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Abstract

Despite the numerous studies about the sorption of dissolved organic matter (DOM) onto nanoparticles, the
extrapolation of laboratory-results to environmental conditions is currently impossible. Indeed, the complex
dynamics of DOM under variable environmental conditions are not completely reproducible under control
conditions. In this study, we propose a different approach by exploring a method for exposing nanoparticles to
realistic environmental conditions in natural river water by using dialysis membranes as passive reactors. Inside
this reactor, the complexity and the temporal variability of a large number of environmental parameters (DOM
structure and composition, temperature, inorganic ions, pH, etc.) are reproduced, while colloidal and particulate
interferences remain separated. To verify this assumption, we determined the concentration of the water
components and nanoparticles (n-TiO,, 20-50 nm) inside and outside the reactor before and after exposure to
river water. In river water, more than 90% of the n-TiO, remained inside the reactor while DOM retained its
molecular composition/characteristics after passing through the membrane (DOC, Fluorescence EEM, FT-ICR
MS). For most elements and anions, the concentrations inside and outside the reactor did not differ indicating a
good permeability for inorganic constituents (IC, ICP-OES); however, the concentrations of Al, Fe, Mn, and
nitrate were lower. Membrane fouling, in terms of pore size distribution, was investigated using NMR
relaxometry and AFM in fluid mode; no significant reduction in pore size was observed under the applied

conditions during seven days of exposure. Finally, ATR-FTIR and CHNS analysis of n-TiO, before and after
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exposure to the river water revealed that sorption of DOM occurred under field conditions. Therefore, we could

demonstrate the validity and the potential of this method.
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Introduction

For the last 15 years, engineered nanomaterials (ENMs) have attracted growing academic and industrial interests
with a wide range of applications in cosmetics, building materials, medicine, and energy storage. ' Among these
materials, titanium dioxide nanoparticles (n-Ti0,) represent the second most important part of ENMs production
worldwide (550-5500 t/year) and is expected to increase in the near future. >* This high production as well as
diverse applications leads to inevitable emission of n-TiO, into the environment. These nanoparticles can enter

aquatic systems either directly or indirectly via wastewater treatment plants or landfills. >’

The fate and biological activity of n-TiO, in the aquatic systems depend not only on nanoparticle properties, but
also on the characteristics of the receiving water environment including dissolved organic matter (DOM),
multivalent cations and natural colloids. * DOM, mainly containing humic substances, polysaccharides, and
proteins, represents one of the most dynamic fractions of organic matter in aquatic systems. Depending on the
biochemical conditions and concentration in waters, they typically range from 0.1 to 10 mg/L. ° Once n-TiO, are
released into natural systems, interactions of NOM with these nanoparticles will affect their fate, transport, and
risk assessments. '© There are a multitude of studies to understand NOM sorption on titanium dioxide

nanoparticles; '

nonetheless, most of them have been conducted in the laboratory under highly simplified
controlled conditions which do not consider, for instance, DOM dynamic structure dependency on water
parameters affect the sorption mechanism. Therefore, the results are difficult or even impossible to extrapolate to
natural conditions. Hence, there is still a lack of methods allowing a realistic exposure of nanoparticles to

temporal environmental conditions including NOM composition, temperature, background electrolyte

concentration, and pH for testing hypotheses developed from lab experiments.

Passive sampling is an environmental monitoring technique based on free flow of analyte molecules from the
sampled medium to a collecting medium as a result of a difference in chemical potentials. '**° The device used
for passive sampling is usually membrane dialysis. *° Dialysis is a simple process in which small solutes diffuse

from a high concentration solution to a low concentration solution across a semipermeable membrane. There are
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several studies using dialysis membranes in passive sampling. Vroblesky et al. used regenerated cellulose
dialysis samplers to measure the volatile organic compounds in different wells. ! Vencalek et al. applied
cellulose ester dialysis bags to separate Cu nanoparticles from the dissolved Cu species in freshwater

mesocosms. * Benes et al. determined the state of trace elements in natural waters using cellulose membrane. »

In this study, we present the first steps of the evaluation of a realistic river water exposure method for n-TiO,
inspired from the concept of passive sampling. n-TiO, nanoparticles were selected to test the method since they
do not dissolve in water and the sorption of DOM components on these nanoparticles is well studied. ***° The
proposed method relies on membrane dialysis, i.e. the dialysis bag considered as a passive reactor retaining n-
TiO, nanoparticles inside while DOM can diffuse inside. Furthermore, the natural colloids cannot enter which
simplifies the extraction of the nanoparticle after exposure. In order to apply this method to environmental

waters, the membrane needs to meet several requirements:

e Retaining nanoparticles, permeable to non-colloidal water components (suitable molecular weight cut-

off of the membrane).

e  Robustness towards environmental variation (pH, temperature, water flow, aquatic organisms).

e The permeability of the membrane should remain constant during the exposure. Fouling is the principal

mechanism affecting the permeability under environmental conditions. ***’

In order to assess these issues, we exposed the dialysis bags (for improved readability, we will refer to “dialysis
bag” for denoting the passive reactor) in river water and determined the concentration of the main organic and
inorganic components inside and outside. Furthermore, we investigated the pore structure before and after

exposure using NMR relaxometry and AFM in fluid mode.

Finally, we carried out a field exposure of n-TiO; in a river and evaluated the sorption of DOM of the river water
onto n-TiO, by characterizing nanoparticles before and after river exposure using ATR-FTIR and CHNS
analyses. The results present the proof-of-concept of using dialysis bags and the validity of implementing this

method to study the interactions of NOM and engineered nanoparticles under real environmental conditions.

