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Interaction between ZnO NPs and -
Al,O3 was investigated from neutral to
alkaline pH.

Zn-Al LDH could be formed under both
near neutral and alkaline conditions.
Formation of Zn-Al LDH is likely via a
dissolution-sorption-coprecipitation
process.

This study helps to explain formation
pathway of Zn-Al LDH in Zn/ZnO-
contaminated environment.
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GRAPHICAL ABSTRACT

Proposed reaction pathways for Zn-Al LDH formation. Blue, green, and red colors represent ZnO NPs, y-Al,03, and
Zn-Al LDH, respectively.
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ABSTRACT

Zinc and aluminum layered double hydroxides (Zn-Al LDH) are a common group of major Zn species in various
Zn-contaminated soil/sediment environments, yet their formation pathways and underlying mechanisms under
varied conditions are not well understood. This study investigated the formation of Zn-Al LDHs through the direct
interaction of two solid substrates, ZnO nanoparticles (NPs) and a representative Al oxide, y-Al,05. Batch exper-
iments and complementary microscopic and spectroscopic analyses were conducted to elucidate the reaction ki-
netics and mechanisms, as well as the morphologic and structural evolution of the products. Dissolved Zn and Al
concentrations decreased significantly in a dual solid system compared to a single solid system. A bulk Zn-Al LDH
phase was found to form under a wide pH range (6.5-9.5). Aside from Zn-Al LDH, y-Al,03 was the main remain-
ing solid phase at pH 6.5, whereas ZnO NPs were the main residual solid phases at pH 9.5. Formation of amor-
phous Zn(OH), was also observed at both pH values, likely due to Zn®* release at low pH and Al(OH)4
adsorption at high pH. It is proposed that the formation of Zn-Al LDH occurs via a dissolution-sorption-
coprecipitation process, where the solubility of ZnO NPs or y-Al,0O3 solid phases determines the reaction path-
ways and kinetics under varied pH conditions. The results from this work revealed the transformation mecha-
nisms for ZnO NPs under conditions from weakly acidic to alkaline pH with highly available Al particles and
shed light on the environmental fate of ZnO NPs in Zn or ZnO NP contaminated environments.
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1. Introduction

Engineered nanoparticles (ENPs) released into natural environ-
ments may interact with various constituents (e.g., microbes, minerals,
natural organic matter) through an array of reactions such as redox
transformation, homo/heteroaggregation, dissolution, and/or precipita-
tion, which can subsequently impact their speciation, fate, transport,
and bioavailability (Lowry et al., 2012; Wang et al., 2015). Understand-
ing the kinetics and mechanisms of these processes is critical for evalu-
ating the environmental behaviors and ecologic risks of ENPs (Lowry
etal, 2012; Stark, 2011). Zinc oxide (ZnO) NPs are the second most pro-
duced group of ENPs and have widespread applications (e.g., catalysis,
dye-sensitized solar cells, sunscreen products, textiles, and antibacterial
agents) (Keller and Lazareva, 2014; Kotodziejczak-Radzimska and
Jesionowski, 2014; Piccinno et al., 2012). These applications will inevita-
bly lead to the release of ZnO NPs into natural environments (Keller and
Lazareva, 2014), and studies have shown that their transport and reten-
tion in soils and sediments will strongly affect their potential exposure
pathways and transformation (Hazeem et al., 2016; Li and Schuster,
2014; Sun et al., 2015). In addition, ZnO NP dissolution and transforma-
tion under the coexistence of environmentally relative ligands will re-
markably alter the chemical form and thus the toxicity of ZnO NPs
(Feng et al., 2016; Li et al., 2013; Ma et al., 2013). Recently, interaction
of ZnO NPs with solid particles such as TiO, NP was reported to affect
ZnO NPs transformation (Lv et al., 2014; Tong et al., 2014, 2015). How-
ever, there are very limited studies on the interaction of ENPs such as
ZnO NPs with abundant natural mineral nanoparticles or colloids in
the environment (Lv et al,, 2014; Wang et al., 2015).

