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Abstract

Mechanochemical processing to immobilize heavy lmatacontaminated soils has been proposed
few years ago by our research group. The correspgreckperimental results have shown that, under
specific operating conditions, the mechanical epgrgpvided by suitable ball mills, can greatly
reduce heavy metals mobility without the additidnaay reactant. Such results, together with the
extreme simplicity of the proposed technique, dilk wery promising in view of its industrial
transposition. Along these lines, the use of sietaathematical models might represent a valuable
tool which would permit to design and control meahw@hemical reactors for field applications. In
this work, a simple albeit exhaustive model is jps®a for the first time to quantitatively descrihe
effects of the dynamics of milling process, such iagpact frequency and energy, on the
immobilization kinetics. Model results and expenita data obtained so far are successfully
compared in terms of leached heavy metals and iniratiion efficiency evolution with treatment
time. Finally, the potential capability of the mbde contribute to the industrial scale transpositof

the proposed technique is addressed.

Keywords. mechano-chemical treatment; heavy metals immolibtima soil remediation;

mathematical modelling; technology scale-up.
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1. Introduction

Heavy metals represent one of the most importaegosaes of soil pollutants resulting from anthiopi
activities such as, metal mining, electronic waksposal, metallurgy, smelting and refining, pedéc
usage, car shredding, gasoline processing, et&].[]As a result, there is currently the need of
economically sustainable technologies to remediatery metals contaminated soils without affecting
their relevant character. To this aim, heavy matataobilization techniques that minimize the use of
synthetic reactants or extreme operating conditisash as high temperature, are required. Along
these lines it was recently demonstrated that tleehamical treatment of different soils, within
specific ball milling devices, under proper opargtconditions and for suitably prolonged periods of
time, is capable of reducing heavy metals mobilitysoils thus minimizing their pollution potential
[3,4,7-11]. Such result was achieved by using semgll amounts of reactants, or even no reactants at
all, and thus determining only negligible changéthe chemical and structural properties of thé soi
[3,4,7-11]. These aspects are very interestingéf @lso considers that the unit cost of soil meghan
chemical treatment was recently estimated to babolit 76 Euro mand thus competitive with the
current best available technologies for soil-reragdn [1].

Typically, the mechano-chemical treatment consaftsproviding mechanical energy to the soil
particles entrapped between milling bodies thalidmlor shear each other because of the motion of
the device wherein they are contained. Dependingthen specific soil/reactant/pollutant system
considered, the energy supplied to the mixtureajgable to promote very different physico-chemical
transformations that in turn may result in the effee degradation or immobilization of a wide range
of organic and inorganic pollutants [3,10,19,11-18] particular, when focusing on heavy metals,
Mallampati et al. were capable to immobilize ab®8t100% of As, Cd, Cr and Pb in mica/fibrolite
soils by mixing it with Ca/CaO and treating theuléag mixture in a magnetic grinder for about 6h
[8,20]. A very high immobilization efficiency, i.€98-100 %, was achieved by the same research
group when treating Cs-contaminated soils with tasaissuch as Fe/Ca/Cao or NRE) through both
planetary and tumbling ball mills for 1-2 h [3].e&ntly, the possibility to use the mechano-cheimica

technique to reduce and immobilize Cr (VI) in seilas investigated by Yuan et al. [21]. In particula
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it was shown that the leaching concentration of (Zh could be reduced from 1iAgL™ to
0.51mgL™ by mixing the soil with calcium polysulfide and limig the resulting mixture in a
planetary mill for about 4h [21].

However, the most promising results were obtainebntinaro et al., who achieved immobilization
efficiencies close to 100% for a wide spectrum @ty metals in both synthetic and real
contaminated soils without adding any reactant avbihly grinding them through Spex or Attritor
mills [4,10,11,22]. These results have been regarghfirmed by Yuan et al., who were capable to
reduce the leachable heavy metals concentratidog ltke surface water regulatory thresholds of the
Chinese Ministry of Ecology and Environmentby tregta real contaminated soil within a planetary
ball mill without adding any reactant [23].Similasults were then obtained by Nenadati al., who
reported that Pb adsorption onto natural kaolirsteypical component of natural soils, was incrdase
by mechano-chemical treatment [24]. A further conéition of these results is provided by Chen et
al., who demonstrated the possibility to completelyppress heavy metal leaching from fly ashes
through ball milling [25].

