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Summary
��SKDOWH�H�SUH�LSLWDWLR��D�G�GHSR�LWLR��L���R��LGHUHG�R�H�RI�WKH�SUH�DLOL�J�L���H��G�UL�J��DUER��GLR[LGH���2���JD��L�MH�WLR��L��JD��H��
KD��HG�RLO�UH�R�HU��WH�K�LT�H���ZKL�K�OHDG��WR�SRUH�SO�JJL�J��RLO�UH�R�HU��UHG��WLR���D�G�GDPDJHG���UID�H�D�G���E��UID�H�HT�LSPH�W��
This�research�provides�a�comprehensive�investigation�of�the�e�ect�of�immiscible�and�miscible�CO��JD��L�MH�WLR��L���D�RSRUH��KDOH��WU���
W�UH��R��D�SKDOWH�H�L��WDELOLW��L���U�GH�RLO�����OLPW�EH�ZD����HG�WR�GHWHUPL�H�WKH�PL�LP�P�PL��LELOLW��SUH���UH��00���RI�WKH��2���7KL��
step�is�important�to�ensure�that�the�immiscible�and�miscible�conditions�will�be�achieved�during�the��ltration�experiments.�For�the��ltration�
experiments,�nanocomposite��lter�paper�membranes�were�used�to�mimic�the�unconventional�shale�pore�structure,�and�a�specially�designed�
�ltration�apparatus�was�used�to�accommodate�the��lter�paper�membranes.�The�uniform�distribution�(i.e.,�same�pore�size��lters)�was�used�
to�illustrate�the�in�uence�of�the�ideal�shale�reservoir�structure�and�to�provide�an�idea�on�how�asphaltene�will�deposit�when�utilizing�the�
heterogeneous�distribution�(i.e.,�various�pore�size��lters)�that�depicts�the�real�shale�structure.�The�factors�investigated�include�immiscible�
D�G�PL��LEOH��2��L�MH�WLR��SUH���UH��� WHPSHUDW�UH���2��soaking�time,�and�pore� size�structure�heterogeneity.�Visualization�tests�were�
undertaken�after�the��ltration�experiments�to�provide�a�clear�picture�of�the�asphaltene�precipitation�and�deposition�process�over�time.�The�
results�showed�an�increase�in�asphaltene�weight�precent�in�all�experiments�of�the��ltration�tests.�The�severity�of�asphaltene�aggregations�
ZD��RE�HU�HG�DW�D�KLJKHU�UDWH���GHU�PL��LEOH��2��L�MH�WLR���,W�ZD��RE�HU�HG�WKDW�WKH�PL��LEOH��R�GLWLR���KD�H�D�KLJKHU�LPSD�W�R��D�SKDO�
WH�H�L��WDELOLW���RPSDUHG�WR�LPPL��LEOH��R�GLWLR����7KH�UH��OW��UH�HDOHG�WKDW�WKH�D�SKDOWH�H�GHSR�LWLR��ZD��DOPR�W�HT�DO�D�UR���DOO�WKH�
SDSHU�PHPEUD�H��IRU�HD�K�SUH���UH���HG�ZKH����L�J�D���LIRUP�GL�WULE�WLR����LJKHU�D�SKDOWH�H�ZHLJKW�SHU�H�W�ZHUH�GHWHUPL�HG�R���PDOOHU�
SRUH��WU��W�UH��RI�WKH�PHPEUD�H��ZKH����L�J�KHWHURJH�HR���GL�WULE�WLR���6RDNL�J�WLPH�UH��OW��UH�HDOHG�WKDW�L��UHD�L�J�WKH��RDNL�J�WLPH�
resulted� in�an�increase� in�asphaltene�weight�precent,� especially�for�60�and�120�minutes.�Visualization�tests�showed� that�after�1�hour,�
WKH�D�SKDOWH�H��O��WHU���WDUWHG�WR�SUH�LSLWDWH�D�G��R�OG�EH��HH��L��WKH��SSHUPR�W��H�WLR��RI�WKH�WH�W�W�EH��D�G�ZHUH�I�OO��GHSR�LWHG�DIWHU�
12�hours�with�less�clusters�found�in�the�supernatant.�Also,�smaller�pore�size�of��lter�membranes�showed�higher�asphaltene�weight�percent�
after�the�visualization�test.�Chromatography�analysis�provided�further�evaluation�on�how�asphaltene�was�reduced�though�the��ltration�
experiments.�Microscopy�and�scanning�electron�microscopy�(SEM)�imaging�of�the��lter�paper�membranes�showed�the�severity�of�pore�
SO�JJL�J�L��WKH��WU��W�UH�RI�WKH�PHPEUD�H���7KL��UH�HDU�K�KLJKOLJKW��WKH�LPSD�W�RI��2��L�MH�WLR��R��D�SKDOWH�H�L��WDELOLW��L���U�GH�RLO�L��
nanopore�structures�under�immiscible�and�miscible�conditions.�The��ndings�in�this�research�can�be�used�for�further�research�of�asphal�
tene�deposition�under�gas�injection�and�to�scale�up�the�results�for�better�understanding�of�the�main�factors�that�may�in�uence�asphaltene�
DJJUHJDWLR��L��UHDO��KDOH����R��H�WLR�DO�UH�HU�RLU��

Introduction
�D��L�MH�WLR��KD��EH�RPH�D�SURPL�L�J�WH�K�LT�H�WR�H�KD��H�WKH�RLO�UH�R�HU��IURP����R��H�WLR�DO�UH�R�U�H���D�G�WKH�UH��OW��UH�HDO�D�SR��
LWL�H�LPSD�W�R��L��UHD�L�J�WKH�RLO�UH�R�HU���(OZHJDD�D�G�(PDGL��������OWDZDWL��������LKHUL�D�G�,PTDP�����������D���KH�J�HW�DO��������
(OW�UNL�HW�DO������).�Even�though�hydraulic�fracturing�in�horizontal�wells�was�utilized�to�extract�the�remaining�oil�from�unconventional�
UH�HU�RLU���R�O��D��HU���PDOO�SHU�H�W��D��EH�UH�R�HUHG�D�G�WKH�SURG��WLR��GH�OL�H��DIWHU�D�IHZ�PR�WK��G�H�WR�WKH��OWUD�PDOO�SHUPHDELOLW��
�6KH�J��������RED�N�D�G�.RKOL��������LKHUL�D�G�,PTDP�����E���������/L��HW�DO������).�During�multiphase��ow�production,�many�prob�
lems�with�multiphase��uids�(i.e.,�gas,�oil,�condensate,�and�water)�with�scale�are�possible,�which�could�lead�to�wax�and�asphaltene�deposi�
WLR���IRUPDWLR��K�GUDWH���HP�O�LR����D�G��O�JJL�J��6KL�HW�DO����������HSR�LWLR��RI�RUJD�L��K�GUR�DUER���ROLG��L��RLO�D�G�JD��UH�HU�RLU��
could�cause�many��ow�assurance�problems�during�the�oil�and�gas�production�process.�These�materials�could�increase�the��ow�resistance�
D�G�GL�U�SW�SURG��WLR��RU�H�H��SO�J�WKH�SLSHOL�H���Hassanpouryouzband�et�al.�2020���OL�HW�DO���������2�H�RI�WKH�PDMRU�SUREOHP��G�UL�J�
JD��L�MH�WLR��L�����R��H�WLR�DO�UH�R�U�H��L��D�SKDOWH�H�L��WDELOLW��L���U�GH�RLO��1RUPDOO���WKUHH�PDL���RPSR�H�W��L���U�GH�RLO��D��EH�IR��G�
in�di�erent�percents,�which�are�liquids,�dissolved�gases,�and�solids;�however,�the�most�common�solid�in�crude�oil�is�asphaltene�(Fakher�
D�G�,PTDP�������(OW�UNL�D�G�,PTDP�����D).�Saturates,�aromatics,�resins,�and�asphaltenes�analysis�is�used�to�characterize�the�crude�oil�
elements.�Asphaltene�can�be�de�ned�as�“the�heaviest�component�of�petroleum��uids�that�is�insoluble�in�light����DOND�H�����K�D�����SH�WD�H�
RU����KHSWD�H��E�W��RO�EOH�L��DURPDWL������K�D��WRO�H�H����R�DO���������HD�LHU����DOND�H��SUH�LSLWDWH�OH���D�SKDOWH�H�WKD��OLJKWHU����DOND�H��
��HKEDKD�L�HW�DO������).�Asphaltene�can�be�found�in�colloidal�suspensions�stabilized�by�the�presence�of�resins�or�in�solution�under�reser�
�RLU�SUH���UH�D�G�WHPSHUDW�UH��R�GLWLR�������D�H�HW�DO���������OL�HW�DO����������KD�JH��L��UH�HU�RLU��R�GLWLR�������K�D��SUH���UH�RU�WHP�
SHUDW�UH��OHDG�WR�D�SKDOWH�H�L��WDELOLW��D�G�WK���D�SKDOWH�H�GHSR�LWLR��D�G�SUH�LSLWDWLR��R���ROLG���UID�H�G�UL�J�RLO�SURG��WLR��SUR�H����.DU�
HW�DO��������0RKDPPHG�HW�DO���������7KL��SKH�RPH�R��ZR�OG��D��H�SRUR�LW��D�G�SHUPHDELOLW��UHG��WLR���ZHWWDELOLW��DOWHUDWLR��L��WKH�
UH�HU�RLU��D�G���E��UID�H�D�G���UID�H�HT�LSPH�W�EOR�NDJH���0DGKL�HW�DO���������OLPRKDPPDGL�HW�DO��������D�G�L���R�WO��WR�WUHDW��Melendez-�
Alvarez� et� al.� 2016���E�WDTL�D� HW� DO�� ��������2��D�G��LWURJH�� �1�)�may�produce� asphaltene��occulation� in� the� reservoir� to�varying�
GHJUHH����2��KD��D�KLJK��RO�ELOLW��L���U�GH�RLO�D�G�PD��T�L�NO��UHD�K���SHU�ULWL�DO�OH�HO��L��UH�HU�RLU���:D�J�HW�DO���������7K����WKH�PD���
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WUD��IHU�DELOLW��RI���SHU�ULWL�DO��2��L���WUR�J��,��WKH��2��L�MH�WLR��SUR�H����WKH��2����U�GH�RLO����WHP��R�OG�HD�LO��UHD�K�D�PL��LEOH�RU�
�HDU��PL��LEOH��WDWH�WKDW�H�KD��H��D�G�H[WUD�W��WKH�OLJKW�K�GUR�DUER���RPSR�H�W��IURP��U�GH�RLO�L�WR�WKH�JD��SKD�H��1��KD��ZHDNHU��RO��
ELOLW��L���U�GH�RLO�WKD���2��L��WKH��DPH�WKHUPRG��DPL���R�GLWLR�����R��HT�H�WO���1��KD��D�ZHDN�PD���WUD��IHU��DSD�LW��ZKL�K��R�OG�OHDG�
to�the�poor�extraction�of�light�hydrocarbons�and�probably�less�asphaltene��occulation�compared�to�CO����K��J�������:D�J�HW�DO���������
8�GHU�JD��L�MH�WLR���D�SKDOWH�H�DJJUHJDWLR����D��IRUP��O��WHU��WKDW�PD���D��H��ULWL�DO�L���H��G�UL�J�RLO�SURG��WLR��D�G�WK���LPSD�W�WKH�RLO�
recovery�negatively.�Understanding�the�main�factors�that�may�a�ect�the�asphaltene�instability�in�crude�oil�during�gas�injection�is�extremely�
important� to� determine� how� gas� injection� �ow� assurance� problems� can� be� avoided� in� future� unconventional� enhanced� oil� recovery�
DSSOL�DWLR���

�2��JD��L�MH�WLR��KD��EHH��ZLGHO����HG�WR�L��UHD�H�RLO�UH�R�HU��IURP�ERWK��R��H�WLR�DO�D�G����R��H�WLR�DO�UH�R�U�H���/�R�HW�DO��������
(OW�UNL�D�G�,PTDP�����E��0LODG�HW�DO�����������SKDOWH�H�L��WDELOLW��G�UL�J��2��D�G�1��L�MH�WLR��KD��EHH���W�GLHG�E��PD���UH�HDU�KHU��
��L�J�H[SHULPH�WDO��W�GLH���-DPDO�GGL��HW�DO��������1HJDKED��HW�DO��������Alizadeh�et�al.�2011��-DIDUL��HKEDKD�L�HW�DO��������0RUDGL�HW�DO��
�������D�JD�HK�HW�DO��������������6RUR��K�HW�DO��������6KH��D�G�6KH�J�������Fakher�and�Imqam�2018��������������Guzmán�et�al.�2020��
(OW�UNL�D�G�,PTDP�����D������E������D������E���IUD�HW�DO��������1D��LPH�WR�HW�DO��������Espinoza�Mejia�et�al.�2022��D�G���PHUL�DO�
PRGHOL�J�WH�K�LT�H���7D�DNNROL�HW�DO���������OLPRKDPPDGL�HW�DO��������Hajizadeh�et�al.�2020��6�HG�HW�DO��������6��HW�DO���������DU�DOKDO�
HW�DO���������1HJDKED��HW�DO���������evaluated�the�asphaltene�instability�in�the�reservoir��uids�during�CO��D�G�K�GUR�DUER��JD��L�MH�WLR���
5H��OW���KRZHG�D��L��UHD�H�L��D�SKDOWH�H�SUH�LSLWDWLR��ZKH��PRUH�K�GUR�DUER��JD��ZD��L�MH�WHG����SKDOWH�H�L��WDELOLW��ZD��RE�HU�HG�
G�UL�J��2��L�MH�WLR��ZKH��L��UHD�L�J�WKH�WHPSHUDW�UH��8�L�J�D���EL���SO����D��R�LDWLR��HT�DWLR��RI��WDWH�������(26���Li�and�Firoozabadi�
������� investigated�the�e�ects�of�pressure,�temperature,�and�composition�on�asphaltene�precipitation�in�several�live�oils.�They�mainly�
studied�the�e�ect�of�pressure�decrease�and�mixing�with�CO��DW�KLJK�WHPSHUDW�UH�D�G�SUH���UH��7KH�WH�W��R��WKH�T�D�WLW��D�G�R��HW�SUH��
sures�of�asphaltene�precipitation�in�di�erent�living�oils�over�a�wide�variety�of�compositions,�temperatures,�and�pressure�conditions�were�
UHSURG��HG��7KH������H��I�OO��UHSURG��HG�WKH�D�SKDOWH�H�SUH�LSLWDWLR��H��HORS��D��WKH�WHPSHUDW�UH�L��OH���WKD������.��WKH�WHPSHUDW�UH�
shift�has�a�signi�cant�e�ect�on�the�upper�onset�pressure,�according�to�their��ndings.�The�upper�onset�pressure�decreases�by�1300�bar�as�
the�temperature�rises�from�300�to�400�K.�Once�the�temperature�exceeds�400�K,�the�temperature’s�in�uence�on�the�upper�onset�pressure�
EH�RPH��ORZ��,���RPSDUL�J�WR�WKH��SSHU�R��HW�SUH���UH��WKH�E�EEOHSRL�W�SUH���UH�D�G�ORZHU�R��HW�SUH���UH�DUH��HU��SRRUO��WHPSHUDW�UH�
GHSH�GH�W��Espinoza�Mejia�et�al.� (2022)� L��H�WLJDWHG�WKH�SKD�H�EHKD�LRU�RI�D�SKDOWH�H��L��WDELOLW��H[SHULPH�WDOO���7KH��UH�HDOHG�WKDW�
ZKH���2���R��H�WUDWLR��L��UHD�HG��WKH�ORZHU�D�SKDOWH�H�R��HW�SUH���UH�L��UHD�HG�L��DOO��LW�DWLR����7KH��DO�R���JJH�WHG�WKDW�KLJKHU�WHP�
peratures�are�advantageous�conditions�for�minimizing�asphaltene�deposition�for�the�CO��injection�fraction�of�25�to�35%,�and�temperature�
D�G��2��IUD�WLR��DUH�WKH�PDL���R�WUROOL�J�ID�WRU���2��WKH�RWKHU�KD�G��WKH�PDL��ID�WRU��R�WUROOL�J�WKH�D�SKDOWH�H�GHSR�LWLR��L��WKH��2��
injection�proportion�when�the�fraction�ranged�from�35�to�45%.�To�investigate�the�in�uence�of�temperature�on�asphaltene�precipitation�and�
DJJUHJDWLR��L��OLJKW�OL�H�RLO���0RKDPPDGL�HW�DO���������conducted�several�high-�pressure,�high-�temperature�depressurization�tests.�They�
revealed�that�depressurization�at�higher�temperatures�resulted�in�higher�asphaltene�onset�pressures�or�early�asphaltene�formation.��O�H��
HW�DO���������investigated�the�in�uence�of�temperature�on�di�erent�Brazilian�crude�oils�and�observed�that�as�temperature�increased,�asphal�
WH�H�SUH�LSLWDWLR��GH�UHD�HG�E�W�D�SKDOWH�H�R��HW�L��UHD�HG��0RUDGL�HW�DO����������R�G��WHG�ODERUDWRU��H[SHULPH�W��WR�H�DO�DWH�WKH�D�SKDO�
WH�H�SDUWL�OH�SUH�LSLWDWLR��D�G�DJJUHJDWLR����GHU��DW�UDO�GHSOHWLR��D�G�1��injection�using�high-�pressure��ltration.�The�results�highlighted�
that�an�extreme�asphaltene�destabilization�was�observed�under�N��injection.�Also,�the�asphaltene��uctuation�masses�grew�and�became�
more�organized�when�the�aggregation�of�cluster�increased.�-DIDUL��HKEDKD�L�HW�DO���������SURSR�HG�D�G��R�G��WHG�D��HW�RI�H[SHULPH�W��
��L�J�ERWWRPKROH�OL�H�RLO��DPSOH�G�UL�J��2���ooding�to�study�the�e�ect�of�CO��L�MH�WLR��R��RLO�UH�R�HU��D�G�SHUPHDELOLW��UHG��WLR���7KH�
cyclohexane�and�toluene�reverse��ooding�was�conducted,�and�the�asphaltene�deposition�amount�was�measured�by�spectrophotometer.�
Their��ndings�demonstrate�that�increasing�the�CO��injection�pressure�led�to�a�signi�cant�increase�in�pressure�drop,�which�resulted�in�more�
D�SKDOWH�H�GHSR�LWLR��D�G�SHUPHDELOLW��UHG��WLR���6RUR��K�HW�DO��������� investigated�experimentally,�using�a�core�ooding�method,�the�
e�ect�of�miscible�and�immiscible�CO��L�MH�WLR��R��D�SKDOWH�H�GHSR�LWLR��L��SRUR���PHGLD��7KHLU�RE�HU�DWLR���KLJKOLJKWHG�WKDW�WKH�D�SKDO�
WH�H��R�WH�W�L��WKH�SURG��HG�RLO�GH�UHD�HG�ZKH��L��UHD�L�J�WKH�SUH���UH��7KH�UH��OW���KRZHG�WKDW�WKH�GDPDJH�G�UL�J�LPPL��LEOH�L�MH�WLR��
ZD��G�H�WR�JD��WUDSSL�J�L��WKH�SRUH��ZKLOH�G�UL�J�WKH�PL��LEOH��R�GLWLR���WKH�D�SKDOWH�H�ZD��UH�SR��LEOH�IRU�WKH�GDPDJH�DOR�J�WKH��RUH���
Fakher�and�Imqam�(2019)�SHUIRUPHG�D��H[WH��L�H�H[SHULPH�WDO��W�G��WR�H�DO�DWH�D�SKDOWH�H�GHSR�LWLR��D�G�SUH�LSLWDWLR����GHU��2��JD��
injection�using�nanocomposite��lter�membranes.�Various�factors�were�evaluated,�such�as�CO��L�MH�WLR��SUH���UH��RLO��L��R�LW����RDNL�J�
WLPH��D�G�KHWHURJH�HLW���7KHLU��R��O��LR�� UH�HDOHG� WKDW�D�� WKH�SUH���UH� L��UHD�HG�� WKH�D�SKDOWH�H�ZHLJKW�SHU�H�W� IRU� WKH�SURG��HG�RLO�
L��UHD�HG���LJKHU�WHPSHUDW�UH�UH��OWHG�L��KLJKHU�D�SKDOWH�H�ZHLJKW�SHU�H�W�IRU�WKH�E�SD��HG�RLO��D�G�WKH�D�SKDOWH�H�ZHLJKW�SHU�H�W�ZD��
reduced�when�increasing�the�pore�size�of�the��lter�membranes.�(OW�UNL�D�G�,PTDP������D��conducted�experiments�using�the��ltration�
technique�to�highlight�the�e�ect�of�immiscible�N��injection�on�asphaltene�instability.�They�used�various��lter�membrane�papers�(i.e.,�450,�
100,�and�50�nm)�to�mimic�the�structure�of�unconventional�reservoir�structure.�First,�the�slimtube�technique�was�used�to�determine�the�N��
MMP.�Based�on�their�results,�increasing�the�pressure�led�to�an�increase�in�asphaltene�weight�percent,�and�decreasing�the��lter�membrane�
pore� size� increased�the�asphaltene�weight�percent�signi�cantly.�Pore� size�distribution�of� the��lter�paper�membrane�after� the��ltration�
experiments�showed�a�decrease�in�the�pore�size�due�to�asphaltene�particles.�Guzmán�et�al.�(2020)�H�DO�DWHG�WKH�D�SKDOWH�H��WDELOLW��RI�
�DULR���0H[L�D���U�GH�RLO�����,����WR�������L�J��SRW�WH�W��6���DO�H��D�G��WDWL���WDELOLW��WH�W��RO�P���7KHLU�UH��OW���KRZHG��R���LIRUP�UH��OW��
of�the�stability�using�di�erent�methodologies.�Four�crude�oil�samples�were�used�by��IUD�HW�DO���������to�study�the�e�ect�of�CO��L�MH�WLR��
on�the�structure�and�stability�of�asphaltene.�Their�results�showed�that,�using�infrared�spectroscopy�and�acid/base�identi�cation,�asphaltene�
�WDELOLW��ZD��GL�W�UEHG�ZKH��WKH�DPL�H�JUR�S�RI�R�H�RI�WKH�WH�WHG�D�SKDOWH�H��DPSOH��IRUPHG�D��DPLGH�I���WLR�DO�JUR�S�E��UHD�WL�J�ZLWK�
�2�.�Their�study�suggested�that�asphaltene�in�oil�matrix�can�be�destabilized�through�both�chemical�reactions�and�physical�interactions.�
.KDODI�D�G�0D��RRUL��������performed�a�simulation�study�to�evaluate�di�erent�asphaltenes�in�di�erent�concentrations�under�N��D�G�DLU�
injection.�The�concentration�of�the� injected�gas�a�ected� the�asphaltene�aggregation�process�signi�cantly.�The� results�showed� that�the�
asphaltene�architecture�played�an�essential�role�in�the�process�of�asphaltene�aggregation�and�signi�cant�di�erences�between�using�N��D�G�
DLU�R��D�SKDOWH�H�DJJUHJDWLR���G�UL�J�H�KD��HG�RLO�UH�R�HU����DU�DOKDO�HW�DO���������PRGHOHG�D�SKDOWH�H�SUH�LSLWDWLR��D�G�GHSR�LWLR��E��
evaluating�di�erent�factors,�and�the�results�showed�that�the�thermodynamic�sources�had�more�e�ect�on�the�performance�of�the�model�
�RPSDUHG�WR�NL�HWL���SDUDPHWHU���ZKL�K�L��O�GH�D�SKDOWH�H�PRODU��R�WH�W��EL�DU��L�WHUD�WLR��SDUDPHWHU���UHIHUH��H�SUH���UH��D�SKDOWH�H�
molar�volume,�surface�deposition�rate�coe�cient,�and��occulation�parameters.

