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a b s t r a c t

The phrases ‘‘product accumulation’’ or ‘‘accumulated products’’ or ‘‘product holdup’’ have appeared in
literature during the past several decades to qualitatively explain the experimental results for Fischer–
Tropsch synthesis (FTS). This study develops an experimental method for a slurry reactor to evaluate
the product accumulation inside the FT reactor by measuring the average residence time of products
as a function of carbon number. The effect of accumulation of products on vapor–liquid equilibrium
(VLE) in the reactor is also investigated. The results show that VLE is reached inside the FT reactor for
components up to C17. Furthermore, the relationship between the mole fractions of components in the
vapor and the liquid phase for lighter hydrocarbons, up to around C17, is adequately described by Raoult’s
law. These results suggests that chain length–dependent solubility in the liquid phase is the predominant
cause for chain length dependencies of secondary olefin reactions in FTS, and diffusion-limited removal of
products is only significant for products with carbon number greater than 17.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The chemical industry faces unparalleled challenges, in terms of
providing for growing energy markets and meeting the needs of an
increasing world population that aspires to a more advanced
material quality of life, while simultaneously minimizing the envi-
ronmental impacts of pollution from the process industry. The
world’s resources are limited, particularly crude oil and the other
fossil fuels, and hence, an improvement in the efficiency of chem-
ical manufacture is required to increase product yields, improve
selectivities, and reduce energy costs. The Fischer–Tropsch synthe-
sis (FTS) reaction is an area that is receiving revived interest world-
wide as a technology alternative to produce both transportation
fuels and chemicals from synthesis gas (syngas). FTS has been
studied for over 80 years [1]. FTS produces a range of hydrocarbons
of different chain lengths, and based on the product analysis,
Friedel and Anderson [2] in the 1950s found that the products ob-
tained during synthesis followed an Anderson–Schulz–Flory (ASF)
distribution as shown in the following equation:
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where n is the number of carbon atoms in the hydrocarbon, mn is
the mole fraction of products containing n carbon atoms, and a is
the probability of chain growth. Around the same period, Emmett
and coworkers [3–5] found that the C2 species derived from ethanol
or ethylene acted as an initiator for the FTS reaction. This conclusion
was based on the observation that the molar radioactivity of hydro-
carbons from C3 to about C8 is the same when 14C-labeled ethanol
or ethylene was used as tracers. The ASF distribution equation
and the conclusions obtained from 14C tracer studies provided the
bases for understanding the mechanism of the FTS reaction.

However, subsequent studies showed that the measured prod-
uct distribution from the FTS reactions seldom obeyed the ASF
kinetics, especially when the carbon number of the hydrocarbons
was greater than around 8, leading to either negative [6–9] or
positive deviations [10–15] from the ASF distribution; the mea-
sured a values increase with decreasing syngas flow rate [14,16];
the paraffin-to-olefin ratio increases exponentially with increasing
the molecular size [17], and the molar radioactivity or stable
isotope content of hydrocarbons decrease with increasing molecu-
lar size for an initiator [18–21].

To explain these chain length–related phenomena, theories pro-
posed include: models based on the assumption of two-active-sites
[12,13], models based on diffusion-enhanced olefin readsorption
effects [14,22,23], olefin readsorption product distribution models
[24], models based on the different physisorption strength of the
olefins [15–17], or the greater solubility of larger olefins [16,17],
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and VLE phenomena–based models [9,25,26]. Some of the theories
proposed over the past several decades can address some of the
observed chain length–related anomalies, but none of them can
describe all the observations.

