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Abstract

The Taguchi design of experiments (DOE) approacladspted here to evaluate the impact of
effective factors such as nanoparticles type, narigies to model solution mass ratio, asphaltene
structure, and temperature on asphaltene adsorgilibrium. Herein, the toluene-asphaltene
solution model is applied. Three commercially nartiples (SiQ, Al,Os;, and TiQ) are used.
Asphaltene characterizations are carried out byydiffraction (XRD) analysis. It is found that the
nanoparticle type and asphaltene structure withspactive influence of 48.5% and 3.11% have the
maximum and minimum contribution on the amount dfabed asphaltene at the selected levels
respectively. Aluminum oxide nanoparticle has thexmmum and silicon oxide nanoparticle shows
the minimum adsorption. The temperature has nasstal significance. Asphaltenes with higher
aromaticity have more tendencies for adsorptionamoparticles.
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1. Introduction

Crude oil is a colloidal system having a disperisase composed of asphaltene and resin. Asphaltenes
are the fraction of petroleum liquids insolubletle low-molecular-weight normal paraffins such as
the n-heptane while soluble in some aromatic solventh ss toluene or benzene (Bouhadda et al.,
2007; Nassar, 2010). Asphaltenes are not chemiilytifiable compounds. Their composition and
structure depend on their source, the method ohetkdn, and the type of solvents used in extractio
(Groenzin, and Mullins, 2000).

Asphaltene can be adsorbed on surfaces as collagtakgates. Asphaltene adsorption on various
surfaces can cause many problems during heavy xtibation, transportation, and upgrading

(Mochida, 1988). These problems have forced thearebers to employ various surfaces for
asphaltene removal through adsorption from crutleSoirfaces were applied in previous adsorption
studies include mineral, metallic, and metal ox{d¢boudwarej, 2005; Marczewski and Szymula,

2002; Rudrake, et al., 2009). Nowadays, the useaobparticle metal oxides due to having a big
specific surface area is of concern (Nassar, 2Bi&hco et al., 2013; Xinhu and Dongyang, 2011).
The majority of the previous studies focused on ddsorption isotherms. Nassar investigated the
effect of some of the affecting factors on the a#feine adsorption on nanopatrticles like asphaltene
initial concentration, nanopatrticle type, temperatumanoparticle size, surface pH, water conterd, a

coexisting molecules (Nassar, 2010; Nassar e2@l.1a,b). Asphaltene adsorption behavior varies on
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different nanoparticles. Researchers have proposaibus hypotheses regarding asphaltenes
molecules and surface bonding. Gonzalez et al.7266ncluded that the presence of oxygen and
nitrogen in the structure of asphaltenes contribtivethe amount adsorbed. Researchers have noted
that the polar interaction between the asphaltenkeaules and the surface take place during the
asphaltene adsorption (Dudasova et al., 2008). iloug to the introduced hypothesis in the recent
studies, the aromaticity of asphaltene and nitrogamtent in the asphaltene structure is related to
asphaltene adsorption (Lopez-Linares et al., 2009).

Different interactions could occur between surfand asphaltene molecules. Buckley and Liu (1998)
reported the main categories of asphaltene/sdigidntions as: (1) polar interaction between tHarpo
groups of asphaltenes and the surface, (2) supi@ogpitation, (3) acid-base interaction at soliakev
and asphaltene/water interfaces, and (4) ion bgnaiid specific interaction. In the absence of water
only the two first categories are involved.

In this study, the influences of effective factbke nanoparticle types, asphaltenes types, the oht
nanoparticles to asphaltene model solution, anghéeature on the amount of asphaltene adsorption
on metal oxides nanoparticles are evaluated. Hetietnpotential of the asphaltenes extracted from
two different crude oil types adsorbed on three$ypf nanoparticles are measured.

2. Experimental methods

2.1. Materials

In this study, three commercially available nantiplas (SiQ, Al,Os, and TiQ) are provided from
TECNAN. The reported particle size and specifideue area are listed in Table 1. The asphaltenes
are extracted from two different crude oil typeshbfsom the south of Iran. The crude oil samples
properties are presented in Table 2. The solves#d in the precipitation and extraction of aspinaite
aren-heptane and toluene (analytical grade, EMD, MerER,

Table 1
Properties of the applied nanoparticles.
Nanoparticles Average particle size[nm] Specific surface area (BET)[m/g]
y-Al,04 10-20 110
TiO, 10-15 120
Sio, 10-15 199
Table 2
The selected factors with their levels.
Factors Symbol Level
Asphaltene type A Sample 1 Sample 2
Nanopatrticle type B TiO, SIio, v-Al,05
Nanoparticleg to model solution c 12 15 110
ratio [l/g]

Temperature [°C] D 25 35 45
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2.2. Asphaltene extraction and model solution

Residue is extracted from crude oil according tolrMSD86-01; next, the asphaltene is extracted
from residues according to ASTM D6560-00. The alpha is dissolved in toluene for the

preparation of the model solution of asphaltenee Tbncentration of asphaltene solution in the
adsorption experiments is 4000 mg/I.