Aluminum (Al) (hydr)oxide minerals are ubiquitous in highly
weathered environments and have been widely investigated in the
fields of interfacial chemistry of nutrient elements and aqueous pollut-
ants (Elzinga, 2012; Li et al.,, 2011, 2012; Siebecker et al., 2014; Yan
et al,, 2015). It has been commonly observed that Zn?>* and ZnO in
soils enriched with Al (hydr)oxide or Al-bearing clay minerals can
transform into less soluble Zn and Al layered double hydroxides (Zn-
Al LDH) at relatively high initial metal concentrations (Jacquat et al.,
2008, 2009; Nachtegaal et al., 2005; Voegelin et al., 2002, 2005, 2011;
Voegelin and Kretzschmar, 2005). For example, formation of Zn-Al
LDH in contaminated soils was found to be associated with samples
with Zn content ranging from 571 to 20,476 mg kg~! (Jacquat et al.,
2009; Nachtegaal et al., 2005). Nearly pure Zn-rich phyllosilicate and
Zn-LDH were identified at different locations within a single soil hori-
zon, indicating that the availabilities of Al and Si controlled the type of
precipitates formed (Jacquat et al., 2008). With the increase of Zn
loading in soils, the percentage of precipitated Zn increased from 20 to
80%, while the precipitate type shifted from Zn-phyllosilicate at sites
with lowest Zn content to predominantly Zn-LDH in heavily Zn-
contaminated soils (Jacquat et al., 2008). Furthermore, Zn-bearing
precipitates (Zn-LDH and Zn-rich phyllosilicates) became more domi-
nant with the increase of pH and excessive total Zn content, relative to
available adsorption sites (Jacquat et al., 2009). Zn-Al LDH was the
most abundant Zn-precipitate in soils at pH 5.3-7.7, while Zn-rich
phyllosilicates, less abundant than Zn-Al LDH, were also detected at
lower soil pH (Jacquat et al.,, 2009). Previous studies have also revealed
that the Zn?" adsorbed on Al (hydro)oxide might continue to migrate
into the crystal lattice of Al (hydro)oxide and formed new LDH phases
at circumneutral pH values (Li et al,, 2012; Miyazaki et al., 2013).

Although it is well known that there is a strong interaction between
Zn*>* and Al (hydr)oxide or Al-contained clay minerals, less attention
has been paid to the interaction of ZnO NPs with these Al-containing
minerals. Voegelin et al. (2011) found that after four years of soil incu-
bation, >90% of the added ZnO had transformed into Zn-Al LDH precip-
itate, with minor amounts of Zn-phyllosilicates and adsorbed Zn species
in four soils, with pH ranging from acidic to alkaline. At acidic or neutral
pH values, interaction of aqueous Zn>* (derived from ZnO NPs dissolu-
tion) with Al-containing minerals accounts for the formation of Zn-Al

LDH precipitate. However, at alkaline pH values where ZnO NPs are
hardly soluble, the formation mechanisms of Zn-Al LDH are not clearly
understood, despite the fact that such information is critical for under-
standing the environmental fate of ZnO NPs under circumneutral or al-
kaline pH conditions.

This study systematically investigated the interaction between ZnO
NPs and y-Al,03 (a representative phase of highly reactive poorly crys-
talline Al oxide minerals) under varied pH conditions. Batch experi-
ments were combined with a suite of complementary spectroscopy
and microscopy analyses to reveal the reaction pathways and kinetics.
Xu and Lu (2005) studied hydrothermal synthesis of layered double
hydroxides (LDHs) from mixed MgO and Al,Os3 for practical use as a ma-
terial and explored LDH formation mechanisms under the less environ-
mentally relevant conditions (i.e., high temperature, high pressure, and
a long reaction time). Here, our study observed the rapid formation of
Zn-Al LDH precipitates from the suspensions of ZnO and y-Al,03 mix-
tures at room temperature and atmospheric pressure and provided a
quantitative and qualitative analysis of Zn-Al LDH in the products.
Based on systematic instrumental characterization of the reaction prod-
ucts combined with wet chemistry analysis, this study further con-
firmed a dissolution-sorption-coprecipitation mechanism for the
formation of Zn-Al LDH via two pathways at neutral and alkaline pH. Re-
sults from our study will enable better prediction of the transformation
of ZnO NPs in natural environments and will provide implications for
the interfacial behaviors of Zn or ZnO NPs in the environment.

2. Material and methods
2.1. Materials and its characterizations

Zn0 NPs (99.9% purity) were obtained from Nanjing Emperor Nano
Material Co., Ltd. (Nanjing, China). y-Al,O3 was obtained from Sky
Spring Nanomaterials Inc. (product #1328QI). Both materials were con-
firmed to be phase pure by X-ray diffraction (XRD) (Fig. S1). The aver-
age particle size of y-Al,05; determined by transmission electron
microscopy (TEM), was approximately 5 nm (Figs. S2 and S3) (Feng
et al., 2016; Yan et al., 2015). TEM also showed that ZnO NPs were
mainly rhombohedral in shape, with an average particle size of 30 +
10 nm and apparent lattice fringes of ~0.281 nm (Figs. S2 and S3).
Brunauer-Emmett-Teller (BET) specific surface areas for y-Al,03 and
ZnO NPs were 325 and 37 m? g~ !, respectively. More details of these
materials can be found in our previous publications (Feng et al., 2016;
Yan et al,, 2015).

