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Abstract

Oneof the critical issuesin the oil industryis relatedto asphaltengrecipitationduring different
stagesandusingnanoparticless known asa standardmethodfor solving this problem.Although
nickel oxide and zeolite have been addressed in previous researchto solve the asphaltene
precipitationproblem,usingNiO/Na-ZSm-5 (the primarygoal of this study)hasnotbeendeveloped
to solverelevantasphaltengrecipitationproblens. The crystallinestructureandmorphologyof the
synthefzed nanoparticlesvere analyzedwith the help of X-ray diffraction spectrometry(XRD),
scanningelectronmicroscopy(SEM), FouriertransforminfraredspectroscopyFTIR), andenergy
dispersive X-ray spectroscopy(EDXS). The results show that the nanopartles were well
synthesize@ndpreservedheir crystallinestructurewith a diameterof 13.6nm aftersynthesisThe
EDXS analysesalso provedthat the sorbentadsorbedan amountof asphalteneln the next step,
asphalteneadsorptionexperimentswere carried out at various concentrationsof asphalteneand
temperaturesandthe effect of differentvariablesincludingtheinitial concentratiorof asphaltene
temperatureandtheratio of heptando tolueng ontheasphaltenadsorptiorratewasevaluatedT he
resultsindicatethatwith anincreasen theinitial asphalteneoncentratiorirom 25to 2000ppm,the
asphaltenedsorptionratein zeoliteincreasesAt concentrationgessthan 500 ppm, a rise in the
temperatureeduceghe asphalten@adsorptionwhile atconcentrationgigherthan500 ppm, raising
thetemperaturdrom 25to 55 °C increasessphaltenadsorptiorcapacityon zeolite. Further more
significantadsorptioris observedtaheptaneto-tolueneratio of 0.4with q=25.17mg/g.Evaluating
the effects of kinetic adsorptionmoleculesof asphalteneon thesenanoparticlesshowsthat the
adsorptionprocessreachesequilibrium in less than 2 h. The experimentaldata were adapted
accordingo Lagrangiarpseudefirst-orderandpseudesecondordermocklsto determindghekinetic
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mechanisnof this processThe LangmuirandFreundlichadsorptionisothermswvereevaluatedand
theisothermgesultingfrom the Langmuirisothermmodelwereof goodconformity, indicaing that
adsorptionat the homogenousevd occurredwith a singlelayeredcoating.In the final step,after
evaluatingthe thermodynamiconditions the spontaneityof the asphalten@adsorptiorprocessvas
proved.
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1. Introduction

Nowadaysthe hydrocarborindustryencompasses significart part of the world economyandis the
primaryenergysource Therefore pptimizingprocesseandsolvingproblemsrelatedto theoil industry
havebeenof interestto researcherfKinitisch et al. 200} Thefractionof asphaltenavailablein crude
oil hasresultedin numerousproblemsin oil industriessuchas mining, transportationreservesand
refinementNovakiet al. 201% Flocculationandprecipitationof asphaltenédaveresultedn reduced
extractioncapacityfrom crude oil sectors and this reducedefficiency is dueto the obstructionof
pipelinesandvariousequipmenparts[Novakiet al. 2016Zhanget al. 2007Belal et al. 2012

Asphaltends definedbasednthe sdubility model while theyareinsolublein paraffinsolutionssuch
as heptaneand normal pentanethey are solublein aromaticsolutionssuchas benzeneandtoluene
[Bouhaddaet al. 2007. In additionto hydrogenand carbon,asphaltenanoleculeshaveheteoatoms
suchasnitrogen,oxygen sulfur, andasmallnumberof othermetalssuchasvanadiumjron, andnickel,

which resultin sedimentatiorof asphaltendGroenzinet al. 2000, Kralova et al. 2011 Hemmati

Sarapardelet al. 2013 Rudyk et al. 2014 Numerousstudieshave confirmedthat metal and polar
asphaltengespeciallyvanadium)causehe mostsignificart solubility problemgNassaret al. 2015

Dueto thermodynamidnstability, asphaltenés initially found assuspendeducleiof sedimentsand
thenwith furtherinstability andpassagef time, it will experiencegrowthandadhesiorphenomenon.
Finally, astheparticlesgrow, whereagheliquid environmentvill nothavetheability to suspendhem,
precipitationoccursin the asphaltengarticles[Escobedaet al. 2010Ferwornet al. 2010Mullins et
al. 2007 Khoshandanet al. 201 Thethermodynamignstability factorsfor asphaltengrecipitation
can be changesin pressuretemperatureor a combinationof crude oil, resulting in asphaltene
precipitationasa solid phasg Ostlundet al. 2003

Oneof the effectivemethoddfor controlling asphaltengrecipitationis usingchemicaladditivessuch
assurfactantdRaj et al. 2019 and nancadsorbentsDuring the pastfew years,nanotechnologyas
playedan essentiatole in the oil industry, significantly enhancingil recovery[Bahraminejacet al.
2019, Eslahati 2020, Mehrabianfar 2021, Nowrouzi 2020, Nazarahariet al. 202) and catalytic
behavior[Medinaet al. 2019 Marei et al. 2019 makingit an excellentchoicefor adsorptionand
decompositiorof asphaltene.

