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Abstract: The environmental release of zinc oxide nanoparticles (ZnO-NPs) may have
consequences for ecosystems. The behavior and environmental effects of ZnO-NPs could
change due to their interactions with other existing substances. This research explored
how the presence of coexisting organic pollutants (like tetrabromobisphenol-A (TBBPA)),
electrolytes (such as NaCl and CaCl2), natural organic materials (including humic acid
(HA)), and bovine serum albumin (BSA) in simulated water affected the behavior of ZnO-
NPs. Various characterization techniques were used to analyze the size, shape, purity,
crystallinity, and surface charge of ZnO-NPs following interactions (after one day, one
week, two weeks, and three weeks) at pH 7. The findings demonstrated changes in both
the size and zeta potential of the ZnO-NPs in isolation and when TBBPA and electrolytes
were included in the suspension. The size and surface charge exhibited different variations
across fixed concentrations (5 mM) of various electrolytes. HA and BSA contributed to
the dispersion of ZnO-NPs by affecting the zeta potential. These dispersion effects were
also observed in the presence of TBBPA and salts, attributed to their substantial aliphatic
carbon content and complex structures. Potential interaction forces that could explain the
adsorption of TBBPA include cation bridging, hydrophobic interactions, hydrogen bonding,
electrostatic interactions, and van der Waals forces. The co-occurrence of organic pollutants
(TBBPA) and natural organic compounds (HA and BSA) can alter the surface properties
and behavior of ZnO-NPs in natural and seawater, aiding in the understanding of the fate
and impact of engineered nanoparticles (such as ZnO-NPs) in the environment.

Keywords: zinc oxide nanoparticles; tetrabromobisphenol-A; salts; adsorption; zeta
potential; aggregation

1. Introduction
Zinc oxide nanoparticles (ZnO-NPs), a type of inorganic mineral filter, are widely

incorporated into various consumer products, such as cosmetics, paints, electronics, and
textiles. Their popularity stems from their ability to effectively absorb and reflect ultraviolet
(UV) radiation, providing protection and enhancing product durability [1–3]. ZnO-NPs
are commonly produced inorganic substances, having around 10 million tons of total
worldwide output [4,5]. ZnO-NPs rank as the third most widely produced metal-based
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ENPs worldwide, following silicon dioxide (SiO2) and titanium dioxide (TiO2), with annual
production estimates ranging from 550 to 33,400 tons. Their release into water, soil, and
sediments raises concerns about potential environmental risks, as their nanoscale size,
high surface-area-to-volume ratio, and toxic properties can negatively impact various
organisms, including plants, animals, microbes, and humans [6–8]. Adverse effects on
marine life, such as sea urchins, have been documented [9], and daphnia [10], mammals [11],
earthworms [12], marine diatoms (Thalassiosira pseudonana) [13], and plants [14] have also
been reported. Likewise, the accumulation and harmful effects of ZnO-NPs from sunscreens
in seawater have been documented [15]. Studies show that exposure to these nanoparticles
can lead to growth inhibition, DNA damage, and oxidative stress in marine algae [15].

Various modeling studies based on material flow suggest that ZnO-NPs are released
into surface water at concentrations ranging from 0.008 to 0.055 µg/L, while wastewater
treatment plant effluents contain between 0.34 and 1.42 µg/L [16,17]. Estimated concen-
trations of ZnO-NPs in different natural environments have also been reported, including
sediment (1.8–5.7 µg/kg/y), soil (6.8–22.3 µg/kg/y), and sludge (136–647 µg/kg/y) [18].
In the United States, wastewater treatment influent has been found to contain ZnO-NPs
at levels between 20 and 212 µg/L [19]. Additionally, studies have detected the release of
engineered nanoparticles (ENPs), including ZnO-NPs, from sunscreens into swimming
pool water [20]. It is estimated that around 10–25% of manufactured ZnO-NPs may enter
the environment and accumulate in freshwater systems [21]. The release of ZnO-NPs up to
0.05–10 µg/L (estimated based on model studies) in surface waters in the United States has
been investigated [22].

The physical, chemical, and eco-toxicological behaviors of ZnO-NPs are critical for risk
assessment upon their release into natural environments (e.g., recreational and swimming
waters, wastewater and seawater bodies). Environmental factors, such as electrolytes, pH,
organic and inorganic compounds, polymers, light, and heat, can significantly influence
the behavior and toxicity of ZnO-NPs [23–25]. These interactions can have a substantial
impact on their fate and behavior. The presence of proteins, such as BSA, humic substances,
ultraviolet radiation, and salinity, can affect their interaction mechanisms [25–27]. For
instance, organic pollutants, like brominated flame retardants, including polybrominated
diphenyl ethers and hexabromocyclododecane, influence the physicochemical properties of
ZnO-NPs in aqueous environments under certain conditions [28,29]. However, the potential
formation of complex compounds through interactions with metal oxides and polymeric
substances has not been accounted for. Studies indicate that upon interacting with HA,
ZnO-NPs undergo dispersion and exhibit alterations in surface charge [30]. Electrolytes
influence the stability of ZnO-NPs, leading to agglomeration at high salt concentrations due
to electrical double-layer compression and reduced energy barriers [31–33]. The electrostatic
attraction between BSA and the ZnO-NPs surface promotes adsorption, leading to reduced
agglomeration and flocculation [34]. The hydrophobic nature of organic pollutants assists
them in interacting with and sorbing onto the active sites of ZnO-NPs in aquatic systems.
This process is driven by electrostatic and hydrophobic interactions, π–π stacking, van der
Waals forces, ligand exchange, hydrogen bonding, and molecular bridging effects [35,36].

TBBPA remains one of the most widely used brominated flame retardants. In 2016,
around 241,352 tons were produced, primarily in China, the USA, and the Middle East [37].
China produces approximately 180,000 tons of TBBPA annually [37]. TBBPA is primarily
used in epoxy resins and polycarbonate, which are found in products such as electronics,
furniture, keyboards, and other items [38]. TBBPA has been detected in indoor air and
dust [39,40], sediments [41], soils [42], water [43], and sewage sludge, leading to its presence
in the food chain [44]. TBBPA levels have been reported in various water bodies worldwide.
In the River Skerne, a tributary of the River Tees in England, concentrations ranged from
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undetectable to 9800 ng/g dw. An unidentified river in the Netherlands had concentrations
between 0.1 and 130 ng/g dw [45], while levels in South Korea’s Nakdong River varied
from 0.05 to 150 ng/g dw [46]. In eastern and southern China, TBBPA was found at
concentrations ranging from below detection limits to 4870 ng/L [47]. Similarly, in the
USA, measurements in the Detroit River and other industrial areas revealed concentrations
between 600 and 1840 ng/L [45]. In China, TBBPA levels of <0.4 to 259 ng/g dry weight
were detected in 52 sludge samples from 30 wastewater treatment plants [48].

The release of TBBPA and its derivatives leads to widespread contamination through
multiple pathways, particularly when TBBPA interacts with co-contaminants. The co-
presence of TBBPA with other compounds in water may impact the fate and behavior
of zinc oxide NPs, but knowledge of the interaction mechanisms involved is currently
lacking [25,28,49]. This research highlighted altered behavior of ZnO-NPs when interacting
with TBBPA, an organic contaminant, under different environmentally relevant conditions
in the water. Specifically, the study evaluated the changes in the physicochemical properties,
particle size colloidal stability, and ZnO-NPs’ zeta potential before and after they interacted
with TBBPA in simulated aquatic environments containing electrolytes, bovine serum
albumin (BSA), and humic acid (HA). The findings are crucial for evaluating the potential
exposure to ZnO-NPs and associated contaminants under specific water conditions.

2. Materials and Methods
2.1. Chemicals

ZnO-NPs and electrolytes were acquired from Sigma-Aldrich Australia (Melbourne),
and their properties were detailed in a previous study [28]. Briefly, most nanoparticles
were less than 100 nm in diameter, with some particles reaching ≥100 nm due to ag-
glomeration. X-ray diffraction (XRD) analysis confirmed that these samples exhibited a
hexagonal wurtzite structure. TBBPA (3,3′,5,5–tetrabromobisphenol-A, 97%, CAS: 79-94-7,
C15H12Br4O2, MW: 543.87 g/mol, mp: 178–181 ◦C), HA (humic acid technical, CAS:
53680-50G), and BSA (bovine serum albumin lyophilized powder, ≥96%, CAS: 9048-46-8,
water soluble at 40 mg/mL for agarose gel electrophoresis) were also purchased from
Sigma-Aldrich Australia and used in the study.

