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HIGHLIGHTS

« The UV-Vis method can identify the
fingerprints of PSNPs and NOM in
their mixtures.

« Preferential adsorption of NOM to
goethite decreased NOM's specific
absorbance.

« The method performs well for PSNPs-
original NOM system with detection
limits of 7.4 and 20.8 mgC L™,
respectively.

« The method performs well for PSNPs-
fractionated NOM system with
detection limits of 27.5 and 31.2 mgC
L, respectively.

o The UV-Vis method can quantify the
NOM proportion that interacts with
the PSNPs.
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ABSTRACT

Nanoplastics (NPs) and natural organic matter (NOM) are ubiquitous and usually present simultaneously
in the environment. Both NPs and NOM can be adsorbed to minerals such as iron-(hydr)oxides, with such
interactions being important for controlling their fate in the environment. However, the quantification of
NPs and NOM in mixtures remains challenging even under controlled conditions in laboratory studies. In
this research, a UV-Vis method was established to quantify concentrations of NOM, such as humic acid
(HA) and fulvic acid (FA), and polystyrene NPs (PSNPs) in mixtures. In addition, both original NOM sam-
ples and those recovered following adsorptive fractionation using an iron oxide (goethite, a-FeOOH) were
mixed separately with PSNPs and their concentrations were further calculated via the developed UV-Vis
method. The UV-Vis method performed well (recovery of 100 + 16 %) with original NOM and PSNPs sys-
tem at detection limits of 20.8 and 7.4 mgC L™, respectively. Particularly, for original FA and PSNPs sys-
tems with carboxylic groups (PSNPs-COOH, 200 nm), a similar recovery rate could be obtained at
detection limits of only 2.5 and 1.9 mgC L', respectively. For fractionated NOM and PSNPs systems,
detection limits (31.2 mgC L~ and 27.5 mgC L™}, respectively) are increased to reach the same accuracy.
Furthermore, the UV-Vis method can be used to estimate the proportion of HA that is adsorbed to PSNPs.
The relative errors are < 13.7 % when the mass ratios of PSNPs and HA was between 1.6:1 and 8:1 and HA
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concentration was higher than 4.6 mgC L!. This method developed can be applied to future laboratory
research to investigate the interaction between NOM, NPs, and minerals.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

Millions of tons of plastic are produced and used in industry,
agriculture, and daily life each year [1]; consequently, plastic pol-
lution in the environment has become a serious health and safety
concern. Large plastic debris can break down into microplastics
(MPs, 1-5 mm) and nanoplastics (NPs, 1-1000 nm) through frag-
mentation processes under ultraviolet radiation (UV), biodegrada-
tion, and weathering [2-6]. As an emerging contaminant, NPs have
recently received considerable attention and are widely detected in
the air, sea, sludge, surface water and soil [7-11]. Compared to the
aquatic environment, there are more NPs in terrestrial environ-
ment [12]. NPs contain hazardous substances, such as bisphenol
A, phthalates, poly brominated diphenyl ethers, and heavy metals
used in coloring [13-15]. Additionally, owing to their large specific
surface area, surface charges, functional groups, and hydrophobic-
ity, NPs can adsorb contaminants, such as heavy metals and persis-
tent organic pollutants, and then co-migrate, further increasing
their environmental risk [16-19]. NPs can also be taken up by
plants and ingested by animals (such as the Japanese medaka Ory-
zias latipes), ultimately altering gene expression, causing stress
effects on the liver, and damaging the respiratory, digestive, and
circulatory systems of affected animals [20-22]. Therefore, it is of
great significance to study the environmental behavior of NPs in
the terrestrial system. The environmental behavior of NPs in soil
is mainly controlled by soil components, among which natural
organic matter (NOM) and minerals (such as iron-(hydr)oxides)
are the most important factors.

NOM, which is mainly derived from the residues of plants,
microorganisms, and animals, is widely present in soil. NOM
includes humic substances, which are classified as humic acid
(HA), fulvic acid (FA), and humin according to their solubility in
acidic and basic solutions [23]. Notably, previous studies have indi-
cated that NOM can interact with plastics [24,25]. For instance,
Shiu et al. [26] reported that dissolved organic matter (DOC)
tended to form particulate organic matter via its hydrophobic
interactions with NPs. Chen et al. [25] found that polystyrene
NPs (PSNPs) interacted with the aromatic structure of HA via m—
T conjugation, being surrounded by the carboxyl and C=0 bonds
in HA to form a highly conjugated co-polymer. These interactions
could affect the physical and chemical behaviors of both NOM
and plastics. For example, the presence of HA significantly inhib-
ited the aggregation of polyethylene glycol terephthalate NPs [27].

As a ubiquitous mineral with strong surface reactivity in soil,
iron-(hydr)oxides can act as an adsorbent for both NPs and NOM
[28,29]. It has been shown that the adsorption of PSNPs onto the
surface of iron oxide varied with the type of iron oxide [29], and
the adsorption of PSNPs on goethite was stronger than on mag-
netite [30]. The adsorption of NOM on iron-(hydr)oxides has also
been studied extensively and shown to involve adsorption mecha-
nisms such as electrostatic interaction, ligand exchange, cation
bridging, H-bonding, hydrophobic interaction, and van der Waals
interaction [28,31-37]. Moreover, preferential adsorption of cer-
tain fractions of NOM to iron oxides can occur owing to the chem-
ical heterogeneity and polydispersity of NOM [33,38-41]. Several
studies showed that the fraction of NOM with lower molar mass
exhibited greater affinity for goethite and hematite [33,42], while
another study indicated that larger molecules of FA and intermedi-
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ate sized molecules of HA were preferentially adsorbed to goethite
[41].

