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Empowering clean water whilst safeguarding
water distribution pipeline integrity: towards
manganese- and iron-free lime hydrate for water
treatmenty

David Kocsis, ** Rhys A. Ward,© Christopher R. Meyer,*? Michael Thompson,?
Timothy J. Prior, ©¢ Stephen M. Kelly, &<
Nathan S. Lawrence @ ®° and Jay D. Wadhawan @ *°°

Hydrated limes are amongst the most economically valuable alkalis used by the water industry for the
treatment of potable water. They are typically manufactured from the thermal decomposition of high purity
limestones. However, the latter contain both manganese and iron impurities, which are transformed into
the oxides MnzO4 and Fe,Oz on burning in kilns (between 900-1100 °C) during the manufacture of lime,
and are retained in the lime hydrate upon slaking. These impurities can be released through oxidation by
conventional water disinfection chemicals (such as alkaline hypochlorite) during the use of lime hydrate as
the alkaline pH modifier during conventional operations in water treatment works. This work investigates
the redox mechanisms for manganese and iron removal from lime hydrate using alkaline hypochlorite: for
manganese, interfacial electron transfer occurs first leading to dissolution as permanganate; in the case of
iron impurities, solubility is encouraged in oxygenated solutions first through formation of solid ferrite, with
oxidative dissolution of ferrite to ferrate. As expected for activation-controlled reactions, the oxidative
dissolution is enhanced with increased temperatures; mapping the dissolution process with time allows for
the unravelling of “rule-of-thumb” relationships for impurity removal of ~1% min™* for manganese and
~3% min™* for iron at 90 °C in alkaline hypochlorite.

Reducing the amount of manganese and iron impurities present in drinking water treatment chemicals can improve both the aesthetic water quality and
the integrity of its distribution pipelines, as it reduces the occurrence of discoloured water and pipescale. Herein, we develop treatments to remove these

species from lime hydrate manufactured for the water industry, and provide “rules-of-thumb” for their scale-up.

Introduction

Although access to safe drinking water is a mandated human
right," clean water distribution has been plagued by pipeline

integrity issues, even in high-income countries, for at least
the last 90 years.> In England, drinking water, supplied by
water companies and authorities, is subjected to economic,
environmental and public health regulation, by the Water
Services Regulation Authority (Ofwat), the Environment
Agency, and the Drinking Water Inspectorate (DWI),
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compliance with legislative standards (such as the European
Drinking Water Directive 98/83/EC), which are based on
guidelines published by the World Health Organisation.*
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range of ions and compounds, predominantly based on their
toxicity; potable water is frequently contaminated by both
natural effects (associated with groundwater/reservoir
hydrology and biology),” and anthropogenic causes.® These
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impurities can be removed in water treatment works through
the addition of chemical coagulants (such as alum and ferric
sulphate) followed by clarification and filtration, with a
subsequent disinfection step using, amongst others, chlorine
or ozone, to remove micro-organisms.” There is an additional
consequence for drinking water treatment that results from
the historical use of lead piping infrastructure in its
distribution: the corrosion of this material is a public health
hazard (most infamously demonstrated through the 2014-19
Flint water crisis);® plumbosolvency control in the water
mains relies on tiny solubility products, necessitating the
addition of phosphates during water treatment, so as to
maintain an extremely low concentration of soluble lead
ions.