Material and methods

Material
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Biotech Cellulose ester (CE) Membranes with three different molecular weight cut off (20, 100, and 300 kDa)
were purchased from Repligen (Formerly Spectrum). The specifications provided by the supplier can be found in
Table 1. Before usage, the membranes were soaked first in 10% (v/v) ethanol-water for 10 minutes, rinsed with
distilled water (DW) and soaked in DW for removing glycerin and achieve maximum membrane permeability. 2
The membranes were stored in DW until further usage. Pre-experiments with dialysis bags using clip type
closure resulted in the loss of 50% of the deployed dialysis bags, damaged under the movement induced by the
river flow (30-40 cm/s, OTT MF pro, Germany). Therefore, cylindrical dialysis bags with screw-on caps
showing 100% resistance over one week were selected for this study (Figure S1). Aecroxide® n-TiO, P25

powder was purchased from Degussa, Germany.

Table 1 specifications of the dialysis bag

specification Membrane type Physical Packaging pH  Temperature Total Membrane
s Appearanc limit limit Length Diameter
e
Float-A-Lyzer® Opaque, Dry with 2-9 4-37°C 10 cm 10 mm
Cellulose Ester Rigid glycerine
(CE)

HR-TEM (n-TiO,)

For nanoparticles characterization, 5 pL of 1 g/L n-TiO, suspension was placed on a TEM grid and dried at
ambient conditions. Transmission Electron Microscopy (TEM) measurements were performed using a JEOL
2100F (JEOL Ltd., Tokyo, Japan), field emission gun instrument operating at 200 kV equipped with a polar
piece ultra-high resolution. Images were recorded on an UltraScan 4000 Gatan (Gatan Inc., Pleasanton, CA,

United States) camera with a 4k x 4k pixels CCD.

Sampling and characterization of the river water

The experiments were conducted with water collected from the River Queich (latitude: 49.205510, longitude:
8.088081) in Landau in der Pfalz, Germany in May-September 2018 (In case of a complementary experiment,
the date is mentioned). For the sake of simplicity we will refer to “river water” for denoting the water sampled at

this place. The characteristics of the river water were fairly stable over this period of time (Table S1).
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Samples were collected in a polypropylene canister at 1 m from the river bank. The pH was measured on site
(SG2-FK SevenGo, Mettler Toledo, Schwerzenbach, Switzerland). The samples were transported immediately to
the nearly located laboratory, and were stored in the dark at 4° C. Multi-parameter analyser (Consort C863,
Turnhout, Belgium) was used to measure electrical conductivity. Dissolved organic carbon (DOC) concentration
was determined after filtration with 0.45 um PTFE filters (Altmann, Germany) using a TOC analyzer (multi N/C
2100, Analytik Jena AG, Jena, Germany). The concentrations of Al, Ba, Ca, Cu, Fe, K, Mg, Mn, Na, Sr, and Zn
the river water samples were measured using inductively coupled plasma optical emission spectroscopy (ICP-
OES, 720, Agilent Technologies, Santa Clara, USA). Digestion procedure for determination was done similar to
the literature with some modifications. > 10 mL of the river water was dried at 95 °C, cooled down at room
temperature before adding 2.5 mL of hydrogen peroxide (30 %, Rotipuran®, Carl Roth, Germany). After 10
min standing at room temperature, 5 mL of sulfuric acid (95 %, Rotipuran®, Carl Roth, Germany) was added
dropwise before being progressively heated until ebullition (225°C). After one hour at 225°C, the samples were
cooled down at room temperature and diluted into a 100 mL volumetric flask prior to ICP-OES analysis. All
samples were measured in triplicates. Ion chromatography (Professionel IC 881 Metrohm) was used to analyze
anions. Dissolved oxygen was measured using PyroScience Optical Oxygen Sensor. The chemical and physical

information of the river summarized in the supporting materials Tables S1-3.

Permeability of dialysis bags toward n-TiO;

To check the permeability of dialysis bags for the nanoparticles used in this study, a 300 mg/L suspension of n-
TiO, was prepared and sonicated (ultrasound bath) for 10 minutes. The dialysis bags were filled with 5 ml of n-
TiO, suspension, and placed in a 50 ml polypropylene centrifuge tube filled with 35 ml river water. The tubes
were shaken at 200 rpm using a horizontal shaker for a specified time. Samples were collected from outside of
the dialysis bags, prior to Ti-content determination using ICP-OES. The samples were digested following
Philippe et al. ° The ICP-OES measurements were carried out for Ti at an emission wavelength of 334.941 nm.

All samples were measured in triplicates.

Determination of the equilibrium time

The dialysis bags were filled with 5 ml distilled water, and placed into a 50 ml polypropylene centrifuge tube
filled with 35 ml river water. The tubes were shaken at 200 rpm using a horizontal shaker at room temperature
(21 °C). After the specified time, samples were collected from inside and outside of the dialysis bags, filtered

using 0.45 pm PTFE (Altmann, Germany), and analyzed for TOC.
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NMR relaxometry

The transverse relaxation time (T,) in '"H NMR relaxometry measures the decay of magnetization of proton spins
after excitation from their dephasing in time-dependent fluctuation of the magnetic field caused by adjacent
nuclei (T). ? Thus, T, distribution can be related to the pore size distribution with lower T, corresponding to
water present in small pores while larger T, correspond to large pores as well as “free” bulk water. Cellulose

3 which was also observed for the

compounds (dialysis bag) depict recognizable bimodal T, distribution,
cellulose ester membrane of the dialysis bag and represent the hierarchical porous structure of the membrane.
For measuring the spin-spin relaxation time (T>) of dialysis bags in different media (distilled water, river water
with and without n-TiO,), the dialysis bags were completely emptied and measured immediately to avoid drying
of the membrane. All samples were measured in triplicates. A Bruker Minispec MQ, Version 2.2 (Bruker,
Karlsruhe, Germany) was used at a magnetic field strength of 0.176T (proton Larmor frequency of 7.5MHz);
applying 64 scans, with the recycled delay of 10 s. The gain was adjusted for each sample individually such that