2.3. Asphaltene characterization

Asphaltene characterizations are carried out byay-diffraction (XRD) analysis. The XRD
measurement is conducted through a Bruker autonahitiedctometer, applying the Cuk(=1.5406
A) wavelength. A nickel detector is employed toledl the diffraction signals. The diffraction angle
(20) is scanned from  45°at a 0.005 (&/sec) scan rate with a 2 (sec/step) step size.

2.4. Adsorption experiment

A specific amount of nanoparticles is added tortimelel solution of asphaltenes in a constant volume
(10 ml). The samples are shaken at 300 rpm fosZ&ha specified temperature in a shaker incubator
(NB-205V, N-Biotek instrument Korea, Inc.) in order achieve adsorption equilibrium. Next, the
samples are centrifuged (Supra 22K, Hanil instrurkemea, Inc.) for 15 min at 5000 rpm to remove
the suspended nanoparticles. The concentrationshef nanoparticles in the supernatant are
determined using an atomic emission spectroscopg.ré&sults indicate that all of the nanoparticles
are separated by centrifugation. Asphaltene coratmm in the supernatant is determined by an UV-
visible spectrophotometer (V570, Jasco instrume8AUInc.). A calibration curve of UV-visible
absorbance at~800 nm is obtained using standard model solutionih \known asphaltene
concentrations versus the asphaltene concentr@lanczewski and Szymula, 2002; Evdokimov et
al., 2003). The adsorption of asphaltene on thempeanticles is evaluated by measuring the asphaltene
concentration in the solution before and after ngxithem with nanoparticles. The amount of
asphaltenes adsorbed after obtaining adsorptioilium, g, (mg/nf), is calculated through the
following equation:

_Ce_CO
T AXm

e 1)

where,V is the sample volume (In is the mass of the nanoparticles (gk)is the nanoparticle
specific surface area {fg); C, is the initial concentration of asphaltenes ingbkition (mg/l) andC,
is the asphaltene concentration in the soluticer @tlsorption equilibrium (mg/l).

2.5. Design of experiments (DOE)

The conventional approach for evaluating the efééd¢he factors in the response of the systemes th
one-factor-at-a-time method. When the factors arenerous, this approach requires many
experimental runs. DOE is a statistical technigseduin studying multiple factors simultaneously.
DOE can reduce the number of experiments whilénieta the quality of data collection. The first

important step in DOE is the selection of suitatsletors and their levels. In this study, the four
factors, namely nanoparticle type, asphaltenestsire, ratio of nanoparticles to model solutiond an

temperature, are considered with their levels miteskein Table 3. The Taguchi method is one of the
most reliable methods adopted for the design oeemgents. For the Taguchi approach with the
selected factors in this experiment &g non-orthogonal array is designed by the statistica
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MINITAB © software release 14 (Minitab Inc.) (Table 4). Eem of the matrix represents one run in
a specified condition. In order to avoid the systBmbias, the sequence, in which these runs are
made, is randomized (Roy, 2001). All analyses aréopmed on a modified response signal-to-noise
ratio (S/N. TheS/Nin the Taguchi method indicates the magnitudehahges in the response due to
the variations of controlled factors with respecthat of the errors. As mentioned above, the tesul
obtained from the adsorption of asphaltenes on pemticles are applied to the response analysis. In
order to maximize the amount of the adsorption sghaltene on nanoparticles, the followiB{N
equation is applied (Roy, 2001):

> 1/Y2) (2)
n

S/N = —10Log(

Table 3
L;1g Taguchi non-orthogonal array of the designed erparts based on the natural variables and converted
response on S/N ratio.

