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Abstract:ThesynergisticextractionofRe(Ⅶ)fromhydrochloricmediaby
mixturesoftri-alkylamine(N235)andtri-n-butylphosphate(TBP)isstudied.
ThemixtureshavehighersynergisticeffectsonRe(Ⅶ)thanthatonMo(Ⅵ),

andthemaximalsynergisticfactorsofthemixtureforRe(Ⅶ)andMo(Ⅵ)are
4.71and2.16ataconcentrationratioofN235toTBPof1to9.Re(Ⅶ)is
extractedas(R3NH+Cl-)2·HReO4·BatpH=1,whereasRe(Ⅶ)is
extractedas(R3NH+Cl-)·HReO4·Bbythemixturesattheacidityof
3mol·L-1,insteadofR3NH+ReO-4 by N235alone.Furthermore,the
possibilityofseparatingrhenium and molybdenumionsbythe mixtures
accordingtothesynergisticeffectsandextractionabilityareproved.
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0 Introduction

Rheniumis mainlyfoundinpegmatites,

rocksalteredbypneumatolysis,andespeciallyin
molybdenitesassociatedwithcopperrecovered
throughroasting or directreduction ofthe
concentrates[1].Amongtherecoverymethodsof
rhenium, extraction is a widely studied
method[2-3].Themainsourceofrheniumisthe
processing offlue-dust collected during the
molybdenite roasting operation, so the
separation ofrhenium from molybdenum in
aqueoussolutionisdifficultbecauseoftheir
similarchemicalbehavior,which hasalways
beenaprobleminhydrometallurgy[4-5].Itis
important to explore some new extraction
systemsorseparationmethodssuperiortothe
currentextractionprocesswhichhasbeenwidely

appliedtorecoveryofrhenium[6-8].
Synergisticeffect,asauniversalphenomenon

in solvent extraction, has been studied
extensively[9-14].Inparticular,theadvantagesof
Re(Ⅶ)extractionbyasynergisticmixtureof
tertiaryamineandtributylphosphatehavebeen
examined[15].Althoughaminesorquaternary
ammoniumsaltsarecommonreagentsusedto
extractandseparateRe(Ⅶ)and Mo(Ⅵ)in
practice,itis widely recognized thattheir
mutualseparationneedstobeimproved.Soitis
importanttoinvestigatenewsystemsinvolving
tertiary amine as an extractant to extract
Re(Ⅶ), using neutral organophosphorus
reagentsassynergists,with a view toward
developingnewsystemstoseparateRe(Ⅶ)and
Mo (Ⅵ ) according to the synergistic or
antagonisticeffects.Inthepresentwork,the



extractionofRe(Ⅶ)from Mo(Ⅵ)bymixtures
oftri-alkylamine(N235,abbreviatedasR3N)

andtri-n-butylphosphate(TBP,abbreviatedas
B)willbestudied.

1 Experiments

1.1 Reagents
Tri-alkylamine(N235,R3N,R=C8-C10)

waskindlysuppliedbyShanghaiInstituteof
OrganicChemical.Tri-n-butylphosphate(TBP)

waskindlysuppliedbyTianjinChemicalReagent
No.1Plant.Allthereagentswereusedwithout
furtherpurification.NH4ReO4 (99.9%)and
(NH4)6Mo7O24·4H2O (99.9%)wereusedto
prepare rhenium and molybdenum stock
solutions.
1.2 Procedure

N235waspre-equilibrated withthesame
volumeof3mol/LHClsolutionintheabsence
ofthemetalions,andthenwasseparatedand
washedwithdistilledwateruntilneutralpHfor
thefollowingexperiment.Fortheequilibrium
experiments,equalvolumesofaqueousphase
(5mL)andorganicphase(5mL)weremixed
andshakenfor30minat(298±1)K,which
weresufficientforequilibriumattainment.After
phaseseparation,theconcentrationofRe(Ⅶ)

and Mo (Ⅵ )in the aqueous phase was
determined by 7230 Model Grating
Spectrophotometer and PEAA 700 Atomic
Absorption spectrophotometer, respectively.
Theconcentrationofmetalionsintheorganic
phasewasdeterminedbymassbalanceanalysis.
ThedistributionratioDwastakenastheratioof
theconcentrationofmetalionintheorganic
phasetothatintheaqueousphase.

