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Abstract

Fossil fuels have played a significant role in the development of nations. However, they have also
given rise to various societal problems. In this context, Gamma-Valerolactone (GVL) emerges as
a potential solution as a fuel additive and feedstock for the production of gasoline, jet fuel, and
other products. GVL can undergo decarboxylation reactions facilitated by zeolite catalysts.
Surprisingly, it has been observed that reactions taking place on different zeolites, despite having
similar Brensted acid site densities, exhibit distinct simulated initial rates. This research aims to
compare the initial rate trends of mordenite and its poisoned derivatives with those of the MFI
family, and provide explanations for the underlying factors causing these differences. Moreover,

the same methodology will be applied to investigate zeolites such as Ferrierite, Fajusite, and Beta.
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1. Introduction

1.1 Background Information

The utilization of fossil fuels plays a crucial role in a country's economic growth [9]. However,
the scarcity of fossil fuels, their inefficient use, and the resulting issues of excessive greenhouse
gas emissions, particularly CO, production, have become pressing challenges for modern society
[9]. These issues, including delayed development, global warming, and conflicts, highlight the

urgent need for transition from traditional energy sources to renewable alternatives [1] [9].

First-generation biofuels, such as corn ethanol and biodiesel, have made significant contributions
to reducing the reliance on fossil fuels [6]. However, Gamma-Valerolactone (GVL) presents an
even more promising solution, as it can serve as an energy source and a precursor for various
commercial products [12] [13] [14], including methyl tetrahydrofuran, levulinate esters, valeric
esters, gasoline, jet fuel, and diesel [5]. Furthermore, GVL exhibits comparable performance to
ethanol as a gasoline additive [12]. The primary feedstock for GVL production is levulinic acid
(LA), which can be obtained from agricultural waste at a relatively low cost, with LA production
rates exceeding 95% [3] [2]. The production processes for both LA and GVL are environmentally

friendly and economically viable.
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Figure 1 usage of GVL and its derivatives [9]

In the presence of acidic catalysts (Brensted and Lewis sites), GVL undergoes ring-opening

reactions, leading to the formation of chain-like structures with carbenium ions [11] [15].

Subsequently, the intermediates undergo decarboxylation, wherein the carboxyl group (-COOH)

is eliminated, generating carbon dioxide, and the remaining group forming butene [11] [15]. Both

butene and the resulting pentenoic acid (PEA) have great potential for further conversions into

various chemical products. PEA can be used for alkane fuels, nylon precursors, 5-nonanone,

valeric esters, and nylon production, while butene can serve as a substitute for aviation fuel

through oligomerization processes [11].
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Figure 2 Decarboxylation process of GVL [11]

Zeolites are aluminosilicate minerals with diverse pore structures and varying compositions of
silica and alumina [16]. Examples include mordenite, heulandite, and the MFI family of zeolites
[16]. Zeolites are often regarded as Brensted acid catalysts, in contrast to amorphous silica-

alumina, which considers both Lewis and Brensted acid sites effective [3].

1.2 Objective

The catalytic acid site density is positively correlated with the ability to catalyze chemical
reactions. Previous studies have shown that the decarboxylation (DC) rate of MOR zeolite,
though having the same Bronsted acid site density as MFI 23:1, was ten times lower than that of
MFTI 23:1 [4]. Similarly, FAU zeolite, despite having a larger surface area and pore area than MFI
30:1 and a similar site density, also exhibited a DC rate ten times lower than MFI [4]. Another
comparison between MFI 80:1 and FER zeolite revealed a significantly lower DC rate for FER

whose site density was twice as large as that of MFI 80:1 [4].



The differences in rate patterns might be attributed to variations in the physical structure o
between MFI and MOR zeolites. In this study, we aim to investigate the initial rate development
with respect to density by using the Koros and Nowark criterion under different temperature
conditions. Additionally, Brensted acid site density of mordenite was changed by poisoning effect
using sodium nitrite solutions of various concentrations. Structural information as well as the
reaction mechanism over the catalysts were applied to provide an explanation for the observed
rate differences. Furthermore, the same analysis procedure will be applied to Ferrierite (FER),

Faujasite (FAU), and Beta (BEA) zeolites.

Materials and Methods

2.1 Materials and Equipment

y-valerolactone (GVL, >98%, Aldrich), trans-2-pentenoic acid (t2-PEA, Acros, 97%), MFI
structure zeolite samples of different aluminium contents, Mordenite structure zeolite, Ferrierite,
Faujasite, Beta, [sopropyl amine (IPA), Helium

silica chips (850-2000 um, 99.9%, Sigma Aldrich), gas chromatographer (HP-7890), type K
thermocouple (Omega), temperature controller (Love, series 16A), mass-selective residual gas

detector (Stanford Instruments RGA 100)

2.2 Catalyst Preparation and Storage

All catalysts used in this study were obtained from commercial suppliers. Prior to storage, the
catalysts underwent a calcination procedure. In this procedure, the catalysts were placed at the
center of a straight quartz tube with two pieces of quartz wool attached on both sides, and
supported by silica chips (850-2000 um, 99.9%, Sigma Aldrich) in lower dead volume. The

catalysts could also be placed in a U-shaped tube configuration with the same method as
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alternative. The tube was subjected to a continuous flow of air at a rate of 50 ml/min, and a
temperature controller (Love, series 16A) was used to maintain the temperature at 450°C for a
duration of 4 hours. The temperature ramping speed was set at 3°C per minute to prevent rapid
evaporation of water molecules inside the catalysts. After calcination, the catalyst samples were
carefully transferred to glass vials and covered with plastic film to prevent absorption of water

vapor from the laboratory environment.