Manganese and iron are two essential mineral elements
which are, likewise, regulated as a result of both toxicity (as
Mn>"), and their propensity (as black and red oxides) to cause
pipe-scale®® - the lining of the water distribution pipelines,
causing restricted flow, and ultimately requiring more energy
to be expended so as to deliver water to consumers than in a
de-scaled pipeline. Although iron in drinking water is
generally present at sufficiently low concentrations so as not
to present a health hazard (there is no toxicity-based limit on
iron in drinking water), manganese in drinking water may
have adverse effects on intellectual and cognitive
development, causing it to have an upper guideline value of
400 ppb.*® Nevertheless, the guidelines recommend upper
thresholds on manganese (50 ppb) and iron (200 ppb), to
reduce “metallic taste” and prevent so-called “black water”
and “red water” phenomena, respectively.* In the UK, these
two discoloured water types are often a source of customer
contacts (complaints) with water companies and authorities:
in 2020, 1.8 M consumers (up from 1.1 M in 2019) were
affected by the supply of tap water with an unaesthetic
appearance (colour, taste and odour), as catalogued in the
Chief Inspector's Report from the DWI,'® with the largest
number of complaints stemming from North-West England,
the Midlands and Wales - areas where the water supply is
fed by upland surface waters."®"" Such contacts cause the
water companies and authorities to be fined by Ofwat. These
problems with drinking water distribution arise from a
variety of factors, such as the increase in water use due to
hot weather,'®'* the inadequate treatment of raw waters,*"*
or during the improvement of the energy efficiency of water
distribution by dislodging manganese- and iron-based oxide
debris and pipe-scale using increased hydraulic
pressure.”'™? Since the solubility of manganese and iron
oxides is both redox- and pH-sensitive, control of manganese
and iron in the water supply is achieved through (1)
understanding reservoir geology and water hydrology,"" (2)
designing water treatment works to incorporate elaborate
filtration operations,"® which may be gravel-based, or involve
“greensand” (glauconite, (K, Na)(Fe™, Al, Mg),(Si, Al)s
019(OH),, coated with manganese dioxide), and (3) reducing
the amount of manganese-oxidising bacterial biofilms,”*>®**
via efficient disinfection of the water supply.®*>"°
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It is also important to control the impurity level present in
the chemicals used to treat drinking water: the volume of
chemicals used in water treatment means that even small
reductions can provide benefit. Alkalis (pH modifiers)
represent one of the largest group (by volume) of chemicals
used by the UK water industry (in excess of 70 kTe y*),"” with
a slight favouring (53%) of slaked lime (portlandite, lime
hydrate, Ca(OH),) over caustic soda (NaOH).'”* Lime is
unusual in that it can be used both to remove manganese
from reservoir water,”'®**” and, as observed in KwaZulu-
Natal, South Africa, brown lime (added during the treatment
process) can be a source of manganese, even when the raw
water has appreciable amounts of manganese.'® Lime
softening of water through impurity removal is thought to
occur via carbonation of portlandite,'*® followed by heavy
metal removal through sorption.'**” Removal of impurities
containing silicon and phosphorous can be achieved through
their reactive addition to lime or hydrate.'* In the UK, water-
grade alkalis currently conform to European Standard CEN
TC 164/WG9/TG5, with purity criteria for both caustic (BS EN
896) and lime (BS EN 12518) regulating the concentrations
of fluorides, radionuclides and heavy metals (arsenic,
cadmium, chromium, mercury, nickel, lead, antimony and
selenium), with further limits imposed on lime for SiO,,
Al, O3, Fe,0;, MnO, and CaCO; impurities.'”* This mandates
the use of lime derived from industrial grade limestones
only for water treatment. Such limestones are often referred
to as pure carbonates (>95 wt% combined CaCO; and
MgCO3), which are readily available across the globe: Fig. 1a
depicts the distribution of the total area (4.1 million km?) of
pure carbonate outcrops in the world,?® with the distribution
of the manufacture of 420 MTe y ' of lime (the average
global production rate in 2016-2020)>'“ presented in Fig. 1b.
Using the data for the UK as an example, we estimate that
ca. 2 wt% of all lime production is required for water
treatment purposes,®'” so that the global requirement of
lime hydrate is ca. 11 MTe y ' - a quantity that is not
economically viable to manufacture without calcination of
limestone.

The British Geological Survey have mapped the areas
where pure calcium carbonate outcrops occur in England
and Wales (see Table 1);** current UK lime manufacturing®
uses either the high-, or very high-, purity limestones found
in North Lincolnshire (Welton formation of Cretaceous
chalk)*® or the Derbyshire Dome (Bee Woo formation of
Carboniferous limestones).”> However, although these are all
>97 wt% CaCOs, they are typically not “manganese-free”, and
therefore may introduce manganese into the drinking water
distribution network, unless first cleaned to remove the
manganese impurities.

In this paper, we illustrate redox chemical processes to
treat water-grade lime derived from both high-purity and very
high-purity limestones, so as to reduce the extent of
manganese and iron impurities that they contain. We use
insights into the physicochemical dynamics underpinning
the impurity removal process to develop important design

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 World distribution maps illustrating the country breakdown of (a) pure carbonate rock outcrops, and (b) lime production. In both cases,
data are expressed as a percentage of the world totals: (a) 4.1 million km? and (b) 420 MTe y* (average for 2016-2022), with the country with the
greatest pure carbonate rock outcrop area (USA) or the highest lime production (Republic of China) indicated separately. Note that in (b), only the
sum total of the individual countries is given with the colour corresponding to 0.473%, and that other nations (in grey) may have produced lime
over the 2016-2020 period. Data taken from (a) ref. 20, and (b) ref. 21, with both maps being drawn using software available at MapChart.Net.

relationships for suitable process operations that could be  impurities in both Carboniferous limestone and Cretaceous
integrated within existing lime manufacturing plants. We  chalk (see ESIf), and indicate how these change during the
first provide an overview of the distribution of these lime cycle for the production of slaked lime.
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Table 1 Typical iron and manganese impurity levels in industrial grade limestones in England and Wales®?

Location Formation CaO/wt% Fe,03/wt% MnO/wt%
Carboniferous limestone

Peak District Bee low 55.41 0.07 0.02
Mendips Burrington oolite 55.24 0.01 0.00
South Wales Oxwich head 55.80 0.02 0.01
North Wales Llandulas 55.38 0.10 0.15
North Pennines Cove 55.73 0.01 0.01
Lake District Park 55.52 0.03 0.05
Average (Carboniferous limestone) 55.51 0.04 0.04
Standard deviation 0.21 0.04 0.06
Cretaceous chalk

Humberside Welton 54.81 0.04 0.05
Humberside Flamborough 53.60 0.10 0.06
Wiltshire Upper chalk 54.87 0.06 0.15
Wiltshire Upper chalk 54.93 0.03 0.03
Kent Upper chalk 55.45 0.04 0.04
Suffolk Upper chalk 54.94 0.08 0.06
Average (Cretaceous chalk) 54.77 0.06 0.07
Standard deviation 0.62 0.03 0.04

“ Adapted from data provided as Tables 3 and 12 in ref. 22¢. * Very high purity limestone is >98.5 wt% CaCOs, corresponding to >55.2 wt%
CaO; high purity limestone has CaCO; in the range 97-98.5 wt%, corresponding to CaO in the range 54.3-55.2 wt%, using conventional
assessment criteria — see Table 5 of ref. 26a. Note that the Flamborough chalk formation is technically of medium purity.

