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ABSTRACT:
PhosphateisaveryimportantnaturalresourceinMoroccoandoneofthesecondaryresourcesofrareearthelements.Ours
tudyisparticularlyinterestedinYoussoufiaphosphate,whichcontains228.77 ppmofi-areearthelements (X REEs). Thepu
rposeofourworkistostudytheinfluenceofdifferentparameters(acidconcentration,solid/liquidratioandtemperature)i
nordertodeterminetheoptimalconditionsfortheleachingofrareearths. Anexperimentaldesign(Doehlertmatrix)hasbe
endrawnuptooptimizetheexperimentalconditionsoftheleaching.Alltestsweremadewithnitricacidatdifferentconcent
rationsvaryingbetween1.5Mand4.5Mwithasolid/liquidratioof1/12to1/6;reactiontemperatureanddurationarerespe
ctively20°Cto80°Cand60min.Theoptimalconditionsareobtainedwhenusing69°Castemperature,4.1Masacidconce
ntrationand1/9assolid/liquidratio.
Keywords:doehlertexperimentaldesign,acidleaching,optimization,phosphaterock,rareearth

I. INTRODUCTION

Theearth'scrustcontainsasignificantnumberofphosphatedepositsofigneousandsedimentaryorigins(Loheta
1.,2016).Morocco,withitssignificantshareofworldphosphatestock, isleadingexportationofphosphateanditsderivative
s.Thecountry'sglobalmarketshareisover30%(Hakkou,Benzaazoua,&Bussiére,2016).Moroccanphosphatesarethem
ostimportantbothinquantityandquality;thesearelocatedintheGantour(Y oussoufiaandBenguérir),Messkala(Chicha
oua),OuedEddahab(Boucrad)andOuledAbdoun(Khouribga)deposits(Bilali,Benchanaa,Outzourhit,&Mokhlisse,2
009).Sedimentarydepositsofnaturalphosphatesaremainlycomposedofapatiteofthegeneralformula:M10(Z04)6X2
withM=Ca,Sr,REE...;Z=P,As,Si,...;X=F,OH,CI....... (Pereira,2003).Insomecarbonates,apatitemineralscontainmost
oftherareearthselements(REE),fluorineandstrontium. Fluorapatiteisthemostcommonphosphorusmineralandisalwa
ysenrichedwithlightrareearths.Rareearthdepositsoccurinawidevarietyofigneous,sedimentaryandmetamorphicrock
s(Koltun,&Tharumarajah,2014).L iteraturereportsthatthephosphatematrix,xenotimeandmonazitemineralscontainr
areearthsthatareextractedbyacidorbasicleaching(Pereira,2012).Severalstudieshavebeenfocusedontheuseofdifferen
tacidsfortheextractionofrareearthsfromvariousoresincludingphosphates(Zhang,2014;Soltanietal.,2019).Recently,s
everalstudieshavebeencarriedoutontherecoveryofrareearthsfromsecondarysources,suchasnaturalphosphates,conta
iningminutequantitiesofrareearths;amongthesestudies,wecitethatofWuetal.(2019)whichfocusesontheoptimization
ofrareearthleaching,intheformofmixedoxides,fromY oussoufianaturalMoroccanphosphate. Theobservationoftheeff
ectsofallvariables:acidnitricconcentration,temperatureandsolid/liquidratiocodedrespectivelyX1,X2andX3andtheir
interactionsareofparamountimportancetounderstandtheacidleachingprocess. Theexperimentaldesignhasbeenusedt
ocontrolthedifferentfactorsthatinfluencetheleachingprocesstooptimizetheexperimentalconditions. Theadvantageof
thismethodistoreducethenumberofexperimentsthatstudytheinteractionsbetweenthechosenfactors
SaidK.A.M,&AminM.A.M,2016).InNemrodsoftwarethecomplete33factorialdesignisasimpleandimportantstatistic
altool.InfluencingfactorsareoptimizedusingtheSurfaceofResponsemethodandmulti-
criteriaoptimizationwithDoehlertdesignanddesirabilityfunction(Pereira,2012;SaidK.A.M,&AminM.A.M,2016).

