NOVEL METHOD TO PRODUCE ACRYLIC ACID WITH ACETALDEHYDE AS THE
MAIN BY-PRODUCT

Cross Reference To Related Application

[0001] This application claims the priority to the U.S. Provisional Application Serial No.
62/173,499 filed on June 10, 2015.

Field of the Invention

[0002] The present invention is in the field of catalytically preparing o, -unsaturated carboxylic
acid and/or esters thereof from o-hydroxycarboxylic acid or B-hydroxycarboxylic acid and esters

thereof.

Background of the Invention

[0003] Acrylic acid, an o, B-unsaturated carboxylic acid, is an important commodity chemical.
When reacted with an alcohol it forms the corresponding ester. Acrylic acid and its esters
readily combine with themselves or other monomers by reacting at their double bond to form
homopolymers or copolymers useful in the manufacture of various plastics, coatings, adhesives,

elastomers, floor polishes and paints.

[0004] Traditionally, acrylic acid is derived from fossil hydrocarbon resources. The most
widely used process for acrylic acid manufacturing is the vapor phase oxidation of propylene,
which is a byproduct of ethylene and gasoline production, involving two reactions in series,
using two separate catalysts. The other method for acrylic acid manufacturing involves
hydroxycarboxylation of acetylene. This method utilizes nickel carbonyl and high pressure
carbon monoxide, both of which are expensive and considered environmentally unfriendly. In
addition, there is a concern in the continued use of fossil hydrocarbon reserves in the
manufacture of acrylic acid as it contributes to an increase in the greenhouse gas emission. As a
result, there is a growing interest in the catalytic dehydration of lactic acid and 3-
hydroxypropionic acid as an alternative route to produce acrylic acid because lactic acid and 3-

hydroxypropionic acid can be derived from renewable, biological resources like sugar cane, corn



and cellulosic feedstock.

[0005] A number of inorganic solid acid catalysts have been reported to be useful in the
production of acrylic acid from lactic acid at elevated temperature. The production of acrylic
acid from lactic acid involves removal of hydroxyl group from alpha carbon atom and hydrogen
atom from the adjacent beta carbon atom. Thus, it would appear that the efficiency of this
chemical conversion from lactic acid to acrylic acid would depend on the rate constant for the
dehydration reaction. But in reality, the challenge in increasing the efficiency of dehydration of
lactic acid leading to acrylic acid production depends on inhibiting a number of competing side
reactions. As illustrated in Figure 1, under the conditions reported to be favorable for
dehydration of lactic acid, four other competing chemical reactions namely decarbonylation,
decarboxylation, condensation and reduction are known to occur either in parallel or in series.
Acetaldehyde formation occurs when lactic acid undergoes decarboxylation or decarbonylation
reaction. Condensation reaction involving lactic acid at elevated temperature results in the
formation of 2, 3-pentanedione. Reduction reaction involving lactic acid at elevated temperature
results in the formation of propionic acid and 1, 2-propanediol. Thus in a catalytic reaction
involving solid acid catalysts at elevated temperatures, lactic acid yields a product mixture
comprising acrylic acid, acetaldehyde, hydroxy acetone, 2,3-Pentanedione, propionic acid and
1,2-propanediol. Fractional distillation process may be followed to separate acrylic acid from
the resulting product mixture. However, the process step involving fractional distillation adds
additional cost to acrylic acid manufacturing process. Therefore, it is desirable to develop a
catalytic process for manufacturing acrylic acid involving catalytic dehydration of lactic acid
where the formation of byproducts such as 2, 3-pentanedione, propionic acid, hydroxy acetone

and acetaldehyde are either completely eliminated or significantly reduced.

Summary of the Invention

[0006] The invention relates to a process for preparing an o, -unsaturated carboxylic acid
and/or ester thereof via vapor phase dehydration reaction involving a suitable reactant and a solid
acid catalyst with a minimum 80% conversion of reactant and a minimum 70% selectivity for o,

B-unsaturated carboxylic acid and/or ester thereof. In the present invention, only acetaldehyde



with maximum selectivity of 20% is formed as a byproduct from this vapor phase dehydration
reaction. The other byproducts such 2,3-pentanedione and propionic acid are produced in very
minimal amount in this vapor phase dehydration reaction according to the present invention and

show selectivity of less than 1.0%.

[0007] The reactant suitable for this vapor phase dehydration reaction is selected from the
group consisting of an a-hydroxycarboxylic acid, an a-hydroxycarboxylic acid ester, a -
hydroxycarboxylic acid, a B-hydroxycarboxylic acid ester and a lactide, acetoxylated forms of
any of these acids or ester and any combination thereof. In one aspect of the present invention,
the reactants used in the vapor phase dehydration reaction are obtained from biomass through
biological fermentation involving microbial catalyst. In the prepared embodiment of the present
invention, biomass-derived a-hydroxycarboxylic acid and/or esters thereof are used as the

reactant.

[0008] The solid acid catalyst suitable for the present invention comprises either a porous
aluminosilicate material or carbon based material or a metal oxide material as a support and at
least one active salt. The porous aluminosilicate material suitable for the present invention has
silica to aluminum ratio in the range of 1 to 150. The porous aluminosilicate material support
useful for the present invention is selected from a group consisting of Zeolite A, Zeolite B,
Zeolite L, Zeolite X, Zeolite Y, Zeolite ZK-4, Zeolite ZSM-5 and a combination thereof. In one
aspect of the present invention, the Zeolite ZSM-5 is used as a preferred support component of
the solid acid catalyst. The carbon based material support is selected from a group of charcoals,
activated carbons, graphite and graphene. The metal oxide support is selected from a group of
Zn0, Zr0,, Si0,, Al,03, TiO,, K,0, Na,0, MgO, CaO, LiO,, Ag,0, FeO, Fe;03, CrOs, CuO,

Cu,0 and a combination thereof.

[0009] The active salt suitable for the present invention is represented by an inorganic salt,
preferably a phosphate salt. In a preferred embodiment of the present invention, the potassium

dihydrogen phosphate is used as an active salt in the catalytic vapor phase dehydration reaction.

[0010] The critical aspect of catalyst preparation according to the present invention is focused

on maintaining an optimal balance between the acid and base properties of the catalyst system so



that highest selectivity for the desired product is obtained. The porous aluminosilicate zeolites
used as a support in the present invention are generally considered as solid acid catalyst. In one
aspect of the present invention the surface acidity of the zeolite used as a support of the catalyst
system is reduced through ion-exchange reaction. In the ion-exchange reaction according to the
present invention the proton or ammonium ion associated with porous aluminosilicate material is
replaced by one or more cations selected from a group consisting of Li*, Na*, K*, Cs”, Mg”™",
Be’, Ba®", Ca’, La*", La’", Ce*", Ce’", Sm*", Sm®", Eu*" and Eu’". As a result of this ion
exchange reaction, the surface acidity of porous aluminosilicate material is reduced and such
decrease in the surface acidity can be monitored by means of recording the temperature
programmed desorption profile of the porous aluminosilicate material before and after ion

exchange reaction.

[0011] The ion-exchanged zeolite material is subjected to salt impregnation process. In one
aspect of the present invention the surface acidity of the ion exchanged porous aliminosilicate
material is further reduced by means of impregnating one or more of the inorganic salt selected
from a group consisting of a phosphate, a phosphite, an orthophosphate, a metaphosphate, a
polyphosphate, a sulfate, a sulfite, a bisulfite, a bisulfate, a nitrate, a nitrite, a carbonate, a halide,
a molybdate, a arsenate, a tungstate, a stanate, an antimonite and any combination thereof. In
preferred aspect of the present invention, the ion exchanged porous aluminosilicate material is
impregnated with an inorganic salt selected from a group consisting of a monosodium phosphate,
disodium phosphate, a trisodium phosphate, a potassium phosphate, a sodium aluminum

phosphate compound, and any combination thereof.

[0012] In one aspect of the present invention, inorganic acid salt impregnation is carried out
through an incipient impregnation process. In another aspect of the present invention, the

inorganic acid salt impregnation is carried out through a wet impregnation process.

[0013] In one embodiment of the present invention, the ion exchange reaction together with
the salt impregnation process reduces the BrOnsted acidity of the porous aluminosilicate
material. In another embodiment of the present invention, the ion exchange reaction together
with the salt impregnation process reduces the Lewis acidity of the porous aluminosilicate

material.



[0014] In one aspect of the present invention, the catalytic dehydration reaction for preparing
an o, B-unsaturated carboxylic acid and/or ester is performed in a reactor vessel comprising a
reactor material comprising at least on selected from the group consisting of titanium, silanized

stainless steel, quartz, and any combination thereof.

[0015] In another aspect of the present invention, the dehydration reaction for preparing an o,
B-unsaturated carboxylic acid and/or ester occurs in the presence of a carrier gas selected from a

group consisting of carbon dioxide, helium, nitrogen and any combination thereof.

[0016] In yet another aspect of the present invention, the dehydration reaction for preparing an
a, B-unsaturated carboxylic acid and/or ester is carried in the temperature range of 250°C to

400°C and with carrier gas velocity in the range of 0.2 hr' to about 1.5 hr''.

Brief Description of the Drawings

[0017] The objects and features of the invention can be better understood with reference to the
drawings described below, and the claims. The drawings are not necessarily to scale; emphasis
instead generally being placed upon illustrating the principles of the invention. In the drawings,

like numerals are used to indicate like parts throughout the various views.

[0018] FIG. 1 Schematic depiction of reaction pathway for lactic acid conversion at elevated
temperature in the presence of heterogeneous catalyst. Competing parallel and series chemical

reactions limit the selectivity for the dehydration reaction to yield acrylic acid from lactic acid.

[0019] FIG. 2 Separation of lactic acid and lactide from two different commercial supplies of
biomass-derived lactic acid preparations from Archer Daniels Midland Company namely ADM
LA-FCC (A) and ADM LA-HS USP 20 (B) on a Shimadzu 10A HPLC with SPD-10A UV-Vis
detector (210 nm). A Phenomenex Synergi 4m Fusion-RP 80 A x 4.6 mm column was used.
The mobile phase was a 10 mM phosphoric (sodium) aqueous solution. One ml of sample (20%

lactic acid aqueous solution) was injected onto the column.

[0020] FIG. 3 Heat treatment of lactic acid preparation to convert lactide into lactic acid.
Shown in this figure are the chromatographs of commercial lactic acid preparation (ADM LA-

HS USP 20) before and after heat treatment at 80°C for 15 hours. Upon heat treatment, the peak



at 57 minutes corresponding to lactide fraction disappeared in the chromatograph. Also shown
in this figure is a chromatograph of 2% lactide solution (Sigma Aldrich Chemicals) used as a

standard.

[0021] FIG. 4 Proton (‘H) NMR spectra for lactic acid in dimethylsulfoxide (DMSO) and (B)
lactide in CDCl;.

[0022] FIG. 5 GC chromatograph for synthetic mixture of six compounds including diluent
methanol. Peaks are easily resolves in the FFAP column. The chromatograph was reproduced in

IgorPro from Agilent Chemstation.

[0023] FIG. 6 Schematic of the catalytic dehydration reactor used in the present invention.
Various parts of the reactor are numbered as provided here: 1 — Liquid feed; 2 — Inert carrier
gas; 3 — Mass flow controller; 4 — Reactor; 5 — Preheating zone with an inert support on top of
the catalyst bed; 6 — Furnace; 7 — Catalyst bed; 8 — Inert support for the catalyst bed; 9 —
Condenser and collection pot; 10 — Vent for non-condensables; 11 - In-line gas chromatography;

and 12 - Vent.

[0024] FIG.7 *’Al and *Na solid state NMR spectra for potassium form of zeolite L (KL),
potassium form of zeolite L ion-exchanged one time with 200 ml of 1M sodium chloride solution
(1xNa - KL) and potassium form of zeolite L ion-exchanged three times with 200 ml of 1M
sodium chloride solution (3xNa - KL).

[0025] FIG.8 31p and 2’Al NMR spectra of Na,HPO,.7H,0 and fresh and spent 3XNa-zeolite
doped with 7.1 wt% Na,HPO,.

[0026] FIG. 9 'B Solid state NMR spectra for H;BOs, zeolite L (Zeo L), zeolite L ion-
exchanged with 5% H3;BO; solution (1xB-Zeo L) and zeolite L impregnated with H;BO; at the
concentration of 0.5 mmol of H3BOs /gram of zeolite L (0.5 mmol/g B imp Zeo L).

[0027] FIG. 10 NH; — Temperature programmed desorption profiles of two Y-type zeolites
(NaY and Y330) and a L-type zeolite.

[0028] FIG. 11 NH; - TPD profiles of zeolite catalyst 341NHA before and after ion-exchange

using NaCl solution. The ion-exchange was carried out three time as per the protocol provided



in Example 1.

[0029] FIG.12 NH; — TPD profile of sodium form of zeolites NaY441 and 320NAA and
ammonia form of zeolite 341NHA. NH;— TPD profile of zeolites 320NAA and 341NHA were
obtained before and after phosphate impregnation with K,;HPO,. Phosphate impregnation was

carried out at the concentration of 1.0 mmol of K;HPO4 per gram of zeolite catalyst.

[0030] FIG. 13 NH; -TPD profile of modernite catalyst (CCV-10A) and faujasite catalyst
(CC441) before and after impregnation with K,;HPO,. Phosphate impregnation was done

using at the concentration of 1 mmol of K,;HPO, per gram of catalyst.

[0031] FIG. 14 NH; - TPD profiles of modified NaY catalysts with different alkali loading (1.0
NaH2PO4, 0.5 K21‘1P04 and 1.0 KzI‘IPO4)

[0032] FIG. 15 NH;-TPD profile of ceasium acetate loaded NaY catalysts

[0033] FIG. 16 NH;-TPD Profile of NaY 441 zeolite before and after ion-exchange with
CaS04.2H,0 and BaSO,.

[0034] FIG. 17 NH;-TPD Profile of NaY 441 zeolite after steaming and impregnation with
alkali salt.

[0035] FIG. 18 TPD profiles of new NaY catalysts HC1295 (Si02/AI1203 ~ 10.8) and HC-
1296 (Si102/A1203 ~ 23.2) modified with and without K;HPO, loading

[0036] FIG. 19 NH; — TPD profile of Na-ZSM-5 before and after one time ion exchange (1x
Na Na-ZSM-5) and phosphate impregnation with K,HPO,. Phosphate impregnation was done at
three different concentrations: 1 mmol K,;HPO, per gram of catalyst, 1 mmol K;HPO, per gram
of catalyst; and 1 mmol K;HPO, per gram of catalyst. Also shown in this figure is NH; — TPD
profile of aY-type zeolite (NaY441) after phosphate impregnation. The phosphate impregnation
in the NaY441 zeolite was done at the concentration of 1 mmol phosphate for 1 gram of NaY441

zeolite catalyst.

[0037] FIG 20. NH; — TPD profile of fresh Na-ZSM-5 catalyst, Na-ZSM-5 catalyst after ion
exchange with CsCl and Na-ZSM-5 catalyst after ion exchange with CsCl followed by phosphate



impregnation. lon exchange with CsCl was done as per the protocol in the Example 1. The
phosphate impregnation was done using KH,PO, at the concentration of 4.0 mmol of KH,PO,

per gram of Na-ZSM-5 zeolite catalyst.

[0038] FIG. 21 NH;3 — TPD profile of Na-ZSM-5 before and after barium exchange. Barium

exchange was carried out one time using the protocol as in Example 1.

[0039] FIG 22 CO,-TPD profiles of modified Na-ZSM-5 catalysts. Modification of the Na-
ZSM-5 catalyst was carried out by impregnation of K;HPO, at two different concentrations (2
mmol of K;HPO, per gram of Na-ZSM-5 and 1 mmol of K;HPO, per gram of NaZSM-5) as
explained in the Example 1. Also shown in this figure is a CO2-TPD profile of MgO.