Manganese and iron impurities in high
purity limestones

The British Geological Survey describes limestones as being
high purity, or very high purity depending on whether the
mass fraction of CaCOj; present therein is between 97.0%
and 98.5%, or above 98.5%, respectively.”® These are the
only two categories of limestone considered to be suitable
as industrial grade for use in the water treatment, iron and
steel, chemicals, glass making, filters and pigments, paper
and flue gas desulphurization industries.>**” Table 1
illustrates the typical compositional variation of both
manganese (as MnO) and iron (as Fe,O3) impurities within
high and very high-purity limestone (limestone and chalk)
strata in England and Wales.”* It is clear that, with the
exception of the Burlington oolite, all high-purity
(Cretaceous) and very high-purity (Carboniferous) limestones
in Table 1 are contaminated by both iron and manganese,
with the slightly lower purity chalk being more uniform in
its impurity distribution - the relative standard deviations
are high for Carboniferous limestones (92% (Fe) and 141%
(Mn)), but much lower for the Cretaceous chalk (47% (Fe)
and 67% (Mn)), across all locations. This general picture is
slightly misleading, since different parts of a limestone
quarry can expose different depths of the limestone
stratigraphy - for example, the Hindlow Quarry
(Carboniferous limestone from the Peak District) is reported
to have manganese levels between 80-160 ppm, and iron
levels between 200-500 ppm;*® in contrast the Tunstead
Quarry (Carboniferous limestone from the Peak District) has
manganese levels in the range 80-960 ppm, with iron levels
ranging between 200-3000 ppm.>® It appears that small
variations in the rock lithology can lead to a wide variation
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in the level of the iron and manganese contaminants;**>°
such local variations can downgrade the purity of
limestones,>**® and, since limestones (including hard

Northern Province chalk - see ESIf) are typically blasted
from a rock face, it is not always possible to separate out
these impurities.>”

Manganese and iron impurities in limestones derive from
a number of sources, such as the iron sulphides (pyrite and
marcasite) present in clay bands (wayboards), through
dolomitization (minerals such as ankerite and kutnohorite),
or through “accessory” minerals including tourmaline,
garnet, magnetite, rhodochrosite and siderite.>***>>?® Since
limestones are permeable, it is thought that incongruent
reactions at the particle surfaces release Mn*" and Fe** ions
into either recharge or connate water, resulting in a purer
calcite.”® Thus, under oxidising conditions (E, > ca. 300 mV,
see ESIt), manganese and iron can be deposited as dendrites
at shallow fracture surfaces as the oxides (such as pyrolusite,
MnO,), sesquioxides (braunite, Mn,O;, bixbyite, and
haematite, Fe,0O3), oxohydroxides (for example, manganite,
MnOOH, and goethite, a-FeOOH), hydroxides and hydrated
iron oxides (including limonite).?*** Typically iron and
manganese oxides in limestones occur in separate deposits.
However, where they occur together, the iron oxides typically
overlay the older manganese oxide deposits,> indicating that
the manganese oxides enable the precipitation of iron
oxides.*® Under reducing conditions, the divalent impurities
can be incorporated as interstitial solid solutions in the
calcite (or, in the case of Limestone, calcite and aragonite)
particles.’>** Such solution/re-deposition chemical processes
(see Fig. 2) are characteristic origins of manganese ores,>
including the famous deposits at Nikopol (Ukraine) and
Chiaturi (in the Caucasus).*

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Schematic illustration of dissolution/re-precipitation reactions
causing the mineralisation of manganese (as radial dendritic growths)
through incongruent reactions at fracture surfaces in the presence of
interstitial or connate or recharge water. Adapted from ref. 28.

Manganese and iron impurities in
slaked limes

The manufacture of lime hydrate first involves the comminution
of limestones, followed by the stages of calcination and then
reaction with water (see ESIT).>” During the calcination process to
form quicklime (CaO, molar mass 56 g mol ™), carbon dioxide is
lost from the calcite (CaCO;, molar mass 100 g mol ™), so that
although there is a small degree of shrinkage of the rock,”” the
concentration of solid impurities increases. Singleton Birch Ltd.'s
high-calcium quicklime, Burnt Lime 40,*° although hard to
quantify exactly owing to its high reactivity with atmospheric
moisture and carbon dioxide, typically comprises >90 wt% CaO,
with small degrees of impurities derived from both the limestone
rock and the sulphur from the natural gas used in the
calcination. Digestive analysis (see ESIT) of quicklime indicates a
doubling of the manganese and iron concentration in lime
compared with chalk (Fig. 3). No differences were found between
the size fractions investigated (~50 mm for Burnt Lime 40, or

