Journal of Water Process Engineering 53 (2023) 103764

Contents lists available at ScienceDirect

JOURNAL OF
WATER PROCESS
ENGINEERING

Journal of Water Process Engineering

journal homepage: www.elsevier.com/locate/jwpe

ELSEVIER

Check for

An assessment of the efficacy of sodium carbonate for semi-passive e
treatment of circumneutral zinc-bearing mine waters

J. Kennedy , J. Dean, I. Okeme, D. Sapsford -

School of Engineering, Cardiff University, Queens Buildings, The Parade, Cardiff CF243AA, United Kingdom of Great Britain and Northern Ireland

ARTICLE INFO ABSTRACT

Keywords: This study reports on the novel application of sodium carbonate dosing specifically for the semi-passive pre-
Metal treatment cipitation of Zn from circum-neutral mine water and demonstrates the use of Na;COs as a readily available, safe
Mi"e to handle reagent which can precipitate Zn at pH within environmental quality standards. >95 % Zn removal was
iglllcution achieved for each mine drainage investigated, requiring differing dosages of Na;CO3 with residual Zn concen-
HDS trations <1 mgL~'. Geochemical modelling and precipitate characterisation using XRD, SEM-EDS, TGA and full

Water chemical digest suggests that the precipitate predominantly comprised of hydrozincite. Laboratory trials
demonstrated that (i) adding the precipitant dropwise could reduce the sludge volume by circa 50 %, and (ii)
That following a laboratory protocol for simulating type II High Density Sludge (HDS) process resulted in sub-
stantial decreases in sludge volumes compared to single pass sludge, with 5.3 mL per litre mine water treated
compared to 55.3 mL per litre for conventional single pass treatment after 25 cycles. Such reductions in sludge
volume are a very advantageous outcome for practical applications. Particle size distribution and zeta potential
determinations on the resultant HDS sludge suggest that increased heterogenous precipitation and decrease in
zeta potential are important in the formation of HDS when using sodium carbonate to treat zinc-bearing waters.
This work demonstrates that sodium carbonate is an efficacious reagent for semi-passive treatment of zinc-
bearing mine waters and as such could find widescale application to this pressing global problem.

Precipitation

1. Introduction host lithology (or after initial mine water treatment e.g. with limestone).

In the UK, the majority (>80 %) of confirmed abandoned metal mine

Mining influenced waters are a major global contributor to poor
freshwater quality. Current and legacy mines result in many thousands
of kilometres of impacted rivers world-wide [1]. Estimates of the total
number of abandoned mines globally are not available, however it is
likely to be in the millions [2]. In England and Wales alone >2100 km of
rivers fail to achieve European Union Water Framework Directive
standards (WFD), 2000/60/EU. Even when excluding coal mine
drainage (a major pollution source in England and Wales), 226 water
bodies are impacted by pollution from non-coal mines with a further 226
probably impacted [3,4]. The damaging effects of acid mine drainage
(AMD) on receiving water bodies is widely acknowledged but circum-
neutral mine water, also known as neutral mine drainage (CNMD) can
also cause widespread water quality failures. This latter type of drainage
can occur where pyrite is absent, or of subordinate abundance to metal
sulphides that do not produce protons upon oxidation (e.g. sphalerite or
galena) [5] and is prevalent in many parts of the world, including the
UK. CNMD can also arise when AMD is subsequently neutralized by the

* Corresponding authors.

discharges are circumneutral [6] and although AMD is typically more
environmentally hazardous, CNMD poses significant harm to receiving
water bodies and surrounding areas due to the mobilisation and trans-
port of ecotoxic metals/metalloids (e.g. Zn, Cd, Pb, Cu, Ni, As) which
remain soluble at circumneutral pH [7-9].

The common occurrence of Zn as a constituent of CNMD is often due
to the presence of sphalerite (ZnS) and related minerals in ore and
gangue. Sphalerite undergoes either acid or oxidative dissolution (Egs.
(1)-(2)), the dissolved Zn can then be transported into surrounding
water bodies causing water quality failures and Zn contamination levels
above environmental quality standards (10.9 pgL™! dissolved,
bioavailable Zn Water Framework Directive standard [10]).

ZnS +2H"->Zn*" +H,S (@]

ZnS +20,-Zn*" +50,>" (2)
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Zn is an important micronutrient for both animals [11] and plants
[12]. However, at elevated concentrations Zn can have severe adverse
effects to aquatic life, reducing the abundance and diversity of biota and
having a damaging effect on ecosystem functions such as productivity
and nutrient cycling [13]. Due to its environmental persistence,
mobility, toxicity and bioaccumulation in aquatic organisms, Zn is
classed as one of the most hazardous metal/metalloid pollutants along
with Cr, Ni, Cu, Cd, Pb, Hg and As [14]. Zn is the most prevalent metal
contaminant in metal mine discharge in England and Wales, where a low
end estimate of circa 170 t of Zn has been reported to discharge into
water bodies each year [3].

Mine water treatment technologies have been developed to combat
the problem of mine water pollution. Treatment methods are often
categorized as either passive or active. Passive treatment refers to a
technology where there is no supply of power or reagents whereas active
treatment involves powered operations and the continual addition of
chemical reagents [15]. Passive technologies developed specifically for
the removal of Zn from CNMD include using flow-through bioreactors
and low-cost reactive or sorbent media [16-22]. The disadvantages of
these approaches generally relate to the typically lower area or volu-
metric removal rates in passive systems compared to active treatment
systems, which translates to requirements for relatively large surface
area or volume for treating a given flow and concentration which may
not be feasible at a given site. Active treatment processes specifically for
Zn removal from CNMD include carbonate coprecipitation [23] and ZnS
precipitation [24]. These technologies however require higher levels of
operational complexity than passive methods. Semi-passive methods of
mine water treatment [25-30] seek to blend active/passive methods to
combine or balance the benefits and disbenefits of both options. The
work described herein is considered in the context of semi-passive
treatment where envisaged treatment method might utilise unmanned
dosing stations, (possibly controlled remotely and powered by renew-
able energy such as solar); periodic reagent deliveries and operational/
maintenance visits.

