyethylene bottles,
filtered through 0.45 pm filters to remove suspended solids (that could sorb part of the
analytes) and spiked with NaNj to prevent biological growth.

Oxyanion uptake experiments were performed for 20 consecutive days by the static
renewal of the contaminated water. In detail, a semi-circular MOR—1@cotton fabric of
12.56 cm? surface area (on both sides) was fixed on a framed mesh and added to 1 L of a
genuine water sample, artificially contaminated with 150 pug of As(V) and Se(IV) species. A
graphical illustration of the experimental setup is shown in Figure 1.
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Figure 1. Experimental setup for passive diffusion sorption of contaminants on a static sorbent.

After 24 h, the holder with the MOR—1-fabric was removed and placed in a freshly
prepared genuine water sample fortified with both oxyanion species at the same concentra-
tion level (i.e., 150 pg/L). The concentration of oxyanions was measured at the beginning
and the end of each experiment (i.e., at 0 and 24 h) and the difference in the aqueous
concentration of oxyanions were used to determine the amount of oxyanions removed by
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the sorbent. The mixing rate was controlled by a magnetic stirring rod at two stirring rates
(50 and 150 rpm) corresponding to 0.28 and 0.86 m/s flow velocity, respectively, to simulate
horizontal (linear) flow velocity conditions in lakes and rivers, respectively [22,23].

The stirring rate was converted to flow velocity (1, m/s) using the formula:

_ 27ty

—WXN 1)

where 7 is the rod length in meters and N is the angular velocity in rpm. Control exper-
iments were also performed without MOR—1@cotton fabric to assess the potential loss
of analytes that is unrelated to MOR—1@cotton fabric uptake and subtracted from the
sorbed concentration of oxyanions. The average loss of analytes that was not related to
MOR—1@cotton fabric uptake was negligible (<2.5%, n = 50).

3. Results
3.1. Characterization of MOR—1@Cotton Fabric

In our previous work, we reported the immobilization of a microporous Zr**-MOF
with ammonium functional groups (MOR—1 or UiO-66-NH3") on cotton fabric via an in situ
coating method [15]. The successful immobilization of MOF on the fabric was confirmed
via PXRD, ATR-IR and SEM studies (Figure 2). The PXRD pattern of MOR—1@cotton
shows diffraction peaks at 20 of 7.3°, 8.5° and 12°, corresponding to the (111), (200) and
(220) planes of MOR—1, respectively [24]. The IR bands at 1570 and 1385 cm ™!, assigned to
the v45(COO7) and vs(COO™) modes of MOR—1, respectively, are an additional indication
of the successful immobilization of MOR—1 on the cotton surface. Finally, the inspection of
FE-SEM images of the cotton’s surface (Figure 2c) clearly shows the coverage with MOR—1
particles (Figure 2d).
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Figure 2. (a) PXRD pattern of MOR—1, PDA/cotton fabric, and MOR—1@cotton fabric, (b) FT—IR of
MOR-1, PDA/ cotton fabric, and MOR—1@cotton fabric and SEM images of (c) PDA /cotton fabric
and (d) MOR—1@cotton fabric.
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3.2. Principles of Passive Sampling for Modeling Contaminants’ Uptake by a Sorbent

In passive sampling, the free flow, passive diffusion of molecules or ions from water
to a sorbent, and the accumulation of the compounds inside the sorbent are described by
Fick’s first law of diffusion following first-order kinetics [20,25]. According to this approach,
the sorption of contaminants occurs in three consecutive regimes: an initial (integrative)
uptake regime where the uptake rate increases linearly with time, a curvilinear increase in
which the uptake rate progressively slows down, and the (near) equilibrium phase in which
the uptake rate is reduced to almost zero [20,26]. The overall process can be represented by
a first-order one-compartment model which includes the kinetics between the water and

the sorbent [18,27]:
Rgt
=K 1— — 2
Cs swCuw { exp( szvsﬂ 2)

where C; and Cy, are the (volume-based) contaminant concentrations in the sorbent and
water, respectively, Vs vs. is the sorbent volume, A is the sorbent surface area, R; is the
sampling rate (L/d), which is defined as the volume of water cleared of the contaminant
in a unit of time, and K, is the sorbent-water partition coefficient, which represents the
compound’s partition coefficient between the sorbent and the water medium [28,29].

For short periods, corresponding to the linear uptake phase and assuming that Cy, is
constant, Equation (2) reduces to

_GRt o GV M

C — —
’ Vs Rt Ryt

)
while for long exposure times corresponding to the equilibrium phase, Equation (2) is

further simplified to:
Cs = CuKsw (4)

Equation (3) relates the mass of contaminants accumulated into the sorbent phase
(Cs x V5. = M) to the concentration of contaminants in water (Cy) in the initial uptake
phase, where M increases linearly with time. Therefore, to calculate Cy, it is necessary
to determine the values of M and R;. The value of M is determined experimentally by
extracting the contaminants accumulated in the sorbent over the specified period (t), while
R; is calculated by calibration because it depends on the properties of the sorbent and the
environmental conditions (i.e., temperature, pH, salinity, flow rate, etc.) [28].