2.50 1
2.00 1

1.50 1

1.00 A HMn

HFe

Relative Concentration

0.50 1

0.00

Chalk Lime Hydrate

Fig. 3 Manganese and iron impurities within the lime cycle (chalk is
CaCOs; lime refers to CaO; hydrate refers to Ca(OH),). Data obtained
through HF digestion of the sample, followed by ICP-OES analysis (see
ESIT). Note that in these plots, manganese (grey) and iron (red) levels,
recorded as ppm (mg kg™), have been normalised to the average
manganese or iron level present in quarried chalk. Error bars indicate
one standard deviation over at least three samples.
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3.35 mm finer screenings). The slight difference between the
ratios for manganese and iron in lime versus the quarried rock, is
indicative of the fact that both impurities derive from different
oxidation forms in the chalk: the mass loss is consistent with
Fe,0; (Fe™) and Mn;0; (hausmannite, where Jahn-Teller
distorted Mn™ occupies all of the octahedral sites, with Mn"
distributed in the tetrahedral sites in a cubic oxide lattice) being
the impurities in quicklime, and Mn,O; and either FeCO; or FeS,
as the impurities in the chalk. This interpretation is consistent
with the reported thermodynamic stability of manganese and
iron oxides, carbonates and disulphides at kiln temperatures
(900-1100 °C).*”*® Note that whilst the kiln temperature is
controlled to avoid sintering (dead-burned lime), the maximum
upper temperature is close to that for the tetragonal-to-cubic
phase change of the hausmannite spinel (1170 °C).*

Slaked lime is manufactured through reacting quicklime
with a slight excess of the stoichiometric amount of water, to
afford lime hydrate (Ca(OH),). The exothermicity of this
reaction (temperatures can reach up to 150 °C) causes the
excess water to vaporise, so that the impurities will remain in
the solid state. The lime hydrate is a fine white powder, with an
average particle diameter of 5 um, and is a porous material of
extremely high specific surface area (>20 m* g ™). As indicated
in Fig. 3, on slaking the lime, the mass increase in going from
CaO to Ca(OH), (molar mass 74 g mol™") causes the impurity
concentration to decrease by similar amounts for manganese
and iron impurities. This suggests that the chemical nature of
the manganese impurity is essentially unaffected by slaking,
even if the iron contaminants form hydrated oxides. As
indicated in ESLj slaked lime manufactured by Singleton Birch
Ltd. is typically ca. 97 wt% portlandite (Ca(OH),). Accordingly,
we may envisage that the particles of lime hydrate can be
considered as existing with both “hard” core of CaCOj;
surrounded by a “softer”, porous shell of Ca(OH),. This
visualisation is a little primitive, since re-carbonation of the
surface of the intermediate lime particles can take place.
Nevertheless, in terms of impurity distribution and dispersion,
we consider the following: Fe,O; (core/shell), FeS,/FeCOs, (core),
Mn,0; (core) and Mnz0, (core/shell).

The manganese and iron impurities in lime hydrate cannot
be removed by water alone, as will be discussed later. It
follows that a solution-based chemical etching process is
necessary to remove iron and manganese impurities from
lime hydrate. However, as the hydrate buffers the solution at
very high pH (ca. 12.3), an etching process involving reduction
of the impurities to the soluble divalent ions is flawed, as this
will cause the impurities to be precipitated as the (coloured)
hydroxides onto the white hydrate.*® Accordingly, we consider
the oxidative etching of the impurities.

Oxidative removal of manganese and
iron impurities from slaked lime

In preliminary experiments, 1 g of slaked lime were
incubated overnight with 100 g (80 mL) of alkaline
hypochlorite solution (~8%, density ~1.25 g mL™") and left,

Environ. Sci.: Water Res. Technol., 2023, 9, 833-849 | 837
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without stirring, in an open beaker at ambient temperature,
after which a pale pink supernatant was observed.
Spectroscopic analysis (see ESIT) afforded both a split-peak at
ca. 520 nm, corresponding to the permanganate (MnO,)
anion, and a peak at 505 nm, which matches-up with that
expected from ferrate (FeO,” ).*" Indeed, when the inverse
spinel magnetite, Fe;O,, was treated wunder similar
conditions, a purple supernatant, corresponding to ferrate
was observed. These experiments were repeated using slaked
lime manufactured from rocks derived from throughout the
Welton formation of the Cretaceous chalk at the Melton Ross
Quarry (North Lincolnshire, UK), in addition to slaked lime
derived from Bee low Carboniferous limestone (Derbyshire,
UK), both in the presence and absence of oxygen. In these
experiments, after soaking the slaked lime in alkaline
hypochlorite for a variable, fixed time periods, the pink
supernatant was removed through vacuum filtration, and
owing to the reduction of the supernatant by the filter paper
(see ESIT),** only the upper part of the dried filter cake was
analysed via ICP-OES. Fig. 4 illustrates the temporal variation

(a)
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of both the manganese and the iron in the filter cake, where
it is clear that after ca. 72 h of incubation, the manganese
level drops by ca. 60%, and the iron content decreases by ca.
70%. These results are general, and hold irrespective of the
origin of the slaked lime feedstock - Northern Province
Cretaceous chalk (derived from a wide range of
lithostratigraphies ~ within the Welton formation) or
Carboniferous limestone (Bee low formation). However, there
is a subtle difference in the trends for manganese and iron:
the filter cake becomes progressively depleted from
manganese impurities during the treatment (irrespective of
whether oxygen is present), at an initial rate of ~1% h™"; in
contrast, the removal of iron impurities is affected by the
presence of oxygen in the solution. Under aerobic conditions,
the iron content of the filter cake appears first to increase,
and then decrease; however, there is no apparent loss of iron
impurity under anaerobic conditions.