Although�several�researchers�have�studied�the�e�ect�of�CO��L�MH�WLR��R��D�SKDOWH�H�GHSR�LWLR��D�G�SUH�LSLWDWLR����L�J�P�OWLSOH�PHWK�
RG���IHZ�KD�H�H�DO�DWHG�ERWK�PL��LEOH�D�G�LPPL��LEOH��2��gas�injection�and� its�e�ect�on�asphaltene�stability�in�nanopore�structures,�
PDL�O��SUH�H�W�L�����R��H�WLR�DO�UH�HU�RLU���7KL��UH�HDU�K�DLP��WR�H[WH�G�WKH�SUH�LR���ZRUN��R�G��WHG�E��(OW�UNL�D�G�,PTDP������D���
ZKL�K�L��H�WLJDWHG�WKH�LPSD�W�RI�LPPL��LEOH�D�G�PL��LEOH�1��L�MH�WLR��R��D�SKDOWH�H�GHSR�LWLR��D�G�SUH�LSLWDWLR���7KL��UH�HDU�K�L��H�WL�
gated�the�e�ect�of�immiscible�and�miscible�CO��gas�injection�on�asphaltene�instability�in�crude�oil�using�nanocomposite��lter�membranes.�
This�research�then�quanti�es�the�asphaltene�content�in�all��lter�membranes�under�various�factors�and�provides�a�holistic�view�on�the�
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impact�of�various�factors.�The�studied�factors�include�injection�pressure,� temperature,�pore�size�heterogeneity,�and�soaking� time.�The�
process�of�asphaltene�precipitation�and�deposition�process�was�presented�by�the�visualization�tests.�Understating�the�behavior�of�asphal�
WH�H�GHSR�LWLR����GHU��2��JD��L�MH�WLR��L��H[WUHPHO��LPSRUWD�W�L�����R��H�WLR�DO�H�KD��HG�RLO�UH�R�HU��SUR�H���WR�D�RLG�D���D�SKDOWH�H�
SUREOHP��L��ERWK���UID�H�D�G���E��UID�H�HT�LSPH�W�G�UL�J�SURG��WLR��RSHUDWLR��

Experimental Scope Description
7KH�H[SHULPH�W��ZHUH�GH�LJ�HG�WR�EH��R�G��WHG�L��ERWK�PL��LEOH�D�G�LPPL��LEOH��2��JD��L�MH�WLR���Fig. 1�shows�the�experiment��ow�
chart�design�in�this�research,�which�includes�three�main�tests:�(1)�MMP�determination,�(2)��ltration,�and�(3)�asphaltene�visualization.�
Further�investigations�were�conducted,�such�as�chromatography�analysis,�microscopy�imaging,�and�SEM�analysis,�to�highlight�the�e�ect�
RI��2��gas�injection�on�asphaltene�instability�in�the�crude�oil�and�to�show�the�e�ect�of�asphaltene�particles�on�pore�plugging.

Fig. 1—Experimental design flow chart.

Experimental Materials. 7KH�PDWHULDO����HG�L��WKL��UH�HDU�K�L��O�GH��U�GH�RLO�ZLWK�D��L��R�LW��RI�����S��GH��LW��RI�������J��P3��D�G���,�RI�
32.�A�rheometer�was�used�to�measure�the�viscosity�of�the�crude�oil.�Gas�chromatography-�mass�spectrometry�determined�the�composition�
RI�WKH��U�GH�RLO��D���KRZ��L��Table 1.�Filter�paper�membranes�(i.e.,�50,�100,�and�450�nm)�were�used�to�mimic�the�unconventional�reservoir�
pore�structure�and�to�investigate�the�e�ect�of�various�pore�sizes.�The�selection�of��lter�membrane�pore�sizes�was�based�on�the�pore�size�
distribution�of�shale�reservoirs,�speci�cally�Eagle�Ford�(6KH��D�G�6KH�J��������7KH�PHPEUD�H��ZHUH���W�WR�WKH�GH�LUHG��KDSH�ED�HG�R��WKH�
45�mm�diameter�of�the��ltration�vessel.�A�high-�pressure,�high-�temperature�stainless-�steel�vessel�was�used�to�accommodate�the��lter�paper�
membranes.�The��ltration�vessel�had�a�length�of�15.24�cm,�with�inside�and�outside�diameters�of�5�and�7.62�cm,�respectively.�To�supply�the�
�2��JD��L�MH�WLR���D�KLJK��SUH���UH��2��cylinder�was�used�with�a�purity�of�99.99%�and�connected�to�the�vessel.�A�pressure�regulator�was�
L��WDOOHG�R��WKH���OL�GHU�WR��R�WURO�WKH�L�MH�WHG�SUH���UH��7R�L��H�WLJDWH��DULR���WHPSHUDW�UH���D��R�H��ZD����HG�WR�DGM��W�WKH�WHPSHUDWH�
G�UL�J� WKH�JD��L�MH�WLR���7KH�R�H��ZD��PD��ID�W�UHG�E���H�SDW�K��0RGHO��/�������������KDPEHU�GLPH��LR�������ZLGWK�����GHSWK���
89(height)�cm].�For�the�MMP�determination,�a�slimtube�made�of�stainless�steel�and�packed�with�sand�was�used.�The�slimtube�had�a�weight�
of�2211�g�with�a�length�of�13.1�m�(inside�and�outside�diameters�were�0.21�and�0.41�cm,�respectively).�The�solvent�of����KHSWD�H�ZD��
selected�to�be�mixed�with�the�crude�oil�samples�after�the��ltration�experiments�in�the�test�tubes�to�quantify�the�asphaltene�weight�percent�
WR�GHWHUPL�H�ZKL�K�D�SKDOWH�H��DUH�L��RO�EOH�L�����KHSWD�H�

Component Weight Percent (%)

C8 64.55

C9 0.28

C14 0.31

C15 0.35

C16 0.43

C17 3.92

C18 0.20

C19 1.17

C20 3.60

C21 0.93

C22 2.66

C24 1.97

C27 5.94

C28 7.22

C29 1.32

Table 1—Grouped carbon number 
distributions of the original oil.
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�����6�(�-R�U�DO�

Component Weight Percent (%)

C30 1.07

C31 0.53

C32 0.76

C33 0.57

C34 0.59

C35 0.64

C37 0.31

C38 0.38

C40 0.32

Total 100

Table 1 (continued)—Grouped carbon 
number distributions of the original oil.

Slimtube Experiments. 7KH��OLPW�EH�WH�K�LT�H�ZD���HOH�WHG�WR�GHWHUPL�H�WKH�00��RI��2���ZKL�K�KD��EHH����HG�IRU��HDU��WR�PHD��UH�
00��EH�D��H�LW��LP�ODWH�� WKH����GL�SOD�HPH�W�RI� UH�HU�RLU�RLO���PDR�HW�DO�� ������Ekundayo�and�Ghedan�2013��(OW�UNL�D�G�,PTDP�
�����).�The�MMP�can�be�de�ned�as�the�lowest�pressure�at�which�the�miscibility�of�gas�can�be�created�with�the�reservoir�oil�at�the�reservoir�
WHPSHUDW�UH��7KH�PL��LELOLW���D��EH�D�KLH�HG�ZKH��WKH�L�WHUID�LDO�WH��LR��EHWZHH��WKH�RLO�D�G�JD���D�L�KH��DIWHU�P�OWLSOH��R�WD�W���7KH�
PDL���RPSR�H�W��RI�WKH�00��H[SHULPH�W�L��O�GH�D���UL�JH�S�PS��WKUHH�D���P�ODWRU���JD����OL�GHU���D��WDL�OH�����WHHO��OLPW�EH�SD�NHG�
with�sand,�and�a�backpressure�regulator.�The��rst�step�was�a�pretest�to�calculate�the�pore�volume�(PV).�In�the�second�step,�the�slimtube�
was��lled�with�crude�oil�at�a�low�rate�of�0.5�PV�to�ensure�that�the�slimtube�was�100%�saturated�at�the�end�of�pumping.�The��nal�step�
involved�experimental�manipulation,�whereby�the�temperature�was�adjusted�to�a�prede�ned�level,�the�gas�cylinder�was��lled�with�CO���
D�G�JD��ZD��S�PSHG�DW�D�UDWH�RI������P/�PL�����ED�NSUH���UH�UHJ�ODWRU�ZD��L��WDOOHG�DW�WKH�R�WOHW�RI�WKH��OLPW�EH�D�G���HG�WR�DGM��W�WKH�
SUH���UH�E����L�J�D�RWKHU�ZDWHU�S�PS�D��D�ED�NSUH���UH�UH�HU�RLU��Fig. 2��KRZ��D���KHPDWL��GLDJUDP�RI�WKH��OLPW�EH�H[SHULPH�WDO��HW�S�

Fig. 2—Schematic of the setup of the CO2 MMP determination apparatus using the slimtube technique.

7KH�SUR�HG�UH�RI�00��GHWHUPL�DWLR��ZD��D��IROORZ���7KH��OLPW�EH�ZD��I�OO���DW�UDWHG�ZLWK�WKH�GL�WLOOHG�ZDWHU��D�G�WKH��WKH�RLO�ZD��
L�MH�WHG�L�WR�WKH��OLPW�EH���LW�I�OO���DW�UDWHG��7KL��ZD��RE�HU�HG�DW�WKH�R�WOHW�RI�WKH��OLPW�EH�ZKH��WKH�SURG��HG�OLT�LG��ZHUH�R�O��RLO��
H���UL�J�WKH��OLPW�EH�L��I�OO���DW�UDWHG����UL�J�DOO�WKH�H[SHULPH�W���WKH�ED�NSUH���UH�UHJ�ODWRU�ZD��SOD�HG�DW�WKH�R�WOHW�ZLWK�WKH�GH�LUHG�
pressure.�The�gas�accumulator�was��lled�with�CO���7KH����2��ZD��L�MH�WHG�DW�D�UDWH�RI������P/�PL���(D�K�H[SHULPH�W�ZD���WRSSHG�ZKH��
1.2�PV�of�gas�was�injected�or�when�the�gas�broke�through.�The�e�uent�was�used�to�collect�the�produced�oil.�The�MMP�was�to�be�deter�
PL�HG�E��SORWWL�J��2��injection�pressures�vs.�cumulative�oil�recoveries.�Finally,�the�solvent�of�xylene�was�used�after�each�experiment�to�
clean�the�slimtube�setup�and�to�make�sure�there�was�no�oil�left�in�the�slimtube�that�could�a�ect�the�next�experiment.