2.2. Batch experiments

Dissolution kinetics of ZnO NPs (0.81 g L™!) or y-AL,05 (0.51 g L™ 1)
was conducted in 0.01 M KCl solution at pH 6.5-9.5. ZnO NPs (0.162 g)
and v-Al,03 (0.102 g) were weighed and mixed several times in a
weigh boat, using disposable polypropylene spatulas. Then, the mixture
was added to 200 mL of a 0.01 M KCl solution that was preadjusted to
different pH values (6.5, 7.5, 8.5, and 9.5). The pH of the reaction suspen-
sion was maintained constant using a pH-stat titrator (Metrohm 907
Titrando, Switzerland). The molar ratio of ZnO:y-Al,05 is 2:1. The reac-
tion temperature was maintained at 25 £ 0.2 °C using a water bath. At
certain time points, aliquots of the reaction suspension were syringe fil-
tered (0.22 pm). The filtrate was analyzed for total Zn concentrations
using an atomic absorption spectrometer (Varian 240FS). Additionally,
total Al concentration was determined using a spectrophotometric
method based on the reaction of Al with chrome azurol S (Pakalns,
1965; Téth et al., 2004). A portion of the suspensions was also centri-
fuged (9500 xg, 10 min), washed twice with 0.01 M KCl solution at cor-
responding pH, and the wet pastes were evenly spread in a petri dish
and dried under air flow at room temperature. Dried solids were finely
ground and analyzed for their morphological and structural characteris-
tics (see below). All experiments were conducted in duplicate.
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2.3. Characterization of reaction products

The reaction products were characterized using a suite of comple-
mentary techniques, including X-ray diffraction (XRD), Fourier trans-
form infrared spectroscopy (FTIR), scanning and transmission electron
microscopy (SEM/TEM), 27Al nuclear magnetic resonance (NMR) spec-
troscopy, and Zn K-edge extended X-ray absorption spectroscopy
(EXAFS). Experimental details of XRD, FRIT, SEM, and TEM analyses
are provided in the Supplementary data.

2.3.1.*’AINMR

Solid state 2”Al single-pulse MAS (SP/MAS) NMR analysis of the
reaction products was conducted on a 400 MHz NMR spectrometer
(9.4 T) (Bruker Advance IIl 400 M, Switzerland) operated at
130.2 MHz, using a 5-mm PABBO BB-1 H/D Z-GRD probe at a spin-
ning rate of 12 kHz. A 6 ps 90° pulse was calibrated using a 1.0 M
Al(NOs3)3 solution standard, but only 1 ps rf (radio frequency)
pulse length was chosen for measuring the solid samples. Pulse
delay was optimized as 5 s, and approximately 250 scans were col-
lected for each sample. The 2’Al chemical shifts (8;) are reported
relative to an external 1.0 M Al(NOs3)5 solution set to 5 = O ppm.

2.3.2. Zn K-edge EXAFS

50 mg of air dried samples was mixed with 50 mg of boron nitride
(BN), and then finely ground, pressed into pellets, and mounted on a
sample holder covered with Kapton tape. Zinc K-edge EXAFS data
were collected at Beamline XAFS2 of the Brazilian Synchrotron Light
Laboratory (LNLS) (Campinas, Brazil) and at Beamline 1W1B of the Bei-
jing Synchrotron Radiation Facility (BSRS) (Beijing, China). ZnO NPs,
synthetic Zn(OH), and Zn-Al LDH were used as reference compounds
(Yan et al,, 2018). Data collection was conducted in transmission
mode, using a Zn foil for energy calibration setting Eq at the Zn K-edge
(9659 eV). Data analysis used the DEMETER software package (Ravel
and Newville, 2005). Linear combination fitting (LCF) of Zn EXAFS
data was performed using the ZnO NPs and LDH reference compounds
at k space of 2.2-12.5 A~ 1,

3. Results and discussion
3.1. Dissolution kinetics

To explore the interaction between ZnO NPs and y-Al,05 (dual solid
system) under varied pH conditions, the first step was to examine the
stability of these two solid phases alone (single solid system) at corre-
sponding pH values. The dissolution kinetics of ZnO NPs and y-Al,03
(single solid system) at pH 6.5-9.5 are shown in Fig. S4. Dissolution of

3000

. 1@

% 2500

Rl

T 2000 g

£ | o

g O pHG6.S5

<9

£ 1500

g O pH75

= < pHSS5

‘E’ 1000 O pH 9.5

N

=

£ 500+

2 R SR Qoo Dennnnnnd o

A 04 D pracaeses ERCAEEEY @
T T 1 T T T
0 10 20 30 40 50

ZnO NPs increased with decreasing pH, with a much greater extent of
dissolution at pH 6.5 (~6.36 mM dissolved Zn>* at 48 h, equivalent to
~63.6% of total Zn) than that at pH 7.5-9.5 (<0.5 mM dissolved Zn>™"
at 48 h) (Fig. S4a). In contrast, the dissolution of y-Al,03 was enhanced
by increasing pH. Dissolved Al(IIl) concentration increased rapidly at
pH 9.5, while limited dissolution of y-Al,03 was observed at pH 6.5
and 7.5. At 48 h, dissolved Al(Ill) concentrations at pH 9.5, 8.5, 7.5 and
6.5 were ~60, 17, 3, and 0.2 uM (corresponding to 0.6, 0.17, 0.03 and
0.02% of total y-Al,05), respectively (Fig. S4b).