2 Resultsanddiscussion

2.1 ExtractionofRe(Ⅶ) withN235orTBP
TheextractionofRe(Ⅶ)withN235from

(H,NH4)Clsolutions has been reported
earlier[8].TheextractionmechanismofRe(Ⅶ)

usingN235isshownas
R3NH+Cl-+ReO-4 ↔R3NH+ReO-4 +Cl- (1)

TBP is a neutral organophosphorus
extractant.Attheseexperimentalconditions,

theresultshowsthattheextractioneffectof
Re(Ⅶ)with TBP aloneisnegligiblysmall.
Although the extraction of rhenium in
hydrochloricacid mediahasbeenreportedin
somereferences[12-13],TBPaloneisnotableto
extractrhenium duetolow concentrationof
hydrochloricacidatexperimentalconditionsof
thispaper.Thus,thevalueofDTBPatthese
experimentalconditionsisregardedas0.
2.2 SynergisticeffectofRe(Ⅶ) andMo(Ⅵ)

withthemixturesofN235andTBP
Fig.1showstheextractionofRe(Ⅶ)or

Mo(Ⅵ)fromchloridemediawiththemixtures
of N235 and TBPin heptane,wherexN235

represents molar fraction of N235 in the
solution,andμ representsionicstrength of
solution.Thesynergisticenhancementfactors,

r=DN235-TBP/(DN235+DTBP),arelistedinTab.1.
Thevalueofrindicatesthattheextractionhas
synergisticeffect(r>1)andantagonisticeffect
(r<1).Itisobviousthatitshowsmoreevident
synergisticeffectontheextractionofRe(Ⅶ)

thanthatofMo(Ⅵ)withthemixturesofN235
andTBP whencN235 =0.010-0.025 mol/L.
Moreover,atconcentrationratioof N235to
TBP of 1 to 9,the maximal synergistic
       

  (a)Re(Ⅶ),5×10-4mol/L

  (b)Mo(Ⅵ),5×10-2mol/L

Fig.1 ExtractionofmetalionsbyN235aloneor
mixturesofN235andTBPfromRe(Ⅶ)or
Mo(Ⅵ)solution(c(H+)=0.1mol/L,μ=
0.1mol/L)
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Tab.1 SynergisticenhancementfactorsofRe(Ⅶ)and

Mo(Ⅵ)withthemixturesofN235andTBP

cN235/(mol·L-1) cTBP/(mol·L-1) rRe rMo

0

0.010

0.020

0.025

0.060

0.080

0.100

0.100

0.090

0.080

0.075

0.040

0.020

0

1.00

4.71

4.01

2.95

1.20

0.93

1.00

1.00

2.16

1.94

1.86

1.45

1.08

1.00

enhancementfactorcouldbeobtainedas4.71for
Re(Ⅶ)and2.16forMo(Ⅵ).Thisphenomenon
ofsynergisticeffectcanbeexplainedasthatTBP
isanucleophilic(protic)reagent,whichsolvates
anaminesaltcationthusenhancesitsextracting
ability[16-17].
2.3 Extraction mechanism of Re ( Ⅶ ) with

mixturesofN235andTBP
Firstly,theeffectsofconcentrationofCl-

ontheextractionofRe(Ⅶ)bythemixtureshave
been studied.It is found that they are
independentofeachother,which meansthe
species of Cl- do not participate in the
synergistic extraction reaction[8].Thus,the
synergisticextractionequationofRe(Ⅶ)with
themixturesofN235andTBPisexpressedas

 aR3NH+Cl-+bB+HReO4↔
(R3NH+Cl-)a·HReO4·bB(o) (2)

whereaandbrepresentunknowncoefficients,

thenthedistributionratio (DN235-TBP)ofthe
synergisticextractionsystemshouldbe
logDN235-TBP=logK+alogc(R3NH+Cl-(o))+

blogc(B(o)) (3)

Toexaminethecompositionofextracted
complexesintheN235andTBPsystem,the
distributionratio DN235-TBP isdeterminedata
fixedconcentrationofN235orTBP.Plotsof
logDN235-TBPversuslogc(R3NH+Cl-(o))atafixed
concentrationofTBPgivestraightlineswith
slopesofabout2.0atpH=1and1.0at
c(H+)=3.0 mol/L ,whereastheslopesfor
logDN235-TBP versus log c(B(o))at a fixed
concentrationofN235arebothabout1.0atthe
different acid concentrations,as shown in

Fig.2(a)and (b).Itisinferredthatthe
mechanism ofextractionreactionisthatthe
number of TBP participating in extraction
reactionismoreathighacidity(c(H+)=3.0
mol/L),whilethenumberofTBPparticipating
inextractionreactionislessatlowacidity(pH
=1),somoreN235canbeboundwithReO-4 .
The synergistic extraction reaction can be
describedbyEqs.(4)and(5),respectively.

 2R3NH+Cl-+B+ReO-4 ↔
(R3NH+Cl-)2·HReO4·B (4)

 R3NH+Cl-+B+HReO4↔
(R3NH+Cl-)·HReO4·B (5)

Re(Ⅶ)isextractedas(R3NH+Cl-)2·

HReO4·BatpH=1,whereasRe(Ⅶ)is
extractedas(R3NH+Cl-)·HReO4·Bbythe
mixturesatc(H+ )=3.0 mol/L,insteadof
R3NH+ ReO-4 by N235alone.Thechemical
structuralformulasareasfollows:

  (a)N235,0.01mol/L

  (b)TBP,0.01mol/L

Fig.2 Relationship between distribution ratio
DN235-TBPandequilibriumconcentrationofTBP

andN235(c(Re(Ⅶ))=5×10-4mol/L)