[0040] FIG 23 Phenol — TPD profile of Na-ZSM-5 zeolite catalyst before and after phosphate
impregnation. Phosphate impregnation was done with KH,PO, at the concentration of 4 mmol

KH,PO, per gram of Na-ZSM-5 catalyst.

[0041] FIG 24 Time course of LA conversion and normalized weight selectivity of major
products for Na-ZSM-5 catalyst impregnated with KH,PO, at the concentration of 4 mm
KH,PO, per gram of Na-ZSM-5 catalyst.

[0042] FIG. 25 X-Ray diffraction pattern of fresh Na-ZSM-5 catalyst (Na-ZSM-5), Na-ZSM-5
catalyst after impregnation with KH,PO, (4.0 mmol/g KH,PO4 Na-ZSM-5) and spent catalyst
after 4 h run (After 4 h run). Impregnation was done at the concentration of 4 mmol of K;HPO4

per gram of Na-ZSM-5.

[0043] FIG. 26 Effect of Si0,/Al,0; ratio in various ZSM-5 zeolite catalyst on overall lactic
acid conversion, normalized acrylic acid weight selectivity and normalized weight selectivity for
major side products. Only acetaldehyde was detected as a major side products and the other side
products such as 2,3-pentanedione, hydroxyl acetic acid and propionic acid were undetectable.
The various ZSM-5 catalysts used in this dehydration reaction were impregnated with KH,POy, at
the concentration of 4 mmol KH,PQO, per gram of Na-ZSM-5 catalyst.

[0044] FIG 27 TGA profile of fresh and spent 3xNa Zeolite L

[0045] FIG 28 TGA profile of fresh and spent 4. 0K1/Na-ZSM-5 catalyst



[0046] FIG 29 Effect of support material for 4.0K1 loading on 4-h overall lactic acid
conversion and normalized weight selectivity for acrylic acid and other side products

acetaldehyde, 2,3-pentanedione. hydroxyl acetic acid and propionic acid.

[0047] FIG 30 °'P Solid State NMR spectra for 4.0K1/Na-ZSM-5 catalysts calcined at
different temperatures. Spent catalyst (4.0K1/NaZSM5) used in this experiment was calcined at
200°C. *'P Solid State NMR spectrum of unsupported bulk KH,POy is also shown at the bottom
of this figure.

[0048] FIG. 31 Photographs of fresh and spent 1.0K2(pH13)/NaY441, 1.25K2/NaZSM5 and
4 0K1NaZSMS5 catalysts are shown in the top row. 1.0K2(pH13)/NaY441 is NaY441 zeolite
impregnated with 1 mmol of K,HPO4/g at pH 13. 1.25K2/NaZSMS5 is NaZSMS5 zeolite
impregnated with 1.25 mmol of K;HPO4/g. 4.0K1NaZSM5 is NaZSMS5 catalyst impregnated
with 4.0mmol of KH,;PO,. In each pair, the fresh catalyst is on the left side and the spent catalyst
is on the right side. Shown in the lower row are vials containing product solutions from the
dehydration reaction catalyzed by 1.0K2(pH13)/NaY441, 1.25K2/NaZSM5 and 4.0K1ZSMS5
catalysts. The reaction product from the dehydration catalyzed by 1.0K2(pH13)/NaY441
catalyst was slightly turbid and yellowish in color. The reaction products from the dehydration

reaction catalyzed by 1.25K2/NaZSMS5 and 4.0K1ZSMS catalysts were clear colorless solutions.

Detailed Description

[0049] The present invention relates to a method of catalytically preparing o, - unsaturated
carboxylic acids and/ or esters thereof using a reactant selected from the group consisting of an
a-hydroxycarboxylic acid, an a-hydroxycarboxylic acid ester, a B-hydroxycarboxylic acid, a -
hydroxycarboxylic acid ester, and a cyclic ester thereof. More specifically, the present invention
provides catalysts that are useful in the vapor phase dehydration of lactic acid with very high

conversion and high level of selectivity for acrylic acid.

[0050] It should be noted that when “about” is used herein at the beginning of a numerical list,
“about” modifies each number of the numerical list. It should be noted that in some numerical

listings of ranges, some lower limits listed may be greater than some upper limits listed. One
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skilled in the art will recognize that the selected subset will require the selection of an upper limit

in excess of the selected lower limit.

[0051] As used herein, the term “dehydration reaction” refers to the removal of water from a

reactant. The term “dehydration reaction” is also known as “dehydroxylation reaction” in the art.

[0052] In some embodiments, an a-hydroxy carboxylic acid described herein (e.g., lactic acid
and its derivatives) may be obtained from a fermentation broth. In some embodiments, a
fermentation broth described herein may be derived from the cultures of the bacterial species
including FEscherichia coli and Bacillus coagulans selected for lactic acid production on a
commercial scale. In some embodiments, a fermentation broth described herein may be derived
from the culture fluid of the filamentous fungal species selected for lactic acid production. In
some embodiments, a fermentation broth described herein may be derived from yeast species
known to produce lactic acid in industrial scale. Microorganisms suitable for the production of
lactic acid on a commercial scale may, in some embodiments, include Escherichia coli, Bacillus
coagulans, Lactobacillus delbruckii, L. bulgaricus, L. thermophilus, 1. leichmanni, L. casei, L.
Sfermentii, Streptococcus thermophilus, S. lactis, S. faecalils, Pediococcus sp, Leuconostoc sp,
Bifidobacterium sp, Rhizopus oryzae and a number of species of yeasts in industrial use. One
skilled in the art with the benefit of this disclosure should recognize suitable combinations of any

of the foregoing.

[0053] The fermentation process for producing a-hydroxy carboxylic acid like lactic acid may,
in some embodiments, be a batch process, a continuous process, or a hybrid thereof. A large
number of carbohydrate materials derived from natural resources can be used as a feedstock in
conjunction with the fermentative production of a-hydroxy carboxylic acids described herein.
For example, sucrose from cane and beet, glucose, whey containing lactose, maltose and
dextrose from hydrolyzed starch, glycerol from biodiesel industry, and combinations thereof may
be suitable for the fermentative production of a-hydroxy carboxylic acids described herein.
Microorganisms may also be created with the ability to use pentose sugars derived from
hydrolysis of cellulosic biomass in the production of a-hydroxy carboxylic acids described
herein. In some embodiments, a microorganism with ability to utilize both 6-carbon containing

sugars such as glucose and 5-carbon containing sugars such as xylose simultaneously in the
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production of lactic acid is a preferred biocatalyst in the fermentative production of lactic acid.
In some embodiments, hydrolysate derived from cheaply available cellulosic material containing
both C-5 carbon and C-6 carbon sugars and a biocatalyst capable of utilizing simultaneously C-5
and C-6 carbon sugars in the production of lactic acid is highly preferred from the point of

producing low-cost lactic acid suitable for the conversion into acrylic acid and acrylic acid ester.

[0054] In some embodiments, fermentation broths for the production of lactic acid may include
acid-tolerant homolactic acid bacteria. By “homolactic” it is meant that the bacteria strain
produces substantially only lactic acid as the fermentation product. The acid-tolerant homolactic
bacterium is typically isolated from the corn steep water of a commercial corn milling facility.
An acid tolerant microorganism, which can also grow at elevated temperatures, may be preferred
in some embodiments. In some preferred embodiments, microorganisms that can produce at
least 4 g of lactic acid per liter (and more preferably 50 g of lactic acid per liter) of the

fermentation fluid may be utilized in fermentation procedures described herein.

[0055] In some embodiments, the fermentation broth may be utilized at various points of
production, e.g., after various unit operations have occurred like filtration, acidification,
polishing, concentration, or having been processed by more than one of the aforementioned unit
operations. In some embodiments, when the fermentation broth may contain about 6 to about
20% lactic acid on weight/weight (w/w) basis, the lactic acid may be recovered in a concentrated
form. The recovery of lactic acid in a concentrated form from a fermentation broth may be

achieved by a plurality of methods and/or a combination of methods known in the art.

[0056] During the fermentation methods described herein, at least one alkali material (e.g.,
NaOH, CaCOs;, (NH4),COs;. NH;HCO; NH,OH, KOH, or any combination thereof) may be
utilized in order to maintain the near neutral pH of the growth medium. Addition of alkali
materials to the fermentation broth often results in the accumulation of lactic acid in the form of
inorganic salts. In some embodiments, ammonium hydroxide may be a preferred alkali material
for maintaining the neutral pH of the fermentation broth. With the addition of ammonium
hydroxide to the fermentation medium, ammonium lactate may accumulate in the fermentation

broth. Because ammonium lactate has higher solubility in aqueous solution, it may have an
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increased concentration in the fermentation broth. One way to obtain lactic acid from the
fermentation broth containing ammonium lactate may include micro and ultra-filtration of the
fermentation broth followed by continuous ion exchange (CIX), simulated moving bed
chromatography (SMB), electrodialysis bipolar membrane (EDBM), fixed bed ion exchange, or
liquid-liquid extraction. The sample coming out of fixed bed ion exchange may, in some
embodiments, then be subjected to bipolar electrodialysis to obtain lactic acid in the form of a

concentrated free acid.

[0057] In some embodiments, the reactants (e.g., lactic acid and lactic acid ester) may be derived
from biological resources (e.g., glucose, sucrose and glycerol) through one or more chemical
processes using chemical catalysts without involving any fermentation process using
biocatalysts. For example, lactic and lactic acid esters derived from the biological resources may
be subsequently subjected to dehydration and esterification reactions to yield acrylic acid and

acrylic acid ester.

[0058] In another example, glycerol may be used as a starting material to produce lactic acid and
then acrylic acid using a chemical process without involving any fermentation process. Global
biodiesel production by trans-esterification of fatty acid esters derived from vegetable oils has
increased several fold in the past decade to partly substitute the use of fossil-derived diesel fuel.
Glycerol, a byproduct from biodiesel industry, may be a suitable or, in some embodiments, a
preferred starting material for the manufacture of acrylic acid and acrylic acid esters according to

the processes described in the present invention.

[0059] For example, one approach to produce lactic acid from glycerol may use the
thermochemical conversion process where at temperatures higher than about 550°C glycerol
converts to lactic acid through intermediary compounds like glyceraldehydes, 2-hydroxypropenal
and pyruvaldehyde. However, the thermochemical conversion process can cause significant
decomposition of pyruvaldehyde and lactic acid at this elevated temperature, thereby leading to a
decrease in the selectivity for lactic acid production. In some instances, the use of a chemical
catalyst that mediates the dehydrogenation reaction responsible for the production of lactic acid

may allow for the reduction in temperature, thereby enhancing selectivity and mitigating



13

decomposition. In some instances, a heterogeneous catalyst may be preferred as the
heterogeneous catalyst may be recovered and reused multiple times, may not require any
buffering, and may be easily modified to run on a continuous flow process mode instead of a
batch process mode to increase throughput and turnover time. These advantages may translate to

a significant reduction in operating costs and waste disposal.

[0060] The catalyst useful in the vapor phase dehydration reaction according to the present
invention is a solid heterogeneous catalyst having two components namely a support and an
active inorganic salt. Porous aluminosilicate material with certain level of surface acidity acts as
a support in the solid heterogeneous catalyst according to the present invention. Natural and
synthetic zeolites with crystalline aluminosilicate architecture are highly suitable to function as a

support for the heterogeneous catalyst of the present invention.

[0061] As used herein, zeolites refer to the aluminosilicate member of the family of microporous
solid known as “molecular sieves”. Zeolites are crystals made up of three dimensional networks
of atoms. These networks are largely open structures containing cavities and channels of various
sizes. The zeolite network is primarily made from three elements namely oxygen, silicon and
aluminum. These three elements are arranged in tetrahedral units of SiO4 and AlO4 and these
units are linked together to form the network of the crystal. Zeolites have a general molecular
formula Mx/n[(ALO,)«(SI10,),]zH,O where n is charge of the metal cation (M), M is usually
Na®, K, or Ca™*, and z is the number of moles of water of hydration which is highly variable.
An example of a zeolite may be natrolite with the formula Na;Al,S13019 2H0. As used herein,
the term “modified zeolites” refer to zeolites having been modified by (1) impregnation with

inorganic salts and/or oxides and/or (2) ion exchange.

[0062] Besides, silica, aluminum and oxygen, zeolite contain certain non-framework
components. If zeolite is not dehydrated, it will contain a certain amount of water within the
pores of the framework. Further, zeolite contains positively charged cations as non-framework
component. These non-framework cations are required to maintain electrochemical neutrality of
the zeolites. Each oxygen ion carrys a formal charge of two. In a zeolite with no aluminum

atoms, the ratio of silicon atoms to oxygen atoms would be 1 to 2. Each silicon atoms with its
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formal charge of positive four would balance two oxygen atoms with their individual formal
charge of negative two. As a result, a zeolite having only silica would be electrochemically
neutral. Aluminum atoms in zeolite carry a formal charge of positive three and a single
aluminum atom cannot balance the charge from two oxygen atoms. As a result for every
aluminum atom in a zeolite, there is one net negative charge. In order to correct this deficit of
positive charge, zeolites having aluminum in its framework contains equal number of positive
charges as non-framework cations. In naturally occurring zeolites, the non-framework cations
can be represented by a proton. On the other hand, in the synthetic zeolites, the non-framework

cation may be provided by Na", K, Mg2+, Ca™", NH4" or protons H'.

[0063] A number of synthetic zeolites have been prepared during the last 50 years with varying
ratio of silica to alumina. For example Zeolite A was synthesized in 1948 by the scientists at
Union Carbide. Next synthetic zeolite, Zeolite X was also synthesized by scientist at Union
Carbide with silica to alumina ratio of 2. The other synthetic zeolite, Zeolite Y has a silica to
alumina ratio between roughly four and seven. ZK-4 zeolite was synthesized by the scientist at
Mobil using tetramethylammonium as organic cation. Zeolite Beta was also synthesized by
scientist at Mobil using tetraethylammonium as a non-framework cation. Zeolite Beta could be
synthesized with very high silica to alumina ratio from 5 to 150. High silica content increases
the thermal stability of the zeolite. The ZSM-5 zeolite was synthesized by the scientist at Mobil
using tetrapropylammonium as a non-framework cation. ZSM-5 has channels in two directions.

In one direction, the channels are straight and in the other direction, the channels are undulated.

[0064] The suitability of a zeolite as a catalyst in a particular reaction is dependent on two
factors namely the (1) topology of the zeolite and (2) composition of the zeolite. The topology
of zeolites resulting from their porous architecture discriminates between the reactants. For
example, if the pore diameter of a particular zeolite is about 5 angstroms, that particular zeolite is
not suitable for catalytic conversion of reactant molecules with the diameter larger than 5
angstrom as it would not have access to the channels within the zeolite. This ability of zeolite to
discriminate reactant molecules based on their size is referred as shape selectivity. Based on the
dimension of their channels, the zeolites are divided into three categories namely small, medium
and large pore zeolites. This information about size constraint index is useful to determine if a

particular zeolite can function as a support for a catalyst.
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[0065] Once a zeolite is qualified as a catalyst support based on its size selectivity, the next
step 1s to determine if the chemical composition of the selected zeolite by itself is enough to
carry out the required catalytic function on the reactant molecule. For example, in the instant
invention, the selected catalyst is expected to catalyze the dehydration of the lactic acid molecule
without catalyzing the decarbonylation, decarboxylation, condensation and reduction reactions of
lactic acid. The desired catalytic function may be provided (1) by a zeolite itself or (2) by a
zeolite in combination with yet another chemical compound. In the second instant, where there
is a need for an additional chemical compound besides the zeolite to catalyze the desired
chemical reaction, the zeolite is considered to provide a physical support for the additional
chemical compound. Under the situation where an additional chemical compound is required
besides the aluminosilicate framework of zeolite in catalyzing the desired chemical reaction, the
chemical reaction may be catalyzed solely by the additional chemical compound and the zeolite
provides only a physical support to the additional chemical compound. It is also possible that the
zeolite and the additional chemical compound act together and catalyze the desired chemical
reaction while suppressing unwanted chemical reaction. It is also possible that the additional
chemical compound could establish a chemical interaction with the zeolite and thereby becoming
a non-framework component of the zeolite. Such an interaction between zeolite framework and
the additional chemical compound can be determined by using appropriate physical techniques

such as x-ray diffraction and nuclear magnetic resonance spectroscopy.