These results indicate that the removal of both the
manganese and the iron impurities occurs in slightly
different ways, likely linked to the difference in the oxidation

0.40 1

Relative Concentration
o
[=2])
o
HI0H

Time / hr

60 80 100 120

(b)

1.60
1.40 +
1.20 %

1.00
0.80

0.60
0.40

Relative Concentration

0.20

0.00

0 10 20 30 40 50 60 70 80
Time / hr

Fig. 4 Variation of (a) Mn and (b) Fe under quiescent conditions during incubation with 8% alkaline hypochlorite solution. Note that the data have
been normalised to the average manganese or iron level present in untreated sample (when time = 0 h, and where the relative concentration is
unity). Unless stated, experiments were undertaken without oxygen purged-solutions. Key: Dark blue circles correspond to lime hydrate derived
from Welton formation chalk derived from screenings obtained from the middle stratitographic section (between the Melton Ross Marl and the
Barton Marl 1); red circles correspond to slaked lime derived from Bee Woo limestone; green and gold circles correspond to lime hydrate derived
from chalk or chalk screenings, respectively, taken from the bottom bed (between the Grasby Marl to just below the Chalk Hill Marl, but above the
black band); light blue circles correspond to conditions identical to the dark blue circles, except under anaerobic (oxygen-purged) conditions.
Error bars indicate one standard deviation over at least three samples.
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states of the two different transition metal ion impurities,
and reaction mechanism. The manganese is present in
Mn;0, as both Mn™ and Mn™, so that oxidation to Mn"™ can
be achieved through reaction with alkaline hypochlorite,
without requiring the presence of oxygen.
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In the absence of oxygen, there is little loss of iron from
the filter-cake (Fig. 5) in the presence of alkaline
hypochlorite, suggesting no oxidation takes place. However,
in the presence of oxygen, the concentration of iron in the
filter-cake first increases (by 40%), and then reduces to close

2Mn30,(s) + 13ClO (aq) + 60H (aq) — 6MnO, (aq) + 13Cl (aq) + 3H,O(t) (4)

This reaction (A) does not have to occur in a single step;
rather, since the presence of green Mn"" is noticeable during
the filter paper reduction of the supernatant (see ESIT), we
may propose the following reaction sequence.

to 60% of the original content. This is suggestive of an
oxygen-catalysed Fe™ dissolution process: oxygen is not
sufficiently strong an oxidant in basic media to oxidise ferrite
(FeO,) to ferrate,

Mn;0,(s) + ClO™(aq) — Mn,03(s) + MnO,(s) + Cl (aq)

Mn,05(s) + ClO (aq) — 2MnO,(s) + Cl (aq)

MnO,(s) + ClO (aq) + 20H (aq) — MnO4> (aq) + Cl (aq) + H,0(()

2Mn0,* (aq) + ClO™(aq) + H,0O(t) — 2MnO, (aq) + Cl (aq) + 20H (aq) (B)

This scheme is in agreement with literature observations
on the oxidation of manganese species at high pH to
afford permanganate.”® Indeed, we observed that pyrolusite
(B-MnO,) behaved in an analogous manner (data not
shown). Note that, in agreement with literature
observations for aragonite,”* we were unable to observe the
removal of manganese from chalk immersed in alkaline
hypochlorite.

In contrast, since the iron impurities are present as Fe'",
the oxidation to afford Fe'' in the presence of concentrated
sodium hydroxide (which stabilises the hypochlorite solution)
must occur first through the solubilisation of the Fe™
species,*

Fe,05(s) + 20H (aq) — 2Fe0, (aq) + H,O(t) (@)
In the above, although we have depicted the iron
impurities as haematite (a-Fe,O;), we recognise this

111

could be a different form of Fe This solubilisation

is also observed as a route for removing iron

impurities from aragonite."* Indeed, we also observed
that maghaemite (y-Fe,O;) was partially solubilised by

oxygenated, concentrated sodium hydroxide solution
when incubated overnight, affording a pale yellow
solution, corresponding to ferrite (data not shown).
This is consistent with the low solubility of ferric

oxide at ambient temperature,” which is reported to

FeO, (aq) + 40H (aq) = FeO,* (aq) + 2H,0(C) + 3¢~ (D)

However, half-reaction (D) is viable for alkaline hypochlorite:
the standard potential for the ferrite/ferrate redox couple,
though not very well defined,*“*>* is estimated to be ~+0.8-
+0.9 V vs. SHE at pH 14. We thus propose that in the absence
of oxygen, Fe,O3 (or some hydroxylated solid form) remains
in the solid state; in the presence of oxygen, adsorption onto
the surface of the iron(m) oxide/oxohydroxide first enables
solid NaFeO,(s) to form (giving rise to the 40% increase in
concentration),””* which can then dissolve under oxidative
conditions to yield the purple ferrate ion in solution. To
confirm this, an experiment was undertaken in which
magnetite (Fe;O, - an inverse spinel with Fe™ in the
tetrahedral sites and half of the octahedral sites, with the
remaining octahedral sites occupied by Fe') was incubated
with oxygenated, concentrated sodium hydroxide solution.
After one week of incubation, the supernatant above the
black solid was still clear and colourless; addition of alkaline
hypochlorite caused no immediate colour change, except
after an overnight incubation, whence the deep purple ferrate
anion was observed.