2.3 Zeolite Poisoning

Three groups of MOR catalysts, each weighted approximately 4 grams, were individually
immersed in sodium nitrite solutions of different concentrations (0.01M, 0.1M, and 1M) at the
temperature of 80°C for 12 hours. After the soaking process, the catalysts were subjected to
vacuum filtration, followed by washing with 1 liter of deionized water. Subsequently, the catalysts
were dried undergoing an overnight drying process in an oven at 90°C. Once dried, the catalysts
were ground to a powder form and then subjected to calcination to obtain the powdered catalysts

for further analysis.

2.4 Zeolite Bronsted Acid Site Density Determination

A quartz tube with a diameter of 1/2 inch was loaded with approximately 0.1g of the poisoned
MOR catalyst. The catalyst was placed between two pieces of quartz wool and supported from the
bottom by quartz chips. To determine the precise weight of the catalyst, the empty tube with
chips, wool, and those loaded with the catalyst were separately weighed. The difference between
the weighting was the precise weight of the catalyst loaded. The quartz tube was then wrapped
with a heating tape and insulated with multiple layers of quartz wool. A temperature controller

(Love, series 16A) was used to set and control the temperature.



After the calcination process, the catalyst was purified and cooled down for 90 minutes by helium
gas flowed at a rate of 100 ml/min. The helium flow rate was then adjusted to 50 ml/min, and
isopropyl amine (IPA) was injected into the gas stream to capture the catalyst surface. This

process took approximately one hour.

For IPA desorption, the helium flow rate was increased to 400 ml/min for one hour to remove
physically absorbed molecules. Helium containing 1% argon was later used for temperature
programmed desorption (TPD), during which chemically adsorbed IPA reacted over the Brensted

sites, generating propene and ammonia.

Under steady flow conditions, the temperature controller increased the temperature of the reactor
(quartz tube) at a rate of 5°C/min until reaching 500°C. A mass-selective residual gas detector
(Stanford Instruments RGA 100) was utilized to monitor the signals of helium, argon, IPA,
propene, and ammonia at the effluent. Since the stoichiometry values for the IPA catalytic reaction
were all one, the cumulative amount of propene (in moles) detected by the RGA during the TPD

process reflected the number of Bronsted sites on the catalyst surface.

2.5 Catalyst Deactivation Detection

Figure 3 illustrated the configuration of the catalyst deactivation system, which consisted of two
streams: the bypass stream used for vaporizer and reactor calcination, and the experiment stream

for GVL and PEA decarboxylation over MFI and MOR zeolites.

During the bypass stage, mass flow controller 8 (Brooks, model 5850S) delivered the air flow
through the vaporizer, and it later entered the waste stream. The temperature ramping rate and
calcination temperature for the air flow in the vaporizer were the same as discussed in Section 2.2.
Reactor calcination, also known as catalyst regeneration, involved the removal of coke deposition
over the active sites. Additional air flow entered Valve 1 at pore positions 5, and exited at 6 to

flow into the packed bed. The temperature adjustment was the same as described in Section 2.2.



During the experiments, helium was used as the carrier gas and was delivered by mass flow
controller 7. It entered Valve 1 at positions 1, and left at 6, flowing into the up-flow packed bed
reactor, which was insulated in an aluminum furnace. The flow was then directed to the gas
chromatograph (GC) (Agilent Technologies, GC 7890A) at Valve 3 for quantification analysis.
The helium flow rate was controlled at 25 ml/min. Liquid GVL/PEA loaded in a syringe pump
(Cole-Parmer, model 110) was preheated before entering the vaporizer and mixed with helium.
The temperature of the vaporizer, reactor, and the rest of the tubing in the system was adjusted
using variacs and PID controllers (Love, series 16A) with type K thermocouples. The temperature

of the vaporizer and tubing was maintained between 150°C and 170°C.

The gas mixture initially passed through the bypass (directed to the GC) to ensure thorough
mixing of GVL/PEA with helium. The GC area of GVL/PEA was recorded to ensure constant
values. Afterwards, the flow was switched to the reactor at Valve 1, and the time at this moment

was recorded as zero time on stream, indicating the first contact of the catalyst with the reactants.

For the packed bed specifications, catalysts were loaded into a 1/2 inch-diameter 316 stainless
steel tube, with two pieces of quartz wool attached on both sides. The lower dead volume was

filled with silica chips.

In data processing, GC areas were converted into molar flow rates per unit mass based on
calibration relationships. The flow rate data was then plotted on a mass normalized reaction rate

(umol/g/min) versus time (hr) coordinate system, from which the initial flow rate was simulated.

As this research involved simulated initial rates for 15 different zeolites, the raw data (GC area) of
GVL decarboxylation over MFI 23:1, 30:1, 50:1, 80:1, 200:1, 500:1, and PEA reaction over MFI

30:1, 80:1, 200:1, 500:1 was obtained from experiments conducted by Xinlei Huang.
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Figure 3 Decarboxylation system layout



3. Results and Discussions

3.1 Simulation Method Selection

This project aims to investigate the relationship between catalyst decarboxylation rate and catalyst
active site densities of MFI, MOR, FER, FAU, BEA, and their poisoned derivatives, and explain

the reasons causing the lower reaction rates of MOR, FER, FAU and BEA.