Despite the relevance of these results, the phydtiemical phenomena leading to the increase of
heavy metal immobilization efficiency when grinditige soil are still not completely understood and
only some hypothesis have been so far formulatetbry them, one of the most realistic is that one
proposed by Montinaro et al. [4,10,11,22] and schterally depicted in Figure 1. Accordingly, during
the initial steps of the milling process soil pelds undergo breakage phenomena which lead to the
opening of fresh, highly reactive, surfaces chardztd by the presence of negative charges asith res
of the rupture of crystalline lattice. The positielearged heavy metals can thus effectively adsorb o
bound on these surfaces (cf. Figure 1a). This nrésimawould be “per se” capable of reducing heavy
metal leachability. However, when the process r$h&r prolonged, broken particles tend to form
aggregates due to electrostatic attraction or walttiing (cf. Figure 1b) as it may be seen from the
increase of mean particle size measurement andSHM analyses reported by Montinaro et al.
[4,10,11,22]. The further mechanical processingvpkes the consolidation of these aggregates

wherein heavy metals remains buried and thus paijssisubtracted to the leaching action.
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Figure 1. Evolution of mean particle size during grinding and possible phenomena leading to the

entrapment of heavy metals (re-elaborated from [4,10,11,22].

To further shed light on the mechanisms underlying increase of immobilization efficiency,
Montinaro et al. performed sequential extractioocpdures of treated and untreated soil [11]. The
goal was to verify whether the mechanical treatntett provoked a variation in the distribution of
heavy metals among the different soil componentge ®btained results showed that ball milling
treatment led to a dramatic reduction (about 100%)he exchangeable fraction of Pb. Even the
amount of metal bound to the carbonatic and rekifilaation of the soil was significantly reduced
after milling. Simultaneously, a dramatic increas¢he heavy metal bound to Fe/Mn oxides, ranging
from +200 to +450% depending upon the soil considewas observed. Therefore a sort of trans-
speciation of Pb, which preferably bound to thevifaixides fraction of the soil, was observed after
milling. In fact, due to the presence of unpairégtions on the newly formed surface, Fe/Mn oxides
are well known to be strong physical sorbents [ithwespect to heavy metals. As a consequence, the
leachability of the latter ones is strongly redudéidreover, according to the literature [26], thghh
energy milling of hematite (F®s) might provoke the formation of magnetite smaltroi and nano-
particles that are capable of effectively adsorlsiegeral heavy metals [27-29].

Finally, according to Montinaro et al., mechanorolel treatment turned out to be able of increasing

the amount of metal bound to organic matter [11lictvlis capable to chelate heavy metals by forming
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stable organometallic complexes at functional Oblgs. High energy milling of silica can trigger the
formation of highly reactive radicals that, in tugan react with organic compounds characterized by
long and branched structures such as humic acigsh Eactions would lead to the formation of
shorter structures and the corresponding increa§aHofunctional groups onto which heavy metals
can bind.

While the mechanisms above might all synergistcatintribute to the observed reduction of heavy
metals mobility in soils after mechanical treatmentis apparent that further research efforts are
needed to quantitatively and simultaneously take eccount the majority of chemical physical
phenomena which are responsible of the observeg/imeatal leachability decrease.

In view of better understanding the process, maétigad models could be very helpful. Moreover,
the availability of amodelling tool for the quaative interpretation of the observed experimental
results would be crucial to suitably scale-up thamed results and properly control, design and
optimize ball mills operating at the field scalertanediate real contaminated soils. However, to the
best of our knowledge, no mathematical models Haeen so far proposed in the literature to
quantitatively interpret mechano-chemically prondokeeavy metals immobilization in soils. For this
reason, a novel theoretical tool is proposed is thork to simulate the increase of heavy metals
immobilization efficiency with milling. The modekithen validated by comparison with literature

experimental data [4,10,11,22].

2. Materialsand methods

A brief description of the experimental procedutbaf is organized as shown in the scheme of Figure
2, is reported in what follows for the sake ofritia Meaning of the symbols is better explainedhe
modeling section of the manuscript. For a detailedcription of materials and methods adopted

during the experimental trials, the interested eeathould refer to the literature [4,9,10].

2.1 Synthetic soils preparation
High purity CaCQ, SiO,, bentonite, kaolin, BE®;, MnO,, and humic acid were mixed in order to
prepare sandy soils (SS), kaolinitic soils (SK) dmhtonitic soils (SB). In sandy soil, the main

components were SpJ78 %wt) and bentonite (20 %wt), respectively.kholinitic one, the main
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compounds were kaolin (60 %wt) and SiO2 (33.5 %wjspectively while the bentonitic soil
consisted mainly of bentonite (60 %wt) and S(B8.5 %wt), respectively. The exact amount of each

soil component, included the minor ones, used fflepg@ring synthetic soils is reported elsewhere.[10]
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Figure 2. Schematic view of the experimental activity.