In studying NPs adsorption to iron oxide, the amount of
adsorbed NPs can easily be quantified by measuring NPs concen-
tration remaining in the supernatant after centrifugation; the same
approach holds for measuring adsorption of NOM to iron oxide.
However, in a solution consisting of both NPs and NOM, it is tech-
nically difficult to distinguish between the two components
because they are both in nanometer sizes and have similar mass
densities. Thus, many previous laboratory-based studies focused
on the characterization of NPs and NOM without quantification,
whereas others used plastics of larger sizes (e.g. 10 um) that could
be filtered out to quantify NOM remaining in the filtrate [43]. To
date, little laboratory-based research has been performed with
regard to multicomponent systems that include NPs, NOM, and
minerals, in part because of the lack of analytical methods that
can effectively quantify NPs and NOM in a fractioned equilibrium
solution. Moreover, in the soil, HA and FA usually coexist, and pref-
erential adsorption of certain fractions of HA and FA to iron oxide
have been observed [41]. Thus, the presence of fractionated NOM
through preferential adsorption renders the determination of
NOM and NP concentrations in a mixture even more challenging.

UV-visible light spectroscopy (UV-Vis) is a conventional and
convenient analytical method that is based on the principle that dif-
ferent substances have distinct light absorption spectra and inten-
sities caused by the transitions of electrons within their molecular
structures. Using the UV-Vis method, the concentrations of PSNPs
have been measured at wavelengths of 225, 227.5, and 250 nm
[44-46], whereas those of NOM (i.e., HA and FA) were measured
at 254, 365, and 465 nm [38,47,48]. A previous study also deter-
mined the PSNPs concentration at a wavelength of 227.5 nm in
the presence of NOM, in which the light absorption of NOM was
ignored [45]. However, the UV-Vis wavelength range over which
both NPs and NOM have light absorption overlaps; therefore, use
of a specific wavelength to determine the concentration either
NPs or NOM does not yield accurate results when the substances
are mixed together. Recently, an UV-Vis method for quantifying
HA and FA that have similar absorbance wavelength range has been
established, which used the characteristics of the whole spectra
over a wavelength of 230-600 nm instead of a single wavelength
and the relative error of this method is within 25 % when the con-
centrations of HA and FA are higher than 18 mgC L™! [49].

In this study, we aimed to establish a fast and convenient UV-
Vis method that can not only quantify the concentrations of both
NPs and NOM in a mixture but also determine the proportion of
NOM that interacts with the NPs. Moreover, as the properties of
NOM may change because of their preferential adsorption to min-
erals such as iron oxides, an additional challenge is to consider the
influence of this preferential adsorption on the analysis. In this
research, PSNPs with a diameter of 200 and 400 nm (PSNPs-200
and PSNPs-400) and PSNPs modified with —-COOH group with a
diameter of 200 nm (PSNPs-COOH-200) were used as model NPs,
as these have been used extensively in previous laboratory-based
studies [25,30,50]. HA and FA were chosen as representative
NOM while goethite as a representative iron oxide. Mixtures
involving PSNPs along with original and fractionated HA (HA-F)
or FA (FA-F) were used to establish and assess the UV-Vis method-
ology. To evaluate the feasibility, accuracy, and limitations of this
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method, the measured concentrations were compared to known
added values. This developed analytical method is expected to
advance future laboratory-based studies of ternary systems includ-
ing NPs, NOM, and iron oxide, which will contribute to further clar-
ification of the environmental behavior of NPs.

2. Material and methods
2.1. Primary materials

HA and FA were extracted from the A soil horizon collected
from a forest in Jilin Province, China (42°10'10.49” N, 124°37'25.
24" E) following the protocols of the International Humic Sub-
stances Society (IHSS). A detailed description of this procedure
can be found elsewhere [51,52]. The purified HA and FA were
freeze-dried and stored at 4 °C in the dark. The weight average
molar mass (M) of the HA and FA, measured using size exclusion
chromatography was 15.4 and 2.0 kDa, respectively; the fourier
transform infrared spectra (Nicolet iS20, Thermo Scientific, Wal-
tham, MA, USA) are shown in Fig. S1c. PSNPs (PSNPs-200, PSNPs-
COOH-200, and PSNPs-400) were obtained from Welab Biotechnol-
ogy Co. (Beijing, China) at a concentration of 5 % (w/v).

The carbon contents of HA, FA, PSNPs-200, PSNPs-COOH-200
and PSNPs-400 were 46.3, 40.0, 65.3, 73.2, and 65.0 %, respectively,
as determined by measuring the total organic carbon (TOC) con-
tents (MultiN/C 3100, Analytik Jena, Germany) in solutions of
known HA, FA, and PSNP concentrations. The HA stock solution
(1 gL~') was prepared by dissolving freeze-dried HA in NaOH solu-
tion at pH = 11, and that of FA (0.5 g L™!) was prepared by dissolv-
ing the freeze-dried FA material in ultrapure water. Then, both
stock solutions were equilibrated for 24 h and filtered through a
0.45-pum polyether sulfone filter. All the stock solutions of PSNPs
(1 g L71) were prepared by diluting the original suspension (5 %)
with ultrapure water.