Amongthe nancadsorbentszeolitesare consideredhe mostreliableadsorberslueto their particular
pores,cagelike structure and appropriatethermal stability. Zeolites are alumina silicate hydrated
mineralswith a very fine structure[Kosinovet al. 2018 Dueto the stability, large surfacearea,and
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orderlinesof the pore structure,zeoliteshavenumerousapplicationsin catalystprocesse$He et al.
2018,Fakeehat al.2013. Anotheradvantagef zeolitesis their ability to separatenetalatomsand
preventthe closureof metalatoms.Amongvariouszeolites,ZSM-5 is a high adsorptiorpotentialdue
to its physcal featuresand uniqueshape[de Oliveiraet al. 2018 Researclshowsthat oxygenand
nitrogen are essentialfactors in asphalteneadsorptionin nanoparticleswhereashigher nitrogen
increasesasphalteneadsorption.This is while sulfur hasa negativeeffect on asphalteneadsorption
[Nassaket al. 2011Camiloet al. 2013Gonzalez2007 Nassay2013. In addition,it hasbeenspecified
thatotherfactorssuchasthe amountof waterandthe H/C ratio or aromaticrings affectthe asphaltene
adsorptiorcgpacity[Nassaet al. 2011Camiloet al. 2013 Asphalteneadsorptioralsodepend onthe
asphaltenstructure amountof resin,the polarity of solventstemperaturgandcontacttime [McLean
1997, Simo. 2007. Some sourceshave consideredemperaturea facilitator in forming asphaltene
precipitation,while othersconsidertemperatug an inhibitor in forming the asphaltenesolid phase
[Hasanvanet al. 2015Tavakkoli 2014 L eontaritiset al. 1987. In thisresearchtheeffectsof different
temperaturg andvariablessuchasthe initial concentratiorof asphalten@ndthe ratio of heptango
toluene(H/T) werethoroughy addresseth the presencef preparechanoparticles.

Nanoparticlesvith a uniqueaveragesurfacehavehigheradsorptionlt is observe thatthe adsorption
processs not uniform andoccursat a specificlevel. Recently,nanoparticlesynthesisof nickel oxide
andthe useof theseparticlesfor asphaltenadsorptiorfrom asphaltenigoluenesolutionhasbeenthe
focusof attentionin expeimentalstudies[Tu et al. 200& The resultsindicatethatincreasingnickel

nanoparticlesn the aluminananoadsorptionstructureincreaseasphaltenadsorptionof the toluene
solution[Camilo et al. 2013 Among the nickel featuresas adsorbentthe effect of temperatureon

adsorptioncan be referredto, whereasa highertemperaturewill resultin a considerabléncreasen

asphaltenadsorptionln addition,nickel promotegheformationof multiple layers,whichjustifiesthe
moresignificantadsorpion of asphalten¢Ma et al. 2005 In theresearcltonductecby Francoet al.

onaluminananoparticlesit wasspecifiedthatincreasingheamountof nickelin the nanoparticldrom

5% to 15% hasa significant effect on asphaltenedsorption[Ma et al. 205. Moreover in another
experimentasphaltenedsorptionon the silica gel nanoparticlewith 5% and 15% nickel oxide was
evaluated, which showed that higher nickel amountsimproved asphalteneadsorption on the
nanoparticld Cortéset al. 2012

ManyresearchergseNiO andothernanoparticledt wasspecifiethatin the presencef nanopatrticles,
the asphaltenegglomeratiorbecamesmaller Furthermorethesenanoparticlediad high potentialin
theaspecbf asphaltenadsorptiorontheir surfacgaslistedin Tablel. In thisresearchysingNiO/Na
ZSms5 is developedfor the possibleinvestigationof solving asphalteneprecipitationwhich is not
developecamongresearcheraccordingto our knowledge.

Table 1
UsingNiO andothernanoparticleor asphalteneadsorption

Results Material Year Reference

The nanoparticle synthesismethod and their final
properties affect asphalteneadsorption, demonstrating that NiO 2012 [Belal et al.
synthetic nano nickel oxide has 15% lessadsorption than 2012
commercial nano oxide.

Oxide nanoparticles have a higher adsorption capacity, and

: . . [Belal et al.
nanoparticlesprepared on the spot havean adsorption NiO 2012
. . 2012
capacity of 2.8 g asphalteneper gram of nanoparticle.
An increasein nickel nanoparticlesresults in increased [Camiloet

Ni 201
asphalteneadsorption. o 013 al,. 2013
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Results Material Year Reference
An increasein the amount of nickel in the nanoparticle has Al20z and 2013 [Camiloet
a considerableeffect on asphalteneadsorption. NiO al,. 2013
A more significant amount of nickel resultsin enhanced Si@ and 2012 [Cortéset al.
asphalteneadsorption on the nanoparticle. NiO 2012
In the presenceof nanoparticles,the sizeof asphaltene NiO, SiO;, 2018 [Li et al.
aggregatesbecomes smaller while their number increases andFe0q 2018
An increasein the amount of heptanein the solvent NiO, SiO;, 2015 [Kazemzadef
containing nanoparticlesresultsin increasedadsorption. andFe0q et al. 2015

Metal oxide nanoparticleshavea significant effecton the

thermal decompositionof heavyweight hydrocarbonssuch ~ NiO, CO304, [Nassaret al.
. 2011

asasphaltene and amongthe nanopatrticlesevaluated, andFe0q 2017

nickel oxide hasthe highestadsorption capacity.

NiO, FexOs,
Among jthe ngnoparti.clesevalugtedfor asphgltene . WOs, [Hosseinpour
adsorption, nickel oxide has a higher adsorption capacity Mn203z, CuO, 2014
. et al. 20143
comparedto the other adsorbents silica, and
C0304
NiO, FexOs,
WOg, ZI’Oz,
In the evaluation of uncoatednanopatrticles, it wasfound fumedsilica, 2013 [Hosseinpour
that nickel oxide hasthe highestadsorption capacity. Ca0,Ce(, et al. 2013
MgO, and
CaCQ
All adsorbentsfollow the Langmuir isotherm and have
single-layer adsorption. Nickel oxide alsohashigher NiO, MgO, o~ [Kashefi et
adsorption than the other two adsorbentsat all andFe;04 al. 2018

temperatures.

