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ABSTRACT
KINETIC MODELING OF METHANOL SYNTHESIS FROM CARBON
MONOXIDE, CARBON DIOXIDE AND HYDROGEN OVER A Cu/ZnO/GOs
CATALYST
by Daaniya Rahman

The main purpose of this study was to investigate kinetic models proposed in the
literature for methanol synthesis and select the best fit model usingstegreschniques
in POLYMATH. Another aim was to use the results from the best fit model toiexpla
some aspects and resolve some questions related to methanol synthesis kiwetics. T
statistically sound kinetic models were chosen from literature based pgdbdness of
fit to the respective kinetic data. POLYMATH, the non-linear regression aafwas
used to fit published experimental data to different kinetic models and evaludte kine
parameters. The statistical results from POLYMATH were used for @oson of the
models and selection of the best fit model. The results obtained from the best fit kineti
model were then used to analyze the trends and kinetic features relatedanahet
synthesis. The study was primarily concentrated on the effect of reaatiditians on
the relative contribution of CO and G producing methanol.

The combined model that included both CO ang @¥rogenation rate terms
was the best fit kinetic rate expression that described methanol synthesisskinost
appropriately. A number of reaction conditions such as conversion, pressure,£O/CO
and hydrogen content in the feed can have marked effects on the relativieutiontof
CO and CQin synthesizing methanol. Therefore, no generalizations can be made

regarding the main carbon source in methanol.
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CHAPTER 1
INTRODUCTION

Kinetic modeling is an important tool in the design and optimization of chemical
synthesis processes. Kinetic studies aid in reactor design and are impoaastongain
a better insight of the overall process so that it can be modified for optimum ogerati
conditions and better yields. A detailed knowledge of the reaction scheme caeadten |
to betterment of the production process resulting in appreciable profits [1]. One such
industrially important process is the synthesis of methanol.

Methanol is a widely used industrial feedstock and a promising alternative/energ
resource. It is mainly produced from a mixture of carbon monoxide, carbon dioxide, and
hydrogen under high pressure and temperature using Cu/ZnO- based catalysissisSynt
of methanol takes place via three main reactions [2]:

e hydrogenation of carbon monoxide
CO +2H «—= CHOH Reaction (1)
AH = -91 kJ/molAG = -25.34 kJ/mol)
e hydrogenation of carbon dioxide
CO +3H, «—> CHOH + HO0 Reaction (2)
(AH = -49.5 kJ/molAG = 3.30 kJ/mol)
e water-gas shift reaction
CO+HO &> CQ+H; Reaction (3)

(AH = -41.2 kJ/molAG = -28.60 kJ/mol)



Cu/ZnO-based catalysts have been reported to be the most beneficial for this
process due to their high activity, selectivity, and stability which is fughkanced by
using supports and promoters [2, 3]. Major kinetic studies for methanol synthesis were
done as early as 1977, and, even recently, authors are trying to model the prodess kinet
[2]. Although reaction mechanisms for this process have been studied for decades now,
there has been no agreement on one exact scheme. There are concerns regeof#ing the
of carbon dioxide in the methanol synthesis process, the identity of the active sites on t
catalyst, and the role of ZnO [3, 4 and 5].

There have been several efforts to improve the methanol synthesis process since
its inception by BASF (Baden Aniline and Soda Factory) in the 1920’s by developing
new, more efficient, and stable catalysts, new reactor configurations, amézmgf the
reaction conditions like temperature, pressure, and space velocity. Catabysition
involves using effective supports like ZnO and Zn@omoters like alumina, zirconia,
and other elements like boron, cobalt, gallium, and magnesium to enhance thé catalys
performance at varied reaction temperatures [3, 6]. Since methanol syistlaesis
exothermic reaction, high temperatures enhance methanol yield but only up to an
optimum temperature due to thermodynamic limitations. These limitatisal$ ire
decreasing the equilibrium yield with very high temperatures. Thereremethods of
synthesis at low temperatures have been developed [7]. The pressure range has also be
lowered over the years considering the economics of the process [6]. However, the

reaction mechanism remains a topic of debate and is still being investigated



1.1 Significance

Methanol synthesis is of large industrial significance. Its global praduetas
around 45 million metric tons in 2010 and is expected to increase to 85 million metric
tons per year by 2012 [8]. Chemical Market Associates Inc., in their 201d Wor
Methanol Cost Study Report stated “The global methanol industry is in the mibst of t
greatest capacity buildup in its history” [9]. The 2011 report stated “Globabmait
demand growth was robust in 2010 and is expected to continue at about the same pace”
[37]. This high methanol production caters to a wide variety of applications. Metkanol i
used as a feedstock for many important chemicals like formaldehyde,aidf methyl
tert-butyl ether, and chloromethane which in turn are used in various applicdte®ns li
paints, plastics, and plywood to explosives [6]. Methanol, either in pure form or blended
with gasoline is also used as a transportation fuel. It holds excellenspraman
alternative source of energy since it offers several advantages clteamglproperties,
low emissions, high octane rating, high volatility, high energy density, easgptort, and
ability to be incorporated in the existing engines without major modificatiomein t
infrastructure [2, 10, and 11]. Methanol is also being used as an energy ndurétr |
cell research applications [11]. The world methanol industry has a signifigaattion
the global economy, generating over $12 billion in annual economic activity while
creating over 100,000 direct and indirect jobs [8].

Another aspect of importance is the production of methanol from hydrogenation

of carbon dioxide which may help utilize the excess €@m the atmosphere, thereby



reducing one of the major greenhouse gases and mitigating the main cgladmlof
warming [2, 6].

Since methanol offers so many benefits as an alternative energy sodiiseof
use in a multitude of applications, optimizing and enhancing its production by modeling
its reaction kinetics could be of considerable importance. Due to the disagreentent on t
methanol synthesis reaction scheme, there is always a scope to develop ndectvd ef
kinetic models which can prove to be useful in the improvement of the process resulting
in high methanol yields and greater profits.
1.2 Focus of Study

The focus of my study is to investigate and compare the validity of kineticlsnode
proposed in literature for methanol synthesis from CG/Bfover a Cu-based
ZnO/CrO5 catalyst by fitting them to published experimental data over a rangkebf
CO, partial pressures and analyze the kinetic aspects of methanol production using the

results predicted by the best fit kinetic model.



CHAPTER 2
LITERATURE REVIEW
2.1 Overview
Methanol production was first carried out in the 1920’s by BASF. It holds

immense industrial significance due to the wide variety of applicatioaseitscto. It has
been reported that global methanol consumption reached 40.4 million metric tons in 2007
and is expected to increase to 58.6 million metric tons by 2012 [12]. Due to its industrial
importance and high consumption, numerous investigations have been carried out in
order to improve the methanol production process. Among various means, kinetic
modeling is one of the most important tools in optimizing and enhancing the overall
process. A large number of experimental results have been reported in literature
regarding the reaction kinetics of methanol synthesis but some questions and dbubts sti
remain unanswered. The main controversies revolve around the reaction mechanism
(role of CO and Cg) and identity of active sites. The literature review analyzes the
following aspects of methanol synthesis kinetics:

e Reaction Mechanism

e Kinetic Models

e Reaction Conditions

e Catalyst
2.2 Reaction Mechanism

Methanol synthesis occurs via three reactions namely: hydrogenation of carbon

monoxide, hydrogenation of carbon dioxide, and water gas shift reactions as shown in



Chapter 1. There have been a number of studies on methanol synthesis kinetics involving
Cu-based catalysts for decades now but controversies still remain nggdwelreaction
mechanism. One of the major concerns has been the role,ah @@thanol production.
Initial kinetic studies on methanol synthesis by Nattal and Leono\et al
considered only CO and,Hs the main reactants and neglected any contribution from
CO, [13]. Later, Klieret al in 1982 showed that methanol was mainly formed from CO
and H that adsorbed on the catalyst and,@€ted only as a promoter and not as a main
reactant. They also suggested that methanol production rate was maximu@®,&t@ C
ratio of 2:28 which was governed by a balance between the promoting effect ah@O
retarding effect due to strong adsorption of,@L4]. In another study, Liet al
conducted initial rate experiments in a batch reactor to determine thedffeed
composition on methanol production rate and obtained conflicting results. They showed
that methanol formation rate increased with increasing@€ssure. A year later, they
presented a more detailed study and proposed that hydrogenatiop wh€@e primary
reaction in producing methanol at low temperature, low conversion, and in the absence of
water but at high temperature, high conversion, and in the presence of water, methanol
was primarily produced via CO hydrogenation [15].
Chinchenret al reported in their study that G@vas the primary reactant in
methanol production usingC-labeled reactants [16]. Takagawa and Ohsugi, in 1987,
determined the empirical rate equations for all the three methanol sym#eesiens and
showed that methanol production rate increased with increase,i€QC@atio in the

beginning of the reaction but decreased as the ratio increased and wiértatarm.