2.2. Interaction Between ZnO-NPs and TBBPA

To prepare the stock suspension of ZnO-NPs, 0.1 g of ZnO-NPs was added to 1 L of
Milli-Q water and sonicated for 10 min. Different TBBPA concentrations were synthesized
in Milli-Q water with the ZnO-NPs suspension (0.1 g/L), specifically, 0, 0.5, 1, 10, 50, 100,
200, and 500 µg/L, as well as 1, 5, and 10 mg/L. The increased levels of TBBPA were
utilized to enhance the observable effects of interactions measurable by the zeta sizer and
particle size analyzer, aiding in the comprehension of the interaction mechanisms. Detecting
such alteration effects at environmentally relevant concentrations of TBBPA is challenging
because of the constraints in characterization procedures. NPs underwent analysis through
techniques including size assessment, zeta potential measurement, dissolution testing,
adsorption analysis, TEM, and infrared, both before and following their association with
TBBPA at different time points, specifically after one day, and one, two, and three weeks,
to evaluate the alterations in behavior of associating NPs compared to the behavior of the
pure ones.

Fixed concentrations (such as 5 mM) of two salts (such as NaCl and CaCl2) were
utilized to examine their impact on NPs’ stability both independently and in conjunction
with TBBPA. The influence of HA was also assessed with and without the presence of 10
and 500 µg/L of TBBPA. To prepare the stock solution, HA was added in 0.1 M NaOH
solution. Zinc oxide NPs and HA mixers in a range of concentrations were prepared with
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or without TBBPA. Additionally, the effects of BSA, another organic compound found in
nature, on the behavior of ZnO-NPs were studied regarding any modifications in size,
shape, and zeta potential of NPs in relation to TBBPA, electrolytes, HA, and BSA.

The dispersed samples were subjected to centrifugation at 18,407 RCF (relative cen-
trifugal force) for 30 min using an Eppendorf Centrifuge 5424 (Sigma-Aldrich, Taufkirchen,
Germany). The supernatants were transferred into new 10 mL centrifuge tubes for sub-
sequent analyses, including dissolved zinc and LC–MS analysis. The quantity of TBBPA
that adhered to dissolved NPs was assessed after interactions of one day and two weeks.
The amount (mg/g) of TBBPA that was adsorbed (Qt) was calculated using the formula:
Qt = (C0−Ct)∗V

W , where C0 and Ct denote the concentrations of TBBPA in the aqueous
solution (µg/L or mg/L) before and following the sorption experiments, respectively. Here,
V (mL or L) indicates the volume of the solution, while W represents the mass (mg or
g) of the ZnO-NPs. Sample pH was kept at 7 by employing a buffer made of potassium
dihydrogen phosphate.

2.3. Characterization Techniques

To study morphological changes, including those in water suspensions and after
exposure to TBBPA, HA, BSA, and salts, nanoparticles were deposited on TEM grids for
observation. Surface areas of ZnO-NPs were analyzed using a Micromeritics TriStar II
system, an X-ray diffraction (XRD) system (Empyrean Malvern Panalytical), and field
emission scanning electron microscopy (FE-SEM), as described in previous research [28].
FTIR was utilized to detect interactions (functional groups). ZnO-NPs were isolated from
the suspension through high-speed centrifugation before FTIR analysis. Changes in NPs’
charge and size, individually and after exposure to TBBPA, HA, BSA, and electrolytes
in Milli-Q water, were examined using a Malvern Panalytical Zetasizer. The dissolved
zinc concentration was determined through inductively coupled plasma optical emission
spectroscopy (ICP–OES; Agilent, Manchester, UK). Additionally, an Agilent LC–MS system
was employed to quantify TBBPA adsorption and its associations.

3. Results and Discussion
3.1. Interaction Between ZnO-NPs and TBBPA

Changes in the surface structure, particle dimensions, and ZnO-NPs’ surface charge
were noted after they interacted with different concentrations of TBBPA. NPs’ electric
potential and size were measured after one day, one, two, and three weeks of exposure
(see Figures 1 and S1). To verify interactions, TBBPA adsorption and FTIR analysis were
conducted (refer to Figure 2a,b). The levels (concentrations, mg/L) of dissolved Zn were
assessed both beforehand and following interactions with TBBPA (illustrated in Figure 2c).
TEM analysis was carried out (after zero and one day of interaction) to examine the
characteristics of NPs (depicted in Figures 3 and S2).

Size and surface charge: Changes in both surface charge and particle size were noted
after interacting with different concentrations of TBBPA. When varying amounts of TBBPA
were added to zinc oxide NPs (one day), the peak of the particle size distribution curve
(PSDC) for the ZnO-NPs remained within the range of 143 to 222 nm, while the overall
particle size varied from 106 to 955 nm (Figures 1a and S1a). Minor fluctuations in size at
the peak of PSDC and across measured sizes after one day could result from the relatively
short duration of contact between the nanoparticles and TBBPA. These results indicate that
the interaction (ZnO-NPs + TBBPA) could depend on the duration of their coexistence. A
notable elevation in size was perceived after a week of association (peak of PSDC rising to
166–222.5 nm). There was no observed upward trend in particle size from concentrations
of 0.5 to 100 µg/L TBBPA. Nevertheless, there was a rise in the peak of size when the
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concentration of TBBPA rose from 200 µg/L to 10 mg/L. The variation in size distribution
of nanoparticles was affected by TBBPA due to coating or adsorption of organic materials on
the surface [24,25]. Throughout the interaction period, ZnO-NPs showed an increase in size,
with notable growth observed (one day to three weeks). Enlargement could be due to the
formation of large particles or subsequent sedimentation because of particles’ associations
with each other. Initially, NPs were uniform in size following suspension preparation, but
after one week of interaction, the particles became nonuniform (polydisperse). TBBPA may
block the active sites of the nanoparticles, keeping them dispersed [50,51], which could be
reflected by the ZnO-NPs’ sizes.
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one week, −11.3 mV for two weeks, and −9.0 mV for three weeks. Where, “-” represents minus sign
in Figure 1b.

The analysis of TEM showed NPs’ dispersion and size reduction after 0 h and 1 day
of interaction (refer to Figure 3). The particles observed between one and three weeks
appeared in a polydisperse state, also indicated by their zeta potential (see Figure 1b).
Adsorption analysis was conducted to measure the quantity of TBBPA that adhered to NPs,
as detailed in the subsequent segment.

A decline in electrokinetic potential resulting from particle-to-particle interactions was
noted from one day to three weeks of engagement. Nonetheless, the inclusion of different
concentrations of TBBPA postponed the rapid reduction in electrokinetic potential over
various periods. The changes in the electrical potential suggested that TBBPA covered
the surface of the large structure of the ZnO-NPs and reversed their aggregation as the
zeta potential increased. The values of zeta potential indicated that the ZnO-NPs showed



Toxics 2025, 13, 148 6 of 20

increased stability in solution due to their distribution in the presence of TBBPA. This
dispersion behavior could be linked to the extensive molecular structure of TBBPA, which
likely coats the surface of the nanoparticles. This process is similar to the interaction
between humic substances and NPs [25–28,52,53].
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Figure 3. TEM analysis of the ZnO-NPs before and after one day of interaction with TBBPA. Bare ZnO-
NPs (a–d), ZnO-NPs + 0 µg/L TBBPA after one day of interaction (e–h), and ZnO-NPs + 10 mg/L
TBBPA after one day of interaction (i–l). From left to right, the scales of images are 100 nm, 50 nm,
20 nm and 5 1/nm.

However, an increase in size was observed with a relatively small decrease in zeta
potential from 500 µg/L to 10 mg/L of TBBPA after one week. With aging, the polydis-
persity of NPs increased (unequal attachment of the large molecular structure of TBBPA,
affecting the overall size). TBBPA is a molecule with two hydroxyl groups and four
bromine atoms attached to a central phenyl ring. Owing to the ionization characteristics
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of TBBPA in water [54], it can undergo ionization due to the presence of its hydroxyl
groups. The presence of more hydroxyl groups due to higher TBBPA concentrations re-
strained the overall surface charge to a greater degree than their size. The diffraction
pattern (Figure 3l) of ZnO-NPs + 10 mg/L TBBPA after one day was more amorphous
(less crystalline) than that of ZnO-NP + 0 µg/L TBBPA (Figure 3h). However, the peak
of PSDC of zinc oxide NPs + 0 µg/L TBBPA particles was smaller (such as 166 nm) than
that of the ZnO-NP + 10 mg/L TBBPA particles (such as 222 nm), which could be due
to the sorption of TBBPA molecules onto the surface of the nanoparticles, resulting in
less crystallinity (amorphous) after one day of interaction. Notably, some particles were
sedimented/attached to the walls of the tubes from the time of preparation of the mixtures
(samples) to three weeks of interaction; hence, whatever was present in the suspension
form was analyzed.

