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Abstract

Paraffin waxes are widely applied to many industries, especially for products
coating application. The main application is used to protect rubber products agamnst
ozone and oxidation. Paraffin waxes are by-product of the lube base oil refinery
plant. The separation of by-product wax is done by the dewaxing unit. In order to
operate this unit successfully, the understanding of wax solubility in term of solid —
liquid equilibrium is required. This phase equilibrium data is useful information to
manipulate the temperature of de-waxing unit regarding to dissolving or precipitating
of paraffin wax. Therefore, this research is aim to describe paraffin wax — solvent
solubility that related to dissolved temperature and its thermal properties, for example
melting point and enthalpy of melting of solid wax. This paper also presents the
prediction of solubility of wax in solvent by using the Van der Waals equation of state
combining with general mixing rule. This equation of state enables us to calculate the
activity coefficient of paraffin wax — solvent system.

This experimental used n-Hexatriacontane (CscHy4) as a reference wax in
order to compare with the reliable results. Thermal properties of CigH»y and sample
wax were determined by using Differential Scanning Calorimeter (DSC).  The
measurement result shown that Cigll;4 and sample wax have melting point, Ty, at
78.4°C and 81°C and heat of fusion, AH™ about 227.5 and 108.5 J/g, respectively.
The obtained solubility data were measured for CiHys and sample wax with
temperature ranging from 297-316 K and 305-355 K, respectively. The solubility
data of C3¢Hay and sample wax were within range of 0.31 — 12.03 and 0.38 - 26.5 in
unit of percent by weight, respectively.

And this research also used the thermodynamic modeling to predict the
solubility of paraffin wax that contains 24 - 40 carbon atoms in toluene solvent with
temperature range 305-355 K. So, the correlation between binary interaction
parameter and number of carbon atom could be obtained in linear equation. The
proposed thermodynamic modeling with application of the Van der Waals cquation of
state and combined with the estimation of binary interaction parameter to predict the
Solubility of Sample wax in toluene solvent. From the comparison result of used to
estimation and experimental data, it is found that this stmple equation of state can be a
successiul tool for the description of the solid — liqutd equilibrium in paratfin wax —
soivent systems.
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OTHER NAMES. Tetracosane
MANUFACTURER/SOURCE: Alfa Products
GRADE: Cat. No. 11275, fof F13H

OTHER INFORMATION & COMMENTS

Spec. volume at ambient conditions: 1.0718 o’ /g
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OTHER NAMES: Hexalrizooltine
MANUFACTURER/SOURCE Alfa FProducts
GRADE: Cat. No. 12250, lot HOS5G

OTHER INFORMATION & COMMENTS

Spoe. volume at ambient conditions: 1.0549 em* #g
Sample: crystals

M= 507 -

Driiccd overnight in vacuinn oven
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OTHER NAMES: Tetralelracofane
MANUFACTURER/SOURCE: Alfa Products
GRADE: Cat.Na. 11345; Iof 1286

QTHER INFORMATION & COMMENTS

Spec. volume at ambient conditions: 1.046 om’ /g
Sample: crystal
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Pa-m’

mol - K

*R = fnanunafiy = 8.314

s

d1ou 2 nueia AavhazanIngdu

=1 [ T Aﬂ' 'd o [ Y
INAUNITILU 1A 1AW a,b VOITUNTTLILADI B0 TIN50 HIRT Ladtans U

LY o o ooy Gy Qs Q = r-‘é 5 ar
Al 2 60 Ao gamilings (T worANUAUINGA(P,) vesiiinz a1 IngBudens 2 i

¥
o et

wlsiiadail
T.=5939K

P, = 4.083x10" Pa

A0Y1INTAIUIN

WA RMMIINga (T wazanuduinga (P vosdaitazaIngduunuly

¥

AUMT 92MIANAGR 2 b upagiazae Ingdu 1aaail
2 X 1.9 2 i 3 ;
ay =014y OB s sig 107 ppa iy
- 64 (4.083x10" (10%) mol
07 3
b, = (%)(8,314)—(5—)3L 5wl