[0066] As used in the present invention, the term “support” refers to zeolite with its porous
aliminosilicate framework irrespective of the fact whether it has established any chemical
interaction with the additional chemical compound or the interaction between the additional

chemical compound and the aluminosilicate framework of zeolite is only physical.

[0067] As used in the present invention, the process of adding additional chemical compound
to the zeolite is referred as “impregnation” process. The impregnation of the additional chemical
compound onto zeolite material can be carried out in several different ways with the goal of
impregnating appropriate amount of second chemical compound onto zeolite in a cost-effective
way. In one aspect of the present invention, when the impregnation process is carried out in
small scale, desired amount of additional chemical compound in aqueous solution is added to the

fully dehydrated zeolite and the additional chemical compound enter into the channels of zeolite
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through capillary action. This process of impregnation is referred as “incipient impregnation”.
In another aspect of the present invention, the dehydrated zeolite is suspended in an aqueous
solution of second chemical compound and stirred for a specified time so that the second
chemical compound enters into the channels of zeolite. The resulting zeolite sample is allowed
to stand for 2 hours at room temperature and dried ate 120°C for 10 hours in air. Finally the
dried sample is calcined at 300°C for 3 hours. This process of impregnating second chemical
compound into the zeolite is referred as “wet impregnation” process. In yet another aspect of the
present invention, the impregnation of zeolite with a second chemical compound can be achieved
in a large scale using rotating drums and spray heads. Large volume of dehydrated zeolite
material is taken in rotating drums fitted with spray heads. While the drums are in a rotating
mode, an aqueous solution of second chemical compound is sprayed onto the zeolite material to

achieve required level of impregnation.

[0068] In general, an inorganic salt is used as second chemical compound in the impregnation
process and therefore this impregnation process is also referred as “salt impregnation”. In one
aspect of the instant invention, the salt impregnation process is carried out using an inorganic salt
selected from a group consisting of a phosphate, a, sulfate, a nitrate, a carbonate, a halide, a
molybdate, a tungstate, a stanate, an antimonite, and any combination thereof. In a preferred
embodiment of the present invention, the inorganic salt suitable for impregnation process is
selected from a group consisting of a monosodium phosphate, disodium phosphate, a trisodium

phosphate, a potassium phosphate, a sodium aluminum phosphate, and any combination thereof.

[0069] If a selected zeolite in its fresh form is not capable of catalyzing a particular chemical
reaction, the selected zeolite may be subjected to certain chemical modification so that it could
catalyze desired chemical reaction. Similarly, if the selected zeolite in its fresh form is
catalyzing one or more unwanted chemical reactions leading to the production of undesirable
side products, the selected zeolite may be subjected to certain chemical modifications to prevent
the formation of undesirable side products. The chemical modification for the purpose of
altering catalytic properties of zeolite is carried out with the fresh zeolite before subjecting it to

salt impregnation process.

[0070] In one aspect of the present invention, the chemical modification of zeolite is done
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through dealumination reaction leading to removal of aluminum atom from aluminosilicate
crystalline framework and a change in the silica to aluminum ratio, or replacing aluminum or

silica atoms of framework with P, Ga, Fe, B, or other metal atoms.

[0071] In another aspect of the present invention, the chemical modification to zeolite is
carried out by means of replacing the existing non-framework cation with a new cation and this
chemical modification is referred as ion-exchange reaction. The successful ion exchange
reaction can be monitored either using NMR spectroscopy of through elemental analysis
involving inductively coupled plasma techniques. The ion-exchange reaction besides modifying

the elemental composition also brings about a change in the surface acidity of zeolite.

[0072] Depending upon the chemical reaction catalyzed by zeolite, surface acidity contributes
significantly to the catalytic properties of zeolites. Two different surface acidities, namely
BrOnsted acidity and Lewis acidity are recognized on the surface of zeolites. Under BrOnsted
theory, an acid is a proton donor while under Lewis theory, the acid is an electron acceptor.
Therefore, BrOnsted acid is not a Lewis acid. However, a proton itself is an acid, as it has a
vacant orbital that bonds to the base. Similarly, a Lewis base is also a BrOnsted base, since it is

always capable of donating its unshared electron pair to a proton.

[0073] Bronstad acidity and Lewis acidity on the surface of a zeolite can be altered through
specific chemical modifications to zeolite. For example, by means of replacing non-framework
cations in the zeolite with a proton, the BrOnsted acidity can be introduced into a zeolite.
Similarly, by means of replacing non-framework cations on the surface of zeolite with
ammonium and calcining the ammonium exchanged zeolite at the elevated temperature, the
ammonium cation can be decomposes to ammonia leaving behind a proton on the surface of
zeolite in place of a non-framework cation. Similarly an ion-exchange reaction with a polyvalent
cation can generate protons via partial hydrolysis of water molecule. On the other hand, mild
streaming of a zeolite usually cause dehydroxylation and reduces the total number of BrOnsted

sites while creating Lewis acid sites.

[0074] A number of physical characterization methods such as microcalorimetry, temperature
programmed desorption (TPD), magic angle spinning nuclear magnetic resonance (MAS-NMR

and infrared (IR) spectroscopy can be used to determine the acidity of the zeolite molecules
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before and after specific modifications such as ion-exchange reaction and salt impregnation
process. With TPD technique the acid strength of zeolite material is measured in an indirect way

using a probe molecule.

[0075] It is believed that zeolites contain channels (also known as voids or pores) that are
occupied by the cations and water molecules. Without being limited by theory, it is believed that
dehydration reactions conducted in the presence of zeolites may take place preferentially within
the channels of the zeolites. Accordingly, it is believed that the dimensions of the channels
affect, inter alia, the diffusion rates of chemicals there through, and consequently the selectivity
and conversion efficiency of the dehydration reactions. In some embodiments, the diameter of
the channels in zeolite catalysts suitable for use in conjunction with dehydration reactions
disclosed herein may range from about 1 to about 20 angstroms, or more preferably about five to

about 10 angstroms, including any subset there between.

[0076] Zeolites suitable for use as dehydration catalysts described herein may be derived from
naturally-occurring materials and/or may be chemically synthesized. Further, zeolites suitable
for use as dehydration catalysts described herein may have, in some embodiments, crystalline
structures commensurate with L-type zeolites, Y-type zeolites, X-type zeolites, and any
combination thereof. Different types of zeolites such as A, X, Y, and L differ from each other in
terms of their composition, pore volume, and/or channel structure. A-type and X-type zeolites
have a molar ratio of Si to Al of about 1 and a tetrahedral aluminosilicate framework. Y-type
zeolites have a molar ratio of Si to Al of about 1.5 to about 3.0 and a framework topology similar
to that of X-type zeolites. L-type zeolites have a molar ratio of Si to Al of about 3.0 and have
one-dimensional pores of about 0.71 nm aperture leading to cavities of about 0.48 nm x 1.24 nm
x 1.07 nm. ZSM-5 molecular sieve zeolites have Si/Al ratio from 10 to 100 or higher and a pore

size of 0.6 nm.

[0077] In some embodiments, modified zeolites may be produced by performing an ion
exchange with a zeolite. In some embodiments, modified zeolites suitable for use as
dehydroxylation catalysts described herein may have ions associated therewith that may include,
but are not limited to, H+, Li+, Na+, K+, Cs+, Mg2+, Ca2+, La2+, La3+, Ce2+, Ce3+, Ced+,

Sm2+, Sm3+, Eu2+, Eu3+, and the like, and any combination thereof. As used herein, “[ions
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associated]-[crystalline structure]-type zeolite” is used to abbreviate specific zeolites and/or
modified zeolites. For example, an L-type zeolite having potassium ions associated therewith is
abbreviated by K-L-type zeolite. In another example, a X-type zeolite having potassium and
sodium ions incorporated therewith is abbreviated Na/K-X-type zeolite. In some embodiments,
L-type zeolites may be modified by techniques like calcination, ion exchange, incipient wetness

impregnation, hydro-treatment with steam, any hybrid thereof, and any combination thereof.

[0078] In some embodiments, modified zeolites suitable for use as dehydration catalysts
described herein may have more than one cation associated therewith. In certain embodiments,
modified zeolites suitable for use as dehydration catalysts described herein may comprise a first
cation and a second cation, where the mole ratio of the first cation to the second cation may
range from a lower limit of about 1:1000, 1:500, 1:100, 1:50, 1:10, 1:5, 1:3, 1:2, or 1:1 to an
upper limit of about 1000:1, 500:1, 100:1, 50:1, 10:1, 5:1, 3:1, 2:1, or 1:1, and wherein the mole
ratio may range from any lower limit to any upper limit and encompass any subset there
between. By way of non-limiting examples, modified zeolites suitable for use as dehydration
catalysts described herein may, in some embodiments, be H/Na-L-type zeolites, Li/Na-X-type
zeolites, Na/K-Y-type zeolites, and any combination thereof. By way of another non-limiting
example, modified zeolites suitable for use as dehydration catalysts described herein may, in
some embodiments, be Na/K-L-type zeolites, Na/K-Y-type zeolites, and/or Na/K-X-type

zeolites, where the ratio of sodium ions to potassium ions is about 1:10 or greater.

[0079] Without being limited by theory, it is believed that in embodiments where at least some
H" ions on the zeolite are exchanged, the catalyst acidity of the produced modified zeolite may
be reduced. The magnitude of the reduction in acidity may be determined using a suitable test.
For example, ASTM (American Society for Testing and Materials) D4824 may be used to
determine the acidity of the modified zeolite. Briefly, this test uses ammonia chemisorption to
determine the acidity of the modified zeolite where a volumetric system is used to obtain the

amount of chemisorbed ammonia.

[0080] In some embodiments, modified zeolites may be zeolites impregnated with an inorganic
salt and/or oxide thereof. Inorganic salts suitable for use in producing modified zeolites describe

herein may, in some embodiments, include, but are not limited to, phosphates, sulfates,
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molybdates, tungstates, stanates, antimonates, and the like, and any combination thereof with a
cation of calcium, sodium, magnesium, aluminum, potassium, and the like, and any combination
thereof. By way of nonlimiting example, in some embodiments, modified zeolites may be
produced with sodium phosphate compounds (e.g., monosodium phosphate (NaH2PO,),
disodium phosphate (Na,HPO,), and trisodium phosphate (Na;PQO,)), potassium phosphate
compounds, sodium aluminum phosphate compounds (e.g., Na8AI2Z(OH)2(PO4)4), and any

combination thereof.

[0081] In some embodiments, modified zeolites suitable for use as dehydration catalysts
described herein may be impregnated with an inorganic salt and/or oxide thereof at a
concentration ranging from a lower limit of about 0.1 mmol, 0.2 mmol, or 0.4 mmol per gram of
modified zeolite to an upper limit of about 1.0 mmol, 0.8 mmol, or 0.6 mmol per gram of
modified zeolite, and wherein the concentration may range from any lower limit to any upper
limit and encompass any subset there between. By way of non-limiting example, impregnated
ZSM-5 type zeolites suitable for use in conjunction with dehydration reactions described herein
may be Na/KZSM-5 type zeolite impregnated with a sodium phosphate compound, where the
ratio of sodium ions to potassium ions is about 1:10 or greater. To begin with ZSM-5 type
zeolite is synthesized using tetrapropylammonium cation as a templating agent which upon
heating yield HZSM-5 type zeolite. Upon ion-exchange with a sodium salt NAZSM-5 zeolite is
obtained. When impregnated with potassium phosphate Na/KZSM-5 form of zeolite is obtained.

[0082] One of ordinary skill in the art should recognize additional steps for the preparation of
modified zeolites by ion exchange and/or impregnation. For example, drying and/or calcining
may be needed to, inter alia, to remove water from the pores and/or to convert salts to oxides
thereof. Further, proper storage may be needed to, inter alia, to prevent the modified zeolites
from being at least partially deactivated during storage. As used herein, the term “calcining”
refers to a process by which the zeolite catalyst is subjected to a thermal treatment process in the

presence of air for the removal of a volatile fraction.

[0083] Solid dehydration catalysts suitable for use as dehydration catalysts described herein
may, in some embodiments, have a high surface area. In some embodiments, solid dehydration

catalysts suitable for use as dehydration catalysts described herein may have a surface area of
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about 100 m2/g or greater. In some embodiments, solid dehydration catalysts suitable for use as
dehydration catalysts described herein may have a surface area ranging from a lower limit of
about 100 m2/g, 125 m2/g, 150 m2/g, or 200 m2/g to an upper limit of about 500 m2/g, 400
m2/g, 300 m2/g, or 250 m2/g, and wherein the surface area may range from any lower limit to

any upper limit and encompass any subset there between.

[0084] In some embodiments, dehydration catalysts described herein may be present in
dehydration reactions described herein in a molar ratio of catalyst to reactant/intermediate of
about 1:1000 or greater. In some embodiments, dehydration catalysts described herein may be
present in dehydration reactions described herein in a molar ratio of catalyst to
reactant/intermediate ranging from a lower limit of about 1:1000, 1:500, or 1:250 to an upper
limit of about 1:1, 1:10, or 1:100, and wherein the molar ratio may range from any lower limit to

any upper limit and encompass any subset there between.

[0085] In some embodiments, dehydration reaction may utilize more than one type of
dehydration catalyst described herein. In some embodiments, the weight ratio of the two
dehydration catalysts may be about 1:10 or greater. In some embodiments, the weight ratio of
the two dehydration catalysts may range from a lower limit of about 1:10, 1:5, 1:3, or 1:1 to an
upper limit of about 10:1, 5:1, 3:1, or 1:1, and wherein the weight ratio may range from any
lower limit to any upper limit and encompass any subset there between. One skilled in the art
with the benefit of this disclosure should understand the extension of such ratios to three or more

dehydration catalysts described herein.

[0086] In some embodiments, a dehydration reaction useful in reaction pathways of the present
invention may be performed at a temperature ranging from a lower limit of about 100°C, 150°C,
or 200°C to an upper limit of about 500°C, 400°C, or 350°C, and wherein the temperature may

range from any lower limit to any upper limit and encompass any subset there between.

[0087] Polymerization inhibitors may be utilized in conjunction with dehydration reactions
described herein to prevent the polymerization of a, B-unsaturated carboxylic acids or the esters
thereof produced along the reaction pathway. In some embodiments, polymerization inhibitors
may be introduced to a reaction pathway of the present invention, e.g., in the starting

composition, during a dehydration reaction, during an esterification reaction, and any
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combination thereof. Examples of polymerization inhibitors may include, but are not limited to,

4-methoxy phenol, 2,6-di-tert-butyl-4-methylphenol, sterically hindered phenols, and the like.

[0088] In some instances, the dehydration reaction of the present invention can be conducted
in the absence of any zeolites support described herein and only in the presence of additional
chemical compound supported on materials such as glass, ceramic, porcelain, or metallic
material present within the reaction vessel and such a dehydration reaction in the absence of a
zeolite support is expected to have lower conversion of lactic acid and reduced specificity for

a,B-unsaturated carboxylic acid.

[0089] In some embodiments, a dehydration reaction of the present invention may have a
conversion efficiency of about 40% or greater, in some embodiments about 50% or greater, in
some embodiments about 55% or greater, in some embodiments about 60% or greater, in some
embodiments about 65% or greater, in some embodiments about 70% or greater, in some
embodiments about 75% or greater, in some embodiments about 80% or greater, in some
embodiments about 85% or greater, in some embodiments about 90% or greater, in some
embodiments about 95% or greater, in some embodiments about 98% or greater, or in some

embodiments about 99% greater.