Adsorption, FTIR, dissolution, and XRD analyses: The adsorption of TBBPA indicated
the presence of interactions between NPs and TBBPA after one day and two weeks of
associations (Figure 2a). Quantity of TBBPA adsorbed onto NPs’ surface diminished after
two weeks related to the amount observed after one day for higher concentrations (such
as 500 µg/L, 1, 5, and 10 mg/L) of TBBPA. A range of interaction mechanisms may play
a role in the adsorption of TBBPA onto the ZnO-NPs, including electrostatic interactions,
hydrophobic interactions (such as π–π stacking, electron donor–acceptor interactions, and
van der Waals forces), as well as hydrogen bonding [55].

When ZnO-NPs are exposed to water, hydrolysis commonly leads to generation of
hydroxide layers (Zn(OH)+(aq)) on the nanoparticle surface. This occurs as water molecules
are adsorbed onto the particles both chemically and physically [56,57]. This could result in
development of many positive charges on NPs’ surfaces, attracting deprotonated (TBBPA−)
forms of TBBPA, which carry a negative charge to be sorbed on NPs’ surfaces. Initially
(such as after one day of interaction), ZnO-NPs may have a high affinity for adsorbing
TBBPA molecules because of the availability of active sites on their surface. However, the
dispersion of NPs (polydispersed) due to adsorption of TBBPA (large molecular structure)
led them to settle and decreased further adsorption with increasing time. Like HA, TBBPA
may also form complexes with Zn ions released from the ZnO-NPs over time [58]. These
complexes could alter the adsorption behavior of TBBPA and contribute to its desorption
from the ZnO surface. This behavior resembles that of HA molecules, as the dispersion of
ZnO-NPs might also be due to the complexation of zinc ions with anionic HA, leading to
the creation of a larger complex structure [58] in which HA binds zinc ions.

FTIR analysis was performed on ZnO-NPs, TBBPA, and the ZnO + TBBPA mixture
after one day of interaction to further investigate the interaction of TBBPA with the surface
of the ZnO-NPs (Figure 2b). A peak at 430 cm−1 was observed, indicating Zn–O occur-
rence [28,59], which is typical of metal oxide spectra (400–600 cm−1) [60,61]. For pure
TBBPA powder, a vibrational peak between 500 and 700 cm−1 was identified, correspond-
ing to the stretching vibration of (C–Br) bonds in the organic pollutant. The 670 cm−1

peak was attributed to C–X stretching in organic halogen compounds, where X represents
Br [62]. These peaks were also present in both TBBPA and ZnO-NPs after exposure to
TBBPA [28,63]. Furthermore, peaks at 1145 and 1620 cm−1 were linked to C–O stretching
and the skeletal vibration of aromatic C=C bonds within the TBBPA structure [63]. C–H
bending and C=O stretching were detected at 1369 and 1623 cm−1, respectively [62,64].
Such peaks appeared in TBBPA and ZnO + TBBPA, confirming that bonding occurred
between them. Additionally, peaks at 2987 cm−1 and 3424 cm−1 were associated with
C–H/O–H stretching, C–H asymmetric stretching, and the water band [28,62]. FTIR data
supported the existence of bonds in NPs after TBBPA interaction (one day), suggesting that
TBBPA molecules accumulate on NPs’ surfaces. This observation aligns with the elemental
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analysis, which detected Br and C in the nanoparticles. The concentrations of dissolved
zinc from NPs alone and those combined with different concentrations of TBBPA were
assessed in this research (Figure 2c). Following a day of engagement, the levels of dissolved
zinc increased, when TBBPA was present compared to when it was absent, and this pattern
continued to be evident even after three weeks of interaction. It can be inferred that TBBPA
facilitated the dispersion of NPs after an extended interface period (2–3 weeks).

Figure 2d shows the XRD study. NPs exhibited distinct peaks at 2θ values of 31.84◦,
34.6◦, and 36.5◦, confirming NPs’ hexagonal wurtzite crystal structure with three specific
orientations: (1 0 0), (0 0 2), and (1 0 1) [57]. These findings suggest that the crystal
structure of NPs remained stable after exposure (one day). On the other hand, after three
weeks of association (Figure 2d), peak strengths at (1 0 0), (0 0 2), and (1 0 1) decreased.
Additionally, two crests appeared at 2θ angles of 9.68◦ and 19.40◦, which might signify
creation of different composites, zinc hydroxide dihydrate (Zn5(OH)10·2H2O) [65] and zinc
phosphate [66], respectively. Peak intensities were lower for ZnO-NPs containing 10 mg/L
of TBBPA compared to the sample that was in water, which could be because of TBBPA
molecules covering ZnO-NPs’ surfaces (Figure 2d).

TEM: The initial ZnO nanoparticles (ZnO-NPs), obtained from Sigma-Aldrich, were
agglomerated (size: 100 nm or less) with various shapes (see Figure 3a,b). The lattice
pattern observed (Figure 3c) along with the glittering spots/rings (Figure 3d) confirmed the
crystalline nature of the ZnO-NPs. The EDAX analysis conducted confirmed the occurrence
of zinc and oxygen [28]. The diffraction pattern (Figure 3d) revealed the crystalline/lattice
arrangement of the ZnO-NPs [28,67–70] which was comparatively dull/had fewer bright
spots (Figure 3h) after their interaction than the original ZnO-NPs in powder form. The
presence of both zinc and oxygen was also observed (Figure S2).

Following the interaction with TBBPA, the ZnO-NPs displayed highly random and
dispersed structures (Figure 3i,j), in contrast with the original particle arrangement
(Figure 3a,b). A high-resolution TEM image (Figure 3k) illustrated the dispersion pat-
tern of the ZnO-NPs after exposure to the large and complex molecular structures of TBBPA
(Figure 3c, and with 0 µg/L of TBBPA in Figure 3g). In contrast to the pure ZnO-NPs,
cloudy spots (Figure 3l) indicated altered NPs’ morphology following their association
with organic pollutant molecules (TBBPA). Elemental analysis indicated the existence of
oxygen, zinc, bromine, and carbon atoms, as well as potassium and phosphorus, which
came from the buffer (Figure S2).

3.2. Influence of Salts on the Interaction Between ZnO-NPs and TBBPA

Varying concentrations of cations and anions in ecosystem media can influence the
physical and chemical characteristics of ZnO nanoparticles [19]. The stability of these
systems is primarily determined by the charge present on the NPs’ surfaces. Environmental
elements, such as pH, ionic strength, and the existence of organic materials in the solution,
also have an impact on the surface charge. To assess their impact on NPs’ stability, both
individually and in the existence of TBBPA, fixed concentrations (for instance, 5 mM) of
NaCl and CaCl2 were utilized. The following section explains the outcomes.

Hydrodynamic size: Changes in NPs’ sizes were recorded both in Milli-Q H2O and
with TBBPA (at concentrations of 10 and 500 µg/L), as well as when combined with a
consistent concentration (5 mM) of salts (NaCl and CaCl2), over periods of interaction
(see Figures 4a and S3). After one day, NPs’ size at the peak of PSDC enlarged with the
occurrence of NaCl and CaCl2. This indicated that the salts had a predominant effect, likely
due to the compression of the double layer resulting in a smaller hydrodynamic diameter
and increased aggregation, even when TBBPA was also present. The introduction of 5 mM
CaCl2 caused a significant increase in particle size, exceeding the upper limit of the zeta
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sizer’s measurement range (which goes up to 10 microns). Only the size of the measurable
portion was reported (refer to Figures 4a and S3).
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week, two weeks, and three weeks of interaction in the presence of electrolytes. The original particle
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zeta potentials were −43.9 mV for one day, −39.9 mV for one week, −13.7 mV for two weeks, and
−5.3 mV for three weeks. Where, “-” represents minus sign in Figure 4b.

Compared with that after one day, NPs’ size in buffered water was examined to
increase after one week. However, no significant increase in size was examined in the
presence of TBBPA. The presence of salts shifted NPs’ size after one week. Compared with
NPs alone, NPs with the existence of NaCl (5 mM) revealed a similar and steady increase
in particle size, as the size increased from 560 nm (NPs in Milli-Q H2O after one week) to
1290 nm (the size of the ZnO-NPs in the presence of 5 mM NaCl after one week). Various
concentrations of CaCl2 had the same effect on the size of the ZnO-NPs. The measurable
size has been reported (Figures 4a and S3). These findings imply that NPs’ sizes grew
as cations gathered on negatively charged NPs’ surfaces because of electrostatic forces.
Hydrogen bonding and van der Waals forces further amplified this process, resulting in an
overall increase in particle size [11,28,35].

