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HIGHLIGHTS

Fe colloids are formed from ferrous Fe in
a circumneutral mine drainage.
Core-shell ferrihydrite aggregates incor-
porate As thereby aiding in As removal.
Seasonal colloid transportation is evalu-
ated based on the aggregation rates.
Zn-Fe layered double hydroxides are se-
questration media for Zn from the
drainage.

Natural remediation is attained by Fe
colloids and layered double hydroxides.
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ABSTRACT

The increasing need to treat wastewater from mine effluents has drawn attention to passive treatment systems.
Colloids are common in mine waters and are highly reactive, so their formation, characteristics, behavior, and the
critical factors that affect them need to be understood for designing efficient treatment systems. An investigation
was conducted at the abandoned Ainai mine drainage, Japan, where aeration is utilized to remove Fe, As, and Zn
from circumneutral wastewater drainage, during rainy and dry seasons of 2016 and 2018 respectively, based on
observations of physiochemical characteristics, elemental concentrations in dissolved and colloidal fractions,
transmission electron microscopy, and synthetic experiments. In this circumneutral Fe-rich mine drainage, Fe?
* is oxidized to Fe*™, resulting in the formation of Fe colloids that incorporate As during their formation. Colloid
formation increases turbidity, and, in the rainy season, increased colloidal interaction enhances their aggregation
and higher flow rates lead to greater mobilization of the colloids. Zn-bearing colloids are rare in Ainai mine drain-
age because the Zn concentrations are low. However, Zn-Fe layered double hydroxide (LDH) was identified and
confirmed by geochemical modelling and experiments. The Zn-Fe LDH was formed by isomorphous substitution
of Zn into an Fe?"-Fe3"-CO3 LDH, at pH greater than 7.5, thereby achieving efficient natural remediation of Zn

and As in the drainage.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Mine drainage is an increasing source of toxic elements in the en-
vironment (Fu and Wang, 2011), due to wastewater released from
underground workings or tailings. Various treatment methods have
been applied to treat such wastewater, all involving long-term and
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expensive processes, so natural remediation processes, (i.e., passive
treatment systems), are becoming the preferred option (Zipper and
Skousen, 2014). Geochemical characteristics of wastewater such as
pH, redox conditions, dissolved chemical composition, and organic-
matter content (Nordstrom, 2011) vary at different sites, as well as
in different seasons. As a consequence, it is necessary for designing
efficient treatment systems, to understand the processes and factors
that affect natural remediation. The most common types of mine
drainage wastewaters are acidic (Dold, 2014), and these have been
studied in more detail than their circumneutral counterparts. To
achieve remediation, most acidic mine drainage is mixed with
other water sources to attain a circumneutral pH (Jung et al.,
2012), but field studies highlighting processes that may achieve effi-
cient remediation are scarce, especially those concerning nanoparti-
cle behavior and seasonal variations.

Iron is generally ubiquitous in mine drainage, along with other toxic
elements (Pokrovsky and Schott, 2002; Schemel et al., 2000). The ther-
modynamic characteristics of Fe allows it to affect the mobility of toxic
elements such as arsenic (As), zinc (Zn), lead (Pb), and copper (Cu), be-
cause it exists as Fe?* in relatively anoxic environments but can oxidize
to Fe*™ and form Fe oxyhydroxides under oxidizing conditions
(Whitney King, 1998). In oxic and neutral-pH environments, Fe>* exists
predominantly in the oxyhydroxide form, facilitating the formation of
Fe-rich colloids (1 nm to 100 nm) (Liao et al., 2017; Gledhiir and Buck,
2012). Considering the abundance and large surface area of colloids,
Jung et al. (2012) reported that Fe colloids are more reactive than bulk
suspended solids, and their sequestration of other toxic elements has
been widely reported. Experimental studies have also highlighted this
(Sharma et al., 2010; Mokhter et al., 2018). However, due to the diverse
geochemical characteristics of treatment systems, field evidence
concerning the formation and behavior of Fe colloids, and their signifi-
cance in removing toxic elements from mine drainage, still requires
clarity.

Colloids are resistant to gravitational settling, and studies of their
formation and aggregation rates should account for the time they re-
main in the system (Pokrovsky and Schott, 2002; Wang et al., 2014).
Whereas deposition of colloids is possible once the aggregates become
large enough, aggregation rates may vary between systems and de-
pending on the aqueous chemistry. The estimation of aggregation rate
is therefore a major aspect to consider in the design of passive treatment
systems.