The current work presents an examination of the efficacy of sodium
carbonate (NayCO3) dosing as a semi-passive approach to treating Zn
bearing CNMD. NayCO3 has been shown to be an effective, relatively
cheap reagent for the precipitation of metals from waste effluents
[31,32] offering high Zn removal efficiencies [33] by raising the pH to
precipitate Zn within environmentally permissible levels [34] (circa
7.8-8.5) but has not been applied specifically to Zn-bearing mine waters.
One of the key advantages of using Na,CO3 as a base for mine water
treatment (particularly in lone person operations in remote locations
where the implications of accidents could be worse) is its lower chemical
hazard compared to other caustic chemicals. The hazard statement for
NayCOs3 is H319: causes serious eye irritation [35]. The hazards asso-
ciated with using other alkali reagents such as NaOH [36], CaO [37] and
Ca(OH); [38] include H314: skin corrosion, H318: serious eye damage
and H335: respiratory irritation. Therefore, the use of Na,CO3 poses a
substantially lower risk to the operator than other alkali reagents which
is one of the key considerations for remote mine water treatment sys-
tems. Other than our own works [39,40] we can find no literature on the
application of NayCOj3 dosing specifically for zinc-bearing circumneutral
mine drainage, despite the well-known decrease in solubility of zinc
carbonates such as smithsonite and hydrozincite at moderately alkaline
pH.

Alkali dosing/precipitation is often the first step in active treatment
and additional unit operation(s) are typically required for subsequent
solid/liquid separation. Coagulants and/or flocculants are often used to
improve separation in gravity-based liquid/solid separation, which can
add operational costs (reagent and time). The residual precipitated
sludge can also be voluminous with low density, have low solids content
(circa 1 % w/v) [41] and have a high resistance to filtration, making
them difficult to dewater. Therefore, increasing solids settling velocity
and volume is advantageous, cutting cost implications for sludge stor-
age, dewatering and disposal. The High Density Sludge (HDS) process is
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a well-established method to reduce the density of sludge generated
through an increase in solids content per unit volume. The basic prin-
ciple involves recirculating the sludge to contact raw mine water and/or
alkali which leads to sludge “densification”, increased settling velocity,
sludge volume and dewaterability [42,43]. Zn has been shown to readily
form HDS in the presence of Fe using NaOH as the alkali [44,45] how-
ever there are no studies on the formation of HDS from a Zn-rich effluent
where Fe nor flocculant is present and using NasCOs as the alkaline
reagent.

The primary aims of this study were two-fold. The first was to assess
the effectiveness of NapCO3 dosing on zinc removal and determine re-
sidual zinc concentrations after dosing for a range of real circumneutral
Zn bearing mine waters and to physiochemically characterize the pre-
cipitates. The second (pertinent to the development of a semi-passive
approach to mine water treatment using Na;CO3) was to investigate
the influence of dosing strategy and sludge recirculation on particle size
distribution and settling properties using synthetic and real circum-
neutral Zn-bearing mine water.

2. Materials and methods
2.1. Study sites

Zn-rich mine waters from a range of locations around Wales (UK)
were selected based on locations of known Zn-bearing mine water dis-
charges [46]. A range of mine water chemistries were selected, (see
Table 1). The majority were CNMD but these were supplemented by
mine water from two acidic sites to assess the wider applicability of
NayCOs3 dosing. The primary study site selected for further study into the
process chemistry and engineering was a circumneutral Zn-bearing mine
water, sourced from Abbey Consols; an abandoned Zn and Pb mine
located in Ceredigion, Wales, UK which was operated between 1848 and
1909. Drainage from the site is a target for remediation [47] because the
mine water is the primary contributory source of Zn to the river Teifi
contributing to exceedances of WFD WQS. 100 L of mine water was
collected from the discharge adit. The mine water was tested for changes
in chemistry upon storage which confirmed minimal changes in the
mine water chemistry over two weeks (Table S1), the time period in
which the water was used for further experiments.

2.2. Batch experiments

2.2.1. Field tests

On-site jar tests using a range of Nay,COj3 dosages (circa 1-6500
mgL’l) were conducted to assess the effectiveness of NapCO3 dosing for
the removal Zn and other metals. The experiments were conducted on
site as mine water can be unstable due to Fe oxidation/CO5 degassing
[48,49]. The doses were based on multiples of the Zn molar concen-
tration in each mine water, where the Zn concentration values were
obtained from historical data from the NRW archives. Stock Na;CO3
dosing solutions were prepared at 1, 10 and 50 gL™'. 100 mL of unfil-
tered mine water was decanted into HDPE sample bottles. Samples were
then dosed with <5 mL of 1, 10, or 50 gL’1 Na,COs3 stock solution. In
addition to carbonate-dosed solutions, one control (unamended raw
mine water), one pH control (mine water dosed with NaOH to pH
8.5-9.5), and one deionized water blank was included. Reaction vessels
were loosely covered, and periodically gently swirled, for two hours. pH
was immediately measured for the raw (unamended) samples and
measured after 2 h for the dosed samples. The treated and untreated
samples (20 mL) were filtered using 0.2 pm syringe filters and preserved
using 0.1 mL 10 % nitric acid and metal concentrations were measured
using Inductively Coupled Plasma Mass Spectrometry ICP-MS (Thermo
X-Series 2). Ion chromatography was performed on untreated filtered
samples (0.2 pm syringe filters) using a Metrohm 761 compact ICD.
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Table 1
Mine water chemistry and conditions for >95 % Zn removal efficiency for circumneutral mine waters including two acidic drainages.
Site Initial Initial Alkalinity® Dissolved Dissolved Flow* Temp Na,CO3 Molar Residual Final Final
dissolved pH as CaCO3 Fe mgL~! CamgL™! Ls7! °C dose ratio Zn: dissolved pH alkalinity as
Zn” mgL~! mgL~! mgL~! Na,CO3 Zn" mgL~! CaCO3
mgL !