They claimed their results to be in accordance with both Ktiat and Liuet al.[17].
McNeil et al in their experimental study found that 2 mole %,@Cthe feed yielded
optimum methanol production rate. They also found the contribution pt&C@ethanol
formation to be more at lower temperatures. Unlike other studies, they developed a ra
expression based on mechanistic information which included the effectsob@as a
methanol producer as well as a rate inhibitor [18].

Another group of researchers led by Rozovekal showed that there was no
direct path for hydrogenation of CO to methanol. They reported in their etuligr s
using C-14 labeling techniques and in a more recent study using Temperature
Programmed Desorption technique that methanol formation takes place thropgh CO
hydrogenation [19]. In a methanol synthesis study conducted by &ugitaat
atmospheric pressure in a flow reactor, it was found thatge@luced methanol via
hydrogenation of formate species formed on Cu and CO produced methanol via
hydrogenation of formate species formed on ZnO., B@rogenation rates were found
to be more rapid than CO hydrogenation rates. They reported that the presence or
absence of water and the difference in the reactivity of the former therdftamate
species mainly caused a difference in the methanol production rates framddTD
[20].

In 1998, Sun and co workers studied methanol synthesis and water gas shift
reaction using IR technique and found that,@@drogenation was the principle pathway
in methanol production for both G@nd CQ/CO hydrogenation reactions. The rate

determining step was found to be the hydrogenation of formate species. uggegted



that CO addition lowers the activation energy of the production process, in addition to
affecting the reaction path [4]. In another study, Sahibeadh showed that the

intrinsic rate of CQ@ hydrogenation was twenty times faster than CO hydrogenation and
at CQ > 1%, it was the main source of methanol production. They reported that
methanol formation rate increased linearly with increase ind@@centration in the
absence of products [21]. Further establishing the role efil€@ethanol production,
Ostrovskii, studied methanol synthesis mechanism on Cu/Zn containing catalysa under
wide range of experimental conditions and showed thatwz@ the principal source of
methanol production [22].

Recently, Limet al conducted a comprehensive study assuming CO andaCO
adsorb on different Cu sites and water to adsorb on a ZnO site. They found that CO
hydrogenation rate was slower than CO hydrogenation rate which decreakadahet
formation rate but since G@ecreases WGS reaction rate, it, therefore decreases the
production of DME, a byproduct from methanol. It was therefore, concluded that
methanol production rate can be indirectly enhanced by finding an optimym CO
concentration. They claim to be the first study among the various ones reportiolg the
of CO, in methanol synthesis, suggesting a kinetic mechanism relating CO and CO
hydrogenation reactions [2]. In a more recent study by the same authorsaubeyshad
the developed kinetic model to evaluate the effect of carbon dioxide fraction on the
methanol yield, and have also devised an optimization strategy to maxinthanwie

production rate taking CQraction and temperature profile into account [30].



2.3 Kinetic Models

A number of kinetic models have been proposed in the literature and kinetic
parameters have been evaluated, each based on a different set of assuegyatidimg)r
the reaction pathway and reaction conditions. Leaia@l were the first to present a
kinetic model for methanol synthesis over a Cu/Zn@DAkatalyst. However, they did
not consider the effect of G@n the feed [13]. Later Klieet al and Villaet al. proposed
models which included the-g, terms but did not treat G@s the main reactant [13, 14].
The model proposed by Villet al. was developed based on the scheme that methanol
was produced from only CO and a £&lsorption term was included since Cdsorbs
strongly at high concentrations. Takagawa and Ohsugi derived empiricatpetestons
for the three methanol synthesis reactions under a wide range of expaticoswiitions
[17]. Graaf et al. derived a kinetic model taking into account both CO and CO
hydrogenation and the water gas shift reaction. They derived 48 reactioresdhem
assuming different elementary steps to be rate limiting and then selecbesbtip@ssible
kinetic model using statistical discrimination [31]. The kinetic model dérbyeGraafet
al. is shown in Table 1. McNett al developed a carbon dioxide hydrogenation rate
expression based on mechanistic information reported in literature in contlast to t
earlier models based on empirical expressions [18]. Skrzypek et al. dieuekinetic
model based on Reactions (2) and (3) since they have shown through their experiments
that methanol synthesis prefers {@spite of CO as a carbon source [32].

A kinetic model for methanol synthesis was presented by Askgaatdand the

kinetic parameters were evaluated using gas phase thermodynamicgacel stience



studies. They found that the calculated rates when extrapolated to ackiabwor

conditions compared well with the measured rates [23]. Froment and Buschhe conducted
experiments and developed a steady state kinetic model based on a detaited react
scheme assuming G@ be the main source of carbon in methanol. Their model

described the effects of temperature, pressure, and gas phase compositidmaanimet
production rates even beyond their own experimental conditions [13]. In another kinetic
study by Kubotaet al., kinetic equations for methanol synthesis were developed

assuming C@hydrogenation to be the predominant reaction. The authors found their
equations to be reasonably accurate since the yield values obtained from th@&nsqua

and those from experiments conducted in a test plant compared well [24].

Setinc and Levec proposed a kinetic model for liquid phase methanol synthesis in
2001 and showed that methanol production is proportional to the@w@entration and
not to the CO concentration [33].

Rozovskii and Lin proposed two reaction schemes to build the theoretical kinetic
models which could fit the experimental data well. They used two different gas phas
compositions, one enriched with gé@nd the other with CO to test the applicability of
their models. They found that both the schemes proved to be effective when dealing with
a CQ enriched mixture, but, the kinetic model based on scheme 1 did not match with the
experimental data well when using a CO enriched mixture [19]. eLiah developed a
comprehensive kinetic model consisting of 48 reaction rates based on different possible
rate determining steps. They showed through parameter estimation that, an#hg the

rates, surface reaction of a methoxy species was the rate deterrtepifigr <O

10



hydrogenation, hydrogenation of a formate intermediate was the rateuhategrstep for
CO; hydrogenation and formation of a formate intermediate was the rate deteystep
for the water-gas shift reaction. However they used a Cu/ZrOJ&lr,O5 catalyst [2].
Grabow and Mavrikakis have developed a comprehensive microkinetic model using
density functional theory calculations to deal with the uncertaintiesdiegahe reaction
mechanism and nature of active sites [34].

Table 1 summarizes the various kinetic models, proposed in literature albng wit
the experimental reaction conditions.

Table 1. Summary of Kinetic Models proposed in literature for methanol sysithesi

Operating | Kinetic Model Author, | Ref.
Conditions Year
493-533 K; . P03 ' Leonov | 13
40-55 atm rcH,oH =k ( {]Eq - — ,-],-'fH"ﬂH,H) et al,
Pemon PeoPrk; 1973
498-523 K; FOH.OH = cmmK'r:cdmipc‘();/}){‘())j(P(‘OP%I; — pcuson /K3 ) Kllier et| 14
75 atm ’ [1+ Kreaos (Po, /Pco) P(F + Kco,peo,) | &
) 1982
+K (pc‘o-_. — (1/KY) (P(‘H;()HpH;(]fPﬁ:))‘
N/A . Villa et | 13
i feofuwz — femon /K3 al
CH;OH = - 3 %
o (4 + Bfco + Cfu, + Gfco,)” 1985
, feo, fir, — feo fi,0 K3
FRWGS = Y )

11



Operating Kinetic Model Author, | Ref.
Conditions Year
483-518 K; . Graafet | 31
15-50 bar . _ leCC' (CC‘:'C;IIJE _CCHE'UH f'fci":_Klﬂg) al., 1988
CHy,0H — 2
[1—Kco{’co + Kep,Ceo, If-’}*f: + (KHiG;'I{KHE }‘H
N k:sz [‘f-'m;fﬂ: _{’Hlofm,-“fK:fﬂq)
H.0 — /2 /2
- (1 + KoCco + Ko, Ceo, IC}{J + (KH;G ;IK}J*:_ ]fﬂlo
o 3 kKo, (Cm:c;;:z _CCH_.GHEHEO/C;Z_:K?)
CHyO0H — /2 /2
(1_Kcocco + K €, I"’Jl&‘: + (KHEO/K}:': J"H
483-513 K; = k;'Kt:H_;E_QH-:KII_‘IKCD(pc‘opﬁ:-_pCHHOHx’;Keq)_ McNeil | 18
2.89-4.38 " Kea K Ki{* Kco peo pil; + Kco. Peo, + K, Pu. et al,
MPa ki Kn, Ku Ko, Keno, [Poo, P, —Penson Pu.o/ (Kiypi,) ] 1989
K:—ff K}-{z Kco.Kcno, Peo. P Hf + Kf:o-;ﬂf:u-; + Ko p:l!IzD
483-563 K; o Pu\Y? {Pco, , Askgaar | 23
1-4 bar re = kon K5 Ky KoKioKyy s Po & detal,
° ° 1995
e 1 PcuonPuo
r-=k IIK53I2KH1K9KJUKIIK_5W .
453-553 K; I'MecOH = Froment| 13
15-51 bar ks, K3 KaKu K, peo, piy | 1- (1K) (pro0 pesson /pfy, oo, )| grlﬁsche
(14+(Kn,0/KsKoKu, ) (P,0/ P, )4/ Kn, P, +Ki,0 08,0 1996