2.2. Fractionation of HA and FA

To evaluate the effect of adsorptive fractionation on the quan-
tification of HA and FA, goethite suspensions with HA or FA were
prepared from the original stocks. Goethite was prepared accord-
ing to the procedures described in Hiemstra and Van Riemsdijk
[53]. The specific surface area of this goethite as measured using
Brunauer-Emmett-Teller adsorption isotherms, is 87.65 m? g!
and the pristine point of zero charge is pH = 9.3, as described in
our previous study [54]. The initial concentrations for HA were
250, 300, 350, and 400 mg L~! with 3.0 g L' goethite, designated
as HA-F250, HA-F300, HA-F350, and HA-F400, respectively. The
initial concentrations for FA were 100, 150, 200, and 250 mg L'
with 3.0 g L™! goethite, designated as FA-F100, FA-F150, FA-F200,
and FA-F250, respectively. For all mixtures, the ionic strength
was adjusted to 0.001 mol L~! using NaCl, and the pH was adjusted
to 6.0 using 0.01 mol L~! HCl and 0.01 mol L~! NaOH. After shaking
for two days at 20 £ 1 °C in the dark, the suspensions were cen-
trifuged (10000 rpm, 30 min), then the supernatant was filtered
through a 0.45-um filter and filtrate was considered as the frac-
tionated NOM. Then, the TOC content in the filtrate was measured
using a TOC analyzer, with the value regarded as the concentration
of fractionated NOM. The results showed that the percentage of HA
and FA adsorbed to goethite were 21.8-52.0 % and 33.2-90.3 %
respectively (Table S1).

2.3. Preparation of test solutions

In total, three series of test solutions of PSNPs, original HA and
FA as well as HA-F and FA-F were prepared (Table S2). In the first
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two series, mixtures of PSNPs were prepared with either original
(first series) or fractionated (second series) HA or FA at different
HA or FA to PSNPs ratios. These solutions were used to develop
the UV-Vis method. In the third series, mixtures of PSNPs were
prepared with varying concentrations of HA to evaluate the inter-
action of NOM with PSNPs. All test solutions were carried out in
triplicate and solutions containing only PSNPs, HA, or FA were also
prepared and used as controls. According to the results of trans-
mission electron microscopy (TEM, FEI Tecnai F20) and time-
resolved dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern
Instruments; Figs. S2 and S3), the addition of NOM in this study did
not induce the aggregation of PSNPs.

2.3.1. Series 1: Mixtures of original NOM with PSNPs at different total
concentrations and ratios

The original HA or FA were mixed with PSNPs (PSNPs-200,
PSNPs-COOH-200, and PSNPs-400) at total mass (HA or
FA + PSNPs) concentrations of 25, 50, 100, or 150 mg L}, and mass
ratios of HA or FA to PSNPs at 1:9, 1:3, 1:1, 3:1, and 9:1. To better
determine the accuracy of the UV-Vis method, a wide range of NPs
and NOM concentrations (2.5-135 mg L~!) were adopted, as
reported in previous laboratory-based studies [25,41,50,55]. Addi-
tionally, a ternary system containing HA, FA, and PSNPs (PSNPs-
COOH-200) was prepared at total concentrations of 100 and
150 mg L. The mass ratios of the total NOM (HA + FA) to PSNPs
were also 1:9, 1:3, 1:1, 3:1, or 9:1; the mass ratio of HA to FA
was kept constant at 1.5:1.

2.3.2. Series 2: Mixtures of fractionated NOM and PSNPs at different
total concentrations and ratios

HA-F and FA-F were prepared based on the percentage of HA or
FA adsorbed to goethite as determined by TOC assessment (Sec-
tion 2.2; Table S1). HA-F (HA-F250 and HA-F350) was prepared
from the filtrate of the 250 and 350 mg L~' HA with 3.0 g L™!
goethite, and FA-F (FA-F200 and FA-F250) was prepared from the
filtrate of the 200 and 250 mg L~! FA with 3.0 g L' goethite.
PSNPs-COOH-200 and PSNPs-200 were mixed with HA-F at a total
concentration of 100 mg L~! and with FA-F at a total concentration
of 80 mg L. The mixtures of HA-F or FA-F and PSNPs were pre-
pared at mass ratios of HA-F or FA-F:PSNPs = 1:9, 1:3, 1:1, 3:1,
and 9:1. Furthermore, a ternary system was prepared containing
HA-F350, FA-F250, and PSNPs—-COOH-200 at a total concentrations
of 150 mg L. The mass ratios of the total fractioned NOM (HA-
F350 + FA-F250) to PSNPs-COOH-200 in this system were 1:9,
1:3, 1:1, 3:1, or 9:1, and the mass ratio of HA-F350 to FA-F250
was kept constant at 1.5:1.

2.3.3. Series 3: Mixtures of original HA with PSNPs at different HA
concentrations

To further calculate the proportion of NOM that interacts with
the PSNPs, HA was selected as a representative NOM and different
concentrations (2.5, 5, 10, 15, 20, 25, 30, 40, 50, 80, and 100 mg L ')
were mixed with 40 mg L~! PSNPs-400. Additionally, another bin-
ary adsorption experiment was conducted with elevated concen-
trations of PSNPs-400 (200 mg/L) and HA (12.5, 25, 40, 50, 80,
and 100 mg L) to increase the proportion of HA interacted with
PSNPs. After reaching equilibrium, the mixtures were centrifuged
(10000 rpm, 30 min) and the supernatant was filtered through a
0.22-pm filter to remove the PSNPs-400; unabsorbed HA in the fil-
trate was directly measured using a TOC analyzer.

