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ABSTRACT

Supercritical solvent isused as areaction medium in which the solvent either actively participatesin the reaction or
functions solely as the solvent medium for the reactants, catalysts and products. A mathematical model has been
developed and tested with experimentalt datafor methanol oxidation in supercritical water. The model isbased ona
materia balanceinadifferential element of reactor and is subjected to constant temperature and presser through the
reactor length. In this work, rung- kutta of forth order is used to solve the differential equations and obtain the
concentration profiles through the reactor length. The agreement between cal culated concentrations and methanol
conversion with experimental data confirms the validity of the devel oped model. Once the validity of the model is
checked , the effects of variables such as the residence time, temperature and feed ratio upon the conversion of

methanol are surveyed.

INTRODUCTION

With ansupercritical fluid mediumit may be pos-
sbletoincreasethe sdlectivity of areactionwhilemain-
taining high conversions, to dissolvereactantsand cata-
lystinasinglefluid phase and carry out thereaction
homogeneoudy, and to capitalize on the solvent char-
acterigticsof the supercritical fluid to separatethe prod-
uct speciesfrom thereactants, catal yst, and unwanted
by-products. Reaction ratesmay a so beenhanced while
the processisoperatinginthe mixturecritical regionas
aresult of the potentially favorable effect of applied
hydrogtatic pressure. Supercritica conditionsfor water
isabove 374°C (705?F) and 22.1 MPa(3200psia).

Under supercritical conditions, water behavelikea
densegaswith ahigh solubility of organics¥, complete
miscibility in al proportions with oxygen@, high
diffusivities?, low viscosity, and low solubility and dis-
sociation of inorganics, particularly ionic saltg>e.

Several studieshave been doneto determinethe
fundamentad reaction kineticsin supercritica waterl 1,
Richard K.Hdling and Jefferson W. Tester!® determined
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the oxidation kinetics of dilute carbon monoxidein
supercritical water and conditionsintheisothermd, plug-
flow reactor and temperature between 400and 540°C,
pressure around 24.6 MPa(3550 psia) , and residence
time6-13s.

Jefferson W.Tester, Paul A.Webley H.Richard
Holgate’¥ have been investigated the oxidation of
methanol in supercritical water over thetemperature
range 450-550°C at 246 bar(3550 psia). Methanol
concentration rangesfrom 1.28x10°t0 5.68x10mol/
L and oxygen feed concentration ranges <0.04x10-3
to 5.07x10°mol/L and water concentration is 4.33-
5.98 mol/L. Reactor residencetime6.71t09.6 s. Ex-
perimentswere carrid out inthe Inconel 625 tubular
systemwith outsidediameter of 1/4-in.(6.35mm) andl/
16-in.(1.71 mm)®4,

2. Rate expressions
Inthereactor three chemica reactionshappen :

CH,OH —»CO+2H, Q)
CO +1/20,-CO, @)
CO+H,0CO,+H, 3


mailto:esmaeil@shirazu.ac.ir

26

Methanol oxidation in supercritical water

MMAIJ, 4(1) April 2008

Full Paper ==

Thekinetic of methanol oxidationin supercritica
water that is used in this work was determined by
Jefferson W.Tester, Paul A.Webley and H.Richard
Holgate¥ that can be expressed asfollows:
d[CI-(Ij fOH l__ 1026,215,8%( - 4085: 85.4)[CH oH] @

Where the activation energy of 408.8isinkj/ mol (or equiva-
lently 97.7 kcal/mal) ; R= universal gasconstant, 8.31j/mol .K;
T=absolutetemperature K and [CH,OH]=methanol concentra-
tion, mol/L.

The oxidation kinetics of carbon monoxide in
supercritical water wasdetermined by Richard K.Helling
and Jefferson W.Tester¥ shown asfollows:

d[co] _10725£053 o p[ - 122 -|J-£ 7.7][0011_014:!:0.09[02}).03:!:0.04 (5)

dt

Where the activation energy of 120 isin kj/ mol; R=universal
gas constant, 8.31j/mol.K; T=absolute temperature , K;
[COJ=carbon monoxide concentration, mol/L and[O,] =oxy-
gen concentration mol/L.