(4.083%10°) mol



MARNUIN A,

MIAIHIUHIAINTAZA18UD Y n-Hexatriacontane (C,H,)

Y

lulngdunantiniiaieg 31nNInAaed

§1961301IM1AINTALIL0Y n-Hexatriacontane (C,H,,) Nomngi T=33.4 C

-306.4 K 218150M1 1891028013 (2.14)

o A AH ™
x“ = —exp|

oy (1- ,;i) ‘ (2.14)

m

é o 1 1 r oF 1 Qs :
Feonnsnaaoauazmianishatiosdunyhdaawdiaengacd

ai 1o 1 = g 9 1 .
a131en -1 ma i e g lgmiminisagaovn g n-Hexatriacontane (C,H,)

a b
vialuana | T (K) | AH™ (3/mol) ; = k,,
{(MPasm /moi2) {m /mol}

506.97 349 11513018 8.33x10° 0.000445554 0.348

R = §.314 J(mol+K) = 8.3 14 MPasem /(molK)=8.314 X 10° MPa « m /(mol*K)

AsaTImAId NI LeNTINANT 14N A-1 TTwariBeadddl

| ¢ @ A W
I.¥1a1 V] INFAUNTUIUEDIT AT NANUAN 0.1 MPa

a -
(;};)(Vl =b)=RT

aV, —ab=V’RT
(RTYW ' —aV, +ab=0

E
Wi v, 1nramavesaumsfdaeros 1Ad

1

a \i'm
ORT
o (8.33x107°) - \/’(8.33:{10'(’) +4(8.314x107°)(306.4)(8.33x107 )(0.000445554)'
! 2(8.314x107°)306.4)
Ha= 8570000m’ / mol

a
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o Vi, —4RTa,h,

B 2RT
. (2.49x10°°) - J(2.49.r1 07°) + 4(8.314x107°)(306.4)(2.49x107° )(0.000149778)
: 2(8.314x10°°)(306.4)

¥, = 000184741m* / mol

2.1 ay, 10T b, MINAUNTIA (2.19) 1A (2.20) MUAIFY

a, = J(8.33x10‘“ )(2.49x107)(1-0.348) = (4.55x107°)(0.652) = 2.9666x10* MPa - m" | mol’

p bty (44555x107) +(1.4979x10 )
b= =
T2 2

=2.9767x10" m* 1 mol

3. MW Y 9InaunITh (2.15)

V, —4.4555x10" (1.4979x107*) = (2x2.9767x107")

Iny =[In +1-
7= aezeno T T T T T aa7em0 d
i 1 ][8.33)&—10-6 7 2x2.9666x10’6]
(8.314x107)306.4)" v,
4 hmduntsaegasultumuluaums @14
w2 Lo USI3018 0 3064

8.314x306.4 349
x4 = 0.03008

3 | { [ = o
M99 A-2 MNsaza10ves C, H, 7 ldannnnisnaas azuiasimeatiamans

mole fraction A

819 Temperature(K) exp Y X4
(X47)
CigHya 297.15 0.00057 1.110 0.00105
300.75 0.00120 1.090 0.00181
302.75 0.00183 1.078 0.00243
306.40 0.00364 1.058 0.00411
308.25 0.00549 1.049 0.00535

309.75 0.00727 1.041 0.00860
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. [} o P = i
ﬂ]‘ﬂﬂﬁ -3 Fﬂﬂ’lﬁﬂz'ﬂWUTGQLL’JﬂUHWqﬁIﬂWﬂLHJUﬂWﬂENTTIQﬂﬂl‘ﬂﬁWﬁﬂ{lmgﬁl7ﬂﬂ1'§1’lﬂﬂ'€]ﬂﬂ1ﬂ1§