For all mixtures, the ionic strength was maintained at 0.001 mol
L~! using NaCl and the pH was adjusted to 6.0. Based on the pre-
liminary kinetic experiments (Fig. S4), the samples were equili-
brated on a shaker at 20 + 1 °C in the dark for seven days before
quantifying the concentrations of PSNPs, HA, or FA. TOC content
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was measured using a TOC analyzer and UV-Vis light absorbance
was measured as described in section 2.4.

2.4. UV-Vis spectroscopy

To avoid the influence of pH on the UV-Vis spectroscopic mea-
surements, 0.01 mol L~! phosphate buffer was used to adjust the
pH to 6.9 for each sample prior to the measurements. In addition,
samples with absorbance of > 1 unit were diluted to ensure the
accuracy of the UV-Vis measurement. The UV-Vis spectra of the
samples were collected using a spectrophotometer (UV-2700, Shi-
madzu, Kyoto, Japan) over the wavelength range of 200-600 nm
with a resolution of 1 nm. The relative error of instrument was
<3 % (Table S3). The detectable concentrations of HA and NPs were
determined by spectrophotometer (Fig. S5), and HA and NPs con-
centrations at 1 mg L~! could also be detected, which met our
experimental requirements (the minimum experimental concen-
tration is 2.5 mg L™'). The first order derivatives of the spectra
were acquired and smoothed using an interval of 17 data points
using Origin 8.5 software [56]. The PSNPs and NOM concentrations
in the mixtures were then derived using a fitting method estab-
lished as described in results and discussion.

3. Results and discussion
3.1. Mixtures of original NOM and PSNPs

3.1.1. UV-Vis spectra of the original NOM and PSNPs

The DOC-normalized UV-Vis spectra of the original NOM and
PSNPs differed significantly (Fig. 1a). The PSNPs (PSNPs-COOH-
200 and PSNPs-200) exhibited one distinct peak in the spectra
around 228 nm, whereas NOM showed no evident peaks. The
carbon-normalized specific absorbance of PSNPs—-COOH-200 was
higher than that of PSNPs-200 in the wavelength range of 200-
260 nm, whereas the specific absorbance of HA was higher than
that of FA over the entire wavelength range. The spectral difference
between PSNPs-COOH-200 and NOM was greater than that
between PSNPs-200 and NOM. Moreover, the trend of specific
absorbance decrement was slightly faster for PSNPs than for
NOM over 228-300 nm. However, the first order derivatives of
the DOC-normalized spectra (Fig. 1b) revealed only slight differ-
ences between the NOM and PSNPs at wavelengths > 300 nm,
which illustrated there was little difference in the shape of the
spectra between the NOM and PSNPs at a wavelength > 300 nm.

3.1.2. UV-Vis method development
If no interaction exists between NOM and PSNPs, the spectrum
of the mixture can be considered as a simple sum of the spectra of
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NOM and PSNPs based on Eq. (1a), and the concentrations of NOM
and PSNPs in mgC L' in an unknown mixture can be obtained
using Eq. (1b).

TSmixiy = otRnomi) + (1 — o) Rpsnps i) (1a)

where Ryowmgiy (L mgC~! cm™") and Rpsnps(i) (L mgC~! cm ™) represent
the specific absorbance of NOM or PSNPs in the reference spectra at
a certain wavelength of i nm. The reference spectra were obtained
by measuring NOM or PSNPs samples with a known concentration.
TSwixcy (L mgC~' cm™") represents the specific absorbance of the
mixture sample at the same wavelength (i nm); « is the NOM car-
bon mass fraction in the mixture and 1 - « is the PSNPs carbon mass
fraction in the mixture.

Cnom = & x TOCix

1b
Cosnps = (1 — o) x TOCyix (1)

where Cnom (mgc 1-1) and Cpsnps (MgC L) are concentrations of
NOM and PSNPs, respectively, and TOCpix (mgC L™1) is the TOC
concentration measured in the mixture.

However, interactions did occur between HA and PSNPs, likely
through hydrophobic interaction and - bonds [24,25]. Thus, to
reflect the influence of the interaction between the NOM and
PSNPs on the UV-Vis light absorbance, two additional parameters,
B and y, were introduced compared to Eq. (1a) as shown in Eq. (2a).

TSmix) = oBRnome) + (1 — o)) Resnps(i) (23)

where 8 and y are used to describe the change of specific absor-
bance for NOM and PSNPs caused by interactions between them,
expressed by Eq. S4. Therefore Eq. (2a) can be rewritten as follows:

TSmixy = ARnomi) + BRpsnps i) (2b)

where A = ¢ and B = (1 - «)y, assuming f and 7y are constants for
any wavelength; i.e., the interaction between NOM and PSNPs
changes the intensity of the spectra with the same proportion, but
the interaction does not change the shape of the spectra (Fig. S6).
A and B can be obtained by fitting the equation to the spectra of
the mixture of NOM and PSNPs, minimizing the sum of squared dif-
ferences between the measured and calculated total absorbance

(E(TSM|X<i) — TSMlx(i)(model))z) over the selected range of wave-

length. The NOM fraction («x = A/(A + B)) in the mixture can be
acquired using the fitted values of A and B. Then, the concentrations
of NOM and PSNPs can be calculated by combining « and the TOC
analysis of the mixture (TOCy;x) as described in Eq. (1b).