This eguation is a global rate expression and can not
separate contribution to the production of CO, of the wa-
ter gas shift pathway :

CO +H,0—»CO+H, (6)
And the direct oxidation of cabon monoxide pathway is:
CO +1/2 0,»CO, @

The kinetic of gas shift reaction (9) can be also ex-
pressed as follows:

dlco] _ _q0L6%357 exp( - 629+ 8-6][00]0.56&0.107 ®

dt RT
Andthekinetic of direct oxidation? is:

d[CO]77 741163, ( —238+24 87+0.02 03£0.06 (9
S0l 1ot exp[ ak ][cor [o2P 9

3. Mathematical model

Themode isdevel oped based on materid balance
at constant temperature and pressure throughout the
reactor lengthwith negligiblemassand heet transfer in
radid direction.

Thereactor isdividedinto 100 equa compartments

inwhich, V =V ./100.
where V =volume of one compartment, m?®, V = total volume of
reactor, m?

Theresdencetimein reactor can be obtained from
thefollowingrelation:
t=V/Q (10)
Where t=residencetimein reactor, s. V =total volume of reac-
tor, m®. Q=volumetric flow rate, m¥/s.

Thevdueof Q can be assumed to be constant due
to having higher concentration of water with respect to
concentration of methanol, carbon monoxide, carbon
dioxideand hydrogen. Therefore, thevaueof resdence
timein each compartment isequa tot/100. Theeffect
of O, concentrationin calculation of rate equationwas
negligible dueto having very small order. Asaresult
showninsevera tests, it can beomitted.

The schematic diagram of each compartment was
showninfigurel. On basisof aboveassumptions, ma-
teria balance equation that describethe eva uation of
thecompasition dong anisothermd reactor can bewrit-
tenas.

X2=X1xdtx (— 1017-4)exp(ﬂ) X187 (11)
RxT

Y2=Yixdtx(-10) exp(ﬂ) « 10568 (12)
RxT

X1+ Y1=Cco (13)

X2+Y2=Ceyiy) (14)

(= AOHIOH] g0z ~B0£ 84 o001 (19

ro= d[co] = 1075 e

" (16)

-120+7.7 014
o{ =2 o}

17)

Where: r,=rate equation of methanol, r,=rate equation of car-
bon monoxide consumption, r_=net rate equation of carbon
monoxide, X =initial concentration of CO for direct oxidation,
X,=final concentration of CO for direct oxidation, Y =initial
concentration of CO for water gasshift reaction, Y ,=final con-

re--r.tr,

Compartment ™1~

} H,
H, Coog=X1+Y1 Ceop=1=X2+Y2 Eg
H s Cory — 1 | — Cogyy — ]:—[_[_}
CH;0OH Co i Cn{i—l} CH:0H
] Cr iy Cris1 O,

Figurel : Schematicdiagram of material balancefor each compartment
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centration of CO for water gas shift reaction.

The concentration of O,, H, and CO, can be ob-
tained fromthefollowing relation by knowing theval-
uesof X, X, Y, andY,,.

C +(X X)) +(Y-Y)
H2 (i+1) :CHZ(i) +(YY, (19)
+1/2(X -X,) (20)
Where: C,, .,,=outlet concentration of CO, from compart-
ment |, C

Coz(i):inlet concentration of CO, to compartment i,

C, oy ~0utlet concentration of H, from compartment |, C,, =

inlet concentration of H, to compartment |, C, .., =outlet con-
centration of O, from compartment I, C_, ,=inlet concentration
of O, to compartment i.

02(i)
4. Method of solution

To solvethematerial balance equations(Egs. 11-
20), thereactor isdivided into 100 compartments.

Knowing theinlet temperature, pressureand com-
position of thefirst compartment, the solution of the
materia balance equation givesthe extent of reaction
and asaresult, theinlet composition of the second com-
partment.

Inthisway the composition profile can beobtained
throughout thereactor length. The Rung-Kuttamethod
of Forth order has been used for the solution of mass
baanceequations.

(18)

COZ(i+1):CCOZ @

Coz(i+1) :COZ(i)

RESULT AND DISCUSSION

Thecd culation results, including the effect of con-
version of methanol for amethanol oxidationreactorin
supercritical water are presented, along with experi-
mentd data?, in TABLE 1, infigure2to 3. Theresult
inTABLE 1 showsthat, ingenera, thecdculaionval-
uesarein good agreement with experimental data.

