ENVIRONMENTAL POLLUTANTS AND BIOAVAILABILITY
2019, VOL. 31, NO. 1, 282-305
https://doi.org/10.1080/26395940.2019.1676170

Taylor & Francis
Taylor &Francis Group

REVIEW ARTICLE

8 OPEN ACCESS ) Check for updates

Critical assessment of mechanistic pathways for chemical remediation
techniques applied to Pb impacted soils at shooting ranges — A review

Pogisego Dinake(?) and Rosemary Kelebemang

Department of Chemical and Forensic Sciences, Botswana International University of Science and Technology, BIUST, Palapye, Botswana

ABSTRACT

Shooting ranges continue to pose environmental and human health risk due to the accumula-
tion of toxic Pb emanating from munitions. Remediation of Pb pollution at shooting ranges has
been carried out through application of various techniques of which chemical stabilization is
the most common. In some instances, field chemical stabilization has achieved Pb decontami-
nation of the soils to concentrations below the maximum contaminant limits as set by the
United States Environmental Protection Agency (USEPA) and World Health Organization
(WHO). However, the effectiveness of chemical additives to Pb stabilization depends to a
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great extent on the physicochemical properties of the soils. This review aims to: (i) discuss
the effectiveness of chemical stabilization towards Pb remediation of polluted shooting range
soils, (ii) establish the chemical reactions that take place between Pb and the chemical
amendment and (iii) understand the influence of the soil physicochemical properties on the

effectiveness of the chemical amendment.

1. Introduction

Lead (Pb) pollution of shooting range soils has been
a problem for many years due to the continuous
use of Pb in the manufacture of Pb bullets, shots
and pellets [1-3]. Pb has been found to be the
largest constituent of ammunitions with bullets con-
taining up to 90-99% of Pb and traces of antimony
(1-10.5%), arsenic (0.5%) and copper (0.1%) [4]. As
a result, areas such as shooting ranges where a lot
of Pb is concentrated onto small pieces of land
during military or recreational shooting activities
need to be at the forefront of Pb-remediation mea-
sures. Numerous studies have been conducted to
ascertain the extent of lead deposition and pollu-
tion in the environment. It has been reported that
in countries such as the United States of America,
Pb amounts exceeding 58,000 tons are deposited
into the environment annually, in other countries
including  Netherlands,  Switzerland,  Sweden,
Denmark, Canada and UK metallic Pb ranging
between 200 and 6,000 tons are deposited into
the environment annually [5-10]. In Africa countries
such as Nigeria have documented concentrations of
about 5,600 mg/kg whilst in Botswana lead concen-
trations reaching 38,386 mg/kg have also been
reported [11,12]. Despite its many preferable fea-
tures for ammunition manufacture, Pb has been
found to be harmful to both human and animal
life. It has a tendency to build up in bones and
soft tissues; it acts as a neurotoxin, damages the
nervous and renal systems and disrupts biological

enzyme functions in the human body [13,14]. In
adults, exposure to Pb leads to high blood pressure,
neurological disorders, digestive and kidney compli-
cations and reproductive health problems including
decreased fertility and miscarriages, still births and
low birth weights in pregnant women [15,16]. The
effects of Pb exposure are however even more
apparent in children; concentrations as low as 10
pg/dL lead to damage to the brain and nervous
systems, slowed growth, behavioural and learning
problems, vision, hearing and motor skills impair-
ment [15]. The adverse health effects associated
with exposure to Pb require that stringent measures
should be taken to control and manage pollution
from this toxic metal. These control measures
should set off with a clear understanding of the
chemical reactions and transformation of Pb shots
and bullets once deposited into shooting range
soils. Even though metallic Pb is perceived to be
stable under normal soil conditions it undergoes
a lot of transformation, both physical and chemical
thereby enhancing its mobility, bioavailability,
bioaccessibility, dissolution and fate in the environ-
ment [4]. Physical weathering involves breaking
down of new bullets into smaller fragments and
even powder forms as the bullets experience abra-
sions upon striking targets and getting lodged into
berm soils [17]. Chemical weathering entails chemi-
cal transformation of metallic Pb. Below is a series
of reactions that cause the transformation of Pb in
the environment as proposed by Chen and Daroub
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(2002) [18]. Equations (1-3) show the transformation
of Pb into massicot, cerussite and hydrocerussite,
respectively.

Pb+0; +H,O — PbO + 20H™
massicot

PbO + CO, +2H,0 — PbCOs; +20H™ +H,
cerussite

3PbCO;3 +2H,0 — Pb;(CO;3),(OH), +H,CO;
hydrocerussite

After transformation, the products of Equations (2,3) are
easily dissolved by acid rain thereby mobilising Pb** as
shown in Equations (4-6) below:

PbCO; +2H" — Pb*" +CO, +H,0 @
Pb3(CO3),(OH), +6H" — Pb’t 4-2C0O, +4H,0 (5)

2PbCO3 hﬂ szO(COg) + C02 (6)
eat

It is regrettable that many studies have and continue
to focus on total Pb concentration deposited into
shooting range soils and fail to address the soil reme-
diation strategies and methods for polluted soils. In
addition, few studies have tried to establish the specia-
tion of Pb in shooting range soils in order to find out if
Pb exists in the reactive chemical forms or in its inert
chemical species. The speciation of Pb helps assess the
mobility and bioavailability of Pb in shooting range
soils, the degree of hazard posed and the best reme-
diation strategies to undertake [19]. Shooting range
soil remediation methods such as physical remediation
procedures, chemical stabilization and phytoremedia-
tion have been applied in mitigating Pb pollution of
shooting range soils. The objectives of this review are:
(i) to discuss the distribution, mobility and bioavailabil-
ity of Pb in shooting range soils; (ii) extensively com-
pare chemical stabilization Pb remediation strategies
and methods applied to contaminated shooting range
soils and finally to understand the mechanistic path-
ways through which chemicals stabilize and immobi-
lize Pb in shooting range soils.
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2. Distribution, mobility and bioavailability of
Pb at shooting range soils

2.1. Spatial and temporal distribution of Pb in
shooting range soils

The general layout of the shooting range includes
a backstop berm, target lines and firing lines or firing
bay. The firing line is usually a certain distance from the
target line and it is the point where shooters stand and
discharge bullets and shots towards the targets [20].
The target line on the other hand is an area closest to
the impact berm where targets are erected. The berm
is normally a heap of soil used to absorb and contain
bullets and shots that have penetrated the targets. The
schematic diagram in Figure 1 shows the layout of
a shooting range.

The Pb may be found as spent bullets, shattered
fragments, small particles, and lead smears on larger
soil particles [21]. Studies have shown that the berm
soils contain the highest concentrations of Pb mainly
because this section of the shooting range acts as
storage for spent bullets and shots. For example, Chen
et al. (2001), recovered 180 g Pb shots per kg of soil
from the middle of the berm soil of a shooting range in
Florida, USA [22]. In Nothern Zealand, Denmark, a study
by Astrup et al. (1999) unearthed about 70 kg Pb pellets
from shooting range berm soil [7]. Recently, a similar
study by Sehube et al. (2017) determined total Pb con-
centration of 38386 mg/kg in the berm soils of
Thebephatshwa shooting range found in Botswana
[12]. Other recent studies include those carried out in
Norway [23], Nigeria [24] and South Korea [25] and total
Pb concentrations in these studies exceeded the WHO
set critical limit by 330, 169.8 and 186.1 times, respec-
tively. Table 1 summarizes some studies carried out in
the past 10 years to quantify Pb pollution in shooting
range berm soils in several countries. The magnitude
through which the concentrations of Pb deposited into
shooting range soils exceeds the set World Health
Organization (WHO) and United States Environmental
Protection Agency (USEPA) Pb set critical limits for
polluted soils are also indicated in Table 1. All of the
shooting ranges indicated in Table 1 accumulated total
Pb concentrations exceeding the WHO and USEPA set
critical limits.

The spatial distribution of Pb pollution of shooting
ranges is depicted clearly in a study by Cao et al.
(2003) where a drastic decrease in total Pb
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Figure 1. Layout of a shooting range.
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Table 1. Recent studies carried out in the past 10 years on Pb pollution of shooting range soils.