Dueto its low cost,availability, andphysicalandchemicalcharacteristicajickel oxideis anacceptable
optionfor catalyticprocessedn this study,the NiO/NaZSm5 catalystwasusedto remoe asphaltene
for thefirst time. Therefore dueto the high adsorptiorof nickel oxide, this catalystwasevaluatechsa
newadsorbenfor asphalten@recipitation enhaning the extractionefficiency. Asphalteneadsorption
on solid surfacess usuallyproposedby LangmuirandFreundlichmodels expressinginglelayerand
multilayer adsorptionrespectively{Mirzayi et al. 2014 Acevedoet al. 2003 The resultsof studies
showthatsinglelayerandmultilayeradsorptiorbehavios dependntheasphaltensourceusedin the
laboratory[Acevedoet al. 2003, Gonzéalezet al. 1993 Marczewskiet al. 2002 Balabinet al. 2010,
Jouaultet al.2009. Francoeetal. studiedthekinetic andthermodynami@sphaltenadsorptioron stone
powdersurfacdanksatvarioustemperatureandtimes.Accordingto theresultsobtainedthe Langmuir
isothermmodel wasin good accordancevith asphaltenesurfaceadsorption[Acevedoet al. 200
Kashefiet al. evaluatedNiO, MgO, andFe;O. adsorbent$or asphaltenadsorptionin ther study: All
the adsorbents$ollowed the Langmuirisothermandhadsinglelayeredadsorptionln addition,nickel
oxide hadhigheradsorptiorcomparedo thetwo otheradsorbentgKashefi et al. 201J8

In orderto evaluatethe kinetic adsorptionof asph#tene,two pseudefirst-orderand pseudesecond
ordermodelswerepresentedT hestudyresultsby Acevedoetal. indicatethatasphaltenadsorptioron
onetype of silica gel follows thefirst-orderkinetic model In suchconditions it canbe statedthatthe
adsorptiomprocesss bettercontrolledby permeatiorinto theadsorbensurface permeatiorto thejoint
surfaceandpermeatiorinsidethe cavitiesof poroussurfacegAcevedoet al. 200Q This studyaimsto
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evaluatethe nancadsorptionof Na-ZSM-5 nickel oxide at differenttemperature and concentratios
andvariousheptango-tolueneratios. Theresultswereevaluatedusingdifferentadsorptiorisotherms
andkineticandthermodynamiparameterg-urther thephysicalandchemicalfeatureof theadsorbent
were evaluatedusing X-ray diffraction spectrometry(XRD), scanningelectronmicroscopy(SEM),
FouriertransforminfraredspectroscopyFTIR), andenergydispersiveX -ray spectroscopyEDXS).

2. Experimental procedures

2.1 Materials

Normal heptane obtainedfrom Merck Co. wasusedwith 99% purity for precipitatingasphaltengand
toluenewith a purity of 96% was obtainedfrom Iran ChemistryCo. for solvingit. The nickel oxide
catalystwas usedas the precipitatedasphalteneadsorbentFor cataly$ synthesisnickel nitrate and
sodiumhydroxidewereobtainedrom MerckandGhatranChemicalCo.,respectivelyTable2 provides
thecharacteristicef the materialusedin this work.

Table 2

The materiab usedin this work with their relevantfunction

Material Application

Toluene Solubilization

N Heptane Extraction
ZeoliteNa-ZSM-5 Sorbent

Nickel Nitrate Catalystsynthesis

SodiumHydroxide Catalystsynthesis

Also, asphaltenéiltration papergrade42' with a poresizeof 0.22um wasused

2.2 Catalyst synthesis

Theco-precipitationmethodwasusedto build the nickel oxide zeolite(Na-ZSM-5) catalystfor which

20% nickel and80% zeolite(Na-ZSM-5) wereused.For the catalystsynthesis10 g of a nickel nitrate
saltwasinitially pouredinto 100cc waterandstirredfor 20to 30 min. Then 8 g of ZSM-5 wasadded
andmixedfor another20 min. For preparingZ SM-5, the gelwasfirst preparedy combiningthe molar

percentagef Al.0s:46, SiO;: 2.7, TPA: 5, N&:O: 1.3, Trien: 2500H0 andpouling theminto a Teflon

autoclavechamberso thatit fills 70% of its volume.After completeclosureandsealing the autoclave
was placedin a temperatureontrolled chamberfor 72 h. After completingthe heattreatment,the

autoclavewvascooled andtheproductsvere removed After passinghroughthestrainertheseproducts
werewashedwith watersothatthe pH of the solutionpassinghroughthe strainerwas?.0.

Triethylenetetraaminealsoactsasa chelatingagentin this work. After drying at 100°C for 12 h, the
resultingpowderwascalcinedfor 8 h to removethe mold so asto obtainZSM-5 zeolite powder.The
mixer shouldbe at 70 °C and 700 rpm during the entire experiment Sodiumhydroxidewas usedfor
catalystsynthesidbecauséat wastheleastexpensiveard mostwidely usedalkalinematerial Dueto its
high alkalinequality andeconomicfeaturesit hasbeengiven moresignificantconsiderationSodium
hydroxide(NaOH)waspouredinto containersandaddeddrop-wiseto the solutionuntil reachinga pH
of 8.0. After reachingthe consideregH, the systemwaskeptin this conditionfor a maximumof 1 to
2 h until precipitationoccurs.The next phasewas washingthe obtainedprecipitationwith distilled
water.After collectingthewashedprecipitation it wasplacedin anovenfor 16 hat120°C. Thedried
precipitationwasremovedfrom the oven,weighed placedin a crucible andthenputin afurnaceat
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500°C
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for 51 6 h to obtain calcination[Mishra et al. 2012 Rahdaret al. 201% Figure 1 showsthe

simpleflowchartof makingthe nickel oxide’ zeolite(Na-ZSM-5) nanoparticles.

2.3. Extracting asphaltene from bitumen using the 1IP143 method

It is noteworthy that normal paraffin (normal pentane and normal hexane) is a precipitator of asphaltene,
and it should beconsidered that aromatic solvents (toluene, benzene, and hexane) are asphaltene
solvents. The method for conducting IP143 is given below [59].

1.

Crude oil with a ratio of 40 to 1 is mixed with normal paraffin for precipitating the existing
asphaltene, andeh the initial reflex is carried out for 1.5 h (for a complete mixture of crude
oil and normal paraffin). All the steps mentioned above are carried out for precipitating all the
asphaltene in crude oil, even though a small nhumber of other elements inodrodght
precipitate along with asphaltene.

The reflux mixture is placed in a dark environment for 24 h so that asphaltene can adequately
precipitate (in balloon 1).