Maximumand minimum differencein experimenta
dataand cal culated method conversion are 11% and
0% respectively. Thetota average absolutedeviation
inca culation of methanol conversonis2.8 percent and
well within the expected range of error.

Oncethevalidity of proposed modd isconfirmed
by experimental data, the concentration profileaong
the reactor is obtained. Figure 2 shows the CO,,
CH,OH and CO concentration profileat different tem-
perature aong thereactor length. Figure 3 showsthe
conversion profile of methanol throughout the reactor
length. In addition, theeffect of inlet temperature, feed
ratio and residencetimearea so showninfigures4to

—= Pyl Peper

TABLE 1: Comperasion of experimental and calculated results

[04o . Conversion ,

Temp ts [CH30OH], 10°mol/ Feed , Absolute
°C 10° mol/L ratio X% error %

L PR —
Cal. Exp.

474 8.2 3.63 427 116 33 42 0.9
524 7 2.78 349 125 832 942 110
503 7.4 2.27 356 157 299 20.7 9.2
493 7.6 2.40 372 155 148 157 0.9
493 7.6 1.28 348 271 148 159 11
493 7.5 5.68 3.04 054 146 147 0.1
493 7.6 4.65 342 074 14.8 10.8 4.0
493 7.4 3.30 333 101 144 9.6 4.8
493 7.4 2.52 282 112 144 127 1.7
493 7.5 2.47 1.10 045 146 9.0 1.7
530 6.7 1.97 343 174 934 96.0 2.6
522 6.9 2.03 192 094 778 784 0.6
522 6.9 2.05 192 093 77.8 783 0.5
453 8.7 2.76 247 090 05 05 0.0

Absolute

errorayeYo
2.8

'Feed ratio : [O,] /[CH,OH]; 2Absolute error: The absolute value
of difference between calculated conversion and experimental

conversion.
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Figure?2: Concentration profilein reactor at below condi-
tion: Temperature:522°C, residence time :6.9s, initial
methanol concentration; 2.03x103(mol/lit) & initial oxy-

gen concentration: 1.92x103(mol/lit).
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Figure3: Conversion of methanol inreactor at different
temperature
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Figure4: Effect of reactor temperatur e upon methanol

conversion on thebelow conditions: residencetime:6.9s,
initial methanol concentration: 2.03x103(mol/lit) & ini-
tial oxygen concentration: 1.92x103(mol/lit).
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Figure5: Effect of resdencetimeupon methanol conver -
sion on the below conditions: reactor temperature530°C,
residencetime:6.9s, initial methanol concentration: 2.03x
10%(mol/lit) & initial oxygen concentration::1.92x10%
(mol/lit).
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Figure6: Theeffect of feed ratio upon methanol conver -
sion at different temperature

6. Increasing the effect of temperature and residence
time causean increasein effluent conversion of metha-
nol. Theresult showsthat the optimum values of con-
version, residencetimeand temperature are 96%, 8 s
and 530°C respectively.
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Ceos (i)—[moI/L] inlet concentration of CO, to compartment i;
Coozs” [mol/L] outlet concentration of CO, from compart-
mentl; C,,- [mol/L] inlet concentration of H, to compartment
l; CHZM -[mol/L] outlet concentration of H, from compartment
i, Co, D) -[mol/L] outlet concentration of O, from compart-
ment|; C_,,- [mol/L] inlet concentration of O, to compartment
I; [CH,OH]- [mol/L] initial methanol concentration; [COJ-[mol/
L] carbon monoxide concentration; [O,]-[mol/L] initial oxygen
concentration; [O,]- [mol/L] oxygen concentration; Q-[m®/s]
volumetric flow rate; R-[j/mol.K] universal gas constant; r -
[mol/L 5] rate equation of methanol; r,-[mol/L.s] rate equation
of carbon monoxide consumption; r_-[mol/L.s] net rate equa-
tion of carbon monoxide; T-[K] absolutetemperature; t-[s] resi-
dencetimein reactor; V,-[m®] volume of one compartment ; V -
[m?] total volume of reactor; V -[m?] total volume of reactor;
X -[-] initial concentration of CO for direct oxidation; X -[-]
final concentration of COfor direct oxidation; Y -[-] initial con-
centration of CO for water gas shift reaction; Y -[-] final con-

centration of CO for water gas shift reaction
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