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e Polyphosphates affect the speciation
and transformation of ZnO NPs
through multiple processes.

e The interactions of ZnO NPs with Py,
P,, and P3 formed Zn-P precipitates.
e Pg promoted the dissolution of ZnO
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e The transformation of ZnO NPs was
affected by reaction time, pH, and P/
Zn molar ratio.
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The fate and toxicity of zinc oxide nanoparticles (ZnO NPs) in nature are affected by solution chemistry
such as pH, anions, and natural organic matter (NOM). Inorganic polyphosphates are environmentally
ubiquitous phosphorus (P) species that may change the speciation and environmental fate of ZnO NPs. In
this study, the interactions of polyphosphates with ZnO NPs and the impacts on ZnO NP dissolution and
transformation were investigated and compared with orthophosphate (P;). The results revealed that
pyrophosphate (P,), tripolyphosphate (P3), and hexametaphosphate (Pg) enhanced whereas P; inhibited
the dissolution of ZnO NPs. In addition, Py, P2, and P3 promoted the transformation of ZnO NPs into zinc
phosphate (Zn-P) precipitates via interactions with dissolved Zn>*. However, Pg-promoted ZnO NP
dissolution was through the formation of soluble Zn-P complexes due to the strong capability of Pg to
chelate with Zn?*. The transformation of ZnO NPs in the presence of P3 was affected by reaction time, pH,
and P/Zn molar ratio. P; first formed inner-sphere surface complexes on ZnO NPs, which gradually
transformed into crystalline Zn,HP3019(H20)g precipitates. This study provided a new perspective for
understanding the reactivity of various forms of inorganic phosphate species with ZnO NPs in the natural
environment.
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1. Introduction

The large production and widespread applications of manufac-
tured engineering nanoparticles (ENPs) would inevitably result in
their release into the environment, yet uncertainties still exist
regarding their environmental fate and impacts (Klaine et al.,
2008). ZnO NPs are the second most produced nanomaterials
with wide commercial and environmental applications, such as
catalysis, sunscreen, industrial coatings, and antibacterial agents
(Keller and Lazareva, 2014; Kolodziejczak-Radzimska and
Jesionowski, 2014). Consequently, ZnO NPs are likely to be
released into municipal wastewater, natural waterbodies, and soils
(Gottschalk et al., 2009; Keller and Lazareva, 2014). The concen-
trations of ZnO NPs in surface waters, sewage influent, sewage
effluent, sewage sludge, sediments, and soils were approximately
estimated to be 0.001-0.61 pug L™, 24-300 pg L7, 0.05—45 pg L,
13.6—200 mg kg~!, 0.02-1.0 mg kg~!, and 0.01-10 pg kg,
respectively (Barton et al., 2015; Gottschalk et al., 2009, 2013; Sun
etal,, 2014; Zhang et al., 2017). ZnO NPs have relatively high toxicity
(at the low mg L~! levels) to many organisms, such as bacteria,
algae, plants, as well as aquatic and terrestrial invertebrates and
vertebrates (Pandurangan and Kim, 2015; Wang et al., 2013). The
primary mechanisms of ZnO NP induced toxicity are the dissolution
and release of Zn?>* and NP-induced generation of reactive oxygen
species (ROS) (Ma et al.,, 2013a). As an inorganic material, many
previous studies of ZnO NPs were primarily focused on their
physical (e.g., aggregation and sedimentation) and chemical (e.g.,
dissolution and sulfidation) transformations (Bian et al., 2011;
Keller et al., 2010; Ma et al., 2013b). Ionic strength, pH, particle
size, existence of anions (e.g., carbonate and phosphate), and
adsorption onto NOM can all impact the physico-chemical prop-
erties (e.g., colloidal stability, aggregation, and dissolution) of ZnO
NPs and their subsequent environmental fate and ecotoxicity (Bian
et al,, 2011; Keller et al., 2010; Li et al., 2013; Reed et al., 2012). For
example, the presence of phosphate and NOM can decrease the
dissolution of ZnO NPs and thus lower their toxicity to Escherichia
coli due to the decrease of free Zn®* concentration (Li et al., 2013).
Therefore, it is important to understand the dissolution and
transformation of ZnO NPs in natural medium, which will provide
fundamental basis for better predicting their behavior and fate in
natural and engineered environments (Lowry et al., 2012; Sivry
et al., 2014).

Phosphorus (P) is a critical element for all living protoplasmic
organisms and can enrich in certain natural environments and in-
dustrial effluents (Arai and Sparks, 2007). The main forms of P-
containing compounds are orthophosphate (P;), organic P, poly-
phosphates, and metaphosphates (Arai and Sparks, 2007). One
condensed form of inorganic P is polyphosphates, which are mol-
ecules formed by two or more phosphate groups via O—P—O link-
ages and can be linear or cyclic (also called metaphosphates) in
structure. Polyphosphates exist in the natural and wastewater
treatment systems (Arai and Sparks, 2007; Huang and Tang, 2015;
Worsfold et al.,, 2008). Natural sediment of lakes, estuaries and
oceans also contain a wide range of P species such as Pj, poly-
phosphates, and phosphate monoesters and diesters (Diaz et al.,
2008; Worsfold et al., 2008). In the granule sludge, poly-
phosphates are a group of important P species besides the domi-
nating orthophosphate (Huang et al., 2015). Finstein and Hunter
(1967) reported that polyphosphates accounted for approximately
15—75% of the total phosphorus in raw sewage sludge and 5—40% of
that in secondary effluents (Finstein and Hunter, 1967).