Processes such as competitive adsorption and precipitation kinetics
in mine drainage usually result in the formation of a variety of mineral
phases that are able to sequester toxic elements (Plumlee et al., 1997;
Nguyen et al.,, 2019). In addition to Fe colloids as a dominant medium
for remediation, layered double hydroxides (LDHs) have also gained
popularity due to their efficiency, flexibility, and ability to reduce con-
centrations of metals such as Zn and Cu (Xu, 2013; Okamoto et al.,
2010). Previous studies have reported natural occurrences of LDHs
and their synthesis, particularly in the presence of Fe (Morimoto et al.,
2015; Hongo et al., 2008). However, clarity is still lacking regarding
the characterization of LDHs and factors crucial for their formation
and stability, as might be provided by comparisons of field and experi-
mental observations.

Here we report a study of a circumneutral passive treatment sys-
tem utilizing aeration to remove Fe, As, and Zn from underground
wastewater drainage from Ainai mine, Japan, considering both dis-
solved and colloidal fractions. The progression of elements from dis-
solved to colloidal states and their ultimate fate were studied. Our
objectives were to (1) clarify the formation, semi-quantitative ag-
gregation, and deposition behaviors of Fe colloids at circumneutral
pH; (2) examine their application to As and Zn sequestration from
mine drainage over two seasons; and (3) investigate the formation
of LDHs by comparing natural and synthetic samples and factors af-
fecting their formation and stability. The concentrations of metals
in the drainage system from the mine provided insight into the
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behavior of the metals involved, and highlighted factors that deter-
mine the fate of toxic elements in mine drainage.

2. Materials and methods
2.1. Study area

The abandoned Ainai mine is in the northern part of Kosaka town,
~600 m northeast of Omori mountain, in the Hokuroku district,
Akita prefecture, Japan. Sulfide ores containing Zn, Pb, and Cu
(e.g., sphalerite, galena, chalcopyrite) were mined from the Kuroko-
type volcanogenic massive sulfide deposit (1951 to 1985), which was
formed associated with submarine bimodal volcanisms in the middle
Miocene (Ishii, 1964; Yamada and Yoshida, 2011). Contaminated water
has flowed from the mine since its closure and requires treatment before
discharge. Aeration has been used to oxidize and precipitate Fe along
with As and Zn. This natural remediation involves a 1000 m drain that
runs from the underground tunnel through two treatment ponds to con-
nect with a tributary of the Kosaka River at altitudes of 260-300 m
(Fig. 1a). Wastewater flows from the underground mine in pipes
(Fig. 1b), through a concrete drain inside a tunnel (Fig. 1c), is released
to an outside drain (Fig. 1d), which has steps to improve aeration
(Fig. 1e), then connects to a concrete drain (Fig. 1f) before being stored
in a reservoir (Fig. 1g) and sedimentation ponds prior to release to the
river. Sediments that accumulate in the ponds are transferred periodically
to a nearby area.

Ainai mine drainage is located in a sub-frigid humid climate, with four
distinct seasons. Abundant snowfall and monsoons have been reported in
the region (Lu et al., 2019). Besides winter, when the drainage is covered
by snow, precipitation at Ainai is highest in July, and lowest in October
(Fig. S1a). Snow falls from October until mid-February (Japan Meteoro-
logical Agency, 2018). Therefore, July and October are referred to as the
rainy and dry seasons, respectively, at some points in the manuscript
for simplicity.

2.2. Sampling and on-site measurements

Field surveys at Ainai mine were conducted annually from 2016 to
2019, however, the data reported here are from the surveys that were
conducted in July 2016 and Oct 2018. These datasets are a representa-
tive summary of our findings. Sixteen samples of water, suspended
solids, and sediments were collected from the tunnel exit at the upper
drain (S1; Fig. 1a), at ~100 m intervals until S6, and from the reservoir
and settling pond (P1 and P2, respectively, Fig. 1a).

Water was sampled through three types of filters, 0.2 um PTFE mem-
brane filter (Advantec 25HP020AN), 200 kDa ultrafilter (Advantec USY-
20) and As filters (Sep-Pack cartridge: As exchange column), to provide
four types of sample: 0.2 um membrane-filtered, non-acidified sample
for anion determinations; acidified 0.2 um membrane-filtered sample;
and 200 kDa ultra-filtered sample and samples to be analyzed for As
speciation, with the latter three being acidified by 1 vol% HNOs (ultra-
pure grade, Kanto chemicals) for cation determinations. Here, we define
the dissolved and colloidal fractions as follows: (1) ultrafiltered water
samples contain the dissolved fraction; (2) membrane-filtered samples
contain the colloidal and dissolved fractions; (3) the difference between
(1) and (2) provides the colloidal fraction. Samples were collected in
50 mL polypropylene bottles, pre-rinsed with 3 vol% HNOs overnight,
and stored at ~4 °C pending analysis. Sediments were also collected at
all sampling points S1 to S6. Suspended particulates were also collected
at all points until P1 (Fig. 1a) by pumping 0.5 L of water through 0.2 pm
mixed-cellulose-ester filters (Advantec AO20A047A). On-site measure-
ments were undertaken for Fe?™ concentrations, dissolved oxygen
(DO), pH, electrical conductivity (EC), turbidity, temperature,
oxidation-reduction potential (ORP), and alkalinity of water samples.
A pack test was used for Fe?t concentrations; Eh (Redox potential of
the normal hydrogen electrode) was calculated as Eh = E+206-
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Fig. 1. (a) A schematic representation of Ainai mine drainage showing the sampling points (S1-S6), reservoir (P1), and settling pond (P2) with an inset map showing the location in Japan;
(b) pipe releasing water from underground to concrete drain; (c) concrete drain inside the tunnel; (d) upper exterior drain (S1); (e) unconcreted upper to middle drain, (f) concreted