Catalyst deactivation plays a crucial role in the progress of reactions. During catalytic reactions,
the active sites on the catalyst surface can undergo deactivation processes, including restructuring

(sintering) or the accumulation of poisons, coke, or inert species [20].

In the case of sintering, catalyst particles can bond or fuse together, leading to the formation of
larger particles and a reduction in the surface area and the number of active sites. This reduction
in active sites impaired the production rate of the reaction [23]. In the accumulation scenario, the
inhibitors can permanently or temporarily disable the active sites, leading to a decrease in the

production rate [23].

In the current research, during reactions of decarboxylation, coke formation occurs on the catalyst
surface due to the high reaction temperatures. This coke formation can lead to a decline in the rate
of product formation (butene) over time (Figure 4). The decay in the rate follows a curve, with a

rapid decrease in the early stages and a later gradual reduction.
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Figure 4 Butene Decaboxylation Rate vs Time over MFI 23:1 at 198°C using PEA as

reactant

In the context of catalyst deactivation, comparing the reaction rates of different catalysts became
challenging. However, when catalysts were initially exposed to the reactants at zero time on
stream (explained in section2.5), deactivations had not occurred over the active sites. Therefore,
the production rate observed at that moment, known as the initial rate, could eliminate the
influence of catalyst deactivation and serve as a reliable reference for evaluating a catalyst's
impact on the reaction. Previous studies indicated that Brensted acid sites on zeolites could be

restored to a fresh condition through calcination [4].

Nevertheless, obtaining direct measurements of initial rates was difficult due to various factors
such as the design of the reaction system and diffusion processes within the reactor. Typically,
data points for reaction rates were acquired during the deactivation process. One might have
intuitively attempted to connect all the data points and extrapolate to zero time on stream.
However, using straight lines to connect the data points was considered inappropriate since the
intersection on the rate axis by extrapolation solely relied on the positional relationship between
the first two data points, which failed to represent the overall data trend. Employing a hand-drawn
curve that included as many data points as possible might be a better approach. However, this

method had two major drawbacks: it became challenging to quantitatively assess the proximity of

10



each data point to the curve, and the hand-drawn extrapolation curves might fail to account for

other influential factors such as the ring opening and closure reactions between GVL and PEA.

To identify a curve that adequately represented all the data points, one should have considered the
application of the error sum of squares (SSE) function stored in the Solver in Microsoft Excel
(Eq.1). This approach helped finding the best-fit curve that minimized the overall error between
the curve and the data points, so it could provide a more accurate representation of the

relationship between catalyst decarboxylation rate and catalyst active site densities.

SSE =Y ,(measurement; — model;)"2 (Eq.1)

SSE, the sum of squares of residuals, calculated the squared differences between experimentally
obtained rates of reaction (measurement;) and simulated rates of reaction (model;) over a certain
time scale. It represented the positional difference between the experimental data points and the
simulated data points. A lower SSE indicated that the simulated data closely matched the
measured ones. To generate a simulated reaction rate, a mathematical objective function was
required to describe all the modeled points. By adjusting the parameters of the objective function,
the Solver determined the function that minimized SSE, allowing the experimental data points to

align with the simulated curve.

A polynomial function could be used as the objective function since it had a precise mathematical
expression with adjustable parameters. However, polynomial functions exhibited a wave-like
shape. While higher-order polynomial functions could include all the data points on the curve,
they also introduced more waves, making the extrapolated parts less representative of the rate

decay [22].

r = (Ry — Rys) *x e F1*t + R * e~ Ka*t (Eq. 2)

11



Observations to experimental data revealed that the decarboxylation reaction rate decreased
heavily in the first few hours [4]. The process then became mild and tended to remain constant. To
model both the heavy and mild decaying processes, the double exponential decay model (Eq. 2)
was used as the objective function (Eq. 2), where R represented the initial rate and Ry
corresponded to the rate during the relatively steady period. The independent variable of the
function was time, t. The term e”(-ki*t) described the decaying processes, with k, and k;

representing the rate constants for fast and slow decays, respectively.
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3.2 Similiarity between MFI and MOR, FER, FAU, BEA

Table 1 demonstrated that Brensted acid sites were the primary category of acid sites for all
catalysts examined in this study. As the silica content in MFI increased, the density of Brensted
and Lewis acid sites decreased. MOR and MFI 23:1 exhibited similar Brensted site densities and
Si:Al ratios, both around 1100 pmol/g/cat, with the silica content being at least twenty times
higher than the alumina content. FER had a Si:Al ratio close to MFI 30:1, but its Brensted site

density was 154 umol/g/cat lower.