70-80% signal intensity was achieved. Calculations and figures were done using Matlab R2014 a, and Origin

7.5.°

AFM

The dialysis bags were cut to approximately 2 * 1 cm? pieces. They were fixed on a steel-disc using instant glue,
and stored in distilled water, or river water until measurement. The atomic force microscopy (AFM, Dimension
Icon, Bruker Corporation, USA) analyses were conducted using tapping mode in water media, with New Sharp
Nitride Lever tips (SNL, Bruker, USA) with a radius of 2 nm (nominal value). Sample mounting for AFM fluid
experiments along with the probe calibration procedures were performed as recommended in the Bruker
protocols. **** To measure the pore size of the dialysis bag, images were captured from six random locations and
further processed for pore size estimation (Imagel). The pores area was determined automatically after
black/white picture conversion and contrast adjustment. The obtained areas were used to determine a
hydrodynamic diameter for each pore (also known as pore thickness or opening diameter) defined as the
diameter of the largest circle inscribed in a pore following the equation (1):

(1

where A (area) equals the total number of pixels enclosed by the pore boundary, and P (perimeter) is the number
of pixels on the boundary. The results of the six regions of interest were combined to have a set of representative
data. Analysis of the images and corresponding calculations were carried out using the program ImagelJ v1.52a.
and Origin 7.5.
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Field exposure experiment

To avoid the damage of dialysis bags by the stream flow of the river or the aquatic animals, each dialysis bag
was enclosed in a perforated polyethylene plastic canister (approximate perforation diameter: 0.3 mm). The
dialysis bags were filled by 5 ml distilled water (control), or a freshly prepared and sonicated (10 minutes in an
ultrasound bath) n-TiO, 300 mg/L suspension (three replicates), and placed in the canister (Figure S2). The
canisters were fixed to an anchor and immersed in the river about 1 m from the river bank. After a week, the
content of the dialysis bags was collected in a 15 mL polypropylene centrifuge tube and immediately transferred
to the laboratory for further analyses. It is worth mentioning, the realistic concentration of n-TiO, in surface
waters is low (e.g. 0.55-16 ug/L). * However, the majority of current analytical techniques used for sorption
studies are not capable of working with concentrations in pg/L range; therefore, the applied n-TiO, concentration
(300 mg/L) was way too higher than the realistic ones. Nonetheless, in the field experiment, there is a large
excess of available DOM for nanoparticles; hence, high concentration of n-TiO, (300 mg/L) inside the bags is

not changing the ratio of sorbate/sorbent significantly.

Fluorescence spectroscopy

The collected river water samples were centrifuged (Universal 320, Hettisch, Bich, Switzerland) at 4500 rpm
(3283 g) for 30 min. Since the n-TiO, nanoparticles were visibly agglomerated, this speed was sufficient to
collect them at the bottom and the supernatant was transparent under this condition. The supernatant was taken
for further measurements. Fluorescence Excitation/emission matrix (EEM) of the samples were recorded on a
PerkinElmer LS 55 Fluorescence spectrometer in the emission (Em) range of 200-700 nm by varying the
excitation (Ex) wavelength from 250 to 450 nm in 20 nm increments with a scan rate of 1200 nm/ min.
Excitation and emission slits were both 10 nm. Since a linear calibration curves (fluorescence intensity versus
fluorophore concentrations, R?= 0.9991) was obtained after serial dilutions of the river water, we considered the
filter effects as negligible for this river sample. No corrections for scattering effects were applied to the data as
there were no observable overlapping of the fluorescence and scattering peaks. The EEM spectra were plotted

using Origin 7.5.

CHNS
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For each measurement of river water, 250 ml of the river water was filtered with 0.45 pm PTFE filters
(Altmann, Germany), and freeze-dried (Christ, Osterode, Germany) for two continuous days at -40 °C and 0.12
mbar and two more days at -60 °C and 0.011 mbar. TiO, nanoparticles exposed to the river water were
centrifuged at 4500 rpm (3283 g) for 30 min. The supernatant was withdrawn carefully to the last drop and the
centrifugate was freeze dried as described above. For CHNS elemental analysis, 4-15 mg of samples were
weighed into tin boats (LabNeed GmbH, Nidderau, Germany) together with around 20 mg of WO; powder
(LabNeed GmbH, Nidderau, Germany), and measured using CHNS varioMicroCUBE (Elementar,
Langenselbold, Germany). Sulfanilamide (Elementar GmbH, Langenselbold, Germany) was used as a reference

sample. Computation of the Euclidian distances was carried out using the program R Studio (Version 1.0.143).

ATR-FTIR

The nanoparticle pellet collected after centrifugation and also the river water sample collected on the last day of
field experiment were freeze-dried as for CHNS. For ATR-FTIR measurements, a Bruker Tensor 27 IR
spectrometer (Bruker Optics, Ettlingen, Germany) with a Bruker Platinum ATR accessory, single reflectance
diamond crystal, 45° angle of incidence, was used. Some milligrams of the samples were applied directly on the
ATR-crystal. Spectra were measured against an air background. Each spectrum comprised 32 coadded scans
with a spectral resolution of 4 cm™ in the 3600-370 cm™1 range. The absorption spectra were depicted using

Origin 7.5 software.