Frongoch adit 17.92 7.26 25 <0.2 16.9 17 19.7 224 7.7 0.145 9.39 89

Nant y Mwyn 14.79 5.74 76 1.19 36.1 51 18.2 874 37 0.876 9.95 828

Cwmystwyth 31.84 6.40 0 0.51 26.4 10 12.7 189 3.7 0.084 8.82 188
Pughs

Cwmystwyth 8.689 5.92 0 <0.1 4.20 3 11.9 367 26 0.066 10.43 NA
Gills

Pengwern 4.429 6.29 36 <0.1 13.6 15 10.3 32 4.5 0.084 7.84 63

Pannau Adit 5.695 7.21 70 <0.1 31.0 3 12.1 34 3.5 0.313 9.01 95

Abbey 16.77 6.58 24 <0.1 NA 3 17.3 82 3.5 0.023 9.00 NA
Consols”

Frongoch Att. 201.6 3.88 0 0.60 18.7 6 27.9 749 2.3 0.086 8.85 32
Pond

Cwm Rheidol 53.90 2.99 0 148 89.3 1 27.3 6001 78 0.624 10.47 NA
9

2 Abbey Consols dosing experiments performed in laboratory.
> 20 mL sample, filtered at 0.2 pm into 0.1 ml 10 % HNOs.

¢ Alkalinity was measured on site using Hach Digital Titrator, method number 8203.
4 Contains Natural Resources Wales information © Natural Resources Wales and database right. All rights reserved.

2.2.2. Laboratory tests

Synthetic mine water (SMW) Zn solutions were made using zinc
sulphate heptahydrate (ZnSO4.7H50) from Sigma Aldrich, >99.0 % in
deionized water (18.2 MQ-cm) and NayCOs dosing solution was pre-
pared using Nay;CO3 VWR, >99.0 % in deionized water. All tests were
performed in triplicate to obtain mean values.

Laboratory jar tests using different Na;CO3 doses were conducted on
synthetic and Abbey Consols mine water. For each dosing experiment
performed in the laboratory, 900 mL of synthetic mine water or Abbey
Consols mine water was added to a 1000 mL borosilicate glass beaker,
stirred using an overhead stirrer and pH recorded using a Mettler Toledo
Seven Multi Expert Pro 15 M pH meter (calibrated before each experi-
ment). 100 mL of Na;COs3 dosing solution was added and stirred at 200
rpm for 2 min, then allowed to settle for 30 min. NaoCO3 dosages were
based on molar ratios of Zn:NayCOs from 1:0.5 to 1:5 (12-117 mgL™1).
Final pH was recorded and 20 mL samples of treated synthetic or real
mine water were slowly withdrawn at a depth of 2 cm using a syringe
and filtered at 0.2 pm into 0.1 ml 10 % HNOs for dissolved Zn analysis.
For total Zn analysis, samples were pipetted directly into 0.1 ml 10 %
HNOs. Metal concentrations were determined using Inductively
Coupled Plasma - Optical Emission Spectrometry (ICP-OES) (Perkin
Elmer, Avio 220 Max).

The effect of the rate of addition of Nay;COs dosing solution was
investigated using jar tests. 900 mL of SMW (200 mgL ™! Zn) was added
to a 1000 mL borosilicate glass beaker and the beaker was stirred at 200
rpm using an over stirrer. 100 mL of NaCOs (1000 mgL_l) was added
either by instantaneous or dropwise addition (dropping funnel set to add
2 mL min ! of Na,COj solution). Both regimes were stirred for 50 min
followed by 30 min settling before recording pH and taking samples of
treated synthetic mine water for ICP-OES analysis as described above for
laboratory dosing experiments.

A simulation of a “Type II” HDS process [50] was conducted at
laboratory scale on a batch basis where “Type II” refers to a HDS process
where the cycled sludge is mixed with the fresh mine water prior to
alkali addition. The procedure was modified from the method proposed
by Bosman for Type [ HDS [51]900 mL SMW (200 mgL’1 Zn) was added
to a1 L borosilicate glass beaker and 100 mL NayCOg3 solution was added
(1000 mgL1). The vessel was stirred at 200 rpm for 2 min using an
overhead stirrer and the contents transferred to a 2 L measuring cylin-
der. The suspension was allowed to settle, and the time taken for sludge
to settle/sludge volume was recorded. The supernatant was carefully
decanted off and added to a fresh solution of SMW (200 ppm Zn) and
stirred for 10 min before the next dose of Na,CO3 solution was added.

This method was repeated 25 times with subsamples of sludge (circa 2
mL) and supernatant taken at regular intervals. The pH was recorded
before and after each dose of Na;CO3 was added. The procedure was
performed in triplicate to obtain a mean sludge volume with standard
deviation. Sludge samples were only taken from the first run to eliminate
the possibility that sampling was causing the reduction in sludge
volume.