The mixture is placed inside a funnel and filtered in balloon 2 using filter papepdoase the
precipitated asphaltene. Solid asphaltene aggregates onto the filter papaitam¢aromatic,
saturated, andesin) pass through the filter paper and aggregates inside balloon 2. However,
some maltin also aggregates onto the paper. Normalffipa(40 cc) is added to balloon 2, and

the secondary reflux is conducted until the filter paper contains only asphaltene (black).

At this step, filter paper is situated inside the small part of the bubble column and carries out
reflux with balloon 2. Tis reflux continues until the filter paper has only blaclored particles
related to asphaltene.

10 g nickle nitrat salt 100 cc water

Putting the mixture
o ina furnace at 500
°C for 5 to 6 hours to
obtain calcination

Put mixture in oven for 16 hrs and

120 2C
E
Washing precipitation with
- distilled water
= = |?
E B 6 Precipitation accure at 1-2 hrs
= e "
4 Put the mixture at Pouring sodium
70°C and 700 rpm 5 hydroxide (NaOH)

into containers to
reaching a pH=8

Figurel

Theflowchartfor the simplechemicalroutesynthesiprocesof Na-ZSM-5 nanopatrticles.

Separatingasphalteneadsorbedn filter paperhasto be doneusinga strongsolvent.To this end the
filter paperis keptat the small detachedgart of the bubblecolumn and100 cc of tolueneis addedto
balloon1 with precipitatedasphaltengthis balloonis connectedo the bubblecolumnreactor andthe
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third refluxis continueduntil thefilter paperreturnsoits original color.Now balloonl includestoluene
andasphalteneDueto thevolatility of toluene thematerialinsideballoonl is transferredo thebeaker,
whichis placedunderthehoodfor 24 h, andthenthe massof the beakelis measuredAt time intervals
of 6 h, thebeakemasss measure@gain,andthetoluenevaporizatiorprocessontinuesunderairflow

until changesn massare observedat lessthan0.002g. During this processtoluere evaporatesand
dry asphalteneemainsat the bottomof the container{Jiaet al. 201 After the extractionprocessan

asphalteneeferencesolution with a concentrationof 2000 mg/L is provided inside toluene. This

solutionis usedin thefollowing stepsto providesolutionswith specificconcentrationgplot calibration
curves andconductadsorptiorexperiments.

2.4. Removingasphaltenewith adsorbent

A 200 cc tank of 2000 ppm asphalteneandthe solutionsincluding 25, 50, 250, 350, 500, 100Q and
2000 ppm are provided. Experimentsbeganwith 42 cc, for which in the UV analysisof 0, prior to
pouringthe catalystinsidethe container2 cc of tolueneasphaltensolutionshouldbe separatedand8
cc puretolueneshouldbe added.Then,the solutionshould be pouredthrougha filter andplacedin a
UV device.

It is noteworthythatfor analyzingwith the UV device,2 cc of asphaltenesolutionshouldalwaysbe
usedalongwith 8 ccpuretoluene Now, we have40 ccof thesolution includingasphaltenand toluene.
The catalyst(0.4 g) is addedto the solution,andthis amountof catalystis equalto 10 g/L, for which
samplingis doneat 30,60, 90, 120 and150min. Experimentdeginwhenthe catalystis addedo a40
cc solutionandis placedat a speciic distanceandtemperatureAll the experimentsare carriedout at
400rpm, andthe samplesareanalyzedat ambienttemperatur@anda temperaturef 40 and50 °C.

The time intervals are reducedfor lower concentrationsbecausethe solution reachesequilibrium
sooner.The concentratiorthat has reachedequilibrium is consideredhe most significant amount.
Hence the concentratiorof solutionsis measuredisinga UV1 Vis device.Therefore the equilibrium
concentratiorvalue(C) of asphalteneanbeobtaired afteraddingthe catalyst. Equation(1) calculates
theasphaltenadsorptiorcapacityoverthe adsorbenfzeoliteNa-ZSM-5 nickel oxide):

q:—d) (1)

where Co (mg/L) is the initial concentrationof the asphaltenesolution, C; (mg/L) indicatesthe

asphaltensolutionconcentratiorat any time, m (g) denoteghe weight of nanoparticleused,V (L) is

the asphaltenesolution volume, and q (mg/g) representghe adsorbentcgpacity in milligrams of

asphalten®ver gramsof adsorbenfYudin et al. 1998 All the experimentatonditionsarerepeated
for temperaturesf 40 and55 °C.

3. Resultsand discussion

3.1 Plotting the calibration curve

Figure2 showsthe UV calibrationcurveat 25,40, and55 . To thisend solutionsareprovidedwith
concentrationsf 251 2000ppmof asphaltenén tolueneadsorbenat ambienttemperature40, and55
°C, dilutedfrom the moreconcentratedolution.The asphaltensolutionwasanalyzedusng the UVi
Vis spectrophotometeto determinethe maximum wavelengthwith different concentrations A
wavelengthof 620 nm wasdeterminedasthe maximumwavelength After determiningthe maximum
wavelengthsolutionadsorptiorrateswereobtainedor concentrationsof 251 2000ppmusingthe UVi
Vis spectrophotometext maximumwavelengthsandthe curveof adsorptiorratewasplottedbasecn
concentrationAs shownin Figure 2, the calibrationcurve relatedto asphaltenesolution at ambient
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temperatures linear with a correlationcoefficientof 0.998.Theseconditionsare alsorepeatedor a
temperaturef 40and55 °C. A lineardiagramandacceptablé:? areobtainedat differenttemperatures

2000 AW

C (ppm)
=
= 2

= .::::-; g

150 = s 25°C , R2=0.9083
500 o m 45°C, R*=0.0037

Lo s5° , R°= 0.9993
230 w

0 HE
] 02 04 0.6 0.3 1 1.2 14
ABS

Figure 2

Thecalibrationcurves at 25, 40, and55

3.2 Analysis of X-ray diffraction

The XRD patternof Na-ZSM-5 zeoliteis shownin Figure3, andthe mixture with zeolitenickel oxide
is shownin Figure4 from 1° to 80°. In additionto determininghecrystallinestructureof materias, the
XRD methodcanevalude any structuralchangesesultingfrom chemicalandphysicaleffectson the
material. The peaksin Figure 3 arecompatiblewith previousresearctCharchi Aghdarret al. 2019,
Ziebro et al. 201Q The peaksat a 2d of 7.5°, 8.5°, 23° and 24° confirm Na-ZSM-5 zeolite while

preservingthe crystalline structureof zeolite after synthesis[Sedighiet al. 2018 Moreover the
intensity of peaksshowsthe high crystallinity of zeolite[ShamsGhahfarokhiet al. 2015Qiao et al.
2009. The peakat a 2d of 30° is relatedto the crystallinephaseof quartzwith a cubic structure[65].