In contrast, experiments using an ironstone (~82%
calcite, ~17% goethite and <1% siderite, see ESI{) under
reflux at 90 °C with alkaline hypochlorite did not give rise to
a purple solution, indicating the need for ferrite formation to

increase  with  both  temperature and  hydroxide  occur through dissolution prior to oxidation.
concentration; it has been recognised that the This confirms the nature of the oxidative etching process
solubility =~ of haematite in alkali-metal hydroxide  of iron-based impurities in lime, which can be written as the
solutions changes with the alkali metal cation, and  overall reaction:

Fe,05(s) + 3C10 (aq) + 40H (aq) — 2Fe0,> (aq) + 3CI (aq) + 2H,0(() (E)

follows the order for oxygen oxidation of metallic iron
in those solutions.**”

This journal is © The Royal Society of Chemistry 2023

Although no effort was made to shield the solutions from
direct sunlight, it is unlikely that photo-reductive dissolution
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of Fe" by superoxide’® is viable in these experiments:
superoxide is readily oxidised by hypochlorite.

From a chemical process perspective, it is insightful to
identify whether the chemical etching process is limited by
slow transport of hypochlorite to the slaked lime particle
surface, or by slow surface kinetics: in the former case, greater
impurity removal will occur with increased agitation of the
slaked lime/alkaline hypochlorite slurry; in the latter, greater
removal necessitates longer incubation times. The comparison
of Fig. 5 with Fig. 4 indicates that increasing the agitation of
the hydrate/hypochlorite solution slurry does not translate into
a greater loss of manganese from the resulting filter cake,
implying that the etching is limited by the surface kinetics; this
is less evident for the case of iron removal, as expected from
the inferred solubilisation prior to oxidation (reaction (E)).

Owing to the control due to slow surface kinetics (ca. 50%
of impurity removal through chemical etching using alkaline
hypochlorite requires between 10-20 h), reaction variables
(such as temperature and hypochlorite concentration) were
next varied, so as both to unravel the mechanism further,
and to optimise the impurity-removal chemistry, in order to
develop a more useful and practical process operation.

840 | Environ. Sci.. Water Res. Technol., 2023, 9, 833-849

Optimisation of dissolutive process
chemistry

Under aerobic conditions, increasing the temperature from
ambient (20 °C) to 90 °C in ~8% alkaline hypochlorite
solution, causes the initial rate of removal of both
manganese and iron impurities in the filter cake to increase
to ca. 1% min~' (Mn) and ca. 3% min " (Fe), Fig. 6. This
increase does not results from an apparent increase in

solubility: the retrograde solubility of Ca(OH), with
temperature,”” in addition to the common-ion effect, serves
to reduce hydrate dissolution to negligible values

(~0.003 wt%, see ESIf). Indeed, control experiments using
deionised water (1.0 g of lime hydrate equilibrated (20 min at
90 °C) in 80 mL of deionised water), reveal a 20% increase in
the concentration of manganese in the solids, but ca. 60%
decrease in iron (Fig. 6). Inasmuch as an increase in the
manganese content is expected: ~5 wt% of hydrate will
dissolve (see ESIt), enriching the impurity concentration, the
decrease in iron content of the resulting filter cake is
consistent with the formation (and thermally enhanced
solubility) of ferrite."®” Again, the effect of increasing the

This journal is © The Royal Society of Chemistry 2023
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mass transport of hypochlorite (higher than that due to
thermal convection) has only very limited effect (Fig. 6).

The plots in Fig. 6 indicate that prolonged incubation at
90 °C has little effect on the etching. This likely results from
the thermal decomposition of hypochlorite, which can be
catalysed by ferric oxide, and is thought*® to proceed via a
slow initial disproportionation reaction of hypochlorite to
chlorite, followed by faster oxidation to chlorate:

2ClO (aq) — ClO, (aq) + Cl (aq)
ClO (aq) + ClO, (aq) — ClO3 (aq) + Cl (aq) (¥

It follows that a cascade chemical etching process, where in a
batch of slaked lime is treated for a fixed, short period of
time (intervals of 1, 2 and 3 h) at 90 °C with alkaline
hypochlorite, filtered and then re-treated using fresh
hypochlorite reagent under the same conditions, would
enable shorter treatment times and, overall faster impurity
removal. This is indeed observed, as illustrated in Fig. 7 and
8, where it is appreciated that the initial rate of removal with

This journal is © The Royal Society of Chemistry 2023

fresh hypochlorite solution is maintained though this staged
process. Moreover, as expected, the shortest cascade
incubation (20 min) soonest yields the purest filter cake
(Fig. 8) in terms of manganese and iron removal. Again, the
contrast between the iron and the manganese data is likely
due to the requirement to solubilise the iron species as
ferrite, especially at the higher temperature, suggesting that
this first step (assisted by oxygen) is rate-determining for iron
impurity removal at the higher temperature.