The interaction of ZnO-NPs with low concentrations of TBBPA (e.g., 10 or 500 µg/L)
was studied by introducing salts. The addition of these salts impacted the hydrodynamic
properties of the ZnO-NPs, as more ions accumulated around the charged nanoparticles.
Furthermore, when NaCl was present, the large TBBPA molecules coated and dispersed the
nanoparticles after one week of exposure. NPs’ size alone varied greatly with time because
of the aggregation/polydispersity effect. It was challenging to observe the size behavior of
ZnO-NPs at environmentally relevant concentrations of co-contaminants over time, as evi-
denced by the measurement of TBBPA in solution after interaction with the nanoparticles.

Surface charge: The electrokinetic potential of zinc oxide NPs diminished from
−43.9 mV to −39.9, −13.7, and −5.3 mV after intervals of 1 day, 1, 2, and 3 weeks, re-
spectively (Figure 4b). The noticeable decline in NPs’ electric potential might be attributed
to the agglomeration of multiple NPs due to hydrogen bonding, van der Waals forces, and
hydrophobic interactions. A comparable reduction in the surface charge magnitude was
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noted in the presence of TBBPA (for concentrations of 10 and 500 µg/L). This zeta potential
decrease was less pronounced than that observed with the ZnO-NPs, likely due to the
dispersion effect resulting from TBBPA’s large molecular structure. Nevertheless, the aging
effect also played a substantial role. Likewise, the introduction of salts modified the NPs’
electrokinetic potential (Figure 4b). It can be inferred that cation concentrations built up
around the surfaces of nanoparticles that carried a negative charge, leading to a higher
overall surface charge. A similar trend was noted regarding the dimensions of NPs, which
grew larger in the existence of salts (Figures 4a and S3).

Dissolution: The concentration of dissolved zinc (mg/L) was assessed using ICP–OES
(Figure 5). Over several weeks of association, NPs’ size enhanced (aggregation followed
by deposition), which led to a reduction in specific surface area and subsequently limited
dissolution. Moreover, in the presence of CaCl2, a decrease in dissolution was noted
compared to all other samples, potentially linked to increased agglomeration caused by the
bridging effect of Ca2+. Additionally, nanoparticles tended to attach and settle within the
low-density polyethylene tubes.
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Figure 5. Dissolved zinc concentration (mg/L) after one day and after one, two, and three weeks
of interaction.

TEM analysis: TEM analysis (Figures 6 and S4) and elemental mapping (Figure S4)
were conducted to examine the behavior of ZnO-NPs in the presence of TBBPA and varying
concentrations of CaCl2 after 0 h and 1 day of interaction. A drop of the prepared solutions
was directly placed on the TEM grid for observation. After one day of interaction, a
dispersion effect, caused by the complex and aliphatic nature of TBBPA, was evident, with
more nanoparticles being coated in the occurrence of 10 mg/L of TBBPA compared to 0 h
(Figures 6a,b and S4). This finding aligns with the electrokinetic potential and particle size
data from the zeta analyzer (Figure 4a,b). SAED images revealed a reduction in crystallinity
after one day compared to the initial time point. Elemental mapping also detected Zn,
P, O, K, Br, and C (Figure S4). Aggregation with thick or shaded layers of CaCl2 was
noted. After one day, both covered (CaCl2 coatings) and scattered (due to TBBPA) ZnO-NP
were observed at both 5 and 10 mM CaCl2 concentrations. The diffuse diffraction patterns
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(Figure S4) could be attributed to the thick layers of TBBPA and salts on the nanoparticle
surfaces. The bigger TBBPA molecules facilitated the NPs’ dispersion after one day.
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Figure 6. TEM images after 0 h and 1 day of interaction in solution (drops were taken on a TEM
grid from the solution). ZnO, 10 mg/L TBBPA (a,b), ZnO, 10 mg/L TBBPA, 5 mM CaCl2 (c,d), ZnO,
10 mg/L TBBPA, and 10 mM CaCl2 (e,f).

3.3. Influence of HA on TBBPA and ZnO-NPs’ Interaction

Particle size: The size of ZnO-NPs in buffered water, exposed to varying concentrations
of TBBPA (10 or 500 µg/L), different levels of HA (1, 5, or 10 mg/L), and combinations of
TBBPA and HA, was assessed after 1 day and 1–3 weeks (Figures 7a and S5). Size elevations
were observed. This enlargement may be attributed to the formation of larger and/or
sedimented particles, resultant from interactions between particles, as well as electrostatic
and hydrophobic forces. Initially, the NPs were monodispersed. After one week, the
nanoparticles displayed nonuniform characteristics (polydisperse). By the one to three
weeks period, the particles were highly polydisperse, a pattern that was also revealed in
their surface charge (Figure 7b). The distribution and dimensions of NPs in the occurrence
of 1, 5, and 10 mg/L of humic acid diminished after one week of interaction, in contrast to
the measurements recorded on day one (Figures 7a and S5). After two and three weeks,
samples became highly polydisperse, and their size exceeded the measurement range of
the dynamic light scattering analyzer, as some samples exhibited scattering behavior. A
similar trend was observed for ZnO-NPs exposed to different concentrations of TBBPA (10
and 500 µg/L), when combined with HA (Figures 7a and S5). This dispersion is likely due
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to HA, with its large aliphatic carbon network, which may have capped the nanoparticle
edges, promoting their dispersion. Coexistence of both TBBPA and HA influenced the
NPs’ size in a manner distinct from the effect seen with either TBBPA or HA individually.
The distribution and NPs’ size increased (resulting in agglomerated particles) when only
ZnO-NPs or those in conjunction with TBBPA were present (an observable desorption
pattern occurred over time (Figure 7a), which facilitated accumulation of NPs following
several weeks of interaction). Conversely, when varying concentrations (1, 5, and 10 mg/L)
of HA were present, NPs’ size decreased (leading to polydispersal). This dispersal behavior
of NPs might be linked to the occurrence of HA, which could mitigate their aggregation
tendencies [32,44].
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Figure 7. The size of ZnO-NPs at the peak of PSDC (a) and zeta potential (b) after one day and after
one, two, and three weeks of interaction in the presence of various concentrations of TBBPA and HA
at pH 7 and room temperature (i.e., 20 ◦C). The original particle size of ZnO-NPs at the peak of PSDC
is 166 nm (one day) and 1413 nm (one week), and the zeta potential is −46.1 mV (one day), −30.5 mV
(one week), −12.8 mV (two weeks), and −5.0 mV (three weeks). Where, “-” represents minus sign in
Figure 7b.

Zeta potential: Electrokinetic potential results are shown (Figure 7b) and explained in
this section. The strength of NPs’ electrokinetic potential, both independently and with
TBBPA, showed a decline (one day to three weeks). Nevertheless, the decline in surface
charge was less pronounced for the ZnO-NPs in the presence of TBBPA compared to those
without it (Figure 7b). Additionally, the presence of HA led to a further reduction in zeta
potential, in comparison to the samples without HA. A higher concentration of HA played a
significant role in mitigating the reduction in electric potential, unlike lower concentrations
of HA, such as 1 mg/L HA (Figure 7b) [31].

The previously mentioned data on electrical potential indicated that the clustering
behavior of pure ZnO nanoparticles in water may stem from van der Waals forces, electro-
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static interactions, and hydrophobic effects. NPs’ aging, both alone and alongside TBBPA,
could modify the NPs’ electrical potential, resulting in increased sedimentation in water
due to a reduction in stability in aqueous conditions. When comparing the effects of pure
ZnO nanoparticles with and without TBBPA, the existence of humic acid changed the
surface charge in an opposing manner. HA compounds covered the NPs’ surfaces and
effective sites due to their higher aliphatic carbon content compared to TBBPA molecules,
which led to a reduced likelihood of TBBPA adhering to the surfaces of the nanoparticles.
This also promoted better dispersion of the nanoparticles.

Dissolution: ZnO-NPs’ dissolution, whether by themselves or alongside different
concentrations of TBBPA, HA, and their combination, was examined in Milli-Q water at a
pH of 7 (Figure 8). The availability of zinc, either in its dissolved state or as an ionic form,
poses potential toxicity to microorganisms, including microflora [58,71]. The existence
of additional compounds in water can affect the dissolution of ZnO-NPs [72]. After one
day, concentration of dissolved zinc was higher when various concentrations of HA were
present compared to when HA was absent, and this pattern continued even after two weeks
of interaction. It can be postulated that HA facilitated the dispersion of the nanoparticles
after extended interaction periods (like two to three weeks), and the increased dispersion
might result from van der Waals forces, electrostatic forces, and hydrophobic interactions.
Additionally, this might be attributed to the complexation of zinc ions with the anionic
HA, leading to the formation of a larger complex structure. These findings align with those
posited in [58] that HA binds zinc ions.
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3.4. Influence of BSA on the Behavior of ZnO-NPs

The effect of bovine serum albumin (BSA), a natural protein found in ecological
water, on the stability of ZnO-NPs was investigated (Figures 9a,b and S6). BSA plays
various physiological roles, including transporting, binding, and distributing fatty acids
and steroids [73]. In this study, BSA was selected as a model protein due to its water-
soluble properties.