2.3. Physicochemical and mineralogical characterisation of precipitates

The particle size distribution of precipitates was measured using a
Beckman Coulter LS-13-320-XR Particle Sizer and zeta potential mea-
surements were performed using a Malvern Zetasizer Nano series Nano-
2. Particle size measurements and zeta potential were measured directly
on precipitate from laboratory dosing experiments, suspended in the
treated mine water or SMW. To prepare samples for XRD (X-ray
diffraction spectroscopy), TGA (thermogravimetric analysis) and Scan-
ning Electron Microscopy (SEM) precipitate samples were dried at 40 °C
for 24 h, allowed to cool in a desiccator and finely ground with a pestle
and mortar prior to analysis. Mineralogical characterisation was per-
formed using XRD (Seimens diffractometer D5000) using the following
operating parameters; wavelength 1.54 A, voltage 40 kV, current 30 mA,
scan range 10-80, step length 0.05°, 0.5°min "}, radiation source Cu Ko.
TGA was conducted on a Perkin Elmer Pyris instrument. Samples of
between 0.20 and 0.25 mg were heated from 40 °C to 900 °C (5 °C
min~ 1) under flowing air (20 mL min ). Elemental composition of the
precipitate was determined via microwave acid digestion followed by
ICP-OES analysis on the digested sample. A sample of precipitate (0.1 g,
dried at 40 °C for 24 h) was weighed into a 40 mL digestion vessel and
HNOj3 (3 mL, 68-70 %, Fisher analytical reagent grade for analysis) and
HCI (3 mL, 37 %, Fisher analytical grade) was added and digested in an
Ethos Easy microwave at 180 °C for 45 min. The contents of the vessel
were transferred to a volumetric flask and made up to 50 mL using
deionized water and analysed using ICP-OES.

Micro and bulk mineralogical analysis was performed using a Tescan
Maia3 Field Emission Gun Scanning Electron Microscope (FEG-SEM) for
Abbey Consols and synthetic samples and a Zeiss Sigma Field Emission
Scanning Electron Microscope (FE-SEM) with Energy Dispersive (X-ray)
Spectroscopy (EDS) for all other samples. The field trial precipitates
were analysed at a voltage of 30 keV, whereas the synthetic and Abbey
Consols samples were analysed at 15 keV due to charging effect. For
samples analysed on the Tescan Maia3 FEG-SEM, an Energy Dispersive
X-ray detector (X-EDS, Oxford Instruments X max 80NT SDD) was used
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for elemental analysis and mapping with Aztec software. The elemental
composition was determined using an EDAX™ Octane Plus high-
resolution EDS system and data analysis undertaken using the associ-
ated EDAX (AMETEK Inc.) TEAM™ software for the Zeiss FE-SEM.

3. Results and discussion
3.1. Field campaign Zn-rich mine waters

Recorded pH for the mine waters varied between pH 2.99 and pH
7.34, alkalinity ranged from 0 to 235 mgL~' and Fe concentrations
varied from 0.1 to 148 mgL~'. The NayCO3 dose required to achieve
>95 % Zn removal is presented in Table 1 with additional dosing data in
Table S2. NayCOs is an effective reagent for the precipitation of Zn; all
drainages achieved >95 % Zn removal with varied NayCO3 dosage. It is
important to note that not all discharges would require this level of
removal as it is the residual Zn which will impact the receiving water
body. For example, it was reported that at least 70 % Zn removal would
be required at the Abbey Consols site [40] for the river Teifi to meet
WFD standards. For all sites the residual Zn concentration was below 1
mgL !, which would be likely to meet WFD standards of 10.9 pgL !,
upon combining with the receiving water body, providing that the mine
discharge flow to be <1 % of the river flow. When utilising alkaline
reagents, the pH of the final treated water should (in many regulatory
juristictions) be <pH 9 and may require acid addition to meet this pH
reduction. Semi-passive treatment approaches seek to minimise reagent
addtion. Importantly, data in Table 1 shows that for the majority of sites,
NayCOs3 dosing can precipitate >95 % Zn within the typical pH limits
environmental standard (< pH 9), thus negating the need for additional
reagent addition for pH reduction. For the three mine waters above the
acceptable pH limit, further process optimisation would be required to
obtain the optimum dose where Zn removed but there is not an over-
shoot of the pH. This is a limitation of the study where the final dose was
excessive to ensure total Zn removal. Although Zn was the highest
concentration contaminant in the mine drainages, other contaminants
were present at lower concentrations.The removal efficiency for other
metals was measured and is shown in Table 2. Reasonable removal rates
(Table 2) were achieved for Cd, Pb, Mn, Ni and Cu however poor
removal rates were observed for As. This is unsurprising as oxyanionic
forms of As are soluble at alkaline pH [52].

Known Zn carbonate precipitates include smithsonite, hydrozincite
and zinc hydroxide, which can further dehydrate to zincite [53].
Geochemical modelling was performed using PHREEQCi software [54]
(version 3.7.3.15968, MINTEQ.v4 database) to identify minerals pre-
dicted to be oversaturated (and this able to precipitate under defined
conditions). The database was updated to include hydrozincite using
logK value 9.1 and the equilibrium shown in Eq. (3) [55].

Zn5(CO5),(OH)g +6H* =5Zn*t +2C0;*™ + 6H,0 3

For all mine waters modelled, hydrozincite was found to be consis-
tently oversaturated, along with smithsonite, zincite and zinc hydroxide.