[0090] In some embodiments, the selectivity of the dehydration reaction of the present
invention may result in production of o,B-unsaturated carboxylic acids and/or esters thereof in an
amount that is 40 wt% or greater of a product, in some embodiments 50 wt% or greater of a
product, in some embodiments 55 wt% or greater of a product, in some embodiments 60 wt% or
greater of a product, in some embodiments 65 wt% or greater of a product, in some embodiments
70 wt% or greater of a product, in some embodiments 75 wt% or greater of a product, in some
embodiments 80 wt% or greater of a product, in some embodiments 85 wt% or greater of a
product, in some embodiments 90 wt% or greater of a product, in some embodiments 95 wt% or
greater of a product, in some embodiments 98 wt% or greater of a product, and in some

embodiments 99 wt% or greater of a product.

[0091] It should be understood that the conversion efficiency and/or selectivity of the
dehydration reaction is dependent on, inter alia, controlling the temperature for calcining the

catalyst where applicable, the composition of the dehydration catalyst, the concentration of
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reactants and/or intermediates, and/or the duration of the contact between the reactants and/or

intermediates and the dehydroxylation and/or esterification catalysts.

[0092] In some instances, it has been observed that the reactor metallurgy may adversely affect
the acrylic acid selectivity in lactic acid dehydration reaction. Without being limited by theory,
it is believed that the lactic acid feed may cause the corrosion of reactor walls leading to the
leaching of metal components from the reactor wall. For example, when a stainless steel reactor
is used in the dehydration reaction, metal components such as nickel, chromium and iron may
leach out into the product stream and/or accumulate onto the dehydration catalyst, which can, for
example, be detected using inductively coupled plasma (ICP) analysis. The leached metals may
act as a catalyst capable of forming byproducts. For example, nickel released from the walls of a
stainless steel reactor may act as a hydrogenation catalyst leading to the formation of propionic
acid from acrylic acid. Similarly, iron released from the walls of the stainless steel reactor may
function as a decarboxylation catalyst leading to the formation of acetaldehyde. Additionally,
some of the components leached out of the reactor walls may lead to the polymerization of lactic
acid and acrylic acid. Accordingly, in some embodiments, reactor materials may be chosen to be
resistant to corrosion either by feed or the products formed through catalytic dehydration
reaction. Examples of suitable reactor materials that may mitigate unwanted catalysis may
include, but are not limited to, titanium, silanized stainless steel, quartz, and the like. Such a
reactor with reduced level of corrosion may provide for higher selectivity for acrylic acid and

reducing byproduct formation.

[0093] Any suitable systems may be used in conjunction with carrying out the dehydration
reaction of the present invention. In some embodiments, systems suitable for use in conjunction
with carrying out the reaction pathways of the present invention may comprise reactors and
optionally comprise at least one of preheaters (e.g., to preheat starting compositions, solvents,
reactants, and the like), pumps, heat exchangers, condensers, material handling equipment, and
the like, and any combination thereof. Examples of suitable reactors may include, but are not
limited to, batch reactors, plug-flow reactors, continuously-stirred tank reactors, packed-bed
reactors, slurry reactors, fixed-bed reactors, fluidized-bed reactors, and the like. Reactors may,

in some embodiments, be single-staged or multi-staged. Further, reaction pathways of the
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present invention may be performed, in some embodiments, batch-wise, semi-continuously,

continuously, or any hybrid thereof.

[0094] As stated above, the dehydration reaction may be conducted in the liquid and/or vapor phase.
Accordingly, carrier gases (e.g., argon, nitrogen, carbon dioxide, and the like) may be utilized in
conjunction with the dehydration reaction and/or systems described herein. In some embodiments, the
dehydration reaction may be conducted in the liquid and/or the vapor phase, which, in some
embodiments, may be substantially a single inert gas (e.g., the carrier gas being greater than about 90% of
a single carrier gas) or a mixture of multiple inert gases. In some embodiments, the dehydration reaction
may be conducted in the liquid and/or the vapor phase, which, in some embodiments, may be

substantially carbon dioxide (e.g., the carrier gas being greater than about 90% carbon dioxide).

[0095] In some embodiments, dehydration reaction of the present invention may proceed at a

weight hour space velocity (“WHSV”) of about 0.2 hr'' to about 1.5 hr
about 0.5 hr'' to about 1.2 hr'".

or more preferably

[0096] In some embodiments, the product of dehydration reaction of the present invention may
comprise o,B-unsaturated carboxylic acids and/or esters thereof and other components (e.g.,
solvents, polymerization inhibitors, byproducts, unreacted reactants, dehydroxylation catalysts,
and/or esterification catalysts). Accordingly, the product of a dehydration reaction of the present
invention may be separated and/or purified into components of the product (including mixtures
of components). In some embodiments, the solvent may be separated from the product of a
dehydration reaction of the present invention and recycled for reuse. Recycling solvents may
advantageously produce less waste and reduce the cost of producing o,-unsaturated carboxylic

acids and/or esters thereof.

[0097] Suitable techniques for separation and/or purification may include, but are not limited
to, distillation, extraction, reactive extraction, adsorption, absorption, stripping, crystallization,
evaporation, sublimation, diffusion separation, adsorptive bubble separation, membrane

separation, fluid-particle separation, and the like, and any combination thereof.

[0098] One skilled in the art with the benefit of this disclosure should further recognize that
at least some of the various dehydration catalysts described herein may be regenerated either in

situ or ex situ. For example, in some embodiments, zeolites and/or modified zeolites may be
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regenerated at elevated temperatures in the presence of oxygen (e.g., air or oxygen diluted in an

inert gas).

[0099] To facilitate a better understanding of the present invention, the following examples of
preferred or representative embodiments are given. In no way should the following examples be

read to limit, or to define, the scope of the invention.

EXPERIMENTAL SECTION

[00100] Table 1 provides formulas for several calculations used throughout the examples
section.
[00101] Quantification of the reactants: Two different samples of bio-based lactic acid

samples (ADM LA-FCC and ADM LA-HS USP) received from Archer Daniels Midland
Company (Chicago, Illinois, USA) were analyzed using high performance liquid
chromatography (HPLC) and nuclear magnetic resonance (NMR) spectroscopy to determine the
relative percentage of lactic acid and its dimeric form (lactide). Shimadzu 10A HPLC was
operated with SPD-10A UV-Vis detector (210 nm) and a Phenimenex Synergi 4m Fusion-RP 80
A x 4.6 mm column. The mobile phase was a 10 mM phosphoric (sodium) aqueous solution.
One mL of sample (20% lactic acid aqueous solution) was injected into the column. Two peaks
with retention times of 1.92 and 6.92 minutes were observed in the HPLC profile (Figure 2).
The first peak at 1.92 minute was attributable to lactic acid fraction and the second peak at 6.92
minute was attributable to lactide fraction. Based on this HPLC analysis, it was determined that
the ADM FCC sample contained 63.0% lactic acid, 35.6% lactide and 1.5% unknown materials
while the ADM HS-USP samples contained 63.4% lactic acid, 34.8% lactide and 1.8% unknown

materials.

[00102] Feed preparation: The commercially available bio-based lactic acid is at about

88% in its concentration. However, due to the equilibrium limitation between the lactic acid
monomer and its oligomers, only about 72% of lactic acid is available in the monomeric form.

The remaining carbon is mostly in lactide form and a minor portion is in the form of higher
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oligomers. The lactide and longer chain oligomers are formed during the final evaporation step
of bio-based lactic acid manufacturing process. The catalytic dehydration reactions according to
the present invention were performed with 5-60% lactic acid feed, which required the dilution of
commercial 88% lactic acid product. In order to determine a complete and accurate carbon
balance, the diluted feed was subjected to heat treatment to convert all of lactide and other

oligomers to monomeric lactic acid.

[00103] The dilute lactic acid feed solution was charged to a round-bottom flask and
stirred with a magnetic stirring bar during the heat treatment. Once the temperature reached
80°C, the solution was held at that temperature for 15 hours. After 15 hours of heat treatment,
the lactide concentration became almost negligible. This heat-treated lactic acid solution was
used in the catalytic dehydration reactions to produce acrylic acid. For the purpose of preparing
large volume of lactic acid feed, the heat treatment of the dilute feed solution can be performed
in an incubator shaker. Figure 3 shows the chromatograph of the commercial sample of the bio-
based lactic acid containing lactide and the disappearance of the lactide peak upon heat
treatment. Also shown in this figure is the chromatograph of lactide aqueous solution from
Sigma Aldrich Chemicals (LT2%) The type of lactic acid enantiomer [D (-) lactic acid or L (+)
lactic acid] or the enantiomeric purity doesn’t affect the dehydration reaction selectivity to

acrylic acid.

[00104] Proton (‘H) NMR spectra of bio-based lactic acid samples ADM LA-FCC and
AMD LA-HS USP were acquired on a Bruker AV-360 spectrometer. Samples (16 scans) were
run at 360 mhz for 'H nuclei. Figures 4A and 4B are examples of 'H spectra for lactic acid and

lactide, respectively.

[00105] Quantification of products of lactic _acid dehydration reaction: A gas

chromatography apparatus (GC System — Agilent 7890A) with FFAP capillary column was used
to quantify 2,3 pentanedione, hydroxyacetone, acetic acid, propionic acid and acrylic acid in the
products of lactic acid hydration reaction. The GC apparatus was operated using the following
parameters: Injection temperature: 250°c; Detector Temperature: 300°C; Air flow: 400 ml/min;

H, flow: 44 ml/min; He flow: 30 ml/min; Oven temperature: 40°C for 2 minutes, 20°C/minute to
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220°C, and hold 5 minutes; Injection volume: 1 ml and Split ratio 25:1. Under this operating
conditions, it was possible to separate and detect acrylic acid, hydroxyl acetone, propionic acid,
2,3-pentanedione and acetic acid (Figure 5). The mole selectivity of acrylic acid and other
products were calculated as follows: Selectivity = Areas of a product / Total area of the products.
The areas are first corrected with response factors determined utilizing calibrating curves. The
retention time for acetaldehyde, 2,3-Pentanedione, hydroxyl acetone, acetic acid, propionic acid
and acrylic acid were determined to be 2.0 min, 3.4 min, 4.9 min, 8.0 min, 8.6 min, and 9.2 min
respectively. The response factor for acetaldehyde, 2, 3-Pentanedione, hydroxyl acetone, acetic
acid, propionic acid and acrylic acid were determined to be 1.23, 1.14, 1.54, 1.00, 1.62 and 1.34
respectively. When calculating total area of the products, two unknown peaks at 12.2 and 12.3

minutes were excluded as these peaks are related to lactic acid.

[00106] Catalyst Loading, Reactor Set-Up and Reaction Run: The volume of the catalyst

was measured using a graduated cylinder and its weight was determined gravimetrically. An
inert material such as glass wool, porcelain beads, alumina beads and titanium wool was used to
support the catalyst bed. The same inert material was also used on top of the catalyst bed to
serve as a pre-heating zone to vaporize the liquid feed. The support was inserted first and the
catalyst is slowly poured on top of the support. The reactor was tapped gently to pack the
catalyst bed. The catalyst bed was positioned in the center of the furnace. The inlet and outlet of
the cooling water lines were connected to the condenser jacket located beneath the reactor outlet
to recover all the condensates at 2°C using chilled water recirculation. The liquid inlet was
adjusted in such a way so that it could deliver the feed right into the pre-heating zone above the
catalyst bed. A thermocouple was placed in the middle of the reactor to monitor the reaction
temperature. The entire reactor is secured within the furnace and the connections are coupled at
the ‘T’ joint where the liquid feed and the inert carrier gas were mixed prior to entering the
reactor. The top and bottom opening of the furnace were covered with insulation to prevent any
heat losses. The liquid feed and the inert carrier gas flows were started at desired values once the
target reaction temperature is achieved. The condensates were collected and analyzed by offline
HPLC and the non-condensable products were analyzed by using an online GC. The short run

format of the dehydration reaction was run for 4 hours while the reaction products were collected



28

for each hour. The analytical data were used to estimate the conversion of the reactant, products

selectivity and carbon balance.

[00107] A simplified schematic of the reactor set up is shown in Figure 6. The reactor can
be of any material of construction such as stainless steel, quartz, titanium, or metal alloys. When
the reactor is made up of stainless steel, it is preferred to modify the inner surface of the stainless
steel reactor with the silane coupling agent (SCA), (3-mercaptopropyl) trimethoxysilane as the
non-functionalized stainless steel surface can interfere with the reaction and potentially lead to
increase in the unwanted side products such as propionic acid. The quartz surface has been
found to have certain reactivity to lactic acid and not being completely inert to the reaction.

However, it is preferable to use the reactor made up of quartz..

[00108] Appropriate fittings and seals are used to complete the connection and prevent
any leaks. The reactor can be operated in trickle feed mode, where the liquid feed droplets are
trickled onto the catalyst bed or as a vapor feed mode, where the liquid feed is vaporized in the

pre-heating zone prior to coming in contact with the catalyst bed.

[00109] Zeolite catalysts used in the present invention: The zeolite catalysts used in the

present invention were obtained from several different vendors. The details about various
zeolites used in this study are provided in Table 2. Elemental analysis of a few selected

commercial zeolites is provided in Table 3.

[00110] Zeolite catalyst modification: The catalyst used in the present invention were

subjected to either ion-exchange reaction or salt impregnation or both ion-exchange and salt
impregnation before their use in the dehydration reaction involving lactic acid leading to the
production of acrylic acid. The nomenclature for various zeolites used throughout this patent
specification provides details about the modifications made to the zeolite. In brief, the first one
or two letters indicate the non-framework element associated with the zeolite. For example, the
name HZSM-5 indicates it is a ZSM-5 zeolite with a proton (H") as a non-framework element.
The name NaZSM-5 indicates it is ZSM-5 zeolite with sodium (Na") as a non-framework cation.

3xNa-ZSM-5 is a zeolite subjected to ion exchange with a sodium salt three times. The parent
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zeolite used in the on-exchange reaction might be HZSM-5 (where H' is exchanged for Na") or a
KZSM-5 where K' is exchanged for Na'). 7.1 wt% Na2HPO4 — 3xNa-ZSM-5 is a zeolite
subjected to ion-exchange reaction three times followed by impregnation with 1.1 wt% of

Na2HP04.

[00111] Characterization tools: A number of techniques were utilized in the present

invention to evaluate the properties, fresh zeolites, ion-exchanged zeolites, salt impregnated
zeolites and fresh and spent zeolites. These zeolite characterization techniques include
Temperature Programmed Desorption (TPD), Nuclear Magnetic Resonance (NMR), X-Ray
Diffraction (XRD), Thermogravimetric analysis (TGA), and Surface area & pore volume
analysis (BET analysis) and Inductively Coupled Plasma (ICP) technique for the determination

of elemental composition.

[00112] Temperature Programmed Desorption (1TPD): NH3-TPD measurements were

performed with Micromeritics Autochem 2920 for several zeolite samples to study their
acidity profile. In a typical measurement, ~0.5 g of samples was used. Description of NHj3
was measured using a thermal conductivity detector (TCD). The pretreatment and analysis
conditions are summarized as follows: (1) Pretreatment/dying: Temperature is ramped to
450°C with the rate of 10°C/min and hold for 60 min under He gas flow (50 cc/min); (2)
NH; adsorption: After cooling down to 50°C, NHj is introduced to the sample tube (20
cc/min) for 60 min; (3) Pre-desorption: Gas is switched to He and temperature is ramped to
150°C at a rate of 10°C/min and held for 80 min to remove physiosorbed NH3; and (4) TPD:
Ramp up to 650°C with the rate of 5°C/min and hold for 60 min.

[00113] This procedure is typical of those found in the published literature to
characterize the activity of zeolites. The low temperature desorption peak is typically
associated with Lewis acidity, while the high temperature peak is associated with BrOnsted
acidity. The results can be somewhat obscured by the influence of re-adsorption and other
packed bed dynamics. Therefore, the results are typically analyzed on a more qualitative

sense, than quantitative
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[00114] Nuclear Magnetic Resonance (NMR): All solid state NMR experiments were
carried out on a Bruker AV300. NMR technique is useful in monitoring the incorporation
of one or other cation as non-framework cation in zeolite and also the phase transition of the

alkali salt impregnated into zeolite materials.