Cuip BTN g P M o
MFI
Struchige
MFI 23:1 3553769 2410335 5.271 02221659 1118 12.7 BE
MFI30:1  353.554 248.1221 5.408 0.272383 693 R 72
MEL 31 3669874 2286274 5,375 0273374 358 5.3 s
MFIBN] 385712 3053218 5461 0258055 327 6.5 50
MFT 200:1 3540778 222 2481 5.513 0210851 6O 1.9 35
MFI 500:1 357 8402 228 ol 5.434 0213313 23 1.2 X
Other
Strucmre
MOR (20:1) 3930576 19622 5.752 0280731 1123 235 4%
FAL (12:1) 669.156 5671412 T.431 048272 633 212 ks
BEA (25:1) 5544564 352 200 6534 0828762 834 1.5 556
FER (201} 3636704 322.9915 5.144 0216602 530 12 45

Table 1 Physical and Acid Site information of MFI, MOR, FER, FAU, Beta [4]
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Regarding the physical structures, MOR displayed similarities to the MFI family. Table 1
indicated that the surface area of the MFI family ranged from 353.5 m?/g to 385.7 m*/g, while
MOR had a slightly higher surface area of 395 m*/g. The pore diameter of MOR was slightly
larger (0.24 A/4.4%) compared to MFI 200:1 (5.51 A, the highest). The pore volume of MOR fell
within the range of MFI, ranging from 0.211 cm*/g to 0.273 cm®/g. The most significant
difference was observed in the micropore area, where MOR exhibited a value of 196.2 m*/g, 26
m?/g lower than the smallest value in MFI (12%). FER also shared similarities in physical
structure with the MFI family, with the first four categories in Table 1 being relatively close.
However, FAU and BEA possessed unique properties, with significantly higher surface area, pore

area, pore diameter, and pore volume compared to MFIs.

Given the similarities in physical structures, site categories, and Si:Al ratios, one might assume
that the initial rate changes based on densities at various temperatures for MOR and its derivatives
would follow similar pattern as that of the MFI family. A similar assumption could also be applied
to FER and its derivatives. However, FAU and BEA may exhibit different behavior due to their

distinctive properties.

During the MOR poisoning process, which involved immersing MOR zeolite in a NaNOj3 solution
at 80°C for 12 hours, the H' ions in the Bronsted acid sites were exchanged with Na* cations
present in the solution to lose acidity [25]. Regarding site and structure characterization,
according to Rajamani, after undergoing the poisoning process, the Silica to Alumina ratio and the
alumina not incorporated into the zeolite framework remained unchanged. The only variation
observed was in the Sodium to Aluminum ratio and the distribution of acid sites. The former

increased, while the latter decreased as the concentration of poisoning sodium nitrite increased

[7].

14



3.3 Mass Normalized Initial Rate Trend over MFI Series

3.3.1 Initial Rate Trend over MFI using GVL as Reactant

The simulated initial rates of GVL decarboxylation over MFI zeolites, normalized by catalyst

mass, were recorded in Table 2.

Initial Rate (umol/g/min)

Site Density
158°C 178°C 198°C 218°C 238°C

pmol/g/cat

500:1 29 0.004263 0.0542 0.275

200:1 66 0.0168 0.142 0.595

80:1 327 0.541 2.64 14.3 54.9

50:1 358 0.101 0.671 3.70

30:1 693 0.164 1.55 8.184236

23:1 1118 0.142 1.744531 10.6 57.9

Table 2 Numerical Data of Mass Normalized Initial Rate for GVL Decarboxylated over MFI

Zeolites

The Koros and Nowark criterion was utilized to determine whether the catalytic reaction was
kinetically controlled or influenced by intra-catalyst particle diffusion. This evaluation method
was applicable to heterogeneous, metal catalysts and various reactor types such as batch,
continuous stirred tank, and tubular plug flow reactors [24]. The criterion was based on the
concept that the reaction rate was proportional to the concentration of active material (in this case,

the Bronsted acid site density) on the catalyst surface [24].

One of the methods employed for Koros and Nowark criterion was plotting the logarithmically
transformed mass-normalized reaction rates (simulated initial rate of decarboxylation) against the

logarithm of the Bronsted site density. Linear regression analysis was employed to quantitatively

15



describe the relationship between the dependent and independent variables. The slope of the
regression line played an important part in the evaluation, and it was related to the derivative
between logarithmic diffusion efficiency and Thiele modulus. The Thiele modulus characterized
the relationship between the reaction rate and diffusion rate [26]. The slope of the regression line
was equal to 1 when the derivative reached 0. In this condition, the diffusion efficiency equal to
one reached to its maximum. Therefore, a slope of 1 indicated that the reaction was kinetically
controlled. Smaller derivatives led to smaller slopes of the regression line, indicating diffusion
occurring in the reactor and inhibiting the catalyst's activity [24]. However, additional information

and analysis were necessary to determine specific reasons causing diffusion limitations.

Koros-Nowark criteria for GVL Decarboxylated over MFI
Zeoltes

_ . _ _ ® 158°C
-1 178°C
P Q.. 198°C

Ln (initial rate)

In (Brgnsted Site Density)

Figure 5 Koros-Nowark criteria for GVL Decarboxylation over MFI Zeolites at 158°C,

178°C and 198°C.

Figure 5 depicted the Koros-Nowark criteria for GVL decarboxylation over MFI zeolites at
temperatures of 158°C, 178°C, and 198°C. The dependent variable represented the initial rate in

logarithmic form with a base of the natural constant, while the independent variable was the

16



natural logarithm of the Bronsted site density. Data points under each temperature condition were
evenly distributed on both sides of the linear regression line, and their coefficients of
determination (R?) were 0.95 (158°C), 0.99 (178°C) and 0.99 (198°C). This indicated the
logarithm of initial rates exhibited a linear development along with the logarithm of Brensted site
density. The slopes of the linear relationships at temperatures ranged from 158°C to 198°C were
0.99, 0.97, and 1.03, respectively. These values were very close to 1, which can be interpreted as

that GVL decarboxylation over MFI zeolites was kinetically controlled.