lower drain; (g) reservoir pond (P1).

0.7 x (T-25) (E: oxidation - reduction potential (mV), T: temperature
(°C)). Alkalinity was determined by HNOs titration of water samples fil-
tered through a 0.45 pm PTFE membrane filter. A Gran-function plot
was applied to obtain HCO3 concentrations from the alkalinity
(Rounds and Wilde, 2006). Distances from each sampling site and
flowrates were measured on site.

2.3. Analytical methods

Non-acidified water samples were diluted 10 times and analyzed by
ion chromatography (IC; Metrohm IC861) using Multi-anion Standard
Solution 1 (Wako Pure Chemical Corporation) for calibration. Acidified
samples were diluted 40 times and analyzed for major and trace
elements by inductively coupled plasma-atomic emission spectroscopy
(ICP-AES; Shimadzu ICPE-9000) and ICP-mass spectrometry (ICP-MS;

Thermo Scientific iCap Qc). Standards were prepared from a
multi-standard solution (Wako). In, Ru and Rh and were used as inter-
nal standards for ICP-MS analysis. Oxide formation during analysis was
monitored by the CeO/Ce ratio and maintained at <0.5% and He collision
mode was utilized to avoid molecular interference from “°Ar*>Cl* on
7SAsT.

Sediment and suspended particulate samples were dried at room
temperature and the minerals present were determined by X-ray dif-
fraction (XRD; Rigaku XRD Multi-Flex) using Cu Ko radiation (N =
0.15406 nm) with an accelerating voltage of 30 kV and beam current
of 20 mA, in the 5°~70° range, scanned at 2.0° min~'. The morphology
and chemical composition of the suspended particulates were analyzed
by field-emission scanning electron microscopy with an energy-
dispersive X-ray spectrometer (FE-SEM-EDS; JEOL JSM-6500F). Sam-
ples were prepared for transmission electron microscopy (TEM; JEOL
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JEM-2010) by dispersion in ethanol (with ultrasonication) and placed
on a Cu grid with a film. Minerals were identified using Crystal Struc-
tures Libraries.

2.4. Synthesis of Zn-bearing colloids and thermodynamic calculations

The mineralogical characteristics of solid samples were studied to
constrain sequestration mechanisms for toxic elements. Zinc concentra-
tions in the aqueous solutions from the drain may have been too low to
produce observable amounts of Zn-bearing colloids in the sediments by
the above methods. Therefore, ZnSO4-7H,0 was added to wastewater
collected in 2 L bottles to induce the synthesis of Zn-bearing minerals.
With reference to previous studies (Morimoto et al., 2015; Parida and
Mohapatra, 2012) and based on Ainai mine water chemistry, synthesis
was done using unfiltered water sample from S1 (Fig. 1a) to act as a sup-
ply of Fe, and addition of ZnSO,4-7H,0 to increase the Zn concentration.
The Zn reagent (249.5 mg) was added to 2 L of sample to provide a Zn:Fe
molar ratio of 2:1. The samples were stirred and allowed to settle for
24 h at room temperature, after which precipitates were collected on
0.2 pm filters for XRD and SEM analysis. The Zn and Fe concentrations
(by ICP-AES) and pH were recorded immediately after mixing and
again after the 24 h.