2.2 Contamination procedure

Soil contamination was carried out in suitable Kby contacting known weights of each synthetic
soil, with a solution containing known concentrasof heavy metals, i.e. Pb, Cd and Zn. The flasks
were sealed and shaken for a period of time whasatidn allows equilibrium conditions to be
achieved, i.e. once a steady concentration of dhgidered heavy metal in the liquid phase. Thalsoli
concentrationy ¥, (mg/kg) of each heavy metdMe) transferred in the solid phase once equilibrium
conditions are reached, was then determined threugable mass balances as reported elsewhere [4].
The obtained contamination levels are summarizegdoh considered combination of soil and heavy
metals are summarizedin Table 1. It should be ntitat};),(mg/kg) represents the contamination

level of the soil subsequently subjected to thehaniral treatment.
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Table 1. Concentration q3,of heavy metalsin the synthetic soils

Metal Zn . Cd . Pb .
So (mg kg') (mg kg'") (mg kg')
SS 28’000 20’000 32'875
SB 10’000 20’000 107181
SK 17°000 24’000 107’857

2.3 Soil mechanical treatment

The contaminated samples were then mechanicabyedeby ball milling using a Spex Mixer/Mill
mod. 8000. In particular, 4 g of soil sample wasoduced inside the vial together with two staisles
steel balls of 8 g and 10 mm in diameter in ordeolttain a charge ratio (Cequal to 4 g/g. Once
sealed, the vial was fixed to the mill through atadle vice and milling trials for different time
intervals under air atmosphere were performed spues#ly, according to the procedure by Montinaro

et al. [4,10]

2.4 Post treatment leaching test for immobilization capacity evaluation

Unmilled and milled soils were then submitted te tlsynthetic precipitation leaching procedure
(SPLP)” to evaluate the degree of metal immobilrat(USEPA, 1996). The test consists of
contacting the soil with an acid mixture of sulpbinitric acid at pH equalto 4.2 + 0.05. A solid to
liquid weight ratio equal to 1:20 and a contactetiof 18 h was guaranteed. Samples were filtered and
the concentration of metals in the leachate wasraéted by ICP-OES. It should be noted that this
period of time (18 h) was observed to be sufficfentthe achievement of equilibrium conditions, i.e

a steady concentratidif (mg L) of heavy metal in solution.

3. Mathematical model

It was reported in the literature the that mechaniceatment of contaminated soils permitted the
immobilization of heavy metal in the solid phasasheducing their potential leaching when exposed
to action of liquids (cf. Figure 2a). As alreadgalissed in the introduction, several phenomena seem
to concur to such experimental evidence. Howedterreal occurrence of these phenomena has not so

far confirmed by a dedicated experimental activitgerefore, the only evidence so far experimentally

8
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validated is that the ball milling treatme®M), due to several phenomena taking place, is cagabl
trigger the transformation of soil-bound heavy ne(®le) from the state of “L = leachable” to the

state of “| = immobilized”, according to the follinng schematically represented reaction:
Me,L O™ - Me,l 1)

Thus, by indicating wit§"¢L(mg kg~') the leachable mass fraction of the generic metlwith
respect to the total mass of soil being processedn be stated that the mechanical treatmenslead
the progressive decreaseé&df®L. Such phenomenon is more pronounced as the tretitself is
prolonged in time. Analogously, by indicating witH¢! the immobilized fraction of the metal, it has
been experimentally proven that the ball millingattment determines its increase. It is also apparen
that, by indicating wity™¢(mg kg~1) the total mass fraction of the metal in the Saigspective of

its leachability state, the mechanical treatmemtsdwot determine its variation since the total nwdss
the metal within the milling chamber must be comwsdr Thereby, if we consider a generic processing

time equal ta, the following relationships hold true:
gMel(r) < gMet(0) andq¥e(r) = qM°(0) (2)

With that in mind, the macro-kinetic model proposgdDelogu et al. [30], can be used to simulate the
generic solid state transformations occurring i@ $oil during milling. This model is based on the
reasonable assumption that only a small fractiorthef soil is effectively processed during each
collision between milling bodies occurring withimet ball milling device, i.e. the soli mass entrappe
between the colliding milling bodies. Accordingbach collision between milling bodies is capable to
provoke a mechanical load able to trigger the amsid chemical-physical transformations only in a
relatively small massi* of the processed soil [31]. Therefore, by indiagtivith K = m* /m the ratio
between the latter mass and the total one availaitfen the milling device, it can be stated thiae t
mass of soil consists &f = 1/K masses whose probability to be involved in an &ffeccollision is
equal toK for each collision taking place. Thereby, the mglprocess could be assimilated to a series
of single events (collisions) where each of themm &grobability to involve or not involve the mass

m* equal to K and (1-K), respectively. As a consage the probability that a single mass element
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(among the N ones constituting the total masg)vslved in a numbej of effective collisions when a
total ofn collisions occurred in the milling device, candmsumed to follow a binomial distribution
[32]:

P = () K=K (3)

Since a typical ball milling process involves awhigh number of collisions, it can be reasonably
imposed that — c. Moreover, the number of impacts occurred aftepecific processing time can
be evaluated as the product between the collisiequencyf(h~1) and the timer, i.e. n = f 1, SO

that Equation (3) can be re-formulated as follows:

K)o D,

i i “

Pi(n) = lim (7) KI(1-K)m™/ =

which represents the Poisson distribution of prditgbwherek = K f. The symbok (h™1) thus
refers to a phenomenological constant linked todyreamics of milling conditions, i.e. explicitly to
the impact frequency but even, implicitly, to thalision energy and the ball to powder ratio.

By definition, the probability in Eq (4) is a goaebstimator of the mass fraction of soil which

undergoes to a number j of effective collision dgra mechanical treatment prolonged for a titne
Thus, the mass fracticfrj"’e'L (1) of leachable metals experiencing j effective sadiis after grinding

for a timet can be evaluatedas follows [32]:

(k T)] e—k‘r
Jj!

et () = gt (0) (5)

where&MeL(0)is the mass fraction of leachable metals contaimethe un-milled soil that, by
definition, has not experienced any effective san. It is noteworthy that, for a matter of mass
conservation, the sum of all the mass fractionslired in whatever number of effective collisions
must be equal to the mass fraction of leachablals@titially contained in the un-milled soil arttus

the following relationship holds true:

Z;‘C}w (@) = §Me(0) (6)

10
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Let us assume that at least a nunjhgt of effective collisions should be experienced g $oil for
the transformation of Eqg. (1) to occur. Therebyge tmass fraction of immobilized metal
YMel(T)obtained after a milling time can be evaluated by summing up all the mass frectiaving

experienced at leag},;,, collisions, that is:

preim =y el ©)

J=Imin
The latter one, by exploiting the property in E) @nd elaborating it by considering Eg. (5),

becomes:

(k T)’

Mel(\ — gMeL ()} _ Jmin MeL _ Mel l B Jmin l
prel@ = o) - ) Tt @ = et 1= ) e @

which permits to evaluate the evolution of the inbilized fraction of heavy metal as a function of th
processing time. On the other hand, the mass dractf leachable heavy metals, still present after
processing the soil during the time intervalkcan be evaluated as the difference between thal ini

content of leachable heavy metals and the amounbhbilized up to that time according to:

(k T)fl -
e”

MeL .\ — zMe,L Mel(.\ — zMeL Jmin
£1e(x) = EMO(0) = Ml (2) = 1L o) | ) T ®

Thereby, it is possible to define a transformatitegreey(t) related to the reaction schematically

represented in Eq. (1) that can be evaluated s\l

x(@) = ek 9

gret (o) — gt (@) Jmin (k 7)1
e 2

It should be noted that, in order to experimenta&laluate the transformation degree above, the
leachable fraction of the heavy metal content & gblid phasé”®! should be evaluated. However,
since the latter one cannot be directly measurethgluhe experiments, the following method has
been adopted to obtain model results in terms ahenetals concentrations in the leachate which can
be compared with experimental data. Let us considiee initial content of heavy
metalq™¢(0)(mg kg™1) in the soil irrespective of its leachability chaearc As mentioned above, this
quantity is not affected by the mechanical treatnfiena matter of mass conservation. For this reaso

when submitting the soil sample to the mechaniestment for a time, the total mass fraction of

11
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heavy metal does not change (cf. Figure 1),q%. = g™¢(0) = g™¢(z). On the other hand, as
discussed just above, its leachabililty state sngled as a result of the treatment and §#ig (7) <
&EMel(0). Now let us focus on the leaching procedure paréar with a generic sample (cf. Figure 1).
Since, during such procedure a specific amounteafvin metals is transferred from the soil to the
liquid phase, by considering the control volumehlighted with a dotted line in Figure 2, the

following macroscopic mass balance holds true:

[ac" (@) — af*(D]esVs = [¢}'* () - ¢ @]V, (10)
where the subscripts “0” and “f” refer to the beagimg and the end of the leaching procedure,
respectively. Thereforegl!®(t) = ¢M¢(0) = ¢™¢(r) is the total metal content of metal in the soil
milled for a timer at the beginning of the leaching test while thmisgl q}"’e(r) refers to the same
guantity evaluated at the end of this procedureshtiuld be remarked, that in this case the value
of q}”e is lower thamg}!¢(t) due to the transfer of a certain aliquot of metal,the leachable fraction,
to the liquid phase. Accordingly, the heavy metahaentration in the liquid solution obtained by
leaching the soil sample grinded for the timeasses from the initial valug’® () to the higher value
CfMe(r) at the end of the leaching procedure. Typicahg, tmetal concentration in the fresh leaching
solution is experimentally imposed to be equalemzand thug}’¢(z) = 0.