When ZnO NPs and y-Al,O3 were reacted together (i.e. dual solid
system), the concentration of dissolved Zn?* also decreased with in-
creasing pH and became negligible at pH 8.5 and 9.5 (Fig. 1a). This over-
all trend was similar to the system with ZnO NPs alone (i.e., single solid
system). However, the equilibrium concentration of dissolved Zn** at
48 h was only ~2.35 mM (23.5% of total ZnO NPs), much lower than
that of the ZnO NPs experiment (~6.36 mM). The dissolution kinetics
of y-Al,05 in the dual solid system also showed a pH-dependent trend
similar to the system with y-Al,03 alone, but with a much lower equi-
librium dissolved Al(III) concentration (~5 pM at pH 9.5, 0.05% of total
v-Al,03) (Fig. 1b). Compared to single solid systems, such a remarkable
decrease in both dissolved Zn?>* and Al(Ill) concentrations in the dual
solid system suggests the potential formation and/or transformation
of solid phases. Therefore, a suite of complementary techniques was uti-
lized to characterize the chemical, morphological, and structural prop-
erties of the reacted solid phases, as detailed below.

3.2. Mineralogical transformation and morphological evolution

XRD revealed the formation of Zn-Al LDH in the reacted dual solid
system. The intensity of the peaks corresponding to the Zn-Al LDH
phase was also pH-dependent, i.e., more significant at pH 6.5 than
pH 7.5-9.5 (Fig. 2). At pH 6.5, although the diffraction peaks of ZnO
NPs were still observed after 2 h of reaction, they had almost completely
disappeared and the diffraction peaks of Zn-Al LDH became dominant
after 12 h of reaction, consistent with the previous report that Zn-Al
LDH can form within 15 min upon Zn?" sorption onto y-Al,053 (Li
et al,, 2012). In contrast, for reactions conducted at pH 7.5-9.5, no ob-
servable difference in the XRD patterns was found for the reaction prod-
ucts at different reaction times from 2 h to 2 d. The Zn-Al LDH diffraction
peaks at ~11 and ~23°, as indexed with (003) and (006) for a rhombo-
hedral symmetry (3R) (Xu and Lu, 2005), were pronounced in all reac-
tion samples. Those at ~35, ~39, and ~46° can be indexed as the (012),
(015), and (018) faces of Zn-Al LDH, respectively (Figs. 2 and S1a) (Li
et al., 2012; Xu and Lu, 2005). The formed LDH is more likely a 3R;-
polytype LDH phase (featured mainly by the diffraction peaks of
(012), (015), (018) faces), instead of a 3R,-polytype LDH phase

Dissolved AI(III) concentration (M)

Fig. 1. Concentration of dissolved Zn(II) (a) and Al(IIl) (b) at different pH values during the reaction of ZnO NPs and y-Al;Os.
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Fig. 2. XRD patterns of ZnO NPs and y-Al,05 reaction products at different reaction times
(2h,12h,and 2 d) and pH 6.5-9.5. Red diamond symbols indicate the (003), (006), (012),
(015), and (018) planes of Zn-Al LDH, from left to right. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

(featured mainly by the diffraction peaks of (014), (017), (0,1,10) faces)
(Xu and Ly, 2005).

The IR bands at 3442, 1644, and 1130 cm ™! belong to the v(OH)
and 6(OH) of water molecules, and the 6(OH) of bridged AI—OH, re-
spectively (Fig. S5) (Dambournet et al., 2008). The IR bands at 773
and 616 cm ™! can be attributed to the vibration of the AlO, tetrahe-
dra and AlOg octahedra (Saniger, 1995; Tarte, 1967). The infrared ab-
sorption peaks at approximately 1364 and 1405 cm™! can be
assigned to the stretching vibration of CO3~ adsorption in the inter-
layer region of Zn-Al LDH and of CO3~ adsorption at the surface sites
of solids (e.g., residual ZnO NPs, residual y-Al,03, and newly formed
Zn-Al LDH), respectively (Lietal.,2012; Xu and Lu, 2005). A shoulder
peak at 3110 cm ™! can be attributed to OH stretching in H-bonded
OH—CO3 ™ in the FTIR spectra of all samples, which is more obvious
for pH 9.5 products (Fig. S5) (Xu and Lu, 2005). These results suggest
that the newly formed Zn-Al LDH phase contains some CO2~, possi-
bly via the absorption of CO, from air and the subsequent reaction
with water to form HCO5 or CO%. The peak for interlayer CO3~
(at 1355 cm™!) becomes more obvious at higher pHs (Fig. S5), likely
due to the higher uptake of CO, from air and resulting in carbonate
species (Xu and Lu, 2005).