One popular procedure for the calibration of passive samplers is through static water
renewal experiments. In these experiments, a set of devices (6 or more) are exposed
simultaneously to a contaminated water medium that is refreshed (batch-wise) at frequent
time intervals [18,28,30-32]. At specified periods (usually a few days) one of the devices
is removed and extracted to determine the accumulated mass of contaminants (M). This
procedure continues until all devices are gradually removed from the water. The R; is then
calculated as the slope of the linear part of the curve produced by plotting M/C,, versus
time in the linear uptake phase.

3.3. Repurposing Passive Sampling (Diffusion) Modeling to Water Remediation

To evaluate the efficiency of the sorbent in water remediation under realistic conditions,
a new calibration protocol that combines static water renewal with batch sorption studies
was developed. The experimental procedure involved the exposure of a sorbent to a
contaminated water sample that was refreshed daily. The mass of oxyanions sorbed on
MOR—1@cotton fabric was determined by the difference in the aqueous concentration of the
oxyanions at the beginning and the end of the experiment (i.e., 0 h and 24 h). This approach
is based on static renewal calibration of passive samplers but adopts two modifications
as employed in batch sorption studies: (a) the mass of sorbent remains constant during
sorption. Instead, for the calibration of passive samplers, several sorbent devices are
immersed into the sample solution. At specific time intervals, one device is retrieved,
until all devices have been removed. Therefore, the total mass of sorbent is reduced with
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increasing remediation time. (b) The mass of contaminants accumulated in the sorbent is
determined from the mass of contaminants removed from water (instead of the mass of
contaminants uptaken by the sorbent). This method facilitates the determination of the
kinetics of removal within short time intervals (i.e., 24 h or less), as opposed to passive
sampling calibration, where the accumulation is monitored over several days to ensure an
adequate mass of contaminants has been uptaken by the sorbent. Moreover, all experiments
were performed in genuine water samples, thus accounting for the presence of matrix
components that could affect sorption.

Based on the modified experimental design, the uptake kinetic curves obtained for
both oxyanions are depicted in Figures 3 and 4. The curves follow an uptake profile that
resembles that observed in the passive sampling of oxyanions [33-35]. However, on some
occasions, the mass of analytes that is accumulated in the sorbent increases exponentially
with time, while in others, a decline is observed, indicating the potential release of the
contaminants. Such patterns are not common during the calibration of passive samplers’
and may be related to (a) the variability of water composition, (b) the properties of the
sorbent and (c) the experimental conditions (e.g., static use of the sorbent). However, in
all experiments, an initial linear increase was observed. Therefore, as a compromise, the
sorption capacity and, consequently, the remediation time were determined from the linear
uptake phase. This inherently leads to an underestimation of both maximum sorption
capacity and sorption kinetics but minimizes the influence of unpredicted (non-systematic)
variables that may affect sorption after the linear uptake phase.

From the data presented in Figures 3 and 4, it can be calculated that the sorption
capacity at the end of the linear uptake phase ranges from 13.7-19.6 mg/g for As(V) and
12.6-36.2 mg/g for Se(IV) (Table 1), which is at least an order of magnitude lower than the
maximum sorption capacity calculated from batch sorption studies with the same sorbent
(459 mg/g for As(V) and 325 mg/g for Se(IV)) [15]. The lower sorption capacity, compared
to batch sorption studies, can be attributed to the following: (a) the competition from
ubiquitous water constituents (e.g., inorganic anions, dissolved organic matter, chlorophyll-
a, etc.) that are present in natural waters at concentrations higher than As(V) and Se(IV)
oxyanions (a similar observation has also been made during the field deployment of passive
sampling devices for the uptake of oxyanions, [33-36]); (b) the static use of the sorbent
(instead of its orbital and intense mixing during batch sorption), which reduces the diffusion
rate of the contaminants from water to the sorbent and concurrently the mass transfer
rate. This also explains why the sorbent could not accomplish the complete removal of
the contaminants, even though the aqueous concentration of oxyanions was below the
maximum sorption capacity of the sorbent. Therefore, to accomplish complete removal,
scaling up of the sorbent would be required to ensure a larger mass transfer from the
aqueous to the sorbent phase.

Although the sorption capacity per mass of sorbent is lower than that determined
from batch sorption studies [15], it is higher than other sorbent phases used for the passive
sampling of oxyanions [20,33-36]. Specifically, the sorption capacity per sorbent surface
area is comparable to other sorbent materials in distilled water but offers at least an order
of magnitude higher sorption efficiency in natural waters (Table 2). The higher sorption
capacity in natural waters may be attributed to: (a) the high surface area of the Zr** MOF
(~581m?2/ g for the MOF immobilized to cotton fabric) [15], (b) the porosity of the fabric
that facilitates the penetration of water through the fabric pores, enhancing the contact with
the MOR—1 particles [15,21] and, (c) to some extent, the greater surface area exposed to
water compared to passive samplers and, hence, to the higher number of available sorption
sites. These features indicate that the sorbent is suitable for water remediation applications.
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Table 1. Parameters of passive diffusion uptake of As(V) and Se(IV) from genuine water samples on
MOR—1@cotton fabric at the linear uptake phase.