AzeV0Y D.W. Jennings UDSAME [4]

mcie fraction

cal

#17 Temperature(K) (X, Y X4
CoqHse 276.70 0.0040 0657 0.00443
279.00 0.0056 0.657 0.00%93
281.90 0.0084 0.656 0.00852
283.80 0.0112 0.656 0.01076
CayHes 290.10 0.0007 1.024 0.00109
294.20 0.0014 1.006 0.00197
296.00 0.0020 0.999 0.00253
299.50 0.0040 0.983 0.00434
302.40 0.0061 0.973 . 0.00609
304.10 0.0082 0.967 0.00764
CagH7g 297.80 £.0006 0.289 0.00147
301.40 0.0012 0.289 0.00226
303.20 0.0018 0.290 0.00279
306.70 0.0037 0.290 0.00418
309.00 0.0056 0.280 0.00542
310.40 0.0075 0.291 0.00834
CuaoBaz 304 .30 0.0005 1.32177 0.00089
307.20 0.0010 1.28532 0.00144
309.20 £.0017 1.27762 0.00199
312.70 0.0033 1.24762 0.00347
315.10 0.0051 1.22775 0.00504
316.70 0.0068 1.21481 0.00B846
CasHsa 311.30 0.00051 2.087 0.000G2
313.50 0.00100 2.043 0.00134
315.50 0.00152 2.003 0.00187
318.50 0.00306 1.946 0.00306
320.50 0.00480 1.809 0.00423
322 80 0.00810 1.869 0.00611
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msAsdaaulaeluaves n-Hexatriacontane (C,I1.,)

maAImmaad 1 Iau Tuaved n-Hexatriacontane (C,H,,) finamgiianeadiman 14

1INTUNTT

¥
a 1 o a0 o
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=
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a

M1eh o1 dalsdie lunmsannudadinlasTyaves n-Hexatriacontane (€, H., ) 7

amMvni 24.15 °C (297.15 K)

o . DRRTRIPRETTy
Wantin(g) 1739 [uana 1 lua »
Nanua
C.H, 0.0081 506 1.59091x10°
0.0281246
Toluene 2.586 92 0.0281086

¥
“iminvesdaihazate Tngdusmauein

¥

WINLN (g) = ANUKEMUU(eAmD) x 153795 ()
= (0.862)x(3)

= 2.586

A79819MIA MU0

=Y

NMUNIl 24.15 °C (297.15 K)hdnnlsaaquantuannis

q U

dagaalun = (1.6x107)1(0.028)-(1.6x107)]

- 5.657x10°

o = o b e 1 Lo A o cumd el
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M 92 mansdaniidadauTeao Tuaues n-Hexatriacontane (C, H,,) Aguigiiaen

al

TannmInaasd

n-alkane Temperature(K)  solubility(wi%) fr:;?:n mole&f)c:hon

CagHyy 29715 0.31 0.0000158% 0.000566
300.75 0.66 0.000033g 0.001204
302.75 1.00 0.0000516 0.001832
306.4 2.00 0.0001027 0.003640
308.25 3.02 0.0001551 0.005486
309.75 4.01 0.0002059 0.007271
313.85 7.97 0.0004092 0.014349
316.35 12.03 0.0006177 0.021502
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U

011619991 191N TT0v89 D.W. Jennings HazA0LE [4]

n-alkane Temperature(K) solubility(wt%)

Mass faction

mole fraction {Xs)

C24H50

C28H58

C32HEs

276.7
279.0
281.9
283.8
288.8

279.8
283.0
2857
280.0
292.4
296.9
361.3

288.8
2027
292.5
2954
299.0
301.5
303.2
307.9

1.45
2.02
3.02
4.01
7.78

0.40
0.67
1.03
2.02
3.01
5.80
9.66

0.34
0.65
0.67
1.02
1.08
3.02
4.04
7.91

0.0145
.0202
0.0302
0.0401
0.6778

0.0040
0.0087
0.0103
0.0202
0.0301
0.0580
0.0965

0.0034
0.0065
0.0067
0.0%02
0.0198
0.0302
0.0404
0.0791

0.00399
0.00558
0.00840
0.01124
0.02245

0.00094
0.00157
0.00242
0.00479
0.00719
0.01417
0.02436

0.00070
0.00134
0.00138
0.00210
0.06411
0.00633
0.00853
0.01726
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44 vzaoy Nomn i 1991 181N U TT6U89 D.W, Jennings tazanz [4] (40)

n-alkane Temperature(K) solubility(wt%)