Polyphosphates are conserved by almost all organisms in nature
(e.g., bacteria, fungi, plants, and animals) and are thought to play
unique roles in the origin and survival of species (Rao et al., 2009). A
large number of polyphosphates are also used in detergents, mainly

in the form of sodium triphosphate (P3) (30—35%) and are even-
tually discharged into wastewater treatment plants (Guan et al.,
2005; Lampronti et al., 2012). P3 can hydrolyze to form pyrophos-
phate (P3) and P; in the washing machine water system (Lampronti
et al., 2012). Pyrophosphate can also form non-enzymatically via
coupled exergonic hydrolysis of P3 and endergonic condensation of
Py at room temperature under neutral/alkaline pHs (Uchimiya and
Hiradate, 2014). Therefore these different P compounds are ex-
pected to co-exist with ZnO NPs in systems such as municipal
wastewater (and treatment systems) and natural waterbodies
(Brunetti et al., 2015; Huang et al., 2015) and the interaction be-
tween them might be inevitable. Previous investigation pointed out
that high concentrations (50 mg L) of ZnO NPs inhibited P
removal in wastewater treatment plants (WWTPs) due to the
release of Zn>* and increase of ROS production (Zheng et al., 2011).
However, this study did not consider the precipitation between P
and dissolved Zn?* and its impact on P removal. Studies have
confirmed that P; can induce the transformation of ZnO NPs to
tetrahydrate Zn3(POg4); under neutral pH conditions (Lv et al.,
2012), and such transformation was pH dependent in that crys-
talline hopeite (Zn3(PO4);-4H,0) preferred to form at pH 6.0 rather
than pH 8.0 (Rathnayake et al., 2014). It was recently found that ZnO
NPs was converted to Zn-phosphate compounds in sewerage net-
works (Brunetti et al., 2015), but the possible effect of O—P—0
linkages on the microstructural transformation of ZnO NPs as well
as the main components in Zn-phosphate phase are still unclear.
Revealing the interaction of ZnO with different forms of P is thus
important for understanding the transformation mechanisms and
kinetics of ZnO NPs under P-enriched conditions.

In this study, the dissolution and transformation of ZnO NPs in
the presence of orthophosphate and several forms of poly-
phosphates (i.e., pyrophosphate, tripolyphosphate, and hexameta-
phosphate) were investigated. To our knowledge, this is the first
study investigating the microstructure and transformation pro-
cesses of ZnO NPs with these inorganic P species with different
chain lengths. The speciation and phase transformation of ZnO NPs
were characterized by in situ attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy, powder X-ray diffrac-
tion (XRD), and high-resolution transmission electron microscopy
(HRTEM). Results of this study provide a better understanding of
the behavior and fate of ZnO NPs in both natural ecosystems and
industrial settings.

2. Experimental section
2.1. Materials

Sodium dihydrogen phosphate (NaH;PO4, P1), disodium pyro-
phosphate dihydrate (NayH,P207-2H,0, P;), sodium tripolyphos-
phate (NasP301g, P3), and sodium hexametaphosphate ((NaPOs3)g,
Pg) were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). The ZnO NPs (99.9% purity) were purchased
from Nanjing Emperor Nano Material Co., Ltd. (Jiangsu, China) and
contained no impurity phases without any surface coating mate-
rials as examined by powder XRD, FTIR and TEM analyses.

2.2. Reaction of ZnO NPs with polyphosphates and orthophosphate

Sorption kinetics experiments were conducted to understand
the interaction between ZnO and four forms of P (P4, Py, P3, and Pg)
with total P/Zn molar ratio of 1:1 at pH 7.0. The interaction between
ZnO NPs and P3 was also investigated at different pH levels and
different P_p3/Zn molar ratios (where P_ps specifically refers to
total P concentration added in the ZnO-P5 system). pH values of the
batch experiments were measured using a pH meter (FE20,
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Mettler-Toledo, Shanghai, China). The solution pH was manually
adjusted to desired pH values + 0.2 using 0.1 M HCl and 0.1 M NaOH
several times within the first 2 h. After that, the pH of each reaction
suspension was adjusted at 3, 6, 9, 12, and 24 h. The reaction
temperature was maintained at 25 + 0.2 °C using a water circulator.
ZnO NP powders (0.162 g) were mixed with 200 mL 0.01 mol L'
NaCl solution containing Py, Py, P3, and Pg (10 mmol L~! total P) at
pH 7.0, or P3 at different pHs (5.0, 7.0, and 9.0) and with various
P_p3/Zn molar ratios (0, 0.2, 0.5, and 1.0) at pH 7.0. At specific re-
action time, a 5-mL suspension was filtered through a 0.22-um
Millipore membrane to analyze the solution concentration of P and
Zn?* in order to calculate P uptake and the concentration of Zn>*
dissolved from ZnO NPs. After 24 h of reaction, the remaining
suspension was centrifuged (at 16,000 x g for 15 min), washed two
times using P-free 0.01 mol L~ NaCl solution at corresponding pH
to remove the residual P. A portion of the recovered wet paste was
directly examined by ATR-FTIR, and a portion was air dried for XRD
and TEM analyses. Each experiment of P sorption kinetics was
performed in duplicate. To measure total P concentration for ex-
periments involving polyphosphates, polyphosphates were first
hydrolyzed to orthophosphate using concentrated sulfuric and
perchloric acid digestion (Martin et al., 1999), then measured using
the phosphatemolybdate blue colorimetric method (Murphy and
Riley, 1962). Concentration of dissolved Zn?* in the supernatants
was quantified using a 240FS atomic absorption spectrometer
(AAS) (Varian, Palo Alto, USA). In addition, ZnO samples reacted
with P3 for various P loading (total P concentration = 2.0, 5.0,
10.0 mmol L~!) at pH 70 and P; at various pHs (total P
concentration = 10.0 mmol L~!) were analyzed at different reaction
time (1, 4, 10, and 24 h) and prepared for ATR-FTIR and XRD ana-
lyses as mentioned above.