Moreover, the differenclyq’®(t) — q5'¢ ()] appearing in the left hand side of Eq. (10) regmes by
definition the so-called leachable fractigfiet(7) of heavy metal in the soil treated for a period of
time t. Thereby equationl () can be re-written as:

gHel () = %c}”em = a M) an

wherea is a constant conceptually similar to the inversthe so-called partition coefficient of heavy
metal. Since the concentration in the liquid pf@}gé(r)is measured at the end of the leaching test,
Eq. (11) allows one to evaluate the leachableifraaif heavy metal in the soil. Similar considevas

might be done for the leachable fraction of the iliechsoil, which can be then evaluated as:

gMel(0) = a C}'°(0) (12)

12
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Thus, by substituting Egs. (11) and (12) into E), the following expression can be obtained to

simulate the evolution of leached concentraﬂ‘%(r) as a function of the milling time:

Jmin (k ’l')]

+..

2
(kzr) e kT (13)

CH'(t) = ¢/'°(0) lz le"” = C/"°(0) l1 +kt+

Since the concentration of heavy metal at the ehdhe leaching procedure is experimentally
evaluated, Eg. (13) permits the comparison of madelexperimental results. By exploiting the same

relationships, Eq. (9) can be expressed in thevatlg form:

Me _ rMe min j
v =L Q-G @ gl

cFe(0) T 4

which is useful to compare experimental and moe&llts in terms of(7) vst by suitably tuning the
parameter k. Finally, the quantity called immolatinn efficiency introduced by Montinaro et al.,[4]

can be evaluated as follows:

cMe (), >
f l
o= (1-—=L 2" 100 (15)
Mimm < qe(t)Vsos

Ultimately, once the parametétsand/,,,;,are known, the model permits to simulate the expental

results as function of the milling tinre

However, much more than the process time itsedf,dtucial variable affecting the phenomenology
and the yield of a mechano-chemical process isdia mechanical energy provided to the unit mass
of soil during a certain processing timeln fact, a specific transformation can take platdifferent
times depending on the rate at which energy isigeavto the soil during milling. As a consequence,
modulation and control of energy parameters areialin view of achieving high immobilization
yields within a specific processing time. For this reason, it can be useful to express the
transformation degreg as a function of the energy provided to the sanmapla certain time, by
considering the dependence of the paranietesm the energy ones. To this aim, the quantiteted
milling intensity! (J hr~1) and specific energy doge(J mg~1) can be introduced. The first one
represents the rate at which energy is providdgtiécsoil, i.e. the kinetic energy per unit time,ievh

according to the literature can be evaluated devisl [33]:

13



Preprints | NOT PEER REVIEWED | Posted: 13 January 2020

Peer reviewed version available at Journal of Hazardous Materials, doi.org/10.1016/j.jhazmat.2019.121731
_ 2
I=<f ) myvp; (16)

wheren,, (/) is the number of milling bodies (balls) in the gystf(hr~1) is their impact frequency,
my,;(g) their mass and,, ;(m s~1) their relative impact velocity.

The specific energy dose is the total amount ofhaeital energy provided to the unit mass of soil

after a certain time and according to the literature can be evaluatddlbws:

np
It 1frt
D=t =L (17)
m, 2 mpys
i=1

wherem, (g) is the mass of powders (soil) being processedll the milling bodies have the same

massm,;, and the impact velocity is assumed to reach atanns/alue(vb,i = vb) when the milling

regime achieves steady state [9,34], then thenyiliose can be re-written as:

1 nymy

2 1 2
DZE mp fvbTZECrfvbT (18)

where the terng€.(/) is the so-called charge ratio, i.e. the ratio leetwthe mass of milling bodies and

the mass of soil being processed. Therefore, bpsng:

1
k=k'5CofvE (19)

and substituting in Equations (13) and (14), tHie¥ing expressions can be obtained:

C;Vle(D) — C;We(()) lzjmln (k D)]l o ' (20)
o N\VUmn(K'DY )
x(D)=1 ijo e (21)

which represent for the first time a suitable tmofuantitatively describe the evolution of heawgtah
immobilization in contaminated soil as a functidntlte cumulative energy dose provided during the
mechanical treatment. It should be noted thahallEquations above can be used only if the quesititi
C,, f andv, are known. While the charge ratio was experimentatiposed, the values ¢gfandv,

were evaluated through the mathematical model ®fSpex Mill dynamics proposed in the literature

14
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[9]. The corresponding values, reported in Tablenv2re then used in this work to perform the

simulations.