The method was tested in systems with original NOM and
PSNPs, using the entire wavelength range (200-600 nm) and two
sub-ranges (200-230 and 231-600 nm). These sub-ranges were
chosen because although the specific absorbance of NOM and

400 600
Wavelength(nm)

Fig. 1. Carbon normalized UV-Vis spectra and derivatives of the DOC-normalized UV-Vis spectra of the original HA, FA, and PSNPs.
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PSNPs differed most over 200-230 nm (Fig. 1), the stability and
replicability of the absorbance for the mixture are higher in the
range of 231-600 nm (Fig. S7). The instability of the spectra over
200-231 nm can be caused by interference of air and water mois-
ture. This interference is well known for far ultraviolet wave-
lengths (<200 nm). Taking the mixture of HA and PSNPs-200 as
an example, better recoveries (calculated as the ratio of the esti-
mated concentration to the known added concentration) were
obtained using the 231-600 nm wavelength range than those from
200 to 230 and 200-600 nm at different total (HA + PSNPs-200)
concentrations (Table 1). The HA recovery using spectra over
231-600 nm was 98.1-248.6 %, whereas the error became larger
using spectra over 200-230 nm (recovery of —72.1-729.5 %) and
200-600 nm (recovery of 52.3-604.4 %) wavelength ranges. Simi-
larly, the best recoveries (88.3-112.0 %) were obtained for
PSNPs-200 using spectra over 231-600 nm (Table 1). Thus, the
wavelength range over 231-600 nm was used to derive the con-
centrations of the original HA and PSNPs-200, yielding
100 + 16 % recovery for HA and PSNPs-200 with detection limits
of 20.8 and 1.7 mgC L™, respectively (Fig. 2). Additionally, HA
recovery within 100 + 16 % was also obtained when the mass frac-
tion of HA in the mixture was > 0.25, even though the HA concen-
tration in the mixture was < 20.8 mgC L. For example, HA
recovery improved from 248.6 % and 135.7 % at a mass fraction
of 0.1 and 0.25, respectively, to 100.3, 98.8, and 98.1 % at a mass
fraction of 0.5, 0.75, and 0.9 and a total concentration of 25 mg
L~! (with HA concentrations of 5.8, 8.7, and 10.4 mgC L™}, respec-
tively (Table 1). This may be because only a small proportion of HA
reacts with PSNPs when the mass fraction of HA is higher, and the
effect caused by such interaction on the UV-Vis method is smaller.

The wavelength region over 231-600 nm was also more suit-
able for measuring concentrations in the FA and PSNPs systems
with relatively higher recoveries obtained for FA and PSNPs than
those using spectra over wavelength ranges of 200-300 and 200-
600 nm (Table S4). In the FA and PSNPs-200 system, the recovery

Table 1
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was 100 + 16 % with FA and PSNPs-200 detection limits of 7.5
and 4.1 mgC L', respectively (Fig. S8a). Thus, compared to the
HA and PSNPs system, similar relative errors were obtained for
FA and PSNPs mixtures even at a relatively lower detection limit.
The better performance of the method for FA than for HA might
result from: 1) compared to HA, FA has more hydrophilic groups
(such as hydroxyl or carboxyl) and higher charge density
(Fig. S1c), resulting in weaker hydrophobicity and fewer interac-
tions with PSNPs; 2) the difference between FA and PSNPs of the
DOC-normalized UV-Vis spectra over 231-600 nm is larger than
that between HA and PSNPs (Fig. 1), which leads to easier discrim-
ination of FA and PSNPs.

3.1.3. Effects of a carboxylic functional group on PSNPs

For the mixtures of HA with PSNPs—-COOH-200, better measure-
ments were obtained using spectra over the 231-600 nm wave-
length range than those over 200-230 and 200-600 nm
(Table S5). The HA and PSNPs-COOH-200 recoveries derived using
the spectra over 231-600 nm were 56.0-100.5 % and 97.3-161.8 %,
respectively, across the total concentrations and HA to PSNPs pro-
portions evaluated. The estimated concentrations of the original
HA and PSNPs-COOH-200 were consistent with the added contents
(within 100 + 16 % recovery) for HA detection limit of 8.7 mgC L ™!
and PSNPs—-COOH-200 detection limit of 3.7 mgC L' (Fig. S8c).
Notably, as shown in Fig. 2, to achieve the same recovery
(100 + 16 %), a lower HA detection limit (8.7 mgC L~!) was required
than in the presence of PSNPs-200 (20.8 mgC L™!). The higher accu-
racy obtained in the system with PSNPs—COOH-200 (A < +2.9 mgC
L', Fig. S8c) compared to that with PSNPs-200 (A < 5.7 mgC L™},
Fig. 2) might result from the relatively weaker hydrophobicity of
PSNPs-COOH-200 (Figs. S1a and S1b), leading to a lesser interac-
tion with HA [26].

In the mixtures with FA, a similar effect of the carboxylic func-
tional group of PSNPs on the measurement was observed
(Table S4). The UV-Vis method also performed better in the system

Recoveries (%) for HA and PSNPs-200 derived from Eq. (1b) and (2b) using the UV-Vis spectra over 200-600 nm, 200-230 nm and 231-600 nm for mixture samples containing the

original HA and PSNPs-200.