Initial Rate vs Brgnsted Site Density

12

10

® 158°C
178°C
198°C

Initial Rate (umol/g/min)
(o)}

0 v [} @ [ ]
-100 100 300 500 700 900 1100

Bronsted Site Density (pumol/g/cat)

Figure 6 Simulated Mass-Normalized Initial Rate vs. Bronsted Site Density for GVL

Decarboxylate over MFI zeolites at 198°C

In a previous study [4], a non-logarithmic plot of initial rate versus Bronsted site density was used
to determine whether Bronsted acid sites were the only effective sites for decarboxylation. The
linear trend line extrapolated through the origin point, where the initial rate was 0 pmol/g/min at

the 0 pmol/g/cat Bronsted site density. This extrapolation indicated that no decarboxylation was
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catalyzed in the absence of Brensted acid sites, confirming that Brensted acid sites were the only

factors catalyzing the decarboxylation [4].

In this study, the relationship between the simulated mass-normalized initial rate and Brensted site
density of GVL decarboxylation over MFI zeolites at temperatures of 158°C, 178°C, and 198°C
was plotted in Figure 6. The initial rate increased as the Bronsted site density increased at 178°C,
and 198°C. The independent and dependent variables also exhibited good linearity, with even data
point distribution and high coefficients of determination exceeding 0.95 at the temperature

conditions. Extrapolating the trend line, they also passed through the origin point, supporting the

conclusion mentioned in the previous study.

The slope of each line represented the average turnover frequency of the zeolites under different
temperature conditions, calculated as the quotient of the initial rate divided by the site density. It

was observed that as the temperature increased, the turnover frequency also increased.

Initial Rates vs Temperature
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Figure 7(A) Mass Normalized Initial Rate vs. Temperature for GVL Decarboxylation over

MFI Zeolite 23:1, 30:1, 50:1
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Initial Rates vs Temperature
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Figure 7(B) Mass Normalized Initial Rate vs. Temperature for GVL Decarboxylation over

MFI Zeolite 80:1, 200:1, 500:1

Figure 7(A)(B) provided information on the change in mass-normalized initial rate with
increasing temperature. Figure 7(A) displayed the initial rate data for MFI zeolites 23:1, 30:1, and

50:1, while Figure 7(B) showed data for reactions over MFI zeolites 80:1, 200:1, and 500:1.

It was evident that for MFI zeolites 23:1, 30:1, 50:1, and 80:1, the initial rates of decarboxylation
increased as the temperature rose. These zeolites had relatively high Brensted site densities
ranging from 327 pmol/g/cat to 1118 pmol/g/cat. While it was difficult to differentiate from
Figure 7(B) whether the initial rates over MFI 200:1 and MFI 500:1 followed a similar initial rate
development trend, numerical data in Table 2 indicated that they also increased with temperature
but by small amount of 0.27 umol/g/min and 0.58 pmol/g/min. Additionally, for MFI 200:1 and
500:1, the standard deviations of its initial rates divided by their average at 158°C, 178°C, and
198°C were 1.2 for MFI 200:1 and 1.29 for MFI 500:1. Combining these information, we
concluded that the initial rates changes of MFI 200:1 and MFI 500:1 were too small that they

could be regarded as stabilized.
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The trend of initial rate growth can be intuitively understood as follows: at higher temperatures,
reactant molecules have a higher average velocity, making them more active and increasing their
contact with the catalyst surface, which in turn enhances the reaction rate. From a different
perspective, using the Arrhenius equation and the reaction rate expression, an increase in
temperature causes the reaction constant k to increase. For a constant reactant concentration
(partial pressure of GVL gas phase in helium), the reaction rate increases as the reaction constant

k increases.

To avoid the influence of diffusion phenomena, zeolites catalyst loaded into the packed bed
usually had small volume (weight) that can be loaded as a thin layer. MFI 200:1 and 500:1 had
very low site density, so that their total site number in the bed were very small that even with the
influence of high temperature, they could not generate noticeable large amount of butene product

compared with those at lower temperature condition.

In(k) = In(4) — % * % Eq.3
b

7 = kCregctant Eq.4
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3.3.2 Initial Rate Trend over MFI Using PEA as Reactant

Similar conclusions could be drawn when the reactant was changed to PEA. The normalized

initial rates of decarboxylation over MFI zeolites are presented in Table 3 in the Appendix section.

Experimental data (GC area) of PEA decarboxylation over MFI were collected by different
individuals, and they employed different methods to treat the GC noise signals. The GC noise
signal refers to the detected butene areas when the reaction apparatus was running through the
bypass channel for helium and reactant signal stabilization. One might choose to neglect the
noise, while other might subtract the average noise butene area obtained from the reaction.
Consequently, these methods could cause deviations in initial rates simulation, and further cause
difficulties in applying the Koros-Nowark criteria to decarboxylation. In this research, to
minimize these deviations among initial rates, experimental data were selected from a single

source for reactions using a specific catalyst and reactant.
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Figure 8(A) Koros-Nowark criteria for PEA Decarboxylation over MFI Zeolites from 168°C

to 198°C
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Figures 8(A) provided information about the Koros-Nowark criteria for the logarithmic mass-
normalized initial rate versus Brensted site density of PEA decarboxylation over MFI zeolites
(500:1, 200:1, 50:1, 30:1, 23:1) from 168°C to 198°C. Based on visual inspections, the data points
were evenly distributed along the trend line, and their determination coefficients were above 0.94,
confirming their linearity. The slope of the Koros-Nowark criteria for each trend line were 0.76
(168°C), 0.82 (178°C), 0.89 (188°C), 0.94 (198°C), indicating the occurrence of diffusion
phenomena. Additionally, an interesting observation was that the initial rates at MFI 23:1
decreased after MFI 30:1. This was consistent over the four temperature conditions. The

observation will be explained in section 3.4.2 with PEA decarboxylation over MOR zeolites.
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Figure 8(B) Koros-Nowark criteria for PEA Decarboxylation over MFI Zeolites without