Table 2
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For drainages with elevated levels of Fe, ferrihydrite, hematite and
geothite were also found to be oversaturated. Fig. 1 displays data for the
residual Zn against final pH for the tested mine waters. The hydrozincite
solubility curve was (derived using PHREEQCi) and compared with the
residual Zn concentrations. For all sites residual Zn concentrations after
precipitation are close to, or below those expected from hydrozincite
solubility. Residual concentrations lower than hydrozincite solubility
could be attributable to solubility differences from the logK value used
in the modelling [56] or the presence of precipitating Fe minerals which
are known to exert influence on zinc solubility in the circumneutral pH
range through sorption and coprecipitation [57]. This is notable in mine
water where there are elevated levels of Fe such as Cwm Rheidol 9 (148
mgL ! Fe). XRD analysis identified 2-line ferrihydrite in Cwm Rheidol 9
precipitate along with hydrozincite (Fig. S4). Zn co-precipitation with
ferrihydrite has been reported to occur at pH >5 [58] which is consistent
with the pH at which Zn starts to precipitate for Cwm Rheidol 9.

Although the presence of Fe in the mine waters can lower the pH at
which Zn precipitation occurs, it also increases acidity and consequently
the dose of Na;CO3 required to adjust the pH and precipitate the Zn. The
dose required at Cwm Rheidol 9 to remove the Zn was 6001 mgL ™!
which equates to a molar ratio (Zn:NapCOs3) of 1:78; significantly higher
than the stoichiometric dose or the dose required for other drainages
which generally ratios of circa 1:3.5 (Table 1). The higher Na;CO3 dose
required is attributable to the high mineral and metal acidity for this
mine water.

40

B Frongoch Adit

35
X Frongoch Att. pond

O Cwm Rheidol 9
25 | A Nant-y-mwyn

©® Cwmystwyth Pughs
20
+ Cwmystwyth Gills

A Pengwern

® Pannau Adit

Residual Zn concentration [mgL™]

10 ?

5 L

N

0 L L AD| '
4 5 6 7

Final pH

Fig. 1. Residual Zn concentration at the final pH after Na;CO3 dosing. Line
represents hydrozincite solubility curve (logK 9.1 [55]). Red symbols signify
elevated Fe levels and blue symbols indicate mine water <15 °C at time of on
site dosing. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Initial metal concentration and removal efficiency using Na,CO3 dosing at dose required for >95 % Zn removal.

Site As (dissolved) Cd (dissolved) Cu (dissolved) Mn (dissolved) Ni (dissolved) Pb (dissolved)
pgL~! % pgL~! % pgL~! % pgl! % pgL~! % pgL~! %

Frongoch Adit 0.11 0 29.5 99 6.50 76 21.1 91 19.0 69 532 88
Nant y Mwyn ND NA 32.9 >99 10.3 95 ND NA 41.1 99 ND NA
Cwmystwyth Pugh’s 2.19 58 33.7 98 7.96 94 475 81 36.3 83 339 96
Cwmystwyth Gill’s 0.19 74 23.1 >99 9.41 86 6.31 92 8.43 94 600. 97
Pengwern 1.09 70 25.6 80 ND NA 27.4 19 4.09 11 15.2 85
Pannau ND NA 10.5 99 ND NA ND NA 4.48 78 ND NA
Frongoch attenuation pond 1.63 10 300 29 56.5 929 3415 96 176 100 5973 929
Cwm Rheidol- No.9 0.57 82 132 >99 90.9 99 4320 >99 1944 >99 25.2 >99

ND - under detection limit NA - not applicable.
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XRD analyses demonstrated that most of the precipitates were X-ray
amorphous however, the XRD pattern for Frongoch Attenuation Pond
(Fig. S3) showed peaks corresponding to hydrozincite with additional
peaks indicative of geothite and rhodochrosite. TGA of Abbey Consols
precipitate (Fig. 4b) shows a mass loss of 19 % occurring at 170-270 °C
which suggests that the major mineral present is hydrozincite [53,59].
However, the theoretical mass loss should be 25 %, indicating that only
76 % of the precipitate is hydrozincite. Real mine waters often contain
clays and other minerals [60] which do not decompose below 700 °C
possibly accounting for reduced mass loss. In addition, PHREEQCi
modelling identified zincite (ZnO) as an oversaturated phase which
would also not decompose further. SEM-EDS was conducted on Abbey
Consols, Frongoch Attenuation Pond and Nant y Mwyn (Fig. S2 and
Table S4). The overall wt% of Zn was between 38.82 and 47.66 %, with
low levels of other metals and C and O as other main elements. Mapping
shows Zn evenly dispersed throughout the precipitates. SEM-EDS anal-
ysis and total digest of Abbey Consols precipitate gives a Zn wt% of 44.7
and 48.9 %, respectively. This is consistent with the TGA finding that 76
% of the precipitate is hydrozincite and the remaining material is clay.

Sludge produced in treatment systems can require costly disposal to
landfill depending on the metals/metalloids it contains and the local
landfill waste acceptability criteria [61]. It is, therefore, highly benefi-
cial if the sludge can be reused/recycled or if the metal value can be
recovered. The high proportion of Zn present in the precipitates may be
promising for Zn recovery. The effectiveness of Na;CO3 dosing for all
mine waters investigated is promising for its widespread application
which would result in the generation of a substantial amount of Zn rich
sludge with high potential value. Based on Zn removal rates and Zn load
in the mine discharges, it can be estimated that circa 87,000 kg would be
removed per year. As the same NayCOj3 treatment scheme would be
applied at multiple sites, which would use the same reagents and pro-
duce similar sludges, it is therefore likely that only one post treatment
sludge processing/Zn recovery facility would be required; easing the
logistics of sludge management. The Zn is present in form that is
amenable to Zn recovery processes (characterisation indicates mainly
hydrozincite) [62,63] indicating the potential of the precipitate as a
valuable Zn resource which may contribute to offsetting remediation
costs.