Filtration Experiments. The�components�of�the��ltration�setup�are�shown�in�Fig. 3.�7KH�PDL���RPSR�H�W��L��O�GHG�D�KLJK��S�ULW���2��
��OL�GHU�ZLWK�D�SUH���UH�UHJ�ODWRU�WR��R�WURO�WKH�SUH���UH�IURP�WKH���OL�GHU��7KH�JD��D���P�ODWRU�ZD����HG�WR�D���P�ODWH�WKH��2��JD��
D�G�L�MH�W�LW�L�WR�WKH��H��HO���L�J�D���UL�JH�S�PS�WR�UHD�K�KLJKHU�SUH���UH��G�H�WR�WKH�OLPLWDWLR��RI�R�WOHW�SUH���UH�L��WKH��2����OL�GHU��
The�high-�pressure,�high-�temperature��ltration�vessel� (Fig. 4a)�was�designed�to�accommodate�three�mesh�screens� to�support�the��lter�
PHPEUD�H��D�G�SUH�H�W�WKHP�IURP�IROGL�J���GHU�KLJK�SUH���UH��7KH�PH�K���UHH���ZHUH�GH�LJ�HG�ZLWK��PDOO�KROH��WKDW�DOORZHG�WKH�RLO�
WR�SD���WKUR�JK�HD�LO���D���KRZ��L��Fig. 4b��6SD�HU��EHWZHH��HD�K�PH�K���UHH��ZHUH�DGGHG�WR���SSRUW�HD�K�PH�K���UHH��L��LW��SOD�H��
D�G�U�EEHU�2��UL�J��ZHUH���HG�DER�H�D�G�EHORZ�HD�K��SD�HU�WR�SUH�H�W�OHDNDJH�D�G�WR�H���UH�WKDW�WKH�RLO�D�G�JD��ZR�OG�SD���WKUR�JK�WKH�
�lter�paper�membranes.�A�backpressure�regulator�was�installed�at�the�outlet�of�the��ltration�vessel�and�used�to�adjust�the�pressure�using�

D
o

w
n

lo
a
d

e
d

 fro
m

 h
ttp

://o
n

e
p

e
tro

.o
rg

/S
J/a

rticle
-p

d
f/d

o
i/1

0
.2

1
1

8
/2

1
0

5
9

2
-P

A
/2

7
8

7
6
0

3
/sp

e
-2

1
0
5

9
2

-p
a
.p

d
f/1

 b
y M

isso
u

ri U
n
ive

rsity o
f S

cie
n
ce

 &
 T

e
ch

 u
se

r o
n

 2
8

 N
o

ve
m

b
e

r 2
0

2
2



�����6�(�-R�U�DO �

a�syringe�pump.�The�produced�oil�was�collected�using�an�e�uent�below�the��ltration�vessel�for�further�analysis.�An�oven�controlled�the�
temperature�of�the��ltration�vessel�to�study�the�e�ect�of�di�erent�temperatures.�Finally,�two�transducers�were�installed�at�the�inlet�and�
outlet�of�the��ltration�vessel�and�were�connected�to�a�computer�to�monitor�and�record�the�pressure�di�erences.

The��rst�set�of�mesh�screens�along�with�a��lter�membrane�paper,�rubber�O-�ring,�and�spacer�were�placed�inside�the��ltration�vessel�in�
WKDW�RUGHU��7KL���WHS�ZD��UHSHDWHG�ZLWK�WKH��H[W�WZR��HW���DIWHU�ZKL�K�WKH��H��HO�ZD���OR�HG���L�J�D��SH�LDOO��GH�LJ�HG��DS�WKDW�H���UHG�D�
tight�connection�between�all�the�sets�and�prevented�leakage�during�the�experiment.�An�oil�accumulator�injected�30�mL�of�crude�oil�into�
WKH��H��HO���L�J�D���UL�JH�S�PS��1H[W��WKH��2����OL�GHU�L�MH�WHG�JD��L�WR�WKH��H��HO�WR�WKH�GH�LUHG�SUH���UH�OH�HO�D�G�H[SR�HG�WKH��U�GH�
oil�to�the�gas�for�a�speci�c�soaking�time.�Then,�the�syringe�pump�at�the�outlet�was�turned�to�constant�pressure�but�was�adjusted�to�the�
UHT�LUHG�ED�NSUH���UH�IRU�HD�K�H[SHULPH�W�WR�OHW�WKH��U�GH�RLO�SD���WKUR�JK�WKH�PHPEUD�H����2��ZD��L�MH�WHG��R�WL��R��O��L�WR�WKH��H��HO��
D�G�WKH�SURG��HG�RLO�ZD���ROOH�WHG�IRU�I�UWKHU�D�DO��L���H�J����KURPDWRJUDSK��D�DO��L����7KH�H[SHULPH�W�ZD���WRSSHG�ZKH���R�I�UWKHU�RLO�
SURG��WLR��ZD��RE�HU�HG����UL�J�WKH�H[SHULPH�W��WKH�L�OHW�D�G�R�WOHW�SUH���UH��ZHUH�UH�RUGHG���L�J�WUD��G��HU���R��H�WHG�WR�D��RPS�WHU��
The�di�erence�between�the�two�pressures�did�not�exceed�50�psi.�After�the�experiment,�the�vessel�was�opened,�and�the�trapped�crude�oil�
was�collected�from�each��lter�membrane�for�analysis.�Finally,�in�preparation�for�the�next�experiment,�the�solvent����KHSWD�H�ZD����HG�WR�
�OHD��WKH��H��HO��PH�K���UHH����D�G��SD�HU��RI�SUH�LSLWDWHG�D�G�GHSR�LWHG�RLO�

Asphaltene Visualization and Detection Tests. The�visualization�tests�were�conducted�to�highlight�the� asphaltene�precipitation�and�
deposition�process�at�various�conditions.�Then,�the�asphaltene�percent�was�quanti�ed�using�the�standard�test�(IP�143)�of�the����KHSWD�H�
L��RO�EOH�D�SKDOWH�H��R�WH�W�GHWHUPL�DWLR��L���U�GH�RLO��6KDKULDU�����).�The�visualization�test�was�conducted�by��rst�placing�in�a�test�tube�
1�mL�of�crude�oil�collected�from�all��lter�membranes,�the�produced�oil,�and�the�remaining�oil�from�the��ltration�experiments.�The�oil�was�

Fig. 3—Filtration experiments setup.

Fig. 4—Filtration vessel equipment include (a) real filtration vessel, (b) mesh screen, (c) mesh screen on top of spacer, (d) top 
view of filter membrane on top of mesh screen and spacer, (e) four stainless- steel spacers used inside the filtration vessel and the 
arrows indicate the location of the filter paper membranes, (f) vessel top view showing the 450- nm filter inside the vessel when 
using the heterogenous distribution.
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WKH���ROOH�WHG���L�J�D�SLSHWWH�WR�H���UH�WKH�D���UD���RI�DOO��DPSOH���6H�R�G�����P/�RI����KHSWD�H�ZD��DGGHG�WR�HD�K�WH�W�W�EH��7�EH��ZHUH�
�OR�HG�WLJKWO��WR�SUH�H�W����KHSWD�H�H�DSRUDWLR���(D�K�WH�W�W�EH�ZD���KDNH��ZHOO�WR�H���UH�WKDW�WKH����KHSWD�H�ZD��ZHOO�GL�SHU�HG�ZLWKL��WKH�
�U�GH�RLO�����SH�LDO�ODERUDWRU���WD�G�ZD����HG�WR�KD�GOH�WKH�WH�W�W�EH���7KH�D�SKDOWH�H�WKH���WDUWHG�WR��HWWOH��ORZO����KRWR��ZHUH�WDNH��DW�
speci�c�time�points�(i.e.,�0,�2,�4,�and�12�hours)�to�observe�the�change�in�asphaltene�settling�over�time.�A��lter�paper�with�2.7�µm�pore�size�
was�used�to��lter�the�precipitated�asphaltenes�in�the�test�tube�and�then�to�quantify�the�asphaltene�content.�Asphaltene�weight�percent�can�
be�calculated�by�weighing�the��lter�paper�before�and�after�the��ltration�process�using�a�high-�precision�balance.�The�di�erence�between�
WKH�H�ZHLJKW��GHWHUPL�H��WKH�D�SKDOWH�H�ZHLJKW�SHU�H�W���L�J�WKH�IROORZL�J�HT�DWLR��

�
Asphaltene wt% =

wt asphaltene

wt oil
100,

��
���

where�asphaltene�wt%�is�the�asphaltene�weight�percent,�wt�asphaltene�is�the�asphaltene�weight�on�the��lter�paper,�and�wt�oil�is�the�oil�
sample�weight.�The�asphaltene�quanti�cation�test�procedure�is�summarized�in�the��ow�chart�shown�in�Fig. 5.

Fig. 5—Flow chart highlighting the main steps of asphaltene visualization tests.

Results and Discussion
MMP Experiments Results. 7KH�PDL��PH�KD�L�P�E��ZKL�K��2��can�achieve�miscibility�is�the�vaporizing�mechanism.�The�MMP�tests�
were�conducted�to�ensure�that�we�select�the�right�miscible�and�immiscible�pressure�to�conduct�the��ltration�experiments.�The�impact�of�a�
high�temperature�on�MMP�was�investigated�to�ensure�that�the��ltration�experiments�were�in�the�right�condition�of�miscible�or�immiscible�
at�higher�temperatures.�Oil�recoveries�were�recorded�at�gas�breakthrough�or�at�1.2�PV�of�the�gas�injected�and�were�plotted�with�the�tested�
injection�pressures.�When�the�cumulative�oil�recovery�became�higher�than�or�equal�to�90%�of�the�initial�oil�in�place,�the�MMP�could�be�
GHWHUPL�HG��D���KRZ��L��Fig. 6.�Table 2�shows�the�cumulative�oil�recoveries�of�slimtube�tests�at�temperatures�of�32�and�70°C.�The�solid�
OL�H��L��Fig. 6�were�utilized�to�establish�the�point�where�the�observed�oil�recovery�against�injection�pressure�suddenly�changed�slope.�

Fig. 6—CO2 MMP determination using an oil viscosity of 19 cp at 32 and 70°C.
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Then,�the�MMP�was�determined�using�the�intersection�point.�At�32°C,�the�MMP�of�CO��ZD��GHWHUPL�HG�WR�EH�������S�L�����D�UH��OW��IRU�
H[DPL�L�J�D�SKDOWH�H�SUH�LSLWDWLR��D�G��WDELOLW����GHU�LPPL��LEOH�JD��L�MH�WLR���R�GLWLR���SUH���UH��RI�������������D�G�������S�L�ZHUH�
chosen,�along�with�a�temperature�of�32°C.�On�the�other�hand,�a�higher�temperature�of�70°C�resulted�in�a�MMP�with�1,650�psi.�So,�the�
pressures�of�1,500,�1,750,�and�2,000�psi�were�selected�to�present�the�miscible�condition�in�the��ltration�experiments.�It�was�observed�that�
WKH�WHPSHUDW�UH�KD��D�GLUH�W�UHODWLR��KLS�ZLWK�00���D��WKH�WHPSHUDW�UH�L��UHD�H���WKH�00��ZLOO�L��UHD�H��Zolghadr�et�al.�2013��

Tested injected pressure (psi) 400 600 800 1,000 1,200 1,500 1,750 1,850 2,000

Cumulative oil recovery at 32°C 32.20 45.40 57.10 64.71 75.20 91.30 92.10 92.50 93.12

Cumulative oil recovery at 70°C 66.30 72.50 75.60 81.90 84.40 93.30 98.50 98.80 99.10

Table 2—CO2 slimtube cumulative oil recoveries (%).