I1. EXPERIMENTAL
2.1Materials
TheexperimentalstudyisbasedonphosphatethatwasprovidedbyCERPHOS(Centerforstudiesandresearcho
nphosphatesofOCPgroup). TheusedphosphateisfromtheY oussoufiadeposit(GantourBasin). Thisphosphateisapatiti
c.Fluorapatite(Cal0(PO4)6F2)isthemoststablecompoundofnaturalphosphate. Thegeneralpropertiesofthisoreandth
estructureofthefluorapatitehavebeendescribedinpreviousworks(Bilali,Benchanaa,Outzourhit& Mokhlisse,2009;M
Amine,Asafar,Bilali&Nadifiyine,2019).

2.2ExperimentalDeviceandMethod
2.2.1ExperimentalPart
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Thehomogeneityofthematerialanditsparticlessizeisanimportantparameterthatshouldbewellcontrolled.For
this,weworkedwithparticlesize<80um.Inthisstudyofnitricleaching, weusedhomogeneoussamplesfromY oussoufia
naturalphosphatesofOCP.Theobjectiveoftheleachingmanipulationsistostudytheinfluenceofcertainparameters(acid
concentration,solid/liquidratioandtemperature)inordertodefinetheiroptimalvaluesallowingthemaximumdissolutio
nofrareearths.Fortheacidleachingexperiments,solidphosphateandacidmixturewaspreparedina250miErlenmeyerfl
askandheatedonatemperature-
controlledhotplate. Thetestsweremadewithnitricacidconcentrationsvaryingbetween1.5mol/Land4.5mol/Lwithasol
id/liquidratioof1/12to1/6.Thereactiontemperaturevaluesarebetween20°Cand80°Cwhilethedurationofthereactiona
ndAgitatorspeedarefixedat6Ominand500rpmrespectively. TheTable1lpresentsthelistofallthefactorsadoptedbyourst
udythatinfluencenitricleaching.

Factop D)
_— HMNO:(molL) Temperature(~C) Fatio5 L
-1 13 20 1112
Level?
] 3 30 18
Level3
+1 435 bl 1’6

Tablel.ExperimentaldomainfortheDoehlertdesign

2.2.2DesignofExperiments Theresponsesurfacemethodology(RSM)wasusedtooptimizeoperatingconditionsallowin
gmaximumdissolutionoftherareearths(Liu,&Wang,2007).Thethreefactorsinfluencingthisdissolution(acidconcentr
ation,temperatureandsolid/liquidratio)arecodedrespectively(X1,X2,andX3)andtheresponserepresentedbytheconce
ntrationofrareearthsinppmis(Y).Weworkedwiththreefactorsthatcorrespondto17testsperformedincludingfivetocalc
ulateboththeerrorvarianceandthereproducibilityofthetestdata. Apolynomialmodelofseconddegreewasused. Themo
delcanbewrittenas:
Y=b0+b1*X1+b2*X2+b3*X3+b1-1*(X1*X1)
+02-2*(X2*X2)+h3-3*(X3*X3)+b1-2*(X1*X2)+b1l- (Eq.1)
3*(X1*X3)+h2-3*(X2*X3).
Y:studiedanswer;Xi:investigatedfactor (ivariesfrom1to3);b0:aconstant;bi:maineffectoffactori. Theexperimentalde
signwasdevelopedusingNemrodsoftware(NewEfficientMethodologyforResearchusingOptimalDesign)(Mathieu,
Mony,&PhanTanLuu,2000).TheexperimentalDoehlertdesignwasrandomizedtominimizetheeffectsofuncontrolledf
actors.
2.3AnalysisandCharacterizationTechniques
CrudephosphatesampleswerecharacterizedbyX-
raydiffraction,scanningelectronmicroscopy(SEM)andinductivelycoupledplasmamassspectrometry(ICP-
AES),whilenitricleachingsolutionswereanalyzedbyl CP-AESonly.

I11. RESULTS AND DISCUSSION
3.1AnalysisandCharacterizationofRockPhosphate
3.1.1InductivelyCoupledPlasmaAtomicEmissionSpectroscopy(ICP-
AES)REEscontentsofphosphatearegivenintable2(M.Amine,Asafa,Bilali,&Nadifiyine,2019). Abundantelementsar
e:Yttrium(143ppm),Lanthanum(24.06ppm)andNeodymium(17.52ppm).Allphosphateorescontainvaryingamounts
ofrareearths;table3showsthecontentsoftypicalREEs,uraniumandthoriumcontainedinthe oussoufiaphosphateore(
Rollat,2016).
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Element ppm
YLaCe 143
PENAS 2406
mEuG 13
dTbDwy 3626
HoET 17.52
mYbL 3681
wwRE 1008
E 3.143
0.8387
3672
1303
4315
06205
42
0.7843
22877

Table2.RareearthsContentsinY oussoufiarockphosphate
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Table3.Uranium,thoriumandrareearthscontentsinY oussoufiarockphosphate(Rollat,2016).

