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A process for performing a chemical reaction between a 21) Appl. No.: 10,857,295 (21) Appl. No 1857, plurality of chemical reactants in the presence of a catalyst, 
(22) Filed: May 28, 2004 with at least a first reactant in a liquid phase and at least a 

9 Second reactant in a gas phase, the first and Second reactants 
Related U.S. Application Data mixing at least by interdiffusion. The proceSS comprises 

Supplying the reactants to a passage defined by a first Surface 
(63) Continuation-in-part of application No. 09/894.996, and a Second Surface and optionally moving at least one of 

filed on Jun. 27, 2001, now Pat. No. 6,742,774, which 
is a continuation-in-part of application No. 09/853, 
448, filed on May 10, 2001, now Pat. No. 6,723,999, 
and which is a continuation-in-part of application No. 
09/802,037, filed on Mar. 7, 2001, now Pat. No. 
6,471,392, and which is a continuation-in-part of 

the first Surface and Second Surface relative to each other. 
The reactants their mixture or reaction products form respec 
tive boundary layers against the first and Second Surfaces 
and the radial spacing between the first Surface and Second 
Surface is equal to or less than the back-to-back radial 
thicknesses of the boundary layers. 
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PROCESS FOR HIGH SHEAR GAS-LIQUID 
REACTIONS 

0001. This application is a continuation-in-part of U.S. 
application Ser. No. 09/894.996, filed Jun. 27, 2001, which 
claims the benefit of the prior filing date of U.S. provisional 
patent application No. 60/214.538, filed Jun. 27, 2000, and 
also of U.S. application Ser. No. 10/661,170 filed Sep. 11, 
2003, which claims the benefit of the prior filing date of U.S. 
provisional patent application No. 60/410,185, filed Sep. 11, 
2002, herein incorporated by reference in their entirety. 

BACKGROUND OF THE DISCLOSURE 

0002) 1. Field of the Disclosure 
0003. The present disclosure relates to materials process 
ing involving a chemical and/or a physical action(s) or 
reaction(s) of a component or between components. More 
Specifically, the present disclosure produces a gas-in-liquid 
emulsion in a reactor to continuously proceSS relatively large 
quantities of materials. 

0004 2. General Background and State of the Art 
0005. Apparatus for materials processing consisting of 
coaxial cylinders that are rotated relative to one another 
about a common axis, the materials to be processed being 
fed into the annular space between the cylinders, are known. 
For example, U.S. Pat. No. 5,370,999, issued 6 Dec. 1994 to 
Colorado State University Research Foundation discloses 
processes for the high shear processing of a fibrous biomass 
by injecting a slurry thereof into a turbulent Couette flow 
created in a “high-frequency rotor-Stator device', this device 
having an annular chamber containing a fixed Stator 
equipped with a coaxial toothed ring cooperating with an 
opposed coaxial toothed ring coupled to the rotor. U.S. Pat. 
No. 5,430,891, issued 23 Aug. 1994 to Nippon Paint Co., 
Ltd. discloses processes for continuous emulsion polymer 
ization in which a Solution containing the polymerizable 
material is fed to the annular space between coaxial rela 
tively rotatable cylinders. 

0006 U.S. Pat. No. 5.279,463, issued 18 Jan. 1994, and 
U.S. Pat. No. 5,538,191, issued 23 Jul. 1996, both having the 
Same applicant as the present disclosure, disclose methods 
and apparatus for high-Shear material treatment, one type of 
the apparatus consisting of a rotor rotating within a Stator to 
provide an annular flow passage. U.S. Pat. No. 5,538,191, in 
particular, at column 13, line 37, describes using the disclo 
Sure as a gas/liquid chemical reactor by enveloping the 
greater part of the liquid that clings to the periphery of the 
Spinning rotor with a body of the reactant gas. The high 
peripheral Velocity of the wetted, Spinning rotor causes the 
gas to be in a highly turbulent State of Surface renewal at its 
contact interface with the liquid film. However, this gas/ 
liquid reaction method provides a relatively Small gas/liquid 
contact area and is prone to considerable back-mixing 
(mixing in the longitudinal, axial or general flow direction) 
of the gas component thus providing an undesirably large 
residence time distribution (RTD), impairing the overall 
efficiency of the proceSS. 