Filtration and Visualization Results. �IIH����I������E�H�D����PP����E�H��UH���UH����������I�UP��HPEUD�H�����U�E�������7KH�WHUP�
“uniform�membrane�distribution”�refers�to�the�use�of�the�same�pore�size��lter�membrane�in�all�the��ltration�experiments.�The�distribution�
RI�WKH�SDSHU�PHPEUD�H�L��LGH�WKH��H��HO�L���KRZ��L��Fig. 7,�with�a�pore�size�of�100�nm�for�the�entire�membrane.�The�selection�of��lter�
membrane�pore�sizes�was�based�on�the�pore�size�distribution�of�shale�reservoirs,�speci�cally�Eagle�Ford�(6KH��D�G�6KH�J��������7KH�
impact�of�using�a�uniform�pore�size��lter� paper�membrane�on� the�asphaltene�deposition�during�the��ltration� test�is� shown� in�Fig. 8.�
The�e�ect�of�applying�the�same�pore�size�was�investigated�by�placing�three�100-�nm��lter�membranes�inside�the�vessel�in�each�mesh�
screen,� and� the��ndings�were�compared�to�a�heterogeneous�distribution.�CO�� LPPL��LEOH�SUH���UH��RI������������� D�G�������S�L�D�G�
PL��LEOH�SUH���UH��RI���������������D�G�������S�L�ZHUH���HG�WR�L��H�WLJDWH�WKH�LPSD�W�RI�PL��LELOLW��R��D�SKDOWH�H�GL�SR�LWLR����OO�WKH�
experiments�were�conducted�at�temperature�of�32°C.�The�results�revealed�that�the�asphaltene�deposition�was�almost�equal�across�all�the�
SDSHU�PHPEUD�H��IRU�HD�K�SUH���UH���HG��,��UHD�L�J�WKH�SUH���UH�L��UHD�HG�WKH�D�SKDOWH�H�ZHLJKW�SHU�H�W�L��DOO�WKH�H[SHULPH�W���,W�ZD��
observed�that�the�miscible�conditions�have�a�higher�impact�on�asphaltene�instability�compared�to�immiscible�conditions.�For�instance,�
the�asphaltene�weight�percent�ranged�from�7.98%�in�the�upper�part�of�the�100-�nm�paper�membrane�to�7.95%�in�the�lower�part�of�the�100-�
nm�paper�membrane�during�the�immiscible�pressure�of�750-�psi�gas�injection.�By�comparting�these��ndings�to�the�miscible�condition�of�
2,000�psi,�the�asphaltene�weight�percent�ranged�from�19.95%�in�the�upper�part�of�the�100-�nm�paper�membrane�to�19.66%�in�the�lower�

Fig. 7—Illustration of the uniform paper membrane distribution inside the vessel.

Fig. 8—Asphaltene weight percent distribution using uniform paper membranes with immiscible and miscible CO2 injections.
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part�of�the�100-�nm�paper�membrane.�There�is�a�slight�di�erence�between�the�asphaltene�weight�percent�in�all�the��lter�membranes�because�
some�asphaltene�particles�plugged�some�pores�in�the�middle�and�the�lower�membranes�during�the�injection�process,�thereby�a�ecting�the�
RLO�SD��DJH��7KH�H�SO�JJHG�SRUH��UH��OWHG�L��D�GH�UHD�H�L��WKH�D�SKDOWH�H�ZHLJKW�SHU�H�W�L��WKH�SURG��HG�RLO����SKDOWH�H�SDUWL�OH��ODUJHU�
than�100�nm�precipitated�on�the�upper�section�of�the��lter�membrane,�while�particles�less�than�100�nm�went�through�and�were�collected�
ZLWK�WKH�SURG��HG�RLO����SUH���UH�RI�������S�L��IRU�L��WD��H���UHDWHG��R��LGHUDEO��PRUH�D�SKDOWH�H��O��WHU��WKD��D�SUH���UH�RI�����S�L�D��
well�as�more�asphaltene�deposited�on�the��lter�membranes.�More�clusters�of�100�nm�or�larger�were�formed�as�a�result�of�the�increased�
pressure.�Thus,�more�asphaltenes�were�quanti�ed�at�higher�pressure�levels�in�all��lter�membranes.�In�summary,�because�of�the�uniform�
pore�size�of�the��lter�paper�membranes,�the�asphaltene�clusters�were�forced�and�deposited�into�the��lter�membranes�with�almost�the�same�
�R��H�WUDWLR���L��DOO�WKH�H[SHULPH�W��

��PL��LEOH�SUH���UH�RI���������S�L�D�G�LPPL��LEOH�SUH���UH�RI�������S�L��2��L�MH�WLR��ZHUH��HOH�WHG�WR�L��H�WLJDWH�WKH�D�SKDOWH�H�SUH�LS�
LWDWLR��SUR�H���R�HU�WLPH��7KH�UHPDL�L�J�RLO�ZD���ROOH�WHG�DIWHU�HD�K�H[SHULPH�W�D�G�GL��RO�HG�L���-�heptane�at�a�ratio�of�1:40.�Various�
times�were�selected�(i.e.,�1,�4,�and�12�hours)�to�investigate�and�visualize�the�asphaltene�deposition�process.�Figs. 9a and 9b��KRZ�WKH�
uniform�asphaltene�visualization�tests�at�750�and�1,750�psi�with�100-�nm�pore�size�membranes�at�32°C.�There�was�no�asphaltene�present�
at�zero�elapsed�time,�and�the�crude�oil�sample�was�completely�dissolved�in����KHSWD�H��7KH�PL��LEOH�SUH���UH��KRZHG�D��OLJKW�GDUN��RORU�
of�the�mixture�at�zero�elapsed�time�compared�to�the�immiscible�pressure.�After�1�hour,�the�asphaltene�clusters�started�to�appear�and�pre�
�LSLWDWH�ZLWK�D��PDOO�DPR��W�RI�D�SKDOWH�H�SDUWL�OH�L��WKH�ERWWRP�RI�WKH�W�EH��2�HU�WLPH��WKH��RORU�RI�WKH�WRS�RI�WKH�ODERUDWRU��W�EH���WDUWHG�
WR�EH�OLJKWHU�ZLWK�WKH�SUH�H��H�RI��RPH����SH�GHG�SDUWL�OH��RI�D�SKDOWH�H��0RUH�D�SKDOWH�H�SDUWL�OH���D��EH�RE�HU�HG�L��PL��LEOH��R�GL�
tions�of�1,750�psi,�indicating�that�miscibility�impacts�the�instability�of�asphaltene�at�higher�rates.�Finally,�after�12�hours,�almost�all�asphal�
WH�H�SDUWL�OH��D�G��O��WHU��ZHUH�GHSR�LWHG�L��WKH�ERWWRP�RI�WKH�ODERUDWRU��W�EH�D�G�WKH��RORU�RI�WKH��RO�WLR��ZD��P��K�OLJKWHU��RPSDUHG�WR�
the�zero-�time�observation.�The�pictures�reveal�that�miscibility�had�higher�impact�on�asphaltene�instability�and�same�pore�size�distribution�
led�to�almost�the�same�precipitation�process�for�all��lter�paper�membranes�in�both�conditions.

Fig. 9—Visualization of asphaltene precipitation and deposition using a uniform membrane size distribution a: (a)  immiscible 
pressure of 750 psi and (b) miscible pressure of 1,750 psi.

�IIH����I���UH����H��H�HU��H�H�����Fig. 10�shows�the�heterogeneous�distribution�of�the��lter�membranes,�starting�with�a�450-�nm��lter�
in�the�upper�mesh�screen,�a�100-�nm��lter�in�the�middle,�and�a�50-�nm��lter�in�the�lower�mesh�screen.�As�explained�in�the�previous�section,�
PL��LEOH�SUH���UH���L�H�����������������D�G�������S�L��D�G�LPPL��LEOH�SUH���UH���L�H���������������D�G�������S�L��ZHUH��HOH�WHG�WR�L��H�WL�
gate�the�heterogeneity�of�the��lter�paper�membranes�at�32°C�with�a�2-�hour�soaking�time.�The�soaking�time�e�ect�will�be�presented�in�the�
IROORZL�J��H�WLR����7KH�D�SKDOWH�H�ZHLJKW�SHU�H�W�ZD��L��UHD�HG�ZKH��L��UHD�L�J�WKH�SUH���UH�D�G�G�UL�J�WKH�PL��LEOH��R�GLWLR���G�H�
WR�WKH�UH�L���WKDW��R��H�W�DOO�WKH�D�SKDOWH�H�SDUWL�OH��D�G��ROLG��RPSR�H�W��L��WKH��U�GH�RLO�ZKH��EURNH��GRZ���WK����D�SKDOWH�H�ZHLJKW�
SHU�H�W�ZLOO�L��UHD�H��Fig. 11�SUH�H�W��WKH�D�SKDOWH�H�ZHLJKW�SHU�H�W���L�J�D�KHWHURJH�HR���SDSHU�PHPEUD�H�GL�WULE�WLR��G�UL�J�PL��LEOH�
D�G�LPPL��LEOH��2��L�MH�WLR��SUH���UH���:KH����L�J�ORZ�LPPL��LEOH������S�L�JD��L�MH�WLR���WKH�D�SKDOWH�H�ZHLJKW�SHU�H�W�L��UHD�HG�IURP�
7.45�to�9.36%�in�the�450-�and�50-�nm��lters,�respectively.�Increasing�the�pressure�to�1,000�and�1,250�psi�resulted�in�a�signi�cant�increase�
L��D�SKDOWH�H�ZHLJKW�SHU�H�W�L��ERWK�SUH���UH���H�SH�LDOO��DW�������S�L���W��������S�L�L�MH�WLR��SUH���UH��WKH�D�SKDOWH�H�ZHLJKW�SHU�H�W�
increased�up�to�16.97%�in�50-�nm��lter.�This�revealed�that�the�injected�pressure�had�an�e�ect�on�the�asphaltene�particles�and�clusters,�
resulting�in�asphaltene�deposition�dependent�on�the�asphaltene�particle�size.�Filter�membrane�pores�became�almost�blocked�as�a�result,�
particularly�in�the�50-�nm��lter.�The�ability�of�asphaltene�particles�to�pass�through�the��lter�membranes�was�a�ected�by�the�size�of�their�
SRUH���7KH�D�SKDOWH�H�DJJUHJDWH���R�WL��HG�WR�L�WHUD�W�ZLWK�R�H�D�RWKHU�EH�D��H�RI��URZ�LD��PRWLR���SURG��L�J�ELJJHU�SDUWL�OH���6PDOOHU�
aggregates�have�a�stronger�tendency�to�deposit�due�to�the�signi�cant�radial�di�usivity�of�the�particles,�which�describes�the�ability�of�a�
SDUWL�OH�WR�EH�S��KHG�E��D��ROOL�LR��ZLWK�D�SKDOWH�H�DJJUHJDWH���Hashmi�and�Firoozabadi�2010��Hassanpouryouzband�et�al.�2017���0RUH�
nanoaggregates�combined�together�and�resulted�in�more�clusters,�which�led�to�pore�plugging�in�all��lter�membranes.�Injecting�higher�
pressures�(i.e.,�1,500,�1,750,�and�2,000�psi)�with�miscibility�conditions�increased�the�asphaltene�weight�percent�su�ciently.�For�instance,�
the�weight�percent�of�asphaltene�ranged�from�13.01�to�20.20%�in�the�450-�and�50-�nm��lters,�respectively.�The�highest�weight�percent�was�
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observed�at�miscible�pressure�of�2,000�psi,�which�was�25.47%�in�50-�nm��lter�membrane.�These�results�con�rm�that�the�miscibility�of�gas�
impacts�the�asphaltene�stability�in�oil�in�a�higher�rate�compared�to�immiscible�conditions�of�gas.�Also,�these��ndings�clearly�suggest�that�
asphaltene�particles�changed�the�oil’s�capacity�to��ow�through,�which�may�happen�in�actual�reservoirs�and�cause�serious�issues.�Because�
the�asphaltene�clusters�had�plugged�the�pores�in�all�of�the��lter�membranes,�the�produced�oil�had�a�lesser�asphaltene�weight�percent.