[00115] X-Ray Diffraction (XRD): Below paragraph is a generic description of XRD

from the internet and Wikipedia. X-ray powder diffraction (XRD) is a rapid analytical
technique primarily used for phase identification of a crystalline material and can provide
information on unit cell dimensions. The analyzed material is finely ground, homogenized,
and average bulk composition is determined. is a tool used for identifying the atomic and
molecular structure of a crystal, in which the crystalline atoms cause a beam of incident X-
rays to diffract into many specific directions. By measuring the angles and intensities of
these diffracted beams, a crystallographer can produce a three-dimensional picture of the
density of electrons within the crystal. From this electron density, the mean positions of the
atoms in the crystal can be determined, as well as their chemical bonds, their disorder and
various other information. The technique of single-crystal X-ray crystallography has three
basic steps. The first—and often most difficult—step is to obtain an adequate crystal of the
material under study. The crystal should be sufficiently large (typically larger than 0.1 mm
in all dimensions), pure in composition and regular in structure, with no significant internal

imperfections such as cracks or twinning.

[00116] In the second step, the crystal is placed in an intense beam of X-rays, usually of a
single wavelength (monochromatic X-rays), producing the regular pattern of reflections. As the
crystal is gradually rotated, previous reflections disappear and new ones appear; the intensity of
every spot is recorded at every orientation of the crystal. Multiple data sets may have to be
collected, with each set covering slightly more than half a full rotation of the crystal and
typically containing tens of thousands of reflections.

[00117] In the third step, these data are combined computationally with

complementary chemical information to produce and refine a model of the arrangement of
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atoms within the crystal. The final, refined model of the atomic arrangement—now called a

crystal structure—is usually stored in a public database.

[00118] Thermogravimetric_4nalysis (TGA): TGA analysis of fresh and spent catalyst
was performed with TA Instruments TGA 2050. The TGA profile of the fresh sample

indicates desorption of physiosorbed material from the surface of the fresh catalyst occurred
at temperatures lower than 200°C. In the case of fresh catalysts there was no mass loss after
200°C. The TGA profile for spent catalyst showed a different profile with mass loss
occurring at temperatures higher than 200°C. Assuming that the mass loss occurring in the
spent catalyst is attributable to carbon loss, one can estimate the total carbon deposit on the
surface of the spent catalyst and from that value one could back calculate the total carbon

deposit with reference to the total carbon fed into the reactor.

[00119] Brunauer, Emmett and Teller (BET) method for surface area analysis: BET

theory is based on the phenomenon of physical adsorption of gases on the external and
internal surfaces of a porous material. Such a material which is surrounded by and in
equilibrium with a certain gas which has a certain temperature T, and relative vapor
pressure P/Po adsorbs physically certain amount of gas. The amount of adsorbed as is
dependent on its relative vapor pressure and is proportional to the total external and internal
surface of the material. For obtaining BET surface area, nitrogen adsorption-desorption
measurement were performed using Micrometrics ASAP 2020 at 77K after degassing the

samples at 350°C for 4 hours using vacuum.

[00120] Inductively Coupled Plasma Optical Emission Spectromeitry (ICP-OES) technigues:

Samples derived from various processes according to the present invention can be tested using
Inductively Coupled Plasma Optical Emission Spectrometry. The samples are diluted to less
than 5% organics using 2% trace metal grade nitric acid. The ICP-OES produces a curve that
ranges from 0.05 ppm to 10ppm, thus the sample is diluted so that the target molecule
concentration falls between these concentrations. If the sample contains any complex matrices

or insoluble liquids, they are digested or ashed prior to being dissolved. The samples are then
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placed in an auto sampler connected to the ICP-OES, with a quality control in the first, middle,
and last position. The ICP-OES will then analyzed the standards, generate a calibration curve,
and analyze the samples. The software will then calculate the ppm for each substance detected,
and from there the initial concentration of the substance can be determined based upon the

dilution factor when the sample was prepared.

EXAMPLE 1

Ion-exchange and salt impregnation protocols for modifying zeolite catalysts

[00121] K form of zeolite L catalyst has potassium as the non-framework cation.
Following the ion exchange protocol provided below, it is possible to replace the potassium ion
with sodium ion as the non-framework cation. 15 grams of zeolite K-form was dissolved in 200
ml of 1M sodium chloride solution and stirred at room temperature for 6 hours. In a modified
version of this ion-exchange protocol, it is possible to conduct this stirring step at 60°C for an
hour or for up to 6 hours. At the end of the stirring step, the zeolite L is filtered and the process
is repeated three times. At the end of the third filtration step, the filtrate was calcined by slowly
ramping the temperature to 450°C over a 2 hour period and holding it at 450°C for 2 hours. The
calcined material was analyzed using NMR spectroscopy. > Al and **Na solid state NMR spectra
for fresh zeolite L — K form and the 1X sodium exchanged (1XNa-Zeolite-L) and 3X sodium
exchanged (3XNa-Zeolite-L) form were recorded. As the result shown in Figure 7 indicates that
*"Al NMR signal remained the same in zeolite even after three ion-exchange reactions with NaCl
solution. On the other hand, **Na NMR signal was not detectable in the fresh zeolite of K form.
However, one time ion exchange or three time ion exchange of zeolite L-K form with sodium
chloride solution showed the appearance of the *’Na specific peak in the NMR spectrum (Figure
7). The ion-exchange process described in this Example 1 can be appropriately modified for
achieving exchange of non-framework cations in any other alumino silicate materials. The
modified ion-exchange method has an additional intermediate heat treatment step to improve the
ion-exchange efficiency. This was using for converting proton form of ZSM-5 materials from
Zeolyst to sodium form and comparing it with the sodium ZSMS5 from Tricat. The modified
version of the ion exchange did result in improved acrylic acid selectivity but this was never

applied to Tricat Na-ZSMS5 because it already came in sodium form.
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[00122] 3XNa-Zeolite-.  was  further = modified by  impregnation  with
7.1wt%Na,HPO4.7H,0 and calcined at 450°C. The resulting 7. 1wt%Na,HPO4-3XNa-Zeolite-L
was used in the vapor phase dehydration reaction using lactic acid as a reactant at 300°C and
350°C and the *'P and >’ Al NMR spectra of fresh and spent catalyst from lactic acid dehydration

reaction were recorded as shown in Figure 8.

EXAMPLE 2

Ion-exchange reaction with boron

[00123] The Zeolite — L with potassium as a non-framework cation referred as Zeolite K-
L form was ion-exchanged with boron either by treating it with 5% H3;BO; solution or
impregnating it with 0.5 mmol of aqueous H3BOj solution of per gram of zeolite K-L. In the ion-
exchange experiment, 7.5 grams of zeolite K-L form was suspended in 5% H3BO3 aqueous
solution for 6 hours at 60°C. At the end of the stirring step, the zeolite K-L was filtered and the
process was repeated three times. At the end of the third filtration step, the filtrate was calcined
by slowly ramping up the temperature to 450°C over a 2 hour period and holding it at 450°C for
2 hours. The resulting sample was referred as 1 X B Zeolite L. In another aspect of this
example, 1 gram of zeolite K-L-form was impregnated with 0.5 mmol of aqueous H;BO;
solution and the resulting material was kept at room temperature for 2 hours followed by heat
treatment at 120°C for two hours. Finally, the boric acid impregnated zeolite K-L-form was
calcined at 450°C for 2h hour period and held at 450°C for 2 hours. ''B solid state NMR was
used to follow the incorporation of boron as non-framework cation in the original zeolite K-L
form. The precursor, H3;BO; gave a broad peak around 4.3 ppm, and a shift was observed in the
boron-impregnated zeolite samples to -3.6 ppm in the NMR spectrum. A similar NMR signal
was also present in the 1 X B Zeolite L (Figure 9).

EXAMPLE 3
Temperature Programmed Desorption Analysis

[00124] Figure 10 shows the Temperature Programmed Desorption (TPD) profiles of three
different zeolite samples namely Tosoh Zeolite Y-330 (H-form), NaY (Zeolite CC428 from
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Zeolyst), and Tosho Zeolite L (K-form). These three different zeolite samples with three
different non-framework elements (H', Na" and K") clearly showed distinct differences in their
surface acidity as determined in their TPD profile. Zeolite Y330 contains a proton as a non-
framework element and therefore is expected to have greatest amount of total acidity (weak and
strong). Two types of acid sites (weak and strong) are confirmed for Y330 with two broadly
overlapping peaks at around 250°C and 370°C, with almost equal intensities. In contrast, for the
NaY sample, the first peak (weak acid site) is more prominent with much less contribution from
the second peak. This indicates that the strong acid sites presents in H-form of zeolite Y could
be effectively neutralized with incorporation of Na through ion-exchange as in NaY zeolite.
Zeolite L — K form presented only a small peak around at 230°C corresponding to weak acid
sites and showed no evidence for strong acid sites. Apparently, the ion exchange with potassium

has effectively neutralized both strong and weak acid groups in zeolite L.

EXAMPLE 4

Temperature Programmed Desorption profile of ammonium form of zeolite

[00125] Figure 11 shows the temperature programmed desorption (TPD) profiles of
341NHA zeolite in ammonium form recorded before and after 3 x Na exchange. The 3 x Na
exchange was carried out as described in Example 1. Elemental analysis of 341NHA zeolite
before and after sodium exchange is provide in Table 4. The sodium content of 341NHA
increased 60 fold after ion exchange. The 341NHA zeolite in its original ammonium form
showed two broad, overlapping desorption peaks covering a wide temperature range. Upon 3 x
Na exchange the TPD profile showed a more refined single peak at ~300°C. This demonstrates
that with sodium exchange causes the elimination of strong acid sites but the continued presence

of weak to moderate acid site as in NaY (Example 3) or Na-ZSM-5 zeolites (Example 9).

EXAMPLE 5
Effect of alkali impregnation on TPD profile

[00126] Two new Y- type zeolites from Tosoh namely HSZ300-320NAA (Zeolite Y in
sodium form) and HSZ300-341341NHA (Zeolite Y in ammonium form) were impregnated with
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K,;HPO,4 (mmol of K;HPO,/gram of zeolite) following the impregnation process as in Example 1
and their TPD profiles recorded. TPD Profiles of the original zeolite 320NAA and zeolite
341NHA exhibited similar desorption peaks around at 250-300°C, but in zeolite 341NHA, the
desorption peak was much broader in the higher temperature region (Figure 12). This confirms
the presence of stronger acid sites on the surface of the original zeolite 341NHA, which should
have formed from the ammonium group during the heat pretreatment before recording TPD
profile. After impregnation of 1.0 mmol/g of K,HPO,, desorption peaks in the TPD profile were
substantially weakened (98% reduction in zeolite 320NAA and about 95% reduction in zeolite
341NHA, demonstrating the impact of loading of K,HPO, on the surface acidity of zeolites.
Also provide in Figure 12 is the TPD profile of zeolite NaY441

EXAMPLE 6

TPD profile of modernite (CBV-10A) and faujasite (CC441) zeolites

[00127] The NH; desorption from the parent CBV-10A and CC441 zeolites peaked at
different temperatures with peak NH; desorption occurring at 350°C for CBV-10A and at 245°C
for CC441, indicating stronger acid sites are present in CBV-10A (Figure 13). Moreover, CBV-
10A sample possessed a peak with significantly greater area than the corresponding CC441
samples for both the parent zeolite and phosphate modified samples. Phosphate impregnation
was done as described in Example 1. Relative acid quantity is defined based on the integrated
TPD signal for the peak with NaY CC441 taken to be unity. The relative acid quantity of CBV-
10A is estimated to be 2.77. Impregnation of K;HPO, substantially decreased this value to 0.17
from 2.77. This confirms the effective reduction of acidity by modification involving salt
impregnation. It is however, still higher than the value for 1.0 mmol/g K,HPO4/NaY CC441
zeolite preparation (0.04), suggesting residual acidity remains even after the loading of K,;HPO,

in NaY CBV-10A zeolite preparation.

[00128] Figure 14 shows the TPD profiles of modified NaYCC441 zeolite with different
alkali loading (1.0 NaH,PO,, 0.5 K,HPO,; and 1.0 K,HPO,4). Alkali loading was done as
described in Example 1. As total alkali loading was increased, the desorption peak at 150-350°C
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with shoulder at 350-400°C) became weaker and 1.0 KH,PO, exhibited almost no noticeable
peak. The desorption peaked at around 270°C for NaH,PQ,, while it was ~230°C for 0.5
KH,PO,, reflecting some difference in acid strength between these modified NaY zeolites in

addition to the total acid amount.

[00129] Figure 15 shows the effect of loading of cesium acetate alone or in combination
with K;HPO,4 on the TPD profile of NaY CC441. Loading of 0.05 mmol CsAc/g of zeolite
greatly reduced the surface acidity of NaY CC441 as determined from TPD profile. Relative
acid quantity based on the peak area decreased from 1.0 (basis) to 0.23. This proves the
effectiveness of cesium modification on the surface acidity of the original NaY zeolite. Co-
loading of CsAc and K;HPO, further decreased the acidity to <0.01 which is comparable to the
surface acidity of 1.0 mmol/g K;HPO, loaded NaY 441 sample.

[00130] Figure 16 shows the NH;-TPD Profile of NaY 441 zeolite before and after ion-
exchange with CaSO4.2H,0 and BaSO,. Four alkali sulfate salts (MgSQO,, CaS0O4.2H,0, BaSOy,
and K,SO4 were impregnated following the standard process. Both CaS04.2H,0 and BaSO,
removed the acidity from the surface of NaY 441 zeolite as measured by NH3-TPD technique.

EXAMPLE 7
NH3-TPD profile of NaY441 zeolite after steaming and impregnation.

[00131] Steaming treatment was performed on NaY (CC441) zeolite in a tube furnace by
flowing air saturated with H,O (~ 20 Torr) at 650°C for 6 h. The temperature of the sample was
increased at a rate of 5°C/min. NH3-TPD was performed on NaY (CC441) zeolite steamed at
650°C showed a slight reduction of NH; peak at 250°C indicative of reduced acidity of the
zeolite due to dealumination from the framework of zeolite. Impregnation of steamed NaY C441
zeolite with 1.0 mmol K;HPO, completely eliminated the acidity of the steamed NaY 441 zeolite
as measured by NH3-TPD profile.
EXAMPLE 8

TPD profiles of zeolites with higher Si0,/Al,05 ratio



37

[00132] The zeolite HC1295 has a Si0,/Al,0; ratio of ~ 10.8 and zeolite HC1296 has a
Si0,/Al,03 ratio of ~ 23.2. Higher SiO,/Al,05 ratio samples gave a smaller NH3 desorption
peak, which is reasonable as aluminum in the framework is the origin of charge deficiency that
that can be compensated with cations (e.g., Na” or H). On the other hand, despite its less overall
acid quantity, these zeolites with higher SiO,/Al,O; ratio appear to have stronger acid sites than
zeolite CC441 with lower Si0,/Al,05 ratio. While desorption from the CC441 samples peaked
at 250°C, desorption from HC1295 and HC1296 zeolites samples peaked at 270°C. After
impregnation, no significant peak was found in these zeolites with higher SiO,/Al,0;5 ratio

indicative of a substantial reduction in acidity similar to zeolite CC441 with lower SiO,/Al,05

ratio.
EXAMPLE 9
Ion exchange and salt impregnation studies with ZSM-5 zeolite
[00133] ZSM-5 zeolite is synthesized using tetrapropylammonium as a non-framework

cation and therefore it is initially synthesized in ammonium form and subsequently ion-
exchanged with NaCl to sodium form (Na-ZSM-5). NaZSM-5 is commercially available from

Tricat.