SEM and TEM images showed that the unreacted y-Al,03 phase had
an average particle size of ~5 nm, and unreacted ZnO NPs were mainly
rhombohedral with an average particle size of ~30 nm (Figs. S2 and
S3). After the reaction of ZnO NPs and y-Al,05 at pH 6.5 and 9.5, precip-
itates with flake morphology and >200 nm size were observed in both
SEM and TEM images of the reaction products (Fig. 3). These precipi-
tates can be identified as the Zn-Al LDH phase from their typical flaky
morphology, similar to the well-defined hexagonal flaky morphology
of LDHs synthesized from hydrothermal treatment and coprecipitation
(Li et al,, 2012; Pushparaj et al., 2015). SEM and TEM analyses (Fig. 3)
also revealed that the edges and surfaces of Zn-Al LDH formed at
pH 9.5 were smoother than those formed at pH 6.5. The lack of well-
defined hexagonal LDH morphology was also observed in previous in-
vestigations (Zn-Al-Cl and Zn-Al-NO5 LDHs) and is possibly the result
of a higher Al content in Zn-Al LDH (Pushparaj et al., 2015). The fact

that fine and small y-Al,O3 particles were abundantly present at
pH 6.5 and large ZnO sphere particles were relatively abundant at
pH 9.5 (Fig. 3) is consistent with XRD results that ZnO diffraction
peaks persisted at high pH (Fig. 2).

Combined XRD and electron microscopy evidence suggests that pH
plays a critical role in the dissolution of ZnO and «y-Al,03 NPs, as well
as the subsequent morphology and structure of the formed Zn-Al LDH,
and that the formation pathways of Zn-Al LDH at different pH values
may also be different.

3.3. Structure transformation

Zn EXAFS and 27Al NMR spectroscopy were applied to further
investigate the phase and structural evolution of the system and
the underlying reaction mechanisms. XRD results can provide
only limited structural information with regard to Al in this sys-
tem, as y-Al,03 is poorly crystalline and lacks strong diffraction
signals (Fig. S1b) (Li et al., 2012; Yan et al., 2015). Zn EXAFS
can reveal the coordination environment (Li et al., 2012; Lv
et al., 2012; Trainor et al., 2000). 2’Al NMR spectroscopy is the
most common technique for characterizing the Al chemical
environment.

The 27Al NMR spectrum of raw y-Al,05; showed two peaks at
chemical shifts of +65 and +9.4 ppm, which can be assigned to Al
in tetrahedral (AlO4) and octahedral coordination (AlOg), respec-
tively (Fig. 4) (Li et al., 2012; Miyazaki et al., 2013; Pushparaj et al.,
2015; Yan et al., 2014). Due to the formation of Zn-Al LDH precipi-
tates, it was expected that a single Zn vacancy would affect the six
neighboring Al atoms, whereas Zn substitution at an Al site affects
three neighboring Al atoms which would otherwise change the
chemical shifts of octahedral AlOg in NMR spectrum by approxi-
mately 4-5 ppm (Li et al., 2012; Miyazaki et al., 2013; Pushparaj
et al., 2016). Fig. 4 shows that a new peak at 13.91 ppm appeared
in the NMR spectra of the reaction products from all pH conditions,
which can be attributed to octahedral AlOg in Zn-Al LDH phase (Li
et al., 2012; Pushparaj et al., 2016). In all reaction products, the
peak intensity of both AlO4 tetrahedra (64,27 = +65 ppm) and
AlOg octahedra (8a1.27 = +9.4 ppm) in y-Al,03 decreased, and the
peak intensity of AlOg octahedra (84127 = +13.91 ppm) in the Zn-
Al LDH increased (Fig. 4b and c), suggesting that octahedral Al in
Zn-Al LDH precipitates may come from both tetrahedral and octahe-
dral Al from y-Al,03 transformation. As the pH increased from 6.5 to
9.5, the chemical shift at 64,7 = +65 and 9.5 ppm decreased grad-
ually, but remained present in NMR spectra of the reaction products,
indicating that the dissolution of y-Al,03 was facilitated by increas-
ing pH. However, some y-Al,03 was still present in the reaction
products, in agreement with SEM and TEM observations, but was dif-
ficult to detect by XRD, due to its amorphous nature and weak dif-
fraction peaks.