Run A B C D SN ratio
1 1 TiO, 1:2 25 2.66
2 1 TiO, 1:5 35 3.99
3 1 TiO, 1:10 45 5.49
4 1 SIG, 1:2 25 -0.29
5 1 SiO, 1:5 35 1.71
6 1 SIG, 1:10 45 2.66
7 1 Al,O, 1:2 35 3.58
8 1 Al,Oq 1:5 45 5.31
9 1 Al,O, 1:10 25 7.58
10 2 TiO, 1:2 45 3.41
11 2 TiO, 1:5 25 6.18
12 2 TiO, 1:10 35 7.55
13 2 SiO, 1:2 35 -1.68
14 2 SIG, 1:5 45 1.84
15 2 Sio, 1:10 25 4.93
16 2 Al,O5 1:2 45 3.66
17 2 AlL,O; 1:5 25 6.96

18 2 Al,04 1:10 35 8.88
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where,Y is the experimental measurement of the adsorpfi@sphaltene from model solution, amd
is the number of replications, presented herem=as

3. Results and discussions

3.1. Asphaltene characterization

The X-ray patterns of both samples are shown inr€id. The characteristic values are obtained from
X-ray patterns of the extracted asphaltenes sampl@summarized in Table 5. The aromatidityié
the aromatic hydrocarbons to all hydrocarbons (at@mmand saturated hydrocarbon) content ratio.

The aromaticity f, was determined by calculating the aréasf the peaks for thgand the graphene
bands using the following formula reported in tiberature (Solaimany Nazar, and Bayandory, 2005):

— CA — Abraphene
? CA + CS Agraphene+ %

where, C, and Cg are the number of saturated and aromatic carbomsaper structural unit

®3)

respectively. They and the graphene curves which are extracted flmnXt-ray patterns of the
Samples 1 and 2 are presented in Figures 2 argp8atavely.
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Figure 1

X-ray diffraction patterns of two Iranian crude haftene samples.

The layer distance between aromatic she@ty i6 calculated from the maximum of the graphene
band by the Bragg relation. Distance between dliphayers is presented ds The average height of
the stack of aromatic sheets perpendicular to theepof the sheetLf) is calculated from the
graphene curve. The number of aromatic sheetsstacked clustey, is estimated from the values
of theL. andd,. All the terms are determined through the fornpiesented by Refs. (Bouhadda et
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al., 2007; Shirokoff et al., 1997). More detailstbe asphaltene characterizations by X-ray diffosct
(XRD) analysis are presented elsewhere (Solaimagal and Bayandory, 2005). The aromaticity of
the extracted asphaltene type 2 is greater thdrothihe extracted asphaltene type 1. The aromgatici
value indicates that the extracted asphaltene2ypanore polar than the type 1 (Long, 1981).
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Figure 2
They and graphene curves extracted from XRD patteasphaltene Sample 1.
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Figure 3
They and graphene curves extracted from XRD patteasphaltene Sample 2.

3.2. Analysis of variance (ANOVA)

The correspondin@/Nratios of all the 18 response runs with their igilon are presented in Table
4. The ANOVA approach is adopted in the Taguchihodtto determine the key factors and
influences, interactions, and errors. The stra@gpNOVA calculation is to analyze the variation
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that each factor cause relative to the total vianiabbserved in the results statistically (Montgoyne
1997). The statistical analysis of the resultshgimed through MINITAB release 14 (Minitab Inc.)
software. ANOVA statistical terms and the perceatafjthe contribution of each factor are presented
in Table 6. In the ANOVA table, thie-ratio is an important term, which is applied i ttalculation

of the effect of a factor and the variance influsthdy the error term. Comparing tReatio of the
factor obtained in the analysis with a criti€atatio (F.= 4.96 for factors with two level§,.= 4.1 for
factors with 3 levels) with a confidence level &% (Roy, 2001) indicates whether that factor has a
significant influence on the response. It shoule&bghasized that the interpretation of ANOVA table
is valid just in the range of levels consideredday specific factor. In this study, it is obvioflusm
F-ratios, that the three selected factors in thecsetl range considered in the experimental design
have a statistically significant effect at a 95%fatence level. The temperature has no significant
effect on the response in the selected levels.r&idual error term combines the effects of theehr
sources: factors excluded from the experiment, ninollable factors, and experimental error (Roy,
2001).

Structural parameters deduced fro-rma?(k—ar:y diffratfior two samples asphaltenes.

Sample fa D m(A) d, (A) L(A) M

1 0.11 3.55 4.58 20.9 6.8

2 0.12 3.68 4.21 26.1 8.1

Table 3
Analysis of variance (ANOVA).