[00134] As shown in Figure 19, the original Na-ZSM-5 zeolite showed a large, broad
desorption peak at 350°C demonstrating the strong interaction of probe molecule NH; with Na-
ZSM-5. Further sodium chloride treatment of commercially available H-ZSM-5 or NH4-ZSM-5
was done as follows: 15 grams of zeolite ZSM-5 obtained from Na-ZSM-5 was dispersed in 200
ml of 1M sodium chloride solution and stirred at room temperature for 6 hours. In a modified
version of this ion-exchange protocol, it is possible to conduct this stirring step at 60°C for an
hour or for up to 6 hours. At the end of the stirring step, the zeolite Na-ZSM-5 was filtered and
washed with excess amount of water until chloride free. The solid material was dried at 220 C
for 2 hours. This ion-exchange process is repeated for three times in total. The final filtered solid
was calcined by slowly increasing the temperature to 450°C over a 2 hour period and held at
450°C for 2 hours. The calcined material is referred as 1 x Na Na-ZSM-5. Subjecting Na-ZSM-

5 from commercial supplier to additional 1 x Na exchange did not reduce its surface acidity as
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measured from TPD profile; in fact, the ammonium desorption peak in the TPD profile was
slightly shifted toward higher temperature side. Similarly, with one time barium exchange, the

TPD profile was slightly broadened in the temperature range above 400°C (Figure 21).

[00135] Impregnation of Na-ZSM-5 zeolite received from commercial supplier with
K;HPO4 (1.0 mmol K;HPO./g of catalyst) significantly reduced the surface acidity of Na-ZSM-5
zeolite as determined from its TPD profile. After impregnation of 1.0 mmol K,HPO4/g of
zeolite, desorption substantially reduced and a peak was found around 250°C, as opposed to the
desorption peak at 350°C in the unmodified Na-ZSM-5 zeolite, suggesting the retention of weak
acid sites after salt impregnation. This confirms that salt impregnation was effective in
suppressing the acidity on the surface of Na-ZSM-5. Nevertheless, the impact of salt
impregnation on Na-ZSM-5 zeolite was not as much as the effect of salt impregnation on the
surface acidity of NaY441, a sodium form of Y-type zeolite, where almost no noticeable peak
was detected in the TPD profile after loading of 1.0 mmol K;HPO, /g of zeolite. By means of
further increasing the phosphate concentration in the impregnation process, the surface acidity of
Na-ZSM-5 could further be reduced. Thus by increasing the phosphate concentration in the
impregnation process to 1.5 mmol K,HPO, /g zeolite, the surface acidity of Na-ZSM-5 was
reduced from the level reached with phosphate concentration at 1.0 mmol K,HPO, /g zeolite.
Increasing the phosphate concentration in the impregnation process to 2.0 mmol K;HPO, /g
zeolite almost completely removed the surface acidity as no distinct as no distinct peak was
present in the TPD profile below 500°C. However, loading phosphate at the concentration of 2.0
mmol K,HPO, /g zeolite showed an anomalously large peak around 550°C. It is most likely the

result of decomposition of K,HPO, upon heating at temperature above 500°C. .

[00136] Na-ZSMS5 zeolite was ion exchanged with cesium chloride (CsCl) using the
following protocol: 5 gram of Na-ZSMS5 was suspended in 200 ml of 0.5M CsCl solution and
stirred overnight (>12 hours) and filtered. The filtrate was washed with 1.5 L of water and
calcined at 450°C for 2 hours. The calcination temperature of 450°C was reached slowly in the
course of 2 hours. These process steps were repeated 3 times. The TPD profile of Cs-exchanged
NaZSM-5 zeolite is shown in Figure 20. The original Na-ZSM-5 exhibited a wide desorption
peak around at 340°C. After 3x CsCl treatment no noticeable peak was found. The
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disappearance of desorption peak in the TPD profile should reflect the successful replacement of
Na with Cs. Interestingly, after phosphate loading (4.0 mmol KH,PO4/g of zeolite) onto 3x Cs
Na-ZSM-5, a desorption peak, although still very small, appeared implying interaction of
KH,PO, with zeolite support might be inducing some sites for NH3 adsorption and thereby
causing a slight bump in the TPD profile of 3x Cs Na-ZSM-5 zeolite after phosphate
impregnation (Figure 20).

EXAMPLE 10
CO2-TPD profile of original Na-ZSM-CO2-TPD

[00137] Figure 22 provides the CO,-TPD profile of original Na-ZSM-5, 1.0 and
2.0mmol/g K;HPO,4 loaded Na-ZSM-5 samples along with MgO as a reference. Na-ZSM-5
showed a clear desorption peak at around 350°C and another smaller peak at 150°C. It is
reported that cations in the zeolite structure could enhance adsorption of polar molecules such as
CO’ because of strong electrostatic interactions. This peak shifted to lower temperature region
(220-250°C) upon loading of K,HPO, salt, and the peak decreased with greater loading of
K,;HPO, (2.0 mol/g). Initially it was expected that an increase in the basicity of zeolite resulting
from K,;HPO, loading would allow the growth of a desorption peak or shift it to high temperature
in a CO,-TPD profile. The observed result was opposite of this expectation and this might be
related physical changes on the surface of zeolite due to salt loading. Higher salt loading might

reduce the measurable surface area of zeolite.

EXAMPLE 11
Phenol — TPD profiles for Na-ZSM-5 and 4.0K1/NaZSM-5 catalysis

[00138] An effort was made to characterize the “acid-base” pair on the surface of ZSM-5
zeolite through temperature programmed desorption technique using phenol as a probe.
Preliminary tests on Phenol-TPD experiment was performed using Autochem 2920 equipment.
Phenol was introduced into the flask attached to the heating jacket and the vapor generator of the

instrument was kept at 60°C. Phenol vapor pressure is estimated to be around ~6 mbar based on
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Antoine Equation. The sample loop filled with phenol vapor was introduced to the sample cell at
50°C after degassing 0.3 grams of the samples at 450°C for 2 hours. Temperature programmed
desorption was performed by ramping the temperature at a rate of 10°C/min to 650°C. Na-ZSM-
5 and modified Na-ZSM-5 (4.0 mmol KH,PO,/g Na-ZSM-5) were analyzed).

[00139] Figure 23 presents phenol-TPD profiles for Na-ZSM-5 and 4.0 mmol KH,PO4/g
Na-ZSM-5 zeolites. Compared to typical NH3-TPD profiles, signals in the Phenol-TPD profiles
were more than 10 times weaker, resulting in poorer signal-to-noise ratio. This ratio might be
improved by tuning instrument analytical parameters such as flask temperature, desorption
temperature ramping rate, sample loading etc. The unmodified Na-ZSM-5 zeolite showed the
first desorption peak from 330°C to 470°C, and the signal kept rising in the range of 500°C to
650°C. On the other hand, in 4.0mmol KH,PO,/g Na-ZSM-5 zeolite, desorption started at
around 220°C and constantly increased until it reached 400°C and it remained stable till the end
of the analysis at 650°C. The unmodified Na-ZSM-5 showed higher temperature for initial
desorption, indicating phenol-surface species are more stable in the unmodified Na-ZSM-5
compared to that of 4.0mmol KH,PO,/g Na-ZSM-5 zeolite. The quantification of various
catalysts for the acidity by NH3 TPD is shown in Table 5.

EXAMPLE 12

Measurement of BET surface area in various zeolites

[00140] For obtaining BET surface area, nitrogen adsorption-desorption measurement
were performed using Micromeritics ASAP 2020 at 77K after degassing the 20-60 mesh samples
at 350°C for 4 h using vacuum. As shown in Table 6, a decrease in the surface area was
observed in all zeolite samples after phosphorous doping suggesting that a substantial portion of

micro pores of zeolites is blocked after this phosphate doping.

EXAMPLE 13
Catalytic dehydration of lactic acid using modified NaZSM-5 zeolite
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[00141] NaZSM-5 is a commercially available zeolite from Tricat. In this set of
experiments, the efficiency of modified NaZSM-5 zeolites in vapor phase dehydration reaction
was determined under various process conditions in terms of their conversion efficiency and

selectivity for various products as explained in Table 1.

[00142] In the first set of experiments, NaZSM-5 zeolite was modified by impregnating
one of the five different potassium phosphate compounds as provided in Table 7 and each of the
modified NaZSM-5 zeolites was tested for their efficiency in vapor phase dehydration reaction.
The vapor phase dehydration reaction using lactic acid as a reactant was carried out using the
following experimental parameters: Gas flow rate: S5cc/min; Feed: Heat treated 20% USP lactic
acid; Feed flow rate: 0.1 cc/mi; Temp: 330°C; Catalyst volume: 3 cc. As the results shown in
Table 7 indicate among the five different potassium phosphate compound tested, monobasic
potassium phosphate (KH,PO,) at 2mmol/g of zeolite was found to be efficient doping agent in
terms of resulting in the formation of acetaldehyde as the only major side product in the vapor

phase dehydration reaction using lactic acid for the production acrylic acid.

[00143] Having established that KH,PO, is the desirable doping agent among the five
different potassium phosphate compound tested in the modification of NaZSM-5 zeolite, in the
next set of experiments, the NaZSM-5 zeolite was impregnated with different amounts of
KH,PO, to determine the appropriate amount of KH,PO, loading. The vapor phase lactic acid
dehydration reaction with modified NaZMS-5 was carried out using the following process
parameters: Gas flow rate: 55cc/min; Feed: Heat treated 20% USP lactic acid; Feed flow rate:
0.1 cc/mi; Temp: 330°C; Catalyst volume: 3 cc. As the results shown in Table 8 show the
NaZSM-5 catalyst modified with KH,POj, at the concentration of 4mmol/g of zeolite was found
to be highly efficient in terms of eliminating the side products other than acetaldehyde,
decreasing the selectivity for acetaldehyde and causing a proportional increase in the selectivity

for acrylic acid.

[00144] Table 9 shows the effect of feed concentration on efficiency of vapor dehydration
of lactic acid feed using modified zeolite 4mmol KH,PO,/g NaZSM-5 with following process

parameters: Gas flow rate: S5cc/min; Feed: Heat treated USP lactic acid; Feed flow rate: 0.1
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cc/mi; Temp: 330°C; Catalyst volume: 3 cc. Three different aqueous solutions with varying bio-
based aqueous lactic acid concentrations (15 weight%, 20 weight% and 25 weight%) were tested
in the dehydration reaction for acrylic acid selectivity in a '2” titanium reactor in trickle bed
mode without a preheating zone and titanium wool as catalyst bed support. The feed was
subjected to heat treatment for full monomer conversion. NaZSMS5 catalyst received from Tricat
was modified through incipient impregnation technique and used in the dehydration reaction. An
aqueous solution containing 4.0 mmoles of KH2PO4 was impregnated into 1 gram of NaZSM-5
catalyst through drop wise addition. The KH2PO4 impregnated NaZSM-5 catalyst was calcined

at 2500C and subsequently used in the lactic acid dehydration reactor.

[00145] Table 10 shows the effect of temperature on the dehydration reaction catalyzed by
modified NaZSM-5 catalyst.

[00146] Table 11 shows the effect of carrier gas flow rate on the dehydration reaction

catalyzed by modified NaZSM-5 catalyst.

[00147] Table 12 shows the effect of carrier gas type on the dehydration reaction
catalyzed by modified NaZSM-5 catalyst.

[00148] Table 13 shows the effect of calcination temperature on the dehydration reaction

catalyzed by modified NaZSM-5 catalyst.

[00149] Figure 24 shows time course of LA conversion and normalized weight selectivity
of major products for Na-ZSM-5 catalyst impregnated with KH,PO, at the concentration of 4
mm KH;PO, per gram of Na-ZSM-5 catalyst.

EXAMPLE 14
X-Ray diffraction pattern of modified NaZSM-5 zeolite

[00150] Figure 25 shows the x-ray diffraction pattern of NaZSMS5 zeolite as received from
the commercial supplier, fresh NaZSM-5 catalyst after KH,PO, impregnation and the spent

catalyst after its use for four hours in a lactic acid dehydration reactor. As the x-ray diffraction



43

pattern indicates, there was no loss of crystalline phase of Na-ZSM-5 catalyst either as a result of
KH,PO4 impregnation or as a result of calcination at elevated temperature followed by its use in
the lactic acid dehydration reactor for four hours. Both fresh and spent catalyst exhibited only
the patterns of MFI zeolite frame work, and no other major peak was found in the X-ray
diffraction pattern. In the fresh catalyst, one small peak was found at 39.6° and it disappeared
after the reaction run. It might be attributed to some potassium or phosphate species, but we

were unable to find any reasonable match in the database.

EXAMPLE 14

Phosphorus analysis in the product of dehydration reaction

[00151] Elemental analysis was performed on hourly basis on the reactant stream from
lactic acid dehydration reactor to determine if phosphorus loaded on NaZSM-5zeolite leaches
into the product stream during the reaction period. The result of this phosphorus analysis is
provided in Table 14. Among eight samples, three samples did not contain any detectable
amount of phosphorus. Low concentration (0.1 — 0.3 mg/L) of the phosphorus was detected for
other five samples. This phosphorus that leached out during the four hours of dehydration
reaction only accounted for <0.002% of the phosphorus initially present in the catalyst
(approximately 4 mmol per gram based on preparation conditions). Thus leaching of phosphorus
from the catalyst occurred during the catalytic dehydration reaction, however, the observed

phosphorus leaching is inconsequential at the time scale over which the experiments were

conducted.
EXAMPLE 15
Catalytic dehydration of lactic acid using modified NaNH4CZP27 zeolite
[00152] NH4CZP27 zeolite from Clariant with Si02/A1203 ratio of ~27 is in ammonium

form. Ion exchange was performed on this zeolite to convert it into a sodium form using the
following protocol: 10 gram of NH4CZP27 was dissolved in 200 ml of 1.0 M NaCl solution and
stirred at 60°C overnight (>12 hours) and filtered. The filtrate was washed with 1.5 L water and

calcined slowly ramping the temperature to 450°C for 2 hours and holding it at that temperature
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for 2 hours. This process was repeated three times and the resulting 3X Na-NH4CZP27 was
impregnated with potassium monophosphate at the concentration of 4. 0mmolKH2PO4/g of 3X
Na-NH4CZP27 zeolite. The conversion efficiency and selectivity of modified 3X Na-
NH4CZP27 for various products in a vapor phase dehydration reaction using lactic acid as a

reactant is shown in Table 15.
EXAMPLE 16
Effect of silica to alumina ratio in the ZSMS catalyst on the dehydration reaction

[00153] ZSM5 zeolites of different silica (S10,) to alumina (Al,Os) ratio were evaluated for their
efficiency in the lactic acid dehydration reaction. Five different ZSM-5 catalysts with different Si/Al ratio
were obtained from their commercial sources (Table 16). Following the ion-exchange procedure
described in the “Experimental Section™ above, these ZSM-5 zeolites were converted into sodium form
and ensured the full conversion by ICP analysis. Figure 26 provides the efficacy of these zeolites with
different Si/Al ratio in lactic acid conversion and selectivity for acrylic acid (AA), hydroxyl acetone
(HydAce), acetaldehyde (AceAld), 2,3-pentadione (23P) and propionic acid (PropAc) in a lactic acid

dehydration reaction. The data presented is an average of 4 hour on-stream for each experiment.

EXAMPLE 17
TGA Profile of fresh and spent 3XNa zeolite L

[00154] TGA analysis was followed to quantify the carbonaceous deposition in zeolite
catalyst after its use in a dehydration reactor for a specific period of time. Preliminary TGA
analysis of fresh and spent 3 X Na zeolite L samples was performed with TA Instruments TGA
2050. About 15 mg of samples was placed on a platinum pan and heated to 900°C at the rate of
10°C min under air. The results are shown in FIG. 27. The profile for the fresh sample indicates
desorption of physisorbed on the surface at lower than 200°C. There is no mass loss after 200°C.
For the spent 3x Na Zeolite L catalyst the weight loss profile is quite different than for the fresh
sample. If one assumes the steady-state weight ratio represents the loss of carbon only, then we
estimate that the weight of carbon is ~11% of the initial catalyst weight. The actual mass of the
deposit was then estimated to be 70.4 mg, which accounts for 3.8% of carbon fed during 4 h of

reaction, assuming the deposit is pure carbon.
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[00155] TGA analysis of the fresh and spent catalysts 4.0 mmol KH2PO4/g - Na-ZSM-5
is provided in Figure 28. It was found that spent 4.0mmol KH2PO4/g - Na-ZSM-5catalyst
contains carbon deposition (3.2wt%; 32 mg/g-cat) which could roughly account for 4.8% of total
carbon balance for each hour. The deposition after 10 hour run of 4.0 mmol KH2PO4/g - Na-
ZSM-5catalyst was 4.2 wt%, only.