Table 2 Values of the dynamics parameter s adopted to simulate the experimental results.

Par ameter Symbol Value Units Reference
Charge Ratio C, 4 / Experimentally set
Impact velocity vp 4.169 ms1 [34]

Impact frequency f 142 Hz [34]

The calculations were performed as follows. Firsiasformation degree vs milling time data were
translated into transformation degree vs dose bgrtmg Eq. (18) both for experimental and model
results. Subsequently, model results were fittemrsg the experimental ones by suitably tuning the

value of the parameter k’ so that to minimize thgidual sum of squares (RSS) defined as
" ex 2

RSS = > [("(0) — (D) (25)
i=1

The results were then compared in terms of leacbhadentration and immobilization efficiency.
4. Resultsand discussion

The effect of high-energy mechanical treatmentpexSMixer Mills on the immobilization of heavy
metals in contaminated soils has been quantitgtsietulated in this work. In order to validate mbde
reliability, simulation results have been compandtt literature experimental data [4,9,10] regagdin
the immobilization of Cd, Pb and Zn in sandy (SB@ntonitic (SB) and kaolinitic soils (KS),

respectively.

In Figure 3 the comparison of experimental data awodlel results related to the immobilization of
these metals in sandy soil (SS) is shown. Modedslt® were obtained by tuning the paramétdo

the optimal fitting values shown in Table 1. Agdn be seen from Figure 3a, the evolution of Cd and
Zn transformation degreewith the cumulated energy dose is well capturedsétting/,,;, = 1.
However, when considering the effect of the meatanreatment on the immobilization of Pb, the

experimental results were better interpreted wletting/,,;, = 2, i.e. the case where two collisions
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are required to trigger all the phenomena resptnsibthe corresponding immobilization increase.

This result explains the difference between thensigal trend of model results related to Pb and the
exponential one concerning Cd and Zn transformategree. From a physico-chemical point of view,

this behavior can be explained by the fact thafemdintly from Cd and Zn, the adsorbed Pb is

subjected to phenomena triggered by the mechanoichkeprocesses which are characterized by a
slower kinetics at the early stages of the prockssordingly, a certain lag time is required toieite

the Pb immobilization process in SS.
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Figure 3. Comparison of experimental data (symbols) by [4,9,10]and model results (lines) obtained with

the sandy soils (SS) in terms of transfor mation degree vs energy dose (a) and heavy metal concentration

in leachate or immobilization efficiency as function of the milling time for Cd (b), Zn (c) and Pb (d).

In the Figures from 3b to 3d, the model resultsiteal to Cd, Zn and Pb are compared with the
experimental ones in terms of heavy metals conagoir released in the leachate and immobilization

efficiency obtained after treating the SS soil fiifferent timest. It can be observed that the
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concentration of all heavy metals leached fromssdécreases as the mechanical treatment proceeds.
Consequently, the related immobilization efficiermyrespondingly increases. The net effect is that
the contaminant potential of treated soils is dcally reduced. However, some differences among the
considered heavy metals can be detected. In plntideb (cf. Fig.3d) seems to be the most sensitive
to the mechanical action since immobilization éffitcy increases from 61% in absence of treatment
to 95% when the soil is treated for 5 h with a gearatio equal to 4. On the other hand, Cd and Zn
immobilization correspondingly show a less pronathaugmentation which goes from the initial

value of 89.37% and 91.3 % respectively, to thalfome of 98.33 and 99.7% respectively.

Table 2. Model parameter s values obtained by fitting the experimental data reported in Figure 3, 4 and 5

Metal Cd Pb
Soil k() Jmin (/) k() Jmin (/) k() Jmin (/)
SS 5,45 x 107 1 3,44 x 16 1 5,50 x 16 2
SB 1,90 x 10 1 7,55 x 16 1 2,46 x 16 1
SK 5,87 x 10 1 1,30 x 16 1 2,60 x 16 2

Thus, even if the mechanical treatment allowedlamst total immobilization of Cd and Zn, it could
be argued that this result is somehow linked tanthesically high capability of the SS soil toptare
these metals in the solid phase even in absencedhanical treatment, i.e. when the milling time is
zero. However, the effect of mechanical treatmentmiore pronounced for Pb whose leaching
concentration dramatically decreases from 596 tong0OL " after 5 hours of treatment. As it can be
seen, such behavior, that further marks the diffeeof Pb with respect to the other metals
investigatd, is well captured by the proposed motiels demonstrating its validity. A quantitative
measure of the reliability of the model is giventhg average relative errors of the fitting progedu
that were equal to 6.22%, 6.38% and 6.31% for Zhad Pb respectively.