Location of shooting  Year of ~ Maximum Pb concentration found in berm soils  Fold Higher than WHO  Fold Higher than USEPA

range Study (mg/kg) Limit' Limit? Reference
Norway 2018 33,000 % 330 x 825 [23]
Norway 2018 7,189 X 72 X 18 [26]
Norway 2018 3,200 x 320 X 8 [27]
Belgium 2018 2,167 x 21.7 x 5.4 [28]
Switzerland 2018 471 x 4.7 X 1.2 [145]
Botswana 2017 38,386 X 383.9 X 96 [12]
Botswana 2017 20,882 % 208.8 X 52.2 [581[
Nigeria 2017 16,976 X 169.8 X 424 [24]
Norway 2017 13,000 % 130 %X 32.5 [29]
South Korea 2017 3,436 X 34.4 X 8.6 [149]
Norway 2017 2,700 x 27 X 6.8 [30]
Norway 2017 1,400 X 14 X 3.5 [31]
Spain 2017 720 X 7.2 x 1.8 [32]
Switzerland 2017 620 X 6.2 X 1.6 [131]
South Korea 2016 18,609 x 186.1 X 46.5 [25]
Nigeria 2016 17,500 x 175 X 43.8 [33]
Spain 2016 6,309 X 63.1 x 15.8 [34]
South Korea 2016 57154 x 57.2 x 14.3 [127]
Australia 2016 2,545 X 25.5 X 6.4 [104]
Norway 2016 1,112 x 11.1 x 2.8 [126]
Spain 2016 724.85 X 7.2 x 1.8 [146]
Finland 2015 28,000 x 280 X 70 [35]
Australia 2015 12,167 X 121.7 x 30.4 [79]
China 2015 9,160.25 X 91.6 X 229 [36]
Australia 2015 4,697 x 47 x 11.7 [102]
Netherlands 2015 2,398 X 24 X 6 [371
USA 2014 42,854 X 428.5 X 106.5 [38]
USA 2014 21,807 X 218.1 X 54.5 [118]
China 2014 2,763 X 27.6 X 6.9 [39]
Netherlands 2014 2,153 X 21.5 x 54 [40]
Canada 2013 44,100 X 441 x 1103 [41]
Norway 2013 30,000 X 300 x 75 [129]
South Korea 2013 11,900 X 119 X 29.8 [111]
South Korea 2013 11,000 x 110 X 27.5 [42]
Czech Republic 2013 4,800 X 48 X 12 [43]
Canada 2012 66,972 X 669.7 X 167.4 [44]
Finland 2012 50,300 x 503 X 125.8 [45]
Australia 2012 10,403 x 104 X 26 [60]
South Korea 2012 4,626 X 46.3 X 11.6 [85]
Switzerland 2012 644 X 6.4 X 1.6 [46]
USA 2011 70,350 % 703.5 X 175.9 [47]
Canada 2011 27,100 x 271 X 67.8 [48]
Switzerland 2011 500 X5 X 1.3 [49]
Canada 2010 43,113 X 431 x 107.8 [50]
USA 2010 29,900 X 299 X 74.8 [51]
South Korea 2010 3,529 X 35.3 x 8.8 [147]
Czech Republic 2010 694 X 6.9 X 1.7 [73]
USA 2009 97,600 X 976 X 244 [52]
Finland 2009 41,800 X 418 x 104.5 [53]
Japan 2009 29,200 X 292 X 73 [92]
USA 2009 24,484 X 244.8 X 61.2 [17]
Poland 2009 4,600 X 46 x 115 [54]
Switerland 2008 100,000 x 1000 X 250 [55]
USA 2008 60,600 X 606 x 151.5 [56]

"WHO Pb critical limit for polluted soils = 100 mg/kg
2USEPA Pb critical limit for polluted soils = 400 mg/kg

concentration was observed when moving furthest
away from the impact berm towards the firing lines
[4]. It was shown that at both TRR and MPR shooting
ranges total Pb concentration was low at 1.5 m from
the firing line with concentrations of 7.3 and
1,066 mg/kg, respectively, compared to 736 mg/kg
(TRR) and 1,066 mg/kg (MPR) at 91.5 m away from
the firing line and closer to the impact berm. In con-
trast, the berm soils accumulated the highest concen-
tration of total Pb of 12,710 and 48,400 mg/kg at TRR
and MPR shooting ranges, respectively. In 2003 when
this study was undertaken, the TRR shooting range
had been operational for only 3 years whilst the MPR

had been operating for 16 years. The temporal distri-
bution of Pb was displayed between TRR and MPR
shooting ranges with the MPR that had been opera-
tional for a longer period of time (16 years) having
accumulated higher concentrations of Pb (48,400 mg/
kg) relative to TRR (12,710 mg/kg) which had only
been operational for 3 years. In addition, substantial
amounts of Pb were found in surface soils closer to
the firing line in the older MPR (1,066 mg/kg) shooting
range. This may be caused by fine/particulate Pb that
is generated during weapon discharge especially for
older shooting ranges like the MPR. Atomization of Pb
may be caused by the heat generated during bullet



firing leading to some Pb-vapor, which can then pre-
cipitate or condense on soil particles at the firing line
[57]. Besides the age of a shooting range, the type of
ammunition and frequency of use also has a bearing
on Pb concentrations found at shooting ranges [58].
A similar study carried out by Sehube et al. (2017)
observed the same spatial distribution of Pb [12]. As
anticipated, the berm soils collected the highest con-
centration of total Pb (38,386 mg/kg) while the target
line accumulated 13,204 mg/kg and only 71 mg/kg
was determined at the 50 m firing line [12]. However,
the 100 m firing line defied the normal trend and
accumulating total Pb concentrations (896 mg/kg)
higher than at the 50 m firing line even though the
50 m firing line is closest to the impact berm. It was
established that shooting activities took place mostly
at the 100 m shooting line and as bullets travel
through the rifle barrel and hit the wall of the barrel
containing riflings, friction is created which produce
Pb powder that leaves the rifle barrel and settles at
the 100 m firing line. This event does not take place at
the 50 m shooting line and hence low concentrations
of Pb at this point of the shooting range bed. It is
important to note that, background soils samples
taken near the TRR and MPR shooting ranges con-
tained 1.83 mg/kg and 4.28 mg/kg of Pb, respectively.
These values are comparable to Botswana (Southern
Africa) studies whose background samples were
found to have concentrations ranging between 2.5
and 17 mg/kg [12,58]. The background concentra-
tions of Pb found are low and consistent with the
composition of the earth’s crust which normally
occurs at 10-30 mg/kg giving an indication that the
Pb pollution is still contained within the shooting
ranges [59].

2.2. Mobility and bioavailability of lead in
shooting range soils

Soil properties such as soil moisture, temperature, pH,
cation exchange capacity (CEC) and organic matter
play a significant role in Pb solubility and transforma-
tion in shooting range soils [60,61]. Soil moisture con-
tent and temperature also affect the bioavailability of
lead in soils [62]. The water layer that forms on the Pb
shot surface though non-corrosive to the metal; facil-
itates the corrosion of Pb shot as it acts as a means of
diffusion of atmospheric gases such as oxygen and
carbon dioxide that attack the surface of the metal to
form secondary minerals [62]. The transformation of
metallic lead to more reactive and available species in
the soil was found to be a speedy process that is
influenced by soil moisture. After 5 days of incubation,
both hydrocerussite [Pbs(COs),(OH),] and litharge
(PbO) were formed and verified using XRD in a study
carried out in Florida, USA [62]. A combination of high
moisture content of soil with other factors such as low
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soil pH, low clay and organic matter accelerate weath-
ering of Pb shots and bullets which causes concern for
areas with shallow groundwater levels especially dur-
ing the rainy season posing serious threats of leaching
and downward migration of Pb as mentioned by
Bricka, (2000) [63].

Soil pH plays a vital part in Pb solubility, mobility
and transformation in shooting range soils [61,64]. It
has been recommended that soil pH at shooting
ranges should lie between 6.5 and 8.5, since the mobi-
lity of Pb increases outside this range [15] as low pH
affects the mobilization intensity of heavy metals in
soils. Mobility of Pb is much higher in acidic than
neutral and alkaline soils [15,64,65]. High soil pH’s
have been associated with soils contaminated with Pb
shot at a shooting range in Denmark and were ascribed
to the corrosion of the Pb bullets and shots [61].
Rooney and McLaren (2007) incubated Pb shot for up
to 24 months in soils and found that crusts developed
on all samples but larger ones developed on samples
under higher soil pH conditions [66]. Minerals such as
cerussite, hydrocerussite, thorikosite and galena were
contained in all these crusts but cerussites dominated
especially at higher pH values. Massicot and cerussite
have been found to be stable in soils with high pH, but
these may become soluble and more mobile in acidic
sandy soils and may be leached away during precipita-
tion [4]. Cation exchange capacity (CEC) is another
property of soil that affects the mobility and bioavail-
ability of Pb in shooting range soils. Soils with high CEC
values have a high binding ability and vice versa [4].
Cationic metal binding increases with an increase in
valence, atomic weight and ionic potential [64]. The
affinity of metal cations relative to clay minerals is
arranged in a series of Cu** > Cd** > Fe** > Pb** >
Ni** > Co** > Mn?* > Zn?* [64]. Soils with high pH, CEC
and a wide variety of minerals in their clay fractions
have shown the highest sorption capacities for Pb**
jons [67]. In addition, Pb shot incubated in Temuka silt
loam soil of CEC 31 cmol/kg displayed greater corro-
sion as compared to Pb shot in Waimakariri sandy loam
soil of CEC 11 cmol/kg and this was attributed to the
high sorption capacity as indicated by the sorption
values [66]. The higher the CEC the higher the soil's
binding capacity leading to reduced Pb mobility and
bioavailability. Cao et al. (2003) found total Pb concen-
trations as high as 48,400 mg/kg in berm soils of
MPR shooting range with a matching high CEC of
432 cmol/kg whilst a total Pb concentration of
12,710 mg/kg with a CEC of only 851 cmol/kg was
found in the TRR shooting range soil [4]. S/PIST range
in Botswana had the lowest CEC and pH values of 8.20
cmol/kg and 6.81, respectively, with a corresponding
low Pb concentration of 685 mg/kg; rendering
a favourable environment for Pb mobility in this
range whereas in the MAT R2 range with a high CEC
of 21.87 cmol/kg, high pH and high soil organic matter
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high Pb concentrations reaching 20,882 mg/kg were
found in the berm soil [58]. The presence of soil organic
matter is required for the transformation of metallic Pb
to more reactive Pb compounds in the soil. Soil with
little amounts of organic matter (0.15%) showed no
evidence of secondary Pb minerals even after 12 days
of incubation [62]. These findings suggest that low
organic matter levels hinder the transformation of
metallic Pb to Pb oxides and carbonates [62]. Organic
carbon also plays a significant role on interactions
between metal concentrations and microbial para-
meters [68]. A study conducted on five shooting
range soils over 5 years in storage revealed that the
total inorganic carbon increased whilst total organic
carbon decreased [69]. This suggests a conversion of
organic carbon into inorganic carbon. This was con-
firmed by the presence of primary Pb carbonates which
were the predominant products found in soils, indicat-
ing that soil organic matter does play a vital role in Pb
bullet and shot weathering and also controls Pb migra-
tion within the soil [69]. Besides soil properties and
leaching tests, other measures such as risk assessment
indices can be applied to determine the mobility, bioa-
vailability and bio-accessibility of Pb at shooting ranges
to the ecosystem; these have been detailed by Dinake
et al. (2018) whose research showed that all of the
seven shooting ranges studied presented ‘high risk’ to
‘very high risk’ to the ecological system [70].