Under these conditions of temperature (90 °C) and
cascade interval (20 min), increasing the hypochlorite
concentration from ~8% to ~14% (a concentration factor of
1.75), has little effect on the removal of manganese or iron
(Fig. 8). This indicates that removal of both manganese and
iron follows zeroth-order kinetics in hypochlorite in both
cases. Focussing on the mechanistically less complicated
manganese dissolution, the manganese-removal rate,

d(n :
( Nglt)sohd _ _khet (1)
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where (yn)soia 1S the number of moles of manganese in the
solid lime hydrate (virgin material or filter-cake) to which
alkaline hypochlorite solution is added, and ke is the
zeroth-order rate constant corresponding to the rate-limiting
step in the sequence of steps provided in reaction (B) - see
also ESLf The solid manganese concentration determined
using ICP-OES (see ESIt) affords manganese concentrations
as parts-per-million by mass (ppm, mg kg '), so that at any

10~°(ppm)‘{m; —gsv}
My )

manganese concentration in the filter-cake, my is the mass of
the virgin lime hydrate used at the start of the experimental
cascade (in g), s is the solubility of the lime hydrate in the
alkaline solution at the experimental temperature (in g L),
V is volume of the alkaline hypochlorite solution used (in L),

time ¢, (Mmn)soiq = in which (ppm)’ is the

842 | Environ. Sci.. Water Res. Technol., 2023, 9, 833-849

which is kept at a constant value throughout the cascade, ¢ is
the cascade number, with the first batch taking ¢ = 1, and
My, is the molar mass of manganese (in g mol™). This
enables eqn (1) to be re-cast in terms of the solid manganese
concentration, and integrated using the boundary condition

t =0, (ppm)’ = (ppm)’, to yield eqn (2):

t
m
7(13]3 )0 = 1—keget (2)
(ppm)
. . . o 106MMn
in which the effective rate constant, ke = Khet oo For

the extremely low lime hydrate solubilities (for further discussion,
see ESIt), the corrected mass is essentially constant, so that plots
of relative manganese concentration against time are linear, as

This journal is © The Royal Society of Chemistry 2023
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observed in Fig. 9 for small cascade numbers. These afford values
of Kper = 6.1 = 1.5 x 10°® mol min™* at 90 °C for the removal of
manganese impurities in lime hydrate, which are independent of
both the derived limestone type (Cretaceous chalk or
Carboniferous limestone), and the mass of the material treated,
suggesting all samples are approximately monodisperse and with
similar particle sizes.

For manganese removal, these are pure kinetics - they have
no contribution from mass transfer: under the approximation

that the Sherwood number (Sh) is 2, viz.,** Sh = dPLfL
equation relevant for mass transfer to small particles, where dj,
is the slaked lime particle diameter (5 um),*® D is the diffusion
coefficient of hypochlorite in aqueous alkaline solution
(~107 em® s7"), the mass transfer coefficient (k) is estimated

as being 0.04 cm s . In the experiments in Fig. 9, the etching

=2, an

This journal is © The Royal Society of Chemistry 2023

rate constant at 90 °C is ~10™° mol s* from a surface area of*®

~20 m*> g' using an hypochlorite concentration of ~5 M,
affording a mass transfer coefficient of ~107** cm s™*, which is
many orders of magnitude less than the transport-limited rate,
confirming no contribution from mass transfer.”®

The low temperature data illustrated in Fig. 4 can also be
analysed through eqn (2), to afford ke = 8.0 + 3.4 x 10"° mol
min~" at 20 °C for manganese removal from lime hydrate.
Again, this is independent of the derived limestone type, and
whether the etching is undertaken in the presence, or absence
of oxygen. These low and high temperature rate constants
enable the estimation of the activation barrier for the etching
process to be 0.58 + 0.07 €V, using an Arrhenius-type
relationship. This activation energy is similar to literature

estimates for the DC conductivity (via electron hopping
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ew00109h

Open Access Article. Published on 12 January 2023. Downloaded on 6/20/2026 1:08:07 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Environmental Science: Water Research & Technology

1.20
1.00

c

S

®

5 0.80 1

c

[

g

o 0.60 1

)

s

o 0.40 1

2

2

E ¢

2 020 1
0.00 T T T T T '

0 40 80 120 160 200 240
Time / Min

Fig. 9 Variation of Mn concentrations in lime hydrate filter cake during fixed 20 min incubation cascades with 14% alkaline hypochlorite solution
or deionised water at 90 °C whilst stirred at an arbitrary rotation speed of the magnetic flea used. Note that the data have been normalised to the
average manganese or iron level present in untreated (and unstirred) sample (when time = 0 h, and where the relative concentration is unity). All
experiments were undertaken under aerobic conditions. Blue and green circles correspond to lime hydrate derived from Welton formation chalk
derived from screenings obtained from the middle stratitographic section (between the Melton Ross Marl and the Barton Marl 1), with initial
hydrate mass of 2.0 and 1.0 g, respectively; red circles correspond to lime hydrate derived from Carboniferous limestone, with initial hydrate mass
of 1.0 g. Error bars indicate one standard deviation over at least three samples. The purple line corresponds to egn (2), with the average effective

rate constant, kegs = 7.3 + 1.9 x 10 min2.

between Mn" and Mn'" sites) within nano-crystalline (~10 nm)

Mn;0, (0.45-0.69 eV),>" and suggests that the slow step for
manganese etching is an interfacial electron transfer event:

Mn;04(s) + ClO™ (aq) ™2 Mn,05(s) + MnO,(s) + C1™ (aq) (G)

where the manganese impurities remain in the solid state,
during inner-sphere oxidation®* by hypochlorite ions across
the solid/liquid interface.