Mass Sorbed Mass Sorbed Sampling Rate

Mixing Mass Sampling Linear
Sample Speed Sorbed per Mass of per Surface Rate per Surface Uptake
(rpm) 2 (ug) ® Sorbent Area w/d) Area Time (d)
(mg/g) (mg/m) (L/d x m?)
As(V)
River water 50 349 16.6 278 0.306 244 6
150 412 19.6 328 0.286 228 7
Lake water 50 301 14.3 240 0.138 110 10
150 287 13.7 228 0.110 88 8
Se(IV)
River water 50 537 25.6 427 0.296 236 7
150 415 19.8 330 0.324 258 6
Lake water 50 264 12.6 210 0.110 88 10
150 760 36.2 605 0.323 257 10

2 Mixing speed (Medium = 50 rpm: 0.28 m/s. High = 150 rpm: 0.86 m/s) ® Mass sorbed at the linear uptake phase
using a MOR~—1@cotton fabric of 12.56 cm? surface area on both sides (containing approx. 21 mg MOF).

Table 2. Comparison of the sorption capacity of MOR—1@cotton fabric with other sorbent phases
used for the passive sampling of As and Se oxyanions in freshwaters.

Sorbent Sorption Capacity (mg/m?) Reference
As(V) 2 Se(IV) 2
Zirconium oxide gel 27 (477) 27 (240) [33]
Precipitated Zr-oxide 2.7 (426) —(191) [34]
Slurry ferrihydrite >3.1 (100) — (70) [35,36]
Precipitated ferrihydrite >3.7 (277) — (118) [35]
TiO, powder >3.0 (261) — [36]
MOR—1@cotton fabric 228-328 (—) P 210-605 (—) This work

2 Values in parentheses show the sorption capacity determined in distilled water. ? Not available.

3.4. Method Demonstration

The approach described above was evaluated, as a proof-of-concept, in a scenario
involving the severe contamination of lake water, having a nominal flow velocity (0.28 m/s),
with 1 mg/L of As(V) species. The experimental setup was the same as shown in Figure 1.
From eq. 3 and the data of Table 1, it can be calculated that under such severe conditions,
a sorbent of 12.56 cm? will reach equilibrium in less than 3 days of exposure. Indeed, on
the third day, the amount of As(V) that was removed from the MOR—1@fabric (12.56 cm?,
21 mg MOF) was approximately 380 pg (Figure 5; black line) suggesting that the sorbent
has reached saturation (according to Table 1, the calculated sorption capacity at the end of
the linear phase is 301 pug and approximately 350 pg at the end of the curvilinear phase).
Such a situation is impractical for real applications as it would require the frequent renewal
of the sorbent.

To extend the linear uptake time to 8 days, which is a reasonable remediation time
for replacing the sorbent, Equation (4) advises that the sorbent should accumulate approx-
imately 1100 pug of As(V). To accomplish that, it is necessary to scale up the sorbent to
increase the sorption capacity. From the data in Table 2, it can be extrapolated that 77 mg of
sorbent are needed to accomplish this value of sorption capacity. Considering that 21 mg of
MOF are immobilized in 12.56 cm? of fabric, the fabric surface area will have to be increased
to ~46 cm?. To test the validity of these calculations we repeated the same experiment
by adding 45 cm? of the MOR—1@cotton and measuring the concentration of As(V) for
15 days. According to the measured concentrations of As(V), the uptake phase was linear
up to 11 days (Figure 5; red line) which is in agreement with the deployment time expected
from the data of Table 1 (10 days). Therefore, the proposed approach offers a tool to predict
sorbent employment time before sorbent replacement is necessary.
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4. Conclusions

This work demonstrates a new experimental protocol to estimate the performance
of free-standing nanosorbents incorporated on macrostructured supports for water de-
contamination. The protocol enables us to determine the sorption of contaminants by
passive diffusion on a static sorbent under continuous water renewal conditions, which
are reminiscent to those encountered in natural waters. Based on this protocol, the sorbent
deployment time is proposed as a new parameter related to sorbent efficiency. The data
from a proof-of-concept demonstration, using a porous Zr** MOF immobilized on cotton
textiles to remove dissolved oxyanions from water, show that the classic method of batch
sorption may provide overoptimistic predictions of the performance of bulk-supported
nanosorbents in realistic conditions. Although the first results seem promising, further
research is needed to validate this approach as a tool for assessing the efficiency of sor-
bents during water remediation of natural ecosystems. Beyond experimental validation,
theoretical considerations are also needed to obtain a better understanding of the sorption
mechanisms and obtain accurate calibration results. As the properties of the bulk support
materials (such as density, morphology, surface distribution of reactive sites, etc.) can affect
the activity and performance of the nanosorbents, there is a need to evaluate the efficiency
of the model to various macrostructured support phases. Field deployment studies are also
important to unravel the potential of the method in real-world applications.
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