2.3. Characterization of ZnO NPs and reaction products

Both unreacted and reacted ZnO NPs were characterized using a
suite of complementary techniques. Sedimentation of unreacted
ZnO NPs were examined by monitoring time-resolved optical
absorbance at 378 nm using a UV—vis spectrophotometer (UV-
6300PC, Shanghai, China) (Bian et al., 2011). The zeta ({) potentials
of unreacted ZnO NPs were measured at different pHs (6.5—10.0) in
0.01 mol L~! NaCl solution using a Malvern Zetasizer ZEN 3600 zeta
potential analyzer (Malvern Instruments Ltd., Malvern, UK). The
hydrodynamic diameter (z-average diameter) of pure ZnO NPs at
pH 7.0 in 0.01 mol L~! NaCl was measured by dynamic light scat-
tering (DLS) (Malvern Zetasizer ZEN 3600). The specific surface area
of ZnO NPs was measured by the Brunauer—Emmett—Teller (BET)
method with an Autosorb-1 N, absorption analyzer (Quantach-
rome, Boynton Beach, FL, USA). The speciation and phase trans-
formation of ZnO NPs were characterized by in situ ATR-FTIR
spectroscopy (Bruker Vertex 70 FTIR spectrometer) and XRD
(Bruker D8 Advance diffractometer). HRTEM analysis was carried
on a JEM-2100F STEM/EDS (JEOL, Japan) at 200 kV, and the samples
were prepared by spreading 10-uL aliquots of suspended ZnO NPs
or reacted samples onto carbon-coated copper grids. Additional
details on experimental conditions, analytical procedures, and
characterization are provided in Supplementary Information (SI).

3. Results
3.1. Uptake of P and dissolution of ZnO NPs

Sorption of four forms of P (P4, P, P3 and Pg) onto ZnO NPs and
their influence on the dissolution of ZnO NPs were studied over

24 h (Fig. 1). In general, at total P/Zn molar ratio of 1.0, the con-
centration changes of total P for various forms of P and dissolved

Zn** change as reaction time increased. As shown in Fig. 1a, P
uptake for P; increased gradually and reached equilibrium within
2—3 h. P uptake for P, increased dramatically and almost reached
100% (i.e., 10 mmol L~!) within 0.5—1 h. P uptake for P3 increased
slowly over 24 h, however, that for Pg did not change within 24 h
(Fig. 1a).

In the absence of P, moderate dissolution of ZnO NPs was
observed at pH 7.0, and the concentration of dissolved Zn** was
~1.8 mmol L~ (equal to 18% of total ZnO) at 10 h (Fig. S4). As shown
in Fig. 1b, addition of P; into the suspension significantly decreased
the concentration of dissolved Zn®* to ~10 pmol L~! (equal to 0.1%
of total ZnO) at 24 h. In the presence of P,, the concentration of
dissolved Zn?* was initially very high (~2.1 mmol L~} equal to 21%
of total ZnO), but decreased dramatically over time and reached a
steady state of ~0.1 mmol L™! (equal to 1% of total ZnO). In the
presence of Ps, the concentration of dissolved Zn>* first increased
and reached a maximum concentration of 2.2 mmol L~! (equal to
22% of total ZnO) at 4 h, then decreased gradually and eventually
reached a steady state of 1 mmol L~ (10% of total ZnO) at 24 h. The
concentration of dissolved Zn?* in the presence of Pg was very high
and always around 5 mmol L~ (equal to 50% of total ZnO) over the
24 h reaction time. The equilibrium concentration of dissolved Zn>*
for Py, P; and Pg systems are ~0.1, ~0.1 and ~5 mmol L™, respec-
tively. The equilibrium concentration of corresponding total P in
these systems are ~3.3, ~0, and ~9.6 mmol L™}, respectively. Based
on these observations, we hypothesize that (1) P; likely converted
directly to Zn-P; precipitates as P; does not have the ability to
chelate metal ions (Lv et al., 2012; Rathnayake et al., 2014); (2) Pg
likely formed soluble Zn-Pg complexes which significantly
increased the concentration of dissolved Zn** (Omelon and
Grynpas, 2011); and (3) P and P3; might have initially complex
with Zn?* and induce the dissolution of ZnO NPs that resulted in
the increasing concentration of dissolved Zn?*; and then, the
formed Zn-P,/P3 complexes gradually transformed into insoluble
Zn-P,[P3 precipitates that decreased the concentration of dissolved
Zn’* (Feng et al., 2016; Michelmore et al., 2003).