HA mass fraction HA recoveries %

PSNPs-200 recoveries %

200- 200- 231-600 nm 200- 200-230 nm 231-

600 nm 230 nm 600 nm 600 nm
HA+ 0.1 604.4 729.5 248.6 60.3 50.5 88.3
PSNPs-200 0.25 164.5 1394 135.7 84.8 81.3 91.6
25 mg/L 0.5 158.3 158.7 100.3 58.7 58.5 99.8
0.75 148.9 124.6 98.8 46.3 47.8 102.7
0.9 112.9 97.5 98.1 53.5 116.2 112.0
Average 237.8 249.9 136.3 60.7 70.9 98.8
s.d. 184.2 240.7 57.9 13.0 25.5 8.4
HA+ 0.1 231.8 2304 199.5 89.6 89.8 92.2
PSNPs-200 0.25 209.5 229.7 127.9 74.2 69.4 93.4
50 mg/L 0.5 131.5 1241 111.7 77.7 82.9 91.7
0.75 121.9 109.9 103.1 53.6 78.9 93.4
0.9 105.5 94.1 99.0 65.2 137.8 106.7
Average 160.0 157.6 128.2 72.0 91.8 95.5
s.d. 50.7 59.9 37.0 12.1 24.0 5.7
HA+ 0.1 77.0 96.1 158.5 101.8 107.9 95.4
PSNPs-200 0.25 132.8 137.1 133.6 923 91.2 92.1
100 mg/L 0.5 128.9 136.5 111.6 79.6 74.2 91.8
0.75 66.7 71.2 100.6 170.9 161.3 98.7
0.9 829 90.4 1024 209.1 161.4 103.7
Average 97.6 106.2 1214 130.7 119.2 96.3
s.d. 27.6 26.3 22.0 50.4 36.0 4.5
HA+ 0.1 523 -72.1 1333 103.8 113.6 97.4
PSNPs-200 0.25 161.6 1914 126.6 85.5 78.4 93.7
150 mg/L 0.5 75.0 75.0 116.3 117.7 117.7 88.4
0.75 119.2 111.0 99.2 59.2 76.6 101.8
0.9 77.0 84.6 99.4 246.7 198.0 104.2
Average 97.0 78.0 115.0 122.6 116.8 97.1
s.d. 38.8 85.5 139 65.1 44.0 5.6
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Fig. 2. Retrieved and nominal concentrations of HA and PSNPs-200 in their mixtures measured with the UV-Vis approach proposed using spectra covering the range of 231-
600 nm. The solid line indicates the 1:1 line, and the dashed lines indicate boarders with an uncertainty (A) of + 5.7 mgC L™". The grey shadowed area indicates that larger
deviations (>16 %) can be found at lower concentrations (<20.8 mgC L~! for HA and < 1.7 mgC L~ for PSNPs-200).

with PSNPs-COOH-200 than with PSNP-200. A recovery of
100 + 16 % could be achieved at an FA detection limit of 2.5 mgC
L' and PSNPs-COOH-200 detection limit of 1.9 mgC L™!
(Fig. S8b), whereas in the FA and PSNPs-200 system the same
recovery could be obtained with FA and PSNPs-200 detection limits
of 7.5 and 4.1 mgC L', respectively (Fig. S8a).

3.1.4. Effects of PSNPs size

PSNPs-400 exhibited a different UV-Vis spectrum than PSNPs-
200, with a lower specific absorbance over the 200-280 nm wave-
length range and a higher specific absorbance over 280-600 nm
(Fig. S9). Specifically, the PSNPs-400 peak was lower and broader
than that of PSNPs-200 and the top of the peak shifted from 228
to 252 nm.

Similar to the other treatments, better accuracy was obtained
based on the spectra over the 231-600 nm wavelength range for
the HA and PSNPs-400 mixtures (Table S5). Moreover, the derived
concentrations of HA and PSNPs-400 were in agreement with the
known added concentrations with absolute error < |3.7] mgC L~!
(Fig. S8d). The relative error was <16 % at an HA detection limit
of 17.3 mgC L~! and PSNPs-400 detection limit of 4.1 mgC L.
These limits of detection are somewhat lower than those in the
mixtures with smaller PSNPs (PSNPs-200). The better accuracy
for the larger PSNPs might be due to their smaller specific surface
area, resulting in decreased interactions with NOM [25].

3.1.5. Ternary system of original HA, FA, and PSNPs

In the natural environment, HA and FA are often present simul-
taneously. Thus, the established UV-Vis method was further tested
in a ternary system consisting of HA, FA, and PSNPs. Accordingly,
another NOM composite was introduced into Eq. (2b) to calculate
the concentrations of HA, FA, and PSNPs (Eq. S1 and S2). As
expected, the more complicated ternary system required higher
HA, FA, and PSNPs-COOH-200 detection limits (13.9, 8, and 7.4
mgC L~'; Table S6 and Fig. S10) than the binary system (8.7, 2.5,
and 3.7 mgC L !; Fig. S8c and S8b) to obtain the same recovery
(100 = 16 %), which might result from the complex interactions
among the components (HA, FA, and NPs) and the similar spectra
of HA and FA.