Mass faction

mole fraction (X,)

C33Hes

C34H70

C36H74

C40H82

C44H90

2901
2042
206.0
2899
302.4
304.1

203.4
2069
208.9
303.0
305.3
306.9

297.8
301.4
303.2
306.7
308.0
3104
314.3
317.0

304.3
307.2
309.2
3127
3151
316.7

311.3
313.5
31566
318.5
320.5
322.8

0.35
0.72
1.00
2.00
3.02
3.95

0.35
.69
1.00
2.00
3.00
4.07

0.31
0.66
1.00
2.00
3.02
4.01
7.97
12.03

0.32
0.60
1.00
2.00
3.02
4.00

0.34
0.67
1.01
2.02
3.01
3.96

0.0035
0.0072
0.0100
0.0200
0.0302
0.0389

£.0035
0.0069
0.0100
0.0200
0.0300
0.0407

0.0031
0.0066
0.0100
0.0200
0.0302
0.0401
0.0797
0.1203

0.0032
0.0060
0.0100
0.0200
0.0302
0.0400

0.0034
0.0067
0.0101
(.0202
0.0301
0.0396

0.00070
0.00144
G.00200
0.00403
0.00614
0.00817

0.00068
0.00134
0.00194
0.00391
0.00592
0.00810

0.00057
0.00121
0.00183
0.00370
0.00563
0.00754
0.01550
0.02426

0.00053
0.00699
5.00165
0.00333
0.00607
0.00677

0.00051
0.0010C
0.00152
0.00306
$.00460
0.00610
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naoey
- Mass mole fraction
- Q
n-alkane Temperature(K)  solubility(wt%]) faction (X,)
wineisiate 305.75 0.375 (.004493 0.000668
311.25 0.625 £.007293 0.001085
319.25 1.500 £.017340 0.002575
32425 4.500 0.052506 0.007756
327.70 12.500 0.150704 0.021943
335.25 26.500 3.312204 0.044413




MANUIN Q.

maan i lumaa o ulUsunsy Visual Basic 6.5

Dim N9, M9, 1)

Bim QB(5), X9(5), DI{5), O9{5), AG(5, 6), C(5, 6), E9(100), RO(5), PO(5)

Dim G160}, BS(100, 3), Z9(L00), T9(10), YO(5), S9(5), X(100)

Dim RT(100), T(100), V1(100), V2(100), gamma 1{100), x1_cal(160}, x1_exp(100)

Dim term1(100), term2(100), term3(100), term4 {1 00), term$(100), Sum(100}, Err(100)

Sub cal()
Sel dataArea = Worksheets{"CurveFit"). Range("A1")
‘Initial adjustable parameter ; K12
P9(1) = dataArea.Cells(4, 6). Value
'Check data numbers!
Fori=1To 20
if dataArea Cells(16 +1, 2). Value = ™ Then
NG =i-1
Exit For
Else
End If
Nexti
‘input experimental data
Fori=1To N9
T(i) = dataArea.Cells( 16 + 1, 4)

x1_expli) = dataArea.Cells(16 + i, 3)

Nexti
M9 =1
Marquardt
End
End Sub

Sub Margquardi()

‘M9 = number of parameler, m

™Y = number of data, n

'PUL1Y = the jth parameter

"RYUIY = code of jth parameter (= 02 fix = 1; changuble)

19 = code of printing (=0; print - = 1; not print)



A1) = 20 Z9(2) = 0.2: V9 = 0.00001: T9(1) = 0: TY(2) = : Z9(4} = 0.0000001

Z9(3}=0.00000005: F9 = 1.5: Y9{2) = M9 + |

RY(1)=1:R92}= |
Fori=1To N9
E9() =0

Nexti

Func

S =0T =T2)}+1: TO(A) =0

For K9 =1To N9
S9(1)=89(1) + E9(K9) ~ 2

Next K9

For19=1To M9
T9(4} =TH4) + Abs(RY(13})