The field campaign of dosing experiments has demonstrated that
NayCOs is an effective Zn precipitation reagent which can be used suc-
cessfully on a range of mine water chemistries. During the jar tests it was
visually noted that the precipitates were fine and slow to settle,
improving settling behavior is thus an important aspect to optimise mine
water treatability.

3.2. Impact of reagent dosing on precipitate properties

Mine water from the Abbey Consols was used to study how precip-
itate properties were affected by varying the NayCO3 dosing strategy.
For practical purposes, a synthetic equivalent was used for some labo-
ratory experiments due to volume of precipitate/mine water required.
The synthetic analogue responded to Na;CO3 dosing in the same manner
as real Abbey Consols mine water (Fig. S1a and S1b, Table S3) and was
therefore deemed a reasonable proxy for the real mine water.

3.2.1. Dosing regimes (immediate vs dropwise reagent addition)

The rate at which the precipitant is added is known to have to the
ability to influence precipitation mechanisms [64]. This is achieved by
controlling the level of supersaturation of the system which influences
nucleation, growth and aggregation rates [65]. Typically, a high level of
supersaturation, leads to a faster rate of homogeneous nucleation
resulting in many small particles, which can then aggregate. Lower
levels of supersaturation typically encourage heterogeneous nucleation
on existing particles, facilitating particle growth. Jar tests were con-
ducted using instantaneous and dropwise addition of NayCO3 (82
mgL 1) into synthetic mine water.
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No difference in settling velocity was observed, however particle size
and sludge volume were reduced by almost 50 % when NayCOj3 solution
was added dropwise (Table 3). This is counter to the trend expected from
crystallization theory where high supersaturation levels (from instan-
taneous addition) typically result in a higher degree of homogenous
nucleation. However, particle size analysis of the particles from the two
regimes show a higher distribution of particle sizes (6-100 pm with a
standard deviation of 16.3 pm) from instantaneous addition of NayCOs3
solution, compared to 2-60 pm with a standard deviation of 8.3 pm. This
may reveal the importance of aggregation and/or pH effects on the final
particle size distribution produced [66]. Zhou et al. reported a higher
rate of heterogeneous precipitation and less homogeneous nucleation
with dropwise addition [64] which supports the present findings.
Dropwise addition of NayCOs yielded particles with similar zeta po-
tential; —21 mV compared to —28 mV for the instantaneously dosed
precipitate, indicating similar stability in solution. Zeta potentials above
30 mV are generally regarded as stable suspensions [67] thus in the
measured range of zeta potential the settling rate is likely to be slow.

3.2.2. High density sludge (HDS)

The densification of sludge using the HDS process is a well-known
method of reducing sludge volume, increasing settling velocity and
sludge dewaterability characteristics of sludges formed from metal hy-
droxide precipitation reactions [42-44] however there is no journal
literature on the formation HDS using Nay,COj3 as the precipitant. The
HDS processes involve cycling previously produced sludges into fresh
precipitation reactions. A bench scale Type II HDS method was trialled
where the sludge was mixed with fresh mine water before introducing
the NapyCOj3 dose, note that no coagulant or flocculant was added.

Fig. 2 shows that the Zn/NayCO3 system readily forms HDS the
sludge volume does not increase linearly with repeated cycles. Densifi-
cation appears to begin after cycle 4 where the measured sludge volume
starts to deviate from the projected total accumulated sludge volume (no
HDS). After cycle 10, the sludge volume increase ceases (definition of
HDS formation) yielding a recycle ratio of 10:1. Recycle ratios are
typically between 10:1 and 30:1 meaning 10-30 kg of solids are recycled
for each kg of solids formed in the process [68]. After 25 cycles the
sludge volume has decreased from the projected accumulated total by a
factor of 10. The projected volume of sludge per litre of mine water
treated for the HDS was found to be circa 5.3 mL/L versus circa 55.5 mL/
L for 25 cycles of conventional single pass sludge. A similar bench scale
HDS trial was conducted by Mackie et al. [69] using a Zn rich AMD, Ca
(OH); and polymer flocculant. HDS was achieved after 20 cycles with
33 mL/L of sludge formed per litre of mine water treated and the final
dry solids content was 2.39 %. Although a direct comparison cannot be
made, Na,CO3 dosing achieved a higher dry solids content (4.11 %) with
a lower sludge volume per litre of mine water treated without the use of
flocculant. The settling velocity was found to increase with HDS cycles,
settling velocity increasing to 2.48 mhr ! at cycle 25 from 1.18 mhr ™! at
cycle 1.

The mechanism of HDS formation is not fully understood however

Table 3
Zn removal efficiency of NayCO3 using 82 mgL™! (molar ratio 1:3.5), zeta po-
tential and sludge volume and particle size using different dosing regimes.