Based on the studies of accumulated products in FTS reactions
conducted in a continuously stirred autoclave slurry reactor, Shi
and Davis [27] proposed that the apparent products of the FTS
reaction are a mixture of freshly produced FTS products and the
products left in the reactor. Using this concept, most of the chain
length–related anomalies were accounted for. According to their
model, they concluded that in order to obtain the correct product
distribution and the paraffin to olefin ratio of an FTS reaction, it
is necessary to find a way to eliminate or evaluate products left
in the reactor, which requires conducting FTS research in a differ-
ent way. However, they did not quantitatively determine the resi-
dence times of various hydrocarbons in the FT reactor. In this
study, we experimentally measure the residence times of heavier
hydrocarbons in the FT slurry reactor and discusses the implica-
tions of the results on the modeling of the product distribution.
We believe that these observations contribute fundamentally to
the understanding of the complex Fischer–Tropsch kinetic regime.

2. Deuterium tracer experiments

In studying the mechanism of FTS, isotopic tracer techniques
have been widely used, and based on the results, several very
important conclusions have been reported [4,5,28–33]. The most
frequently used isotopes in FT reactions are carbon-14- and car-
bon-13-labeled compounds. Almost all of the possible carbon-14-
and carbon-13-labeled compounds suitable for studying the mech-
anism of FT reactions, such as alcohols, alkenes, CO, CO2, aldehyde,
and many others, have been used as probes [34]. Compared with
the number of carbon-14 and carbon-13 tracer experiments, very
few deuterium tracer experiments have been conducted to study
the mechanism of the FT reaction [35].

Recently, Shi and Davis [36] reported that product holdup has a
very important impact on the data interpretation in isotopic tracer
studies of FT reactions. They reported that due to the nature of iso-
tope tracer experiments in FTS, this product accumulation factor
could be minimized, but could not be removed completely in 14C
tracer studies.

The belief that H/D exchange might occur under FT reaction
conditions is the main reason why just a few deuterium tracer
experiments have been conducted even though the deuterium tra-
cer technique is one of the most frequently used methods in homo-
geneous organic reactions [32]. However, until recently, no
experiment had been performed to show whether there is an H/
D exchange reaction among the major products under FT reaction
conditions. The importance of this is that if there is no H/D ex-
change in alkanes, it would be possible to study the chemical
behavior of alkanes under FT reaction conditions using the deuter-
ated alkane as the probe.

Shi et al. [35] addressed the questions of whether there is H/D
exchange in alkanes under the iron-catalyzed FT reaction condi-
tions and the extent of isomerization of 1-alkene products. They
found that deuterium/hydrogen exchange does not occur in al-
kanes under reaction conditions. Since there was no H/D exchange
in the alkane, the opportunity to use deuterium tracer techniques
to study the mechanism for FT reaction is appropriate.

3. Experimental section

3.1. FT Reactor and analysis of products

The FT reaction is carried out in a slurry-phase 1-L CSTR auto-
clave reactor as shown in Fig. 1. CO and H2 are metered separately
and premixed in a 0.5-L vessel before being fed to the reactor. The
vapor-phase products exit the reactor out the top of the reactor
and pass through a fritted filter and then through two traps in ser-
ies. The warm trap is maintained at 100 �C, while the cold trap is
maintained at 0 �C. The uncondensed gases from these two traps
pass through a back-pressure regulator to a flow meter to measure
the exit gas flow rate. The uncondensed gases are periodically
sampled and analyzed by on-line gas chromatographs (GCs). The
condensed products from the warm and cold traps are collected
as required and analyzed through offline GCs. The liquid-phase
product is collected as required through the internal filter into
the hot trap maintained at 200 �C.

A cobalt catalyst on alumina (25% Co/Al2O3) with 0.5% Pt was
used. 8.3 g of calcined catalyst was reduced ex situ in a plug flow
reactor using 25% H2/He mixture at 350 �C for 10 h. The reduced
catalyst was transferred to the 1 L CSTR which already contained
310 g of melted Polywax 3000 (polyethylene with average MW
of 200) as a start-up solvent under flowing nitrogen. The catalyst
was further reduced in situ using pure H2 (15 slph) for 24 h at
230 �C. The FT synthesis reaction was conducted at 220 �C,
2.0 MPa with a space velocity of 4.0 slph/g_cat and at a constant
H2/CO ratio of 2.0.