Stability diagrams for possible mineral forms expected in the drain-
age were constructed using the Geochemist's Workbench software
(GWB model, Ver. 14) to evaluate their formation in the drainage at var-
ious pH values. Measured element concentrations were used as input
parameters for modelling to account for the effects of coexisting cations
and anions on solubility. Solubility diagrams were constructed using
thermodynamic datasets generated from the thermoddem, modified
where necessary by additions from the literature, in particular incorpo-
rating layered double hydroxides and other iron oxides (Bravo-Suarez
etal., 2004). Interlamellar anions, combinations of divalent and trivalent
cations, and related species, cause wide variations in the chemical com-
positions of LDHs. Therefore, the solubility products of Zn-Fe LDHs were
estimated using the chemical compositions and thermodynamic data of
the end-member hydroxides, sulfates, and carbonates (Allada et al.,
2006). Thermodynamic data for these compounds were referred from
the enthalpies of formation measured by acid-solution calorimetry,
and solubility products were based on solubility measurements
(Bravo-Suarez et al., 2004; Hase et al., 2017).

3. Results and discussion
3.1. General characteristics of water samples

Results of on-site measurements of Ainai mine drainage are reported
in Supplementary Table S1. Based on the stiff diagram (Fig. 2a), the
water samples are classified as Ca-SO4-type water, indicating mixing
of mine drainage with underground water rich in Ca and HCO3™ before
outflow from the mine head (Akashima et al., 2011). Despite being

(a)

Na*+K*=- — = = = —

Ca2*. - = =HCOy

S0

(b)

pH
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unusual for mine drainage, this classification was observed from the
upper to the lower drain with negligible variations, implying that exter-
nal factors have no significant effect on the drainage system. The HCO3
concentration is relatively high and decreased down-drain (246.2 to
127.1 mg L™ 1), indicating a strong buffering capacity. Ainai mine drain-
age is a neutral to alkaline (pH 6.20 to 7.91) system and pH increases
down-drain with decreasing HCO3™ (Fig. 2b). This inverse relationship
reflects CO, degassing by aeration (Kirby et al., 2007), and the dissocia-
tion of HCO3 to CO, and OH™ ion (Langmuir, 1997). Unlike most mine
drainages, which are actually acidic, Ainai mine drainage is
circumneutral despite an abundance of SO7 ™ in the system and this is
due to the mixing of the drainage in the underground. Ainai mine drain-
age is generally an oxidative system, with over saturation of DO
(6.54-12.55 mg L™ 1), possibly attributable to microbial photosynthesis
(Stumm and Morgan, 2006). ORP values increase from the upper to
lower drain (127 to 209 mV), possibly due to increasing pH (Stumm
and Morgan, 2006). These properties exhibit negligible variation be-
tween July and October. However, the flow rate, turbidity, and Fe?* con-
centrations display notable variations between the two months
(Supplementary Table S1), with average flow rates of 32.80 and
22.96 L s~ in July and October, respectively, which is attributed to
heavier precipitation in July (Fig. S1a).

3.2. Relationship between Fe colloids and turbidity

The turbidity is generally higher in July, when rainfall and flow rates
are high, than in October (Fig. 3a), while Fe?" concentrations are lower
in July than October (Fig. 3b) as a result of dilution by higher precipita-
tion rates. There is an inverse relationship between turbidity and Fe?*
concentrations (Fig. S1b); turbidity increases and Fe*" concentrations
decrease down-drain. Turbidity is commonly higher in rainy seasons
mainly due to the resuspension of sediments (Zay Ya et al., 2020;
Rezaei et al., 2013). The higher precipitation at Ainai may have further
contributed to geochemical processes in the drainage, with the inverse
relationship between turbidity and Fe?* concentration indicating oxi-
dation of Fe?* to Fe** ion (Nairn et al., 2002), thereby facilitating for-
mation of nanoparticles (Buffle and Leppard, 1995) with increasing
turbidity (Tikhonova, 2016; Yao et al., 2014). This process typically oc-
curs in circumneutral pH systems, as in this case.

In the Ainai drainage, the abundance of Fe and trend of decreasing
Fe?* imply the formation of nanoparticles of Fe colloid (oxy)hydrox-
ides, whose mobility and perhaps aggregation behavior might be
reflected by the turbidity. The turbidity continues to increase further
down-drain in July, in contrast to the decrease observed in October
when the flow rate is lower, indicating more rapid formation and/or ag-
gregation of precipitates in the rainy season (July). The increasing tur-
bidity supports the notion that the precipitates were mobilized over
greater distances during the rainy season, indicating that flow rate
should be a significant factor for consideration in the design of passive
treatment systems. Turbidity increases with particle size (Tikhonova,

~&-pH -e-Alkalinity
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Fig. 2. Average fluid compositions for July and October; (a) stiff diagram and (b) down-drain pH and HCO5 trends.
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Fig. 3. Trend displayed by turbidity in July and October.

2016; Yao et al., 2014), implying more aggregation of Fe colloids in the
rainy season, such that increased interaction among the colloids over-
comes repulsive forces between them (Petosa et al., 2010; Baalousha,
2009), leading to more aggregation. At P1 and P2 (Fig. 1a), turbidity de-
creases markedly, because of the longer residence time and sedimenta-
tion in the ponds (Fig. S2); the larger particles in July settled more
quickly with a greater drop in turbidity than in October. The calculated
charge imbalance for all water samples was within 415%.