Source free[:) de(?r;e(eD(gF) squs;rrenso(fs s) Variance  F-ratio Pure sum i:fiﬁ:;

A 1 4.531 4.531 10.74 0.008 3.11

B 2 64.960 32.48 77.01 0.000 48.5

C 2 55.628 27.81 65.95 0.000 41.5

D 2 2.807 1.40 3.33 0.078 1.48

Residual error 10 4.218 0.4218 5.4

Total 17 132.143 100

3.3. The effect of nanoparticle type

The results of experimental design indicate thatatisorbent type, with a 48.5% influence obtained
from ANOVA, is the most important factor with theegtest impact on the amount of asphaltene
adsorbed on the nanoparticle surfaces. The effedh® different nanoparticles on asphaltene
adsorption is shown in Figure 4. Aluminum oxide o@article has the maximum and silicon oxide
nanoparticle has the minimum adsorption. Adsorptdepends on the interaction between the
adsorbent and the adsorbed liquid, so these diffesein the amount of adsorption can be attributed
to a degree of difference in the interaction betwemtal oxide surface and the asphaltenes. Similar
observations were reported by other researchetbdoadsorption of asphaltenes on different susface
(Alboudwarej, 2005; Nassar et al., 2011c). The bgtobicity of surface can change the mechanism
of adsorption and have an effect on asphaltenerpiitso (Dudasova et al., 2008). The pH of the
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adsorbent surface has an influence on asphalteswidbn. The acidic surface was shown to have
the highest adsorption (Nassar et al., 2011a).

6

Mean of SN ratio

TiO, Sio, Al,O,4
Nanoparticle composition

Figure 4
Main effect plot of the nanoparticle composition®/N ratio for asphaltene adsorption.

3.4. The effect of nanoparticle to model solution ass ratio

An increase in the amount of adsorbent leads tm@ease in the adsorption sites, which causes an
increase in the adsorption of asphaltene. The tefffethe adsorbent addition is shown in Figurerb. |
the selected levels, the amount of asphaltene p@tilsorincreases linearly with an increase in the
adsorbent amount. It is clear that beyond a ceamaiount of adsorbent, adding more adsorbent has no
impact on the asphaltene adsorption amount.

7

Mean of SN ratio
N

1.2 1.5 1:10
Nanopatrticle to model solution ratio

Figure 5
Main effect plot of the nanoparticle to model sidntratio on S/N ratio for asphaltene adsorption.
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3.5. The effect of asphaltene structure on adsormin

Asphaltene has no specific chemical structure agdchange in its structural parameters would affect
its adsorption on nanoparticles. The effect of aliphe structure is shown in Figure 6. In this gfud
the two asphaltene samples have many structuralasiies. Therefore, the percent influence of
asphaltene structure is less than the other twdiomsd factors. The adsorption amount of type 2
asphaltene is more than that of the type 1 aspieltghich could be due to the higher aromaticity of
type 2. It is expected that by using asphaltenepsssnwith more structural differences, a more
noticeable influence on the adsorption in ANOVAl¢gatould be evaluated.

5

Mean of SN ratio
N
o

N
1 1 1

3.5

Asphaltenes samples

Figure 6
Main effect plot of the asphaltene samples on &t for asphaltene adsorption.

According to the characterization of asphaltenepesnit is found that the aromaticity of Samplis 2
more than Sample 1. Leon et al. reported that #phaltenes with more aromaticity have more
adsorption (Leon et al., 2000). Increasing the atarty and polarity of asphaltene can cause an
increase in polar interaction between the polaugsoof asphaltene and the adsorbent surface; hence,
an increase in the amount of asphaltene adsoristieeen.

4. Conclusions

Asphaltene removal through adsorption from crudé i employing various metal oxide
nanoparticles is a new challenge in heavy oil regpinvestigation. The potential of the asphaltenes
adsorption on three types of nanopatrticles are mmedsThe influence of various effective factors on
the asphaltene adsorption is analyzed using thechagxperimental approach statistically. The
ratios of the factors like asphaltene structureoparticles type, and nanoparticle to model satutio
mass ratio indicate a statistical significance. Témperature has no significant impact over thgean
of 25 to 45 °C. It is found that the nanopartiglpe has the maximum and asphaltene structure shows
the minimum percentages of contribution to the akphes adsorption. Asphaltene with a higher
aromaticity could lead to a more asphaltene adsorgin nanopatrticles. The possibility of heavy oil
upgrading in the presence of nanoparticles throaghhaltene catalytic oxidation reactions is
purposed for further study.
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Nomenclature

A : Area of the peak for theor the graphene bands
ANOVA : Analysis of variance
C, : Number of aromatic carbon atoms per structurél un
Cs : Number of saturated carbon atoms per structumial u
(o : Layer distance between aromatic sheets
DOE : Design of experiments
d, : Distance between aliphatic layers
f, : Aromaticity
L. : Average height of the stack of aromatic sheetpgaicular to the plane of the
sheet
M : Number of aromatic sheets in a stacked cluster
n : Number of replications
Y : Experimental measurement value of the adsorgti@sphaltene
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