After�each�experiment�was�completed,�the�collected�oil�was�analyzed�to�see�the�asphaltene�deposition�and�precipitation�process�over�
time.�The�oil�collected�from�450-,�100-,�and�50-�nm��lter�membranes�was�analyzed�under�immiscible�condition�of�750�psi�and�miscible�
�R�GLWLR��RI�������S�L��D���KRZ��L��Figs. 12a and 12b.���UDWLR�RI������ZD����HG�WR�PL[�WKH�RLO��DPSOH��ZLWK�WKH��RO�H�W����KHSWD�H�L��WH�W�
tubes�to�observe�the�precipitation�and�deposition�process�over�di�erent�times�(i.e.,�0,�1,�4,�and�12�hours).�The�captured�photos�show�that�
at�0�hour,�all�the�oil�samples�collected�from�all��lter�paper�membranes�were�fully�dissolved�in����KHSWD�H�D�G��R�D�SKDOWH�H��O��WHU��RU�
SDUWL�OH��ZHUH�RE�HU�HG�L��ERWK��R�GLWLR���RI�JD��L�MH�WLR���L�H���LPPL��LEOH�D�G�PL��LEOH������OLJKWO��OLJKWHU��RORU�ZD��RE�HU�HG�L��WKH�WH�W�
tube�of�450-�nm��lter�membranes�in�both�conditions.�After�1�hour,�the�asphaltene�particles�started�to�form�in�the�mixture�and�started�to�
form�small�clusters,�especially�in�the�sample�collected�from�100-�and�50-�nm��lter�membranes.�The�miscible�test�tubes�showed�a�slightly�
GDUNHU��RORU�G�H�WR�KLJKHU�SUH���UH�ZHDNH�L�J�WKH�ER�G��EHWZHH��D�SKDOWH�H�D�G�UH�L���DW�D�KLJKHU�UDWH��RPSDUHG�WR�LPPL��LEOH��R�GL�
WLR����,W�ZD��L�WHUH�WL�J�WR�RE�HU�H�WKDW�WKH�D�SKDOWH�H�D���P�ODWLR���D�G�GHSR�LWLR��ZHUH��OHDU�L��WKH�ERWWRP�RI�WKH�WH�W�W�EH�DIWHU���KR�U��
of�the�oil�samples�collected�from�450-�nm��lter�membranes.�Over�time,�the�supernatant�became�lighter�in�color�and�the�asphaltene�clusters�
�WDUWHG�WR��HWWOH�GRZ��D�G�IRUP�KLJKHU�DPR��W��RI�D�SKDOWH�H����IWHU����KR�U���PR�W�RI�WKH�D�SKDOWH�H�SDUWL�OH��ZHUH��HWWOHG�GRZ��D�G�
deposited�for�all�oil�samples�collected�from�all�paper�membranes.�These��ndings�showed�that�pressure�(i.e.,�immiscible�and�miscible)�has�
D���E�WD�WLDO�LPSD�W�R��WKH��WDELOLW��RI�D�SKDOWH�H�����D�UH��OW��LW�L���ULWL�DO�WR�L��H�WLJDWH�WKH�LPSD�W�RI�SUH���UH�R��D�SKDOWH�H��WDELOLW��WR�
predict�and�minimize�any�problems.
�IIH����I���D�������PH��7R���GHU�WD�G�WKH�LPSD�W�RI��RDNL�J�WLPH�R��D�SKDOWH�H�SUH�LSLWDWLR��D�G�GHSR�LWLR���WKUHH��HSDUDWH�H[SHUL�

PH�W����L�J��������S�L�L�MH�WLR��SUH���UH�ZLWK�G�UDWLR���RI���������D�G�����PL��WH��ZHUH��HOH�WHG��7KH��RDNL�J�WLPH�L��ZKH��WKH�JD��ZD��
injected�into�the�vessel�at�the�desired�pressure�and�at�32°C�to�allow�the�CO��WR�PL[�ZLWK�WKH��U�GH�RLO��Fig. 13��KRZ��WKH�D�SKDOWH�H�ZHLJKW�
percent�in�all��lter�membranes�during�various�soaking�times.�The�results�demonstrated�that�increasing�the�soaking�time�led�to�an�increase�
in�asphaltene�weight�percent�in�all��lter�paper�membranes.�For�example,�the�asphaltene�weight�percent�in�the�450-�nm��lter�increased�from�
6.26�to�10.14%�for�10�and�120�minutes,�respectively.�Small�pore�size�of�the�50-�nm��lters�resulted�in�an�increase�in�asphaltene�weight�per�
cent�due�to�the�asphaltene�clusters�plugging�the�small�pores�during�the��ltration�process.�The�bonds�between�asphaltene�and�resins�in�the�
crude�oil�were�weakened�in�a�lower�rate�at�10�minutes�soaking�time,�which�con�rms�that,�due�to�time�limitation�of�the�soaking�process,�the�
D�SKDOWH�H�ZHLJKW�SHU�H�W�ZD��ORZHU��RPSDUHG�WR�����PL��WH����L�H��WKH�H�RE�HU�DWLR����WKH��RDNL�J�WLPH�KDG�D��LPSD�W�R��D�SKDOWH�H�
instability�in�the�crude�oil,�especially�for�a�time�longer�that�10�minutes.�The��ndings�showed�that�the�e�ect�of�60�minutes�had�similar�e�ect�
R��D�SKDOWH�H�DJJUHJDWLR��H�H��WKR�JK�WKH�ZHLJKW�SHU�H�W�ZD���OLJKWO��KLJKHU�DW�����PL��WH���7KH�OR�JHU��RDNL�J�WLPH�L��H�WLJDWHG�ZD��
120�minutes�because�the�di�erence�between�the�asphaltene�weight�percent�in�both�60�and�120�minutes�was�not�signi�cant.

Fig. 10—Illustration of the heterogeneous paper membrane distribution inside the vessel.

Fig. 11—Asphaltene weight percent using a heterogeneous distribution using miscible and immiscible CO2 injections.

D
o

w
n

lo
a
d

e
d

 fro
m

 h
ttp

://o
n

e
p

e
tro

.o
rg

/S
J/a

rticle
-p

d
f/d

o
i/1

0
.2

1
1

8
/2

1
0

5
9

2
-P

A
/2

7
8

7
6
0

3
/sp

e
-2

1
0
5

9
2

-p
a
.p

d
f/1

 b
y M

isso
u

ri U
n
ive

rsity o
f S

cie
n
ce

 &
 T

e
ch

 u
se

r o
n

 2
8

 N
o

ve
m

b
e

r 2
0

2
2



�����6�(�-R�U�DO��

�IIH����I��HPSHUD��UH������S�D��H�H��HS���������Temperature�has�a�great�e�ect�on�asphaltene�stability�in�crude�oil.�To�study�the�in�u�
ence�of�a�higher�temperature�on�asphaltene�stability,�two�tests�were�performed�at�two�temperatures�(32�and�70°C).�The�32°C�represents�
normal�temperature,�and�70°C�represents�the�average�temperature�of�shale�basins.�A�pressure�of�1,000-�psi�injection�and�a�2-�hour�soaking�
time�were�used�in�both�experiments�to�evaluate�the�temperature�impact�on�asphaltene�stability.�A�heterogeneous��lter�paper�distribution�
was�used�in�both�experiments.�Increasing�the�pressure�led�to�a�decrease�in�asphaltene�weight�percent�in�all��lter�paper�membranes,�as�
�KRZ��L��Fig. 14.�The�higher�percent�of�asphaltene�was�found�in�the�50-�nm��lter�paper�membranes,�which�changed�from�18.90�to�16.23%�
for�32�and�70°C,�respectively.�The�suspension�colloidal�particles�of�asphaltene�in�stable�oils�are�covered�by�resins�that�are�strongly�con�
�H�WHG�WR�WKH�D�SKDOWH�H���W�KLJKHU�WHPSHUDW�UH���WKL���R��H�WLR��EHWZHH��D�SKDOWH�H�D�G�UH�L����D��EH��WUR�JHU�D�G�NHHS��WKH�D�SKDO�
WH�H�GL��RO�HG�L��WKH��U�GH�RLO��Hoepfner�et�al.�2013���/H���D�SKDOWH�H��ROORLGDO�L��SURG��HG�DW�KLJKHU�WHPSHUDW�UH��D�G�WKH�D��R�LDWLR���
DUH�ZHDNHU�G�H�WR� UH�L���GL�SHU�HG��WUR�JO�� WKH��ROOLGH��RI�D�SKDOWH�H����UD��R�HW�DO����������W�KLJKHU�WHPSHUDW�UH��� WKH�SUH�LSLWDWHG�
D�SKDOWH�H���UHDWHG�IURP��ROORLGDO����SH��LR��SDUWL�OH��WH�G�WR�GL��RO�H�L��WKH�RLO��UH��OWL�J�L��WKH�IRUPDWLR��RI�PRUH�D�SKDOWH�H��L���RO�
�EOH��R�GLWLR���E�W�OH���L���ROORLGDO�R�H����KD�GLR�HW�DO���������0RUHR�HU��UH�L���WH�G�WR�KD�H�D��WUR�J��HOI��D��R�LDWH�OLNH�D�SKDOWH�H��DW�
ORZHU�WHPSHUDW�UH���WK����WKH��R��H�WLR��EHWZHH��UH�L���D�G�D�SKDOWH�H��L��UHG��HG���HUHLUD�HW�DO������������D�UH��OW�RI�WKH�H�PH�KD�L�P���
D�SKDOWH�H�DJJUHJDWH���D��EH�IRUPHG�EH�D��H�RI��WUR�J�SRODULW��D�G��HOI��D��R�LDWLR��WR�IRUP�DJJUHJDWH��DW�ORZHU�WHPSHUDW�UH���,W��D��EH�
�R��O�GHG�WKDW�WKH�D�SKDOWH�H�SUH�LSLWDWHG�IURP�WKH��ROORLGDO����SH��LR��ZD��GL��RO�HG�L��WKH��U�GH�RLO���WLO�UHD�KL�J�HT�LOLEUL�P��7KL��
UH��OWHG�L��PRUH��RO�EOH�D�SKDOWH�H��L��RLO�D�G�OH���D�SKDOWH�H��L���ROORLGDO�IRUP���KD�GLR�HW�DO����������O�R��WKH��DPH�RE�HU�DWLR��ZD��
noticed�for�the��lter�paper�pore�size�in�which�smaller�pore�size�had�higher�asphaltene�weight�percent�in�both�temperatures.�This�was�due�

Fig. 12—Visualization of asphaltene precipitation and deposition using a heterogeneous membrane size distribution at 
(a) immiscible pressure of 750 psi and (b) miscible pressure of 1,750 psi.