In the presence of P3, the influences of P_p3/Zn molar ratios and
solution pH on the transformation of ZnO NPs were further inves-
tigated (Fig. 1c, d and S6). At P_ps/Zn molar ratio of 0.5, the Zn*"
concentration increased slowly within the first 8 h with a
maximum dissolved Zn?* concentration of 0.8 mmol L™! (equal to
8% of total Zn0O), then decreased gradually over time (Fig. 1d). At a
P_p3/Zn molar ratio of 0.2, the Zn’>* concentration was always
around 0.4 mmol L' (equal to 4.0% of total ZnO) over the 24 h
course (Fig. 1d). These results suggest that a small amount of sur-
face P3 coverage may inhibit the dissolution of ZnO NPs, possibly
due to the formation of surface Zn-P3 complexes/precipitates. The P
uptake for P3 (e.g., loss of P_p3 in solution) followed a similar
pattern for the three different P_p3/Zn molar ratios, in that they all
gradually increased over time (Fig. 1c). At pH 9.0 where ZnO NPs are
typically insoluble (Feng et al., 2016), and the P_p3 concentration
decreases to 9.3 mmol L~! due to sorption of P3 onto ZnO NPs
(Fig. S6a) since the concentration of dissolved Zn>* was close to
zero. However, at pH 5.0 where ZnO NPs completely dissolves (Feng
et al., 2016), the concentration of P_p3 was always lower than
1 mmol L', and the Zn?* concentration increased dramatically
within the first 2 h, reaching 5.9 mmol L~! (equal to 59% of total
Zn0), then decreased gradually to 3 mmol L~ (equal to 30% of total
ZnO0) (Fig. S6b). Due to the excellent chelate ability of P3, it is hy-
pothesized that a rapid complexing reaction might have taken
place between Zn?* and P3, causing the increase of Zn?" when P3
was at high concentration, followed by the precipitation of the
soluble Zn-P3 complexes, resulting in the decrease of both dissolved
Zn?** and P_ps in solution (Feng et al., 2016; Yan et al., 2014).

For the uptake of P onto ZnO NPs, not a single adsorption process
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Fig. 1. Concentration of total P uptake (a) and dissolved Zn?* (b) as a function of time upon ZnO NP reaction with four different P compounds (P;, Py, P3, Pgy at a P/Zn molar ratio of
1.0. Concentration of P_p3 uptake (c) and dissolved Zn?>* (d) in solution as a function of time with P_p3/Zn molar ratios of 0.2, 0.5 and 1.0. Each data point represents the mean of two

replicate experiments with standard deviation shown by error bars.

but several reactions (e.g., surface complexation, dissolution, and
precipitation) occurred simultaneously between polyphosphates
and ZnO NPs. This makes it difficult to model the reaction kinetics
(Fig. 1 and S6) and the quantitative analyses of the P uptake and Zn
dissolution data with physiochemical meanings are challenging.
For the sake of simplicity, a pseudo-first-order kinetic model was
used to describe P uptake data (Fig. 1a and ¢ and S6a) to quanti-
tatively compare P fixation/sequestration efficiencies of various P
forms by ZnO NPs (Fig. S5). The kinetic model is C; = Co x e %, or In
Co — In G; = kipt, where Cp (umol L) is the initial P concentration, C;
(umol L) is the total P concentration at a given time ¢ (h), and kn,
(h™ 1) is the apparent rate constant. Before the complete trans-
formation of ZnO NPs into Zn-P precipitates, a pseudo-first-order
kinetic model could be used to describe sorption data of four P
compounds onto ZnO NPs. The rate constants (k) are in the orders
0f 0.9585 h™! (P,) > 0.48217! (P;) > 0.0596 h~! (P3) > 0.00018 h~!
(Pg) for the four P compounds at pH 7.0 (Fig. S5a); 0.0807 h~!
(0.2) > 0.073 h~1(0.5) > 0.0596 h~! (1.0) for P3 with different P/Zn
molar ratio (0.2, 0.5, and 1.0) at pH 7.0 (Fig. S5b); and 0.0977 h™!
(pH 5.0) > 0.0596 h~! (pH 7.0) > 0.00015 h~! (pH 9.0) for P3 with P/
Zn molar ratio of 1.0 at different pHs (5.0, 7.0, and 9.0) (Fig. S5c).
Therefore, the uptake of P onto ZnO NPs was affected by reaction
time, solution pHs, P/Zn molar ratio and the P forms.