Hydrodynamic size: Initially, after one day, NPs’ sizes increased in the presence of BSA
(Figure 9a). The BSA molecule, with a large molecular mass of 66,400 Da and consisting
of approximately 583 amino acids linked in a single cross-linked chain with 17 cysteine
residues [74], contributed to this increase. However, after one week of incubation, the pres-
ence of BSA reduced the size of the ZnO-NPs. The resulting dispersion effect was similar
to that observed when other large molecular materials, like humic acid [28], interacted
with the nanoparticles. As the concentration of BSA increased, NPs’ sizes, measured at the
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peak of the PSDC, gradually decreased (Figures 9a and S6b). This behavior is consistent
with the typical interactions between BSA and metal ions, which can lead to a decrease
in the protein’s configuration due to the disruption of disulfide bonds. This results in a
partial loss of the α-helix structure, unfolding of the protein, or changes in the polarity
of the surrounding environment, which may affect the exposure of tryptophan residues
due to molecular interactions. These reactions include excited-state processes, molecular
adjustments, energy transfer, complex formation, or collision quenching [74].
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Figure 9. ZnO-NPs’ sizes at the peak of PSDC (a), zeta potential (b) (after one day, one week, and
three weeks), dissolution (c) (after one day, one week, two weeks, and three weeks), and FTIR
(d) (after one day) of interactions with BSA. The original particle sizes of the ZnO-NPs at the peak
PSDC were 140.7 nm after one day and 648.5 nm after one week, and the zeta potentials were
−44.0 mV after one day, −28.3 mV after one week, and −8.0 mV after three weeks. Where, “-”
represents minus sign in Figure 9b.

Zeta potential: Figure 9b shows the surface charge values on the surface of the ZnO-
NPs before and after interactions with BSA at various time intervals. Compared with that
after one day, the overall surface charge (magnitude) of the ZnO-NPs diminished after
several weeks of interaction. Similarly, NPs’ electrical potential with varying concentrations
of BSA also decreased in magnitude after one day (Figure 9b), aligning with the findings
from the particle size analysis (e.g., the size increased after one day; Figure 9a). This
suggests that BSA, as a frothy substance, quickly coated the nanoparticles, causing the
formation of large clusters, as confirmed by TEM analysis (only for 0 h and 1 day of
interaction; Figures 10 and S7). However, after several weeks of interaction, the surface
charge did not decrease compared with that of the ZnO-NPs, implying that the dispersion
revealed the protein patterns of the BSA molecules. These findings were further supported
by the size (Figure 9a) and TEM (Figures 10 and S7) analyses. The sizable and intricate
molecular structure of the BSA protein molecules tended to envelop the ZnO-NPs, causing
their dispersion, which in turn influenced their zeta potential.
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Dissolution: The NPs’ dissolution was evaluated both on its own and in conjunction
with different concentrations of BSA in Milli-Q water at a pH of 7 (Figure 9c). After a day,
the dissolved zinc concentration was higher when BSA was present at various levels (such
as 5 and 10 mg/L) compared to when it was absent, and this pattern continued even after
two weeks. It can be inferred that BSA aided in dispersing the nanoparticles following a
prolonged interaction period (of 2–3 weeks), and the enhancement in this dispersion may
be attributed to electrostatic forces, van der Waals interactions, and hydrophobic forces.

FTIR: FTIR spectra of ZnO-NPs with BSA were examined after one day (Figure 9d).
The peak at 430 cm−1 in the spectrum of the pure ZnO-NPs confirmed the existence of
Zn–O [28,59]. The peak at 430 cm−1 represented the existence of metal oxides (such as
ZnO). This peak was visible for pure ZnO-NPs (Figure 9d). However, after interactions
with BSA, the intensity of the peak was not detectable by infrared spectroscopy. It could be
assumed that BSA molecules (10 mg/L) adsorbed on NPs’ surface and generated coated
layers that may have affected the detection of the ZnO-NP peak at 430 cm−1. As a result,
the BSA layer might absorb or scatter the incident light in a way that reduces/weakens
the intensity of the ZnO peak at 430 cm−1. The peak at 640 cm−1 in both samples was
attributed to the secondary amide (N–H) [62] present in the BSA molecules. Notable bands
in BSA included amide III at 1240 cm−1, which was not observed at the same peak location
in the ZnO + BSA sample, amide II at 1539 cm−1, and amide I at 1655 cm−1 [75]. This could
be due to the presence of interacting BSA molecules on NPs’ surface. The peaks observed
at 945 and 1010 cm−1 could be attributed to the stretching of metal (zinc) and nitrogen
bonds present in ZnO + 10 mg/L BSA after their interaction [62]. The peaks at 1110 cm−1

and 1395 cm−1 likely corresponded to C–O stretching and C–H stretching found in the
organic BSA protein [62]. The peaks at 2360 cm−1 and 3424 cm−1 were associated with
C–H/O–H stretching, C–H asymmetric stretching, and the water band, respectively [28,62].
These observations suggest that BSA interacted with NPs’ surfaces through π–π stacking as
well as other molecular forces, including electrostatic and van der Waals interactions. The
interactions further involved hydrophobic π–π stacking and hydrogen bonding between the
active sites, such as oxygen-functionalized groups in water and oxygen/nitrogen groups
within the protein molecules [76].

TEM: To assess the aggregation and dispersion behavior of ZnO-NPs in the presence
of BSA at different time points, a TEM analysis was conducted by placing a drop of the
solution directly onto the TEM grids (Figures 10 and S7). Initially, at 0 h, the nanoparticles
remained undispersed, likely due to the binding forces exerted by the proteins, aided by
hydrogen bonding and electrostatic and hydrophobic interactions. However, after one day
of interaction with BSA molecules, the ZnO-NPs were observed to disperse (Figures 10 and
S7), which could be attributed to the extensive coverage of nanoparticles by BSA molecules.
Diffraction images (Figure S7) revealed bright spots at 0 h, indicating the crystalline nature
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of the ZnO-NPs, while after 1 day, the patterns appeared diffuse and cloudy, suggesting
a reduction in NPs’ purity and crystallinity due to the interaction with BSA. Elemental
mapping (Figure S7) at both time points confirmed the presence of nitrogen, oxygen, zinc,
and carbon in the ZnO + 10 mg/L BSA samples. The presence of potassium (K) and
phosphorus (P) was traced back to the buffer solution, which was used to maintain the pH
at 7.

4. Conclusions
This research illustrated the surface and structural characteristics of ZnO-NPs under

different environmental conditions, both before and after their interaction with co-occurring
electrolytes, an organic pollutant (TBBPA), HA, and BSA over different periods, including
one day, one week, two weeks, and three weeks of interaction. After engaging with
environmental agents, ZnO-NPs were not found in their original forms due to alterations
in particle size and shape. The inclusion of electrolytes enhanced the aggregation of
charged ZnO-NPs by reducing the level of surface charge. The interaction mechanisms
could be attributed to electrostatic forces, van der Waals forces, and particle–particle
interactions, such as cation bridging. The large molecular structures of HA, BSA, and
TBBPA contributed to a decrease in the particle size of the ZnO-NPs due to a dispersion
effect. Changes in the shape, size, and surface charge of the ZnO-NPs were noted following
their interaction with the co-contaminants, affecting the dynamics and behavior of the
ZnO-NPs in aquatic environments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxics13030148/s1. Figure S1: Particle size distribution of ZnO-
NPs after 1 day (a) and 1 week (b) of interaction with TBBPA; ZnO-NPs 0.1 g/L, pH 7. Figure S2:
Compositional analysis of ZnO-NPs with TBBPA after 1 day of interaction. Figure S3: Particle
size distributions of the ZnO-NPs after 1 day (a) and 1 week (b) of interaction in the presence of
electrolytes at pH 7 and room temperature (i.e., 20 ◦C). Figure S4: TEM images (elemental mapping)
of various contaminants after 0 h and 1 day of interaction in solution (drop taken on a TEM grid from
the solution). Figure S5: Particle size distributions of the ZnO-NPs after 1 day (a) and 1 week (b) of
interaction in the presence of various concentrations of TBBPA and HA at pH 7 and room temperature
(i.e., 20 ◦C). Figure S6: Particle size distribution of the ZnO-NPs after 1 day (a) and 1 week (b) of
interaction in the presence of various concentrations of BSA at pH 7 and room temperature (i.e.,
20 ◦C). Figure S7: TEM images (elemental mapping) of ZnO + 10 mg/L BSA after 0 h and 1 day of
incubation in solution (drops taken on a TEM grid from the solution).
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dependent toxicities of zinc oxide nanoparticles to the marine diatom Thalassiosira pseudonana. Aquat. Toxicol. 2015, 165, 31–40.
[CrossRef] [PubMed]