Dosing regime Instantaneous” Dropwise”

Zn removal (dissolved)
Zn removal % (total)

>99.9 % (0.02)
96.5 % (1.22)

>99.9 % (0.02)
99.8 % (0.42)

Final pH 9.09 (0.01) 9.29 (0.13)
Zeta Potential [mV] —28 (4.97) —21 (4.91)
Sludge volume” [mL] 56 (7.07) 35 (2.36)
Mean Particle size (range) [pm] 42 (6-100) 18 (2-60)
Settling Velocity [mhr!] 1.2 (0.10) 1.2 (0.05)

@ Values given as mean with standard deviation in brackets (with the excep-
tion of particles size which gives the range instead of standard deviation).
b Sludge volume measured after 30 min settling time.
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Fig. 2. Sludge volume after each reaction cycle using type II HDS lab method
with error bars (standard deviation). Dotted line is extrapolation of single pass
sludge representing projected total sludge volume in the absence of any sludge
densification.

theories centre around slower precipitation due to lower pH of slurry,
recycled sludge acting as seeds for heterogeneous nucleation, ageing/
dewatering effects and compression effects due to increased ionic con-
centrations [51,70,71]. To assess whether compression effects were
occurring, the zeta potential of the sludge was measured at regular cy-
cles throughout the HDS process (Table 4). A decrease in the absolute
value of the zeta potential was observed as the reaction cycles progress.
After 1 cycle the zeta potential of the suspension was —28 mV,
decreasing to 5.6 mV after 25 cycles. This supports the theory that the
increase in ionic concentration from cations in the slurry (e.g Znt,
Na?"), decreases the zeta potential which then increases the compres-
sion of the double layer and allows the precipitates to pack more closely.
It is important to note that the pH of the treated sludge samples analysed
was constant (9.28-9.78) and therefore zeta potential measured can be
considered to be the absolute zeta potential of the particles with no ef-
fect from change in pH.

FEG-SEM was conducted on the single pass sludge (Fig. 3a) and the
HDS sludge after 25 cycles (Fig. 3b) to further characterize the precip-
itate and identify any morphological differences between the sludges.
Both SEM images show typical hydrozincite morphology; 2-dimensional
platelets flattened on (100) [55,72] which are cemented together as
larger particles. However, the size of the platelets on the single pass
sludge is smaller than the size of platelets on the HDS SEM image.
Several platelet length measurements were taken, averaging 0.13 pm for
single pass and 0.57 pm for the HDS, indicating more long-range order in
the HDS precipitate. This was supported by XRD analysis (Fig. 4a); the
XRD pattern of single pass sludge shows highly amorphous material
whereas the XRD of the HDS has defined peaks corresponding to
hydrozincite (Fig. S5). This, coupled with an increase in particle size
(from 36 to 53 pm) indicates that more heterogenous precipitation is
occurring, with the recycled sludge acting a seed particles. TGA con-
ducted on single pass and HDS shows a total mass loss of circa 25 %,
corresponding to the theoretical mass of seen with hydrozincite. For
both the single pass and HDS sludge the major mass loss occurs between
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170 and 270 °C corresponding to the loss of chemically bound H,0 and
CO4 in hydrozincite (circa 25 %) however the single pass sludge also sees
a 3 % mass loss at 150-160 °C attributed to the loss of surface bound
water. The presence of this mass loss seen only in the TGA for the single
pass sludge supports the theory that there is less surface bound water in
HDS allowing densification of the particles. This is supported by the high
dry solids content in the HDS compared with the single pass sludge
(4.11 % compared to 0.36 %).

3.3. Implications for semi-passive treatment of zinc-bearing CNMD

The authors anticipate that Na;CO3 could find application in semi-
passive treatment of zinc-bearing mine waters achieved with no on-
site operators, an automatic dosing system and passive separation pro-
cess e.g. gravity separation. The only operational input would be
replenishing of dosing reagents and sludge management and some
general maintenance. The data presented in this paper demonstrates the
efficacy of NayCOg3 as a reagent for dosing of Zn-bearing mine waters.
NayCO3 could be used to reduce dissolved concentrations of zinc (and
other metals) and enabling waterbodies to achieve environmental
quality standards (EQS) whilst staying within environmentally accept-
able effluent pH, eliminating the need for an additional pH correction
process (reducing reagent and operational costs). It should be noted that
some of the sites investigated where the resulting pH was above 9 would
need further process optimization with regards to dosage or it may be
that NayCO3 dosing is not feasible for this particular mine water. The
authors acknowledge that the addition on NayCOs could increase the
salinity in the receiving body however the increased salinity of the
effluent would likely be diluted substantially by the receiving water
body and currently, there is no EQS for salinity in the UK. Nevertheless,
in other locations where salinity can pose a significant problem and
there are strictly water quality standards for salinity, an investigation
into the effect of the added salinity on the receiving body would need to
be completed as part of the trial process. Dosing of NayCO3 can be
achieved in a straightforward way using NapCO3 solution which can be
made up on site or tankered in. In remote locations it may be more
feasible for the dosing solution to be made up on site. For temperate
climates it is recommended that 5 % w/v solution is used [73]. This is to
prevent NapCOs crystalizing in the dosing tank when temperatures. It is
may also be possible to use treated mine water to make up the dosing
solution, reducing transport costs. Simple systems involving semi-
passive dosing of NayCOs in briquette form have already been used in
the USA for AMD control [74]. Further work would be required to
investigate whether dosing solid NapCOs is as effective for Zn (and other
metal) removal. When compared to other alkali reagents such as NaOH,
Ca(OH); and Ca0O, NapCOs has less severe safety hazard rating meaning
it is lower risk reagent for lone operators. NayCOs is readily available as
it is commonly used in potable water treatment facilities and for pH
correction [73]. The combination of these factors means that Na,CO3
dosing can lend itself effectively and practically for the treatment of Zn
bearing mine waters.