3.2. XRD and ATR-FTIR analysis

XRD and ATR-FTIR were used to characterize the structure of
ZnO NPs before and after reacting with P species. XRD patterns of
ZnO NPs reacted with four forms of P were significantly different
(Fig. 2). The XRD pattern of ZnO-Pg sample showed sharp

diffraction peaks at 20 = 31.7, 34.4, and 36.1° (Fig. 2d), characteristic
of crystalline hexagonal ZnO NPs (JCPDS No. 89-1397). For ZnO
NPs-P; system (Fig. 3a), orthorhombic hopeite (Zn3(PO4),-4H,0)
was indicated by peaks at 20 values of 9.6, 16.6, 17.3, 18.2, 19.3,
20.08, 22.18, 26.17, 31.69, and 46° (JCPDS No. 37—-0465). For ZnO
NPs sample reacted with P, over 24 h (Fig. 2b), we observed evi-
dences for a crystalline phase Zn;P,07-5H,0 (JCPDS No. 07—0087),
which exhibited main diffraction peaks at 20 = 6.9, 13.87, 15.93,
19.36, 19.98, 23.97, 25.35, 28.22 and 33.78°. When ZnO NPs aged in
P3 solution over 24 h, besides the presence of crystalline hexagonal
ZnO NPs, XRD patterns also revealed sharp diffraction peaks at
26 = 8.7,9.29, 11.38, 11.69, 12.54, 20.98, 23.75, and 32.93° (Fig. 2c),
which are characteristic of crystalline Zn,HP3019(H20)s (JCPDS No.
30-1478).

ATR-FTIR spectroscopy can provide molecular level insights into
the adsorption/precipitation of P species at the surfaces of ZnO NPs.
FTIR spectra of the P species in dissolved forms are illustrated in
Fig. S7. Bands in the 1200—1300 cm™! region can be assigned to the
asymmetric stretching vibrations of the bridging PO; (O=P—0")
(vas(PO2)). Bands around 900 cm~! for Py, P3, and Pg belong to the
asymmetric stretching vibration of P—O—P (v,4(P—O—P)). Bands
appearing in the 1080—1120 and 1000—1030 cm ! regions can be
assigned to the asymmetric and symmetric stretching vibrations of
the PO3 (va(PO37) and »s(PO37)), respectively (Fig. 2e and S7)
(Gong, 2001; Guan et al., 2005).

The FTIR spectra of the wet pastes after reactions are given in
Fig. 3f, with peak assignments summarized in Table S2. FTIR spectra
for non-reacted ZnO NPs showed a broad absorbance band at
~870 cm™ .. The spectra of the reacted products were quite different
from those of their corresponding P species, indicating that the
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Fig. 2. XRD patterns of ZnO NPs reacted with P, (a), P2 (b), P5 (c) and Pg (d) at pH 7.0. Zoom-in regions (20—50°) of P4, P, and P3 products reacted with ZnO NPs are shown as inserts.
Normalized ATR-FTIR spectra of dissolved P, P, P3, and Pg before (e) and after reacted with ZnO NPs (f) at pH 7.0. Solutions of Py, P,, P3, and Pg (total P concentration) for FTIR

measurements were prepared at 100 mmol L~ in 0.01 mol™" NaCl.

structural configuration of polyphosphates and orthophosphate
were altered after reaction with ZnO NPs (Fig. 2e and f). For ZnO NPs
aged in Py solution, there are five strong bands at 939, 1001, 1022,
1072 and 1117 em~ (Fig. 2f), similar to the spectra of Zn3(PO4), (He
et al., 2007). For ZnO NPs reacted with Pg, there are three bands at
933, 1042, and 1081 cm™, which may be assigned to v,s(P—O—P),
vs(PO3), and v¢(PO,), respectively (Fig. 2f) (Michelmore et al., 2003).
Six peaks at 1160, 1134, 1079, 1044, 940, and 907 cm~! dominated
the spectra of P,-ZnO NPs system (Fig. 2f). Compared with the FTIR
spectra of P, in solution, the peak corresponding to symmetric vi-
bration of the terminal PO3~ shifted from 1018 to 1044 cm ™!, and
the bands belonging to v, (P—O—P) split from 914 cm ™! to 907 and
940 cm™! (Fig. 2e and f). Bands at 1160, 1134, and 1079 cm™! can be
assigned to v,5(PO3), vas(P—0 in Zn—PO03), and v,5(PO3), respectively

(Assaaoudi et al., 2005; Guan et al., 2005; Michelmore et al., 2003).
This result suggested that the IR vibration of reaction products
involved the vibration of P—O and P—O—Zn, and that the reaction
products is possibly Zn,P,07-5H,0 with additional evidence from
XRD analysis (Fig. 2b). Finally, when ZnO NPs aged in P3 solution
over 24 h, seven peaks at 1240, 1146, 1109, 1044, 1024, 991, and
914 cm~! dominated in the spectra of the reacted sample (Fig. 2f).
The frequencies of vas(PZO‘%’) and v 4(P—O—P) remained unchanged
in the spectra of P3, but shifted moderately to a higher frequency
upon Ps interaction with ZnO NPs (Fig. 2e and f). Bands at 1146 and
1024 cm™! can be assignment to v,5(P—O in Zn—PO3) and v,s(P—OH
in HP30%;), respectively (Guan et al., 2005; Michelmore et al.,
2003). Combined with XRD observation, these results suggested
that the reaction products were Zn,HP3019(H20) (Fig. 2¢).
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Fig. 3. TEM images of ZnO sample reacted with P, (a) for 24 h treatments (P/Zn molar ratio = 1.0); and HRTEM images (b, ¢ and e) of selected areas pointed by Area 1, 3 and 2,
respectively. Fig. 3d is the electron diffraction pattern of the area in Fig. 3c. Fig. 3f presents the Fig. 3e area after exposure to accelerating voltage (200 kV) for 5 s.