14. Lin, D.; Xing, B. Phytotoxicity of nanoparticles: Inhibition of seed germination and root growth. Environ. Pollut. 2007, 150,
243–250. [CrossRef]

15. Schiavo, S.; Oliviero, M.; Philippe, A.; Manzo, S. Nanoparticles based sunscreens provoke adverse effects on marine microalgae
Dunaliella tertiolecta. Environ. Sci. Nano 2018, 5, 3011–3022. [CrossRef]

16. Sousa, V.S.; Teixeira, M.R. Metal-based engineered nanoparticles in the drinking water treatment systems: A critical review. Sci.
Total Environ. 2020, 707, 136077. [CrossRef]

17. Gottschalk, F.; Sonderer, T.; Scholz, R.W.; Nowack, B. Modeled environmental concentrations of engineered nanomaterials (TiO2,
ZnO, Ag, CNT, fullerenes) for different regions. Environ. Sci. Technol. 2009, 43, 9216–9222. [CrossRef] [PubMed]

18. Goswami, L.; Kim, K.H.; Deep, A.; Das, P.; Bhattacharya, S.S.; Kumar, S.; Adelodun, A.A. Engineered nano particles: Nature,
behavior, and effect on the environment. J. Environ. Manag. 2017, 196, 297–315. [CrossRef]

19. Bathi, J.R.; Moazeni, F.; Upadhyayula, V.K.K.; Chowdhury, I.; Palchoudhury, S.; Potts, G.E.; Gadhamshetty, V. Behavior of
engineered nanoparticles in aquatic environmental samples: Current status and challenges. Sci. Total Environ. 2021, 793, 148560.
[CrossRef]

20. Jeon, S.K.; Kim, E.J.; Lee, J.; Lee, S. Potential risks of TiO2 and ZnO nanoparticles released from sunscreens into outdoor swimming
pools. J. Hazard. Mater. 2016, 317, 312–318. [CrossRef] [PubMed]

https://doi.org/10.1186/s12302-018-0132-6
https://doi.org/10.1002/etc.4147
https://www.ncbi.nlm.nih.gov/pubmed/29633323
https://doi.org/10.3109/17435390903502028
https://doi.org/10.3390/nano10071321
https://www.ncbi.nlm.nih.gov/pubmed/32635642
https://doi.org/10.1021/es103040t
https://doi.org/10.1080/10934520600966177
https://www.ncbi.nlm.nih.gov/pubmed/17114101
https://doi.org/10.1016/j.watres.2016.08.044
https://www.ncbi.nlm.nih.gov/pubmed/27576157
https://doi.org/10.1016/j.jhazmat.2016.10.003
https://doi.org/10.1016/j.jhazmat.2011.06.080
https://doi.org/10.1016/j.ecoenv.2015.12.028
https://www.ncbi.nlm.nih.gov/pubmed/26829068
https://doi.org/10.1021/ja303787e
https://doi.org/10.1016/j.envint.2011.01.008
https://www.ncbi.nlm.nih.gov/pubmed/21402408
https://doi.org/10.1016/j.aquatox.2015.05.015
https://www.ncbi.nlm.nih.gov/pubmed/26011135
https://doi.org/10.1016/j.envpol.2007.01.016
https://doi.org/10.1039/C8EN01182F
https://doi.org/10.1016/j.scitotenv.2019.136077
https://doi.org/10.1021/es9015553
https://www.ncbi.nlm.nih.gov/pubmed/20000512
https://doi.org/10.1016/j.jenvman.2017.01.011
https://doi.org/10.1016/j.scitotenv.2021.148560
https://doi.org/10.1016/j.jhazmat.2016.05.099
https://www.ncbi.nlm.nih.gov/pubmed/27318727


Toxics 2025, 13, 148 18 of 20

21. Khan, R.; Inam, M.A.; Iqbal, M.M.; Shoaib, M.; Park, D.R.; Lee, K.H.; Shin, S.; Khan, S.; Yeom, I.T. Removal of ZnO nanoparticles
from naturalwaters by coagulation-flocculation process: Influence of surfactant type on aggregation, dissolution and colloidal
stability. Sustainability 2019, 11, 17. [CrossRef]

22. Keller, A.A.; McFerran, S.; Lazareva, A.; Suh, S. Global life cycle releases of engineered nanomaterials. J. Nanopart. Res. 2013,
15, 1692. [CrossRef]

23. Liu, W.S.; Peng, Y.H.; Shiung, C.E.; Shih, Y.H. The effect of cations on the aggregation of commercial ZnO nanoparticle suspension.
J. Nanopart. Res. 2012, 14, 1259. [CrossRef]

24. Philippe, A.; Schaumann, G.E. Interactions of dissolved organic matter with natural and engineered inorganic colloids: A review.
Environ. Sci. Technol. 2014, 48, 8946–8962. [CrossRef] [PubMed]

25. Khan, A.U.H.; Naidu, R.; Dharmarajan, R.; Fang, C.; Shon, H.; Dong, Z.; Liu, Y. The interaction mechanisms of co-existing
polybrominated diphenyl ethers and engineered nanoparticles in environmental waters: A critical review. J. Environ. Sci. 2023,
124, 227–252. [CrossRef]

26. Adeleye, A.S.; Keller, A.A. Interactions between algal extracellular polymeric substances and commercial TiO2 nanoparticles in
aqueous media. Environ. Sci. Technol. 2016, 50, 12258–12265. [CrossRef]

27. Yu, S.; Liu, J.; Yin, Y.; Shen, M. Interactions between engineered nanoparticles and dissolved organic matter: A review on
mechanisms and environmental effects. J. Environ. Sci. 2018, 63, 198–217. [CrossRef]

28. Khan, A.U.H.; Liu, Y.; Naidu, R.; Fang, C.; Dharmarajan, R.; Shon, H. Interactions between zinc oxide nanoparticles and
hexabromocyclododecane in simulated waters. Environ. Technol. Innov. 2021, 24, 102078. [CrossRef]

29. Khan, R.; Inam, M.A.; Khan, S.; Park, D.R.; Yeom, I.T. Interaction between persistent organic pollutants and ZnO NPs in synthetic
and natural waters. Nanomaterials 2019, 9, 472. [CrossRef]

30. Yang, K.; Lin, D.; Xing, B. Interactions of humic acid with nanosized inorganic oxides. Langmuir 2009, 25, 3571–3576. [CrossRef]
[PubMed]

31. Bian, S.W.; Mudunkotuwa, I.A.; Rupasinghe, T.; Grassian, V.H. Aggregation and dissolution of 4 nm ZnO nanoparticles in
aqueous environments: Influence of pH, ionic strength, size, and adsorption of humic acid. Langmuir 2011, 27, 6059–6068.
[CrossRef]

32. Han, Y.; Kim, D.; Hwang, G.; Lee, B.; Eom, I.; Kim, J.P.; Tong, M.; Kim, H. Aggregation and dissolution of ZnO nanoparticles
synthesized by different methods: Influence of ionic strength and humic acid. Colloids Surf. A Physicochem. Eng. Asp. 2014, 451,
7–15. [CrossRef]

33. Shrestha, S.; Wang, B.; Dutta, P. Nanoparticle processing: Understanding and controlling aggregation. Adv. Colloid Interface Sci.
2020, 279, 102162. [CrossRef] [PubMed]

34. Sasidharan, N.P.; Chandran, P.; Khan, S.S. Interaction of colloidal zinc oxide nanoparticles with bovine serum albumin and its
adsorption isotherms and kinetics. Colloids Surf. B Biointerfaces 2013, 102, 195–201. [CrossRef] [PubMed]

35. Keller, A.A.; Wang, H.; Zhou, D.; Lenihan, H.S.; Cherr, G.; Cardinale, B.J.; Miller, R.; Zhaoxia, J.I. Stability and aggregation of
metal oxide nanoparticles in natural aqueous matrices. Environ. Sci. Technol. 2010, 44, 1962–1967. [CrossRef] [PubMed]