MFI 23:1

When the initial rates of MFI 23:1 were temporarily not considered, there was good linearity at all

temperatures, as the data points are evenly distributed along the regression trend lines, and the
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determination coefficients were 0.97 and above. The slope of the Koros-Nowark criteria becomes
much closer to one. From 168°C to 198°C, the slopes were 0.91, 0.94, 1, and 1.02, respectively.
Given the information above, the reactions over MFI 500:1, 200:1, 50:1, 30:1 from 168°C to
198°C could be evaluated as kinetically controlled, and reactions over MFI 23:1 has diffusion
issues. Regarding the initial rate development with temperature, for the MFI zeolites mentioned
above, the initial rates increase with temperature. This principle aligns with the application of
Arrhenius equation (Eq.3) and the reaction rate expression (Eq.4) for GVL decarboxylation over

MFI zeolites. Graphical trends are presented in Figure 9 in the appendix section.

In sections 3.3.1 and 3.3.2, GVL and PEA decarboxylation over MFI zeolites were evaluated
using the Koros-Nowark criteria. The conclusions were that decarboxylations based on GVL over
MFI 500:1 to 23:1 and PEA over 500:1 to 30:1 were kinetically controlled. For PEA
decarboxylated over MFI 23:1, we considered diffusion phenomena existed. Additionally, the

simulated initial rates for both reactants increased as the reaction temperature increased.
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3.4 Mass Normalized Initial Rate Trend over MOR Series

3.4.1 Initial Rate Trend over MOR using GVL as Reactant
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Figure 9 Koros-Nowark criteria for GVL Decarboxylation over MOR Zeolites at 158°C,

178°C, 198°C, 218°C and 238°C.
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Figure 10 Simulated Mass-Normalized Initial Rate vs. Bronsted Site Density for GVL

Decarboxylate over MOR zeolites at 218°C and 238°C
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Figure 9 shows the Koros-Nowark criteria for GVL decarboxylation over MOR zeolites from
temperatures 158°C to 238°C. Similar to the pattern observed for GVL decarboxylation over MFI
zeolites, from 158°C to 198°C, the logarithmic initial rates also increase linearly with the
logarithmic Brensted site density. A noticeable observation at 158°C was the slope of the trend
line was 1.02, indicating a kinetic control over the reaction. As the temperature increases, the
slope decreased to 0.79 at 178°C and 0.72 at 198°C indicating a gradual significant diffusion
development with temperature increase. This phenomenon could be explained using the
mathematical expression of Peclet number (Pe) and the mass diffusion coefficient. The Peclet
number relates the convection and diffusion phenomena, where a higher Pe number indicates
convection control which could be simply understood as kinetic control in the case of
decarboxylation. A lower Pe number suggests diffusion dominance. The Pe was calculated by
multiplying the flow velocity (v) and characteristic length (L) and dividing it by the mass
diffusion coefficient (D) (Eq. 5). The mass diffusion coefficient was calculated using equation 6,
where Dy was the maximal diffusion coefficient, Ea was the activation energy for diffusion, and R
was the universal gas constant. As the temperature increased, assuming activation energy and the
maximal diffusion coefficient remained constant, the mass diffusion coefficient also increased.
This led to a decrease in the Peclet number, indicating an increasing diffusion influence within the

packed bed system.

Pe

Eq. 5

Ea
D = DO * @ R+T Eq.6
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At 218°C and 238°C, the logarithmic initial rates and logarithmic Brensted site density no longer
followed a linear trend. Figure 10 presented the plot of simulated initial rate versus Bronsted site
density at reaction temperatures of 218°C and 238°C. It was observed that the reaction rates
initially showed an increase, and when the site density reaches 299 pmol/g/cat and above, they
seemed to stabilize. For initial rates at densities of 299 pmol/g/cat, 719 pmol/g/cat, and 1123
umol/g/cat, the linear trend lines at the two temperatures had slopes of 0.0006 (218°C) and 0.0003
(238°C), the standard deviations over the average of 12.5% for 218°C and 7.2% for 238°C across
the density change of nearly 1000 umol/g/cat. These information suggested that there were nearly
no changes in initial rates for 0.1M NaNO3 poisoned MOR, 0.01M NaNO3 poisoned MOR and
non-poisoned MOR at 218°C and 238°C, and the initial rates stabilize at 2.16 pmol/g/min and

5.38 umol/g/min respectively.

In Section 3.2, structural information highlighted that although MOR zeolites had higher surface
area, pore diameter, and pore volume compared to MFI zeolites, their micropore area was smaller.
The micropore area was relevant to the accessibility of reactants to active sites inside the pores,
and could also impose limits on the diffusion of products out of the pores. Additionally, Wang's
research [18] indicated that MOR zeolites have two types of channels: 12-member and 8-member
ring channels. The 8-member ring channels had a complex structure similar to enzymes [7], which
could further contribute to diffusion difficulties for reactant diffusing into the channel and the
product diffusing out. At higher temperature conditions, both the reactant average velocity and the
reaction rates increased. Also, catalysts with more Brensted active sites generated more butene
products. When site density reached 299 umol/g/cat, and reaction temperature reached 218 °C, the
both product and reactant diffusion reached to their maximum rates. Hence, the observed butene

production decarboxylation rate remained constant.