FT-ICR-MS sample preparation and measurement

River water samples (5 mL) were extracted via solid-phase extraction using an automated sample preparation
system (FreeStyle, LC Tech) on 50 mg styrene-divinyl-polymer type sorbens (Bond Elut PPL, Agilent
Technologies) to desalt the sample for subsequent DI-ESI-MS according to Racke et al. **. The SPE-DOM was
eluted with 1 mL methanol (Biosolv), diluted to 20 ppm and mixed 1:1 (v/v) with ultrapure water immediately
prior FT-ICR MS analysis. Carbon based extraction efficiency was approx. 50% (for river water). SRFA

measured in triplicate was used to check instrument variability and solvent and extraction blanks were prepared.

An FT-ICR mass spectrometer equipped with a dynamically harmonized analyzer cell (solariX XR, Bruker
Daltonics Inc., Billerica, MA) and a 12 T refrigerated actively shielded superconducting magnet (Bruker
Biospin, Wissembourg, France) instrument was used in ESI negative ionization mode (capillary voltage: 4.3
kV). Extracts were analyzed in random order with an autosampler (infusion rate: 10 uL min-1). For each

spectrum, 256 scans were co-added in the mass range 150 3000 m/z with 25 ms ion accumulation time and 4

8
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MW time domain (resolution@400 m/z ca. 500 000). Mass spectra were internally linear calibrated with a list of
peaks (250-600 m/z, n > 143) commonly present in terrestrial DOM and the mass accuracy after calibration was

better than 0.13 ppm. Peaks were considered if the signal/noise (S/N) ratio was greater than four.

FT-ICR-MS data evaluation

Molecular formulas were assigned to peaks in the range 150-750 m/z allowing for elemental compositions Cj.e
BCo1 Hiiz Or40 Noo Sor **Sp.r with an error range of 0.5 ppm according to Lechtenfeld et al.*® Briefly, the
following rules were applied: 0.3 < H/C <2.5, 0 <0/C £1.0, 0 <N/C £ 1.5, 0 < DBE < 20 (double bound
equivalent, DBE = 1+1/2 (2C-H+N), Koch et al. 7 ), 8 < DBE-O < 8 (Herzsprung et al. ***’) | and element
probability rules proposed by Kind and Fiehn *. Isotope formulas were used for quality control but removed
from the final data set as they represent duplicate chemical information. All molecular formulas present in the
medium blank or instrument blank samples were excluded from the peak lists. 4668 - 5022 formulas were
assigned with no multiple assignments to 16568 - 17423 peaks above noise level). Molecular formulas and

compounds are used synonymously throughout the text, although no molecular structures are known.

Relative peak intensities were calculated based on the summed intensities of all assigned monoisotopic peaks in
each sample. Van Krevelen diagrams for river water samples inside and outside the dialysis bags were used to

depict differences in relative intensities (ARI) for each individual molecular formula according to Equation 2. *!

2

where sample refers to the water inside the bag (with n-TiO,) and reference is the water outside the bag (river
water). To test the effect of instrumental variability on the ARI values six SRFA samples (Suwannee River
Fulvic Acid) were measured on the same day. Relative standard deviations (RSD) were calculated from the
normalized intensities for each molecular formula. The 95 percentile of the RSD values were used as threshold
and any change in normalized peak intensity among different samples above this percent value is considered as
statistical significant difference (Figure S3). ARI values corresponding to the RSD threshold were calculated
(ARI < 0.43; ARI > 0.57). In the following, ARI values above 0.57 were considered to indicate that the
respective compound is enriched in the sample, and ARI values below 0.43 indicates the respective compound is

enriched in the reference.

Results and discussion
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Permeability of the membrane

The selection of an appropriate dialysis membrane is essential for exposing nanoparticles to DOM under field
conditions. In particular, the molecular weight cut-off (MWCO) should be high enough for the dissolved
components of natural water to diffuse freely through the membrane, to simulate the river composition to a good
extent inside the dialysis bag. On the other side, the membrane should not be permeable towards nanoparticles,
in this study represented by n-TiO,.

Figure 1 shows the HR-TEM image of pristine n-TiO, with diameters in the range of 20-50 nm. Hence, the
average pore size of the applied dialysis bag should be significantly lower than 20 nm to retain the nanoparticles.
Symmetrically, the natural colloids larger than the membrane pore size will not permeate through the membrane,

thus simplifying the analytical procedure for the subsequent surface analysis of the DOM-coated nanoparticles.

Figure 1: HR-TEM images of pristine n-TiO,.

Table 2 shows the retention rate of n-TiO, depending on the MWCO (20, 100, 300 kDa) after two and seven
days exposure. The initial Ti-content of river water was below the detection limit of the ICP-OES (Table S2).
The retention rates were all higher than 90% . High retention values are expected considering the smallest size of
n-TiO, (20-50 nm) compared to the pore size of the membranes (5-20 nm). Furthermore, n-TiO, nanoparticles
were agglomerating in the river water due to the almost neutral pH (close to the isoelectric point of P25) * and
the presence of different ions. ** Therefore, the non-permeability of the membrane to nanoparticles can be
improved when the nanoparticles are agglomerating in the natural water. Hence, the colloidal stability in natural

water has to be considered in the choice of the membrane cut-off in addition to the size of primary particles.

Table 2: retention rate in % of n-TiO, inside the dialysis bags after 2 and 7 days incubation in river water

Retention rate in %
Days 20 kDa (~ 5nm)' 100 kDa (~ 10nm)" 300 kDa (~ 20nm)’

10
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2 92.9 (+ 3.6) 93.8 (& 4.2) 92.4 (+5.3)?

7 92.8 (& 5.4) 92.8 (+£3.1) 90.6 (+ 8.3)?