In addition,the peaksata 2d of 29.12°,39°,42°, and63° demonstrat@ickel oxide (NiO) in a catalyst
structure[Qiaoet al. 2009Dongetal. 2019,Hashemet al. 2016Mi | o v aehab 20iL6Londofie

Calderodret al. 2020
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Figure 3

The XRD patternof the Na-ZSM-5 zeolite.
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Figure 4
The XRD patternof the NiO-Na-ZSM-5 zeolite.

3.3 Infrared spectroscopy

FTIR testsaredepictedn Figure5 for nickel oxide zeoliteNa-ZSM-5. Peaksat 540,790,1085,1634,
and3361cm'* havegoodconformityto zeoliteadsorptior Ziebroet al. 2013 All zeoliteshaveahigh
peaknearthewavelengthof 3445cm' !, whichis the siloxaneor hydroxyl groupsof wateradsorbedy
the surface[LondoficCalderénet al. 2020 The peak at 2856 cm'! is relatedto CH, aliphatic
hydrocarbonsandthepeakat2924cm * showsCHj aliphatichydrocarbon§71]. The peakat 1634cm

tdenoteC=CaromatiWeigelet al. 2017Mareiet al. 2017, andtheoneat 1385cm'* represent€i

H from themethylgroup[4]. Thepeakat 1225cm * showstheasymmetridensilevibrationof siloxane
groups.accordingo zeoliteNa-ZSM-5 data[Weigelet al. 201T. Thepeakat 1085cnm t alsoindicates
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the asymmetricensionof siloxanegroupsor S=0 sulfoxides[Weigel et al. 2017, while thatat 790
cm'! showspoly-aromatic[Marei et al. 2017 andsymmetrictensionof the siloxanegroup.Peaksat
674, 540, and468cm' t imply NiO [Essanet al. 2019Haideret al. 2019, andtheoneat1792cmtis
relatedto the carbonylgroupC=0 [Weigelet al. 2017Mareiet al. 2017T.
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Figure 5

TheFTIR spectrunof nickel oxide zeoliteNa-ZSM-5.

Consideringhe nickel peaksit canbe concludedhatthe catalystis adequatelhsynthesizedFigure 6
showsthe FTIR spectrumof NiO-Na-ZSM-5 zeolite.In addition comparingFigures5 with 6 shows
thatanamountof asphaltenés adsorbedy the catalyst.
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Figure 6
The FTIR spectrunof NiO-Na-ZSM-5 zeolite.

3.4. Morphology of nanoparticles

Figure 7 indicatesthe SEM imagesobtainedfrom zeolite NaaZSM-5 nickel oxide. The catalystis
adequatelpynthesizedandthenickel particlesareobservablenthe zeolite.Concerningnorphology,
the zeolite samplecomprisesnumeros coffin-shapedunits, which showits crystallinestructure.The
imagesshowthatthe synthesizeghorouscombinatiorhasanunevenyough andrivetedsurfacewhich
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improvesthe performancef the catalystwith anapproximatesizeof 13.6nm. Imagesareshownfrom
10 um to 200 nm. A particle size distribution histogramdeterminedrom the SEM imagesshows a
slight variationin the particle size andthe particlesarein the rangeof 4i 24 nm, with an average
diametersizeof 13.6nm.

3.5. EDXS analysis

The EDXS analysis is carried out to identify existing elements in the catalyst, and the obtained results
before and after asphaltene adsorptienpesented in Figures 8 and 9.

10 Micrometer 1 Micrometer

Averagesize = 136 mm

4 & 8 10 1z 4 16 13 o 22 M
Particle size (nm)

200 Nanometer

Figure 7
The SEMimages of Na-ZSM-5 nickel oxideon 10 um, 1 um, and20 nm scalesandits particlesizedistribution.
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Figure 8
The EDXS analysisof Na-ZSM-5 nickel oxide beforeasphalteneadsorption.
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Figure 9
The EDXS analysisof Na-ZSM-5 nickel oxide afterasphaltenadsorption.

Theobservegeaksarerelatedto Si, Al, Ni, O, and Na, whichindicatetheabsenc®f impuritiesin the
catalyst.lt is observedhattheweightof nickel existingin the synthesizedatalystis equalto 4.99%,
which differs from the 20% stoichiometry.In addition,the rate of adsorbedsphaltenés shownwith
thefollowing elementsS=0.78%,N = 2.63% andC = 4.62% thisfinding indicates thelow adsorption
rateof asphaltene.

3.6. Evaluating the effect of different parameterson asphalteneadsorption

a. The effect of initial asphalteneconcentration

Experimentswere carried out (Figures 10i 12) with the initial asphalteneconcentratiorof 2512000
mg/L at a contacttime of 2i 3 h and a temperatureof 25 °C to evaluatethe effect of the initial
concentratiorof asphaltenel hen,the sameconditionswererepeatedtatemperaturef 40and50 °C.
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Theadsorptiongraphat differentconcentrationsf asphaltenand25 °C.
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Theadsorptiongraphat differentconcentratios of asphaltenand40 °C.
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Figure 12
Theadsorptiongraphat differentconcentratios of asphaltenand55 °C.