The composition of the uncondensed product gases is obtained
from a Hewlett–Packard Quad Series Micro GC, specifically used as
a refinery gas analyzer (RGA). The micro GC has four columns that
run in parallel. This is used to quickly obtain the mole fractions of
CO, H2, N2, CO2, and C1 to C6 hydrocarbons in the uncondensed
product gases.

The condensed liquid products are separated into an aqueous
and a hydrocarbon (oil + wax) phase. The aqueous phase is ana-
lyzed in a Hewlett–Packard 5790A gas chromatograph with a Pora-
pak Q packed column using a thermal conductivity detector (TCD).
The oil phase is analyzed using a 6890 Agilent GC with a DB-5 cap-
illary column and a flame ionization detector (FID). The wax phase
is analyzed using 6890 Agilent GC FID with a high-temperature DB-
1 capillary column.
3.2. Analysis of accumulated products

Applications of isotopic tracer techniques have played impor-
tant roles in developing and understanding of the mechanism for
FTS [28]. The general procedure for determining the accumulated
products in FTS is as follows: (1) the FTS is started in the 1-L CSTR
using H2/CO as the synthesis gas as described above; (2) after sev-
eral days, when the reaction has reached a stable CO conversion
and/or at the point where the accumulation is to be evaluated,
all the collection vessels are emptied and the feed is switched from
CO/H2 to CO/D2 for 24 h and then switched back to CO/H2; and (3) a
sample is collected every 24 h until deuterium-containing com-
pounds cannot be detected. Likewise, the reaction can also be
started by using CO/D2 as the reagents and then switch to CO/H2.
The deuterium content of the tracer compounds and its products
was determined using GC–MS. The quantitative analysis of the
isotopomers of products by GC–MS method has been described
previously [35].
4. Estimation of the residence time of the gas phase

Hydrogen and deuterium have different thermal conductivities.
Hence, the TCD response was used as a quick measure to deter-
mine how long it takes to replace H2 with D2 in the gas phase as
a measure of the residence time in the gas phase. The TCD response
shows that in the gas phase, hydrogen is replaced by deuterium
within 6 h as shown in Fig. 2.



Fig. 2. Measurement of hydrogen–deuterium replacement in the gas phase as
indicated by the TCD response as a function of time.

Fig. 1. A schematic diagram of the Fischer–Tropsch reactor system.
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After the feed gas has been changed from CO/H2 to CO/D2, part
of the hydrogen inside the reactor continues reacting while some
of it is removed with the gas flowing out of the reactor. The resi-
dence time of hydrogen would give a good indication of the gas-
phase residence time even though hydrogen is reacting.

If we neglect the effects of reaction and the amount of hydrogen
dissolved in the liquid phase, then the unsteady state mass balance
becomes:

yH2VGCGjt ¼ yH2VGCGjtþDt þ yH2Q GCGDt ð2Þ

where VG is the volume of gas/vapor inside the reactor; CG, the mo-
lar concentration of the vapor inside the reactor; QG, the molar flow
rate of vapor out of the reactor; and yH2 is the mole fraction of
hydrogen in the vapor phase.

Therefore, the unsteady state mass balance can be reduced to

VGCG
dyH2

dt
¼ �Q GCGyH2 ð3Þ

The average gas residence time is defined as:

sG �
VG

Q G
ð4Þ

Substituting the residence time into Eq. (3) gives

dyH2

dt
¼ � 1

sG
yH2 ð5Þ

which simplifies to:
ln
yH2

yH2;0

 !
¼ � 1

sG
ðt � t0Þ ð6Þ

Therefore, Eq. (6) shows that plotting the log of the mole fractions of
hydrogen in the reactor versus time on stream should result in a
straight line in which the slope is given by �1/sG. Using the data
in Fig. 2, the mole fraction of hydrogen was calculated, and the re-
sults for a short period after switching from CO/H2 to CO/D2 are pre-
sented in Fig. 3.