3.1.2X-rayDiffractionCharacterization(XRD)

Y oussoufiaphosphatehasbeencharacterizedbyXraydiffraction. Themajorityofthediffractionlinesobservedareattribu
tedtotheapatiticphase(Figurel).Othersecondaryphasesarealsopresentandattributedtoquartz,calciteanddolomite(Ao
uad,Benchanaa,Mokhlisse,&0Ounas,2004; Aouad,Benchanaa,Mokhlisse, &Arafan,2002).
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Figurel.X-raydiffractionpatternoftherawphosphate

3.1.3ScanningElectronMicroscopy(SEM)anddispersiveX-RayEnergy(EDX)
Theobservationbyascanningelectronmicroscope(Figure2-a)coupledwithdispersiveX-
rayenergyanalysis(Table4)showsthatY oussoufiaphosphaterockbeforeattackwithnitricacidconsistsessentiallyofirre
gularlyshapedphosphateparticlesandsometimesrounded. Thisvarietyofparticlesisexplained,inadditiontoapatite,byt
hepresenceofbonedebris,organicdebrisaswellasquartzgrains.Wecanobserve,aftertreatment(figure2-
b),thatthemajorityoftheparticleshavedisappeared.thesurfaceofthematerialthusobtainedexhibitsacertainhomogenei
tywhileshowingporesandcracks.Scanningelectronmicroscopyanalysesallowedustoobservethesamecrystallinecom
poundsasthoseidentifiedbyX-raydiffraction(M.Amine,Asafar,Bilali,&Nadifiyine,2019).

Figure2.Morphologicalobservationsofthenaturalphosphatesurfacebefore(a)andafter(b)treatment.
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Element Beforetreatement Aftertreatement
1lum 10um
wt.% At wt. %o At
a 1286 2090 2.903 563
o 4186 51.07 5.143 5131
= 5359 574 BEO. 4.530.
Na 1.38 117 T2 73-
Y 046 020 0420 0.400.
Mg 0.76 061 100. 090.09
Al 086 0.62 1131 2.050.
Si 217 1.51 §0.19 14-
= 10.03 6.32 - 1252
P 133 0.75 2217
0.11 0.05
Ca 22407 11.19
vV 0.09 0.03 " e
Ee 0.1 0.04 fa L

Tabled4.ChemicalcompositionofY oussoufianaturalphosphate

3.2AnalysisofYResponse
AnalysisofYresponsesfromtheresultslistedintable6letstoseethattheREEsconcentrationvariesbetween72.9ppm(exp
erience8)and202.5ppm(experience3).Theestimationofcoefficients(bi)ofthepostulatedmodel(Eqg.1)wasdetermined
bytheleast-
squaresmethodusingNemrodsoftware.Maineffectsoffactors(bi)wereperformedfromstatisticaltestsonthecoefficient
s.Themathematicalmodelwasvalidatedbyverifyingthecorrelationcoefficient(R?)(Bagaoui, Yaacoubi,&Dahbietal.,2
001).WhenR2valuesareclosetolthemodeloffersanappropriateexplanationofthevariabilityofexperimentaltopredicte
dvalues(Boujounouietal.,2018).Thedifferencebetweenthesetwotypesofvalueswasexplainedbythemodel. Tocalcula
tetheproportionofthetotalobservedvariability,anadjusteddeterminationcoefficient(R2Adj)wasemployed. Aftervalid
ation,andtographicallyillustratethesurfacesresponse, differentmodelswereused.
3.2.1StudyoftheEstimatesandStatisticsoftheCoefficients
Fromtable7,wecanseethatallofthefactorsareinvolvedindifferentinteractions.Usingvaluesofthesefactors,the Eq.1bec
omes:

-6.7875(X1*X3)-61.9555(X2*X3)

Thecorrelationbetweenthetheoreticalandexperimentalresponseswassatisfactory: R2:0.91andR2Adj:O.80.