2.4 SeparationofRe(Ⅶ) and Mo(Ⅵ) with
mixturesofN235andTBP

Theseparationfactor(βMo/Re),asoneofthe
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mostcommon parameters of evaluating the
separationabilities,isthedistributionratioof
twometalsmeasuredunderthesamecondition.
Hence,theβMo/RecanbedefinedasDMo/DRe.
TheseparationfactorsβMo/Reobtainedatdifferent
concentrationratiosofN235andTBParegiven
inTab.2.Itdemonstratesthattheseparation
factors(βMo/Re)arereallyhighattherangeofthe
concentrationratioofN235and TBPinthe
mixturesfrom1∶1to1∶1.5atpH2,and

higherthanthatinN235alonesystem(21.11).
WhentheconcentrationratioofN235andTBP
inthemixturesis1∶1,itisclearthatthe
mixtureshaveeffectiveseparationabilityfor
rheniumandmolybdenum (βMo/Re=45.44)and
alsohigherextractionabilityforthem (DRe=
5.62,DMo=255.20).ItmeansthatRe(Ⅶ)and
Mo(Ⅵ)canbeextractedandseparatedifa
properratioofthetwoextractantsisused.

Tab.2 SeparationfactorsβMo/RebyusingmixturesofN235andTBP(c(Re(Ⅶ))=5×10-4mol/L,

c(Mo(Ⅵ))=5×10-2mol/L,μ=0.1mol/L,c(N235)+c(TBP)=0.2mol/L)

Acidconcentration
ofaqueousphase

n(N235)∶n(TBP)=1∶0 n(N235)∶n(TBP)=1∶1 n(N235)∶n(TBP)=1∶1.5

DRe DMo βMo/Re DRe DMo βMo/Re DRe DMo βMo/Re

pH=10 5.45 0 0 1.43 1.36 0.95 0.59 0.48 0.82
pH =5 14.11 1.00 0.07 2.33 0.90 0.39 1.27 0.81 0.64
pH =2 13.38 282.44 21.11 5.62 255.20 45.44 3.16 141.33 44.67
pH=1 1.98 33.00 16.67 2.78 21.67 7.79 12.13 16.49 1.36
3mol/L 0.81 0.01 0.02 0.83 0 0 0.82 0.02 0.03

Acidconcentration
ofaqueousphase

n(N235)∶n(TBP)=1∶4 n(N235)∶n(TBP)=1∶9 n(N235)∶n(TBP)=1∶19

DRe DMo βMo/Re DRe DMo βMo/Re DRe DMo βMo/Re

pH=10 0.14 0.09 0.66 0.10 0.06 0.61 0.01 0.02 1.91
pH =5 0.23 0.69 2.97 0.11 0.69 6.10 0.13 0.67 5.24
pH =2 0.67 6.54 9.75 0.37 3.36 9.05 0.12 2.66 22.24
pH=1 8.63 6.16 0.71 22.48 3.65 0.16 1.61 2.69 1.67
3mol/L 0.58 0 0.01 0.52 0 0 0.25 0.07 0.27

3 Conclusions

Mixturesoftri-alkylamine(N235)andtri-
n-butylphosphate (TBP) exhibit evident
synergisticeffectswhentheyareusedtoextract
Re(Ⅶ)from Mo(Ⅵ)inchloridemedia.The
stoichiometriesoftheextractedcomplexeswith
thesynergisticmixtureshavebeendetermined
bynumericalmethodstobe(R3NH+Cl-)2·

HReO4·BatpH=1and (R3NH+ Cl- )·

HReO4·Batc(H+)=3.0mol/L,respectively.
Itisfeasible and advantageousto separate
Re(Ⅶ)from Mo(Ⅵ)attheconcentrationratio
ofN235andTBPinthemixturesfrom1∶1to
1∶1.5atpH2becauseoflargeenoughβMo/Re,

andthentoextractRe(Ⅶ)atconcentrationratio
ofN235toTBPof1to9duetolargesynergistic
enhancementfactorr(4.71).The N235-TBP
synergistic extraction system can effectively

extractmolybdenumandrhenium,respectively.
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三烷基胺和磷酸三丁酯于盐酸介质中协同萃取铼(Ⅶ)研究
张  鹏, 王 月 娇, 张 莹 莹, 王 丹 丹, 刘  毅, 娄 振 宁*

(辽宁大学 化学院,辽宁 沈阳 110036)

摘要:研究了三烷基胺(N235)和磷酸三丁酯(TBP)从盐酸介质中对铼的协同萃取.N235和

TBP的浓度比为1∶9时混合萃取体系对 Re(Ⅶ)具有较大的协萃作用,最大协萃因子为

4.71,对Mo(Ⅵ)的协萃因子为2.16.在pH=1时,萃合物的组成为(R3NH+Cl-)2·HReO4·

B,当酸浓度为3mol·L-1时,萃合物的组成为(R3NH+Cl-)·HReO4·B,而N235单独萃取

时萃合物的组成为R3NH+ReO-4 .同时证明了混合萃取剂分离钼和铼的协萃效果和萃取能力.
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