! There is no direct correlation between pore dimension (nm), and the molecular size cut-off (kDa); however, the
manufacturer provides some approximations. **

% Standard deviation

Permeability of the membrane to dissolved organic matter (DOM) via free diffusion was evaluated using three-
dimensional excitation-emission-matrix fluorescence spectroscopy (EEM). Four typical excitation/emission
peaks have been observed in surface waters: ** o (Ex/Em ~ 340/420), o’ ( Ex/Em ~ 250/430), B (as a shoulder on
the o peak Ex/Em ~ 300/420), and Y (Ex/Em ~ 280/350). Among them, a , and o” have been attributed to the
carboxylic and phenolic groups, respectively, ' B to weakly humified structures, simple phenols, coumarins and
alkaloids, * and Y to proteins. * Figure 2 depicts the EEM fluorescence map of the river water inside and
outside of the dialysis bag (100 kDa) exposed to river water for | week. The similarity of the signals suggest that
The DOM fluorophores are similar in terms of quantitiy and quality, therefore, the membrane is probably
permeable to most part of DOM, including proteins (similar Y signals). These results suggest that a cut-off of
100 kDa is large enough for DOM in natural water to permeate. Since we kept the possibility to apply the present
method to particles smaller than 20 nm but larger than 10 nm such as some n-TiO, found in sunscreens ° and
avoid the presence of small natural colloids with the DOM-coated n-TiO,, 100 kDa was selected for further

optimization.

440 440 Iy
420 420
400 400
380 380

£ 360 360

S 340 340

* 320 320
300 300
280 280
260 260

200 300 400 500 600 700 200

EmWI(nm) EmWI(nm)

Figure 2: Fluorescence EEMs of A) inside and B) outside of the dialysis bag after one week of exposure to river

water in the lab (the color scale depicts the intensity).
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The exposure time of the dialysis bags to the river water is another important factor to optimize. On one hand,
this time should be long enough to reach the equilibrium of DOM between inside and outside of the dialysis bags
and to allow sufficient reaction time for nanoparticles; on the other hand, it should be short enough not to cause
the decomposition of the membrane (chemical- and bio-degradation) in the river water. The optimal exposure
time depends on the molecular cut-off and on the environmental conditions. Figure 3 (left axis) shows the
dissolved organic carbon (DOC) of the river sample (DOC around 6.5 ppm) inside and outside of a dialysis bags
initially filled with distilled water over one week under laboratory conditions. The initial DOC inside the dialysis
bag was zero. Over time, the DOC inside dialysis bag increased due to free diffusion of DOM from river water
toward inside the dialysis bag. By three hours, the measured DOC inside and outside of the dialysis bag became
similar and remained stable indicating that the system reached equilibrium in less than 3 h and up to 48 h. The
difference between the DOC in the blank river water and with dialysis (about 13%) is probably due to organic
leaching of the membrane and the closures. * This problem is not of relevance under field conditions since the
volume of the water outside the bag is nearly infinite compared to the volume inside the membrane. Thus, the

organic leaching cannot accumulate significantly near the bag.

n /// i . ; T T T T T 9
——BIlank river water-DOC
----- Inside DB-DOC
| g — | ----Outside DB-DOC
g_ — Blank river water
= - dissolved oxygen
g e @ —a— DB-dissolved oxygen
£ >
S x
= o
g 3
-6 2
2 ©
w
D
(]
L5
O ' ¥ 1 ///I € 1 d I ’ T &

—I T T @ T F
0 3 20 40 60 80 100 120 140 160 180
Exposure time in hours

Figure 3: DOC (left axis), and dissolved oxygen (right axis) of the river water inside and outside dialysis bags
(DB) initially filled with distilled water and immersed in river water at room temperature (Error bars depict

standard deviation).
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After 48h, there is a large increase in DOC concentration inside and outside the dialysis bag. This increase is
most probably due to microbial activity leading to membrane decomposition ¥ as suggested by the parallel
decrease in dissolved oxygen (Figure 3, right axis). * Since the parallel increase in DOC, and decrease in
dissolved oxygen were not observed in the blank river water, the dialysis bag is most probably the actual
substrate for the microbial development under conditions causing the membrane to decompose over time. In
order to overcome this drawback for studies requiring exposure times longer than 48h, we suggest modifying
dialysis membranes to suppress microbial proliferation by using antibacterial agents in the membrane *’ or
applying more robust membranes to microbial activity such as PVDF.

It has to be noted that, under different conditions (e.g. higher temperatures, high concentrations of nutrient, etc.),
the decomposition of the membrane can be significantly faster. Therefore, we recommend keeping the exposure
time as low as necessary for the equilibration of the DOC concentration inside the bag, while covering the
relevant variations of environmental factors (e.g. day and night conditions) to be studied.

In addition to DOC and nanoparticles, the ability of inorganic ions to diffuse through the membrane was tested
with river water under laboratory conditions after one week of exposure to river water. At room temperature, the
pH remains stable inside and outside of the dialysis bag (pH = 7.2). However, the conductivity reduced about
55% inside the bag. This can be due the discrimination of some ions during the permeation or to bacterial
growth. ¥ To identify the source of this discrepancy we determined the total concentration of a selection of the
most common elements in surface waters inside and outside the dialysis bag using ICP-OES. For most monitored
elements, the equilibrium could be reached resulting in similar concentrations inside and outside the dialysis
bags (Figure 4). Notable exceptions are Al, Fe, and Mn whose total concentrations inside the bag decreased
more compared to other elements (30-60%). This is probably due to their high valencies when present as ions
(Al: +3, Fe: +2 and +3, Mn: +2,+4, and +7), which increases the probability to interact with the cellulose ester
membrane. *° On the other hand, these elements have been often observed as particulate matter, colloidal or not,

51,52

in surface waters, which would drastically reduce their ability to diffuse through the membrane.
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Figure 4: The percentage of reduction of elements and anions by passing through the dialysis bags (compared to
outside). Error bars depict standard deviation.