2.3. Lead partitioning in soil and leachability risks

Toxicity characteristic leaching procedure (TCLP) and
synthetic precipitation leaching procedure (SPLP) are
simulations for leaching of heavy metals such as Pb
through a typical landfill and mimicking in situ acid

Table 2. Toxicity characteristic leaching procedure and syn-
thetic precipitation leaching procedures simulating leaching of
Pb in landfill and leaching of Pb due to acid rain.

Total Pb  TCLP-Pb  SPLP-Pb
Range/Location (mg/kg) (mg/L) (mg/L)  Reference
TRR (USA) 12,710 352 6.85 [4,9]
MPR (USA) 48,400 991 19.9 [4,9]
P/TSHU (Botswana) 14,731 'ND  267+28  [58]
MB (Australia) 12,167 200 ND [79]
Range O (USA) 70,350 2422 ND [47]
Range L (USA) 10,068 226 ND [47]
Range G (USA) 12,689 538 ND [47]
Poland 4,600 225 ND [54]
Central Florida (USA) 17,850 106 ND [18]
Ceske Budejovice 573-694 ND 0.024 [73]
(Czech Republic)
Range 5 (USA) 10,542 420.6 ND [71]
Goldstone (USA) 3,165 16.5 ND [71]
Marine Range (USA) 49,228 10 ND [71]
ATF (USA) 27,417 594 ND [71]
Fort Dix R26 (USA) 3,196 117.8 ND [71]
Range 2 (USA) 16,225 537 ND [127]
Range 3 (USA) 19,520 729 ND [127]
SR 1 (USA) 2,520 16.5 ND [72]
SR2 (USA) 35,868 466 ND [72]

'ND: Not Determined

rain leaching, respectively. Both simulations employ
acidic media [4]. The two are used to determine the
potential risk posed by hazardous materials such as Pb
to both surface and underground waters. Studies car-
ried out have shown that almost all shooting ranges
studied are well over the USEPA threshold of 0.015 mg/
I and 5 mg/l for SPLP-Pb and TCLP-Pb, respectively,
revealing possible risk of pollution of the water table.
Table 2 summarizes some of the studies that have
been carried out on the two procedures.

It is worth noting that there is direct proportion-
ality between the total Pb concentration found in
shooting range soils and both the TCLP-Pb and SPLP-
Pb concentrations. Shooting range soils that accumu-
lated high concentrations of Pb in turn experienced
high concentrations of TCLP-Pb and SPLP-Pb as
shown in Table 2. In addition, the TCLP and SPLP
procedures reiterate the importance of soil properties
such as soil pH in the weathering and transformation
of Pb shots and bullets and their subsequent leaching
into the soil. In acidic soil conditions, the dissolution
and transformation of Pb shots and bullets is
enhanced compared to alkaline soil conditions [73].
It has also be found that the high TCLP-Pb and SPLP-
Pb concentrations can give insight into the speciation
of Pb in the soil as in most studies carried out Pb was
predominantly held in the carbonate fraction as pur-
ported by Chen and Daroub (2002) [18], Dermatas
et al. (2006) [74] and Kelebemang et al. (2017) [58].
It is recommended that soils that have failed both
TCLP and SPLP procedures be treated before their
disposal.

3. Remediation techniques applied to polluted
shooting range soils

A wide range of technologies and methods have been
suggested by numerous researchers for the remedia-
tion of Pb contamination of shooting range soils [75,76].
An extensive investigation of these methods and pro-
cedures has revealed that their effectiveness and effi-
ciency depend to a large extent on the physical and
chemical characteristics of the shooting range soil, cost,
length of time allowed for remediation, land availability,
future land use and many other factors [76,77]. As
a result, it is important to investigate the effectiveness
and efficacy of the remedial alternative in order to
assess: (i) its financial implications and viability in field
scale implementations; (ii) the risk to the environment
and biota [78]. In addition, the mechanisms and
kinetics of Pb stabilization/immobilization have to be
determined in order to predict with certainty the short-
term and long-term treatment under different environ-
mental conditions [78]. It is also important to note that
the fate of Pb in shooting range soils is directly influ-
enced by its reactions with soil fractions and



partitioning between soil compartments such as clay
minerals, Fe and Mn oxides, organic matter and the
residual component [79]. Pollution remediation techni-
ques that have been applied to polluted shooting
range soils include the physical remediation methods
such as; (i) soil replacement, (ii) mechanical sieving, and
(iii) Vitrification. On the other hand, chemical remedia-
tion techniques have also been used to control and
manage Pb pollution of shooting range soils and such
methods include; (i) liming, (ii) encapsulation, (iii) phos-
phate addition (iv) soil washing (v) biochar and (vi) iron
oxides. In addition, other techniques such as phytore-
mediation and coupled-phytoremediation techniques
have also been found to alleviate the impact of Pb to
shooting range soils. Some of these technologies have
proven to be successful suggesting that with proper
planning and design successful remediation and recla-
mation of polluted shooting range soils can be
achieved. Table 3 indicates the impact that soil reme-
diation techniques and methods can have on control-
ling and managing pollution of shooting range soils
from Pb.

3.1. Chemical remediation of polluted shooting
range soils

Chemical remediation methods have been found to
be potentially cost-effective and efficient measure in
mitigating Pb contamination of shooting range soils
[62,79,85-87]. There are some considerations to take
into account when selecting chemical remedial stra-
tegies for Pb impacted soils such as in situ viability
and environmental sustainability of the applied che-
mical [78]. Previous studies have shown that chemical
stabilization has the capability to reduce the bioavail-
ability, bioaccessibility, mobility, ecotoxicity and
leaching of Pb in shooting range soils [86,88,89]. The
stabilization and immobilization of Pb in shooting
range soils are based mainly on the modification Pb
chemical and mineralogical form such as speciation
and valence and soil properties such as sorption capa-
city and buffering potential [90]. These chemical
remedial additives enhance physicochemical pro-
cesses which make Pb pollutant less mobile and less
bioavailable due to the formation of leaching resis-
tant Pb minerals. It is also worth noting that these soil
amendments methods are in situ immobilization stra-
tegies and their application does not change total Pb
concentration in the soil [91]. The immobilization
processes involve a wide range of chemical reactions
such as precipitation and adsorption. Chemicals that
have been applied towards shooting range soil
amendments include both inorganic and organic che-
micals. Inorganic chemicals such as phosphate rock
(XsY(PO4); where X can be Ca®* or Pb®" and Y is
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normally F~, CI7, or OH") [62], magnesium oxide
(MgO) [79], hydroxyapatite (Ca;o(PO,)s(OH),) [92], fer-
rihydrite (5Fe,0s3 - 9H,0) [93], natural iron oxides (Fe,
O3) [91], calcium carbonate (CaCOs) [86] and zero-
valent iron [23] have been used. Organic substances
have been found to be the most cost-effective soil
amendment techniques for Pb-polluted shooting
range soils [91,94,95]. Biochar is a carbon-rich mate-
rial that is obtained when biomass, such as wood,
manure, or leaves is combusted in a closed container
under oxygen-deficient conditions [96]. Biochar
immobilisation of Pb in shooting range soils has
been achieved through the application of organic
substances such as oak wood biochar (via pyrolysis
at 400°C) [91,94], soybean stover derived biochar [95],
biodegradableethylenediamine-N,N'-disuccinic acid
(EDDS) followed by phosphate amendment [97] and
green waste biochar [87]. It is of paramount impor-
tance that the environmental risks from the applica-
tion of chemical remediation techniques are well
understood and addressed [98]. The application of
chemical additives for in situ Pb immobilisation
helps treat and control pollution on site. However,
the pitfall with these in situ remedial techniques is
that the contamination stays within the soil. Prior to
application of chemical amendments to affected
shooting range soils, evidence has to show that the
degree of stabilization has reduced the risk associated
with Pb to an acceptable regulatory level commensu-
rate with proposed land use [98].