Consequently, in experiments, at 158, the initial rate showed behavior characteristic of kinetic
control, but as the temperature increases, diffusion has become more obvious. Finally, when the
temperature reaches 218°C and above, the initial rate at high Brensted site densities remains

similar to the rates at lower site densities (299 umol/g/cat).
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Information about initial rates at different temperatures for GVL decarboxylated over MOR

zeolites can be found in Table 4 in the appendix.

3.4.2 Initial Rate Trend over MOR using PEA as Reactant

Initial Rate (umol/g/min)

Site Density
158°C 178°C 198°C 218°C 238°C
pmol/g/cat
1M 26.8 0.044 0.13 0.30 1.2 5.2
0.1M 299.65 0.067 0.36 1.4 3.9 59
0.01M 719 0.10 0.29 1.2 3.1 5.8
MOR 1123 0.067 0.18 0.45 1.09 2.8

Table 5 Numerical Data of Mass Normalized Initial Rate for PEA Decarboxylated over

MOR Zeolites

When applying the Koros-Nowark method to the initial rates of PEA decarboxylation over MOR
zeolites, data points of logarithm initial rates seemed to be relatively stabilized along the
logarithm Brensted site density. However, an obvious decrease was observed at the density of
non-poisoned MOR (1123 pmol/g/cat) at all temperature conditions (Figure 11). This was similar

to the situation of PEA decarboxylation over MFI zeolites (Figure 8A).

By temporarily not considering the data points at 1123 umol/g/cat (Figure 12), one could presume
that the initial rate of decarboxylation stabilized at 238°C condition. From 178°C to 198°C, the
initial rates first experienced a growth from 26.8 umol/g/cat (1M NaNO3 poisoned MOR) to 299
umol/g/cat. From densities of 299 umol/g/cat to 719 umol/g/cat, which corresponded to 0.1M
NaNO3 poisoned MOR and 0.01M NaNO3 poisoned MOR, logarithm initial rates became

stabilized.
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Figure 13 and Figure 14 provided information on the simulated initial rate changes along with
density increase. From visual observation, the stabilization of initial rates across the densities did
not seem to be obvious. To quantitatively evaluate the stability of the initial rates at 178°C,

198°C, 218°C, and 238°C, numerical values of initial rates in Table 5 were considered.

The linear regression trend line through the data points of 0.1M NaNO3 poisoned MOR and
0.01M NaNO3 poisoned MOR at each temperature condition had the absolute slope of 0.260,
0.244, and 0.241 from 178°C to 218°C across the site density range of 319 umol/g/cat. The
standard deviations of initial rates divided by their averages at each temperature were 0.16, 0.15,
and 0.15, respectively. Additionally, the absolute rate changes at these temperatures were very
small as 0.07, 0.28 and 0.74 umol/g/min for 178°C, 198°C and 218°C. Given the information
above, we considered the simulated initial rate changes between 0.1M NaNO3 poisoned MOR
and 0.01M NaNO; poisoned MOR at 178°C, 198°C, and 218°C were too small to be regarded as
reaching stabilization. As the standard deviation over the average was small (0.06) for all NaNOs
poisoned MOR zeolites at 238°C, it was also considered that the initial rates of these catalysts has

reached stabilization.

The stabilization in initial rates of PEA decarboxylated over MOR zeolites from 178°C to 198°C
was similar to that observed for GVL decarboxylated over the MOR zeolites from 218°C to
238°C. They were considered sharing the same reasons as small pore area and complex channel
structure caused diffusion limitation to both reactant and products. Hence, initial rates at high

Bronsted acid site densities were limited to the values close to those at lower site densities.

The drops in initial rate at the density of non-poisoned MOR (1123 umol/g/cat) at all temperature
conditions (Figure 11) were similar to the observations for PEA decarboxylated over MFI
zeolites. The observations seemed strange because the Bransted acid site was the only effective
site for the decarboxylation reaction (section 3.3.1), so reactions over higher site density should
result in a higher initial rate. If diffusion limitation existed in the system, the corresponding initial
rates should remain relatively the same as that at lower site densities. Other factors should have
been prohibiting the reaction of PEA decarboxylation over MFI and MOR zeolites.
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The PEA molecule had a chain structure. When the molecule decarboxylated over the Brensted
acid site, the carboxyl group approached the site and received (H") from the site to generate a
chain structure intermediate. Later, the intermediate lost the carboxyl group to generate CO» and
butene.[11] The chain consisted of 4 carbon-carbon single bonds with a length of 153.5 pm [28]
and 1 carbon-oxygen single bond with a length of 136 pm [28], resulting in an approximate length
of 750 pm (0.75 nm), because of the angles between chemical bonds. According to Wang and
Zhang [18], the channel dimensions of MOR was 0.67 nm X 0.7 nm for the 12-membered ring
channel, and 0.26 nm % 0.57 nm for the 8-membered ring channel. Hence, the intermediate length
was at the same order of magnitude as the dimensions of the MOR channels. MOR, compared to
0.01M NaNO3 poisoned MOR, had nearly twice the Bronsted site density of 1123 umol/g/cat.
With PEA molecules spiking in the channels, diffusion of free PEA molecules to vacant sites in
the deeper locations of the channels became more difficult, same for butene molecules diffusing
out of the catalyst. This significantly hindered the decarboxylation rate. Similarly, for PEA
decarboxylation rate drop over MFI 23:1, the zeolite had a Breonsted site density close to non-
poisoned MOR, both at a level of 1100 umol/g/cat. The channel dimensions of the MFI zeolites
was 0.51 nm x 0.55 nm and 0.53 nm % 0.56 nm [29] which were even smaller than that of MOR,
so similarly, crowdy channels of MFI 23:1 caused diffusion limitations to PEA and butene, and