However, whilst the Na;COg3 can readily remove dissolved Zn (and
other target contaminant metals), the resultant precipitate sludge has a
high water content (>99 %) and volume which may require extended
dewatering times. In addition, the particles within the sludge were found

Table 4
Volume, settling velocity and zeta potential of sludge from dosing synthetic mine water with Na;COs after different numbers of HDS cycles (initial Zn concentration
200 mgL ™).
HDS Final zinc Zinc removal Final Volume per L mine water Zeta potential Mean particle size Settling velocity Dry solids
cycle [mgL 1] [%] pH treated [mLL 1] [mV] (range) [pm] [mhr'] content [%)]
1 0.174 >99.9 9.28 55.5 —28.4 36 (5-98) 1.18 0.36
5 0.189 >99.9 9.65 37.7 —25.8 1.30 0.55
10 0.333 >99.9 9.62 22.2 -16.2 1.36 1.00
20 9.78 8.3 4.4 1.37 3.06
25 0.078 >99.9 9.54 5.3 5.6 53 (1-200) 2.48 4.11
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Fig. 3. SEM of a) single pass sludge and b) HDS sludge at 83000 x magnification.
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Fig. 4. a) XRD pattern of synthetic single pass sludge and HDS sludge (HZ denotes peak corresponding to hydrozincite (ref 00-019-1458) Fig. S5) b) TGA of Synthetic

Single Pass sludge, HDS and Abbey Consols sludge.

to be relatively small (2-100 pm) and stable (zeta potential of —24-28
mV), likely to make solid liquid separation difficult. The work has
established some strategies which should be explored further. Labora-
tory trials have shown that by adding the Na;COj3 precipitant dropwise,
the sludge volume can be reduced (Section 3.2.1). For semi-passive
dosing mine water treatment systems where sludge volumes are high,
dropwise addition could offer a simple technique that can be employed
passively e.g. multiple dosing points across precipitation tank/pond,
with potential to reduce the cost and operational implications of high
sludge volumes. Contacting the precipitated solids with the mine water
during dosing may encourage HDS formation. Whilst this has not been
tested passively, existing passive mine water technologies that
encourage contact with precipitates include Vertical Flow Reactors
[75,76]. Similarly, configurations from wastewater treatment such as
sludge bed clarification may also be considered. Here, we have shown
that HDS can readily be formed from the Zn/NayCOs3 system proposed
without the use of flocculant or other reagents. The sludge had better
settling characteristics, with higher dry solids content, showing poten-
tial for rapid settling velocities and better dewatering. Incorporation of a
process to encourage HDS would result in large reductions in sludge
volume.

NapCO3 dosing has been shown to be effective on a range of mine

water chemistries and is therefore a promising option for widescale
implementation. If considering just the mine drainages studied in this
paper a total of 3387 million litres of mine water would be treated each
year, removing circa 87,000 kg Zn (Table 5). The sludge produced has a
high in Zn content (circa 45 % Zn dry solids) which suggests that the
sludge could be used as a potential Zn resource which might partially
offset operational costs and retain Zn in a circular economy and prevent
pollution. The main contributor to the operational cost is the cost of
reagents as the scheme is to be operated semi-passively. From these
experiments it can be estimated that the reagent costs to treat mine
water with sodium carbonate ranges from £0.01-0.18 per m®. Although
a direct comparison is not possible, other study and reports have shown
these values are comparable to other water treatment dosed schemes
[77] but do not require additional OPEX costs such as energy or oper-
ating staff.

4. Conclusions

NapCO3 dosing was successfully applied to a range of Zn-rich circum-
neutral mine waters, achieving a final Zn concentration of <1 mgL‘1
and a final pH <9. Precipitates were characterized using elemental
digest, XRD, SEM-EDS and TGA indicating that the precipitate was
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Table 5
Estimated Zn removal, Zn value® and reagent costs” per year for NayCO3 dosing
of studied mine drainages.

Estimated Potential Zn ~ Cost sodium Cost sodium
mass of Zn value carbonate carbonate per
removed per recovered per year m® mine water
year treated
kg yr ! £yr ! £yr! £m~3
Frongoch Adit 9607 24,950 23,987 0.05
Nant y Mwyn 23,787 61,776 504,291 0.18
Cwmystwyth 9639 25,034 22,817 0.07
Pugh’s
Cwmystwyth 868 2254 7478 0.07
Gill’s
Pengwern 2053 5332 15,150 0.02
Pannau 539 1399 1293 0.01
Abbey Consols 1026 2663 2038 0.02
Frongoch att. 38,146 99,065 80,606 0.13
pond
Cwm Rheidol 989 2569 2579 0.14
No. 9
Total 86,655 225,042 660,238 0.69

2 Based on value of pure Zn metal accessed at LME.com October 2022.
b Based on Na,COs3 cost of £350/t.

hydrozincite. This was corroborated by PHREEQCi modelling. The high
Zn content in the precipitates and the fact that all sites would produce a
precipitate with similar elemental composition is promising for the po-
tential recovery of Zn metal. Sludge volume and settling characteristics
were shown to be improved by varying process conditions. Dropwise
addition of precipitate yielded lower sludge volumes with smaller par-
ticles; a promising simple approach to sludge reduction that easily be
implemented semi-passively. HDS was shown to readily form using
NayCOs3 dosing and cycling the Zn sludge without flocculant; reducing
the sludge volume substantially and improving the settling velocity.
Characterisation of the HDS sludge was conducted to improve under-
standing of the mechanism of HDS formation in this system. The findings
of the characterisation provided evidence for increased heterogenous
precipitation, increased compressibility of particle suspension and
increased agglomeration due to decrease in zeta potential. The study
demonstrates the efficacy and suitability of Na;CO3 dosing for semi-
passive treatment of Zn, offering high removal rates for a range of
mine water chemistries.
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