3.1.1. Phosphate addition

The stabilizing ability of phosphate in removing soluble
Pb from aqueous solutions was first coined by Nriagu in
1974 in a study involving the formation and properties
of Pb-orthophosphates [99]. This culminated in an
extensive research on phosphate remedial alternative
to Pb-polluted soils and this has resulted in a wide
acceptance of phosphate as a stabilizing and immobili-
zation agent for Pb-contaminated soils and solid waste
[98]. Phosphate soil remediation technologies have
been incorporated into the shooting range best man-
agement practices (BMPs) manual as one of the recom-
mended methods for the control and management of
Pb pollution of shooting range soils [15,100]. Phosphate
has been found to be a stabilizing agent through
the formation of the thermodynamically stable Pb-
phosphates and pyromorphites (Pbs(PO4)sX where X =
Cl—, OH-, F-) which are insoluble over a wide range of
pH and redox potential (Eh) [100]. The stability of the
pyromorphites follow the order chlorinated>hydroxyla-
ted>fluorinated, with the chlorinated component being
the most stable at a pH range of 3-11 [99]. When
carrying out phosphate remediation strategies, it is
important to be cautious of the Pb-phosphate reaction
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kinetics which are highly dependent on the pH of the
applied material and the solubility of the original
sources of phosphate and Pb [78]. Other factors that
determine the reaction thermodynamics of Pb-
contaminated shooting range soils include such factors
as moisture availability, solution chemistry and particle
size of Pb and phosphate compounds [78]. The fate and
environmental risk of unreacted high concentrations of
phosphate should also be well understood. Sources
of phosphate that have been applied for Pb remediation
of shooting range soils include phosphoric acid, mono-
calcium phosphate, di-calcium phosphate, tri-calcium
phosphate, triple super phosphate, diammonium phos-
phate, hydroxyapatite, phosphate rock, Apatite Il, phos-
phatic clay, commercial fertilisers, poultry waste, bone
meal and bone char. These phosphate sources fall in
three main categories depending on their solubility: (i)
readily soluble phosphates (e.g. phosphoric acid); (i)
moderately soluble phosphates (e.g. mono-, di- and
tricalcium phosphate); and (iii) less soluble phosphate
(e.g. synthetic hydroxyapatite and phosphate rock) [78].
The pH of the soil has a great influence on the dissolu-
tion, transformation and insolubility of Pb minerals and
phosphate sources. Acidic pH conditions support the
dissolution of Pb minerals and phosphate bearing mate-
rials while pH values of more than six are unfavourable
to both Pb minerals and phosphate sources solubility
[101]. In a study by Spuller et al. (2007), the application
of commercially available diammonium phosphate
(DAP: (NH,4),HPQ,), and calcium phosphate monobasic
(CPM: Ca(H,P0O,),) were applied to shooting range soil
highly contaminated with Pb leading to reduction in Pb
concentrations by 45% (DAP) and 99% (CPM) [90]. Pb
stabilization in this case was perceived to have been
through the formation of the slightly soluble Pb-
phosphates, Pbs(PO,), or Pb,O(PO,),. The immobilisa-
tion of Pb was lower in DAP compared to CPM due to
the limited availability of phosphate in DAP and the
accompanying increase of dissolved organic carbon in
the DAP additive which results in the formation of
soluble organo-Pb complexes [90]. The limited availabil-
ity of phosphate in DAP is due to the fact that in the
presence of calcium in the soil, the DAP is converted to
the semi soluble calcium hydrogen phosphate which in
turn dissolves liberating phosphoric acid as shown in
Equations (7,8) below:

(NH4),HPO, + Ca®* + 2H,0 — CaHPO, - 2H,0
+ 2NH,*

4CaHPQO4-2H,0 + H,O — Ca4H(PO4)3.3H20 + H3PO,
(8)

Sanderson et al. (2015) have used and compared the
effectiveness of three phosphate containing

substances such as soft rock phosphate (10% phos-
phorus), phosphoric acid (85% HsPO,4) and commercial
phosphorus for remediation of four Pb-polluted shoot-
ing range soils of varying physicochemical properties
[79]. The researchers studied the effectiveness of the
amendments on water-extractable Pb and the toxicity
characteristic leaching procedure Pb (TCLP-Pb) of the
four shooting ranges Murray Bridge, Townsville,
Darwin and Perth. Due to the different physicochem-
ical properties of the four shooting range soils, the
three amendments displayed different efficacies
towards Pb stabilisation. For example, soft rock phos-
phate decreased water-extractable Pb by over 90% at
the Murray Bridge shooting range and only minimally
at Darwin and Perth. In addition, phosphoric acid effec-
tively reduced water-extractable Pb of the three shoot-
ing range soils, Murray Bridge, Townsville and Darwin
[79]. In contrast, the application of phosphoric acid to
Perth soils caused the mobilisation of Pb. Commercial
phosphorus was also able to lower water-extractable
Pb at Murray Bridge and Townsville and mobilised Pb
at Perth and Darwin shooting range soils. The TCLP-Pb
exceeded the 5 mg/l USEPA regulatory set limit in
untreated soils of three shooting ranges reaching
highs of 200 mg/l in the Murray Bridge shooting
range. Upon application of soft rock phosphate, sig-
nificant reduction in the TCLP-Pb concentration in all
four shooting ranges to below the regulatory set limit
of 5 mg/l was observed [79]. The physiologically based
extraction test (PBET) was performed in order to estab-
lish the effectiveness of amendments on bio-accessible
Pb and it was found that the amendments were able to
lower bio-accessible Pb by over 50%. Other sources of
phosphate such as hydroxyapatite (Cas(PO4)30H) have
also been found to be effective in stabilising Pb in
shooting range soils [93]. In a study by Ogawa et al.
(2015), the total Pb concentration found in the shoot-
ing range soil was around 23 000 mg/kg with water
exchangeable Pb concentration exceeding 100 mg/kg.
After application of the phosphate containing hydro-
xyapatite, the concentration of the water-soluble Pb
was significantly reduced to 0.9 mg/kg - a 99.2%
reduction [93]. This implies that most of the water-
soluble Pb was transformed into insoluble Pb phos-
phate minerals upon addition of the hydroxyapatite.
The transformation of Pb into stable Pb phosphate
minerals was confirmed through the sequential extrac-
tion experiments in which the total percentages of the
labile or soluble exchangeable and carbonate fractions
in the shooting range soil decreased from 78.4% to
45.4% after application of the hydroxyapatite amend-
ment. In contrast, the inert, unreactive and immobile
residual fraction in the shooting range soil increased
by 37.8% after hydroxyapatite amendment [93]. The
efficacy of phosphate amendment can also be



monitored using the X-ray absorption spectroscopy in
which the predominant Pb minerals can be identified
in untreated soils and compared with those found in
the remediated shooting range soils [102]. In a study
by Sanderson et al. (2015), the untreated soil was
found to contain high concentrations of the mineral
litharge (PbO), iron-oxide bound Pb and humic acid
bound Pb. In contrast, X-ray absorption spectroscopy
studies of the phosphate-amended soils indicated that
the Pb minerals have been transformed into consider-
able amounts of pyromorphite (17%) [102]. In a similar
study by Ogawa et al. (2018), the XRD patterns indi-
cated that 95% of Pb had been immobilised into pyr-
omorphite after application of hydroxyapatite during
Pb migration in the water-unsaturated soil of different
Pb mobilities [103]. Environmental conditions and the
soil physicochemical properties such as soil moisture,
temperature and pH play a pivotal role in the effec-
tiveness of the phosphate amendment to stabilize Pb
in shooting range soil [103,104]. The existence of
moisture in soil pores exceeding 50% water-holding
capacity of the soil was found to inhibit the water-
soluble Pb level by more than 99.8% relative to condi-
tions of no water in the soil pores [103]. To add to this
observation, the XRD analysis indicated that up to 27%
of Pb was transformed into pyromorphite in the soil
with 50% water-holding capacity relative to less than
3.0% in the soil with 0% water-holding capacity. It can
be deduced from these determinations that elevated
soil moisture conditions are suitable to the transforma-
tion of bioavailable Pb into insoluble Pb phosphate
minerals such as pyromorphite. However, the addition
of excessive water should be avoided as this could
make the Pb scatter during the Pb immobilisation
reactions [103].

It is worth noting that the cost of soil amendment
additives has put a barrier in effectively controlling
and managing Pb pollution especially when enor-
mous amounts of contaminated soils are involved
such as shooting ranges. Scientists and researchers
have shifted their attention to more cost-effective yet
efficient measures of phosphate bearing industry by-
products such as poultry waste [88]. Poultry waste has
been found to be an excellent source of hydroxyapa-
tite, Cas(PO4)sOH and studies have shown that it
immobilises and stabilises Pb better than the com-
mercially available pure hydroxyapatite [105]. In
a study by Hashimoto et al. (2008), the application
of poultry waste to shooting range soils polluted with
Pb was able to reduce the water-extractable Pb by
about 43% compared to the control. Furthermore,
sequential extraction procedures indicated that Pb
fractions in soils remediated with poultry waste con-
tained more of the less soluble Pb mineral species as
revealed by an increase in the residual fraction (20%)
and a decrease in reactive fractions of exchangeable
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and carbonate compartments (22%) as compared to
the control soil [105]. The increase in the residual
fraction after poultry waste amendment has also
been confirmed in other studies using poultry waste
and after application of other phosphate containing
materials such as pure hydroxyapatite and phosphate
rock [93,106-108]. The efficacies of hydroxyapatite
obtained from poultry and gypsum wastes relative
to pure hydroxyapatite were evaluated for Pb immo-
bilization of a shooting range soil in Gifu, Japan [92].
The researchers investigated the dissolution rate of
Pb minerals upon the application of soil amendments.
It was established that the concentration of dissolved
Pb declined upon addition of amendments and the
Pb concentrations were 66% (gypsum waste) and 50%
(poultry waste) lower than that of the pure hydroxya-
patite treatment. The pH dependency of Pb dissolu-
tion was also evaluated and it was found out that the
attenuation of Pb by the amendments was more
effective at higher pH values than in acidic media. At
higher pH values, dissolution kinetics of poultry and
gypsum wastes occurred at a faster rate compared to
pure hydroxyapatite leading to the release of phos-
phate anions and providing a favourable condition for
the formation of insoluble chloropyromorphite preci-
pitates. The lower pH values are favourable towards
the dissolution of original Pb minerals in shooting
range soils while higher pH values favour the dissolu-
tion poultry and gypsum wastes making the phos-
phate anions available for reaction with the
dissolved Pb from the original Pb material resulting
in the formation of insoluble pyromorphites [92].
Hashimoto et al. (2009) explained the Pb stabilisation
by the amendments through the ionic exchange
mechanism between Ca in the poultry and gypsum
wastes (constituent of hydroxyapatite) and the Pb in
Pb source materials [92]. The solubility of the formed
Pb-phosphate becomes low with an increase in the
pH and thereby achieving the Pb immobilisation goal.
In the first step, Pb exchanges for Ca in the hydro-
xyapatite as shown in Equation (9); the concomitant
dissolution of the hydroxyapatite leads to the release
of the dihydrogen phosphate anion (H,PO,") as
depicted in Equation (10). Lastly, the precipitation of
Pb-phosphate takes place as shown in Equation (11).