FRWGS =
kipco,[1 — K3 (pu,0pco/pco, P, )|
(14(Kn,0/ KsKoKu, )(PH,0/ PH: )++/ KH, PH, +KH,0 PH0)

12




Operating Kinetic Model Author, | Ref.
Conditions Year
473-548K; ku{ P(CO2)P(H:)— Kubota | 24
4.9 MPa R — PfCHgDH)P[HgO)f[KMPEfHQ)]} et al,
M7+ Keo, x P(COy) 2001
+ Ko x P(H,0)]
kz {P(CO,)—
2. ___ P(CO)P(H,0)/[Kz - P(Ha)]}
® 71 + Ko, P(CO,) + K oP(H,0)
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2.4 Reaction Conditions

The main reaction conditions to be considered in methanol synthesis are
temperature, pressure, and space velocity.
2.4.1 Temperature

Methanol synthesis is usually carried out at 493-573 K [1, 23]. Since,
hydrogenation reactions of CO and £&de exothermic; their rates increase with
temperature but only up to a certain temperature. At higher temperaturesgshsean
to decrease as the thermodynamic equilibrium constant decreasesasiterap
increases. Therefore, very high temperatures are not suitable. Iltpegedeoy Billet
al. that methanol yield increased with temperature but only up to 493 K [6]. Similarly i
was found by Xiret al that maximum C@conversion and yield were possible at around
523 K. They also reported that methanol synthesis was more sensitive to reaction
temperature than the water gas shift reaction. Figure 1 shows the dependenge of CO
conversion and methanol yield on reaction temperature [25].

Extreme temperatures limit the efficiency of methanol production due to
thermodynamic limitations. Therefore, a low temperature route of metbamtblesis
has been proposed by Tsubaki and co workers. They conducted the experiments at 443 K
on a copper based catalyst using ethanol as a catalytic solvent. They showes that t
reaction mechanism at low temperature followed: formate to methyl fetmatethanol
pathway instead of formate to methoxy to methanol route. They proposed that low
temperature methanol production enabled high conversions up to 50-80% and reduction

of production cost without any thermodynamic equilibrium [7].
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Figure 1. Relationship between reaction temperature anc@®@ersion and methanol
yield from experimental results and thermodynamic predictions (Reprinted wi
permission from [25]).

2.4.2 Pressure

Methanol production was initially carried out at very high pressures when it was
first started in 1920’s by BASF. Later, ICI lowered pressures to 50-100 atgaus
Cu/ZnO/ALO; catalyst [6]. In 1988, Graaf al studied the kinetics of methanol
synthesis form CO, C£and H over the same catalyst and developed a kinetic model
operative at pressures of 15-50 atm. They claimed their low pressure metimdimesisy
kinetic model to be more precise in illustrating the experimental values oexnjoathe
previously proposed models [26]. It was reported by Betragy that methanol

production could be carried at 20 atm using Cu/ZngidAtatalyst [6].
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Xin et al reported that high pressure was advantageous feh@fdogenation as

shown in Figure 2 [25].
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Figure 2. Relationship between reaction pressure anccQ@ersion and methanol yield
from experimental results and thermodynamic predictions (Reprinted withgseymi

from [25]).

However, very high pressures tend to increase the production cost and are unsafe.
Therefore, present efforts are to decrease the operating pressure withziirtgafhe
yield by developing novel catalysts.

2.4.3 Space Velocity

Space velocity can have complicated effects on methanol yieldet din
reported that both C{ronversion and methanol yield decreased as space velocity was
increased for a given value of g€oncentration.

Their results are shown in Figure 3 [25].
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Figure 3. Relationship between space velocity and €d@version and methanol yield
(Reprinted with permission from [25]).

However, in another study, Lee and co workers found that methanol yields @éiceg¢as
low space velocities but only up to a particular value of Eddcentration after which it
began to decrease. They reported that maximum rate of methanol production could be

achieved with an optimum value of space velocity, as shown in Figure 4 [27].
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Figure 4. Rates of methanol formation as a function of space velocity foamobt
synthesis over Cu/ZnO/AD; catalyst with synthesis gas containing 10 vol% CO
Reaction conditions: T =523 K, P=3.0 MP&/€Ox=4 (Reprinted with permission from
[27]).
2.5 Catalyst

Cu/ZnO/ALQO; is the catalyst mostly chosen for methanol synthesis due to its high
selectivity, stability, and activity. Copper acts as the main active canpatnO acts as
a supporter and AD; acts as a promoter. Another promoter used in the catalyst system
is chromia [2, 6]. However, there are many controversies and questions regarding the
individual catalyst components, the role of ZnO, and the identity of active 8iest of
the authors are of the view that metallic copper is the active component of thist cata

and the role of ZnO is to enhance dispersion of copper particles. Qxtedeconcluded

from their results that Cu was the active catalytic component in methatioésign[23].
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Froment and Bussche also assumed Cu to be the active catalytic site and ZnQl& provi
structural promotion in the development of their detailed kinetic model for methanol
formation [13]. Another group of researchers led by Fujihmi, however, have
demonstrated conflicting results. They showed using surface science teshhajube
role of ZnO was to form active sites in addition to dispersing Cu particles [BjovSlsi
also reported that methanol synthesis occurs on the ZnO component of thé [2#alys
Since, CO and Cfhydrogenation is believed to occur on two different sites, it is
proposed that doubts regarding the identity of active sites could be resolved [2,18]. There
are also efforts to develop novel catalysts that can effectively oeateer
temperatures, lower pressures, and exhibit water tolerance since W& an inhibitor
for the catalyst [12].
2.6 Summary
A large volume of literature is contributed to studying methanol synthesisoreac
kinetics owing to its importance in the industry. However, a number of controvdilsies s
remain unresolved regarding the reaction mechanism, in particular. Althougha€0O
been accepted to be the primary source of carbon in methanol, its role and its effect on
methanol production rates has not yet been described clearly. Modeling afrreacti
kinetics can, therefore, prove to be beneficial in understanding the overall process. A
number of kinetic models have been proposed in literature and there is still scope to
develop newer and more effective models which could help improve the process and

enhance methanol yield.
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CHAPTER 3
RESEARCH OBJECTIVES

The primary objective of this study was to investigate different kinetic raodel
that have been proposed in literature for methanol synthesis over a copper- based
zinc/chromia catalyst. Another aspect of this work was to compare the goodfiess of
different models and select the best fit model by fitting experimentdikiteta over a
range of inlet carbon dioxide partial pressures.

Models based on a mechanism considering CO hydrogenation to be the principal
pathway in forming methanol were compared to those derived from the scheme
considering C@to be the primary reactant in methanol synthesis over different ranges of
CO, partial pressures in the feed. Each of these models was also compared to a
combined kinetic rate expression. The aim was to select the kinetic modatend r
expression that fits the data best and can describe methanol synthesis kinstic
appropriately.

It was hypothesized that the model based on the CO hydrogenation pathway
should fit the rate data better in case of low,@@d partial pressures, while the model
based on the C{hydrogenation pathway should fit the data with high, C@htent more
effectively. It was also presumed that the combined rate expressionmgchadh CO
and CQ hydrogenation rate terms will prove to be the best fit kinetic model. The study
also used the results from the best fit model to explain some aspects and reselve som

arguments related to methanol synthesis kinetics.
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CHAPTER 4
METHODOLOGY
4.1 Overview
This study comprises of analyzing and comparing different kinetic moaels a
selecting the best fit kinetic rate expression for methanol synthesiityn©Q, and
H,0 over a Cu/ZnO/GOs3 catalyst. Non linear regression techniques in POLYMATH
were used to determine the rate parameters and goodness of fit of the models. The
methodology included the following steps:
e Selection of statistically sound kinetic models
e Data evaluation
e Parameter estimation
e Evaluation of models
e Comparison of models
e Analysis of Results
4.2 Selection of statistically sound kinetic models
A kinetic rate expression is derived from the reaction mechanism by assaming
particular rate limiting step. Rate laws are written in the following form

rate = (Kinetic term).(Potential term) Equation (1)
(Adsorption term)

A rate equation should fit a set of data better than other alternative rate
expressions to prove its effectiveness. However, any one kinetic model cannot be

considered the most accurate since rate laws often exhibit the sameabmoi@ than

21



one model can fit a set of data with equal efficacy. Another aspect of importance is
developing a kinetic model that can be applied at temperatures and pressurestgerti
the industry.

As mentioned in Sections 2.2, methanol synthesis kinetics has been a point of
controversy despite of the fact that a large volume of literature and erpé&almesults
have been reported regarding the mechanism and kinetic modeling. One of the main
unresolved issues is the source of carbon in methanol and the role of @€&thanol
synthesis. Some researchers believe thati€®e primary reactant in forming methanol
while many others are of the view that carbon in methanol comes from CO. Asdta res
different mechanistic schemes have been written based on which various koais m
have been proposed in literature, as shown in Table 1 in Section 2.3.

