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Statistical Modeling and Optimization of the Effective
Parameters in Precipitation of Asphaltene from
Vacuum Residue by Industrial Solvents
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Research subject: Asphaltenes behave like blood cholesterol.
They may affect the downstream industries by deposition on the
transportation pipes, causing coke in heat exchangers, clogging of
filters, and deactivation of the catalyst surface or may affect the
upstream industries by clogging the pore throats of reservoir rock and
lead to enormous operational problems. The use of inexpensive high-
performance solvents is one of the industrys major concerns.
Research approach: In this research, the possibility of asphaltene
separation from the vacuum tower residue using the low-cost
industrial solvents such as 406 ,404 ,402, and 410 was investigated.
In order to separate asphaltene the [P01/143 and ASTM D 07-3279
separation methods were utilized. In order to find the optimal state of
asphaltene precipitation, Design of Experiments software with three
factors of residence time, the solvent-to-feed ratio and the volume
percent of 406 solvent to the total solvent of 406 and 410 were used.
Main results: The results showed that the effectiveness of each
parameter in precipitating the asphaltene attributed to the ratio
of solvent to feed, the ratio of solvent 406 to total solvent, and the
residence time, respectively and there was a significant interaction
between the basic parameters. The best asphaltene precipitation of
%5.06 of %7.5 happens at the residence time of 36.97 hours, the ratio
of solvent to feed of 35.95 ml/gr and the volume percent of 406 solvent
to the total solvent of %27.20. Asphaltene precipitation percentage
for the optimal mixture of industrial solvents was %22.5 lower than
the precipitated asphaltene from normal heptane solvent. However,
according to the solvents price, industrial solvents (410 and 406)
were approximately %50 cheaper than normal heptane, and hence on
overall, there was a cost savings of more than %20.
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Table 1 Specification of residual feed vacuum of the Shahid Tondguyan Tehran refinery

Specification

Value

Density at °15.56C (gr/cm?)

0.998

API°

10.28

Viscosity at °37.8C (cp)

352

Insoluble in normal heptane

(%wt)

7.5

Test CCR (%wt)

17.4

Sulfur (%w)

3.83

Nitrogen (ppmw)

2870

Vanadium (ppmw)

60

Nickel (ppmw)

20
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Fig 3. Comparison of TGA curves of the synthesized and commercial samples

% . .
molecular | Distillation Aromatics Density (kg / Prlf:e .
Solvent o m3) per liter | Refinery
formula range (° C) ASTM ASTM D1289- | (Rials)
ASTM D86- D1319-
402 C-5C8 218-156 20 795-785 2200 Shiraz
404 C-5C8 179-94 15.3 756.5 2200 Shiraz
410 C-5C8 112-46 2.5 680-670 2500 Shiraz
406 C-5C8 80-62 7 - 2200 Tehran
n-heptane C7H16 94.4 0.1 679.5 45000 Tehran
toluene C7H8 110.6 99.9 873-869 70000 | Esfahan

a_sJlas U"’L"‘J‘J_‘B 4_J3‘ 6L€b w_ll.a)] )l oola_ul l_a
Pl o> a0 )0 g Sljss 4 Pl cous (Pl
Ot Olo—eas TV g ¥of P> gg amoa  ¥eF
OLbls wiloas a8 )5 L o mwl lgear pdla ]
90 aSyl cdle Emu 5 mals Ced o A S Cul S
ol Wit sy bl ok s FoF 5 FY Lo
S e g ye Ghg,y Lo Lagialejl (ool 09t (s
oo plol (VI Joce) DXY 38l 5 S_aS Ly (555 0
imsloj 31 ol al Uy Tl ool yb b, ool 5 <
)_..:...4)_{&)_....:.' 0 9dx0 VALY ul_..ljaua c\_..ls‘ 6L®
)_..hu‘_sl_ﬁbc\_kolouul_ulﬂuﬂa_wjod_wuam
r:ﬁ.'ad»yw)_bd‘)_t)_..mc_‘a_ma‘od_wu_u.u
R S uju\_) 03— 6)|Ajds )‘J_M 9 ‘rvﬁb )‘J_M
ool gL o =S e Lle 1S o LBl ol
)_QJ_...JU C.]a_..u | 00y w)‘)jv JBJ_‘> B s
5l s gy S ams e i |y b e
oy s ol o3l wlwl . g Design Expert
hJAl_.»)_.M)_Q)_..uJCBJLmu_ulou\_A—‘u_wéct_:
(+) 535 o s ca504) Gl 5 YU (5550 oo
Lf"j‘ﬁ )_thQ.AC\jOJ}_' (\—,\)‘u_ulajyl_) J_ALC C}.la_u