Cayo(PO4)g(OH), + xPb*™ — [Ca(10-x)Pbx]
(PO4)(OH) + xCa®*

Caio(PO4)g(OH), + 4H" — 10Ca>" + 6H,P0O,~

(10)
+ 2H,0

10Pb?" 4 6H,P0,~ + 2H,0 — Pbyg(PO,)s(OH),
(1)
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In Switzerland, a study of shooting range soil character-
ized by basic soil condition (pH ~ 8.2) was studied for Pb
extractability after application of soil amendments
including potassium phosphate dibasic (K,HPO,) [109].
The application of phosphate revealed a decrease in the
extractability of Pb using water and NaNOs single
extraction procedures. However, undesirable conse-
quences were encountered in this study since the soil
amendment using phosphate increased the extractabi-
lity of other toxic heavy metals in the soil such as anti-
mony (Sb). The applied phosphate additive has the
tendency to compete for the same binding sites on
the surfaces of pedogenic iron hydroxides with anti-
mony anions such as antimonite giving rise to the
release of antimony into the soil solution [110].

Waste cow bone has been found to contain high
amounts of phosphorus (18.5 wt. % P,0s) and owing to
its low cost and ready availability have been considered
as a cheap substitute for Pb stabilization and immobi-
lisation in shooting range soils [111]. However, it is
imperative that the ease of availability of the phos-
phorus in the waste cow bone is well understood.
In a study by Moon et al. (2013), the sole application
of waste cow bone was not as effective as in
a combination with calcined oyster shells which contain
high concentrations of calcium oxide, CaO (84.3 wt.%).
The leachability of Pb was significantly reduced upon
combined application of 5 wt.% of both waste cow
bone and calcined oyster shells: a drastic 99% reduction
in Pb leachability was encountered compared to the
control sample [111]. In particular, initial Pb concentra-
tion of 3613 mg/kg in the control soil sample was
reduced to 16.2 mg/kg (>99% reduction) upon com-
bined application of calcined oyster shells and waste
cow bone [111]. The researchers assessed the efficacy of
the combined amendments relative to the Korean
Standard leaching test of 100 mg/kg as warning stan-
dards residential areas. The effectiveness of cow bone
(25.63 P,O5 and 34.81 CaO wt. %) in immobilising Pb
was also assessed by Ahmad et al. (2014) [94]. In this
study, the researchers evaluated the potency of cow
bone amendment in stabilising the bioavailable and
exchangeable concentrations of Pb in which 93% of
exchangeable Pb was significantly reduced by the
application of the material. In addition, the application
of cow bone increased the concentration of the domi-
nant residual fraction, an indication of the transforma-
tion of Pb to the immobile geochemically stable
residual fractions arising from the application of the
cow bone amendment. The XRD pattern of the cow
bone amended soil indicated the presence of hydro-
xyapatite which may have led to the formation of the
geochemically stable and immobile Pb-phosphate
minerals. The phytoavailability of Pb was also greatly
reduced by 70.47% upon addition of cow bone soil

amendment. However, it was established that the cow
bone amendment increased the bioavailability of a co-
existing pollutant in antimony (Sb) and its application
increased uptake of Sb to 3.46 mg/kg from 1.3 mg/kg
[94]. The research findings by Ahmad et al. (2014) cor-
roborate the results obtained by Conesa et al. (2010) in
which the addition of phosphate mobilised Sb and
increased its bioavailability and leachability instead of
immobilising and stabilising it [109].

In their quest to overcome the cost commercially
available phosphate sources, researchers have also
found that pyrolytic biomass (biochar) has proved
to be an excellent source of phosphate [91,112].
Rajapaksha et al. (2015) studied the efficacies of buf-
falo weed (Ambrosia trifida L.) biomass and its pyro-
lytic biochar at 300°C and 700°C. The original buffalo
weed biomass contained phosphate (PO43') concen-
tration of 3.89 mg/kg while its resultant biochars at
300 and 700 °C carried phosphate concentrations of
79.96 and 70.72 mg/kg, respectively. The addition of
these soil amendments to shooting range soil con-
taminated with 17 468 mg/kg of Pb demonstrated
high efficacy towards Pb stabilisation. The ammo-
nium acetate extraction of Pb in the soil was greatly
reduced by 35.5%, 92.6% and 94.7% upon application
of biomass, biochar (700°C) and biochar (300°C),
respectively [91]. In addition, the TCLP-extractable
Pb was also reduced by up to 77.2% after the addi-
tion of biochar. Many other studies have also been
carried out in recent years that confirmed the effec-
tiveness of pyrolytic biomass (biochar) in immobiliza-
tion of Pb in shooting range soils [95]. Biochar
derived from soybean stover and pine needle has
demonstrated high potency towards immobilisation
of Pb by reducing exchangeable Pb by up to 88% and
a decrease in TCLP-Pb by 65.14% in contaminated
shooting range soil [95]. An array of mechanisms
has been suggested for the interaction of biochar
with Pb in shooting range soils. In some cases, the
Pb immobilisation ability of biochar has been
ascribed to increase in the water-soluble PO,* upon
addition of the biochar, an indication of the release of
available phosphate from the biochar [91]. Pyrolysis
of biochar plays a key role in adjusting the biochar
properties [113]. As the pyrolysis temperature
increase, a decrease in the mobile components and
an increase in the stable matter due to loss of volatile
components during thermal decomposition of bio-
mass. The pyrolysis process contributes to an increase
in the ash content of biochar due to the collection
and accrual of inorganic minerals and organic matter
pyrolytic residue with increasing pyrolysis tempera-
ture [113]. The pyrolysis of biomass also results in
high surface areas in biochar due to the generation
of micropores [113].



The effectiveness of the biochar in Pb immobilisa-
tion is sometimes attributed to the ability of biochar to
induce changes in soil properties such as the soil pH,
electrical conductivity (EC), cation exchange capacity
(CEC), dissolved organic carbon (DOC), and water-
soluble PO,* which have significant impact on the
leachability, mobility and bioavailability of Pb in shoot-
ing range soils [91]. An improvement in the soil CEC
and strengthening of the soil fertility by aiding the
retention of water and nutrients after application of
biochar have been reported [113]. In addition, the
abundance of carboxyl functional groups in biochar
has also been attributed to the formation of strong
complexes with Pb on the surfaces of biochar [114].
Biochar materials with high O/C molar ratios have been
found to effectively complex divalent heavy metals
such as Pb due to their high O-containing carboxyl
functional groups [114]. It has also been reported
that the surfaces of biochar material are normally
negatively charged which present a favourable envir-
onment for the electrostatic attraction between the
positively charged Pb and the biochar and thereby
enhancing the m-mm electron donor-acceptor interac-
tion between electron-rich graphene surface of the
biochar and the m-electron-deficient positively charged
Pb cations [115,116]. The changes in the soil pH to
basic conditions upon application biochar have also
provided favourable environment for the formation of
insoluble Pb phosphates, carbonates and hydroxides
leading to the immobilisation of Pb [117].

Researchers have also shifted their attention to the
capability of phosphate-containing amendments in
reducing the ecotoxicity of Pb found in shooting
range soils towards ecological receptors such as vege-
tation, small living organisms and micro-organisms
[118]. In a study of shooting range soil contaminated
with Pb concentrations of 2330-12,167 mg/kg, the
application of phosphate-containing soil amendments
soft rock phosphate and commercial phosphate
enhanced the per cent survival and weight-loss reduc-
tion of earthworms in the most contaminated soils
with little effect in soils with lower concentration of
Pb [118]. The concentration of Pb was also found to be
low in soil organisms notwithstanding the high con-
centrations of Pb in shooting range soils, an indication
of suppressed bioavailability of Pb. The accumulation
of Pb in the studied earthworms was greatly reduced
by up to 96% after addition of the phosphate-
containing soil remediation additives. In addition, the
average uptake of Pb by lettuce was also reduced by
up to 70% after treatment of the Pb-contaminated soils
with phosphate bearing amendments. It is noteworthy
that the microbial activity in the amended soil was
enhanced by more than 50% after application of soft
rock phosphate. In a similar study by Seshadri et al.
(2017), the bioaccumulation of Pb in earthworms was
reduced by up to 54.6% after application of soft
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phosphate rock. The bioaccessibility of Pb also
depicted long-term stability phosphate immobilised
Pb [119].