Among the kinetic models proposed in literature, two models have been selected
for this study based on their goodness of fit to the respective kinetic data. liflitg va
and effectiveness of the developed rate models was tested by determininglhtheywv
fit the experimental data compared to other proposed models. The model based on the

reaction scheme which considers CO to be the primary reactant in methahebssyis:

/ /
I = k1Kco[ fcoszsz_ fC|-1g/<23H/( flzl—gKeqll?z]
A+ Keofeot Keg Feglf iy "+ (Kol k™) fiy d

Equation (2)

where,
r, = reaction rate
fi = fugacity of component i

ki = reaction rate constant
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Keq = equilibrium constant for methanol synthesis reaction
K; = constants relative to adsorption equilibrium terms in the model

It was proposed by Graatf al.in 1988. Graaf and co authors developed three
independent kinetic equations for CO hydrogenatiorn; @@rogenation and water gas
shift reaction. Among them, the kinetic model based on CO hydrogenation t€&ting
as the main reactant was chosen for this study. The fugacities in Equatione(Beba
replaced by partial pressures since the fugacity coefficientslatdd for the species at
the used temperature and pressure are close to unity. The coefficientalealated
using the Fugacity Coefficient Solver of Thermosolver software.

The authors have shown that the experimental and estimated values of reaction
rates for methanol and water agree to a satisfactory extent as shown irbEiguse,

they found the model statistically appropriate based on the stapdast [26].
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Figure 5. Reaction rates for methanol and watératd @), p=50 bar, ff) and @), p=30
bar, A\) and (A), p=15 bar. Open symbols= reaction rates for methanol. Closed
symbols= reaction rates for water. Lines = calculated with model (Regnith
permission from [26]).
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The other model selected for this study was put forth by Rozovskii and co
workers. It was based on the fact that methanol was formed from only carbon dioxide
and not carbon monoxide. The authors believed that CO hydrogenation to methanol did
not take place directly. Instead, CO was converted tpuWiathe water gas shift reaction

which underwent hydrogenation to form methanol. The kinetic model is of the form:

pm pH O
kep,, 1-—— 5 —
Kp(m) pHZ3 pCQ

1+ K Py o+ Ko Puo /(Ko Peo,)

)

r Equation (3)

where,
r = reaction rate
ki = reaction rate constant
K; = equilibrium constant of step i
Kpm) = methanol synthesis equilibrium constant
pi = partial pressure of component i

The authors reported that the relative error inetkgerimental and calculated
partial pressure values for methanol and waterneasnore than 15% and 10%
respectively [19].
4.3 Data Evaluation

An extensive set of rate vs. partial pressure fitata reaction carried out using
Cu/ZnO/CpOs3 catalyst at relevant temperature and pressuregded for testing the
goodness of fit of the proposed rate equatiomastto be ensured that the selected data is

good enough for the fitting procedure. Data wadscsed based on the number of
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independent experimental data points (minimum thega points for one parameter),

repeatability and reproducibility of runs, standdaviation, and errors in measurement.

In this study, experimental data reported by Cédyewas used in kinetic

modeling. Calverley conducted methanol synthegieements at 100 atm and 285.

Rate vs. partial pressure data derived from Cady&rlexperimental results is listed in

Table 2. The complete kinetic data set reporte@alyerley is shown in Table A.1 in

Appendix A.

Calverley used a fixed bed tubular reactor in Kigegiments. Since the reactor

was operated in integral mode, the rates were lealiby fitting a polynomial function

to conversion and turnover frequency data. Theltiag polynomial was differentiated

to obtain the rates. The complete method and graphshown in Appendix A.

Table 2. Rate vs. partial pressure data (modifiechf[35]).

Expt. no. | Partial pressure in reacting mixture {jatm égltﬁg;nole
P2 Pco Pco2 PchzoH Pr20
1 23.6611 47.47184| 10.2643 7.22825 0.1007p8  0.A3695
2 22.39149 | 48.44998| 10.7402% 6.54032 0.09771 0468
3 22.92911 | 48.47728] 10.64591 6.1614¢ 0.099122 B71B6
4 26.75057 | 58.83309| 0.261214  4.9052/ 0.002338 857
5 25.59639 | 60.18043| 0.352938 4.1275¢ 0.002955 Bb7
6 26.25064 | 57.83377| 0.21978 2.97 0.001964  0.098346
7 26.52385 | 57.85767| 0.15642 2.8215 0.001402 0.0D834
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Expt. no. | Partial pressure in reacting mixture fjatm rate(mole
Pr2 Pco Pco2 Pchzon P20 g'h)
8 27.25414 | 56.1685 0.11682 4.5045 0.0011f6  0.098%37
9 27.57242 | 56.16534| 0.08712 4.2867 0.000842  0.098%3
10 27.43637 | 54.68739] 0.073778 6.62008 0.000729 801®
11 27.53455 | 54.65099] 0.105682  6.52038 0.001048 801®
12 25.80793 | 58.23389| 0.307076 4.00794 0.002679 287
13 23.61426 | 53.98524| 0.382848 6.05179 0.003297 o680
14 24.75748 | 52.78336| 0.374872 6.70981 0.003461 o043
15 25.63614 | 55.97083] 4.871298 4.0504 0.043921 b2
16 43.12371 | 39.80287| 4.72908Y 5.71936 0.100859 161w
17 21.5991 60.16416| 0.28304 3.24032 0.002 0.059686
18 26.15155 | 57.8314 0.23562 3.0294 0.0020p7 0.0B9769
19 26.32651 | 57.57811 0.218226  3.23407 0.001964 8R3®
20 27.1295 56.16234| 0.13662 4.5837 0.0012P9 0.6B788
21 18.07447 | 65.23821] 0.231988 2.47716 0.001265 787
22 23.37286 | 47.2388 0.17617¢ 2.6087¢ 0.001716  B(MS8
23 39.07473 | 33.71077] 0.071148 3.60822 0.001623 o061®
24 16.3641 53.59279| 0.1596 1.6128 0.000959 0.065731
25 14.85073 | 46.44027| 0.109824 1.01376¢ 0.000691 8R3®
26 15.17839 | 45.98898| 0.102784  1.28832 0.000668 8R3®
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Expt. no. | Partial pressure in reacting mixture {jatm rglte_gmole

Prz Pco Pcoz Pcrson P20 g
27 26.70627 | 54.65583| 0.259512  3.84353 0.002496 281
28 2419182 | 47.08725 0.128066 2.50712 0.001295 2613
29 26.04254 | 18.17773] 0.0295 1.49 0.000882 0.010788
30 25.9988 18.17061| 0.0254 1.54 0.000715 0.010/88
31 26.2044 11.15081| 7.925114 1.915 0.366614  0.(2561
32 37.11324 | 15.35355] 12.9631] 5.9812 0.61683 01256
33 26.34675 | 11.23801] 7.87404 1.755 0.363389 0.a2561
34 26.51445 | 8.606552] 11.45455 1.27 0.6946p3
35 15.44279 | 13.87243] 16.92149 0.635 0.370807  05®66
36 26.86179 | 12.69082| 6.751975 1.965 0.281328 0118
37 26.57701 | 13.91582| 4.815106 2.23 0.1810R5  0.@R29%8
38 26.63701 | 13.94311] 4.80367 2.16 0.180649 0.029688
39 26.37333 | 15.58774| 3.620792  2.525 0.120593 0p2P
40 25.63808 | 16.4711 2.744082 2.48 0.084081 0.01628
41 26.08267 | 17.27464) 1.17477 2.66 0.03491l7 0.012843
42 26.35364 | 18.75499| 0.332431 2.285 0.0091p5 03W8Y
43 24.48028 | 53.31206| 5.112754 6.17143 0.046215 50231
44 27.12064 | 17.16944| 1.469595 1.055 0.045696  O09¥B5H
45 28.72466 | 7.9083 11.3774¢6 0.51 0.813492 0.001358
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Expt.no. Partial pressure in reacting mixture (atm) rf_;llte_gmole
P2 Pco Pco2 PchzoH Pr20 g

46 28.26576 | 10.49342| 8.2016 0.63 0.434889 0.017%94
47 28.31764 | 12.25776| 6.11422 0.69 0.2780p 0.031063
48 27.66529 | 16.81097] 3.214026 0.91 0.104119 0.06486
49 27.10585 | 18.34763] 1.61544 0.955 0.04698 0.075925
50 27.64567 | 18.08989| 0.735522  0.93 0.0221p7  0.07193
51 27.55619 | 18.98943] 0.0041 0.445 0.00017 0.077%18

The data looks adequate since there are suffiniembers of experimental runs.
The results are reported up to 3 significant figur@ Varian 920 gas chromatograph was
used to measure,HCO, and CQ@ Known mixtures of CO andXtwere sampled with the
GC over a range of compositions to verify the Intgaf response. A Varian 1440 gas
chromatograph was used to quantify hydrocarbongraettianol. The author has
reported that the reproducibility of the experinsanwas acceptable. Exit methanol
concentration remained within 2% for a given rurewlcalculated over time.