3.3. HRTEM analysis

Since XRD patterns suggested the presence of crystalline Zn-P
precipitates, TEM analysis was conducted to obtain the detailed
morphological and structural characterization of ZnO NPs as
impacted by the four P species. We examined ZnO NPs before and
after reaction with P species for 24 h (Figs. 3 and 4 and S2). Previous
studies have reported the morphological changes of ZnO NPs in the
presence of P; solution (Lv et al.,, 2012; Rathnayake et al., 2014).
These reports found that the transformation products of ZnO NPs in
P; solution were composed of orthorhombic hopeite, triclinic

parahopeite, and the ZnO(crystalline)—Zn3(PO4), (amorphous)
core—shell structure, possibly as intermediates generated in the
transformation process (Lv et al.,, 2012; Rathnayake et al., 2014).
TEM images of unreacted ZnO NPs showed rhombohedral
morphology with 15-35 nm particle size (Figs. S2a and b). The
presence of the crystalline ZnO NPs was evidenced by the presence
of clear lattice fringes (~0.281 nm) corresponding to the (100) lat-
tice planes and (100) faces were likely the dominant surfaces
(Fig. S2b). Upon reaction with Pg, HTREM images still showed the
presence of a crystalline material with lattice fringes (~0.281 nm)
consistent with pristine ZnO NPs (Figs. S2c¢ and d). This is in
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agreement with XRD analysis which showed the dominant pres-
ence of ZnO NPs phase (Fig. 2d). However, the rhombohedral
boundaries of the particles were altered and showed rounded
features (Figs. S2c and d), suggesting that surface dissolution pro-
cesses at least partially contributed to the chelation by Pg (Fig. 1b
and S2d).

TEM and HRTEM images of ZnO NPs reacted with P, revealed
the presence of micrometer sized aggregations (Fig. 3a). This phase
appeared to be crystalline with a measured lattice fringe distance of
~0.500 nm (Fig. 3c), consistent with the 5.00 A d-spacing of the
(311) planes of ZnyP,07-5H,0 as determined by XRD. Selected area
electron diffraction (SAED) patterns (Fig. 3d) can be indexed with
(020), (411) and (303) planes, further confirming that the final
product is ZnyP,07-5H,0. Beam-induced morphological damage
was observed when this phase was exposed to accelerating voltage
(200 kV) for 5 s (Fig. 3e and f). This was possibly due to the co-
existence of poorly crystalline Zn-P precipitates with structure
similarity to ZnyP,07-5H,0 but with different hydration states,
and/or the evaporation of water molecules from these phases upon
interaction with high energy electron beam.

TEM micrographs of ZnO NPs particles reacted with P3 showed
the presence of two distinct types of particle morphology (Fig. 4a).
First, the remaining ZnO NPs still had lattice fringes of ~0.281 nm as
determined from the HRTEM images (Fig. 4b). The mean diameter
(~30 nm) of the nanosized phase is similar with that of the
unreacted ZnO NPs. Secondly, the newly formed aggregate phase is
a crystalline material with lattice fringes of ~0.387 nm spacing

(Fig. 4c and d), which is consistent with the 3.87 A d-spacing of the
(002) planes of Zny;HP3019(H20)g from XRD analysis (Fig. 2c).

3.4. Effect of pH and Zn/P ratio on Ps-induced transformation of
ZnO NPs

ATR-FTIR spectra (1300—800 cm~! region) and powder XRD
patterns of ZnO-P5 transformation products (i) at different reaction
times (1-24 h) at pH 7.0, (ii) with different P_p3/Zn molar ratios at
pH 7.0, and (iii) at different pH levels (total P/Zn molar ratios = 1)
are presented in Figs. 5 and 6. For ZnO-P3 sample after 1 h reaction,
three new bands appeared at 1137, 1140, and 928 cm™! can be
assigned to vi(P—O in Zn—PO3), va(PO3), and va(P—O—P),
respectively (Fig. 5a). However, XRD analysis of the same sample
did not show the presence of new peaks (Fig. 6a). These results
suggested the possible formation of P3 inner-sphere surface com-
plexes with ZnO NPs at this reaction time (Yan et al., 2014). The FTIR
spectra of ZnO-P3 samples at 4, 10, and 24 h showed three new
absorbance bands at 1240, 1106, and 991 cm™! (Fig. 5a), which can
be assigned to va5(PO,) in bridging PO3, v{(P—0) in terminal PO3,
and vy(P,0%), respectively (Guan et al., 2005; Michelmore et al,,
2003). Their XRD patterns showed the gradual presence of
diffraction peaks consistent with Zn,HP3019(H20)s (Fig. 6a). FTIR
spectra and XRD patterns of ZnO NPs reacted P35 also showed similar
results in the pH range of 5.0—9.0 (Fig. 6¢). With decreasing solu-
tion pH or increasing reaction time, FTIR spectra and XRD patterns
of the reaction products gradually showed the stretching vibration