A complete equilibrium was reached for anion concentrations, as observed for the elements, except for nitrate

with 20 % reduction (Figure 4). The highest reduction observed for nitrate can be due to the nitrate reduction

caused by the microbial activity on the substrate of the dialysis bag after one week of exposure to river water. >

Therefore, the observed decrease in conductivity can be partly due to a lower amount of natural colloids carrying

charges and to lower nitrate concentration related to microbial activity, whereas other factors involving microbial

activity cannot be ruled out.

Membrane fouling

Membrane fouling occurs when biotic or abiotic materials obstruct pores, thus reducing the permeability of the
membrane. Fouling in natural waters, with a complex mixture of particulate and dissolved components, is one of
the important processes reducing the permeability of membranes by reducing the pore size of the membrane. *
Since drying of the membrane reduces drastically the pore size of dialysis membranes, ** we determined the pore
size of the membranes used for DOM exposure using NMR relaxometry and AFM under wet conditions. %’
NMR relaxometry enables an in situ estimation of a pore size distribution averaged over the whole sample, while
AFM enables imaging of the pore system at some selected spots at the surface of the membrane. Therefore, the

combination of these two complementary methods is highly valuable for obtaining information of the pore size

under wet conditions.
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Pore size distribution measured by NMR relaxometry

To investigate the probable effect of water medium (e.g. cations) on spin-spin relaxation time (T,), bulk water
media (distilled water, and river water with and without n-TiO,) were firstly measured (Figure S - dash lines).
There was no significant difference (t-test, 95%) in terms of T, distribution modes among the bulk media;
therefore, the T, of water-filled pores was independent of the medium itself.

Figure S (solid lines) depicts the T, measurements of water-filled pores of the dialysis bags in three different
water media (distilled water, river water with and without n-TiO;). In contrast to bulk water samples, the T,
distributions of dialysis membrane samples depict two distinguished T, peaks representing the hierarchical
structure in applied dialysis bags (cellulose ester). **** Since the characteristic pore size of the membrane (r) and
the T, of water-filled pores are proportional, *° the larger T, (around 2000-3000 ms) indicates the slower
relaxation and a larger pores, and smaller T, (200-300 ms) indicates faster relaxation and smaller pores. In
addition, the larger T, distribution is the result of a mixed contribution between the water molecules absorbed on
the surface of the membrane and free state; both states merge into one peak in the NMR relaxation spectra. *°
Based on t-test, we did not observe any significant difference in the T, distributions of dialysis membranes in
different water media (distilled water, river water with and without n-TiO,). This suggests that, under the applied
conditions, the overall pore size of the dialysis bags is not changing significantly. Therefore, the membrane

fouling that causes changing the pore size is negligible.

] | = - - Bulk distilled water =
8- |- - - Bulk river water o
1|~~~ Bulk n-TiO5 in river water B
71| —— DB (distilled water) uf 5
6 |~ DB (river water)
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Figure 5: NMR relaxation spectra (T,) of the'H spins of the bulk samples of distilled water, river water, and n-
TiO; in river (dash line), and the water-filled pores of dialysis bags (DB) incubated in the corresponding water
media for one week (solid line). Each sample was measured in triplicates and the T, distributions are averaged

over the corresponding replicates.
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In order to verify that pore clogging can actually be detected using NMR relaxometry, measurements were
performed with membrane dried under ambient conditions. Since drying of dialysis membrane is known to
induce an irreversible collapse of the pores, ** we expected the pore size to be drastically reduced after drying.
Since the presence of water molecules in the pores is required for characterizing the pore size using NMR
relaxometry, the dried membrane was rewetted for 24 hours prior to T, measurement. The first peak of the T,
distribution corresponding to small pores of dried dialysis membranes after rewetting (Figure 6-clogged pores)
was significantly smaller (t-test, 95%) compared to non-dried membranes (Figure 6-open pores). Considering a
T, value for small pores around 70 ms as an extreme case for collapsed of the membrane structure, it can be
concluded that all dialysis membrane samples in water media (Figure 4-solid line) with T, values of 200-300 ms

did not experience extended fouling, which would have led to a significant reduction of pore size.
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Figure 6: T, distribution comparison of dried-rewetted dialysis bags (clogged pores) and wet dialysis bag (open

pores) in distilled water.

Pore size distribution measured by AFM

Figure 7 shows the AFM height and phase images of a dialysis membrane measured in distilled water. All the
measurements were carried out in the fluid mode for avoiding drying of the sample. Furthermore, this mode
enables using the same media as during the permeability experiments (river water with and without n-Ti0,), thus

providing a more realistic assessment of the membrane pore size.
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Figure 7: AFM height (top) and phase (bottom) images of the dialysis bag (DB) in distilled water measured in

fluid mode.

The images exhibit the hierarchical porous structure of the dialysis bag. Three different areas are distinguishable
in the images ranging from the nanometer to the micrometer scale: 1) a microporous structure with a
polydisperse size distribution, 2) at higher magnification, a nanoporous network covering the whole sample
including inside the micropores, and 3) a lamellar substructure. AFM images of dialysis bags in the river water
(with and without n-TiO,) depict an overall lower resolution compared to the samples measured in distilled water
(Figures S4-S5 ) probably due to ionic screening charges in river water (Bruker.com).