Carbon balance calculated for each run was lintael?6. Also, constant
catalytic activity was maintained throughout th@emment to ensure uniformity in the
results. Calverley also showed that the experimemte essentially carried out in the
kinetic regime and the external and internal messster rates could be neglected at the
given experimental conditions. The concentraticadgent of CO near the catalyst

surface was found to be negligibly small. Methanelds were found to be independent
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of catalyst particle size showing that internal snmansfer rates were very small. The
author also reported insignificant temperature igratd during the experiments [35].
4.4 Parameter Estimation

Estimation of kinetic parameters was done by fittine rate equations shown in
Section 4.1 to the experimental data shown in 8eeti2 using POLYMATH, a non-
linear regression software. The model propose@iaaf was fit to only those data
points which show low or zero Gnlet partial pressures while the model proposed b
Rozovskii was fit to those data points where,@@rtial pressures are high in the feed.
The combined rate expression was fit to the endinge of data.

A minimum of three and maximum of seven parameten® estimated including
the reaction rate constants (k) and the adsorgtpilibrium constants ()¢ The reaction
equilibrium constants (K were calculated from THERMOSOLVER software since
increasing the number of parameters beyond a hmait make the model less realistic.
Table 3 shows the variables, constants and paresregtemated in this study.

Table 3. Variables, constants and parameters srsthdly.

Constants Variables Parameters

Temperature Partial pressure/product Reaction rate constant (k)
composition

Space Velocity Reaction rates Adsorption equiliri

constant (K

Catalyst composition Reaction equilibrium
constant (k)

4 5 Evaluation of Models

The goodness of fit of the kinetic models was eatdd by comparing the rates

29



obtained from the model with those reported by Eddy. The statistical information
and plots reported in the POLYMATH results weredusejudge the quality of the
developed model. The following points were usedwdelines in determining the

goodness of fit of the developed kinetic model {29]
e RZ?and ﬁadj: R? and F?adj are the correlation coefficients which determinthé

model represents the experimental data precisetporA correlation coefficient
close to one indicates an adequate regression mdtiely can also be used for

comparing various models representing the samendepé variable.

e Variance and Rmsd small variance (< 0.01) and Rmsd usually indiGtgood
model. These parameters can be used for compaaingg models representing

the same dependent variable.

e Graph: If a plot of the calculated and measuredasbf the dependent variable

shows different trends, it signifies an inadequmatelel.

e Residual plot: The residual plot showing the ddéfere between the calculated
and experimental values of the dependent variabfarection of the experimental
values will be used a measure of goodness of th@model. Arandomly
distributed residual plot is an indication of goeds of fit of a model. If the

residuals show a clear trend, it is indicative ofreappropriate model.

e Confidence intervals: The 95% confidence interghisuld be smaller and should
have the same sign as the respective parameta&sviaiua statistically good

model. The guidelines are also summarized in Table
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Table 4. Statistical tests for model evaluation.

Statistical Parameters

Expected Behaviour

RZ

>0.80

Confidence interval

Smaller and of same sign

Variance <0.01
Graph Similar trends
Residual Plot Random distribution

4.6 Comparison of Models
The statistical results from POLYMATH form the safor comparison of the
kinetic models. Four main comparisons were dorthigistudy. They are:
e Graaf’'s model vs. Rozovskii’'s model for low g@artial pressure data
e Graaf's model vs. Rozovskii's model for high €fartial pressure data
e Combined model vs. Graaf's model for entire rangéata
e Combined model vs. Rozovskii's model for entiregamf data
This comparative study was used to select the ntbdefit the experimental data best
and described methanol synthesis kinetics mosoapiately.
4.7 Analysis of Results
The results obtained from the best fit kinetic madere used to analyze the
trends and aspects related to methanol synth&his.analysis was mainly concentrated
on the effect of different reaction conditions be telative contribution of CO and GO

to producing methanol.
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4.8 Summary

Kinetic models proposed by researchers were seléeateed on their efficacy in
describing methanol synthesis kinetics. Experimlestdta reported by Calverley after
evaluation was selected for the purpose of modelMgltiple non linear regression
techniques in POLYMATH were used to fit the modelshe experimental data in order
to determine the kinetic parameters and the gocdofef#t of the models. Statistical tests
in POLYMATH were used to compare the effectivenafsgarious models in depicting
kinetics of methanol synthesis and select thefiitdghetic model. The results predicted
by the most appropriate model were used in studsamge kinetic features of methanol

synthesis.
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CHAPTER 5
RESULTS AND DISCUSSION

5.1 Overview

The models were fit to the experimental kineticadat study their effectiveness in
describing methanol synthesis kinetics. Threeedsffit models were compared to select
the best fit model using regression techniquese rékults and data generated from the
best fit model were then used to study some trandinetic aspects of methanol
synthesis. This chapter includes the followingteati

e Regression results and parameter evaluation
e Role of CO/CQ in producing methanol

5.2 Regression Results and Parameter Evaluation

A wide range of data including both low and highG@et partial pressures was
chosen for regression so that the applicabilitthefkinetic models could be validated
properly. The equilibrium constants for CO and®@drogenation reactions at the
reaction temperature were calculated using the TMBROLVER software. They were
found to be 3.88*18 for CO hydrogenation and 7.7*@or CO, hydrogenation
reaction. The equilibrium constants were alsoudated using the equations presented
by Graafet al[36]. The values were found to be very close usiregtwo methods.

The statistical features obtained by fitting Gimafodel to low inlet C@partial
pressure data and Rozovskii's model to high in(@i gartial pressure data are

summarized in Table 5.
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Table 5. POLYMATH results of fitting Graaf's and Ruvskii’'s model.

Model Parameters
R° R°adj | Variance Rmsd Residudls 95%
confidence
intervals
Graaf 0.81 0.75 1.9*10 0.00323 | scattered positive,
smaller
Rozovskii | 0.91 0.89 4.13*10 0.0016 | scattered positive,
smaller

The statistical features listed in Table 4 are wseohdicators of the quality of the
regression models. They are explained below:
e R?andR%adj were close to one suggesting the models settisfiy represent the
kinetic data
e Variance and Rmsd was sufficiently small to indecthtat both the models represent
the data accurately
e Residuals as shown in Figures B.1 and B.2 in AppeBdvere randomly distributed
and did not follow a particular trend signifyingetmodels are statistically
appropriate
e Confidence intervals are listed in polymath repéwtsoth the models shown in
Tables B.1 and B.2 in Appendix B. The models vatagistically stable since the
confidence intervals were much smaller than thpeesve absolute values of the
parameters

The parameter values obtained from the fitting pdace are shown in Table 6.
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Table 6. Values of kinetic parameters for Graafid Rozovskii’'s model.

Model

Graaf
Parameter Value
ki ((atm.h)") 0.0535
Kco (atm) 0.0022
Kcoz (atm™) 0.0185
Kwh (@tmi?) 1011

Rozovskii

ks ((atm.h)") 0.0031
K. (atm™) 5.104
Ky (atm’) 9.978

The graphical representation of the results is shiowigures 6 and 7.
Figure 6 shows a comparison of experimental vabfieate and those calculated from

Graaf's model when the inlet G@artial pressures were negligibly small.
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Figure 6. Comparison of experimental and predi¢tgdGraaf’s model) methanol
production rate.
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Figure 6 shows that the model proposed by Graathwivas based on CO being
the primary reactant, fit to the data well where,@€&d partial pressures were very low.
The experimental and estimated rates matched e¢aehdquite closely, thereby
confirming the hypothesis. Figure 7 shows a comsparof experimental and calculated
values of rate for Rozovskii's model for high Qgartial pressure data. The residual
plots for both the regression models are showngargés B.1 and B.2 in Appendix B.
Also, the polymath reports summarizing the statidtieatures of the regression are

shown in Tables B.1 and B.2 in Appendix B.
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Figure 7. Comparison of experimental and predi@ibydRozovskii’'s model) methanol
production rate.

For CQ enriched feed, Rozovskii's model that was deragsliming C@to be

the main reactant, provided an effective kinetisatigtion of the methanol synthesis
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process. As shown in Figure 7, the rates estinfabed Rozovskii's model are in good
agreement with the experimental rate values.

Both the models were fit to low and high inlet g6artial pressure data in order
to compare the effectiveness of each for the graege of data. Figure 8 shows a
comparison of experimental values of rate and tleagaulated by Graaf's model and

Rozovskii's model when C{partial pressures were negligibly small in thedfee
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Figure 8. Comparison of experimental methanol pctida rate and those predicted by
Graaf's and Rozovskii's models at low gidlet partial pressures.