3.3. Distribution of Fe, As, and Zn in dissolved and colloidal fractions of mine
drainage

Fe, As, and Zn concentrations in dissolved and colloidal fractions of
water samples are reported in Supplementary Table S2 and plotted in
Fig. 4. The dissolved Fe concentration decreases down-drain
(12.1 mg L~ ! at S1 to 0.015 mg L™ ! at P2), most notably between S1
and S3 where it is almost completely replaced by colloidal Fe, which
forms increasingly as flow proceeds downward (Fig. 4a). The concentra-
tion of dissolved Fe fraction is similar to the Fe>* concentration (Fig. S1)
obtained by on-site pack tests, therefore implying that the dissolved Fe
fraction is predominantly Fe?*. Subsequently, colloidal Fe forms in the
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upper drain, initiated by the oxidation of Fe?™ to Fe>** and allowing
the formation of the Fe hydroxide nanoparticles (Pokrovsky and
Schott, 2002). The nanoparticles are prone to aggregating (Kellner and
Kohler, 2005) with increasing particle size, and the turbidity increase
(Fig. 3) is attributed to the formation of Fe colloids (Liao et al., 2017).
Despite the increase in the colloidal Fe fraction (1.39 mg L' at S1 to
8.79 mg L™ ! at S2), at the expense of dissolved Fe, the total Fe concen-
tration decreases down-drain (Fig. 4a) due to the aggregation of colloids
to a size that is removed efficiently by gravitational settling, thereby re-
moving the particles effectively from the drainage.

Arsenic, which is mainly Arsenite, As(Ill), throughout the drainage,
shows a similar trend to Fe, most noticeably in the distribution between
dissolved and colloidal fractions in the drain (Fig. 4b). Colloid formation
is inferred at S2 and S3 (where Fe colloids also dominate) and total As
continues to decrease down-drain, reflecting the impact of Fe colloids
on As mobility. Conclusively, Fe colloids behave as the primary colloids,
whereas As exists as pseudo-colloids, hence the fate of As being mainly
determined by Fe colloids in the drainage (Fritzsche et al., 2011). The
impact of Fe nanoparticles on As in aquatic systems has been studied
previously (Zhao et al., 2011; Leupin and Hug, 2005), with several re-
moval mechanisms being proposed, including co-precipitation of Fe hy-
droxides with As (Crawford et al., 1993; Yokoyama et al., 1999) and
adsorption of As by Fe hydroxides (Khamphila et al,, 2017). Considering
the similar trends in Fe and As observed here, we suggest that As may be
incorporated into the Fe colloids and removed from the mine drainage
by co-precipitation and aggregation of the As containing Fe colloids.
On the other hand, an inverse relationship where Fe concentrations in
July are higher, while As concentrations are lower is observed. Higher
Fe concentrations are most likely from the underground source, but
the low As concentrations are associated with the increased Fe, which
allows for more sorption of As, hence the inverse relationship also
displayed in October when precipitation of As is lower due to higher
Fe. However, further downstream, As remains in the drainage as the dis-
solved phase. Zeng (2003) reported a decreased affinity of iron oxides to
As adsorption, that is associated with the less affinity of Si for the As,
thereby leaving As in the drainage.

On the contrary, Zn and Si (Fig. 4c and d) display different trends
from Fe and As in the drainage. They (Zn and Si) mainly exist as dis-
solved fractions and minimally removed from the drainage. There may

Uul Oct . .
@ Colloidal fraction

m @ Dissolved fraction

As conc (ugL™)
S

0
(d) 20
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@ Colloidal fraction
L»-sl 5 B O Dissolved fraction
o
E
210
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o
5
0

Fig. 4. Distribution of (a) Fe, (b) As, (c) Zn and (d) Si concentrations in the dissolved and colloidal fractions as a function of distance from the mine.
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be various constraining factors that resist the colloid formation and re-
moval of the elements in the drainage, and since the metal concentra-
tion patterns may be difficult to utilize as clarification tools, therefore,
mineralogy and modelling was utilized to clarify the behaviors of
these elements.