3.2. Mixtures of fractionated NOM with PSNPs

3.2.1. UV-Vis spectra of fractionated NOM
The DOC-normalized UV-Vis spectra of HA-F and FA-F are
shown in Fig. 3a and 3c, respectively. Compared to that of HA
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and FA, the specific absorbance of HA-F and FA-F decreased while
the shape of the spectra showed minimal change, similar to the
findings of Xu et al. [49]. The first order derivatives of the DOC-
normalized spectra revealed only slight differences between the
original and fractionated HA and FA, further confirming that the
spectra shape remained largely unaltered following adsorption to
goethite (Fig. 3b and 3d). Therefore, the determination of the frac-
tionated NOM and PSNPs could still be based on the shape of their
spectra of the original NOM using Eq. (2b).

3.2.2. Binary system of HA-F and PSNPs

To obtain the same accuracy (100 + 16 %), higher concentrations
of HA and PSNPs were required for the HA-F compared to that of
HA. For example, in the mixture of HA-F350 and PSNPs-200, detec-
tion limits of 34.7 and 49 mgC L~! were required respectively to
reach a relative error of < 16 % (Table S7 and Fig. S11a). Consistent
with the HA and PSNPs systems, the UV-Vis method could be bet-
ter applied with HA-F in the presence of PSNPs with carboxylic
groups (PSNPs—COOH-200). A recovery of 100 + 16 % for HA-F350
and PSNPs-COOH-200 could be achieved with detection limits of
23.1 and 7.4 mgC L7}, respectively (Table S7 and Fig. S11b). The
lower accuracy of the method for HA-F than that of HA could be
attributed to several factors: 1) HA with higher charge density
was preferentially adsorbed onto goethite [41], leaving the less
charged and more hydrophobic HA (HA-F) in solution, which
may interact with PSNPs to a greater degree than HA; 2) there
are differences between the spectra of the original HA and HA-F
(Fig. 3a), although Rnom(iy used in Eq. (2b) was acquired by the orig-
inal HA. Additionally, the reliability of the method decreased for
the mixture of HA-F250 and PSNPs-COOH-200 compared with that
in the presence of HA-F350 (Table S7 and Fig. S11c). The higher
degree of adsorption to goethite for HA-F250 (52.7 % adsorbed)
than HA-F350 (33.3 % adsorbed; Table S1) likely led to larger
changes in the properties and spectra of HA-F250, which then
interfered with the measurement.

3.2.3. Binary system of FA-F and PSNPs

FA-F samples with different initial FA concentrations (FA-F250
and FA-F200) were selected to mix with PSNPs-COOH-200 to fur-
ther test the UV-Vis method. The retrieved concentrations of FA-
F250 and PSNPs-COOH-200 agreed with the known added concen-
trations for FA-F250 and PSNPs-COOH-200 detection limits of 16.0
and 5.9 mgC L™, respectively (Table S8 and Fig. S11d). However,
for the FA-F200 and PSNPs-COOH-200 system, a deviation
of < 16 % could only be achieved with FA-F200 and PSNPs-
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COOH-200 detection limits of 23.9 and 14.6 mgC L™, respectively
(Table S8 and Fig. S11e), further indicating that the fractionation
degree of NOM following interaction with the iron oxide influ-
enced the accuracy of the UV-Vis method.

3.2.4. Ternary system of HA-F, FA-F, and PSNPs

The UV-Vis method was next applied to a ternary system con-
taining HA-F350, FA-F250, and PSNPs-COOH-200 at a total concen-
tration of 150 mg L' (see Section 2) and the data were processed
according to Eq. S1 and S2. However, the relative error of this
method was within 16 % for only HA-F350, FA-F250, and PSNPs-
COOH-200 detection limits of 31.2, 18, and 27.5 mgC L™, respec-
tively (Table S9 and Fig. S12), which were higher than those in
the binary systems with PSNPs-COOH-200 and HA-F350 (23.1
mgC L' for HA-F350 and 7.4 mgC L~! for PSNPs—-COOH-200;
Fig. S11b) or FA-F250 (16 mgC L~! for FA-F250 and 5.9 mgC L'
for PSNPs-COOH-200; Fig. S11d).

Thus, compared to the original NOM, fractionated NOM exhib-
ited lower absorbance values and interacted more strongly with
PSNPs owing to its higher hydrophobicity, leading to larger mea-
surement errors. Additionally larger NOM fractionation degrees
resulted in larger deviations of the calculated values from the
known added values. Nevertheless, our results indicate that the
UV-Vis method is an appropriate analytical methodology (within
a 16 % error) for quantifying the concentrations of PSNPs and orig-
inal and fractionated NOM in a mixture when their detection limits
are high (20.8 mgC L' for NOM and 7.4 mgC L~! for PSNPs in the
NOM and PSNPs systems as well as 31.2 mgC L~ for NOM and 27.5
mgC L~! for PSNPs in fractionated NOM and PSNPs systems) and
the fractionation degree of NOM is small (<33.2 %).
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3.3. Proportion of NOM that interacts with PSNPs

The UV-Vis method developed here determines the total con-
tents of NOM and PSNPs in the mixture while making no distinc-
tion between the “adsorbed” versus the “free” (not interacting
with PSNPs) NOM. Thus, HA was added at a series of concentra-
tions to equivalent amounts of PSNPs. In this experiment, PSNPs-
400 were used as they could be filtered to determine the “free”
NOM concentration using TOC analysis and the proportion of
NOM that interacts with PSNPs could be further calculate (P, in
Fig. 4 and Table S10), which was used to validate the results using
the UV-Vis spectra (Section 2.3.3). Assuming that the special
absorbance of HA adsorbed to PSNPs (Rua-aq(;)) is negligible (see
Eq. S3 and Fig. S13a), whereas those of HA in solution and PSNPs
remain the same as the spectra of their original samples
(Fig. S6a). The following equations (Eq. (3a) and (3b)), modified
from Eq. (2b), were used to calculate the percentage of HA
adsorbed to PSNPs (P;%). P; was then compared with the results
obtained using the filtration method (P,).