Line column charts have been used to represemlataesince it is easier to read
the data with these plots. The trend in Figur@ 8@ next page shows that Graaf's
model fit better to the experimental data than Reki's model when C®Owas in

negligible amounts in the feed. Figure 9 showsragarison of experimental rate values
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and rate values estimated from Graaf's and Rozosskodels when the C{partial

pressures were high in the feed.
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Figure 9. Comparison of experimental methanol pctida rate and those predicted by
Graaf's and Rozovskii's models at high £i@let partial pressures.

It can be observed that in this case, Rozovskiwdehprovided a better kinetic
description of the process. Rozovskii's model Wed based on treating @@s the
primary reactant does not match the low,@0ntent data at all. However, when £O
content in the feed was high, both Graaf's and Rskit's model fit to the experimental
data satisfactorily. The rates calculated by Gadsd followed the experimental data

points closely, though not as close as the rates@&ed by Rozovskii’'s model. This
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feature was also observed by Rozovskii in his stuflye models proposed by him fit to
the experimental results better whenG@ounts were higher in the feed [19].
The combined rate expression by summing equatiand 2 can be written

as,

pm pH (0]
ksp, 1= — 5 —)
r = leCO[ ‘I:CO":HZ:%/2 B fCH;,OH/( fl/szKeql)] + " Kp(m) szg pcq
1

1+ Koo foo+ Kog FegF 2+ (K o k') Fud 1+ K,p ot KoPyd (K Py
Equation (4)

The parameters in this expression were fit to titgeerange of experimental data
including low as well as high GOnlet partial pressures. Figure 10 shows a corsgar

of experimental values of rate and rates estimiied the combined model.
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Figure 10. Comparison of experimental values ofhawed! production rate and rates
estimated form the combined model.
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The graph shows a good agreement between the eyqreal and simulated data. The
kinetic parameters obtained from fitting this exgzien are listed in Table 7. The
residual plot is shown in Figure B.3 in Appendix B.polymath report showing the
statistical features of the regression in detdibied in Table B.3 in Appendix B.

Table 7. Values of kinetic parameters obtained ffittng the combined rate equation.

Parameter Value
ki ((atm.h)") 0.0232
Kco 0.0024
Kco: 0.0625
Kwh 11.099
ks ((atm.h)") 0.0009
K. 0.0032
K1 0.0226

As mentioned in Section 4.5, four main comparisamresdone in this study. The data set
used for fitting to the combined model was alsadiGraaf's and Rozovskii's model
separately. The comparison of the experimentalvalues and those estimated from the
combined kinetic rate expression as well as froma®s and Rozovskii's models is
shown in Figure 11. The degree of fit obtainechwitmodel was very sensitive to the
initial parameter value guesses, so attempts waderwith a variety of initial guess

combinations.
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Figure 11. Comparison of experimental methanol pctdn rate values and those
estimated from the combined kinetic rate expresammhGraaf's and Rozovskii's models.

The trend in Figure 11 suggests that the combiagdeaxpression fits to the
experimental data better than the individual mad@lshough, the rates calculated from
Graaf's model are also in good agreement with ¥peemental rate values, it is the
combined rate expression which gives the besttsesilihe results of fitting for the four

comparisons are tabulated in Table 8.
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Table 8. POLYMATH results of fitting for the compdive study of models.

low CO; partial pressure

Parameter R°adj Variance | Rmsd Residudls 95%
Model confidence
intervals
Graaf 0.81 0.75 1.9*10 | 0.00323 | scattered positive,
smaller
Rozovskii | 0.106 -0.67 8.5*10 | 0.0071 follow a | positive,
trend smaller
high CQ partial pressure
R R°adj Variance | Rmsd Residudls 95%
confidence
intervals
Graaf 0.71 0.60 1.5*10 | 0.0029 scattered positive,
smaller
Rozovskii | 0.91 0.89 4.13*10 | 0.0016 | scattered positive,
smaller
entire range
R R°adj Variance | Rmsd Residudls 95%
confidence
intervals
Combined| 0.85 0.78 1.6*10 | 0.0022 scattered positive,
smaller
Graaf 0.82 0.79 1.5*10 | 0.0024 scattered positive,
smaller
entire range
R R°adj Variance | Rmsd Residudls 95%
confidence
intervals
Combined| 0.85 0.78 1.6*10 0.0022 scattered positive,
smaller
Rozovskii | 0.68 0.64 2.6*10 | 0.0033 | scattered positive,
smaller

The statistical parameters listed in Table 8 as agthe trend in Figure 11

indicate that the combined model is the best fidleto Based on the above mentioned

results, it can be concluded that the combinedengbeession which includes both CO

and CQ hydrogenation rate terms describes methanol sgisthnetics in the best
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possible manner. It was also attempted to fitcthabined model separately to low and
high inlet CO2 partial pressure data, however ghegre not enough data points in the
two ranges to achieve proper regression results.

5.3 Role of CO/CQin Producing Methanol

A number of kinetic models have been proposederliterature attempting to
describe methanol synthesis kinetics. Howeverctmgroversies regarding the carbon
source in methanol and the nature of active sttksesnain unsolved. An effort,
therefore, was made in this study to come up witodel that can adequately describe
some features and resolve questions related toamettsynthesis kinetics. The model
proposed in this study is based on the fact thab@®CQ hydrogenation both
contribute to overall methanol production.

However, the relative contribution of CO and £Z@drogenation in producing
methanol cannot be generalized. Instead, theiquegtgarding the main source of
carbon in methanol depends on specific conditidkkesdonversion, pressure, relative
amount of CO and Cfas well as hydrogen content in the feed. Thedtshave been
discussed under the following conditions:

e Conversion
e Hydrogen content in the feed
e Pressure

e CO/CQO content in the feed
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5.3.1 Conversion

Figure 12 shows the Gibb’s free energy change dfdgenation of CO and GO
to methanol as a function of temperature. It cawlbserved that Gydrogenation has
more negativé\G and thus a higher driving force at very low casiens whereas CO

hydrogenation is more likely to occur at higherwensions at a temperature of 558 K.
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Figure 12. Gibb’s free energy chang&;, for CO and C®hydrogenation to C4#OH and
the WGS reaction at P = 75 atm and three diffecentersion levels as a function of
temperaturéReprinted with permission fro{84]).

These results from thermodynamics prove that camelevels can affect the
extent to which CO and Gydrogenation will contribute in producing methand/e

could not show the same behavior using our resuite not enough data points were

available at a constant feed composition and theesions did not vary much in orders
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of magnitude. A similar result was reported by etwal in their study in which they
showed that hydrogenation of @@as the primary reaction in producing methanol at
low conversion [15].
5.3.2 Hydrogen Content in Feed

Grabow and Mavrikakis have reported that hydrogement in the feed can have
a marked effect on methanol production rates forriclbfeeds [34]. Methanol
production rate decreases almost linearly withdéasing CQ@ content in the feed when
the feed is lean in H< 50 %). A similar trend was predicted by ourdeb Figure 13

shows a plot of methanol synthesis rate and % i@@he feed under lean,idonditions.
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Figure 13. Plot of methanol synthesis rate and % i@@he feed under lean,H
conditions.
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It was observed that the rate decreased linealGasontent in the feed
increased. This behavior can be attributed thietfet hydrogenation of one mole of CO
to methanol needs two moles of ebmpared to COwhich needs three moles of kb
form methanol. Therefore, under lean hydrogen timms$, CO hydrogenation activity is
increased. However, as €& in the feed increased, the overall rate deccesisee CO
hydrogenation was inhibited by increased amoun@G@fin the feed. Also, since there
was no water in the feed in the beginning,,@@rticipated competitively in methanol
synthesis as well as RWGS resulting in lower meathproduction.

At a pressure of 50 atm, when hydrogen in the feaslincreased slightly, the
overall rate showed a maximum value atf@OO+CQ) = 0.036 (encircled in Figure 14)
as predicted by the model developed in this stuCigiverley and Smith reported similar
results in their study. However, they observedtiaaima when 0.05 <CICO+CQ) <
0.2 [35]. In our study, hydrogen content in thed@ever increased beyond 60%. But at
lower pressures (50 atm in our case), less hydroggnbe needed in the feed for the rate
to increase with increasing G@mounts. Figure 14 shows the overall rate plated

function of CQ % at a pressure of 50 atm.
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Figure 14. Plot of overall rate as function of % £Da pressure of 50 atm.

Therefore, at 50 atm and, Ebntent of around 56% in the feed, overall methanol
synthesis rate showed an increase in value as %rcf@ased but it decreased again
possibly due to adsorption of GOn active Cu sites necessary for CO activationis T
behavior showing maximum rate a particular valu€% % has been reported by other
authors as well like Klieet al. McNeil et al, and Limet al.[2, 14,and 18]

5.3.3 Pressure

Total pressure also affects the relative contrdoufrom CO and C@in

producing methanol. Figure 15 shows the relator@rdbution of CO and Cgat a

pressure of 50 atm calculated using the resulta fvar model.
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Figure 15. Plot of the relative contribution of @@d CQ at a pressure of 50 atm.