3.2.2Three-Dimensional (3D)ResponseSurfaceandlso-ResponseCurves(2D)
3Dand2Dresponsesurfaceplotswereusedtovisualizetherelationshipbetweentheresponses(Y),theexperimentallevels
ofeachvariableandthetypeofinteractionsbhetweenvariablestodeducetheoperatingconditionsleadingtothe optimalresp
onse. TheTable6showsthatthehighestresponse(202.500ppm)wasachievedwiththegreatestlevelsofHNO3(X1)andT
emperature(X2).

3.2.3FactorialDesign,ExperimentalConditionsandExperimentalResults Y (REE)
Toestimatethecoefficientsofthemodel,DoehlertdesignwasappliedusingNemrodsoftware. Thisdesignpermitstorepre
senttheresponsesstudiedinallexperimentaldomainsofthethreefactorsHNO3concentration,temperatureandsolid/liqu
idratio.DoehlertexperimentaldesignandcorrespondingexperimentalconditionsaregiveninTable5).
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N°Exp DesignofExperiment Operatingconditions
X o HNO: Temperatr | Ratio3])
{mol/L) e(C*) i
1 1.0000C 0.0000C 0.00000 43 30 0.12
2 0.00000C 0.000000 13 30 012
3 1.00000C 26603 000000. ER 76 0.12
4 30000- 0.86603- 000000.0 23 ol 0.12
5 0.30000C 0.86603C 00000.00 38 4 0.12
(] 50000- B66030. 0000.816 13 76 0.12
7 0.30000C 28868- 30- 38 59 0.13
] 30000- 0.28868- 0.81650- 13 41 009
9 0.300000 0.28868C 0.81630- 38 41 0.09
10 300000 377330 0.816500 30 67 0.09
11 00000- 23863- 816300 13 50 0.15
12 0.30000C 0.37733C 3163000 30 13 015
13 000000. 000000. 00000.00 30 50 012
14 000000.C 000000.C 0000.000 30 50 012
15 00000.0C 00000.0C 000.0000 30 0 012
16 0000.00C 0000.00C 00.00000 10 50 0.12
17 000.000C 00 10 5 012

o
o

Table5.Doehlertexperimentaldesignandoperatingconditions.

Inordertointerprettheresults,theresponsesurfaceswererepresentedinthedomainsofinterestofacidconcentrat
ion,solid/liquidratio,andtemperatureusingNemrodsoftware.Doehlertexperimentaldesignandexperimentalresultsar
egiveninTable6.

Table6.DoehlertexperimentaldesignandresponsesY (Rareearthconcentrations)

N°ExpDesimofExperment OperatmgconditionsR esponse

X X HNO:(  Temperatur Ratio81 Yip

molL) g(C%) pim)

11.000000.000000.000004.5500.12182.010 2-1.000000.000000.000001.3300.1294 513
10.300000.266030.000003.8760.12202.300 4-0.50000-0.266030.000002.3240.12103.180
30.50000-0.866030.000003.8240.12124 800 6-0.500000.866030.000002.3760.1206.180
70.300000.282680.816303.8390.13138 430 £0.50000-0.28868-0.816502.3410.0972.900
90.50000-0.28868-0.816303.8410.0988 500
100.000000.57735-0.816503.0670.09167.130 11-0.500000.288680 816302.3590.15105.150
120.00000-0.377350.816303.0330.13119.833
130.000000.000000.000003.0300.12121.813
140.000000.000000.000003.0300.12127.630
130.000000.000000.000003.0500.12121.530
160.000000.000000.000003.0300.12124.315
170.000000.000000.000003.0300.12127.313
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Coefficient Ecart-Type Sigmif %
Nom 1246051 13226479 @ O1***l
beb 43.72882 14787653 0.01%*%<]).
ba 7.63297. 14787617 01+**0.834
. 0512136 14635234 #0526+
. 5745527 24744477 88
1bz- 1- 24744214 0.129**0.0
SLES 18.31885 22748659 126%**14.7
sbi- 0.0560- 34150441 D O1***
- 6.7875- 37787925
ihz- 619333 3 7TTRR248

Table7.EstimatedvaluesofthecoefficientsfortheYresponses
Graphicrepresentationsa,b,andc(Figure3)of2Dand3Dresponsesurfaceplotsshowthatthemainparametersthathaveal
argeinfluenceontherareearthslixiviationprocessadoptedare:acidconcentrationandtemperaturewhichactpositivelyo
ntheresponseY (byincreasingtheirvaluestheanswerbecomesmoreimportant). Thesolid/liquidratioactsintheopposited
irection(byincreasingitsvaluetheanswerbecomesweaker).