Next 19

H'T94) =0 Then
GoTo A2

End If

Mt =1

SetdataArea = Worksheets("CurveFit").Range("A1")
dataArca Cells(M1 + 1, 17) = S9(1)
dataArea.Cells(M1 + 1, 18) =T9(1)
dataArea.Cells(MI + 1, 19) = T92)
dataArea.CellsiM1 + 1, 20} = P9(1)

dataArca.Cells(M1 + 1, 21) = P9(2)

TO)=T9(1)+ 1

Za01y=2

59023 = 591}

FFor 19 = 1 To M9
QB019) = P9J9)

Next 19

Tor K9 =1To N9
GYR9) = E9KN

Next K4
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Farlo=1To M9

IFRYATJ9) <= 0 Then
YO(1) = (Abs{P9(I9)) + Z8{41) * Z9(4)
PB(J9) = PO(JI9) + YI(1)
Func
For KO=1 To N9

BI(KD, I9) = (E9(K9) - GI(K9)} 7 YI(1)

Next K9
PO(19) = 29(19)

End If

Next 19

For [9=1To M9
X9(19) = 0: O5(19) = 1
ITRO{19) <= 0 Then
For K¢ =1 To NY
XS(19 = X9{19) + BY(KY, 19) * GH(K9)
Next K9
For I9 =19 To M9
A9(I9, )9 =0
IFR9(19) <> 0 Then
ForK%=1To N9
A9(19, 19) = AS(19, 19) + BXK9, 19} * BY(KI, J9)
Next K&
End I
A9, 19) = A9(19, 19)
NextJa
09(19) = 8qr(A9(19, 19))
X5{19} = X9(19) / 09{19)
GoTo Al
lond It
A9, 19) = |
For J9=19+1To M9
A9, 19)=0
AYIG, 19 =0
Newt )y
Al

Nest [9
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Tarl9=1To MY
ForJ9 =19 To M9
A9, J9) = AB(19, 19) / (OH19) * O90I9))
A9(J9, 19) = AY(19, ]9)
Next }9
Next [9

Z9(5)=10

Ad:
For[9=1To MY
ForJ9=1To M9
C19, 19) = AS(I9, ]9)
Next 19
C9(19, Y9{2)) = -X9{19)
C9{I9, 19) = C9(19, 19} + VO

MNext 19

Fori9=1To MY
HO=19+]
For 19 =H% To Y9(2)
CH19, 19) = CY{19, 19) / CB(19, 19)
Next 19
ForJ9=1To M9
[T19 <> J9 Then
For K9 = H% To Y9(2)
COUI9, K9) = Co(19, K9) - C(19, K9) * (19, 19)
Next K9
End If
Next J9

Next 19

Far 9 =1To M9
DYy = CHIY, YO(2)) 7/ 05(19)
POUIY) = Q9(19) = DO(19)

Next 1y

Fune

TH2Y =T+ |

SHIN =0

n



Z9(5) = Z9(5) + |

Foar J9 =1 To N9
SOy = S§9(1) + E9(19) ~ 2

Next 19

SctdataArea = Worksheets("CurveFit").Range{"A1™)
dataArea.Cells(M| +2,17)=89([)
dataArea.Cells(M1 + 2, 18)=T9(1)
dataArca.Cells(M! + 2, 19)=T9(2)
dataArea.Cells(M1 + 1, 20) = P9(1)
dataArea Cells(M1 + 1, 213 = PY2)

[£'89(1) < 89(2) Then

T93) =0
Foarl9=1Ta MY
I Abs(DY{I9N) / (Abs(PI(II)) + Z9{4)) > Z9(3) Then
TOG3) =TI + 1
End If
Next 19
IfT9(3) =0 Then
IFN9 - T9(4) > 0 Then