As shown in Fig. 5, in the Zn K-edge XANES spectra there were four
peaks at 9666.4, 9676.7, 9711.7 and 9735.9 eV characterizing ZnO NPs;
four peaks at 9664.9, 9682, 9705.7 and 9717.1 eV that are diagnostic fea-
tures of Zn-Al LDH; and four peaks at 9665, 9679.9, 9705.5 and
9714.9 eV for Zn(OH),. The Zn XANES spectra showed that ZnO NPs
(with Zn in tetrahedral ZnO,4 coordination) were partially transformed
into Zn-Al LDH (mainly containing Zn in octahedral ZnOg coordination)
and some Zn(OH), (Fig. 5). To quantify the relative percentage of differ-
ent Zn species, Zn K-edge EXAFS spectra of the solid products from dif-
ferent pH conditions and reactions time were analyzed by linear
combination fitting (LCF) using ZnO NPs, Zn(OH),, and Zn-Al LDH as
end members (Figs. 6, S6 and S7). The LCF results indicated that the
amount of Zn-Al LDH increased with increasing solution pH and reac-
tion time (Fig. 6; Table S1). Additionally, Zn(OH), comprised approxi-
mately 20% of all reaction products, as revealed by LCF of Zn EXAFS
(Table S1), likely existing as an amorphous phase, due to the lack of
Zn(OH), peaks in XRD patterns (Fig. 2). LCF results of the final products
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at different pH (6.5, 7.5, 8.5, and 9.5) (Fig. 6a) revealed that Zn-Al LDH
accounts for 78.6, 34.3, 44.8, and 51.3% of the total Zn in the solid
phase, respectively. Considering that 21.7% of the total Zn is soluble
Zn?* in the aqueous phase, it can be estimated that 61.5% of total
Zn in the system was transformed into Zn-Al LDH at pH 6.5 after
48 h of reaction (Table S1). Similarly, 33.3, 44.8, and 51.3% of total
Zn from ZnO NPs transformed into Zn-Al LDH at pH 7.5, 8.5, and
9.5, respectively (Table S1). Solid phases of reactions at pH 6.5 and
9.5 were collected at different time points (2, 12, 48 h) and the LCF
results were also compared (Fig. 6b). The fitting results showed
that the relative abundance of Zn-Al LDH in the systems increased
from 36.9 to 61.5% at pH 6.5 and from 25.2 to 51.3% at pH 9.5, as
the reaction time increased from 2 to 48 h (Table S1), suggesting a
faster transformation at pH 6.5.

3.4. Reaction pathways of Zn-Al LDH formation

Previous studies have shown that the formation of Zn-Al LDH and Zn
adsorption/complexation are important pathways for the accumulation
of massive amounts of Zn in soils, when pH is high and Zn loading ex-
ceeds the adsorption capacity of soil (Voegelin et al., 2005, 2011). In
this study, combined XRD, SEM, TEM, EXAFS, and NMR analyses re-
vealed the formation of crystalline Zn-Al LDH precipitates during the in-
teraction between ZnO NPs and y-Al,05 at different pH. The underlying
reaction pathways of Zn-Al LDH precipitate formation under various
conditions are further discussed below.

Li et al. (2012) demonstrated that Zn?™ sorption onto y-Al,05 led
to the formation of a crystalline Zn-Al LDH phase. It has also recently
been reported that AI(OH); can enter into the Zn(OH), structure,
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Fig. 4. (a) ?’Al SP/MAS NMR analysis of unreacted y-Al,03, as well as ZnO NPs and y-Al,05 reaction products after 2 d at pH 6.5-9.5; (b) zoomed view (+20 to +90 ppm) showing
tetrahedrally coordinated Al; (c) zoomed view (—30 to 420 ppm) showing octahedrally coordinated Al.

replace Zn?* with AI**, and enhance transformation of the solid
phase into Zn-Al LDH by creating positive charges in the Zn(OH),
solid phase (Meng et al., 2017). Considering the high solubility of
ZnO NPs at neutral pH and y-Al,05 at alkaline pH (Figs. 1 and S4),
and the fact that the main dissolved species of Zn(Il) and AI(III)
were Zn?" at pH 6.5 and Al(OH); at pH 9.5, respectively (Fig. S8),
the dissolved Zn?" or AI(OH), played a critical role in the formation
of the Zn-Al LDH phase at experimentally different pH. We propose
that a dissolution-sorption-coprecipitation process might have

5.97Zn0 NPs

Zn-Al LDH
pH9.5,48 h

pH9.5,12h

pH95,2h
pH8.5,48h
pH7.5,48h
pH 6.5,48 h
pHG.5,12h

Normalized absorbance

pH6.5,2h

9630 9660 9690 9720 9750 9780
Energy (eV)

Fig. 5. Zn K-edge XANES spectra of ZnO NPs and vy-Al,05 reaction products at different pH,
as well as the powder standards for qualitative comparison.