The plot clearly shows that G@ontributes more than CO to methanol production
at a low pressure of 50 atm. A higher pressu@ adtm was also reported in the
experimental data. However, comparisons couldaanhade since there was insufficient
number of data points where g®as present in the feed and the pressure was figé.
effect of pressure on the relative contributiof€@/CG, hydrogenation to methanol
synthesis can be explained using Le Chateliertscpie. Le Chatelier’s principle states
that “if a chemical system at equilibrium experies@ change in concentration,
temperature, volume or pressure, then the equihtbshifts to counteract the imposed
change and a new equilibrium is established [38lifing CO hydrogenation, three

moles of CO react to form one mole of product, whsr during Cohydrogenation, four
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moles of CQ react to form two moles of product. When the pues was high, CO
hydrogenation was favored since it is the pathwhickvresults in lower compression.
5.3.4 CO/CQ Content in the Feed

Figure 16 shows a comparison between rates cadcliiadm the combined model
and those calculated from the CO hydrogenation imbekeribed in the previous sections

when % CQ in the feed was zero.
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Figure 16. Plot of rates calculated from combinextiet and CO hydrogenation model
when % CQin feed = 0.

The values of rates were quite close to each stiggesting the fact that in the
absence of Cgthe entire methanol was produced entirely from d@e deviations
could be a result of inadequate fitting of the nisede

Results obtained from the combined model form #adof studying a few

trends related to methanol synthesis kineticsureid. 7 shows overall rate plotted as a
function of % CO in the feed in the absence oL CO
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Figure 17. Plot of overall methanol synthesis esgt@ function of % CO in feed when %
CO,in feed = 0.

The rate increased as CO amount in the feed iredeashile it decreased when % CO
increased beyond 58 %. The increasing trend Isasb&en shown by other authors, e.g.,

McNeil et al [18], as shown in Figure 18.
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Figure 18. Predicted (-) compared to experimemtph{ethanol production rate versus
mole percent carbon monoxide in the feed at 518&K289/4.38 MPa (Reprinted with
permission from [18]).
The decreasing trend can be explained by usintatiie¢hat in the absence of

CQO,, catalyst deactivation occurs via the Boudouaadtien resulting in carbon
deposition and, therefore, decreasing methanohsgig rate. The Boudouard reaction
can be written as [39]:

2CO(gy<— CQ(g) + C(s) Reaction (4)
As amount of CO increased, the reaction proceeué#uki forward direction at a faster
rate leading to more carbon deposition and foutihtpe catalyst, and therefore, reducing
methanol production rates. The volcanic shapéeptot shown in Figure 17 has also
been reported by Grabow and Mavrikakis [34]. Thbgerved a volcano-shaped curve

when methanol production was plotted as a funaifo@O,/(CO+CQ) feed ratio for

CO- rich feeds [34].
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Another trend predicted by our model is that thetgbution from CO
hydrogenation to forming methanol decreased as %iteased. The relative
contribution from CO hydrogenation in synthesizmgthanol plotted as a function of %

CO, is shown in Figure 19.
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Figure 19. Plot of relative contribution of CO hgdenation vs. % C£n the feed

The plot shows expected behavior since a high €&@tent can lead to inhibition
of CO hydrogenation due to the strong adsorptio@@f on active Cu sites necessary for
CO activation.

It has been predicted by our model that the magation of methanol resulted

from CQ, hydrogenation, as shown in Figure 20.
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Figure 20. Comparison of CO and €idydrogenation rate.

Sahibzadat al. also showed that the intrinsic rate of 4@drogenation was
twenty times faster than CO hydrogenation and at €0%, it was the main source of
methanol production [21]. This aspect was alsdistuby Grabow and Mavrikakis who
showed that larger fraction of methanol was forrimech CO,. However, they used a
different feed composition [34].

5.4 Summary

Based on the regression results from POLYMATH,abmbined model proposed
in this study was selected to be the best fit ktraibdel that describes methanol
synthesis kinetics most appropriately. Predictimos this model have been
successfully used to explain the trends relataddthanol synthesis kinetics. It can be

concluded that no generalization can be made regatide carbon source in methanol.
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Instead, the relative contribution of CO/glydrogenation in methanol production
depends on various reaction conditions like conearpressure, CO/CQand hydrogen
content in the feed. Therefore, experimental dathresults should be cautiously
extrapolated and interpreted from low pressureomwersion laboratory conditions to

high pressure/high conversion industrial conditions
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CHAPTER 6
CONCLUSION

This study comprised of investigating various kin@odels proposed in
literature for methanol synthesis and selectinghtlest appropriate model using
regression techniques. POLYMATH software was thee-lnear regression tool used in
fitting different models to published experimerdala collected at a temperature of 558
K and pressures of 50 and 100 atm over a Cu/ZnfOfatalyst. The results of fitting
revealed that the combined model including bothad@ CQ hydrogenation rate terms
was the best fit model, thereby confirming the higpsis made in this research. A
kinetic model like this one that can describe metthaynthesis kinetics satisfactorily can
prove to be very useful in kinetic studies of mettideading to a better understanding of
the process and improvements in yields and profits.

Kinetic aspects of methanol synthesis, primarily thlative contribution of CO
and CQ hydrogenation in producing methanol was also stiiased on the results
predicted by the best fit kinetic model developethis work. The results suggest that no
generalization can be made regarding the more dorhieaction pathway. Instead, the
contribution from each hydrogenation pathway depemdreaction conditions like
conversion, pressure, CO/g@nd hydrogen content in the feed. Methanol prodn
can be maximized by optimizing these condition@wkver, it is recommended to
carefully interpret experimental data and extrajgotasults from low pressure/low
conversion laboratory conditions to high presshigth conversion industrial conditions

when studying the relative importance of £fdd CO hydrogenation reactions. Owing

55



to the industrial importance of methanol, therd alivays be a scope to improve the
productivity of the process. Therefore, furtherds¢és should be conducted in order to

reveal more information regarding the kinetic aspe€ methanol synthesis.
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Appendix A

ADDITIONAL DATA

The experimental results reported by Calverleyliated in Table A.1. The

reported results included pressure, feed flow Etglyst weight, inlet mole fraction for

CO, H,, methanol and C£and the outlet mole fraction of methanol for ataif 51 runs.

Table A.1. Experimental results published by Cdéye(Reprinted with permission from

[35]).
Run# | Feed | Pressure Catalyst| Mole fraction in feed exit

flow mass mole

rate fraction

(mol/h) CO H, CH:OH | CG CH;OH
1 1.834 | 99.7 1.56 0.482| 0.312 0.019 0.089 0.0725
2 1.799 | 99.7 1.56 0.491| 0318 O 0.091  0.0656
3 1.799 99.7 1.56 0.491 0.318 0 0.091 0.06[18
4 1.828 99.7 1.56 0.587 0.311 0.019 0 0.04P2
5 1.793 99.7 1.56 0.598 0.317 0 0 0.0414
6 2.709 99 1.56 0.581 0309 O 0 0.03
7 2.709 99 1.56 0.581 0309 O 0 0.0285
8 2.786 99 1.56 0.566 0.3013 0.027 0 0.0455
9 2.786 | 99 1.56 0.566| 0.301] 0.027 0 0.0483
10 2.874 | 99.7 1.56 0.548| 0.293  0.053 0 0.0664
11 2.874 | 99.7 1.56 0.548| 0.293  0.053 0 0.0654
12 1.774 99.7 1.56 0.58 0.317 0 0 0.0402
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Run# | Feed | Pressure Catalyst| Mole fraction in feed exit

flow mass mole

rate fraction

(mol/h) CO H, CH;OH | CO, CH;OH
13 1.8 99.7 1.56 0.54 0323 O 0 0.06Q7
14 1.833 99.7 1.56 0.53 0.317 0.018 0 0.06/3
15 181 97.6 1.57 0.57 0.322 0 0.04 0.0415
16 1.807 97.6 1.57 0.419 0.501 0 0.04 0.0586
17 1.805 97.6 1.57 0.611 0.273 0 0 0.0382
18 2.709 99 1.57 0.581 0.309 0 0 0.0306
19 2.714 98.3 1.57 0.583 0.307 0.006 0 0.03R9
20 2.786 99 1.57 0.566 0.301 0.027 0 0.0463
21 1.81 98.3 1.57 0.657 0.226 0 0 0.0252
222 1.793 | 84.7 1.57 0.556) 0.32 0 0 0.0308
23 1.839 84.7 1.57 0.407 0.504 0 0 0.0426
24 1.839 84 1.57 0.634 0.227 0 0 0.0192
25 2.412 70.4 1.57 0.656 0.235 0 0 0.0144
26 2431 | 704 1.57 0.651| 0.233 0.008 0 0.0183
27 1.851 98.3 1.56 0.554 0.327 0 0 0.0391
28 1.851 84.7 1.56 0.554 0.327 0 0 0.0296
29 0.959 50 1.56 0.372 0.548 0 0 0.0298
30 0.959 50 1.56 0.372 0.548 0 0 0.0308
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Run# | Feed | Pressurg Catalyst| Mole fraction in feed exit