36. Majedi, S.M.; Kelly, B.C.; Lee, H.K. Combined effects of water temperature and chemistry on the environmental fate and behavior
of nanosized zinc oxide. Sci. Total Environ. 2014, 496, 585–593. [CrossRef]

37. Zhou, H.; Yin, N.; Faiola, F. Tetrabromobisphenol A (TBBPA): A controversial environmental pollutant. J. Environ. Sci. (China)
2020, 97, 54–66. [CrossRef]

38. Covaci, A.; Voorspoels, S.; Abdallah, M.A.E.; Geens, T.; Harrad, S.; Law, R.J. Analytical and environmental aspects of the flame
retardant tetrabromobisphenol-A and its derivatives. J. Chromatogr. A 2009, 1216, 346–363. [CrossRef] [PubMed]

39. Ni, H.G.; Zeng, H. HBCD and TBBPA in particulate phase of indoor air in Shenzhen, China. Sci. Total Environ. 2013, 458–460,
15–19. [CrossRef] [PubMed]

40. Takigami, H.; Suzuki, G.; Hirai, Y.; Sakai, S.I. Brominated flame retardants and other polyhalogenated compounds in indoor air
and dust from two houses in Japan. Chemosphere 2009, 76, 270–277. [CrossRef]

41. Guerra, P.; Eljarrat, E.; Barceló, D. Simultaneous determination of hexabromocyclododecane, tetrabromobisphenol A, and related
compounds in sewage sludge and sediment samples from Ebro River basin (Spain). Anal. Bioanal. Chem. 2010, 397, 2817–2824.
[CrossRef]

42. Huang, D.Y.; Zhao, H.Q.; Liu, C.P.; Sun, C.X. Characteristics, sources, and transport of tetrabromobisphenol A and bisphenol A in
soils from a typical e-waste recycling area in South China. Environ. Sci. Pollut. Res. 2014, 21, 5818–5826. [CrossRef] [PubMed]

43. Kowalski, B.; Mazur, M. The simultaneous determination of six flame retardants in water samples using SPE pre-concentration
and UHPLC-UV method. Water Air Soil Pollut. 2014, 225, 1866. [CrossRef]

44. Shi, Z.; Zhang, L.; Zhao, Y.; Sun, Z.; Zhou, X.; Li, J.; Wu, Y. Dietary exposure assessment of Chinese population to
tetrabromobisphenol-A, hexabromocyclododecane and decabrominated diphenyl ether: Results of the 5th Chinese Total Diet
Study. Environ. Pollut. 2017, 229, 539–547. [CrossRef]

https://doi.org/10.3390/su11010017
https://doi.org/10.1007/s11051-013-1692-4
https://doi.org/10.1007/s11051-012-1259-9
https://doi.org/10.1021/es502342r
https://www.ncbi.nlm.nih.gov/pubmed/25082801
https://doi.org/10.1016/j.jes.2021.10.018
https://doi.org/10.1021/acs.est.6b03684
https://doi.org/10.1016/j.jes.2017.06.021
https://doi.org/10.1016/j.eti.2021.102078
https://doi.org/10.3390/nano9030472
https://doi.org/10.1021/la803701b
https://www.ncbi.nlm.nih.gov/pubmed/19708146
https://doi.org/10.1021/la200570n
https://doi.org/10.1016/j.colsurfa.2014.03.030
https://doi.org/10.1016/j.cis.2020.102162
https://www.ncbi.nlm.nih.gov/pubmed/32334131
https://doi.org/10.1016/j.colsurfb.2012.07.034
https://www.ncbi.nlm.nih.gov/pubmed/23000680
https://doi.org/10.1021/es902987d
https://www.ncbi.nlm.nih.gov/pubmed/20151631
https://doi.org/10.1016/j.scitotenv.2014.07.082
https://doi.org/10.1016/j.jes.2020.04.039
https://doi.org/10.1016/j.chroma.2008.08.035
https://www.ncbi.nlm.nih.gov/pubmed/18760795
https://doi.org/10.1016/j.scitotenv.2013.04.003
https://www.ncbi.nlm.nih.gov/pubmed/23639907
https://doi.org/10.1016/j.chemosphere.2009.03.006
https://doi.org/10.1007/s00216-010-3670-3
https://doi.org/10.1007/s11356-014-2535-2
https://www.ncbi.nlm.nih.gov/pubmed/24443052
https://doi.org/10.1007/s11270-014-1866-4
https://doi.org/10.1016/j.envpol.2017.06.093


Toxics 2025, 13, 148 19 of 20

45. Malkoske, T.; Tang, Y.; Xu, W.; Yu, S.; Wang, H. A review of the environmental distribution, fate, and control of tetrabromobisphe-
nol A released from sources. Sci. Total Environ. 2016, 569–570, 1608–1617. [CrossRef]

46. Lee, I.S.; Kang, H.H.; Kim, U.J.; Oh, J.E. Brominated flame retardants in Korean river sediments, including changes in polybromi-
nated diphenyl ether concentrations between 2006 and 2009. Chemosphere 2015, 126, 18–24. [CrossRef]

47. Yang, S.; Wang, S.; Wu, F.; Yan, Z.; Liu, H. Tetrabromobisphenol A: Tissue distribution in fish, and seasonal variation in water and
sediment of Lake Chaohu, China. Environ. Sci. Pollut. Res. 2012, 19, 4090–4096. [CrossRef]

48. Song, S.; Song, M.; Zeng, L.; Wang, T.; Liu, R.; Ruan, T. Occurrence and profiles of bisphenol analogues in municipal sewage
sludge in China. Environ. Pollut. 2014, 186, 14–19. [CrossRef]

49. Zhou, Y.; Fang, X.; Gong, Y.; Xiao, A.; Xie, Y.; Liu, L.; Cao, Y. The interactions between zno nanoparticles (NPs) and α-linolenic
acid (LNA) complexed to BSA did not influence the toxicity of ZnO NPs on HepG2 cells. Nanomaterials 2017, 7, 91. [CrossRef]
[PubMed]

50. Kroll, A.; Behra, R.; Kaegi, R.; Sigg, L. Extracellular polymeric substances (EPS) of freshwater biofilms stabilize and modify CeO2

and Ag nanoparticles. PLoS ONE 2014, 9, e110709. [CrossRef]
51. Wang, X.; Adeleye, A.S.; Wang, H.; Zhang, M.; Liu, M.; Wang, Y.; Li, Y.; Keller, A.A. Interactions between polybrominated

diphenyl ethers (PBDEs) and TiO2 nanoparticle in artificial and natural waters. Water Res. 2018, 146, 98–108. [CrossRef] [PubMed]
52. Domingos, R.F.; Rafiei, Z.; Monteiro, C.E.; Khan, M.A.K.; Wilkinson, K.J. Agglomeration and dissolution of zinc oxide nanoparti-

cles: Role of pH, ionic strength and fulvic acid. Environ. Chem. 2013, 10, 306–312. [CrossRef]
53. Domingos, R.F.; Tufenkji, N.; Wilkinson, K.J. Aggregation of titanium dioxide nanoparticles: Role of a fulvic acid. Environ. Sci.

Technol. 2009, 43, 1282–1286. [CrossRef] [PubMed]
54. AlSalem, H.S.; Algethami, F.K.; Al-Goul, S.T.; Shahat, A. Adsorption and Removal of Tetrabromobisphenol A by Adsorption on

Functionalized Mesoporous Silica Nanotubes: Isotherms, Kinetics, Thermodynamics, and Optimization via Box-Behnken Design.
ACS Omega 2023, 8, 20125–20137. [CrossRef] [PubMed]

55. Ighalo, J.O.; Yap, P.S.; Iwuozor, K.O.; Aniagor, C.O.; Liu, T.; Dulta, K.; Iwuchukwu, F.U.; Rangabhashiyam, S. Adsorption
of persistent organic pollutants (POPs) from the aqueous environment by nano-adsorbents: A review. Environ. Res. 2022,
212, 113123. [CrossRef] [PubMed]

56. Blok, L.; Bruyn, P.L.D. The ionic double layer at the ZnO solution interface. I. The experimental point of zero charge. J. Colloid
Interface Sci. 1970, 32, 518–526. [CrossRef]

57. Khan, A.U.H.; Liu, Y.; Fang, C.; Naidu, R.; Shon, H.K.; Rogers, Z.; Dharmarajan, R. A comprehensive physicochemical characteri-
zation of zinc oxide nanoparticles extracted from sunscreens and wastewaters. Environ. Adv. 2023, 12, 100381. [CrossRef]