To further validate the model, the experimentalultssobtained by treating different soils were
considered. Figure4 shows the relevant resultsegetiwith the bentonitic soil SB, which consisted
mainly of bentonite (60%wt) and a lesser extent§33 of silica (SiQ) with respect to SS soil. As it
can be seen, even in this case the mechanicangaaivas capable to increase the immobilization of

all concerned metals in the solid phase by reduttieg leachable fraction. The best fitting valwés
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the empirical parametéf for each metal are also shown in Table 2. It camli®erved that, in this
case the experimental data were better interpreyedetting/,,;, = 1 even for Pb. Since the only
difference with the sandy soil SS consisted inléss amount of silica and the presence of bentonite
the difference in the immobilization kinetics mighg due to a relatively faster adsorption of heavy

metals onto disrupted bentonite particles rathan #ilica ones.
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Figure 4. Comparison of literature experimental data (symbols) [4,9,10]and model results (lines) obtained
with bentonitic soils (SB) in terms of transfor mation degree Vs energy dose (a) and metal concentration in

leachate or immobilization efficiency asfunction of milling time for Cd (b), Zn (c) and Pb (d).

From Figure 4 it could be seen that the most deasitetal was Cd since the supply of an energy dose
of about 40 Jmdwas enough to achieve analmost complete immotidiza99.75%) in the solid
phase and the corresponding abatement of the l¢acmeentration (0.47 mg™). These results are
much more significant if one considers that therisic immobilization efficiency of SB soil was not

particularly high for Cd (79.6%) and the concentrareleased in the leachate in absence of treatmen
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was about 40 mg't As it can be observed the experimental resuéisaaall interpreted for all heavy
metals also for the case of SB soil. Only when wawgg Pb (cf. Figure 4d) the agreement between
model and experiments was slightly worse than the obtained for Cd and Zn. However, the
experimental data are enough well captured by tbpgsed model. In fact the average relative errors
of the fitting procedure were equal to 12%, 4% &8% for Zn, Cd and Pb respectively.

Results obtained with the kaolintic soil SK arewhan Figure 5. Even in this case the tuned vabies
the empirical constarit are shown in Table 2. By analyzing the latter dnean be extrapolated that
the evolutionof Cd and Zn degree of transformatiotin the energy dose (cf. Figure 5a) were well
captured by using,;, = 1 while the behavior of Pb was better interpretedugh the sigmoidal trend

obtained by setting,;, = 2.
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Figure 5. Comparison of literature [4,9,10]experimental data (symbols) and model results (lines) obtained
with kaolinitic soils (SK) in terms of degree of transformation vs energy dose (a) and metal concentration

in leachate or immobilization efficiency asfunction of milling timefor Cd (b), Zn (c) and Pb (d).
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As it can be seen from Figure 5d, Pb was the nhesal responsive to the mechanical treatment also
for such a soil. In fact its immobilization efficiey, starting from values of about 74% after 5 kafr
treatment achieves an immobilization efficiencyoafy 85% which results in the release of still high
concentration of Pb in the leachate (about 700 g This aspect further confirms the singularity of
the response of Pb to the mechanical treatmentth®rcontrary, Cd was the most sensitive to the
mechanical treatment even for SK soil because nisiabilization efficiency increased from an
intrinsic value of about 75 % to about 99.9% afteShr prolonged treatment. Accordingly, its
concentration released in the leachate was alneagigible.

As far as Zn is concerned, a good immobilizatioficieincy, i.e. close to 97%, was achieved after
milling the SK soil for 5 hours (cf. Figure 5c)t dan be observed that the experimental results are
well fitted by the proposed model also for the caB&K soil. In particular, the best and the worst
agreement was obtained for Cd and Zn, respectigéige the experimental data related to the latter
one shows a sort of plateau at degree of transt@maalues of about 0.8 (cf. Figure 5a) that is
difficult to interpret through the proposed modebr the case of Pb the capability of model to
interpret experimental data was instead quite gblitimately, also in the case of SK soil the model
turned out to be reliable since the average reaivors of the fitting procedure were equal to 18%
3.7% and 14.4% for Zn, Cd and Pb, respectively.

It should be noted that the results so far disclisgere obtained by suitably tuning the values ef th
empirical parametet’ reported in Table 2. Therefore, to evaluate thedigtive capability of the
proposed model further experimental data, obtalmedarying different operating conditions, were
interpreted by keeping fixed the valuésbtained so far, i.e. without tuning any model pagter. To
this aim, the effect of prolonging milling time tg 7h on the immobilization of Pb in SS soil is &io

in Figure 6.
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Figure 6. Effect of prolonged (up to 7h) milling time on Pb immobilization in sandy soil (SS) displayed in
terms of degree of transformation vs energy dose (a) and heavy metal concentration/immobilization
efficiency in leachate vs milling time (b). Model predictions are obtained without tuning model

parameters.