Theresultsindicatethattheasphalteneadsorptiorratein zeoliteincreasesvith anincreasen theinitial
asphalteneconcentrationfrom 25 to 2000 ppm It can be concludedthat the initial asphaltene
concentration hasa considerableeffect on the asphaltenedsorptionrate. In addition, it is observed
from thediagramghattheadsorbenis saturatedn lessthan2 h andreachests equilibriumadsorption
capacity[Nassaret al. 2010 Fromthe fact thatthe adsorbents saturatedn a shortperiod,it canbe
concludedthat surfaceadsorptionis significant and the permeationphasedoesnot exist in this
adsorbenfNassaiet al. 201].

With an increasein asphalteneoncentrationthe probability of molecdes occupyingthe adsorbent
surfacewill increaseandthusthe adsorptiorratewill intensify. However,this increasan adsorption
ratewill continueto a certainextentbecauseat a high asphalteneoncentrationalmostall adsorption
positionsare occlypied hence increasingthe initial concentrationof asphaltenewill not affect the

adsorptiorrate.

Theresultsof asphaltensurfaceadsorptiorexperimentn the adsorbenat varioustemperatureare
evaluatedin the following tables.This evaluationshows that at different temperaturesincreasing
asphalteneoncentratiomesultsin increaseddsorptioron theadsorbentlt canbeinferredfrom these
diagramghatthe adsorbents saturatedhfter 2 h andreachests equilibrium adsorptioncapacity[30,

40, 75]. For example,25 ppm of the experimentalequilibrium adsorptionrate (ge) equals2.083333
mg/g. Whenthe concentratiorincreases$o 2000ppm, this amountreached 5.38462mg/g.

b. The effect of temperature

The effect of temperaturen asphaltenadsorptionby zeolite ZSM-5 was studiedat 25, 40, and55 °C with an
initial asphalteneoncentratiorof 25/ 2000 mg/L, an adsorbentdoseof 10 g/L, and a contacttime of 3 h, as
depictedin Figure13.
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Figure 13
Theeffectof temperatur®n the asphaltea adsorptiorby zeoliteZSM-5.

Numerousstudiesindicate that increasingtemperaturein adsorbentssuch as silica, alumina, and
aluminasilicate (in which Na-ZSM-5 hasa silica-to-aluminaratio of 40 to 1) resultsin increased
asphalteneadsorptionon the adsorbenfGorbaty et al. 200]. Accordingto Figure 14, the results
indicatethatat concentrationgessthan500ppm,arisein thetemperatureesultsin reducedasphaltene
adsorptionwhile at concentrationsigherthan500 ppm, with arisein the temperaturefrom 25to 55
°C, asphalteneadsorptioncapacity on zeolite increases Moreover, viscosity decreasesand the
dispersiorrateincreasesvith anincreasdan the temperatureAt concentrationsigherthan500 ppm,
increasingemperatureanenhancedsorptionby breakingthe bondbetweeraccumulatedsphaltenes.
Therefore active surfaceghat havebeencoveredinside the entire structurewill becomevisible, and
this disintegrationof asphalteneggregatiorwill causeasphalten@gglomeratiorto becane smaller,
having higherdispersiorratesandenhaning adsorptiorf Adamset al. 2014 Thus,it canbeconcluded
that higher temperaturesit higher concentrationgesultin facilitated asphalteneadsorptionin the
zeolite.

c. The ratio of n-heptaneto toluene

n-heptands anadequat@recipitatorfor asphalten¢éhathasbeenchoserasthetype of solventeffective
in asphalteneadsorption.This experimentwas evaluatedwith changesn the H/T from 0 to 0.5, as
shownin Figure14.
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Figure 14
Theasphaleneadsorptiorat differentheptaneto-tolueneratios.

An H/T of 0.50did notimproveasphaltenadsorptiorbecauséncreasng H/T to above0.50resultsin
asphaltenalepositionwhenthe othervariablesare constantthus, the adsorptionrateis reduced As
shown,with an increasein H/T, the asphalteneadsorptionincreass, which can be attributedto a
reductionin asphaltenesolubility, resultingin increasedasphalteneggregatiorand henceincreased
adsorptiorAlboudwarejet al. 2005 All the experimatswereconductedat a concentratiorof 1000

ppm andat ambienttemperatureandthe maost significantadsorptionwasobservedor an H/T of 0.4
with g = 25.17mg/g.

d. Reusability behavior of NiO/Na-ZSm-5 for asphalteneadsorption

Figure 15 showsthe reusbility testsof NiO/Na-ZSm5 adsorbentin the asphaltenadsorptionduring
four-cycle experimentainderthefollowing conditions:asphalteneoncentratiorof 2000ppm,anH/T
of 0.4, andambienttemperatureThe adsorbentvaswashedwith distilled tolueneandthendried at 60
°Cfor 5 h. Afterward it wasusedin anewexperimengftereachadsorptiomassayAs shownin Figure
15, the asphaltenedsorptioncapacity(q) for the four successiveyclesof NiO/Na-ZSm5 is 25.17,
24.72 23.91,and23.36mg/g. Theslightdecreasén theasphaltenadsorptioractivity afterfour cycles
is dueto thelossof theadsorbenthroughwashing.TheresultsshowthatNiO/Na-ZSm5 is areusable
adsorbenfor asphaltenadsorption.
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Figure 15

Thereusabilitybehaviorof NiO/NaZSm5 for asphaltenadsorption
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f. Adsorption isotherm

Studyingthe equilibrium behaviorof the adsorbenis necessaryor the designand optimization of
adsorptionsystemsin this study, adsorptionof isothermsfor all sampleswas carriedout usingthe
Langmuirand Freundlichmodels.The Langmuiradsorptionisothermassumesnonolayeradsorption
(the adsorbedsphaltendayeris onemoleculein thickness) adsorptioronly occuss at a finite (fixed)
numberof definite localizedsitesthat areidenticd with no lateralinteractionbetweenthe adsorbed
molecules|n its derivation,the Langmuirisothermrefersto homogeneouadsorptionjn which each
molecule posseses constantenthalpiesand sorption activation energy all sites on NiO/ZSM-5
nanocomposespossesanequalaffinity for theadsorbateGraphically,it is characterizethy aplateau,
anequilibriumsaturatiorpoint whereno furtheradsorptioncanoccuroncea moleculeoccupiesa site.
Moreover,Langmui® theoryhasrelatedthe rapid decreas of the attractiveintermolecularforcesto
therise of distanceThefollowing equationrepresentshe Langmuirisothermmodet

g0 = (ﬂ @
: 1+ KC.

where g is the amount of asphalteneadsorbedon nanoparticles(mg/g), K indicates Langmuir
equilibrium adsorptionconstant(L/mg), Ce is the equilibrium concentrationof asphalteneand gm
denoteghe maximumamountof asphaltenedsorbedn nanoparticlegmg/g).

