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1. In-situ Synthesis
2. Precursor Salt

.

LV R

ymims ol i b b sly ] Loyl ]
J—ad o als Jmled Jds e 4 5 W9 o0
Sl Sl g es im0l S e
Sl slopgd 5 edgel JoSis el g wig
Wgmd ()Fre S (3g—ed Cemwgd Skl (e g
sladsSse b Ll slseg S o ly o [)]
L 550 oyl ds oombaas e ol «petlas]
5 Sy b )0 Ll iz o a5 w0
orelia] il wisd s wsllasl Linas claaly
Simw 5 La U goh gamen JLsd ol
Lot 5 (ol als 5 Centins el (s
[¥] e § o s 08,5 0 255 o]
J ool SYLiil g Jad 5 (Sbig iSIl S o2
ol o e gl piSmap pleea | 65l
lsie 6318 (Lo S /L Sas gl oy il ]
Sl glS o) JSas J S jedate 4 s S
5Ll 5l e Bas ulla ] e iias g o
o b Jo ol 0l il gl o a3k
=z =B el 6l Ol il o oo L
Cd S L)) g i el Gz gl
edliwl Cis e g jlas ol Jlssa |,

A8l )0 9 050, ) e 390
U35 CRP T XV { NG EDW R WU g
Ca0> Co,0,> Fe,0,> MgO> NiO> TiO, 3 a4,
Gl sllae aslio 4o oSt Y] 0l o i)l
O Sy 9diiimsgS Slyde sl ;b 1y (e
O] Cantid a5 g gy JeS5 5l (6, ol
Jad g les yo 5 JSdie e o (Sl Ll i yo
355k ok ) 5 el 00 55 ke
Ngb oo i Sk )3 L2 )3 Ojgoa (ol 4 S
el ool 5 (mtias J,u8 s Ll 2l
O3l e a0 (al a1 0930 00,5 o (o 2
i b s 6o Al Cel s 53 g sl
a0 i gy 50 el 55 (VU pedla ]



AR LT 5 pe0 MY o ko 0;,&_‘2,‘2

“:A_M" 4_-33) OL{}A S e 3 O)_-‘G.é o‘)f ]S ""«..
Jben b cnlie oligpn SO (0,5 (3l 61—
g S Of S e Jad at ¥l g ag; ol
0 ylad J_g.Lé”.;: }_:JLST oo Sleslaiwl b Jome cas
b bzl LJT SINTERFACE &5, & il
ol ald e oloul Blad S oS gl B b

OO Gl b ) Ol ez ) (e A
0,kad 5l aS g slai Ly (Y - s S (gadoles
A oo Al A clbo, had > 4 S Jl> o
A oo S ygd lawgd (00 ) mm? o 3o)
ol Dy gody (8) AV ool o Sy
SzsS Giml8 S Slam ang; Gl G Ol
Y a1 0] 35 o iy a5 0y b a5
Sl S oloml Gk 5 S it b (i
oSSR So Lo,k mhw by o 50 (g
ooliiul g ang; Ol i Ol et 5Ll g et oo
D e 4 y98 oSl

3l gl 55 Fw

B R N S T T TN gite- 2
Cii 5 Sad ol gy gl 4z,

g
Gt 31 55 Jonls ezl as sl Joo o
25 e Sl 9 S o0 e sl il
L ol &l Seas o Jodore vl 39536 sl
o alol Jae Codl A A gy Cuud g 4 Voo
Zlo—sl cz Yo min Loy Do gl dtged g
el 88 BT W s Ly Syl
S gl 0l (g S il > DS 9l o ol
Vo bar o o] Lid 5905 (lawSy ()59, 55 L

1. Dynamic Light Scattering
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1. X-ray Powder Diffraction
2. Thermo Gravimetric Analysis
3. Field-Emission Scanning Electron Microscopy
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1. Soaking Time
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1. Rhombohedral
2. Energy Dispersive X-ray spectroscopy
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Introduction

Polar functional groups of the asphaltene induces
interfacial activity to these molecules, which it may lead
to the asphaltene adsorption onto reservoirrocks, giving
rise to deposit formation and permeability impairment
[1-2]. Asphaltene adsorption onto the surfaces of metal
oxides was found out to be diminished in the order
NiO > Fe, 0, > WO, > CuO [3]. A series of coreflood
experiments were conducted by Afzal Memon et al
[4] to evaluate the permeability impairment in porous
media under reservoir conditions. The coreflooding
results coupled with thin-sections analyses confirmed
that the permeability loss by asphaltene deposits was
more destructive in tighter core plugs.

In this study, an approach for in-situ preparation of
ultradispered iron oxide nanoparticles in model oils
was designed and followed by us to study their effects
on the asphaltene deposition control in porous media
at reservoir conditions.

Experimental Procedure

Toluene (99.8%, Merck), Cyclohexane and normal
hexane (99%, Merck) were used as received. Iron (I1I)
nitrate nonahydrate (Fe (NO,),.9H,0, Merck) was
employed as the iron oxide precursor salt. Vacuum
gasoil was purchased from an Iranian petroleum
refinery. A dead oil sample from an Iranian heavy oil
field with 23.65 °API containing 32.44% saturate,
41.36% aromatic, 13.56% resin and 12.64 wt%
asphaltene was used to prepare a model oil solution.
The model oil with asphaltene content of 5000 mg/L

Accepted: July/18/2020

was prepared by dissolving a specified amount of
the crude oil in toluene and then mixing the resultant
solution with the gasoil at the weight ratio of 40/60.
Dynamic interfacial tension and interfacial elasticity
measurements were conducted using a profile analysis
tensiometer (PAT, SINTERFACE Co. Germany) to
study the asphaltene behavior at the interface of the
precursor salt aqueous solution and the model oil.