AMIX(i)=A'RHA(1)+BIRPSNPs(i) (33)

_ Via + Vosnes — (A + B)

P Via

(3b)

where Ayixqi) (cm™1) represents the absorbance of the mixture sam-
ple measured at a certain wavelength i nm, and Ryagi) (L mgC 'cm ™)
and Rpsnps(i) (L mgC~! cm™") are the specific absorbance of NOM or
PSNPs in the reference spectra at a certain wavelength i nm. A’
(mgC L") and B’ (mgC L") can be obtained by fitting the equation
to the spectra of the mixture of HA and PSNPs, minimizing the sum
of squared differences between the measured and calculated total
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absorbance (Z(AMIX@) — AM.X(i)(modeD)z) over the selected wave-

length range. A’ represents the concentration of “free” HA; B’ repre-
sents the concentration of PSNPs. P; represents the percentage of
HA that was adsorbed to PSNPs, and Vjj4 and Vpsyps are the added con-
centrations of HA and PSNPs, resepectively. Based on the results dis-
cussed, the calculation was fitted using the spectra over 231-600 nm.

Under constant PSNPs-400 concentration (40 mg L™ 1), the P,
was in reasonable agreement with P, at an initial HA concentration
of > 10 mg L~! (4.6 mgC L™!; Fig. 4 and Table S10). In general, P,
was lower than P,, which could be explained by the assumption
that the adsorbed HA does not contribute to the measured light
absorbance. The relative error was lower (5.9-13.7 %) with higher
mass ratios of initial PSNPs to HA (>1.6:1), whereas the error
increased (23.7-37.9 %) with a decrease in the mass ratios of PSNPs
to HA (<1.3:1) despite the initial HA concentration being > 30 mg
L~! (Fig. 4 and Table S10). HA adsorption onto PSNPs could be rep-
resented by the Freundlich isotherm; the high-energy sites of the
PSNPs were occupied first, followed by lower-energy sites [43].
With a decrease in the mass ratios of PSNPs to HA, the loading of
HA on PSNPs increased; accordingly, lower-energy sites might be
occupied and could not quench the special light absorbance of
adsorbed HA (Rua_aqi)) completely. Thus, a larger deviation
between Rua_.q¢ and the assumed negligible light absorbance of
adsorbed HA was observed (Fig. S13b), leading to bigger relative
errors between the calculated and measured values. To further ver-
ify the assumption that the mass ratios of PSNPs to HA constituted
a crucial factor for the performance of the UV-Vis method, the con-
centration of PSNPs-400 was further increased to 200 mg L™, then
mixed with different concentrations of original HA (12.5, 25, 40,
50, 80, and 100 mg L™!) to increase the mass ratios of PSNPs to
HA. The relative errors (0.7-8.0 %) were acceptable with the higher
mass ratios of PSNPs to HA (2:1-8:1; Fig. 4 and Table S10), consis-
tent with the posited mechanism. However, the relative errors
increased to 28.0 % when the mass ratio of PSNPs to HA increased
to 16:1, possibly caused by the very low amount of HA left unad-
sorbed (Section 3.1.2). Therefore, the accuracy of the UV-Vis
method can be affected by the mass ratios of PSNPs to HA and by

342

HA concentration. Better estimation (relative errors < 13.7 %) of
the HA proportion that reacted with NPs could be obtained with
mass ratios of PSNPs to HA between 1.6:1 and 8:1 and HA concen-
trations of > 10 mg L' (4.6 mgC L) under the experimental con-
ditions evaluated (Fig. 4 and Table S10).

4. Conclusion

This study established a convenient and easily assessable
method based on the UV-Vis spectrum and TOC analysis to quan-
tify the concentrations of PSNPs and NOM (HA and FA) without and
following adsorptive fractionation by an iron oxide (goethite, o-
FeOOH); the proportion of HA interacting with the PSNPs was also
estimated. The accuracy of the method depends on the type and
fractionation degree of NOM, and on the functional groups and par-
ticle size of NPs. The relative error is within 16 % when the concen-
trations of NOM and NPs are higher than 20.8 mgC L~! and 7.4 mgC
L' respectively for the original NOM and PSNPs systems and
higher than 31.2 mgC L~! and 27.5 mgC L™ respectively for frac-
tionated NOM and PSNPs systems. Additionally, this UV-Vis
method can better estimate the proportion of HA that reacted with
NPs for NPs-to-HA mass ratios between 1.6:1 and 8:1 and HA con-
centrations of > 4.6 mgC L' under the experimental conditions
evaluated. The methodology established here serves as a founda-
tion to facilitate future laboratory-based research on the interac-
tions among NOM, NPs, and iron oxides, although further studies
are still needed to improve the performance of this method and
to broaden the application of this method. In the future, fluorescent
spectrometry can be combined with UV-Vis method to determine
the concentration of NOM in the mixture. In addition, the content
of N, S, and P elements in mixtures can be measured to increase the
accurancy of NOM content determination.
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