The pore size distribution of dialysis bags in different media (Figure 8) shows a hydrodynamic diameter mode
of 4 nm for all the samples. Besides, the observed differences between the pore sizes of the dialysis bags in
different water media were not significant; in agreement with the results of NMR relaxometry. The
determination of the average pore diameter of a three-dimensional porous structure based on two-dimensional
images can only be an approximation based on several assumptions. Therefore, the absolute values of the pore

size reported here should be taken as a first estimation and used for comparison purposes only.
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Figure 8: Pore size distribution of dialysis bags (DB) in different water media determined using AFM in fluid

mode (Six AFM regions of interest were used for each sample).

Field experiment

Based on the previous method development, cylindrical cellulose ester dialysis bags with MWCO of 100 kDa
were chosen to carry out a proof of concept of investigating the interaction of n-TiO, with natural DOM under
natural conditions. After one week of exposure in the river, the samples (inside the dialysis bag) were collected
in polypropylene centrifuge tubes and transported immediately to the nearly located laboratory. The n-TiO, were
then separated using centrifugation for characterizing the sorption of NOM onto n-TiO,. In general, the
composition and quantity of DOM in natural waters vary over time* and investigations on the sorption require
monitoring these variations over the deployment period. However, the concentrations inside and outside the
dialysis bag equilibrate in less than a few hours and the water composition was fairly stable over the time of this
study (table S1). Hence, we assume that the compositions of water sampled outside and inside the dialysis bag
are similar. To provide a reference for NOM (outside the dialysis bag), the river water was also collected in

polypropylene centrifuge tubes on the last day of exposure.

Permeability of the membrane under field experiment: Fluorescence EEMs
Figure 9 shows the Fluorescence EEMs of the river water (A), and the river water diffused into the dialysis bag
(B). In both samples, the EEM plots show four spectral features of the natural waters relate to a, o’, f, and Y

corresponding respectively to carboxylic, phenolic, alkaloids, and protein groups (see discussion above).
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Figure 9: Fluorescence EEMs of the samples carried out in the field A) river water B) river water inside the

dialysis bag (the color scale depicts the intensity a.u).

As it can be seen, a, o, and B peaks of the river water are similar in inside and outside of the DB. It can suggest
that the composition of DOM of the river water inside the DB is similar to the natural water to a good extent.
Figure 6S depicts the Fluorescence EEM of the supernatant of the river water inside DB in presence of n-TiO,.
All the mentioned peaks in the river water (a, a’, B, and Y') are present with reduced intensities in this sample.
An indirect effect of the sorption of DOM onto n-TiO, could explain these differences. However, one should
notice that the quantitative interpretation of fluorescence results for such complex mixtures is far from trivial and
should be considered as a first approach in the frame of this proof of concept. Hence, the Fluorescence EEMs
results can be investigated qualitatively not quantitatively. However, the results show the DOM permeates the
membrane under field condition and the made observations are similar to the ones made in the lab. The
biological activities induced by the membrane decomposition seem not to impair sensibly the permeability of the
membrane and may, therefore, be of little importance under field conditions.

Since the results of fluorescence spectroscopy are just expressing the fluorophore groups in the river water, and
the activity of lipids or polysaccharides, for instance, cannot be monitored, the water media were further

investigated with FT-ICR-MS.

Permeability of the membrane under field experiment: FT-ICR-MS

Ultrahigh resolution Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) was used to
gain detailed insight in the molecular composition of river water DOM inside and outside the dialysis bag.

3766 (58%) out of 6468 formulas were shared between all three river samples (outside the dialysis bag, and
inside the dialysis bag with and without n-TiO,), while 1181 (18%) and 1539 (24%) formulas occurred only in
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one and two samples, respectively (Figure S7). As expected for terrestrial derived DOM, there was a large
dominance of CHO (53%) compounds over CHNO (35%) and CHOS (10%) (Table S4).

Some compounds were depleted (ARI < 0.43) in the water outside vs inside the bag (n = 554) but show a
homogenous distribution in the van Krevelen (vK) space as expected for analytical noise (Figure 10). However,
based on intensity differences between river water inside the dialysis bags and river water outside the bag, there
emerges a clear pattern for compounds enriched inside the bag (ARI > 0.57, n = 591). They represent compounds
which are highly aliphatic (H/C = 1.622 + 0.178), and cover a broad range of oxygenation (O/C = 0.403 +
0.108).

Cellulose acetate is biodegradable in presence of esterases which is produced by different classes of
microorganisms. ® Upon biodegradation, cellulose acetate bears deacetylation and breaking down cellulose
backbone ¢ into smaller chains or glucose monomers, which are potential sources of energy for further microbial
activities. Hence, the observed pattern of enriched compounds inside the dialysis bag (compared to the river
water) may point to microbial induced degradation of the membrane. This is in agreement with the results of
DOC and dissolved O, (Figure 3) showing respiration within and DOC leaching from the bag in one week under
laboratory conditions.

Interestingly, compounds with similar chemical properties (H/C = 1.539 + 0.368, O/C = 0.401 + 0.148) were
depleted when n-TiO, was added to the bags compared to the bags without n-TiO, (Figure S8) i.e. the
enrichment observed in the river water inside the dialysis bag is not observed with n-TiO, present. While the
enriched compounds inside the bag are mostly CHO (73%), the depleted compounds with n-TiO, contain a
larger fraction of CHNO formulas (47%). In the field experiment, under the assumption of thermodynamic
equilibrium, any preferential sorption of DOM on the n-TiO, can be compensated by river water from outside the
dialysis bag. This assumption is acceptable considering the relatively short equilibration time measured in the
laboratory experiments (less than 3 h, Figure 3) and the stability of the river water chemical parameters over
months (Table S1). Therefore, the observed differences in DOM composition are probably not related only to
sorption, but to the effect of n-TiO, on biodegradation of the membrane. Indeed, Lazic et al. reported the
negative influence of n-TiO; on biodegradation of cellulose.