EXAMPLE 18
Comparison of support for 4 mmol KH,PO,

[00156] In this experiment, silica gel (Sigma-Aldrich: 236810), a mesoporous silica (SBA-
15), NaYCC441 zeolite and Na-ZSM-5 zeolite were assessed for their use as a support material.
The incipient impregnation method was followed and the samples were calcined at 300°C for 3
hours. The dehydration reaction was conducted using USP 20% LA feed solution at 330°C for 4
hours. Conversion of lactic acid and normalized lactic acid selectivity for acrylic acid were

determined as shown in Figure 29

EXAMPLE 19
Characterization of NaY441 and NaZSMS catalysts

[00157] Figure 30 provides the *'P solid state NMR spectra for 4.0mmKH,PO,/g -Na-
ZSM-5 catalysts calcined at different temperatures and spent catalyst calcined at 200°C. *'P
NMR spectrum of unsupported bulk 4.0mm KH,PO, is also shown at the bottom of the Figure
30.

[00158] The peak at ~1 ppm is associated with the excess phosphorus compound, which
did not react with the framework aluminum which is the weakest peak in the supported samples.
The peak at —7 ppm is due to the phosphorus atoms in pyrophosphoric acid (or on terminal
[PO4]3- in polyphosphoric species). The peak at -7 pm decreases in intensity relative to the peak

at -19 ppm when the calcination temperature is increased from 200°C to 300°C, then increases at
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400°C and on the spent catalyst. The remaining broad resonance at -19 ppm contains signals of
longer polymeric phosphate chains and extra framework aluminum phosphate as well as highly
condensed polyphosphate species. This might be suggest that part of the Si—O—Al bonds in the
tetrahedral coordinated framework Al species were broken such that phosphorus occupied the

silicon sites to form the (SiO),Al(PO),. species.

[00159] Figure 31 provides the picture of three different fresh and spent catalysts. In the
case of NaY441 zeolite impregnated with 1.0 mmol K,;HPO,/g, when compared to the fresh
catalyst, the spent catalyst was slightly brown in color. In addition the product resulting from the
vapor phase dehydration of lactic acid using NaY441 zeolite impregnated with 1.0 mmol
K2HPO4/g was slightly turbid and yellow in color. In the case of NaZSM-5 zeolite impregnated
with 1.25mmol K;HPO4/g and NaZSM-5 zeolite impregnated with 4 0mmol KH,;PO4/g, the spent
catalyst maintained the original white color. In addition, products resulting from the vapor phase
dehydration of lactic acid using NaZSM-5 zeolite impregnated with 1.25 mmolK,HPO,/g and

NaZSM-5 zeolite impregnated with 4. 0mmol KH,PO4/g were clear and colorless in appearance.

[00160] Therefore, the present invention is well adapted to attain the ends and advantages
mentioned as well as those that are inherent therein. The particular embodiments disclosed above
are illustrative only, as the present invention may be modified and practiced in different but
equivalent manners apparent to those skilled in the art having the benefit of the teachings herein.
Furthermore, no limitations are intended to the details of construction or design herein shown,
other than as described in the claims below. It is therefore evident that the particular illustrative
embodiments disclosed above may be altered, combined, or modified and all such variations are
considered within the scope and spirit of the present invention. The invention illustratively
disclosed herein suitably may be practiced in the absence of any element that is not specifically
disclosed herein and/or any optional element disclosed herein. While compositions and methods

2

are described in terms of “comprising,” “containing,” or “including” various components or
steps, the compositions and methods can also “consist essentially of” or “consist of” the various
components and steps. All numbers and ranges disclosed above may vary by some amount.
Whenever a numerical range with a lower limit and an upper limit is disclosed, any number and

any included range falling within the range is specifically disclosed. In particular, every range of
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values (of the form, “from about a to about b,” or, equivalently, “from approximately ato b,” or,
equivalently, “from approximately a-b”) disclosed herein is to be understood to set forth every
number and range encompassed within the broader range of values. Also, the terms in the claims
have their plain, ordinary meaning unless otherwise explicitly and clearly defined by the
patentee. Moreover, the indefinite articles “a” or “an,” as used in the claims, are defined herein to
mean one or more than one of the element that it introduces. If there is any conflict in the usages
of a word or term in this specification and one or more patent or other documents that may be
incorporated herein by reference, the definitions that are consistent with this specification should

be adopted.
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Table 1. Formulae for estimating space velocity, conversion and selectivity

Fye
Liquid Hourly Space Velocity (“LHSV”) LHSV (mL/mL/h) =
Ve
For
Gas Hourly Gas Space Velocity (“GHSV™) GHSV (mL/mL/h) =
Ve
Gx
Weight Hourly Space Velocity (“WHSV”™) WHSV (gy/g-/h) =
G * time
[X]in - [X]out
Reactant Conversion (“Cnvy”) Cnvy (%)= —— x 100
[Xlin
[Y]out
Product Selectivity (“Sely™) Sely (%) = x 100
[X]in [X]out
Normalized Wt. selectivity (%) Sely (%) / %otheoritical maximum weight yield

where:
C denotes a catalyst;
mL, denotes volume of catalyst
mL denotes volume of liquid
X denotes a reactant;
Y denotes a component of the product;
Fi¢ is the liquid flow rate in mL/h;
Fgris the gas flow rate in mL/h;
V¢ is the volume of C in the reactor;
Gy is the mass of X;
G is the mass of C in the reactor;

[X];, is the molar concentrations of X in the starting composition;
[X]ou 18 the molar concentrations of X in the exit flow; and
[Y]ou is the molar concentration of Y in the exit flow.

Please sce the next page and incorporate the details about Normalized Wt. Sel.
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Table 2 — Zeolites used in the present study

Catalyst Type Silica/Alumina | Si/Al | Cation | Shape/Form Supplier
Zeolite-Y, HiSiv-1000 4 7.0 | Hydrogen | Extrudates UOP
Zeolite-NaY 4-5 Sodium Extrudates WR Grace
Zeolite-KY 4-5 Potassium | Extrudates WR Grace
Zeolite-X NA NA Extrudates Wako
Zeolite-L 6.1 10.7 | Potassium | Extrudates Tosoh
Zeolite-L, HSZ500KOD1C 6.1 10.7 | Potassium | Extrudates Tosoh
Zeolite-L, HSZ500KOD1C 6.1 10.7 | Potassium | Extrudates Tosoh
Zeolite-L, HSZ500KOA 6.1 10.7 | Potassium Powder Tosoh
Zeolite-Y, 330HUD1A 6 10.5 | Hydrogen | Extrudates Tosoh
Zeolite-Y, 360HUDI1C 15 26.3 | Hydrogen | Extrudates Tosoh
Mordenite, 640HOA1A 18 31.6 | Hydrogen | Extrudates Tosoh
Zeolite Beta, 920HODI1A 18 31.6 | Hydrogen | Extrudates Tosoh
Zeolite Beta, 930HODI1S 27 474 | Hydrogen | Extrudates Tosoh
zeolite-Y, CBV 100 5.1 8.9 Sodium Powder Zeolyst
zeolite-Y, CBV 500 52 9.1 NH,4 Powder Zeolyst
zeolite-Y, CBV 712 12 21.1 NH,4 Powder Zeolyst
zeolite-beta, CP814E 25 439 NH,4 Powder Zeolyst
Amorphous s111ca-algréli‘n6al, 0.1 02 None Powder Tricat
SAPO-34, CC436 0.5 0.9 None Powder Tricat
ZSM-5-25, CC439 25 43.9 | Hydrogen Powder Tricat
NaY Zeolite, CC428 53 93 Sodium Powder Tricat
NaY Zeolite, CC441 6.3 11.1 Sodium Powder Tricat
K-X zeolite Powder Tricat
Li-X zeolite Powder Tricat
Na-X zeolite Powder Tricat
Na-ZSM5 27 474 | Sodium Powder Tricat
Mesoporous NaY Sodium Powder Yuriy Roman
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Table 3. Elemental analysis of selected commercial zeolites

Zeolitet | Sodium | Potassium | Phosphorous | Iron Calcium | Magnesium | Si0,/Al,05
(ppm) | (ppm) (ppm) (ppm) | (ppm) (ppm)
Zeolyst | 23354 38 n.d. 45 n.d. n.d. 23
CBV
2314
TRICAT | 24342 223 n.d. 236 779 240 27
NaZSM5
Zeolyst 17814 45 n.d. 36 n.d. n.d. 50
CBV
5524G
Zeolyst 10879 70 n.d. n.d. n.d. n.d. 80
CBV
8014
Zeolyst 3395 118 n.d. n.d. n.d. n.d. 280
CBV
28014
n.d. = Not detected
Table 4. Elemental analysis of 341NHA and 3X Na-341NHA
Catalyst Element (mg/L)
Ca Fe K Zn Na NH4
341NHA 159 639 99 78 600 33318
3x Na- 102 159 386 56 37070 n.d
341NHA
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Table 5 — Quantified NH3-TPD over different K1 catalysts

Sample Sample Areca NH;[cm’-STP] | NH; [em’-STP/g] | NH; [mmol/g]

amount Count

(g)
NaYCC428 0.5039 3.10 6.59 13.1 0.58
NaYCC441 0.5050 2.38 5.06 10.0 0.45
1.0 K2HPO4 NaY441 0.5107 0.10 0.21 0.4 0.02
NaZSM5 0.2445 5.27 11.21 45.8 2.05
1.0 K2HPO4 NaZSM5 | 0.3790 2.27 4.82 12.7 0.57
1.0 K2HPO4 NaZSM5 | 0.4505 0.16 0.34 0.7 0.03
1.0 K2HPO4 NaY441 0.4640 0.05 0.11 0.2 0.01
_pHI2
2.0 K2HPO4 NaZSM5 | 0.3085 6.75 14.35 46.5 2.08
1.5 K2HPO4 NaZSM5 | 0.2999 1.58 3.36 11.2 0.50
K2HPO4 bulk 0.2957 0.00 0.00 0.00 0.00
2.0 K2HPO4 NaZSM5 | 0.3247 5/96 12.69 39.1 1.74
1xNa NaZSM 03195 6.89 14.66 45.9 2.05
4,0 KI/NaZSM5 02918 0.45 0.96 33 0.15
4.0KI/NaZSM5 — pH5 0.3228 0.65 1.38 43 0.19
4.0KI/NaZSM5 — pH7 0.3237 0.63 1.34 4.1 0.18
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Table 6. Surface area, relative acid quantity and Si02/A1203 ratio for various zeolites

Sample Surface Area | Relative Acid | SiO2/A1203
BET (m?/g) quantity™* ratio
Zeolite — L 279.6
3 x Na-Zeolite-L 301.6
7.1 wt. % Na2HPO4-3xNa-Zeolite L 61.9
NaY - CC441 687.5 1 6.3
1.0 mmol/gm K,HPO, on NaY (CC441), 330.0 0.04
calcined at 450°C
1.0 mmol/gm K,;HPO, on NaY (CC441), 10.5
calcined at 450°C - After 4 h reaction at
330°C
NaY - CBV-10A 310.2
CBV-10A - 0.5 mmol/g K;HPO4 loaded 33.2
CBV-10A - 1.0 mmol/g K;HPO4 loaded 193
HC-1295 610.5 0.92 10.8
HC1295 — K,;HPO, loaded 404.9 0.05
HC1296 5873 0.36 232
HC1296 — K,HPO, loaded 436.9 0.07
Na-ZSM-5 290.4
Na-ZSM-5 1.0 mmol/g K,;HPO, Na-ZSM-5 2227
Na-ZSM-5 1.5 mmol/g K,;HPO, Na-ZSM-5 191.1
Na-ZSM-5 2.0 mmol/g KH,PO, Na-ZSM-5 152.2
Na-ZSM-5 4.0 mmol/g KH,PO, Na-ZSM-5 115.2
Na-ZSM-5 4.0 mmol/g KH,PO4 Na-ZSM-5 6.9

* Relative acid quantity, determined form the TPD profiles (normalized with NaY CC441

taking to the unity.
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Table 7 Effect of alkali salt impregnation of ZSMS5 zeolite on the dehydration reaction

Impregnation | Time Mass | Conversion of Selectivity (%)
composition (hr) | Recovery | Lactic Acid | AceAld | 23P | HyAce | PropA | AA
(‘o) (o)
2 mmol/g 1 943 87.6 21.1 0.0 0.0 0.0 60.8
K1: K,HPO, |2 91.5 89.8 20.3 0.0 0.0 0.0 56.6
3 91.6 92.0 20.0 0.0 0.0 0.0 532
4 94.0 91.8 20.5 0.0 0.0 0.0 54.1
Overall | 929 90.3 20.5 0.0 0.0 0.0 56.1
2 mmol/g 1 95.1 88.9 9.1 6.0 | 1.1 5.4 54.0
K2:K,HPO, |2 95.4 91.2 9.8 6.7 | 1.3 6.4 53.3
3 95.9 932 9.3 64 |14 7.9 49.6
4 100.9 92.3 8.3 58 |14 10.3 47.6
Overall | 96.8 91.4 9.1 62 |13 7.5 51.1
1 mmol/g 1 94 .4 94.4 8.8 76 108 3.6 458
K3:K5PO, 2 945 94.5 9.6 80 [0.6 3.9 48.6
3 93 .4 93.4 10.2 7.8 10.5 4.1 48.1
4 101.7 101.7 11.1 7.8 10.0 4.6 513
Overall | 96.0 96.0 9.9 7.8 10.5 4.1 48.4
1 mmol/g 1 96.1 84.7 16.7 3.1 105 1.5 393
K4: K4P,0; |2 91.2 85.0 16.0 35 107 1.7 38.9
3 03.1 80.7 15.0 42 109 1.9 42.9
4 96.2 77.2 17.8 52 |13 2.2 457
Overall | 94.1 81.9 16.3 40 |08 1.8 41.6
1 mmol/g 1 96.6 88.8 10.8 1.2 | 0.0 3.0 60.8
K5: KsP304g 2 95.6 79.0 8.7 3.7 | 0.0 2.5 54.1
3 94.8 71.4 8.8 45 | 0.0 2.3 53.8
4 98.9 65.7 10.8 6.1 | 0.0 2.9 63.0
Overall | 96.5 76.2 9.8 3.7 | 0.0 2.7 57.9
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Table 8. Effect of alkali phosphate loading on the vapor phase lactic dehydration reaction
catalyzed by modified NaZSM-5 zeolites