Fig. 4. TEM images of ZnO samples reacted with P (a and c) for 24 h treatments (P/Zn molar ratio = 1.0); and HRTEM images (b and d) of selected areas pointed by Area 1 and 2,

respectively.
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Fig. 6. XRD patterns of ZnO NPs reacted with P53 (a) with P_p3/Zn molar ratios of 1:1 at pH 7.0 for different reactive time, (b) with three different P_p3/Zn molar ratios at pH 7.0 at

24 h, and (c) with P_p3/Zn molar ratios of 1:1 at different reactive pH at 24 h.

and the diffraction peaks characteristic of Zn,HP3019(H20)g (Fig. 6a
and b). Together, these observations suggested that
ZnyHP30109(H20)6 surface precipitates were formed on ZnO NPs
following the formation of surface P3 complexes and possibly the
continuous dissolution of ZnO NPs. When the P/Zn molar ratio was
0.2, the FTIR spectra showed weak absorbance features of
Zn;HP3019(H20)g precipitates with low intensity (Fig. 5b), while
diffraction features of this phase were not detected in XRD (Fig. 6b).
Possible explanations are the small amounts of this phase being
under the detection limit of XRD (typically ~5%) and/or the for-
mation of amorphous Zn-P;3 precipitates with structure similar to
ZnyHP3019(H20)6. These results suggested the formation of inner-
sphere surface complexes and/or small coverage of possibly
poorly crystalline surface precipitates at low P/Zn molar ratio (Yan
et al.,, 2014). When the P/Zn molar ratio was higher than 0.2, both
FTIR and XRD analysis of the reacted ZnO-P; samples clearly
showed the presence of Zny,HP3019(H20)s precipitates. Taken
together, these results revealed that the transformation of ZnO NPs
was affected by reaction time, pH, and P/Zn molar ratio (Figs. 5 and
6).

4. Discussion and environmental implications

Previous studies have investigated the dissolution of ZnO NPs in
the presence of different ligands, such as citric acid, phytic acid,
fulvic acid, and humic acid (Bian et al., 2011; Feng et al., 2016; Jiang
et al, 2015; Mudunkotuwa et al.,, 2012). Lv et al. (2012) and
Rathnayake et al. (2014) investigated the effects of P, addition on
the solubility and transformation of ZnO NPs (Lv et al,, 2012;

Rathnayake et al., 2014), and found the formation of amorphous
Zn(OH), coating on the surface of ZnO NPs. This amorphous
Zn(OH), phase was slightly soluble and resulted in the release of
Zn®* into solution. Aqueous PO3~ can be sorbed on the hydroxyl-
ated surface via exchange with OH™ or complexation with dissolved
Zn** to form amorphous zinc phosphate hydrate precipitates,
which eventually crystallized along with grain growth to form
orthorhombic hopeite (Lv et al., 2012; Rathnayake et al., 2014).
Polyphosphates are complex inorganic species with different
numbers of phosphate groups, with the general formula being
(PnO3n41)™~ (Michelmore et al., 2003; Omelon and Grynpas,
2008). The objective of using different polyphosphates in the pre-
sent study was to investigate the effects of different 0—P—O link-
ages and chain lengths on the dissolution and transformation of
ZnO NPs. The following reactions were likely involved: the initial
hydroxylation and dissolution of the ZnO nanoparticle surface (egs.
(1) and (2)), the surface sorption of aqueous polyphosphates via
ligand exchange (eq. (3)), the formation of soluble metal-phosphate
complexes (eq. (4)), and the transformation of soluble Zn-P com-
plexes into Zn-P precipitates (eq. (5)):

=Zn05) + Hy0(qq &=Zn(OH),, (1)

=Zn(OH)y (5 Zn*" (gq) + 20H (g 2)
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=Zn(0H)y(s) + H(PnO3n11) ™)™ (4q) ©=ZnH(Py03n41) ™)™ 44
+20H" 4
3)

Zn** g + H(Pn03n+1)(n+1)7(aq)©ZHH(Pno3n+1)<n71)7(aq> (4)

Zn2+(aq) +ZnH(PpO3p 4 )(nfl)—(aq)QanH(pnog’nH)(n—3)7<s)
(5)

In the presence of polyphosphates, the concentrations of dis-
solved Zn?* changed with reaction time and was dependent on the
structure and Zn-chelating capability of the different P species,
which was consistent with previous research on bulk zincite
(Michelmore et al., 2003). In that study, the concentration of Zn>*
in solution increased linearly with the addition of polyphosphate,
but the concentration of dissolved Zn?* was lower than our results
at the same pH value (Michelmore et al., 2003). It is likely that the
nano-sized ZnO particles in our study had higher solubility and
released more Zn?* for interaction with polyphosphates in solution
(Mudunkotuwa et al., 2012). The previous study also mainly
focused on the chemical adsorption of polyphosphates on the
surface of zincite. The processes involving the Zn-polyphosphate
surface complex transformation into Zn-polyphosphate pre-
cipitates were not revealed due to the low solubility of bulk zincite
(Michelmore et al., 2003). Our study investigated both the sorption,
precipitation, and/or transformation processes and products of
polyphosphate interaction with ZnO NPs using a variety of micro-
scopic and spectroscopic techniques.