Freundlichisothermis the earliestknown equationdescribingthe nonidealandreversibleadsorption,
not restrictedto monolayerformation This empiricalmodelcanbe appliedto multilayer adsorption,
with nonuniform distribution of adsorptionheat and affinities over the heterogeneousurface.
Freundlichisothermis widely appliedin heterogeneoysrocessesspeciallyfor organiccompound®r

highly interactivespecieson polar porousmedia. The following equationrepresentshe Freundlich
isothermmodet

3)

whereK; is the Freundlichconstan{(mg/g)(L/mg)1h), and1/n indicategheadsorptiorintensty factor
(the strengthof adsorptioror the adsorptioraffinity). The constantof isothermcanbe calculatedby
plotting In(ge) versusCe. To this end severalexperimentswere conductedwith different initial
concentrationsanadsorptiordoseof 10g/L, acontactime of 3 h, andatemperaturef 25°C, asshown
in Figures16 and 17. 1/n revealsa heterogeneoukevel that showsrelative energydistribution and
heterogeneityf adsorptionsites.When 1/n is higherthanzero (0 < 1/n < 1), the adsorptionrateis
adequateandwhen1/n is greaterthan 1.0, the adsorptionprocesss inadequateAs listedin Table 3,
1/n for all the experimentsare smallerthan 1.0, which showsthat the adsorptiornprocesds adequate
[81].

Table 3
LangmuirandFreundlichparametersconstant
55°C 40°C 25°C Parameters Isotherm
18.38 17.76 15.77 Om Langmuir
0.013 0.014 0.017 K

0.99 0.99 0.99 R Co/Ge=1/K G+ ColGlm
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0.970931 127 151 Ki reundlich
0.4352 0.39 0.35 1n B
0.92 0.95 0.91 R L(Ge) = In(Kg) + 1/n In(Ce)

In addiion, comparingheresultsobtainedrom the R? demonstratethatthe Langmuirmodelprovides
amoredesirableoutputthanthe Freundlichmodel implying thatasphaltenadsorptiorby nickel oxide
zeoliteNa-ZSM-5 occursat a homogeneoukevel with a sinde-layeredcoating(nature) with uniform
distributionfrom adsorptiorsites[ Ayawei et al. 2017.
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ThelinearLangmuirconstantat differenttemperatures
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ThelinearFreundlichconstantat differenttemperatures.

3.7. Evaluating kinetic adsorption models

Synthetic adsorptioncan be predictedby measuringthe rate of asphalteneadsorptionby surface
nanoparticle®f nickel oxide zeoliteNa-ZSM-5 at a constantime andtemperatureFitting of the data
is conductedvith pseudefirst-orderandpseudeseconeorderlinearkinetic equationgFigures18 and
19). The proof of the pseudéfirst-orderand pseudesecondorder kinetic equationss calculatedand
listedin Table4 usingtheslopeand! i nireeécept
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Figure 18

The pseudesecondorderlinearkinetic equationdor nickel oxide zeoliteNa-ZSM-5.
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Figure 19

The pseudefirst-orderlinearkinetic equationdor nickel oxide zeoliteNa-ZSM-5.

Table 4
The pseudefirst-orderandpseudesecondorderlinearkinetic parameteror nickel oxide zeoliteNa-ZSM-5.

_ Pseudesecondorder
nitial Pseudofirst -order t 1 t
nitial Qe ) - } - = i
concentrat  (Experimen Ln(Ge - ) =Ln(Ge) - Kyt % Kpg2 De
ion (mg/L  tal) (mg/qg) q
2 2 e
K1 R ge (Mg/Q) K2 R (mg/g)
25 2.083 0.572 0.837 4.319 0.413 0.999 2.119
50 35 0.305 0.903 5.887 0.169 0.999 3.582
250 12.43 0.089 0.997 11.735 0.021 0.999 12.771
350 12.194 0.032 0.931 9.571 0.005 0.996  13.755
500 11.716 0.02 0.911 9.337 0.003 0.991  13.532
1000 14.803 0.011 0.988 14.132 0.0002 0.782  29.851
2000 15.384 0.004 0.999 15.415 0.0005 0.566 9.615

The correlationcoefficientof fit of datawith kinetic equationgR?) at concentrationsf 25to 500 ppm
for the pseudesecondorderkinetic adsorptiorof asphaltenés exceptionallycloseto one It is closeto
the pseudéfirst-order kinetic adsorptiorat concentration®f 1000and2000ppm With anincreasan
theinitial concentratiorof asphaltenethe correlationof theexperimentatatawith the pseudesecond
orderkinetic modelis reducedwhile it matcheghe pseudéfirst-order model. The resultsshowthat
whentheinitial concentrations low, the pseudesecondordermodelis adequatdor adsorptiorkinetic
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analysis while whenthe initial concentratiorof asphaltenas high, the pseudefirst-order model is
desirablgAzizian et al. 2004Ezzatiet al. 202D

When asphaltenedsorptionby surfacenanoparticleof nickel oxide zeolite Na-ZSM-5 follows the
pseudesecondorder adsorptionkinetic, thereis a reactionbetweenthe adsorbentind the adsorbent
surface the rate of which controk the asphaltensurfaceadsorptionprocessThis canbe a reasorfor
eliminatingtheinfiltration stepatlow adsorptiorconcentrationg:esultingin reducecdequilibriumtime.
When the concentrationincreasesit is compatiblewith the pseudefirst-order adsorptionkinetics,
which showsthatthe infiltration stepexistsduring adsorptiorat higherconcentration$Azizian et al.
2004.