As expected, the log of the mole fractions of hydrogen in the
reactor versus time on stream is a straight line. The slope of the



Fig. 3. Logarithm of the mole fraction of hydrogen after switching from CO/H2 to
CO/D2. Time = 0 is when H2 is replaced by D2 in the feed.

Fig. 4. Calculated polywax mass fraction inside the reactor as a function of time.
Time = 0 corresponds to start-up of the reactor.
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trend line is �0.534, which results in the average gas-phase resi-
dence time of 1.87 h. This estimates the residence time of highly-
volatile/insoluble components.
5. Measurement of residence time of polywax in the reactor

The CSTR was loaded with polywax 3000 as a start-up solvent.
To be able to determine the amount of product accumulating in the
reactor, the amount of solvent in the reactor has to be quantified.
The liquid-phase product is collected intermittently, and this prod-
uct contains both FT products and the polywax solvent. We can use
the data about the amount of polywax remaining in the reactor as a
function of time to estimate the residence time of the polywax
(and thus any non-volatile liquid) in the reactor.

As the liquid is drained periodically, we need to consider the
following thought process in order to relate the liquid residence
time to the experimentally measured polywax fraction in the reac-
tor as a function of time (see Fig. 4). Consider that at time t = 0, the
reactor is loaded with 310 g of polywax and the FTS reaction com-
mences. If A1 grams of liquid sample is collected at time t1, assum-
ing that the total mass of liquid inside the reactor remains 310 g
after sampling throughout the experiment, then the mass fraction
of the polywax at time t1 in the reactor, mp1, is:

mp1 ¼
310

310þ A2
ð7Þ

The mass of polywax removed from the reactor would be

Mp;removed1 ¼ mp1 � A1 ð8Þ

The mass of polywax remaining in the reactor at time t1 after the
sample has been collected would be:

Mp1 ¼ 310�mp1 � A1 ð9Þ

For the next liquid sample, if A2 gram of liquid is collected at time t2,
then the mass fraction of polywax in the reactor is:

mp2 ¼
Mp1

310þ A2
ð10Þ

Therefore, the mass of polywax removed from the reactor would be

Mp;removed2 ¼ mp2 � A2 ð11Þ

Thus, the mass of polywax remaining in the reactor would be

Mp2 ¼ Mp1 �mp2 � a2 ð12Þ

This calculation is repeated is for each sample taken at the various
times.
Based on the experimentally measured mass and composition
of the liquid sample collected for the experimental run, the mass
fraction of polywax inside the reactor was calculated and is shown
in Fig. 4.

Comparing with the hydrogen replacement rate in the gas
phase which was around 6 h, it took roughly 900 h for the polywax
fraction to get to 10% of the liquid inside the reactor. This signifies
that the gas phase and the liquid phase have very different resi-
dence times.

If we assume that the vapor pressure of the polywax is very low,
then it follows that there is no or very little polywax in the vapor
phase. The unsteady state mass balance on the polywax in the
reactor is given by:

VL
dmp

dt
¼ �Q Lmp ð13Þ

where VL is the volume of liquid inside the reactor; QL is the liquid
flow out of the reactor; and mp is the mass fraction of polywax in
the liquid phase.

The average liquid residence time is defined as:

sL �
VL

Q L
ð14Þ

Substituting the residence time into Eq. (13) and integrating results
in:

ln
mp

mP0;0

� �
¼ � 1

sL
ðt � t0Þ ð15Þ

According to Eq. (15), the plot of the logarithm of the polywax mass
fractions in the reactor versus time on stream should result in a
straight line in which the slope is given by �1/sL. To get a good esti-
mate of the average residence time of the liquid, the data between
100 and 700 h were used and the results are presented in Fig. 5.

It can be seen from Fig. 5 that the log of the polywax mass frac-
tions in the reactor versus time on stream is a straight line. The
slope of the trend line is �0.003, which results in the average
liquid-phase residence time of 333 h � 13.9 days. This estimates
the residence time of non-volatile liquid in the reactor. The resi-
dence time distribution presented in Fig. 5 also indicates that the
reactor is well mixed and can be considered as an ideal slurry-
phase CSTR.