Aqueous PO3~ can complex with dissolved Zn?* jons and form
amorphous zinc phosphate hydrate precipitate (Lv et al., 2012). The
formation of these precipitates can decrease the concentration of
free Zn* in solution, promote the continuous release of more Zn>*
from ZnO NPs, and finally transform into hopeite (Lv et al., 2012),
which was pH dependent (Rathnayake et al., 2014). Because of the
multiple phosphate groups within polyphosphates molecules,
polyphosphates have great chelating ability especially for divalent
metal cations (Omelon and Grynpas, 2008). Thus, polyphosphates
can bind with a variety of metal ions to form soluble P complexes
and finally transform into surface precipitates (Irani and Taulli,
1966; Yan et al., 2014). However, in this study, the rate and extent
of Zn-phosphate precipitate formation did not increase with the
increase number of phosphate groups in the four selected P com-
pounds, but were rather controlled by the formation constants of
metal-phosphate precipitates (Omelon and Grynpas, 2008; Wan
et al, 2016). To our knowledge, the solubility product data for
zinc-polyphosphates precipitates are not available in the literature.
The free energy changes at 25 °C accompanying the association of
Ca* with P,0%, HP,03~, and HP30%; were found to be —8.7, —4.9,
and —5.3 kcal, respectively (Irani and Callis, 1960). Also, the
dissociation constants of ferric pyrophosphate and ferric tripoly-
phosphate have been estimated to be 107232 and 10~22?, respec-
tively (Irani and Morgenthaler, 1963). Therefore, P, might complex
with Zn?* more strongly than P; to form zinc-polyphosphates
precipitates as suggested by our results. Pg is typically considered
to be an excellent complexing ligand, which can form stable and
soluble complexes with metal ions (Andreola et al., 2004; Omelon
and Grynpas, 2011). The concentration of dissolved Zn** in ZnO
NPs-Pg system was ~5 mmol L~ (50% of total ZnO NPs) due to the
presence of one terminal oxygen atom in each phosphate group of a
P molecule, likely resulting in a “caged” Zn-Pg complex configu-
ration with the Zn atom being octahedrally coordinated with the 6
terminal oxygen atoms.

The dissolution and transformation of ZnO NPs in the presence
of polyphosphates and orthophosphate change the speciation of
both Zn and P by forming Zn-P complexes and/or precipitates. The
degree of effect (e.g., enhancement vs. inhibition) of P compounds
on the dissolution and transformation of ZnO NPs depends on the
nature of the P species and solution conditions (e.g., concentration
and pH). Because TEM-revealed particle size of the reaction prod-
ucts was much larger than that of the initial ZnO NPs and the dis-
solved Zn?* concentration was largely dependent on reaction time
and P species, it is anticipated that the presence of phosphate and/
or polyphosphates might change the toxicity of ZnO NPs in the
environment (which is considered mainly due to dissolved Zn**
and nanosize effects) (Li et al., 2011, 2013; Ma et al., 2013a).

In the samples from a pilot wastewater treatment plant
(WWTP), Zn3(PO4); ranged from 21% to 22% (Ma et al., 2014).
However, the main components of Zn-P species in WWTP or nat-
ural systems are still unclear. Our study showed that the interaction
mechanisms of ZnO NPs with various forms of P are very different
and resulted in different reaction products. These results provide a
new perspective for understanding the adsorption and precipita-
tion behavior of polyphosphates and orthophosphate onto nano-
sized ZnO materials (as compared to bulk materials) and the
dissolution and microscopic transformation of ZnO NPs in P-
enriched condition (Michelmore et al., 2003). It is thus important to
include the transformation pathways and kinetics of nanoparticles
under environmental conditions when considering their fate,
transport, and toxicity. Taking into account the complexity of
environmental components, future studies are still needed to (i)
examine the effects of other environmentally relative components
(e.g., anions, organic acids, dissolved organic matter) on the trans-
formation of ZnO NPs, (ii) identify the main component(s) and
mechanism(s) of the Zn-P precipitates or soluble Zn-P complexes in
environmental samples, and (iii) investigate the influence of such
microscale morphological, structural, and compositional trans-
formations on the bioavailability and toxicity (e.g., plant uptake) of
ZnO NPs and other similar metal oxide NPs under realistic envi-
ronmental and exposure scenarios.

5. Conclusions

Our results suggested that Py, P3, and Pg enhanced the dissolu-
tion of ZnO NPs, whereas P;, P2, and P3 promoted the trans-
formation of ZnO NPs into Zn-P precipitates through the interaction
with dissolved Zn?*. Pg rapidly promoted the dissolution of ZnO
NPs through the formation of soluble Zn-P complexes due to its
excellent capability of chelating with metal ions instead of
precipitating with them. Results from in situ ATR-FTIR, XRD, and
HRTEM analyses indicated that at pH 7.0, the reaction products in
the presence of Py, Py, P3 are Zn3(POg4),-4H,0, Zn,P207-5H,0, and
ZnyHP3019(H20)s, respectively. In addition, P3 might form inner-
sphere surface complexes on ZnO NPs at the beginning, and these
surface complexes subsequently transform into Zn-P3 precipitates.
The dissolution and transformation of ZnO NPs obviously increased
with increasing molar ratios of P_p3/Zn and reaction time, and with
decreasing solution pH.
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