flow mass mole

rate fraction

(mol/h) CO H CH:OH | CO, CH;OH
31 0.965 | 50 1.56 0.243| 0558 O 0.14y  0.0383
32 0.965 76 1.56 0.243 0.558 0 0.14y 0.0787
33 0.965 50 1.56 0.243 0.558 0 0.14y 0.03b1
34 0.981 50 1.56 0.188 0.553 0 0.218 0.0254
35 1.03 50 1.56 0.283 0326 O 0.33 0.0127
36 0.964 50 1.56 0.272 0.571 0 0.125 0.0383
37 0.934 50 1.56 0.297 0.57 0 0.088 0.0446
38 0.932 50 1.56 0.297 0.57 0 0.088 0.0432
39 0.937 | 50 1.56 0.33 0571 O 0.065  0.0505
40 0.961 | 50 1.56 0.346| 0557 O 0.049  0.0496
41 0.959 | 50 1.56 0.362| 0568 O 0.02 0.0582
42 0.949 | 50 1.56 0.387| 0.567 O 0.005  0.0457
43 1.8 99.7 1.56 0533 0331 O 0.043  0.0619
44 3.306 | 50 1.56 0.35 0561 O 0.028  0.0211
45 3.306 50 1.56 0.165 0.583 0 0.223 0.0102
46 3.306 50 1.56 0.217 0.576 0 0.16 0.0126
47 3.306 50 1.56 0.252 0.578 0 0.119 0.0188
48 3.345 50 1.56 0.342 0.569 0 0.062 0.0182
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Run# | Feed | Pressurg Catalyst| Mole fraction in feed exit
flow mass mole
rate fraction
(mol/h) CO H CH;OH | CO, CH;OH
49 3.421 | 50 1.56 0372 0559 O 0.031 0.01¢91
50 3.342 | 50 1.56 0.367| 0569 O 0.014  0.0186
51 3.381 | 50 1.56 0.382| 0559 O 0 0.0089

The information given in Table A.1 was used to prethe exit gas composition and the

partial pressure of each species using materiahbalcalculations.

following procedure was used to calculate the rates

e At a given temperature and pressure, conversioadoh run was calculated using

The reactor was operated in integral mode duhegeikperiments. Therefore, the

the inlet and outlet composition of reactant, G@nversion is calculated using the

following expression:

where,

Xa = conversion

Fao = inlet molar flow rate of reactant

F. = outlet molar flow rate of reactant

e The ratio of catalyst weight to inlet molar flonteaof CO was also computed

e For a PFR, the rate equation can be written as,
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—r Equation A.1
A dw q
or
Ty = aX, Equation A.2
d 7
FA)
where,

-ra = rate of reaction

Fao = inlet molar flow rate of reactant
W = catalyst weight

Xa = conversion

o Xa was plotted as a function of WAFanda curve was fit through the points, with
the curve passing through the origin.

e The rates were then calculated by finding the stifgbe curve at each data point.
The polynomial function obtained was differentiatedjive reaction rates at the
corresponding value of conversion. The plot @ivX.W/ Fap is shown in Figure
A.1l. As shown in the graph, the curve fits to da¢a points satisfactorily with an

R? value of 0.81.
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Figure A.1 Conversion plotted as a function of W/F
e A fourth order polynomial describes the curve aad be written as
X =-0.0008TE + 0.014TE - 0.0889TE + 0.236TF - 0.126 Equation A.3
TF is the turnover frequency, used interchangefavlyV/Fao.
e Differentiating this polynomial, we get

dX

oTE = 0-236- ( 2*0.0889 *TF+ ( 3*0.014 *TF { 4+*0.08)*TF° Equation A.4

Rates are obtained by finding the above mentionféerential at each value of

conversion. The calculated values of rates arevshio Table 2 in Section 4.2.
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Appendix B
ADDITIONAL RESULTS

Experimental data including a range of low and hidét CQ, partial pressures
was used in the regression procedure. The modpbped by Graaf was fit to the low
CO, inlet partial pressure data and that proposeddmofskii was fit to the data with
high CQ content in the feed. As already explained in i8act.4, residual plots show
the deviation between the experimental values he@drresponding values calculated
from the models. For a good fit, the residualsusthde randomly distributed and not
follow a clear trend around the line of err = CheTresidual plots generated as a result of

fitting Graaf's and Rozovskii’'s models to the kieedata are shown in Figures B.1 and

B.2.
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Figure B.1. Residual plot generated by fitting Gsamodel to low CQ inlet partial
pressure data.
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Figure B.2. Residual plot generated by fitting Gsamodel to low CQ inlet partial
pressure data.

As shown in the Figures B.1 and B.2, the residualise distributed in a random
manner around the line of err = 0 and did not felbbclear trend indicating the goodness
of fit of the two models. The polymath reports foe same regression models are shown

in Tables B.1 and B.2 displaying the statisticalfees of the regression.

68



Table B.1. Polymath report generated by fitting&@samodel to low CQinlet partial
pressure data.

POLYMATH Report No Title
Nonlinear Regression (L-M) 21-Nov-2011

Model: r = (k*Kco*(pco*ph2/1.5-
pm/(ph2.0.5*0.000388)))/((1+Kco*pco+Kco2*pco2)*(ph2.0.5+(Kwh)*ph20))

Variable |Initial guess |Value 95% confidence
k 0.1 0.0535024 |6.141E-05

Kco 0.01 0.0022467 |2.907E-06

Kco2 0.001 0.0184968 |0.0066304

Kwh 10. 1011. 4.803157

Nonlinear regression settings
Max # iterations = 64

Precision

R™2 0.8149573

R~2adj (0.7532763

Rmsd |0.0032336

Variance [0.0001963

General

Sample size |13

Model vars |4

ul

Indep vars

Iterations |29
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Table B.2. Polymath report generated by fitting &akii’'s model to high C@inlet
partial pressure data.

POLYMATH Report No Title
Nonlinear Regression (L-M) 21-Nov-2011

Model: r = (k*Kco*(pco*ph2/1.5-
pm/(ph270.5*0.000388)))/((1+Kco*pco+Kco2*pco2)*(ph2.0.5+(Kwh)*ph20))

Variable |Initial guess |Value 95% confidence
k 0.1 0.0535024 |6.141E-05

Kco 0.01 0.0022467 |2.907E-06

Kco2 0.001 0.0184968 |0.0066304

Kwh 10. 1011. 4.803157

Nonlinear regression settings
Max # iterations = 64

Precision

R”2 0.8149573

RA2adj |0.7532763

Rmsd |0.0032336

Variance |0.0001963

General

Sample size |13

Model vars |4

(651

Indep vars

Iterations |29
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The residual plot generated as a result of fittycombined model to the entire range of
data is shown in Figure B.3. The polymath repbthe same regression is shown in

Table B.3.

0.0250

pozon b [ rexp-rcale

0.0150

o

0.0100

Fan
0.0050 | -

0.0000 0

00050 | ) o o
~0.0100
~0.0150

-nozo0 f Ch

_DDZED L L L L L L L L L
0.0000 0000 0.0200 0.0300 0.0400 0.0500 0.0800 0.0FO0  0.0800 0.0%00  0.1000

-

Figure B.3. Residual plot generated by fitting cameld model to entire range of kinetic
data.

The residuals as shown in Figure B.3 are randorslyilbbuted and no clear trend was

observed suggesting the combined model repredentsrietic data appropriately.
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Table B.3. Polymath report generated by fitting borad model to entire range of
kinetic data.

No Title
21-Nov-2011

POLYMATH Report
Nonlinear Regression (L-M)

Model: r = (k*ph2*(1-
(pm*ph20/(0.000077*ph2/3*pco2))))/(1+Kh2o*ph20+(Kh20*ph20/Kco2*pco2))+(k1*Kco*(pco
*ph2.1.5-pm/(ph2.0.5*0.000388)))/((1+Kco*pco+KCO2*pco2)*(ph2/0.5+(Kwh)*ph20))

Variable |Initial guess |Value 95% confidence
k 0.001 0.0009681 |2.729E-06
Kh2o 0.01 0.0032128 |6.479E-05
Kco2 0.01 0.0226146 |0.0004574
ki 0.01 0.0231806 |4.222E-05
Kco 0.001 0.0024066 |4.973E-06
KCO2 0.01 0.0624938 |0.0015774
Kwh 0.1 11.09971 |0.4651571

Nonlinear regression settings
Max # iterations = 64

Precision

R”2 0.8501624

RA2adj |0.7859462

Rmsd |0.0022748

Variance (0.000163

General

Sample size |21

Model vars |7

Indep vars |5

Iterations |17

The statistical information displayed in Table Bl80 indicated that the

combined model was a statistically sound model.
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