These results show that as expected, there is a large difference
between the residence time of the gas phase (1.87 h) and the
non-volatile liquids in the reactor (333 h). This implies that it takes
a long time for the liquid phase to reach steady state.



Fig. 5. Logarithm of the polywax mass fraction inside the reactor as a function of
time on stream.

Fig. 6. Liquid-phase product distribution of deuterated products as a function of
carbon number on different days on stream. Day 0 represents the end of D2 tracing.

Fig. 7. Mole fraction of deuterated products in the liquid phase with time on
stream. Day 0 represents the end of deuterium tracing.

Fig. 8. The log of the mole fraction of deuterated products in the vapor phase
plotted against length of hydrocarbon n distribution for different days. Day 0
represents the end of D2 tracing.
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6. Analysis of the liquid-phase product distribution

Based on the mass balance and the samples of the reactor wax
collected daily, the composition of the slurry inside the reactor was
determined and the liquid-phase product distribution is presented
in Fig. 6.

The liquid-phase mole fractions can also be presented with time
on stream for each carbon number as shown in Fig. 7.

The results in Figs. 6 and 7 show that the mole fraction of heavy
products in the liquid phase is steadily decreasing while the mole
fraction of lighter products drops quicker than the heavier
products.
7. Analysis of the vapor-phase product distribution

The experimental setup is designed such that the vapor-phase
products from the reactor can be collected and analyzed separately
from the liquid-phase products. The log of the mole fraction of deu-
terated products in the vapor phase is plotted versus hydrocarbon
length n for different days after the CO/D2 feed was switched back
to CO/H2 in Fig. 8.

The measured change in vapor-phase mole fraction can also be
plotted with time on stream for each carbon number as shown in
Fig. 9.
The results in Figs. 8 and 9 show that the slope of the lighter
products is changing with time on stream while the slope of the
heavier products in the vapor phase is relatively constant. This
suggests that the lighter products have a lower residence time,
hence are being stripped out quicker than the heavier products.

8. The interaction of product accumulation with vapor–liquid
equilibrium

The Fischer–Tropsch reaction has been known and used since
the 1930s [1]. Despite being studied for over 80 years, the reaction
is still not that well understood. We find different results from
different researchers, different results for different catalysts. The
results are complex and confusing. Perhaps, the complexity is not
just due to the reaction mechanism. What if some of the complex-
ity is caused by a combination of simple phenomena like vapor–li-
quid equilibrium (VLE) and product accumulation inside the
reactor? The individual phenomena are quite simple. However,
the interactions of these phenomena cause quite complex behav-
ior. The question remains if this could occur in the FT reaction.

At vapor–liquid equilibrium, the partition coefficient or K-value
is defined as:



Fig. 9. Mole fraction of deuterated products in the vapor phase with time on
stream. Day 0 represents the end of deuterium tracing.

Fig. 10. The ratio of the mole fraction in the vapor phase to the mole fraction in the
liquid phase (Kn � yn/xn) with carbon number. Solid line is calculated from Raoult’s
law and is given by Pvap,n/P.

Fig. 11. Experimental K-values with time on stream for different carbon numbers
compared to Raoult’s law’s predictions. Solid lines are calculated from Raoult’s law
and are given by Pvap,n/P.
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Kn �
yn

xn
ð16Þ

where yn is the mole fraction of species n in the vapor phase, and xn

is the mole fraction of species n in the liquid phase.
According to Raoult’s law:

ynP ¼ xnPvap;n ð17Þ

where Pvap,n is the vapor pressure of component n and P is the oper-
ating pressure.

This results in:

Kn ¼
Pvap;n

p
ð18Þ

Subsequently, the K-values calculated from the vapor pressure can
be plotted and compared with the experimental results as shown
in Fig. 10 to determine whether VLE is reached inside an FT reactor
and to assess the impact of product accumulation on VLE. The vapor
pressure data were obtained from Yaws’ Handbook of Antoine Coeffi-
cients for Vapor Pressure (2nd Electronic Edition) [37].