1Value***StatisticaIIysignificantattheIeve|<99.99%.
2v/alue**Statistical lysignificantatthelevel99%.
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Figure3.a:HNO3(X1)andTemperature(X2);b:HNO3(X1)andS/Lratio(X3);c: Temperature(X2)andS/Lratio(X3)

Theoptimaloperatingconditionsallowingthemaximumlixiviationwerestudiedbytheresponsesurfacemethodology. T
heattainedsolubilizationof83%forREEwasobtainedbythefollowingconditions:acidificationoftheorewitha4.1mol/L
HNO3solution,heatingthemixtureat69°Candusing1/9assolid/liquidratio.Studywithnitricacidgivesahighersolubiliz
ationthanstudywithhydrochloricacid(M.Amine,Asafa,Bilali, &Nadifiyine,2019).

3.20ptimization
Todetermineoptimalconditionsacidconcentration,solid/liquidratio,andtemperatureinordertodefinetheoptimalpara
metersallowingthemaximumdissolutionoftherareearths,theresponsesareoptimizedsimultaneouslyusingthedesirabi
lityfunctionincludedintheNemrodsoftware. Thedesirabilityfunctionvariesintheinterval[0,1];thevaluelcorrespondst
othemaximumsatisfaction(desiredvalue)andOcorrespondstoanunacceptableresponse(Hammas-Nasri,Horchani-
Naifer,Férid,&Barca,2016;Maguanaetal.,2018; Zhang,Gu,Ahmad,&Huang,2017; Chuetal.,2015). Themaximumof
thefunctionDgivesthebestglobalcompromiseforalltheresponsesinthestudieddomainsandcorrespondstooptimalexpe
rimentalconditions. AllinformationsandresultsofthemulticriteriaoptimizationaregiveninTable8. Aftercalculationby
theNemrodsoftware,theresponsesurfacecorrespondingtothemaximumoftheglobaldesirabilityfunctionDisobtained.
Atoptimalconditions,thepredictedvaluesoftheresponsescalculatedfromthemodelweredetermined. Inordertovalidate
themodel,threeexperimentswereconductedunderthesameoptimalconditions. Thedifferencebetweentheexperimenta
landthepredictedvalueswasfoundtobeminimalwhichindicatesthegoodaccuracyofthemodel.
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Besponse
Target Weight Yoy ierie Y0 4 e Y )3 Calwvalue® Expwvalue'
ral
=REE(ppm) value
1151 - 06.68 04 67 0869 1151 210
Desirability
' 06.68 0467 0869

Table8.CharacteristicsofmaximumforresponseY

V. CONCLUSIONS
Doehlertexperimentaldesignwasusedtodeterminetheoptimalconditionsofthephosphaterockdissolutioninordertolix
iviaterareearthsusingtheresponsesurfacemethodology. TherareearthscontentinMoroccanphosphatewasdetermined
bythelCP/AEStechnique.TheattainedsolubilizationofREE(83%)wasobtainedbythefollowingconditions:acidificati
onoftheorebya4.1mol/LHNO3solutionat69°Cwithasolid/liquidratioof1/9. Toachievealeachingrategreaterthan90%
,asecondstudycouldbeperformedtoincreasetheacidconcentrationandtemperaturebymorethan4.1Mand69°C,respec
tively,andreducetheS/Lratiobylessthan1/9.Agitationspeedanddurationofthereactionweredeterminedbasedonapreli
minarystudybecausetheyhavelittleinfluence. Thesetwofactorsarefixedat500rpmand60minrespectively.
3di:partialdesirabilityofresponseYi
4dimin:minimalpartialdesirabilityofresponseYi
Sdimax:maximalpartialdesirabilityofresponseYi

6cal.value:calculatedvalue

7Exp.value:experimentalvalue
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