3.1.2. Liming
The USEPA has recommended the use of lime in con-
junction with phosphate sources for the immobiliza-
tion of Pb in shooting range soils. Liming also helps in
controlling the pH of soils when amendments are
added to acidic soils through elevation of the pH as
shown in Equation 12 [15];

CaCO; + H,0 — Ca** + 20H" +CO,  (12)

(In the (Leads topH
soil) elevation)

In addition, liming is also efficient in reducing water-
soluble Pb through the formation of Pb carbonates with
concomitant lowering of the H* ion concentration
which in effect reduces the solubility of the formed Pb
carbonate minerals [62]. Formation of pozzolanic pro-
ducts has also been reported in soils amended with
lime-containing materials [117]. Mechanisms for the for-
mation of pozzolanic products include sorption, phase
mixing and substitution and such products may include
calcium silicon hydrates, calcium aluminium hydrates
and ettringite (CagAly(504)3(OH),, - 26H,0) as shown in
Equations (13-16) below;

Ca(OH), — Ca*" +20H~ (13)

Ca’"420H™+Si0, — CSH (14)
(Calcium
silicate
hydrate)

Ca*" +20H™ 4+ AlL,O; — CAH (15)
(Calcium
aluminate
hydrate)

6Ca" + 2AI(OH) ™, + 40H™ + 3(S04%") + 26H,0
— Ca6A|2(SO4)3<OH)12 . 26H2O
(ettringite)

(16)

These pozzolanic products are responsible for Pb
immobilisation through the entrapping of Pb in their
chemical lattice [85]. In some instances, liming has
been found to activate soil microbial activity [86,120].
Application of lime amendment has effectively
increased dissolved organic carbon in pine forest soils
and in some cases promoted the accumulation of soil
organic matter which boosted Pb adsorption [121,122].
The effectiveness of two liming agents, CaCO3 and
blast furnace slag, was evaluated for immobilization
of Pb in shooting range soils, the findings of which
indicated a drastic decrease in the water-extractable
Pb by 69% and 61% after amendment with CaCOs and
blast furnace slag, respectively, [86]. The supremacy of
Pb stabilization by CaCOs over rock phosphate, at 80%
field moisture capacity, was observed by Ma et al.



296 (&) P.DINAKE AND R. KELEBEMANG

(2007) in which the CaCO; amended soils contained
the lowest concentration of water-soluble Pb com-
pared to the phosphate rock amended soil [62]. In
Australia, the application of 5% lime at 60% moisture
holding capacity to contaminated soils obtained from
four different shooting ranges showed a significant
reduction in water-extractable Pb by over 90% [79]. In
a study by Yin et al. (2010), liming of shooting
range soils reduced total Pb by 20-80% [89]. It was
shown that after 15 months of liming, the total Pb
concentrations in the berm soils of the control was
497-777 mg/kg whereas in the limed soils was in the
range 302-362 mg/kg.

Industrial lime containing byproducts have been
shown to be a cheap substitute to commercially available
lime materials. Researchers and scientists have used lime-
containing materials such as egg shells [85], Mussell shell
[94], cow bone [94], oyster shells [117]. A more pro-
nounced 99% decrease from an initial Pb concentration
of 3613 mg/kg in the contaminated soil to 16.2 mg/kg
was observed in soils amended with 5 weight percent of
(5 wt.%) calcined oyster shells compared to un-amended
soil [117]. Eggshells and calcined eggshells containing
CaCO; weight percent of 47% and 93%, respectively,
were able to decrease TCLP-Pb by up to 68.8% [85]. The
TCP-Pb in the un-amended soil was found to be almost 8
times higher than the USEPA set regulatory limit of 5 mg/
. Similarly, a positive from the application of the two
amendments to polluted shooting range soils saw
a decrease in the exchangeable Pb fraction to less than
1% of the total Pb concentration while the carbonate
bound Pb fraction on the other hand increased to up to
47% [85]. The SEM-EDS, XAFS and elemental dot map-
ping from this same study also revealed the interaction
between Pb and the Si and Ca, an indication that Pb was
entrapped into the calcium silicate hydrate and thereby
restricting its mobility. Immobilization of Pb through for-
mation of Pb(OH), and lanarkite (Pb,O(50,4)) were also
observed in the study by Ahmad et al. (2012) [85]. In
addition, an increase in the soil pH was also observed
after soil amendment with eggshell and calcined eggshell
and this effect is similar to when CaCO5 and CaO are used
to remediate Pb impacted soils. This increase in pH is an
important factor in the immobilization of Pb in shooting
range soils through elevating the number of negatively
charged sites on soil particles, increase in ion exchange
and provision of favourable conditions for the precipita-
tion of Pb hydroxides, oxides and carbonates. Conversely,
the increase in pH due to liming in soils with significant
amounts of dissolved organic matter/carbon can lead to
the mobilization of Pb due to formation of complexes
that are soluble at alkaline pH conditions [123]. In addi-
tion, lime amendment is best suited to areas containing
acidic soil, it requires frequent application and excessive
use can have adverse effects to water sources in the
vicinity of the area under treatment [124].

3.1.3. Iron-based sorbents

Remediation of Pb pollution of shooting range soils
using iron-based sorbents has attracted the attention
of scientists and researchers due to the non-intrusive
nature of the method [125]. Iron-based sorbents are
used for the control and management of Pb in shoot-
ing range soils through the immobilization of Pb and
thereby reducing its mobility, solubility, leaching and
bioavailability [93]. The iron sorbents immobilize Pb
through its sorption by iron (lll) hydroxides found in
iron-based sorbents such as ferrihydrite, goethite and
gibbsite [90]. Zerovalent iron (Fe®) will undergo weath-
ering and corrode in the presence of oxygen and
moisture leading to a variety of iron (hydr)oxides
which provides new sorption and binding sites for Pb
as shown in Equations (17-19) below [126].

Fe(0) + 2H,0+1/20, — Fe(ll) +H,0+20H™ (17)

Fe(ll) + H,0 4 1/40, — Fe(lll) + 1/2H,0 + OH~
(18)

Fe(lll) +3H,0 — Fe(OH), + 3H" (19)

The H* produced in Equation (19) will react with Pb
adsorbed onto the soil mineral surfaces such as the
kaolinite via ion exchange resulting in the removal of
Pb from the kaolinite surfaces and replaced by the
iron (oxy)hydroxide precipitates. Consequently, the
Fe(lll) solution will adsorb more Pb from the soil at
such a lower solution pH due to the continuous ion
exchange between Pb in the soil and the re-
generated hydrogen ions (H*) [127]. Furthermore,
the formation of ferric (oxy)hydroxides from Fe(lll)
such as ferrihydrite (Fe(OH)s), goethite (a-FeO(OH))
and akaganeite (with the formula Fe(OH),,Clys in
the presence of chloride) can separate water mole-
cules and can also produce protons (H*) during pre-
cipitation leading to lowering of soil solution pH and
enhancement of Pb extraction [127]. The chemical
reaction leading to the formation of the ferric hydro-
xide akaganeite is given in Equation (20);

Fe(lll) +2.7H,0 +0.3CI~ — Fe(OH), ,Clos +2.7H
(20)

In the end, the iron (oxy)hydroxides can be trans-
formed to more chemically stable and crystalline iron
oxides, such as hematite [127]. The sorption stabiliza-
tion mechanism may also arise from ligand exchange
processes. The ligand exchange mechanism may also
involve dissolved organic carbon (DOC) in which the
hydroxide anions from iron sorbents could be
exchanged for the carboxylic and phenolic functional
groups of DOC. As a result, the carboxylic and phenolic
groups attached to the iron sorbents now act as bind-
ing sites for Pb leading to the formation of insoluble Pb
complexes [128]. However, the sorption ability of iron



oxides and hydroxides is greatly influenced by the type
of metal being sopped and the net electric charge of
the adsorbent which varies with solution pH [93]. In
other related studies, Pb complexation in the inner
sphere by iron hydroxides bearing hydroxyl groups
such as = FeO™, = FeOH® and = FeOH,* have been
reported [129,130].

In a study by Spuller et al. (2007), the addition of
iron hydroxides (goethite and deferrisation sludge) to
Pb-polluted shooting range soil led to a highly
noticeable decrease in total concentration of water-
extractable Pb of up to 97% in the amended soil
compared to the control [90]. The sorption mechan-
ism was confirmed by the higher surface area of
deferrisation sludge (262.9 mz/g) which immobilized
higher concentrations of Pb compared to goethite
(23.5 mz/g). In addition, the predominance of the
permeable ferrihydrite over the crystalline fraction
allowed for the diffusion of Pb ions into the binding
sites located on the inner surfaces of the amendment
leading to the immobilization of the Pb contaminant.
The concentration of water-soluble Pb decreased
from about 100 mg/kg to 3.6 mg/kg after single
application of ferrihydrite to a skeet shooting range
located in Japan, leading to a 96.8% reduction of
water-extractable Pb compared to the shooting
range soil without the immobilization material [93].
Likewise, the total percentage of the reactive or labile
fractions of the soil being the exchangeable and
carbonate fractions dropped by 62.8% while that of
the inert Fe-Mn oxide bound fraction surged by
27.2%. This implies that the single application of
ferrihydrite additive stabilized Pb towards formation
of insoluble Pb minerals resulting in low mobility and
reduced bioavailability of Pb. The efficacy of iron
oxide amendments was also investigated in the soil
collected from a shooting range in Gangwon-do,
South Korea [91]. The addition of natural iron oxide
resulted in a 13.6% reduction of ammonium acetate
extractable Pb in the sampled Gangwon-do shooting
range soil with acute Pb pollution (17,468 mg/kg) and
TCLP-Pb concentration of 5190 mg/kg which by far
exceeded the TCLP-Pb critical level of 5 mg/L. A study
by Mariussen et al. (2018), used two amendments
ferric oxyhydroxide powder and zerovalent iron for
stabilization of Pb mobility and bioavailability in soils
collected from four shooting ranges found in Norway
[23]. The application of ferric oxyhydroxide showed
a 54% decrease in Pb leachability in one of the shoot-
ing ranges studied compared to the untreated soil. In
contrast, the zerovalent iron displayed the greatest
efficacy towards Pb stabilization as 24-98% reduction
of Pb leaching was achieved in soils amended with
zerovalent iron compared to un-amended soils [23].