In order to confirm the dissolution rate as being controlled
by an interfacial electron transfer process, ambient
temperature experiments were undertaken in which the
chemical oxidant was replaced by distilled water saturated
with both ozone and lime hydrate (pH 12.3). In this case (data
not shown), the value of k.. was observed to be 2.2 + 0.1 x
10® mol min™" (when corrected for the greater solubility of
lime hydrate in water than in sodium hydroxide solution).
This value is significantly larger than that observed at
ambient temperature for alkaline hypochlorite oxidants, even
after accounting for the concentration differences®® between
ozone (at saturation, ~5 mM) and the hypochlorite solution
used (~2.5 M). Nevertheless, these results are consistent with
the expected linear free energy nature of the activation/driving
force within the normal Marcus region;>* the standard
potentials at*** pH 14, E} = +1.24 V vs. SHE (for O,/0,), with
E} = +0.89 V vs. SHE (for ClO7/CI) confirm the greater
oxidising strength of ozone compared with hypochlorite, and,
thence, the faster dissolution rate in the presence of ozone.

The observation of zeroth-order kinetics for manganese
loss from slaked lime gives rise to a “rule-of-thumb” for the
scale-up of this process chemistry. However, it is important to
realise that after removal of ca. 75% of the original manganese
impurity, a constant amount remains, as determined via ICP-
OES (Fig. 9). This is “inactive” manganese - it is inaccessible
and cannot be removed through a chemical etch with

844 | Environ. Sci.: Water Res. Technol., 2023, 9, 833-849

hypochlorite - either because it is too deep within the core of
the hydrate particles (within the 3% calcite), or because it is
in a different “shell” of the hydrate, or even in a different
oxidation form, compared with the “active manganese”, and
thus has a slower etching rate constant.

We next consider how the insights into this chemical
etching chemistry can adapted to existing processes where
lime is used for the drinking water distribution network.

Adaptation for end-use

Current methods the removal of soluble iron and manganese
in drinking water typically uses elaborate filtration beds, each
with a unit treatment cost of €0.12 m™> (for a mid-sized water
treatment plant).” The removal of iron or manganese in
drinking water treatment chemicals is not a standard
practice, so that implementation of corrective actions, such
as those indicated herein, necessarily has to be of low cost.
Given this, considering typical water treatment plants employ
pH modifiers such as lime, and oxidative disinfection
chemicals such as chlorine or hypochlorite at a number of
process stages, “manganese-free” lime is only needed if there
is no filtration bed after the last combination of lime and
oxidant. This reduces the demand for “manganese-free” lime.

The chemical etching pathway demonstrated herein suffers
from slow, zeroth-order heterogeneous kinetics, and this
requires process heat to raise the temperature to 90 °C.
However, these high temperatures facilitate the decomposition
of the alkaline oxidant required, so that a cascade approach is
required, if hypochlorite is used as the oxidant, which adds to
the overall operational expenditure required: this work has
demonstrated capability only using at a solid hydrate to liquid
solution oxidant ratio of between 0.0125-0.025 g mL™". Whilst
further work may be able to demonstrate viability through
increasing this ratio, an alternative is to employ the use of a

This journal is © The Royal Society of Chemistry 2023
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different oxidant, such as the continual bubbling of chlorine
gas in an aqueous lime slurry (“aqualime”). Although lime
manufacturers do distribute aqualime, they tend not to have
chlorine gas on-site. However, water treatment plants typically
have opportunities to make aqualime on-plant, and sometimes
may have the process safety infrastructure needed to use
chlorine on-plant, so that water companies may use this
chemistry. An additional advantage of performing this
chemistry on a water treatment plant is that the permanganate
and ferrate generated can be used to remove the odour
associated with reduced gases (such as hydrogen sulphide and
ammonia) that are typically present on such sites.

Conclusions

In this work, we have developed high pH redox chemistry
that demonstrates how both manganese and iron impurities
can be removed from lime hydrate derived from quarried
limestones. The mechanism for the oxidative removal is
different for both iron and manganese: in the former,
oxygenated solutions are required to transform the surface
ferric oxide into ferrite, which can be solubilised through
oxidation with hypochlorite to yield soluble ferrate; in
contrast, hausmannite is oxidised stepwise by hypochlorite
(or ozone), ultimately to furnish soluble permanganate.

These reactions are under activation control, with the
kinetics of oxidation increasing with temperature. For
manganese, these dissolution kinetics are zeroth-order that
appear to be limited by the rate of electron transfer, enabling
design rules for the up-scale of this process to be determined
of ~1% min™" for manganese and ~3% min" for iron, at
90 °C. However, it is important to realise that this chemistry
cannot create a completely “manganese-free” or “iron-free”
product: around 25% of the total manganese (“inactive”
manganese) remains, irrespective of the feedstock
(Carboniferous limestone or Cretaceous chalk).

Although further work is needed to examine the economic
viability of this process chemistry at scale, it nevertheless
provides an opportunity for manufacturers to develop suitable
lime hydrate products that hold very low levels of manganese
and iron impurities. Alternatively, given the simplicity of the
operations, and that the treatment chemicals are similar to
those already deployed for disinfection in the water industry,
the impurity-removal process could potentially be integrated
on the site of existing water treatment works.

Last, we note that control of manganese in lime products
is important for processes other than in those employed by
the water industry.”>>’
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