BY S UL S W AR PPN W VU PP W e
L el Sy, L o855 )18 05 00 55, 5 25
Sy L Jos ol aile )8 b A g ams il
Coles o il aalsl 0t S5, o Bl delS 4 S
e 180 i i 59 4o Vsl ol
ol a0 VoY glwo jo gl o gl Ay, ]
o= e S el b P AY Guean ol T
39 92y Ol 3 I Sl e s 8 o s
30 odlawl s s (6l o et e cpdlaw]

Dol s ssliil (V) adal, 5135 susle 3L
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Table 3 Minimum and Maximum Basic Factors

Factor Unit Level Level Level Level Level
1.68 -1 0 1 1.68
Residence time hrs 24 28.86 36 43.14 48
Solvent/Feed ml/gr 20 24.05 30 35.95 40
Solvent volume
percent - 0 20.27 50 79.73 100
406/(406+410)*100
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Table -4 The results of experiments on asphaltene precipitation at different equilibrium conditions
(ambient temperature 25 °C -Tamb- and refrigerated temperature 6 ° C-Trfg-) for different solvents in
the ratio of solvent to feed of 30 ml / gr and mixing temperature of solvent with residual vacuum of 42 ° C

NO. Test 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Solvent 402 404 406 406 406 406 410 410 410 410 n-C7 n-C7 | n-C7 | n-C7
Equilibrium | Tamb/ | Tamb
Conditions @ Trfg / Trfg | Tamb, | Tamb, | Trfg, Trfg, | Tamb, | Tamb, Trfg, Trfg, | Tamb, | Tamb, | Trfg, | Trfg,
Tmixing="42c | 24hr, 24hr, 24hr 48hr | 24hr | 48hr 24hr 48hr 24hr | 48hr 24hr 48hr | 24hr | 48hr
S/F=30 ml/gr | 48hr 48hr
0,
% Asphaltene | 0 422 | 398 | 53 | 467 | 435 | 433 | 566 | 505 6 633 | 433 | 567
Precipitation
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Fig. 1 Diagram of the percentage of asphaltene precipitation at different mixing temperatures for
different solvents in the ratio of solvent to feed of 30 ml/gr and ambient equilibrium temperature
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Fig. 2 Diagram of the percentage of asphaltene precipitation in equilibrium conditions (ambient temperature °25C
and refrigerated temperature 6 °C) * 24 hours at ambient temperature (25 °C)
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Fig. 3 Asphaltene X-ray diffraction analysis patterns extracted from normal heptane and 406 and 410 industrial
solvents
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Table 5 Experimental design with central composition method

Standard | Residence | Solvent-to-feed | +406)/406 | Response:
Row time (hr.) ratio (ml/gr) 100*(410 %Asphaltene Precipitation
4.28 20.27 24.05 28.86 1
4.48 20.27 24.05 43.14 2
4.08 20.27 35.95 28.86 3
4.39 20.27 35.95 43.14 4
3.38 79.73 24.05 28.86 5
3.69 79.73 24.05 43.14 6
4.89 79.73 35.95 28.86 7
2.17 79.73 35.95 43.14 8
4.16 50 30 24 9
3.15 50 30 48 10
2.5 50 20 36 11
4.58 50 40 36 12
4.33 0 30 36 13
33 100 30 36 14
3.95 50 30 36 15
3.93 50 30 36 16
3.65 50 30 36 17
3.77 50 30 36 18
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Table 6 ANOVA statistical model to predict response