For the in-situ synthesis of Fe,O, nanoparticles, the
emulsions of the 0.1 M precursor salt aqueous solution
in the model oil at a ratio of 1:10 v/v were introduced
into an autoclave for 1 h at known temperature and
pressure conditions to study the synthesis in liquid
bulk. Field emission scanning electron microscopy
(FESEM) was done to investigate the particle size and
morphology of the nanoparticles and adsorbed species.
Two series of coreflooding tests were performed to
investigate the in-situ synthesis in porous media and
its effects on the asphaltene damage control. The
following steps were followed using two core plugs:
(1) saturating the plugs with brine (250000 mg/L
NaCl) and measuring the absolute permeability, (2)
injecting the cyclohexane to reach the irreducible
brine saturation, (3) injecting several pore volumes of
the heavy oil model at a constant flow rate and 120
°C, (4) injecting the normal hexane to induce the
damage, and (5) injecting cyclohexane to measure
the effective permeability of hydrocarbon phase after
induction of the damage. Formation damage caused
by the asphaltene was evaluated through permeability
measurement with
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flushing the core with cyclohexane at the same
conditions before and after induction damage. In the
second scenario, all the five steps were repeated, and
the only difference is that, in step 3, the w/o emulsion
of 0.1 M iron precursor salt solution in the model oil
was injected into the core instead of the model oil.
Analysis of the cores is reported in Table 1.

Results and Discussion

As illustrated in Fig. 1, dynamic IFT shows a reduction
of about 11 mN/m during 1800 seconds to approach the
equilibrium IFT of 14.1 mN/m. This behavior indicates
the presence of surface-active molecules in the model
oil. Elasticity, in other words, the rigidity or strength
of the interface, makes the emulsion highly stable
because it suppresses the breakage and coalescence of
the emulsion droplets [5]. When an emulsion droplet
moves through the porous media, interfacial forces will
counteract the viscous forces applied to the drop. If the
stresses exceed a certain limit, the interfacial force will
be diminished and the drop will be broken. Therefore,

Table 1 Routine core analysis results of the core plugs.

a highly elastic interface needs a high driving force
for transfer of drops in porous media. Hence, liquid
blockage and clogging of the drops can occur in small
pore throats and cavities.

The FESEM image of the in-situ prepared Fe,O,
nanoparticles is depicted in Fig. 2. The mean
diameter of the nanoparticles is 65 nm. The surface
morphology of the nanoparticles exhibits sphere-like
interconnected structures so that their boundaries are
difficult to identify.

Prior to the core flood tests, the cores were initially
evacuated and several pore volumes of synthetic
brine were injected at various flow rates. The absolute
permeability was obtained by drawing injection flow
rate values (Q) versus stabilized pressure drop (AP)
and fitting a straight line. The calculated absolute
permeabilities for the liquid were 0.569 and 0.964
mD for the cores used in the first and second scenarios
respectively.

Scenario Length (cm) Diameter (cm) | Helium porosity (%) | Klinkenberg-corrected permeability (mD)
1 5.195 3.725 14.94 1.27
I 5.153 3.760 18.50 1.67

40

438

IFT (mN/m)

0 50‘00 10500 15(‘)00 20000
Time (sec)

Fig. 1 Drop surface area variation and dynamic IFT of the

model oil and 0.1 M precursor salt solution.

Afterward, to establish the connate water saturation
and measure effective permeability of the hydrocarbon
phase before induction of damage, cyclohexane was
injected to reach the brine endpoint saturation. The
effective hydrocarbon permeabilities were 0.150 and
0.355 mD for the core I and II respectively. In the
first scenario, the model oil was then injected into the
core I at a constant flow rate of 4 cc/h. As shown in
Fig. 3, the higher the injected pore volume of the oil,
the lower is the ratio of instantaneous permeability to
initial permeability. This is ascribed to various damage
mechanisms by asphaltene.

Step 3 in the second scenario is the injection of the
prepared emulsion at the flow rate of 4 cc/h into the
core II to synthesize in-situ Fe,O, nanoparticles. The

Fig. 2 FESEM image of the in-situ prepared Fe,O, nanopar-
ticles after calcination. Scale bar is 500 nm.

pressure drop versus pore volume injected of the
emulsion in the second coreflooding scenario is shown
in Fig. 4. The sinusoidal behavior of the pressure drop
is attributed to the blockage-release emulsion flow
mechanism in the porous media. This mechanism
occurs at capillary number below the critical value.
Injection of normal hexane was then done in two
scenarios to complete the diffusion, transverse
dispersion, and damage process. In the final stage,
cyclohexane flooding was carried out at the low flow
rate of 0.5 cc/h to decrease the chance of asphaltene
dislodgement. After the damage, the -effective
hydrocarbon permeability is 0.0026 and 0.004 md for
the core I and II, respectively.
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into the core I in the first core flooding scenario.
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Fig. 4 Pressure drop versus injected pore volume of
the emulsion into the core II in the second flooding
scenario.

Conclusions
No significant control of the asphaltene damage
is observed in the presence of the in-situ prepared

Petroleum Research, 2020(October-November), Vol. 30, No. 113

nanoparticles at low flowrates. Therefore, the method
of synthesis of in-situ nanoparticles may not be
effective for inhibition of asphaltene deposition at
low drawdown production rates. However, the method
seems to be effective in high-perm porous media.

Nomenclatures
FESEM: Field emission scanning electron microscopy
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