3.8 Thermodynamic parameters

Thermodynamideatureshave a significant effect on determiningthe spontaneityof the adsorption
process.Thermodynamicgparametewvaluessuch as enthalpychanges( Bhag and entropy changes
(g5 shouldbe consideredor determiningchangesn Gibbsfree energy(qiGagy. If the valueof qiG
atadefinitetemperaturés negative thereactionwill occurspontaneousl{Sahaet al. 2011

Theenthalpyvalueof theadsorptiorprocesss calculatedusingthe Equationg4)i (6):

O = PO T Y “
DG, =- RT Ln(K) )

—_ DHa?ds DSa?ds
O o R ®

whereT is thetemperaturén Kelvin, Rindicateghe universalgasconstantequalto 8.314J/molK, and
K is equilibrium balanceadsorption(without dimension).The thermodynamigroof canbe estimated
basedon the Langmuirisothermmodel We canuseEquation(2) to directly calculateqiG by linearly
plottingIn(K) versusT'tin Equation(3); by usingtheslopeandwidth frominterceptgBandgH values
canbecalculatedrespectiveljfAdelodunet al. 201§ TheK valuecanbe shownasK Csin which K.
is the Langmuir adsorptionisotherm constant (L/mmol), and Cs is the toluene solvent molar
concentratiorin (mmol/L). While K, is calculatedbasedon liter permilligram, it is necessaryo know
the molecularweight of asphaltendo convertit to a liter per millimoles. Even thoughthe exact
molecularweightof asphaltenés still underinvestigationthe averagamolecularweightof asphaltene
at 5000 g/mol and 750 reportedfrom various sourcesare usedfor the calculations[30, 75]. The
thermodynamigparametevaluesfor asphalteneadsorptionon zeolite Na-ZSM-5 are presentedn
Figure 20. For both molecularweightsof asphaltenat all temperaturesyHags valueswere negative,
indicaing thatthe adsorptiorprocesss anexothermiaeaction
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Figure 20
Changesn Ln(K) versusl/T for asphaleneadsorptioron zeoliteNa-ZSM-5 nickel oxide.

Thedependencef theadsorbenbntheadsorbednaterialis expressedsa positivevalueof gf5,which
showstheincreasdn randomcollisions[Sahaet al. 2011 In addition the positivevaluesof changes
in entropyindicatethatrandomcollisionsincreaseawith asphaltenedsorptioron the nickel oxide Na-
ZSM-5 adsorbenf47].

Table5 lists calculatedhermodynamiwaluesfor asphaltenadsorptiorin the presencef nickel oxide
Na-ZSM-5. Changesin Gibbs free energy ( Gy for the adsorbentwere negative for all the
temperaturef84]. An increasen the negativevalueof Gibbsfree energyalongwith anincreasen the
temperatureshows that the processis more efficient at higher temperaturedTan et al. 2014

Furthrermore it indicates that the degree of spontaneityat higher temperaturesis enhanced
[Vijayakumaret al. 2012

Table 5
Thermodynamiwaluesfor asphaltenadsorptiorin the presencef nickel oxide Na-ZSM-5.
Asphaltene . .
. | QGads 1 CFHads C{Sads 2
molecular weight T® (kd/mol) (kd/mol) (3/mol.K) R
(g/mol)
298 28.934
313 29.935
750 308 31.001 8.419 68.809 0.998
298 33.634
5000 313 34.872 8.419 84.578 0.998
328 36.174

4. Conclusiors

Thisresearclemployedzeolite nickel oxide nanogrticlesasasphalten@absorbes andconfirmedtheir
ability to adsorbasphaltenanoleculesusing EDXS and UV tests.Basedon the kinetic adsorption
modelsin the presencef nanoparticlesyhentheinitial concentratiorof asphaltenés low, thepseude
secondordermodelis appropriatgor the kinetic analysisof adsorptionThe pseudefirst-ordermodel
is adequatewhen the initial asphalteneconcentrationis high. Raisingthe initial concentrationof
asphaltenencreasesdsorptiordueto the higherconcentrationgradientoetweertheasphaltensolvent
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andadsorbentMoreover,whenthetemperaturencrease$rom 25to 55 °C, theasphalten@dsorption
capacityon the sorbentrises The Langmuirmodelhasa more suitableoutcomethanthe Freundlich
model, which indicatesthat asphalteneadsorptionby the adsorbenhasa singlelayer essenceawith
uniform distributionfrom adsorptionsites.Basedon surveyingthermodynamigropertiesat the last
steps,t wasconcludedhatfor all the samplesat differenttemperaturesthe gH valueswerenegative
demonstratinghatthe adsorptiorprocesss pyrogenic.Furthermorechangesn Gibbsfree energyfor

Iranian Journalof Oil & GasScienceand Technologyyol. 10 (2021), No. 2

the adsorbentat all temperaturesvere negative,which implies the spontaneityof the asphaltene
adsorptiorprocess

Nomenclature

Ce Equilibrium sorptionof asphaltenémg/qg)
EDXS EnergydispersiveX-ray spectroscopy
FTIR Fouriertransforminfraredspectroscopy
HIT Heptaneto-tolueneratio
K1 Firstorderkinetic constan{1/min)
Kz Secondorderkinetic constan{g/mg.min)
Ks Asphalteneadsorptiorcapacityfactor ((mg/g) (L/mg) )*")
KL The Langmuirequilibrium (L/mg)
Qe Asphalteneabsorptiorin equilibriumtime (mg/g)
(o™ Maximumadsorptiorcapacityof the activatedcarbon(mg/g)
o Asphalteneabsorptionin equilibrium timet (mg/g)
SARA Saturatesaromatics resins andasphaltenes
SEM Scanningelectronmicroscoly
XRD X-ray diffraction
P Has Enthalpychanges
P Sus Entropychanges
o Gads Gibbsfreeenergychange
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