observed was the reaction rate drop over the catalyst.
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Figure 11 Koros-Nowark criteria for PEA Decarboxylation over MOR Zeolites at 158°C,

178°C, 198°C, 218°C and 238°C.
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Figure 12 Koros-Nowark criteria for PEA Decarboxylation over poisoned MOR Zeolites

from 158°C to 238°C.
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Figure 13 Simulated Mass-Normalized Initial Rate vs. Bronsted Site Density for PEA

Decarboxylate over MOR zeolites at 198°C, 218°C and 238°C
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Figure 14 Simulated Mass-Normalized Initial Rate vs. Bronsted Site Density for PEA
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4. Conclusion

This study investigated the decarboxylation reactions of GVL and PEA over MOR and MFI
zeolites. The results revealed the influence of catalyst properties, such as Bronsted site density,

pore and channel structures, on the diffusion phenomena and reaction rate change.

For GVL decarboxylation over MFI zeolites, the reactions were found to be kinetically controlled
based on the Koros-Nowark criteria. However, when decarboxylating GVL over MOR zeolites
series, stabilizations of initial rates were observed. The small pore areas and complex channel
structures of MOR zeolites hindered the diffusion of reactants into the catalyst and products out of
the catalyst, and further limiting the reaction rate. Consequently, the observed reaction rates

remained constant at higher Bronsted site densities.

Similar diffusion limitations and initial rate drops were observed for PEA decarboxylation over
MEFTI 23:1 and non-poisoned MOR zeolites. Reasons causing the rate drop was the high Brensted
site density of MFI 23:1 and non-poisoned MOR and the long-chain structure of the PEA
molecules. As PEA molecules spiked in the catalyst channels during reaction. reactant and

product diffusions were limited, and led to a reduction in the initial reaction rate.
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5. Future work

5.1 Brensted site density of FER, FAU, BEA

To investigate whether diffusion was limiting the initial rate capabilities of FER, FAU, and BEA,
they were treated with 0.1M NaNO3. However, the Bronsted site densities of these derivatives
were not available due to equipment issues. As a result, the site densities of these derivatives were
estimated based on the ratio between the site densities of poisoned and non-poisoned MOR. The
mass of the poisoned FER, FAU, and BEA loaded in the packed bed were calculated based on
estimated densities. Due to these inaccuracies, simulated initial rates constained many
uncertainties. To improve the accuracy of future work, the Bronsted site densities of FER, FAU,

and BEA derivatives need to be determined.

5.2 Alternative in Initial Rate Simulation Using Julia Language

The primary concept of simulating initial rate in Julia is also the Error Sum of Squares method
(Eq. 1), which is stored in the LeastSquaresOptim package. The algorithm requires an objective
function that describes the rate decay and parameters in the function as inputs [22]. In addition to
the two-phase model, which may be too general in describing the decay trend, a new and creative
idea has been attempted by using an objective function that simulates the decaying and increasing
progress of reactants and products to steady states. This objective function is based on a system
differential algebraic equations of mass balance over a packed bed reactor and catalyst surface to
accurately describe the flow coming out of the reactor. The code involves solving and transient
continuous stirring tank reactor (which provides initial conditions for the packed bed reactor

solver), the packed bed reactor model, and adjusting parameters to search for the least SSE.
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During program testing, the code failed to calculate the result [21]. Both mathematical knowledge

and reactor design expertise are required to optimize the code.
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6. Appendix

Initial Rate (umol/g/min)

Site Density
amolgmin  158°C  168°C  178°C  188°C  198°C  218°C
500:1 29 0.0541  0.122179 0.257996 0.823537
200:1 66 0.051547 0.105792 0.403785 0.785029
50:1 358 0.201652 1.876918 2.522363
30:1 693 0.58777 1.698133 3.891073 8.221906 50.10512
23:1 1118 0.167855 0.777517 1.767063 4.696207 10.41266

Table 3 Numerical Data of Mass Normalized Initial Rate for PEA Decarboxylated over MFI

Zeolites
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Figure 9 Mass Normalized Initial Rate vs. Temperature for PEA Decarboxylation over MFI

Zeolite
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Initial Rate (umol/g/min)

Site Density
158°C 178°C 198°C 218°C 238°C
pmol/g/cat
M 26.8 0.018766 0.085861 0.52701 2.885122
0.1M 299.65 0.029451 0.097427 0.661159 2.001238 5.719685
0.01M 719 0.042163 0.245574 0.94138 2.017966 4.961605
MOR 1123 0.13891 0.38 1.282802 2.4808 5.486676

Table 4 Numerical Data of Mass Normalized Initial Rate for GVL Decarboxylated over

MOR Zeolites
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