Source Sum of squares | df Mean Square | F-value | p-value

Model 8.32 12 0.69 12.59 0.0058

A- Time (hr.) 0.51 1 0.51 9.27 0.0286

B- Solvent/Feed | 2.16 1 2.16 39.30 0.0015

C-406/ 0.53 1 0.53 9.64 0.0267

(406+410)*100

AB 1.07 1 1.07 19.36 0.0070

AC 1.07 1 1.07 19.36 0.0070

BC 0.0098 1 0.0098 0.18 0.6906

A2 0.000387 1 0.000387 0.001273 | 0.9722

B2 0.025 1 0.025 0.46 0.5275

c2 0.038 1 0.038 0.69 0.4450

ABC 1.23 1 1.23 22.39 0.0052

A2B 1.43 1 1.43 25.90 0.0038

A2C 0.022 1 0.022 0.4 0.5560

AB2 0.013 1 0.013 0.24 0.6468

AC2 0 0

B2C 0 0

BC2 0 0

A3 0 0

B3 0 0

c3 0 0

Residual 0.28 5 0.055

Lack of fit 0.21 2 0.11 5.35 0.2026
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Fig. 4 Comparison of experimental values with predicted model values for asphaltene precipitation percentage
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Fig. 5 Two-dimensional graphs of the effect of the residence time parameters and S1/St in two states of a: S/F=24.05
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Fig. 7 Two-dimensional graphs of the effect of the solvent/feed parameters and S1/St in two states a: Time=28.86 (hr)
and b: Time=43.14 (hr) on the percentage of asphaltene precipitation
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Fig. 9 Two-dimensional graphs of the effect of the S1/St parameters and S/F in two states a: Time=28.86 (hr) and b:
Time=43.14 (hr) on the percentage of asphaltene precipitation
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Fig. 10 Precipitation percentage graphs are based on S1/St and S/F=39.9,37.6,34.58,28.3,20 ml/gr in a:
time=27.2 hr, b: time=32.2 hr, c: time=37.2 hr d: time=47.2 hr
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Table 7 Constraints Optimization Of Operational Parameters and Response

Name Goal Low Limit High limit Importance
Residence Time (hr) inside the interval 28.86 43.14 3
Solvent/Feed inside the interval 24.05 35.95 3
Solvent Volume percent: | . . .
100%(410+406)/406 inside the interval 20.27 79.73 3
% Precipitation Maximum 2.17 4.89 5
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Table -8 Optimal Operating Conditions for Asphaltene Precipitation
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. Solvent Response A~
Row Time (hr.) Solvent/Feed 406/406+410 % Precipitation Desirability

1 36.97 35.95 20.27 4.79232 1.000
2 37.19 35.95 20.27 4.79227 1.000
3 37.32 35.95 20.27 4.79224 1.000
4 36.78 35.95 20.27 4.79165 1.000
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Table 9 Verification of the predicted model

Basic Time (hr.) Solvent/Feed | Solvent - -
Parameters 410+406/406
Optimum 36.97 35.95 20.27 - -
State
Response prediction SE Mean %95 Cl low %95 Cl high | SE Pred
% 4.79 0.23 4.24 5.34 0.33
Precipitation
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Table 10 Comparison of optimal precipitation of asphaltene by industrial and normal heptane solvents

State % Precipitation by | % Precipitation by Precipitation ratio of
n-heptane Industrial solvent | Industrial solvent per n-heptane
Optimum 5.06 0.675
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ASTM: American Society for Testing and Materials
CCR: Conradson Carbon Residue

ANOVA: Analysis of Variance

API: American Petroleum institute

CCD: Central Composite Design

S/F: Solvent/Feed

$1/S2: Solvent 406/Solvent (410+406)

K: w.uLc)] u>_'>‘).'a B Lm)...s:...o sloss
CP: 6}5)A alags 5 La)‘)SS Sloss

N: inle;l olaas

Zwt: kS))Q Qo )0

R%: Loz by po Egasne

Trfg: Je sles (°C)
Tamb:  lae ko (°C)
Tmixing: LM ks (°C)
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