The results in Fig. 10 show that vapor–liquid equilibrium is
reached inside the FT reactor since the lighter hydrocarbons, up
to around C17, are accurately described by Raoult’s law. The heavier
hydrocarbons deviate from Raoult’s law. Their vapor-phase mole
fraction is lower than Raoult’s law’s predictions; alternatively, their
liquid-phase mole fraction is higher than Raoult’s law’s predic-
tions. This is because heavier hydrocarbons are preferentially
retained inside the reactor because they have low diffusion coeffi-
cients and therefore do not have enough time to reach VLE. This
would cause the measured K-values of heavier hydrocarbons to
be less than predicted from Raoult’s law. Thus, product accumula-
tion affects VLE modeling. This suggests that some of the complex-
ities in the FTS are caused by a combination of simple phenomena
like product holdup and VLE.

The K-values can also be presented with time on stream as
shown in Fig. 11, to assess how the experimental values change
with time.

As before, the lighter products are accurately described by Rao-
ult’s law. However, Fig. 11 shows that the trends of heavier prod-
ucts tend toward the theoretical values albeit at a slow pace.
This means that the higher the carbon number, the longer it takes
to reach steady state.
9. Overall product distribution of deuterated products

It is generally assumed that the olefin readsorption probability
increases with increasing carbon number due to increased resi-
dence times of longer chains in the liquid-filled pores of the cata-
lyst. Chain length–dependent solubility [38–40] and chain
length–dependent diffusivity [14,41,42] have been proposed as
possible reasons.

Iglesia et al. [41] proposed that diffusion-limited removal of
products from catalyst pellets can lead to enhanced readsorption
and chain initiation by a-olefins, which reverses the chain termi-
nation steps that form these olefins and leads to heavier, more par-
affinic products. Furthermore, they assert that exclusively
diffusion-enhanced readsorption of olefins accounts for non-
Schulz–Flory carbon number product distributions and decreasing



Fig. 12. Calculated mole fractions of total (vapor + liquid) deuterated products after
introducing D2 into the reactor. The D2 is switched off and replace with H2 at the
end of Day 0.

Fig. 13. Schematic diagram of the reactor as a stripping vessel for deuterated
products. (F is the total molar flow of products, QG is the vapor molar flow, QL is the
liquid molar flow, yn is the mole fraction of component n in the vapor phase, and xn

is the mole fraction of component n in the liquid phase).
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olefin contents with increasing carbon number observed during FT
synthesis on cobalt and ruthenium catalysts.

In contrast to this, chain length–dependent contact time due to
chain length–dependent solubility in the liquid product has been
proposed earlier to cause the generally observed chain length
dependences of olefin selectivities [38–40]. Kuipers et al. [17]
showed that dissolution and physisorption can cause a much
stronger chain length dependence than diffusion and would usu-
ally dominate.

To obtain more insight into the cause for chain length depen-
dencies of secondary olefin reactions in FTS, the overall weight per-
cent of deuterated hydrocarbon obtained after introducing D2 into
the reactor for 24 h is presented in Fig. 12.

The experimental results presented in Fig. 12 show that initially
after the introduction of D2/CO syngas, more lower-boiling deuter-
ated products are formed when compared to the higher-boiling
deuterated products. This is consistent with typical FT products
which usually follow an ASF product distribution or a slight varia-
tion of it. It is worth noting that after the syngas has been switched
back to H2/CO at TOS = 24 h, the percentage of lower-boiling
deuterated products drops more quickly than the higher-boiling
deuterated products. Some of the higher-boiling deuterated com-
pounds appear to be increasing in concentration for up to 50 h after
the deuterium has been switched off. Although the amount of the
heavier product in the reactor is changing slowly, the lighter ones
are changing very fast, and thus, the observed increase in mole
fraction of the heavier ones is due to stripping of the lighter com-
ponents and not making heavier ones. This means that the lower
molecular weight products exit the reactor very quickly, and the
labeled fraction of these lower molecular weight products will be
little affected by accumulation. On the other hand, the average
residence time will increase with carbon number and the higher
carbon number products may be affected by accumulation of unla-
beled products.