occurred at neutral and alkaline pH, when concentrations of dis-
solved Zn?" or Al(OH)4 in solution were high enough to drive the
formation of the Zn-Al LDH phase. Before or during the formation
of Zn-Al LDH, the hydrolysis of ZnO NPs and y-Al,05 and the dissoci-
ation of Zn(OH), and AI(OH)s (Eqgs. (1) and (2)) may occur at the
surface of the solid particles (Bian et al., 2011; Xu and Lu, 2005;
Zhang et al., 2018). Then dissolved Zn®" and Al(OH); may be incor-
porated into the hydrolyzed «y-Al,03 and ZnO thin layer, respec-
tively, to form Zn-Al LDH at neutral and alkaline pH (Egs. (3) and
(4)). These reaction pathways are simplified to the following equa-
tions:

VAL O35 + 3H,02A1(0H)5 ) + 2H,02A1(0H); + 2H* 1)

Zn0y5) + H,0-Zn(0H), <Zn** + 20H~ 2)

XZn** + Al(OH)3 ) + (2x +a—1)H0 + CI~ 3)
<ZngAl(OH),, ,Cl- aH,05) + (2x—1)H*

XZn(OH)y ) + Al(OH)4 +aH 0 + CI™ 4
~ZngAl(OH),,,Cl - aH,0(5) + 20H™ “)

The freshly generated Zn(OH);(s) and Al(OH)3s) phases first formed
thin layers on the corresponding oxide particle surfaces. These hydrox-
ide layers were then dissolved to release Zn>* at pH 6.5 or Al(OH); at
pH 9.5, which can lead to the continuous hydrolysis of the correspond-
ing oxides. Then, dissolved Zn?>* or AI(OH); can incorporate into the
hydrolyzed y-Al,03 or ZnO thin surface layer to further facilitate the
dissolution-sorption-coprecipitation processes. These reactions can be
substantiated by the dynamics of OH™ and H™ release during the pro-
cess (Fig. S9). A previous study reported that the formation of Mg-Al
LDH resulted in the increase of solution pH (from 7 to 10.1 or 11.5 to
11.8) due to the incorporation of dissolved Mg®* or Al(OH)*™ into the
solid y-Al,03 or MgO surface (Xu and Lu, 2005). Here, the dynamics of
OH™ and H™ release at pH 6.5 and 9.5 were quantified by measuring
the amount of HCl or KOH consumed following a reported procedure
(Feng et al., 2016). A rapid release of OH™ was observed at both
pH 6.5 and 9.5 during the initial 6 h, although the released amount
was much higher at pH 6.5 (~3.85 mM compared to ~0.85 mM at



1986 B. Wan et al. / Science of the Total Environment 650 (2019) 1980-1987

pH 6.5,48 h
A

Iy

3

x(<)*K

Fig. 6. Zn K-edge EXAFS spectra (open cycle) and linear combination fitting (LCF) results (solid lines) of ZnO and y-Al,05 reaction products (a) at different pH at 2 d and (b) at different
reaction times (2 and 12 h) at pH 6.5 and 9.5. The number in the parentheses is the percentage of Zn-Al LDH in the final solids, based on LCF.

pH 9.5). It is highly likely that in the initial reaction stage at pH 6.5
release of OH™ during the hydrolysis/dissolution of ZnO NPs (Eq. (2))
outpaced the release of H™ during Zn?>* incorporation into LDH
(Eq. (3)). As the reactions proceeded (beyond 12 h), the release of H*
due to predominant Zn-Al LDH formation via Zn?* adsorption/
incorporation in the later reaction stage may have exceeded that of
OH™ release due to ZnO dissolution. Based on both XRD and Zn EXAFS
results, beyond 12 h, ZnO NPs were mostly dissolved and transformed
into Zn-Al LDH (Figs. 2 and 5). At pH 9.5, the release of OH™ was likely
from the incorporation of AI(OH)4 into the hydrolyzed ZnO thin layer
(Eq. (4)). Although AI(OH)4 production via hydrolysis of Al(OH)5 led
to H* release (Eq. (1)), the net release of OH™ was also achieved in
the initial reaction stage (though much less than that at pH 6.5), likely
due to the high rate of Zn-Al LDH formation at pH 9.5. The decrease in
the formation rate of Zn-Al LDH and the relatively enhanced surface al-
kali ionization of residual y-Al,03 or ZnO NPs could account for the net
H release after 10 h of reaction (Uekawa et al., 2004; Xu and Lu, 2005).
To obtain further information on pH variation at the comparison, we
have conducted a series of pH-uncontrolled experiments. With initial
pH values of 6.5, 7.5, 8.5 and 9.5, the final pH values were 7.5, 7.6, 7.8,
8.0 for ZnO NPs suspensions, and 6.4, 7.2, 7.9, 8.3 for y-Al,03 suspen-
sions, respectively.