Iron bearing materials such as red mud have suc-
cessfully immobilized Pb in shooting range soils [79]. In
a study by Sanderson et al. (2015), the application of
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red mud containing 28-45% iron oxide was very effec-
tive in stabilizing Pb mobility in four shooting range
soils. The total Pb concentration levels in untreated soils
of four shooting ranges was in the range 341-51,820
pg/kg and after application of the red mud amend-
ment, water-extractable Pb was greatly reduced by
over 99%. In addition, red mud was able to reduce
TCLP-Pb from around 15 mg/l to around 7 mg/l. The
bio-accessible Pb measured in terms of the physiologi-
cally based extraction test (PBET) was also reduced by
up to 50% in the four shooting range soils investigated
[79]. Red mud (as a commercially available derivative
reagent ViroSoil™) has also been used by Tandy et al.
(2017) in the immobilization of Pb in moderately con-
taminated shooting range soils [131]. The ViroSoil™
additive resulted in a drastic increase in the concentra-
tions of iron (oxy)hdroxides, cancrinite and sodalite and
thereby increasing the Pb sorption sites. In effect, the
adsorption of Pb to the iron (oxy)hydroxides was there-
fore enhanced in addition to its binding to the nega-
tively charged cancrinite and sodalite channels and
cages. Another amendment, iron sulphate, was able to
reduce the concentration of exchangeable Pb from
15,700 pg/kg to 7.5 pg/kg in 1 week. The application of
FeSO, treatment is believed to have influenced the
release of Pb from the soil Fe oxides due to the reduc-
tive dissolution process and transformation into the Fe-
Mn oxide bound inert fraction by co-precipitation [131].

Ferric salts such as FeCl; and Fe(NOs); have also
shown some potency towards Pb extraction and
remediation of Pb-contaminated shooting range
soils [127]. In a shooting range soil contaminated
with 5700 mg/kg Pb, well over the 200 mg/kg
Korean set standard, around 80% of Pb was parti-
tioned in the exchangeable and Fe-Mn oxide fractions
[127]. However, upon application of FeCls, a drastic
decrease in total Pb concentration in the exchange-
able and Fe-Mn bound Pb occurred with percent
removal efficiency of Pb reaching highs of 86% after
application of 100 mM of FeCl; [127].

3.1.4. Combined chemical amendments

Scientists and researchers have applied a combination
of two or more chemical amendments to improve their
efficacies towards immobilization and stabilization of Pb
pollutant in shooting range soils [90,93,129,131-133]. In
a study by Spuller et al. (2007), the combined applica-
tion of diammonium phosphate ((NH4),HPO,) and cal-
cium phosphate monobasic (Ca(H,PO,),) increased Pb
stabilization by up to 97% compared to the single
application of (NH4),HPO, that immobilized Pb by
only 45%. The inefficient Pb stabilization by the single
application of (NH4),HPO, amendment can be attribu-
ted to the low number phosphate ions in this com-
pound. The addition of the (Ca(H,PO,4), to this
additive increases the availability of the phosphate in
the compound and the resulting enhanced Pb
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stabilization effect [90]. An increase in the dissolved
organic carbon (DOC) was also observed in the single
application of the (NH4),HPO, which may have led to
the formation of soluble DOC-Pb complexes. In contrast,
the addition of (Ca(H,PQ,),) avails some Ca* that react
with (NH4),HPO, leading to the formation of calcium
hydrogen phosphate which further reacts as per
Equation (7) discussed earlier in this review. The effica-
cies of a single application of either calcined oyster
shells or waste cow bone towards Pb immobilization
and stabilization were found to be very low [111].
However, combined application of the two amend-
ments (5 wt.% calcined oyster shells and 5 wt.% waste
cow bone) reduced Pb leachability by 99.6% compared
to the 98.3% and 98.2% for a single application of
calcined oyster shells and waste cow bone, respectively.
In particular, the total Pb concentration of 3613 mg/kg
in the untreated soil was reduced to 16.2 mg/kg after
combined application of calcined oyster shells and
waste cow bone compared to reduction to 63 and
64 mg/kg for the single application of the calcined
oyster shells and waste cow bone, respectively, [111].
By inference, the effectiveness towards Pb stabilization
by the combined application of the two additives was
mainly controlled by the synergistic effect of the phos-
phate from the waste cow bone and the pozzolanic
products from the calcined oyster shells. The sole appli-
cation of either hydroxyapatite or ferrihydrite has been
found to be effective towards Pb immobilization in
shooting range soils due to the presence of phosphate
and iron (oxy)hydroxides in hydroxyapatite and ferrihy-
drite, respectively [93]. However, the integrated applica-
tion of hydroxyapatite and ferrihydrite resulted in
pronounced suppression of the level of water-
extractable Pb by 99.9% compared 99.2% and 96.8%
arising from the single addition of hydroxyapatite and
ferrihydrite, respectively. In addition, the combined
application of the two amendments resulted in
a 44.5% decrease in the total percentages of the labile
or reactive exchangeable and carbonate fractions while
the percentages of the inert and insoluble residual frac-
tion increased by 33.2%. Specifically, the effects from
the single application of the two amendments were
lower compared to when combined [93]. This implies
that the combined application of amendments effec-
tively transformed Pb in the shooting range soils to
more stable and less soluble Pb minerals. The immobi-
lization of Pb in shooting range soils through the addi-
tion of phosphate and the mechanisms involved are
well known [90,100]. Notwithstanding the foregoing,
coupling phosphate amendment with another chemical
such as magnesium oxide (MgO) enhances Pb stabiliza-
tion of shooting range soils [102]. The combined appli-
cation of phosphate and MgO at Perth (PE) shooting
range in Australia increased the concentration of Pb
confined to the inert and non-reactive residual fractions
where Pb concentration increased to 10.54 mg/kg and

12.47 mg/kg after application of phosphate and phos-
phate plus MgO, respectively, compared to Pb concen-
tration of only 0.14 mg/kg in the residual fraction of the
untreated soil. The single application of MgO only
caused a slight increase of Pb partitioned in the residual
fraction (2.09 mg/kg) compared to the untreated soil
(0.14 mg/kg). In the same way, bio-accessibility of Pb
was greatly reduced after the combined phosphate and
MgO treatment. The combined treatment resulted in
56% decrease of percent bio-accessible Pb relative to
the control (75%) while single applications resulted
in a 68.8% (phosphate) and 65% (MgO) decrease,
respectively. The addition of MgO to the phosphate
amendment augmented the Pb immobilization and sta-
bilization through co-precipitation of metal hydroxides
and Mg(OH), on the MgO mineral surface coupled
with sorption in the newly formed precipitates.
The mechanism for MgO Pb stabilization is outlined in
Equations (21-24) below. In the first step, (Equation (21))
the hydration of MgO takes place forming the
mineral Mg(OH), (brucite) [102].

MgO + H,0 — Mg(OH), (21)
Mg(OH), + H,0 — Mg*" +20H"~ (22)
Pb*" +20H™ — Pb(OH), (23)
MgO + Pb?" — PbO + Mg*" (24)

The formed brucite mineral dissolves under aqueous
conditions producing hydroxyl ions that are a good
source for Pb hydroxide precipitation (Equation (23)).
The dissolution of the MgO in a two-step fashion with
the liberation of the hydroxyl ion makes this amend-
ment effective for long-term immobilization of Pb than
lime [102]. In a field study in Norway by Okkenhaug
et al. (2016), a mixture of 2% ferric oxyhydroxide pow-
der and 1% limestone led to 97% decrease of pore
water Pb concentration. The total concentration of Pb
in pore water of the un-mended soils was in the range
7-1495 ug/l which exceeded the Norwegian water
quality guideline of 0.5 pg/l for Pb in freshwater. In
addition, the concentration of Pb in the labile fractions
substantially decreased while that of the inert fractions
increased after the combined application of the
amendments [126]. The cooperative effect of phos-
phate rock and phosphoric acid was observed in
a study by Fayiga and Saha (2017), in which the TCLP-
Pb concentration was reduced to below the USEPA
TCLP-Pb regulatory level of 5 mg/I [134]. The combined
application of the phosphate rock and phosphoric acid
was able to reduce the TCLP-Pb concentration from
8.2-358 mg/l to 0.43-8.36 mg/l. A mixture of 2% ferric
oxyhydroxide powder and 2% lime caused a 28%
decrease of Pb concentration in the pore water com-
pared to 22% decrease when only 2% lime was applied



to one of the four shooting range soils, Eviemoen [23].
In contrast, a drastic increase of Pb concentration in
pore water by over 1000% was observed when a single
application of 2% ferric oxyhydroxide powder was
used. The mobilisation of Pb in pore water after single
addition of ferric oxyhydroxide is mainly attributed to
its acidic properties that led to a decrease in the soil pH
to a more acidic condition resulting in the dissolution
of Pb minerals. Hence, higher concentrations of Pb in
pore water observed at the Evjemoen shooting range.