In order to explore this hypothesis, we determined the measured DOC and dissolved oxygen (DO) of the river
water inside the dialysis bag with and without n-TiO, over a week under laboratory conditions (Figure S9). In
both cases, DOC was increasing over a week; however, less increase was observed in presence of n-TiO,. Since
the control samples of the river water with and without n-TiO, showed a similar DOC, sorption cannot be the

determinant factor of the decreased DOC production inside the bag in presence of nanoparticles. Furthermore,
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497  DOC increasing occurred parallel to DO decreasing (Figure S9) with less reduction observed inside the dialysis
498 bag in presence of n-TiO, while the control samples of the river water with and without n-TiO, showed almost
499  the same DO. Therefore, we conclude that n-TiO, reduces the biodegradation of cellulose ester under laboratory

500 and field conditions.
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504 Figure 10: Van Krevelen diagram with intensity differences for river water inside the dialysis bags vs river

505 water. ARI values above 0.57 (red) were considered to indicate that the respective compound is enriched inside
506 the dialysis bags, and ARI values below 0.43 (blue) indicates the respective compound is depleted inside the
507 dialysis bag.

508

509 Sorption of DOM onto n-TiO;: ATR-FTIR

510 The ATR-FTIR spectra of n-TiO,, and n-TiO exposed to the river water are shown in Figure 11. There are two
511 bands in both samples, the peak around 1640 cm™ is attributed to the bending vibration of the O-H bond of
512  chemisorbed water and the broad peak around 3350 cm™ corresponds to the surface adsorbed water and hydroxyl
513  groups. A prominent band occurring at 430cm™ due to Ti-O, and Ti-O-Ti stretching vibration modes is shifted to
514 lower frequency after exposing to river water; * probably due to the interaction of Ti-O with the DOM of the
515 river water. The major functional groups in aquatic humic substances are carboxylic acid, hydroxyl, phenolic,

516 and carbonyl groups (1100-1700 cm™), * which were seen in the river water sample (Figure S10). After
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exposing n-TiO; to the river water, the band at 1400 cm™ (Figure 11) can be attributed to carboxylic acid groups
of the river water sorbed onto nanoparticles. The C-H stretching vibrations (CH,) between 2950-2850 clearly
indicate organic matter on the river exposed sample. In addition, the agglomeration of the nanoparticles in the

river media could cause the observed band broadening. *
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Figure 11: ATR-FTIR spectra of n-TiO,, and n-TiO, exposed to river water in field experiment.

Sorption of DOM onto n-TiO,: CHNS

Elemental analysis in Table 3 depicts that the carbon, nitrogen, hydrogen, and sulfur content of river water
(freeze-dried), n-TiO,, and n-TiO, exposed to river water. The CHNS-contents in n-TiO, exposed to River water
were higher than in pristine n-TiO, probably indicating the sorption of DOM onto n-TiO,. Figure 12 depicts the
Euclidean distances allows comparing the elemental composition of the three treatments where “A” is assigned
to n-TiO,, “B” to river water, and “C” to n-TiO, exposed to river water (A-B: 0.495 = 0.25, A-C: 0.528 + 0.24,
B-C: 0.0965 + 0.18). Since the point corresponding to n-TiO, exposed to river water is closer to the river water
than to the pristine n-TiO, (Figure 12: B-C < A-C), we conclude that the organic matter adsorbed onto the
nanoparticles under field condition does not experience strong fractionation. This results in an NOM-coating
chemically close to river water DOM. Furthermore, comparing the absolute absorbance values of the elements
depicted that although there is a high difference between the amount of river water in two samples of “B” and
“C” (250 ml of freeze-died river water in “B” compared to few pL of residual river water on n-TiO, in “C”), the
absorbance is comparable. Hence, contribution of the residual river water to the CHNS-signal of the

nanoparticles in river water is negligible. Combining the hints provided by EEM fluorescence, ATR-FTIR, and
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CHNS analyses, we can conclude that the sorption of DOM occurred under field condition and that the proposed
concept is valid.

Table 3 Elemental content (CHNS) in river water, n-TiO,, and n-TiO, exposed to River water

Element content (wt %) n-TiO, n-TiO, exposed to River water River water
C 0.012 1.23 6.15
H 0.057 0.18 1.53
N 0.107 0.26 1.29
S 0.13 0.74 4.84
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L KD
B ———
| e r
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Figure 12: Euclidean distances calculated from the normalized C-, H-, N-, and S-contents (four dimensional
space) of River water, n-TiO,, and n-TiO, exposed to River water where A-B: 0.495+0.25, A-C: 0.528 + 0.24, B-

C: 0.0965+0.18.

Conclusion

In this work, we introduced dialysis membrane as a passive reactor to produce nanoparticles with natural
coating. Such particles could be useful to study the fate and toxicity of nanoparticles under natural conditions.
Since nanoparticles from 20 nm are successfully retained in the reactor and most of the DOM can permeate
through the membrane and reach the nanoparticle surface, we conclude that the concept is valid. Furthermore,
the sorption of DOM onto n-TiO, was evaluated by ATR-FTIR and CHNS elemental analysis of the
nanoparticles before and after exposure to the river water which both depicted the occurrence of sorption under
applied conditions. Further validation will include testing the performance of the reactor under various
conditions and in differing surface waters. For exposure times longer than two days, the microbial activity due to

the degradation of the membrane may interfere with the sorption processes. Optimizing the membrane properties
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and sample preparation in order to minimize this effect can help in this respect. Finally, for future studies, more

advanced analytical methods are required to characterize NOM-engineered nanoparticles corona.
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