3.4. Mineral compositions and aggregation behavior of Fe colloids

Particles collected as colloids on the 200 kDa filters were further
characterized by TEM and EDS. They display aggregated spherical struc-
tures (Fig. 5a), typical of Fe colloids (Liao et al., 2017; Gledhiir and Buck,
2012). The particles were more abundant on filters from sites S2 and S3,
implying that formation of colloids occurred mainly in the upper drain,
soon after oxidation of Fe?™ to Fe>™. The composition of colloids was
homogeneous throughout the drainage, including mainly Fe, Si, S, C,
and O (Fig. 5b). As concentrations were too low to be detected by EDS.
The colloids were likely Si-bearing 2-line ferrihydrite (Dold and
Fontboté, 2002), as implied by XRD results of the suspended solids
(shown in the following section), which has been reported to be stable,
especially at pH > 4, thus explaining the stability of Fe colloids formed in
the Ainai mine drainage. This also reflects the minimal removal mecha-
nism for Si from the drainage, showing that it is incorporated in the Fer-
rihydrite colloids.

The typical colloid aggregate particle-size range collected on the
ultrafilter is 100-200 nm, and they have distinctive spherical shapes
(Fig. 5a). This suggests that colloids remain suspended at around this
size and are further transported in the drainage. However, since the dy-
namics of Fe oxides formations have reported that they are sometimes
formed from smaller particles, the particles were further observed
under TEM. Further enlargement by TEM (Fig. 5¢) indicates that the col-
loids are aggregates of finer-grained particles of 3-5 nm diameter
(Fig. 5d). The Fe colloidal particles under TEM exhibit two rings at
2.66 and 1.49 A, consistent with those of core-shell ferrihydrite

Intensity (cps)
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(Weatherill, 2016). Core-shell ferrihydrite are precursors to ferrihydrite,
which is a cluster of Fe ions that is a pre-nucleation cluster. These clus-
ters have also reportedly been associated to the spherical structure
borne by the ferrihydrite colloids (Michel, 2007). These observations
show that the Fe colloids in the drainage, following oxidation, slowly
generated into the spherical colloid aggregates observed on the
ultrafilters.

Previous studies have indicated that nanoparticle aggregation is in-
evitable in liquid phases and significantly alters their properties,
thereby affecting the stability of colloids (Petosa et al., 2010;
Baalousha, 2009). The surface charge of colloids, which is impacted by
pH of solution, anion concentrations and organic matter among other
factors, enhances repulsive interactions, dispersing them in the liquid
phase, but their continued interaction overcomes these forces, allowing
their agglomeration. As the colloids also host As, their aggregation be-
havior, which gives insight into their mobility and deposition character-
istics, was investigated semi-quantitatively.

Formation of the colloids in the drainage shows that, core-shell fer-
rihydrite (~3 nm) is evident in TEM micrographs (Fig. 5), implying that
the collected colloids were actually aggregates formed from core-shell
ferrihydrite, which then aggregate to spherical, stable 100 nm Fe hy-
droxide colloids. The increase in turbidity in Section 3.2 is thus a result
of the aggregation of core-shell ferrihydrite to form 100 nm colloids.
Given that these colloids were collected on the ultrafilters implies that
they had not settled and remained in the drainage to a certain point.
Since distances from one point to the next were measured during field
sampling, a relation of the colloid concentrations with distance is re-
ported in Fig. 6. Evidently from the graph, following their formation,
the colloids formed at S1, S2 and S3 are transported down, while at
S4, significant deposition is observed. This suggests that the colloids
were aggregated to a particular size before deposition.

Observation of the colloids at different points of the drainage
displayed variations in size and aggregation (Figs. S2 and S3). An

Fe

Ener%y (keV) e

Fig. 5. Morphology and composition of colloids collected on 200 kDa ultrafilters. (a) Fe colloid aggregates formed in Ainai mine drainage; (b) EDS spectrum showing the composition of the
colloids; (c) TEM image of aggregates of Fe colloids in the suspended solids at P1 and (d) an enlargement of the colloids under TEM (the sample was coated with Pt for SEM analysis).
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Fig. 6. Colloidal concentrations of Fe in July and October as a function of distance from the
upstream.

increase in size from S1 to S4 in particular was measured following mi-
croscopic observations. A gradual increase in size and colloidal aggre-
gates was observed; S1, S2 and S3 have a distribution of 80 to 300 nm
colloid aggregates which increase in abundance from S1 to S3. On the
other hand, S4 was majorly composed of highly aggregated colloids of
300-400 nm. Particle aggregates larger than 400 nm were not observed
on the ultrafilters, implying that colloid aggregates of >400 nm were
deposited to the bottom of the drainage. Subsequently, deposition of
the colloids in the drainage occurs at ~300 to ~400 nm particle size indi-
cating that the colloids are efficiently removed by gravitational settling
when they reach a certain size.