Catalyst Time (h) | Mass Conversion | Selectivity (%)
Recovery | of lacticacid | AceAld | 23P | HyAce | PropA | AA
NaZMS-5 1 93.0 893 247 0/0 0.0 0.2 36.
Unmodified |2 93.4 88.6 283 0.0 |00 03 413
3 90.2 793 30.7 0.0 |00 0.5 46.7
4 96.2 68.1 255 0.0 |00 0,4 49.1
Overall 932 81.3 27,3 0.0 |00 0.4 428
NaZMS-5 1 943 87.6 21.1 0.0 |00 0.0 60.8
KH,PO4 2 91.5 89.8 203 0.0 |00 0.0 56.6
2 mmol/g 3 91.6 92.0 20.0 0.0 |00 0.0 532
4 94.0 91.8 20.5 0.0 |00 0.0 54.1
Overall 92.9 90.3 20.5 0.0 |00 0.0 56.1
NaZMS-5 1 92.6 83.8 16.9 0.0 |00 03 67.0
KH,PO4 2 90.6 85.2 19.5 04 |00 0.0 61.8
3 mmol/g 3 923 85.2 20.2 0.0 |00 0.0 61.0
4 96.3 80.7 18.8 06 |00 0.0 68.6
Overall 93.0 83.7 18.8 02 |00 0.1 64.5
NaZMS-5 1 96.5 97.8 11.7 0.0 |00 0.0 81.0
KH,PO4 2 96.3 98.2 11.8 0.0 |00 0.0 859
4 mmol/g 3 95.7 98.1 12.0 0.0 |00 0.0 82.8
4 101.6 98.1 11.7 0.0 |00 0.0 927
Overall 97.5 98.0 11.8 0.0 |00 0.0 85.6
NaZMS-5 1 94.7 96.0 14.7 09 |00 0.4 74.1
KH,PO4 2 96.1 932 14.4 1.4 |00 0.4 69.4
5 mmol/g 3 97.0 912 13.6 1.7 100 0.9 68.2
4 101.3 88.2 12.8 1.9 100 1.7 67.4
Overall 97.3 922 13.9 1.5 |00 0.8 69.8
NaZMS-5 1 93.7 792 158 0.0 |00 0.0 58.2
KH,PO4 95.4 66.7 220.6 0.0 |00 0.0 535
6 mmol/g 3 94.9 64.6 27.0 0.0 |00 03 43.5
4 98.3 63.2 259 0.0 |00 0.4 4119
Overall 95.6 678.4 22.0 0.0 |00 0.2 498
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Table 9. Effect of feed concentration on the dehydration of lactic acid using modified NaZSM-5

catalyst. .
Feed | Time Mass Lactic acid Selectivity (%)
Conc. | (hr) | Recovery | conversion
(WIV) (%) (%) Acetic 2,3- Hydroxy | Propionic | Acrylic
Acid | Pentanediol | Acetone acid acid
25% 1 94 .4 96.3 153 0.3 0.0 0.0 78.2
2 93.0 949 15.7 0.4 0.0 0.0 80.5
3 949 93.6 155 0.5 0.0 0.0 83.5
4 98.6 92.1 14.4 0.6 0.0 0.0 86.3
Overall 95.2 942 152 0.4 0.0 0.0 82.1
20% 1 93.2 85.6 13.7 0.0 0.0 0.0 73.0
2 95.6 82.1 155 0.0 0.0 0.0 76.8
3 955 82.1 18.4 0.0 0.0 0.0 82.6
4 10.2.0 8.0.8 14.5 0.0 0.0 0.0 81.8
Overall 96.6 82.6 155 0.0 0.0 0.0 78.5
15% 1 93.8 945 9.0 0.0 0.0 0.0 71.0
2 93.9 923 8.7 0.0 0.0 0.0 753
3 941 92.6 8.7 0.0 0.0 0.0 752
4 98.1 91.1 8.1 0.0 0.0 0.0 79.8
Overall 95.0 92.6 8.6 0.0 0.0 0.0 753
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Table 10 Effect of temperature on the dehydration reaction catalyzed by modified NaZSM5

catalyst
Reaction Time Mass Conversion of | Selectivity (%)
Recovery | Lactic Acid AceAld | 23P | HyAce | PropA | AA

Temperature (%) (%)

310°C 1 92.5 62.3 27.6 00 |[0.0 1.1 50.7
2 951 584 29.6 00 |[0.0 0.8 48.2
2 96.0 54.5 25.5 07 (0.0 1.0 51.8
4 102.9 451 258 07 (0.0 1.2 63.1
Overall | 96.6 54.6 274 04 0.0 1.0 532

320°C 1 97.5 67.2 17.0 07 (0.0 0.6 68.2
2 96.7 65.3 19.7 07 (0.0 0.5 61.6
3 97.6 64.1 20.0 09 (0.0 0.5 61.9
4 103.2 64.7 242 1.0 (0.0 0.6 60.3
Overall |98.8 65.3 20.2 08 (0.0 0.6 63.0

330°C 1 95.0 70.2 12.9 00 |[0.0 0.0 70.3
2 97.1 66.7 14.4 00 |[0.0 0.4 74.5
3 96.1 63.7 14.7 00 |[0.0 0.0 74.0
4 101.2 62.3 14.5 00 |[0.0 0.0 79.4
Overall | 973 65.8 14.1 00 |[0.0 0.1 74.4

340°C 1 92.8 96.3 1.5 1.3 0.0 0.4 61.9
2 953 93.7 14.7 20 100 0.7 64.4
3 949 91.0 14.0 24 100 0.7 62.3
4 99.6 87.8 13.7 29 100 1.1 64.1
Overall | 95.7 922 143 21.1 100 0.7 63.2

350°C 1 947 91.6 221 06 |00 0.3 56.2
2 933 89.5 20.7 09 (0.0 0.3 58.0
3 93.0 87.7 19.2 1.1 0.0 0.4 60.8
4 71.5 88.6 143 1.1 0.0 0.3 46.2
Overall | 88.1 89.3 19.1 09 (0.0 0.3 553
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Table 11 Effect of carrier gas flow rate on the dehydration reaction catalyzed by ZSMS catalyst

Carrier | Time Mass Conversion | Selectivity (%)
gas flow | (hr) Recovery | of AceAld | 23P HyAce |PropA |AA
rate (%) lactic acid
(&0))
25 1 95.4 88.2 16.3 0 0 0.4 70.5
cc/min |2 94 86.5 16.7 0.4 0 0.4 66.3
He 3 95 83.3 18.9 0.6 0 0.4 67.7
4 99.1 82.8 19.6 0.7 0 0.7 69.7
Overall | 959 852 17.9 0.4 0 0.5 68.6
55 1 93.1 83.2 9.04 0 0 0 68.7
cc/min |2 953 75.9 10.5 0 0 0 76.8
He 3 953 75.2 11.2 0 0 0 77.6
4 101.8 71.7 12.3 0 0 0 86.4
Overall | 964 76.3 10.8 0 0 0 77.3
110 1 953 69.3 10.4 0 0 0.4 62.8
cc/min |2 97.1 62.1 12.4 0 0.5 0.4 67.4
He 3 98.1 56.2 12.6 0 0.7 0.4 77.3
4 102.2 54.8 14 0 0.6 0 79.7
Overall | 982 60.6 12.2 0 0.4 0.3 71.2
165 1 96.3 98.1 12 0.3 0 0 69
cc/min |2 93.4 98.5 16.4 0.3 0 0 51.9
He 3 92.1 98.8 17 0.3 0 0 46.4
4 945 98.4 133 0.4 0 0 453
Overall | 94.1 98.5 14.7 0.3 0 0 53.1
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Table 12 Effect of carrier gas ty

e on the dehydration reaction catalyzed by ZSMS5 catalyst

Carrier | Time Mass Conversion | Selectivity (%)

Gas (hr) Recovery | of Lactic AccAld | 23P HyAce |PropA |AA

Type (%) Acid

(%)

10%CO |1 96.9 99 4 14.0 0.5 0.0 0.0 79,9

in He 2 97.3 993 142 0.6 0.0 0.0 80.5
3 947 99.2 13.9 0.6 0.0 0.0 78.2
4 103.8 99.0 133 0.7 0.0 0.0 85.3
Overall | 98.1 99.2 13.9 0.6 0.0 0.0 80.9

CO, 1 932 93.7 14.2 0.0 0.0 0.0 76.7
2 93.2 93.2 15.5 0.0 0.0 0.0 79.0
3 945 93 .4 16.6 0.0 0.0 0.0 80.3
4 99.2 92.9 16.5 0.0 0.0 0.0 82.7
Overall | 95.0 93.3 15.7 0.0 0.0 0.0 79.7

N, 1 96.6 86.0 12.2 0.0 0.0 0.0 67.9
2 95.6 79.8 13.5 0.0 0.0 0.0 73.5
3 95.5 773 143 0.0 0.0 0.0 71.7
4 103.9 743 15.1 0.0 0.0 0.0 78.5
Overall | 97.9 79.4 13.7 0.0 0.0 0.0 72.7

He 1 92.0 952 113 0.0 0.0 0.0 74.9
2 94.0 94.0 11.6 0,0 0.0 0.0 823
3 945 93.1 12.2 0.0 0.0 0.0 81.7
4 97.2 92.1 12.1 0.0 0.0 0.0 84.6
Overall | 94.6 93.6 11.8 0.0 0.0 0.0 80.8
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Table13. Effect of calcination temperature for 4. 0K 1/Na-ZSM-5 on lactic acid conversion, mass
recovery, and selectivity for individual product in a dehydration reaction at 3300C. LA: Lactic
acid; AceAld: acetaldehyde; 23P: 2-3pentanedione; HyAce: hydroxyl acetic acid; PropA:
Propionic acid; AA: Acrylic acid

Calcination | Time Mass Conversion | Selectivity (%)
Temperature Recovery | of Lactic AceAld | 23P HyAce | PropA | AA
(%) Acid

100°C 4hr 93.5 83.0 221 0.0 0.0 0.0 50.0
150°C 4hr 92.0 76.3 19.5 0.0 0.0 0.0 41.6
175°C 4hr 95.7 941 10.3 0.0 0.0 0.0 82.2
200°C 4hr 98.5 55.6 12.7 0.0 0.0 0.0 81.7
225°C 4hr 95.9 87.6 12.0 0.0 0.0 0.0 80.2
250°C 4hr 98.1 68.0 13.1 0.0 0.0 0.0 75.6
300°C 4hr

400°C 4hr 96.8 66.1 13.1 0.0 0.0 0.0 74.7
500°C 4hr 96.5 554 18.1 0.9 0.8 0.0 55.6
600°C 4hr 98.6 46.0 1.7 1.7 0.6 0.6 68.1

Samples were analyzed at 1hr, 2nr, 3hr and 4hr and the values provided is an average of all four

values for each sample.

Table 14. Phosphorus elemental analysis of effluent solution from the dehydration reaction over
4.0 K1/Na-ZMS-5 zeolite

Sample P [mg/L] P [mmol] P ratio to catalyst
0 hour n.d - -

Run# 1 - 1 hour 0.21 461x10° 0.001%

Run# 1 - 2 hour n.d - -

Run# 1 - 3 hour n.d - -

Run# 1 - 4 hour 0.10 229x10° 0.001%

Run# 2 - 1 hour 0.29 6.50x10° 0.002%

Run# 2 - 2 hour 0.21 4.73x10° 0.001%

Run# 2 - 3 hour 0.23 5.23x10° 0.001%

Run# 2 - 4 hour n.d - -
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Table 15. Conversion of lactic acid and normalized weight selectivity of major product for
4.0K1/3x Na NH4CZP27 catalysts. LA : l1Actic acid; AceAld: acetaldehyde; 23P 2 3-
Pentanedione; HyAce: hydroxyacetone; PropA: propionic acid; AA: acrylic aid

Catalyst Time Mass Conversion | Selectivity (%)
Recovery | of LA (%) | AceAld | 23P HyAce | PropA | AA
(&0))
4.0K1 1 951 941 14.8 0.0 0.0 0.0 70.5
3xNa 2 94.6 93.9 16.3 0.0 0.0 0.0 72.4
NH4CZp27 | 3 91.6 943 18.0 0.0 0.0 0.0 71.9
4 100.0 942 18.6 0.0 0.0 0.0 76.7
Overall | 953 941 16.9 0.0 0.0 0.0 72.9
Table 16. Elemental analysis of five different ZSM-5 zeolites
Zeolite / Supplier | Element (ppm) Si0,/Al,05
Na K |P Fe |Ca | Mg
NaZSM / Zeolyst | 23354 (38 |nd. |45 |[nd |nd |23
NaZSM / TRICAT | 24342 | 223 | n.d. | 236 | 779 | 240 | 27
NaZSM / Zeolyst | 17814 |45 |nd. |36 |[nd |nd. |50
NaZSM / Zeolyst | 10879 | 70 |nd. |nd. | nd. |nd. |80
NaZSM / Zeolyst | 3395 | 118 |nd. |nd. |nd [nd. |280
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Claim

1 A method comprising:

a) providing a solvent and a reactant comprising at least one member selected
from the group consisting of an a-hydroxycarboxylic acid, an oa-
hydroxycarboxylic acid ester, a p-hydroxycarboxylic acid, a fB-
hydroxycarboxylic acid ester, a cyclic ester thereof, and acetoxylated acid or
ester thereof;

b) providing aporous aluminosilicate material having surface acidity;

c) treating said porous aluminosilicate material with an inorganic salt to reduce
said surface acidity at least by 50%, wherein said decrease in surface acidity of
porous aluminosilicate material is measured by temperature programmed
desorption technique;

d) performing a dehydration reaction at above ambient temperature to produce a,
B-unsaturated carboxylic acid and/or an o, B-unsaturated carboxylic acid ester
with a minimum selectivity of 70%, acetaldehyde with a maximum selectivity
of 20%, 2,3-pentadione with a maximum selectivity of less than 1.0%; and

propionic acid with a maximum selectivity of less than 1.0%.

2. The method of clam 1, wherein said porous aluminosilicate material comprises
aluminum and silicon in theratio 1:1 to 1:150.

3. The method of claim 1, wherein said inorganic salt is selected from a group consisting
of at least one selected from a phosphate, a, sulfate, a nitrate, a carbonate, a halide, a
molybdate, atungstate, a stanate, an antimonite, any combination thereof.

4, The method of clam 1, wherein said porous aluminosilicate material is treated with
said inorganic salt through an incipient impregnation process.

5. The method of clam 1, wherein said porous aluminosilicate material is treated with
said inorganic salt through a wet impregnation process.

6. The method of claim 1, wherein said inorganic salt is selected from a group consisting
of a monosodium phosphate, disodium phosphate, a trisodium phosphate, a potassium
phosphate, a sodium auminum phosphate compound, and any combination thereof.
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The method of clam 1, wherein a part of said surface acidity of porous

aluminosilicate material is BrOnsted acidity.

The method of clam 1, wherein a part of said surface acidity of porous

aluminosilicate materia is Lewis acidity.

The method of clam 1, wherein said dehydration reaction is carried in the
temperature range of 250°C to 400°C.

The method of claim 1, wherein said dehydration reaction is carried with gas hourly
space velocity in the range of 0.4000 — 40,000/hour.

The method of claim 1, wherein said porous aluminosilicate materia is a zeolite
selected from a group consisting of Zeolite A, Zeolite B, Zeolite L, Zeolite X, Zeolite
Y, Zeolite ZK-4, mordenite, beta and Zeolite ZSM-5.

The method of claim 1, wherein said porous aluminosilicate material is ZSM-5.

The method of claim 1, wherein said porous aluminosilicate material has undergone at

least one ion exchange.

The method of claim 1, wherein said porous aluminosilicate material has associated
therewith at least one ion selected from the group consisting of H*, Li*, Na*, K*, Cs',
Mg?*, C&*, Ba?t, L&*, La**, Ce, Ce**, Sm?*, Sm®", Eu?*, Eu*, and any

combination thereof.

The method of claim 1, wherein the dehydration reaction occurs in the presence of a
carrier gas selected from a group consisting of carbon dioxide, helium, and nitrogen

and any combination thereof.

The method of claim 1, wherein the dehydration reaction is performed in a reactor
vessel comprising a reactor material comprising at least on selected from the group

consisting of titanium, silanized stainless steel, quartz, and any combination thereof.
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A method for controlling the surface acidity of a porous aluminosilicate material to a
desired level wherein said process comprising:

(@) obtaining a temperature programmed desorption profile of said porous
aluminosilicate material and calculating surface acidity of said porous aluminosilicate

material;

(b) subjecting said porous auminosilicate material to an ion exchange reaction using
an inorganic salt, obtaining a temperature programmed desorption profile and
calculating surface acidity of said porous aluminosilicate material after ion-exchange

reaction;

(c) optionaly subjecting porous aluminosilicate materia from step (b) to salt
impregnation, obtaining a temperature programmed desorption profile and calculating

surface acidity of said porous aluminosilicate material after salt impregnation; and

(e) optionally repeating the step (a) through (c) with a different salt concentration or
different kind of salt to attain desired level of surface acidity.