Schulz and Claeys [43] estimated average residence times of
certain product molecules C2–C11 in CSTR system by the ratio of
the actual number of moles of a compound to the total molar exit
flow rate of this compound. Their results showed strongly increas-
ing residence times of product compounds with carbon number,
which signified that chain length–dependent solubility can affect
residence times of products and thereby the extent of secondary
olefin reactions. They never measured the residence time of
heavier products. To calculate the residence time of heavier prod-
ucts, we compute an unsteady state mass balance on the deuter-
ated products inside the reactor.
10. Unsteady state mass balance on the deuterated products
inside the reactor

After the feed gas has been changed from CO/D2 back to CO/H2,
the reactor can be considered as a vessel in which deuterated prod-
ucts are being stripped out and removed in the vapor phase by the
gas stream and removed in the liquid phase by flow as illustrated
in Fig. 13. We assume that the reactor is well mixed such that the
mole fraction of component n in the vapor/liquid removed from
the reactor at some time t is the same as the mole fraction of that
component in the vapor/liquid phase in the reactor.

If we ignore the effects of reacting products (olefin reactivity)
on the products modeling, then the unsteady state mass balance
on component n can be written as:

VGCG
dyn

dt
þ VLCL

dxn

dt
¼ �Q LCLxn � Q GCGyn ð19Þ

where VG is the volume of gas/vapor inside the reactor; VL, the vol-
ume of liquid inside the reactor; CG, the molar concentration of both
the vapor product stream and the vapor inside the reactor; CL, the
molar concentration of both the liquid inside the reactor and the li-
quid stream product stream; QG, the vapor molar flow rate out of the
reactor; QL, the liquid molar flow rate out of the reactor; yn, the mole
fraction of component n in the vapor phase in both the reactor and
the vapor product leaving the reactor; and xn is the mole fraction of
component n in the liquid phase in both the reactor as well as the
liquid product removed from the reactor.

Assuming that the vapor and the liquid are in equilibrium then

yn ¼ Knxn ð20Þ

Thus, Eq. (19) becomes:

dxn

dt
¼ �ðQ GCGKn þ QLCLÞ

ðVGCGKn þ VLCLÞ
xn ð21Þ

Alternatively,



Fig. 14. The log of mole fraction of deuterated products in the liquid phase with
time on stream. The slope of each line represents the inverse of the residence time
of that product in the reactor. Fig. 15. The log of mole fraction of deuterated products in the vapor phase with

time on stream. The slope of each line represents the inverse of the residence time
of that product in the reactor.

Fig. 16. The average residence time with carbon number for products inside a
reactor calculated from the slopes of the curves in Figs. 12 and 13.
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dyn

dt
¼ �

Q CCG þ QLCL
Kn

� �
VGCG þ VLCL

Kn

� � yn ð22Þ

Hence, we defined the mean residence time of each product to be
the inverse of the slopes of Eqs. (21) and (22).

10.1. For heavier hydrocarbons, with a low vapor pressure Kn� 1

For hydrocarbons which are relatively involatile, Eq. (21) re-
duces to:

dxn

dt
¼ �Q L

VL
xn ¼ �

1
sL

xn ð23Þ

Integrating both sides results in:

ln
xn

xn;0

� �
¼ � 1

sL
ðt � t0Þ ð24Þ

Thus, for the heavier hydrocarbons, the main mode of removal from
the reactor is through the liquid flow, and these hydrocarbons will
have the same residence time as the liquid. We can plot the loga-
rithm of the mole fraction of the deuterated hydrocarbon n in the
liquid phase, xn, versus time, where the slope of the line is the
inverse of the average residence time in the liquid for that hydro-
carbon. The measured change in liquid-phase mole fraction with
time is presented in Fig. 14.