S9(3) =Sqr{S9(1) / (N9 - T9(4)))

End If

GoTo A5
lind If
GoTo A6

End If

ZYtL)=79{1) * Fy
VO=V9 * 791}
Set datpArea = Worksheets("CurveFit") Range(" A1}
dataArca. CellstML + 1, 21) = vy
If W9 = 1600 Then
Forl9=1To M9
PO19) = Q{19
Nexl 19
8901 =~ 89(2)

GaTo A2
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Fnd I

MI =Ml + 1]
GoTo A4
Al
Bt Decrease the value of lampda---------===--=-==--e--
ML =MI+1

[t 29(5)=| Then
Vi = Vo * Z0(2)

GoTo A3

End [F

GoTo Al

AS:
End Sub

Sub Func()
Set dataArea = Worksheets("CurveFit”"). Range("A1"}
IF=1

Do While 1) <= N9

AT:
Sct dataArea = Worksheets("CurveFir”). Range("A1")
' Data input

R = dataArea.Celis(13, 3).Value

Hius = dataArea.Cells(5, 3).Value

aa2 = dataArea.Cells{11, 3). Value

b2 = dataArea Cells(12, 3) Value

Tm = dataArea.Cells($, 3}.Value

‘Calculation a and b constunt in vdW !
Catom_no = dataArea Cells(3, 3). Value
aal ={{244410 * Catom_no) - 469470) / (1 0G0000000000%)
bl ={{11.93 * Catam_na) + 16.074) 7 1000000

diutaArea.Cells(7, 3} =aal

datzArea.Cells(S, 3) = bl



'Caleualtion moelar volume; V1 for VDWW

RTCLY =R * T
VICY = (aal - ((aal ~2)- 4 * (RTUIN * anl *b1)~0.50 /(2 * RT(LIY
V(L) = (aa2 - (({aaZ ~ 2) - 4 * (RT(IN) * aa2 * b2) ~ 0.5}}/ (2 * RT(1)))

‘Caleulation VOW constant 12 & b12 by Mixing rule
‘Input adjustable parameter for mixing rule

Ki2 =P9(1}

alZ=((aal *aa2)~ 0.5)* (1 - K12)

bi2=(bl +~b2)/2

"Caleulation Activity cocfficient
teren 1{LJ) = {V1(11) - 1) / (V2(1]) - b2)
term1{lJ) = Log{term1(1)})
term2(1)} = (b2 - (2 * b12)) 7 (V2{]]) - b2)
term3{1)) = {aal / (RT(IN) - (2 * al2 7 (V2(1]) * RT(LY
term3{[J} = term3(11)

gammal (1]} = Exp({term }{II) + 1 - term2(1))) + term3(11))

"Caleulation mole traction ; x1_cal
term4 (1)) = -Hfus / (8314 * T(11)
term3{I) =1 - T(LN / Tm
x| _cal{l)} = Exp({term4([J) * term5(1))) + Log(gammal{[}))

'Print out resuliing values
Set dataArea = Worksheets("CurveFit”). Range(" A 1")
dataArea. Cells(l) + 16, 3) Value = V(1))
dataArea.Cells(1) + 16, 6). Value = V{11
dataArea.Cells(l + 16, 7). Value = gammal{l])
dataArea Cells(L] + 16, 8).Value = x1_cal{l})

dataArea.Cells(3, 6). Value = K12

I 1k+1
Loop

sumi0)=10
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Fori=1Ta N9
E9G) = x1_exp{i) - x1_cal(i)
Sct dalaArea = Warksheets("CurveFit"), Range("A1")
dataArea,Cells(i + 16, 9) = E9(})
Er(i} = E9(i) / x1_expii)
Err(i) = Abs(Err(i))
Sum(i) = Sum(i - 1} + Er(i)

Nexri
Set dataArea = Worksheets("CurveFit") Range("A1")
Add = (100 /NOY * Sum(N9)

dataArea.Cells(7, 6). Value = Add

End Sub
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