4. Research pitfalls/shortfalls and future
perspectives

Most studies have concentrated more on the efficacies
of chemical amendments towards Pb stabilization or
immobilization and less on the long-term effects of
soil amendments to the ecosystem. Furthermore, most
studies have focused more on ex-situ effectiveness of
the chemical amendments towards Pb stabilization
than in-situ application of the chemical additives
[90,125,135]. Chemical amendments applied on-site to
shooting range soils indeed do transform Pb into more
stable Pb minerals. However, over time the stabilized Pb
minerals get subjected to the physical, chemical and
biochemical weathering processes such as wear and
tear, oxidation-reduction, acid-base reactions, associa-
tion-dissociation, sorption-desorption and precipita-
tion-dissolution [136,137]. As a result, the prolonged
stability of the transformed Pb minerals such as hydro-
cerussite [Pb3(COs3),(0OH),], cerussite (PbCO3), massicot
(PbO) and anglesite (PbSO,) has to be fully compre-
hended. The use of solubility diagrams have been help-
ful in elucidating the long-term solubility of these Pb
mineral phases, regrettably, these are only theoretical
and do not take into consideration the complex reac-
tions that take place in the soil system [9,138]. Scheckel
and Ryan (2002) have also shown through high-
resolution thermogravimetric analysis and crystal
dynamics that as the Pb minerals age, their relative
stabilities increase [138]. The changes in the soil physi-
cochemical properties such as soil pH, organic matter,
moisture and cation exchange capacity have to be well
understood [7,18,62,139]. The acidic soils and high
moisture content provide a favourable condition for
the dissolution of Pb minerals which may lead to the re-
mobilisation of Pb in the soil [62]. Shooting range soils
with high content of organic matter are likely to contain
high concentrations of humic and fulvic acids which
can form soluble complexes with Pb from the stable
Pb mineral at high pH ranges and thereby leaching out
Pb into soil solution [140]. It is also important to note
that the presence of co-contaminant cations such as
antimony (Sb), nickel (Ni), copper (Cu) and zinc (Zn) in
shooting range soil may replace Pb in the stable Pb
minerals such as Pb phosphate leading to the formation
of less stable crystalline structures. For example, the
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presence of Zn metal reduced the stability of Pb-
humic acid complex as Zn replaced Pb in the organo-
complex leading to the mobilisation of Pb in the soil
solution [141]. In contrast, immobilization of Pb by
fluoroapatite was enhanced by the presence of zinc
due to the increased ion-ion interaction potential dif-
ference between Pb and Zn. Remediation of Pb-
polluted soils using chemical amendments such as
lime (CaO or Ca(OH),), that have a direct influence on
the soil pH are susceptible to weathering actions which
can change the pH of the soil buffer and as such may
not be good candidates for the long-term Pb immobi-
lization. The soil pH is critical in the dissolution rates of
Pb minerals. The dissolution rates of Pb minerals should
be slowest when the soil solution pH is at the point at
which the net charge equals zero [98]. At lower pH,
there is an increase in the proton concentrations that
get sopped into the oxide surfaces and thereby polariz-
ing the metal-oxygen bonds and resulting into
a weakened bond on the underlying lattice [142].

A study by Stanforth et al. (2005) has shown that the
pH of the soil became more acidic after a one year of
wear and tear of the MgO immobilized Pb and these
resulted in the mobilization of Pb in the soil and an
increase in TCLP-Pb [136]. The study by Stanforth et al.
(2005) has demonstrated that soil acidification has the
potential to reverse sorption chemical reactions [136].
These findings were further supported by Kumpiene
et al. (2007), in which chemical amendment induced
low pH decreased the extent of adsorption of Pb by the
oxides and cations leading to dissolution of precipi-
tates and leaching of Pb [143]. Therefore, it should be
borne in mind that the application of amendments are
site-specific and that the physicochemical properties
of a shooting range should be taken into consideration
before chemical remediation.

The availability of government environmental pro-
tection guidelines and conservation policies on max-
imum contaminant limits (MCLs) help the range users
identify the best management practices (BMPs) for
remediation of Pb pollution of shooting range soils.
Organizations like the USEPA have outlined BMPs for
shooting ranges that give considerations to the site
physicochemical properties, land use of nearby envir-
onment, presence of nearby surface and underground
water sources and distance to sensitive receptors [144].
This approach helps to identify areas that present
potential environmental and human health risk from
Pb pollution for further investigation. It also assists in
targeting areas where the most needed natural
resources are at a higher risk of being contaminated
in order to establish priority for remediation and imple-
mentation of cost-effective measures.

Chemical amendment technique is not the only
mechanism that has been applied to shooting ranges
for the control and management of Pb pollution in
shooting range soils, other techniques such as
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phytoremediation [100,145,146], bioremediation [147],
physical [89], electro-dialytic [148] and hydrothermal
treatment [149]. Phytoremediation stabilize Pb in shoot-
ing range soils through a process called phytostabiliza-
tion in which plants uptake Pb and accumulate it in
their roots and in some case precipitation in the rhizo-
sphere can occur [146]. Physical remediation techni-
ques may involve replacing berm soils with sand
because sand traps low content of moisture, contains
low organic matter and high pH which are good attri-
butes to the slow transformation and low mobility of Pb
in shooting range soils [75]. In addition, electrodialytic
remediation methods have also been found to be effec-
tive in the control and management of Pb in shooting
range soils. In a study by Pedersen et al. (2018), applica-
tion of a 2-compartment electrodialytic cell made up of
NaNOs (0.01 M) as the catholyte, platinum-coated tita-
nium electrode (cathode) and titanium-coated mesh
(anode) was able to transport more than 30% of the
initial Pb content out of the soil [148]. A decrease in the
distance between the electrodes from 3.0 to 1.5 cm
improved transport of Pb by more than 200%. After
hydrothermal treatment under sub-critical conditions,
a decrease in the Pb bioavailability factor from 41.33%
t014.66% was observed [149].

It is noteworthy that for a successful remediation of
Pb-polluted shooting range soil, a number of important
steps must be taken and followed such as 1) technology
prescreening and treatability study scoping, 2) remedial
investigation of the contaminated site, 3) feasibility study
of prescreened remediation techniques, 4) determination
of best remediation method, 5) design and implementa-
tion of remediation practices and 6) evaluation of reme-
diation performance [150]. The initial step of technology
prescreening and treatability study scoping should be
carried out at the start of the soil remediation project
by searching the literature for some information on the
amendment technique to employ as well as consulting
profession experts in the field. In the second step, the
effectiveness of the prescreened amendment technique
towards Pb stabilization is tested ex-situ on soil samples
collected from the contaminated shooting range [151].
Once the selected remediation technique passes the
feasibility study and the performance goals have been
met, the implementation of the selected Pb-remediation
technique will be conducted after which the performance
of the amendment technique will be evaluated as the last
step. When followed properly, these steps generate
detailed information on the design, cost and perfor-
mance of the remediation method.

5. Conclusion

Shooting ranges have been of great concern for many
years as a source of Pb pollution being second to the
battery industry. A number of soil amendment and reme-
diation techniques have been suggested and applied

towards the control and management of Pb pollution in
soil. These amendment techniques exploit the chemical
reactions that can take place between Pb and the amend-
ment assisted by the physicochemical processes of the
shooting range soils such as physical interactions, chemi-
cal reactions, biological activities and electrochemical
processes. Amendment techniques may involve: 1) con-
tainment such as encapsulation and land filling, 2) extrac-
tion (soil washing and flushing), 3) immobilization
(stabilization, solidification and vitrification).
Immobilization by stabilization can further be divided
into chemical stabilization, phytostabilization and biost-
abilization. Chemical stabilization is the most common
form of soil remediation technique and is one of the
techniques recommended by the USEPA for the control
and management of Pb pollution in shooting range soils.
In addition, chemical remediation is an ideal in-situ
amendment technique since this method leaves the soil
intact and does not disturb and disrupt the soil micro-
organism community. It only exploits the soil physico-
chemical properties such as soil pH, organic matter,
cation exchange capacity, electrical conductivity and
soil texture. Furthermore, chemical remediation techni-
que being an in-situ process is a more cost-effective
technique than ex-situ remediation methods such as
land filling and soil washing. In overall, there is an infinite
list of waste materials that contain the reactive compo-
nent found in commercially available chemicals that can
work effectively to immobilize and stabilize Pb in shoot-
ing range soils. Materials such as 1) phosphate-containing
materials such as poultry waste, waste cow bone and
gypsum waste, 2) lime-containing waste such as egg
shells, oyster shells and mussel shells and 3) Iron-based
waste such as deferrisation sludge and red mud have
been found to be effective in stabilization of Pb in shoot-
ing range soils. Combining amendments has also been
found to have superior effect on Pb stabilization com-
pared to single application of amendments. Lastly, it is
again imperative to note that the suitability of a chemical
amendment technique is site-specific and that its effec-
tiveness is controlled by the shooting range physico-
chemical characteristics, time, amendment efficacy and
cost implications. As a result, the feasibility and treatabil-
ity studies are important in ascertaining the best reme-
diation technique to use prior to carrying out a full-scale
in-situ addition of amendment to polluted shooting
range soils.
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