The slopes of the mole fractions with time for the carbon num-
bers shown in Fig. 14 were calculated. Assuming that each slope is
given by �1/sn,L provides a method for calculating the residence
time of each carbon number.

10.2. For lighter hydrocarbons, with a high vapor pressure Kn� 1

For hydrocarbons which are relatively insoluble, Eq. (22) re-
duces to:

dyn

dt
¼ �Q G

VG
yn ¼ �

1
sG

yn ð25Þ

Integrating both sides results in:

ln
yn

yn;0

 !
¼ � 1

sL
ðt � t0Þ ð26Þ

Thus, for the lighter hydrocarbons, the main mode of removal from
the reactor is through the gas flow or stripping, and these hydrocar-
bons will have the same residence time as the gas/vapor. We can
plot the logarithm of the mole fraction of the deuterated hydrocar-
bon n in the vapor phase, yn, versus time, where the slope of the line
is the inverse of the average residence time in the vapor for that
hydrocarbon. The measured change in vapor-phase mole fraction
with time is presented in Fig. 15.

The average residence times of products with carbon number
16 and higher were calculated from the liquid-phase slopes. The
residence time of products lighter than C16 were calculated from
the vapor-phase slopes. The overall results of the residence time
of the hydrocarbons versus chain length are presented in Fig. 16.

The results presented in Fig. 16 show that the residence time in-
creases with carbon number up to C22, and products with chain
length 22 and higher have the same residence time as the non-vol-
atile polywax. This implies that the major removal method for
products C22 and heavier is the liquid-phase flow because these
products have low vapor pressures. Therefore, the stripping by
the vapor flow is not a major method of removal for these prod-
ucts. The major removal method for products lighter than C10 is
the gas phase. These products will have a similar residence time
as the highly volatile/insoluble component. The products with
chain length between 10 and 22 are removed by both the vapor
flow and the liquid flow as can be seen by their average residence
time being higher than the gas-phase residence time but less than
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the average residence time of the non-volatile liquid. The lighter
products would be expected to be in vapor–liquid equilibrium
more quickly than the higher molecular weight products.

These results confirm that the lower molecular weight products
have a lower residence time than the longer chain products (i.e.,
tend to the residence time of the insoluble gas), and the fraction
of these lower molecular weight products will be little affected
by accumulation in the liquid phase/reactor. The results also imply
that the lighter products will reach steady state quicker than the
heavier products.

11. Conclusions

The average residence time of the highly-volatile/insoluble gas
is around 1.87 h, while the non-volatile liquid has an average
residence time of around 13.9 days. The lower molecular weight
products exit the reactor very quickly, and the fraction of these low-
er molecular weight products will be little affected by accumulation
as their residence time approaches that of the gas phase. The aver-
age residence time increases with carbon number, and the higher
carbon number products have a longer residence time in the reactor
as their residence time approaches that of the non-volatile poly-
wax. These products will be more affected by accumulation in the
liquid phase and hence will take longer to reach equilibrium. The
results show that products with a chain length of 22 and higher
have the same residence time as the liquid. If it takes 3–4 residence
times to reach steady state, then it would take around 2 months to
fully reach the steady state for these products in an FT reactor.

Vapor–liquid equilibrium plays an important role in modeling
the behavior of an FT reactor. The results show that vapor–liquid
equilibrium is reached inside an FT reactor for components up to
around C17. This suggests that chain length–dependent solubility
in the liquid phase is the predominant cause for chain length
dependencies of secondary olefin reactions in Fischer–Tropsch syn-
thesis, and diffusion-limited removal of products is only significant
for products with carbon number greater than 17.

The results obtained suggest that Raoult’s law sufficiently de-
scribe VLE in a Fischer–Tropsch reactor. The preferential holdup
of heavier products in the reactor affects the VLE modeling. Thus,
some of the complexities in the FTS are caused by a combination
of simple phenomena (e.g., product holdup and VLE). The interac-
tions of these phenomena cause quite complex behavior.
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