The rate of aggregation in the drainage, as indicated by the turbidity,
warrants study. The colloids in this system do not disintegrate after for-
mation and are mobilized over considerable distances before deposition
in the reservoir and sedimentation ponds. Colloid stability may be asso-
ciated with Si in the system (Vempati et al., 1990), which allows forma-
tion of stable ferrihydrite. However, the aggregation rate may be
explained by the DLVO theory, which highlights electrostatic factors af-
fecting aggregation behavior. Given the high pH of the system, which re-
sults in the system being near the point of zero charge, aggregation of
the particles is quite significant, hence the colloid deposition observed
at about 500 m from their formation. According to the DLVO theory, re-
pulsive forces limit aggregation, and this limitation is not so significant
at Ainai mine drainage and aggregation is achieved to remove colloids
from the drainage.

A variation in the aggregation rate in July and October exists. In July,
the turbidity quickly increases, and also quickly decreases towards the
downstream, whereas, in October, the turbidity slowly increases and re-
mains at values lower than July for longer distances (Figs. 3 and 6). This
indicates that in July, the colloids aggregate faster than in October and
are deposited faster than in October. According to previous research, in-
creased van der Waals forces (Hiemenz, 1972; Hunter, 1963) may be re-
sponsible for this phenomenon, seeing as in July, total Fe is more
abundant in the drainage, allowing more colloid formation, therefore,
interactions among colloids are also increased, and result in faster ag-
gregation than October. Consequently, the larger aggregates reach an
ideal settling size quickly in July, allowing for the quicker deposition of
the As-bearing Fe colloids in July unlike in October.

3.5. Removal of Zn by colloid formation

Fe and As concentrations decrease steadily in response to colloid for-
mation but Zn concentrations decrease in an irregular pattern. (Fig. 4c).
Formation of Zn colloids is observed downstream from S2 as pH in-
creases slightly, most likely because Zn colloid formation is highly pH-
dependent (Roberts et al., 2002). A colloidal fraction is also observed
at sites S3 and S4, but the total Zn concentration does not reduce signif-
icantly at these sites. Considering that the Fe concentration in the
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drainage is significantly higher than that of As, and the high adsorption
efficiency of ferrihydrite at circumneutral pH (Hao et al., 2018), the Fe in
the drainage should be sufficient to remove the Zn. It follows that there
must be other factors inhibiting Zn removal by colloids, possibly involv-
ing a different removal mechanism.

An FE-SEM observation coupled with EDS of natural suspended par-
ticles collected at P1 (Fig. 7a), besides minor calcite and gypsum, re-
vealed layered particles containing Zn, Fe, Ca, Si, C, and O (Fig. 7b).
Furthermore, XRD peaks of the same natural samples were observed
at 26 at around 12.2°, 20.1° and 59.5° corresponded to previously re-
ported Zn-Fe LDHs (Zaher, 2020; Moaty et al., 2016) (Fig. 7c), further
supported by a supplementary FTIR characterization (Fig. S4). These ob-
servations strongly suggest that an LDH is responsible for the removal of
Zn from the mine drainage. Despite this finding, their occurrence was
rare in the drainage and the particles were relatively small, implying a
limited formation. Therefore, using the drainage water samples that
the Zn reagent was added, the synthesized layered particles were ob-
tained (Fig. 7d). Zn and Fe concentrations in the water sample de-
creased drastically after 24 h (Table S3) and showed significant
particle formations. FE-SEM (Fig. 7d) and EDS of the synthesized parti-
cles also showed the presence of layered particles similar to those of
the natural sample, with similar compositions. In addition, the abun-
dance and size of the particles was much higher than those of the natu-
ral samples, implying that the Zn concentration may have limited the
formation of Zn-Fe LDH in the drainage. Following the synthesis, in ad-
dition to more and larger Zn particles collected from the filtration of the
sample, an increase in pH was observed (6.19 to 7.82). Our findings
therefore suggest that Zn concentration and pH are critical factors in
Zn sequestration from mine drainage.

Layered double hydroxides comprising trivalent and divalent cations
and anions (Hase et al., 2017) remove toxic elements effectively from a
variety of systems (Hase et al., 2017; Hao et al., 2018). Toxic metal ions
can be removed from water by LDHs via: (i) precipitation of metal hy-
droxides onto their surface; (ii) adsorption through bonding with LDH
surface hydroxyls; (iii) isomorphous substitution; and (iv) chelation
with the functional ligands in the interlayers (Xu, 2013). The chemistry
of Ainai mine drainage includes Fe>* and Fe? ™ cations and HCO3 and
S03~ anions. Coexisting Fe*+ and Fe?™ might have supported LDH for-
mation, but HCO3', the major anion in this drainage system, is an ideal
candidate for LDH formation, unlike SO4~ because the abundance of
HCO3 makes it more feasible than SOz . Therefore, we suggest the for-
mation of an Fe?*-Fe3*-C03~ LDH, in which Zn may be isomorphically
substituted, as a remediation mechanism for the Ainai mine drainage,
which quickly transforms to a stable phase composed of Zn, Fe, Ca, C
and O i.e,, Zn-Fe LDH.