As it can be seen, an almost total immobilizati®f.7%) of Pb was achieved after 7 hours and
correspondingly the leached Pb was dramaticallyaed to concentration values (0.06 md) that

are lower than the USEPA threshold for drinkabléewa=rom Figure 6, it can be seen that the model
well predicts the experimental behavior for proledgmilling times without tuning any model
parameter. This further confirms that the sigmoifiamulation, i.e.j,,;, =2, instead of the
exponential one, i.¢,,;, = 1, is capable to quantitatively capture the expeniaeresults for the case

of Pb immobilization in SS soils.

To further test the model predictive capability teperimental results obtained by changing the
milling dynamics regimes were considered. In palég the effects of setting the chargeratio (df ba
to powder weight ratio),- equal to 6 for the immobilization of Pb in bentaniand sandy soil are
shown in Figures7a and 7b, respectively. For tlhe s& manuscript brevity, results are shown only in
terms of degree of transformation vs energy dosk laachate concentration vs milling time. By
comparing these results with those ones obtainied ascharge ratio equal to 4 it can be observat th
the increase aof, did not result in a significant reduction of thellimg time needed to achieve a

released concentration of about 100 fhghd conversion of about 0.75 for both SB and SS.
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Figure 7. Comparison of model predictions and literature experimental data from [5] related to the effect

of milling time on the immobilization of Pb in bentonitic (a) and sandy (b) soilswhen C, = 6.

The increase of,. from 4 to 6 was likely not sufficient to producelavant effects on the
immobilization efficiency. The experimental behavi® enough well predicted by the model without
tuning any model parameter up to 3 hours. On therdiand, the effect mechanical treatment with C
= 6 is slightly overestimated by the model forlimg times of about 5 hours. However, the general
trend of immobilization evolution is quite well daped, thus demonstrating the proposed model
reliability.

It should be noted that the results so far disalbsee been obtained by treating soils contaminated
by heavy metal concentrations (cf. Table 1) thatrauch higher than those ones typically found in
real contaminated soils. For this reason, furtlxeeaments were performed by Montinaro et al. using
soils contaminated by heavy metals concentratiogldeclose to the typical ones of field contamidate
soils [4,9,10]. The comparison between model resaitd experimental data obtained under these

conditions is shown in Figure 8.
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Figure 8. Comparison of model predictions and literature experimental data [4,9,10] related to the
immobilization of Zn in kaolinitic soil (a) Cd in bentonitic soil (b) and Pb in sandy soil, respectively,
contaminated by concentration levels of heavy metals typical of real polluted soils. Parity plot is reported

in Figure 8d.

In particular, the experimental results obtainedrigchanically treating for 7 hours a kaolintic 8K
contaminated by 76.3 mg k@f Cd are depicted in Figure 8a. Figure 8b shdwsésults achieved by
performing the same treatment on bentonitic soilcBBtaminated by 1175 mg kgf Zn. Finally, in
Figure 8c the case of sandy soil SS contaminateshtys mg ki of Pb is taken into account. As it
can be seen the results show that leached contentrs dramatically reduced for each considered
combination of soil and metal. In particular, afteprolonged treatment of 7 hours, the concentratio
of heavy metals in the leaching solutions weregreament with the regulatory threshold proposed by
USEPA (USEPA, 1996) for drinkable water. On theeothand, it can be observed that 3 hours are
sufficient to achieve a drastic abatement of heagtal mobility even in this case. These results
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demonstrate the possibility of applying the proplosgechano-chemical technique even at the real
scale. Moreover, Figures from 8a-c also demonstretecapability of the model to well predict the
experimental data without tuning any model parameten when considering contamination levels
similar to those ones observed in the field. Findfigure 8d shows a graphic summary of the model
performance in predicting experimental data obthineder the very different operating conditions
considered above and for the three metals takeractount with or without tuning its parameters. As
it can be observed, the proposed model is chaizeteby a high degree of reliability.

Since the model parameteris strongly linked to the milling device dynamitss apparent how the
proposed model could be used to establish operatinglitions such as ball to powder ratio, mill
frequency and milling time that allows to achieve tdesired immobilization efficiency for the

specific soil/pollutant system considered.

5. Concluding remarks

A semi-empirical mathematical model for the simiglatof the effect of mechanical treatment on
heavy metal immobilization in contaminated soil bagn proposed for the first time in the literature
The model is capable to provide a clear relatigndietween heavy metals concentration in the
leachate and milling dynamics. By comparing modslits with literature experimental data obtained
under different operating conditions a good matghsachieved for different combinations of heavy
metals and soil typologies. The model might thysasent the first step towards the development of a
software tool useful to optimize the implementatainthe mechano-chemical treatment at the field

scale.
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