It is indicated that migration of Al from vy-Al,O5 to the precipitates is
critical for the formation of secondary Zn-Al LDH phases with Zn?" at
pH 7.5 (Li et al,, 2012). In addition, the much higher surface area and re-
activity of y-Al,05 compared to other Al (hydr)oxide phases can facili-
tate the surface hydrolysis of y-Al,03 and the formation of Zn-Al LDH.
Recently, Gou et al. (2018) proposed that Zn adsorbed onto the Al
oxide surface at pH of 6.0-6.5 and/or Zn concentrations of 0.1-0.2 mM
occurred as an inner-sphere surface complex (I'< 0.8 umol m~2) and re-
sulted in @ A*®Znorbed-aqueous fractionation of +0.47 + 0.03%. between
the solid and aqueous phases. And at Zn concentrations of 0.4-0.8 mM
and pH of 7.0-7.5, the precipitated Zn in the Zn-Al LDH phase was pres-
ent as an octahedron surrounded by 6 oxygen atoms and explained little
about the Zn isotope fractionation between the two phases. In contrast
with other minerals, the consistency in the Zn isotope fractionation fac-
tors implied that the coordination number for the first shell has the
dominant isotopic effect over the nature of the secondary shells for
the sorbed Zn on mineral surfaces. Bond length and structural order
contributed significantly to the isotopic fractionation of Zn during its
sorption on metal oxides (Gou et al., 2018). In our study, the dissolved
Zn concentration was able to reach 0.8 mM within first few minutes at
pH 6.5 (Fig. 1a), which may explain the observation of Zn-Al LDH forma-
tion at this pH. It has also been reported that adsorption of Zn?>* onto the
Al(OH); gel induced AP dissolution, followed by the coprecipitation of

AP* with Zn?* (as AlO, tetrahedral structures) on the surface of Al(OH)5
gel (Miyazaki et al., 2013). However, in our study, the abundance of tet-
rahedral AlOy4 in y-Al,05 decreased (Fig. 4), consistent with the report of
Li et al. (2012). Additionally, ~20% of the Zn(OH); in the LCF results may
be due to the incomplete transformation of ZnO into Zn-Al LDH at ambi-
ent temperature, which led to the formation of minor amounts of Zn
(OH),. It was reported that Zn-Al LDH samples prepared by the
coprecipitation method, with careful pH control and hydrothermal treat-
ment, were found to produce Zn-Al LDH precipitates with highly ordered
local structures and good crystallinity (large particle size) (Pushparaj
etal,, 2015). Thus, temperature might be an important factor for control-
ling the transformation of ZnO and the formation of Zn-Al LDH. Mean-
while, this study found that the edges and surfaces of Zn-Al LDH
formed at pH 9.5 were smoother than those formed at pH 6.5, based on
SEM and TEM observations (Fig. 3). Therefore, pH seems to also play a
critical role in the crystallinity of the formed Zn-Al LDH, with LDH formed
at natural pH having a lower structure order or smaller crystallite size.
Furthermore, the presence of anions was thought to also have a remark-
able impact on the formation and local structure of Zn-Al LDH phases
(Pushparaj et al., 2015, 2016).

4. Conclusions and perspectives

This study combined batch measurements and solid phase charac-
terizations, using a suite of spectroscopy and microscopy techniques
and revealed the formation of Zn-Al LDH through direct interaction be-
tween ZnO and y-Al,03 NPs at various pH. The formation of Zn-Al LDH
likely occurred via a dissolution-sorption-coprecipitation pathway. In
the material science field, a similar LDH formation pathway through in-
teraction between MgO and Al,O3 NPs under hydrothermal conditions
was reported, and the studied reaction conditions had little environ-
mental relevance (Xu and Lu, 2005). Here, the reaction kinetics and
mechanism of LDH formation revealed by our study will provide impli-
cations for the formation of Zn-Al LDH under environmentally relevant
conditions such as soils/sediments sites with Zn0/Zn?* contamination.
Similar reactions between active solid particles, abundant in soil or sed-
iment systems, can occur extensively and affect their transformation,
speciation, environmental behaviors, and ecological risks. This study
used y-Al,03 as a representative Al phase, but the potential difference
between this phase and other Al-containing phases should be further
investigated. Meanwhile, considering the complexity of geochemical
processes in the natural environments, further studies should be con-
ducted to evaluate the effects of other parameters, such as particle
size, mineral type, ratio of Zn and Al in the initial metal oxide mixture,
reaction temperature, solution chemistry (e.g., presence of complexing
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anions such as CI~, CO2~, SO~ and PO3 ™), low molecular weight or-
ganic acids, and natural organic matter.
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