The formation and stability of a Fe>*-Fe3*-C03~ LDH were consid-
ered at various pH values by thermodynamic modelling using the GWB
software (Fig. 8). The measured elemental concentrations in water sam-
ples at site S2 were used as input parameters for modelling to account
for the effect of coexisting cations and anions on colloid solubility and
separation. Bravo-Suarez (Bravo-Suarez et al., 2004) estimated solubil-
ity products of LDHs with different anions, based on their chemical com-
positions and thermodynamic data for their end-products. These data
were used to model the formation of LDHs in the mine drainage. A grad-
ual decrease in Fe?™ concentration occurs from the upper to lower
drain, particularly at S3 Fig. 3b. In the Eh-pH stability diagram (Fig. 8),
S3 and S4 plot near the equivalence state between ferrihydrite and the
Fe?*-Fe3T-C03~ LDH, implying that the LDH might have formed near
S3 where pH and Eh are inferred to be controlled by coexisting ferrihy-
drite and Fe?"-Fe3>"-C03~ LDH. Although the possibility of Hydroxy-
green rust (OH) formation is observed, the pH in this drainage does
not reach 11, hence its formation is eliminated. The model is consistent
with the inference that the low amounts of Zn-bearing minerals in nat-
ural drainage samples reflect that LDH formation is highly pH- and
redox-dependent. Our experiments, coupled with geochemical model-
ling, indicate the formation of particles similar to a Fe?"-Fe>*-C03~
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Fig. 7. Field emission SEM images of Zn LDH in (a) aggregates of Fe colloids of a natural sample from S3 suspended solids; and (b) EDS pattern of the Zn-Fe LDH from the natural sample
(c) XRD peak of suspended particles collected at S5 and (d) an image of the synthesized Zn-Fe LDH sample.

LDH that incorporate a considerable amount of Fe?* from the source,
which later incorporate Zn to form Zn-Fe LDH.

4. Conclusions

This study provides insights into the importance of nanomaterials
such as Fe colloids and LDHs for sequestration of toxic elements in
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Fig. 8. Stability diagram of Fe species in Ainai mine drainage, based on the chemical
composition of the water sample at S2. Lines in the diagrams symbolize the equivalence
state between two phases.

circumneutral mine drainage. Our understanding of the formation of
these nanomaterials highlights the geochemical properties and pro-
cesses that play important roles in mine drainage and might be applica-
ble to the treatment of drainage from other mines. A supply of Fe?™*
from underground wastewater promotes the formation of spherical, ho-
mogenous ~100 nm Fe colloids that are micro-aggregates of core-shell
ferrihydrite, which co-precipitate with As thereby facilitating the re-
moval of As. Minor Fe concentration variations significantly affect the
inverse relationship between Fe and As, especially in terms of colloid
size, with a minimal decrease in Fe concentration in October signifi-
cantly increasing the As concentration. We have established that the
mobility of elements depends highly on the size of colloids, which is sig-
nificantly affected by the aggregation rate. Fe colloids are mobilized for
longer in the drainage until aggregating to about 300 um in size, when
they are gravitationally separated. Precipitation and flow rate affect col-
loid interaction and thereby provide first-order controls on aggregation
and deposition, so these parameters should be closely monitored in pas-
sive treatment systems.

The application of LDHs as sequestration agents has been explored
previously (Wang et al., 2014). Zn is reportedly a challenging element
to remediate in natural systems due to its high solubility and poor ad-
sorption onto minerals such as hydroxides and carbonates. Here a
novel approach involving isomorphous incorporation of Zn onto an
existing Fe?*-Fe3"-C03%~ LDH to form a Zn-Fe LDH is demonstrated
using geochemical modelling, synthetic samples, and observations of
natural samples. A combination of high Zn and Fe concentrations and
pH > 7.5 is ideal for efficient removal of Zn in passive treatment sys-
tems, with Zn-Fe LDH nanoparticles predominating in naturally treated
mine drainage.

Critical geochemical factors for heavy-metal removal include waste-
water chemistry and composition, pH, flow rate, and aggregation rate.
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Understanding of these factors enables the role of turbidity and seques-
tration mechanisms to be clarified. Our findings imply that quantitative
prediction of the behavior of nanoparticles such as colloids and LDHs
might facilitate optimal design of highly efficient treatment systems,
have general applications to mine drainage and other aquatic systems,
and improve our understanding of the interaction between toxic ele-
ments and colloids that form in these systems.
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