58. Ouyang, K.; Yu, X.Y.; Zhu, Y.; Gao, C.; Huang, Q.; Cai, P. Effects of humic acid on the interactions between zinc oxide nanoparticles
and bacterial biofilms. Environ. Pollut. 2017, 231, 1104–1111. [CrossRef]

59. Srivastava, V.; Gusain, D.; Sharma, Y.C. Synthesis, characterization and application of zinc oxide nanoparticles (n-ZnO). Ceram.
Int. 2013, 39, 9803–9808. [CrossRef]

60. Chandrasekar, M.; Panimalar, S.; Uthrakumar, R.; Kumar, M.; Saravanan, M.E.R.; Gobi, G.; Matheswaran, P.; Inmozhi, C.;
Kaviyarasu, K. Preparation and characterization studies of pure and Li+ doped ZnO nanoparticles for optoelectronic applications.
Mater. Today Proc. 2021, 36 Pt 2, 228–231. [CrossRef]

61. Gharagozlou, M.; Naghibi, S. Sensitization of ZnO nanoparticle by vitamin B12: Investigation of microstructure, FTIR and optical
properties. Mater. Res. Bull. 2016, 84, 71–78. [CrossRef]

62. Stuart, B.H. Infrared spectroscopy: Fundamentals and applications. In Infrared Spectroscopy: Fundamentals and Applications; Hunt,
B.H., Ed.; John Wiley Sons Ltd.: Hoboken, NJ, USA, 2004; pp. 1–224. [CrossRef]

63. Zhang, Y.; Tang, Y.; Li, S.; Yu, S. Sorption and removal of tetrabromobisphenol A from solution by graphene oxide. Chem. Eng. J.
2013, 222, 94–100. [CrossRef]

64. Lin, H.; Wang, Y.; Niu, J.; Yue, Z.; Huang, Q. Efficient Sorption and Removal of Perfluoroalkyl Acids (PFAAs) from Aqueous
Solution by Metal Hydroxides Generated in Situ by Electrocoagulation. Environ. Sci. Technol. 2015, 49, 10562–10569. [CrossRef]

65. Gordeeva, A.; Hsu, Y.J.; Jenei, I.Z.; Carvalho, P.H.B.B.; Simak, S.I.; Andersson, O.; Haüssermann, U. Layered Zinc Hydroxide
Dihydrate, Zn5(OH)10·2H2O, from Hydrothermal Conversion of ϵ-Zn(OH)2 at Gigapascal Pressures and its Transformation to
Nanocrystalline ZnO. ACS Omega 2020, 5, 17617–17627. [CrossRef]

66. Rao, M.S.; Satyavathi, K.; Bhaskararao, Y.N.; Cole, S. Structural and spectral investigations of undoped and Mn2+ ion doped
Zn3(PO4)2ZnO nanocrystalline phosphor materials. J. Alloys Compd. 2016, 682, 7–13. [CrossRef]

67. Gupta, A.; Bhatti, H.S.; Kumar, D.; Verma, N.K.; Tandon, R.P. Nano and bulk crystals of ZnO: Synthesis and characterization. J.
Nanomater. Biostruct. 2006, 1, 1–9. Available online: http://www.chalcogen.infim.ro/Agupta.pdf (accessed on 14 January 2025).

68. Khoshhesab, Z.M.; Sarfaraz, M.; Asadabad, M.A. Preparation of ZnO nanostructures by chemical precipitation method, Synth.
React. Inorganic. Met. Nano-Metal Chem. 2011, 41, 814–819. [CrossRef]

69. Talam, S.; Karumuri, S.R.; Gunnam, N. Synthesis, characterization, and spectroscopic properties of ZnO nanoparticles. ISRN
Nanotechnol. 2012, 2012, 1–6. [CrossRef]

https://doi.org/10.1016/j.scitotenv.2016.06.062
https://doi.org/10.1016/j.chemosphere.2015.01.004
https://doi.org/10.1007/s11356-012-1023-9
https://doi.org/10.1016/j.envpol.2013.11.023
https://doi.org/10.3390/nano7040091
https://www.ncbi.nlm.nih.gov/pubmed/28441756
https://doi.org/10.1371/journal.pone.0110709
https://doi.org/10.1016/j.watres.2018.09.019
https://www.ncbi.nlm.nih.gov/pubmed/30236469
https://doi.org/10.1071/EN12202
https://doi.org/10.1021/es8023594
https://www.ncbi.nlm.nih.gov/pubmed/19350891
https://doi.org/10.1021/acsomega.3c02788
https://www.ncbi.nlm.nih.gov/pubmed/37305314
https://doi.org/10.1016/j.envres.2022.113123
https://www.ncbi.nlm.nih.gov/pubmed/35339467
https://doi.org/10.1016/0021-9797(70)90141-4
https://doi.org/10.1016/j.envadv.2023.100381
https://doi.org/10.1016/j.envpol.2017.07.003
https://doi.org/10.1016/j.ceramint.2013.04.110
https://doi.org/10.1016/j.matpr.2020.03.228
https://doi.org/10.1016/j.materresbull.2016.07.029
https://doi.org/10.1002/0470011149
https://doi.org/10.1016/j.cej.2013.02.027
https://doi.org/10.1021/acs.est.5b02092
https://doi.org/10.1021/acsomega.0c02075
https://doi.org/10.1016/j.jallcom.2016.04.201
http://www.chalcogen.infim.ro/Agupta.pdf
https://doi.org/10.1080/15533174.2011.591308
https://doi.org/10.5402/2012/372505


Toxics 2025, 13, 148 20 of 20

70. Zak, A.K.; Razali, R.; Majid, W.H.A.; Darroudi, M. Synthesis and characterization of a narrow size distribution of zinc oxide
nanoparticles. Int. J. Nanomed. 2011, 6, 1399–1403. [CrossRef]

71. Xia, T.; Kovochich, M.; Liong, M.; Mädler, L.; Gilbert, B.; Shi, H.; Yeh, J.I.; Zink, J.I.; Nel, A.E. Comparison of the mechanism of
toxicity of zinc oxide and cerium oxide nanoparticles based on dissolution and oxidative stress properties. ACS Nano 2008, 2,
2121–2134. [CrossRef]

72. Li, M.; Lin, D.; Zhu, L. Effects of water chemistry on the dissolution of ZnO nanoparticles and their toxicity to Escherichia coli.
Environ. Pollut. 2013, 173, 97–102. [CrossRef] [PubMed]

73. Ravindran, A.; Singh, A.; Raichur, A.M.; Chandrasekaran, N.; Mukherjee, A. Studies on interaction of colloidal Ag nanoparticles
with Bovine Serum Albumin (BSA). Colloids Surf. B Biointerfaces 2010, 76, 32–37. [CrossRef] [PubMed]

74. Topală, T.; Bodoki, A.; Oprean, L.; Oprean, R. Bovine serum albumin interactions with metal complexes. Clujul Med. 2014, 87, 5.
[CrossRef] [PubMed]

75. Wei, K.C.; Lin, F.W.; Huang, C.Y.; Ma, C.C.M.; Chen, J.Y.; Feng, L.Y.; Yang, H.W. 1,3-Bis(2-Chloroethyl)-1-Nitrosourea-Loaded
Bovine Serum Albumin Nanoparticles with Dual Magnetic Resonance–Fluorescence Imaging for Tracking of Chemotherapeutic
Agents. Int. J. Nanomed. 2016, 11, 4065–4075. [CrossRef]

76. Emadi, F.; Amini, A.; Gholami, A.; Ghasemi, Y. Functionalized Graphene Oxide with Chitosan for Protein Nanocarriers to Protect
against Enzymatic Cleavage and Retain Collagenase Activity. Sci. Rep. 2017, 7, 42258. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2147/ijn.s19693
https://doi.org/10.1021/nn800511k
https://doi.org/10.1016/j.envpol.2012.10.026
https://www.ncbi.nlm.nih.gov/pubmed/23202638
https://doi.org/10.1016/j.colsurfb.2009.10.005
https://www.ncbi.nlm.nih.gov/pubmed/19896812
https://doi.org/10.15386/cjmed-357
https://www.ncbi.nlm.nih.gov/pubmed/26528027
https://doi.org/10.2147/IJN.S113589
https://doi.org/10.1038/srep42258

	Introduction 
	Materials and Methods 
	Chemicals 
	Interaction Between ZnO-NPs and TBBPA 
	Characterization Techniques 

	Results and Discussion 
	Interaction Between ZnO-NPs and TBBPA 
	Influence of Salts on the Interaction Between ZnO-NPs and TBBPA 
	Influence of HA on TBBPA and ZnO-NPs’ Interaction 
	Influence of BSA on the Behavior of ZnO-NPs 

	Conclusions 
	References