Fig. 13—Asphaltene weight percent at soaking times of 10, 60, and 120 minutes using 450-, 100-, and 50- nm filter membranes.
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to�the�asphaltene�particles�plugging�the�pores�of�50-�nm��lter�paper�membrane�much�more�compared�to�450�and�100�nm;�thus,�higher�
D�SKDOWH�H�ZHLJKW�SHU�H�W�ZD��GHWHUPL�HG�

Further Analysis and Discussion
Chromatography Analysis. Gas� chromatography-�mass� spectrometry� (GC6890-�MS5973)�was� utilized� to� analyze� the�main� chemical�
components�of� the�crude�oil�used�during�the��ltration�experiments� to�highlight� the�chemical� structure�changes,� including�asphaltene,�
DIWHU�WKH�L�MH�WLR��RI��2�.�First,�the�original�oil�was�analyzed�before�conducting�the��ltration�experiments.�Then,�the�produced�oil�after�
the��ltration�experiments�was�collected�for�further�analysis.�Four�produced�oils�were�selected�after��ltration�experiments�using�pressures�
RI�������D�G�������S�L�WR�L��H�WLJDWH�WKH�LPSD�W�RI�LPPL��LELOLW��D�G�PL��LELOLW���R�GLWLR���R��WKH��KHPL�DO��RPSR�H�W��RI��U�GH�RLO�
and�to�show�the�in�uence�of�pore�size�of��lter�paper�membranes�on�asphaltene�deposition.�Table 3�SUH�H�W��WKH�JUR�SHG��DUER����PEHU�
GL�WULE�WLR���EHIRUH�D�G�DIWHU��2��gas�injection��ltration�experiments�at� immiscible�conditions�(i.e.,�750�and�1,250�psi)�and�miscible�
conditions� (i.e.,� 1,750�and� 2,000�psi).�The��ndings� showed� that� the� light�components� (C�������ZHUH� SDUWLDOO��H[WUD�WHG�ZKH����L�J�
1,250�psi,�which�decreased�from�52.72�to�47.32%�when�using�750�and�1,250�psi,�respectivelcy.�When�utilizing�miscible�gas�injections�
of�1,750�and�2,000�psi,�the�light�components�substantially�reduced�to�40.66�and�30.59�%,�respectively.�Miscible�conditions�had�higher�
LPSD�W�R��WKH��U�GH�RLO�D�G�WKL���D��EH��HH��L��WKH�KLJKHU�PROH�SHU�H�W�RI�WKH�L�WHUPHGLDWH�D�G�KHD����RPSR�H�W��������30+).�For�instance,�
WKH�KHD����RPSR�H�W��RI��30+�increased�signi�cantlty�from�5.38�to�13.50%�at�immiscible�pressure�of�750�psi�and�miscible�pressure�of�
2,000�psi,�sequentially.�This�con�rms�that�asphaltene�particles�and�clusters�deposited�on�the��lter�paper�membranes�during�the��ltration�
H[SHULPH�W�D�G�UHG��HG�LW���R�WH�W�D�G�WKH�KHD����RPSR�H�W��L��WKH�SURG��HG�RLO��,��UHD�L�J�WKH�SUH���UH�DER�H�WKH�00��UH��OWHG�L��
D��L��UHD�H�L��KHD����RPSR�H�W��D�G�D�SKDOWH�H��R�WH�W��RPSDUHG�WR�SUH���UH�EHORZ�00���L�H���LPPL��LEOH��R�GLWLR�����7KH�H�UH��OW��
L�GL�DWHG�WKDW�PL��LELOLW��KDG�LPSD�WHG�WKH��U�GH�RLO�D�G�LW���KHPL�DO��WU��W�UH�P��K�PRUH�WKD��LPPL��LEOH�JD��L�MH�WLR���R�GLWLR����7KH�
�WUR�J�OLJKW��K�GUR�DUER��H[WUD�WLR��RI�PL��LEOH��2��OHDG��WR�D�KLJKHU�SHU�H�W�RI�KHD���K�GUR�DUER���D�G� OH���OLJKW�D�G� L�WHUPHGLDWH�
K�GUR�DUER����Cao�and�Gu�2013����LJKHU�SUH���UH�RI�PL��LELOLW��ZLOO�IRU�H�WKH�D�SKDOWH�H�SDUWL�OH��D�G�WKH�KHD����RPSR�H�W��WR�SD���
through�the��lter�membranes�at�higher�rate�and�thus�result�in�an�increase�in�the�asphaltene�content�in�the�produced�oil.

Carbon Number Group
Original Oil

Before Experiments

Pressure Condition

Immiscible Conditions Miscible Conditions

750 psi 1,250 psi 1,750 psi 2,000 psi

C8 –C14 65.14% 52.72% 47.32% 40.66% 30.59%

C15–C19 6.06% 3.85% 3.50% 8.45% 5.12%

C20–C24 9.16% 16.32% 20.11% 17.45% 20.10%

C25- C29 14.48% 21.74% 22.74% 25.28% 30.69%

C30+ (including 
asphaltene)

5.17% 5.38% 6.33% 8.16% 13.50%

Total 100.00% 100.00% 100.00% 100.00% 100.00%

Table 3—Grouped carbon number distributions of the original oil and the remaining oil after immiscible and 
miscible CO2 injection.

Microscopy Imaging Analysis. ��SKDOWH�H� �O��WHU�� D�G� DJJUHJDWLR��� �D�� EH� IRUPHG� DIWHU� �2�� L�MH�WLR��� D�G� WKH�H� �HZ� IRUP�� RI�
D�SKDOWH�H�SDUWL�OH���D���D��H��H�HUH�L���H��D�G�SO�J�WKH�SRUH��L��D�UH�HU�RLU����UHG��WLR��L��RLO�UH�R�HU��D�G�ZHWWDELOLW��DOWHUDWLR���D��EH�
H��R��WHUHG�G�UL�J�WKH�D�SKDOWH�H�SUH�LSLWDWLR��D�G�GHSR�LWLR��SUR�H����,��WKL���H�WLR���D��RO�H�W�RI��-�heptane�was�used�to�clean�the��lter�
paper�membranes�after�the��ltration�experiments�to�highlight�the�pore�plugging�due�to�asphaltene�particle�and�clusters.�Fig. 15��KRZ��WKH�
�lter�membranes�(i.e.,�450�and�50�nm)�before�and�after�conducting�the��ltration�experiment�with�1,500-�psi�gas�injection�as�well�as�after�
cleaning�the�crude�oil�from�the��lter�membrane.�The�photos�reveal�that�the�pores�were�plugged�and�the�asphaltene�particles�were�deposited�

Fig. 14—Asphaltene weight percent at different temperatures during CO2 injection at 1,000 psi.
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causing�a�reduction�in�pore�size�and�oil�path�in��lter�paper�membranes,�especially�in�the�50-�nm��lter�paper�membranes�which�have�smaller�
pore�size.�To�highlight�the�severity�of�pore�plugging�in�all��lter�paper�membranes,�a�HIROX�digital�microscope�was�used�to�show�the�
plugging�pores.�The��lter�paper�membranes�of�a�heterogeneous��lter�distribution�of�immiscible�and�miscible��ltration�experiments�were�
�HOH�WHG�IRU�I�UWKHU�D�DO��L���Fig. 16�shows�the�microscopic�images�of�the��lter�membrane’s�pore�structure�of�450-,�100-,�and�50-�nm��lters�
using�immiscible�conditions�(i.e.,�750,�1,000,�and�1,250�psi)�and�miscible�conditions�(i.e.,�1,500,�1,750,�and�2,000�psi)�at�32°C.�All�images�
were�captured�after�cleaning�the��lter�paper�using����KHSWD�H��RO�H�W�IRU�DW�OHD�W����KR�U���,W�ZD��RE�HU�HG�WKDW�PL��LEOH��R�GLWLR���RI��2��
had�higher�pore�plugging�of�the��lter�paper�membranes�compared�to�immiscible�conditions.�These�observations�con�rm�the�results�from�
the��ltration�experiments�explained�above.�The�asphaltene�particles�and�clusters�were�deposited�at�a�higher�rate�in�smaller��lter�paper�
membranes�such�as�50�nm�due�to�smaller�pore�size�structure.�The�results�showed�darker�colors�for�smaller�pore�size��lter�paper�during�
miscible�condition�of�gas�injection.�It�can�be�concluded�that�miscibility�impacts�the�asphaltene�particle�in�crude�oil�signi�cantly�compared�
WR�LPPL��LEOH�JD��L�MH�WLR���R�GLWLR���

Fig. 16—Digital microscopic images (500 µm) of 450-, 100-, and 50- nm filter membranes during immiscible and miscible CO2 
injection.

SEM Analysis. To�provide�an�advanced�and�clear�imaging�analysis�of�how�asphaltene�particles�impact��lter�paper�membranes,�SEM�
was� used� to�highlight� the� impact� of�pressure� and�asphaltene� clusters�on� pore�plugging.�To� illustrate� this,�heterogeneous��lter�paper�
PHPEUD�H���L�H�������������D�G�����P��G�UL�J�LPPL��LEOH��L�H���������S�L��D�G�PL��LEOH��L�H���������S�L���2��L�MH�WLR��ZHUH��HOH�WHG�IRU�
I�UWKHU�LPDJL�J�D�DO��L���Fig. 17�shows�SEM�images�(10�µm)�of�the��lter�membrane’s�pore�structure�for�450-,�100-,�and�50-�nm��lters�
using�miscible�injection�pressures�of�1,750�and�2,250�psi,�respectively,�at�32°C.�For�450-�nm��lter�membrane,�the�structure�of�the��lter�
showed�some�asphaltene�particles,�which�were�colored�black�for�both�pressures.�The�structure�of�the�450-�nm��lter�was�slightly�clearer�
because�it�has�large�pore�size�compared�to�100-�and�50-�nm��lters.�As�the�pore�size�decreased,�the�structure�of�the��lters�was�darker�and�
fewer�details�could�be�observed�due�to�smaller�pore�size,�especially�in�50-�nm��lter�papers.�Large�area�of�100-�nm��lter�paper�was�impacted�
by�asphaltene�clusters,�and�this�can�be�observed�on�the�darker�color,�especially�for�miscible�pressure�of�1,750�psi.�For�the�50-�nm��lter�

Fig. 15—Illustration of the filter membranes (450 and 50 nm) at 1,500 psi before and after the experiment and after cleaning.
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PHPEUD�H���PR�W�RI�WKH�LPDJH�DUHD�IRU�ERWK�LPPL��LEOH�D�G�PL��LEOH��R�GLWLR���ZD��LPSD�WHG�E��D�SKDOWH�H�GHSR�LWLR��G�H�WR��PDOO�SRUH�
size.�These��ndings�reveal�that�asphaltene�particles�plugged�a�high�percentage�of�the��lter�paper’s�area,�which�was�observed�clearly�in�
smaller�pore�size��lters�and�high�CO��SUH���UH�

Pore Size Reduction Due to Asphaltene Deposition. 6(0�LPDJH��ZHUH�SUR�H��HG���L�J�DG�D��HG� �RPS�WHU� �RIWZDUH�WR�GHWHUPL�H�
the�pore�size�distribution�of�all��lter�membranes�and�to�highlight�the�impact�of�asphaltene�clusters�on�pore�plugging.�All�heterogeneous�
�lter�membranes�were�selected�for�further�analysis�of�immiscible�pressure�of�1,000�psi�and�miscible�pressure�of�1,750�psi�experiments�at�
32°C.�Fig. 18a�compares�the�pore�size�distribution�in�the�450-�nm��lter�membrane�after�CO��L�MH�WLR���DW�������D�G�������S�L��7KH�PDMRU�
distribution�of�the�pore�size�of��lters�ranged�from�40�to�300�nm�at�immiscible�pressure�of�1,000�psi�but�20�to�180�nm�at�miscible�pressure�
of�1,750�psi.�The�results�showed�that�miscibility�signi�cantly�impacted�the�pore�size�compared�to�immiscible�conditions�because�higher�
pressure�induced�the�asphaltene�particles�at�higher�rate�and�thus�plugged�pore�membranes,�which�led�to�reduced�pore�sizes.�When�the�
asphaltene�deposited�inside�the�membranes,�the�oil�was�not�able�to�pass�through�the��lter�easily�due�to�pore�plugging.�These�observations�
were�found�in�50-�nm��lter�membranes.�For�the�50-�nm��lter�membrane,�the�pore�size�distribution�estimated�to�be�between�1�to�7�nm�for�
immiscible�pressure�(i.e.,�1,000�psi)�and�from�0.25�to�3�nm�for�miscible�pressure�(i.e.,�1,750�psi),�as�shown�in�Fig. 18b����H�WR��PDOOHU�
pore�size�structure,�a�smaller�pore�size�distribution�was�determined�in�the�50-�nm��lter�membrane.�The�asphaltene�clusters�and�particles�
deposited�much�more�in�50-�nm��lter�membranes�for�both�immiscible�and�miscible�pressure�conditions�due�to�smaller�pore�size,�which�
OHG�WR�PRUH�SO�JJL�J�RI�WKH�SRUH���6��HW�DO���������GH�HORSHG�D��L�WHJUDWHG��LP�ODWLR��DSSURD�K�WR�SUHGL�W�SHUPHDELOLW��UHG��WLR����GHU�
asphaltene�particle�aggregation�and�deposition.�They�concluded�that�the�longer�the�aggregation�time,�the�higher�the��ow�velocity,�and�
larger�precipitation�concentrations�will�lead�to�a�faster�reduction�in�permeability.�These��ndings�indicate�that�CO��injection�can�a�ect�
asphaltenes�in�crude�oil�during�both�immiscible�and�miscible�conditions,�causing�signi�cant�pore�blockage,�especially�in�reservoirs�with�
�PDOO�SRUH������K�D��WKR�H�IR��G�L�����R��H�WLR�DO�UH�HU�RLU��

CO� vs. N� Discussion. This�section�is�a�holistic�comparison�discussion�on�how�asphaltene�deposition�process�di�ers�under�CO��D�G�1��
JD��L�MH�WLR����7KH�UH��OW��L��WKL��UH�HDU�K�ZLOO�EH��RPSDUHG�WR�WKH�SUH�LR���ZRUN���L�J�PL��LEOH�D�G�LPPL��LEOH�1��L�MH�WLR���(OW�UNL�
D�G�,PTDP�����D������D���7KH�00��RI�1��ZD��GHWHUPL�HG�WR�EH�������S�L���2��D�G�1���R�OG�LPSD�W�WKH�D�SKDOWH�H�SDUWL�OH��L���U�GH�
oil�at�various�degrees�of��uctuations.�Fig. 19��KRZ��WKH�D�SKDOWH�H�ZHLJKW�SUH�H�W�G�UL�J�LPPL��LEOH��2��D�G�1��L�MH�WLR���7KH�UH��OW��
�KRZ�WKDW��2��impacted�the�asphaltene�particles�signi�cantly�compared�to�immiscible�N��injection�condition.�For�example,�the�asphaltene�
ZHLJKW� SHU�H�W� G�UL�J������� S�L�1�� injection� pressure�on� 450-�nm��lter�was�2.52%,� but� for�1,000� psi�CO�� injection� it�was� 10.90%,�
L�GL�DWL�J�WKDW��2��had�in�uenced�the�asphaltene�much�more�than�N�.�For�the�50-�nm��lter,�more�asphaltene�particles�were�trapped�due�
to�small�pore�size�resulting�in�asphaltene�weight�percent�up�to�8.14�and�13.44%�for�N��D�G��2���UH�SH�WL�HO���G�UL�J���������S�L�L�MH�WLR���
7KL���D��EH�H[SODL�HG�D��WKH�PD���WUD��IHU�RI��2��L��KLJKHU�WKD��1��G�H�WR�WKH���SHU�ULWL�DO�RI��2���D��EH�DWWDL�HG�HD�LO���:D�J�HW�DO��
����).�Higher�pressure�led�to�more�asphaltene�precipitation�and�deposition�in�all��lter�membranes.�To�make�a�better�comparison,�Fig. 20�
�KRZ��WKH�PL��LEOH��R�GLWLR��UH��OW��RI��2��D�G�1��on�asphaltene�stability.�It�is�apparent�from�the��gure�that�miscibility�or�near-�miscible�
conditions�of�both�gases�led�to�higher�asphaltene�rates.�For�example,�during�miscible�pressure�of�1,750�psi,�the�asphaltene�weight�percent�
determinations�were�17.33�and�26.26%�on�50-�nm��lter� for�N��D�G��2���UH�SH�WL�HO����LJKHU�SUH���UH�ZLOO�EUHDN� WKH�ER�G��EHWZHH��
the�asphaltene�and�resins�in�the�crude�oil�at�higher�degrees�and�thus�will�lead�to�more�asphaltene��uctuations�and�deposition.�Also,�the�

Fig. 17—SEM images (10 µm) of 450- and 50- nm filter membranes at 1,000- and 1,750- psi injection pressures.

D
o

w
n

lo
a
d

e
d

 fro
m

 h
ttp

://o
n

e
p

e
tro

.o
rg

/S
J/a

rticle
-p

d
f/d

o
i/1

0
.2

1
1

8
/2

1
0

5
9

2
-P

A
/2

7
8

7
6
0

3
/sp

e
-2

1
0
5

9
2

-p
a
.p

d
f/1

 b
y M

isso
u

ri U
n
ive

rsity o
f S

cie
n
ce

 &
 T

e
ch

 u
se

r o
n

 2
8

 N
o

ve
m

b
e

r 2
0

2
2



�����6�(�-R�U�DO��

�RO�ELOLW��RI��2��L��KLJKHU�WKD��1��D�G�WK���1��KD��D�ZHDN�PD���WUD��IHU��7KL���R�OG�OHDG�WR�SRRU�H[WUD�WLR��SUR�H���RI�OLJKW�K�GUR�DUER���
of�crude�oil�and�thus�less�asphaltene��occulation�compared�to�CO����O�R���2��D�G�D�SKDOWH�H�ERWK�KD�H�SRODU�PROH��OH���ZKL�K�OHDG�WR�
KLJKHU�L�WHUD�WLR��UDWH�D�G�WK���KLJKHU�D�SKDOWH�H�GHSR�LWLR����D�KWL�HW�DO���������,��WHUP��RI��2��D�G��U�GH�RLO��KHPL�DO�L�WHUD�WLR����
WKH��WDELOLW��RI�D�SKDOWH�H��L���U�GH�RLO��D��EH��R��LGHUDEO��LPSD�WHG�ZKH��WKH��UHD�W�ZLWK��2��D�G��UHDWH�DPLGH�I���WLR�DO�JUR�S���7KH�
DJJUHJDWLR��RI�D�SKDOWH�H��G�UL�J��2��L�MH�WLR��ZR�OG�L��UHD�H�G�UL�J�WKH�IRUPDWLR��RI�WKH�DPLGH�I���WLR�DO�JUR�S�G�H�WR�WKH�K�GURJH��
ER�GL�J�D�G�PHWDO��RRUGL�DWLR�� UHD�WLR�� WKDW�PD��R���U�WKUR�JK� WKL��JUR�S���IUD�HW�DO������).�These�results�illustrate�both�e�ects�of�
PL��LEOH�D�G�LPPL��LEOH��R�GLWLR���RI��2��D�G�1���L��ZKL�K��2��L��PRUH�DG�D�WDJHR���L��WHUP��RI�UHD�KL�J�PL��LELOLW��PRUH�HD�LO���7KL��
�R�OG�UH��OW�L��D�KLJK�RLO�UH�R�HU��E�W��R�OG�OHDG�WR�PRUH�D�SKDOWH�H�L���H��G�UL�J�JD��L�MH�WLR��SUR�H���L��UHDO�UH�HU�RLU��

Fig. 18—Comparison of the estimated pore size distribution in (a) 450- and (b) 50- nm filter membranes after CO2 injections of 1,000 
and 1,750 psi.

Fig. 19—Comparison of asphaltene weight percent during immiscible N2 injection (Elturki and Imqam 2021a) and immiscible CO2 
injection pressure.
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Conclusions
7KL��UH�HDU�K�SUR�LGHG�D��RPSUHKH��L�H�H[SHULPH�WDO�L��H�WLJDWLR��RI�WKH�LPSD�W�RI�LPPL��LEOH�D�G�PL��LEOH��2��L�MH�WLR��R��D�SKDOWH�H�
stability�in�crude�oil�using�nanopore�structure�which�represents�unconventional�reservoirs.�The��ltration�technique�was�used�to�conduct�
WKH�H[SHULPH�W������OLPW�EH�ZD����HG�WR�GHWHUPL�H�WKH�00��RI��2�.�Various�factors�were�studied�including�immiscible�pressure,�misci�
ble�pressure,�temperature,��lter�membrane�distribution,�and�pore�size.�The�following�conclusions�can�be�drawn:

�� The��ltration�experiments�showed�that�the�asphaltene�weight�percent�increased�as�the�CO��L�MH�WLR��SUH���UH�L��UHD�HG�EH�D��H�WKH�
JUHDWHU� SUH���UH�EUHDN�� WKH�UH�L���DUR��G� WKH�D�SKDOWH�H���UH��OWL�J� L��D�SKDOWH�H�SUH�LSLWDWLR��D�G�GHSR�LWLR���7KH�H�RE�HU�DWLR���
were�signi�cant�during�miscible�injection�pressures�(i.e.,�1,500,�1,750,�and�2,000�psi)�as�miscible�injections�had�higher�solubility�and�
�WUR�J�H[WUD�WLR��SUR�H���RI�OLJKW��RPSR�H�W��L��WKH��U�GH�RLO��UH��OWL�J�L��PRUH�KHD���RLO��RPSR�H�W��D�G�D�SKDOWH�H���7KH��H�HULW��RI�
asphaltene�deposition�was�higher�in�50-�nm��lter�paper�membranes.�Also,�a�soaking�time�of�120�minutes�had�higher�impact�on�asphal�
WH�H�L��WDELOLW���RPSDUHG�WR�����D�G�����PL��WH��RDNL�J�WLPH��

�� 7KH�DG�D��HG�D�DO��L��RI��KURPDWRJUDSK��RI�WKH��U�GH�RLO��KRZHG�WKDW�PL��LEOH��2��L�MH�WLR����L�H���������D�G�������S�L��OHG�WR�PRUH�
L�WHUPHGLDWH�D�G�KLJK��RPSR�H�W��RI��U�GH�RLO��RPSDUHG�WR�LPPL��LEOH��R�GLWLR����L�H�������S�L�D�G�������S�L����O�R��PL�UR��RS��D�G�
6(0�DG�D��HG�LPDJL�J�UH�HDOHG�WKH�LPSD�W�RI�D�SKDOWH�H�D���P�ODWLR��R��SRUH��ORJJL�J��7KH�UH��OW���KRZHG�WKDW�ZKH��WKH�SUH���UH�
increased,�pore�clogging�increased�along�with�a�reduction�in�pore�size,�especially�in�50-�nm��lter�paper�membranes.

�� 7KH�DELOLW��RI��2��to�extract�light�hydrocarbon�components�from�crude�oil�under�the�same�injection�pressure�conditions�is�signi�cantly�
ODUJHU�WKD��L��R�U�SUH�LR���ZRUN��(OW�UNL�D�G�,PTDP�����D������D���ZKL�K���HG�1��gas�injection�pressure,�resulting�in�a�signi�cant�
D�SKDOWH�H�ZHLJKW�SHU�H�W�
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