0007 Sparging gasses through liquids for reacting the 
gasses with the liquids is also known in the prior art, but also 
fails to provide adequate interfacial contact area between the 
liquid and gas. 
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0008. It would be desirable to provide a large interfacial 
contact area between a liquid and a gas in an efficient 
continuous or batch type process. 

SUMMARY OF THE DISCLOSURE 

0009. According to a first aspect, a process for perform 
ing a chemical reaction between a plurality of chemical 
reactants in the presence of a catalyst, is disclosed. In the 
process at least a first reactant is in a liquid phase and at least 
a Second reactant is in a gas phase. 
0010. The process comprises: Supplying the first reactant 
and the Second reactant in passage defined by a first Surface 
and a Second Surface, the first reactant Supplied in the 
passage in a first reactant flow and the Second reactant 
Supplied in the passage in a Second reactant flow and the first 
reactant mixes with the Second reactant at least by interdif 
fusion. 

0011. In the process, the first reactant, the second reac 
tant, any mixture and reaction products thereof, form a 
respective boundary layers against the first and Second 
Surfaces with a radial spacing between the first Surface and 
Second Surface being equal to or less than a back-to-back 
radial thickness of the boundary layers. 
0012. In the process, the first reactant reacts with the 
Second reactant in the passage. 
0013 According to a second aspect, a process for per 
forming a chemical reaction, between a first reactant and a 
Second reactant in the presence of a catalyst, is disclosed. In 
the process, the first reactant is in a liquid phase and the 
Second reactant is in a gas phase. 
0014. The process comprises: Supplying the first reactant 
and the Second reactant in passage defined by a first Surface 
and a Second Surface, the first reactant reacting with the 
Second reactant in the passage. 
0015. In the process first reactant is supplied in the 
passage in a first reactant flow and the Second reactant 
Supplied in the passage in a Second reactant flow and the first 
reactant mixes with the Second reactant at least by interdif 
fusion. 

0016. In the process, the first reactant, the second reac 
tant, any mixture and reaction products thereof, forming 
respective boundary layers against the first and Second 
Surfaces, a radial spacing between the first Surface and 
Second Surface being equal to or less than a back-to-back 
radial thickness of the boundary layers. 
0017 According to a third aspect a process for perform 
ing a chemical reaction between a first reactant and a Second 
reactant in the presence of a catalyst, is disclosed. In the 
process, the first reactant is in a liquid phase and the Second 
reactant is in a gas phase. 
0018. The process comprises: introducing the first reac 
tant and the Second reactant in an apparatus comprising a 
first Surface and a Second Surface able to move relative to 
each other and moving at least one the first Surface and the 
Second Surface relative to each other. 

0019. In the apparatus the first surface and second surface 
defines a passage and the first reactant reacts with the Second 
reactant in the passage. The first reactant, the Second reac 
tant, any mixture or products thereof form a respective 
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boundary layer against the first and Second Surfaces and a 
radial spacing between the first Surface and Second Surface 
is equal to or less than a back-to-back radial thickness of the 
boundary layers. 
0020. According to a fourth aspect, a process for per 
forming a chemical reaction between a plurality of chemical 
reactants in presence of a catalyst, is disclosed. In the 
process at least one reactant is in a liquid State and at least 
one reactant being in a gas State. 
0021. The process comprises: introducing the at least one 

first reactant and the at least one Second reactant in an 
apparatus comprising a first Surface and a Second Surface 
able to move relative to each other, and moving at least one 
the first Surface and the Second Surface relative to each other. 

0022. In the process the first surface and second surface 
define a passage, the at least one first reactant reacting with 
the at least Second reactant in the passage, the first reactant, 
the Second reactant any mixture and reaction products 
thereof forming respective boundary layers against the first 
and Second Surfaces, a radial Spacing between the first 
Surface and Second Surface being equal to or less than a 
back-to-back radial thickness of the boundary layers 
0023 Preferably the catalyst is introduced in a solid state. 
0024 Preferably the process further comprises moving 
the at least on of the first Surface and Second Surface relative 
to the other. In a second preferred embodiment of the 
process according to the first and second aspects the radial 
spacing between the first Surface and the Second Surfaces in 
the passage ranges from a first radial spacing to a Second 
radial spacing, the first radial spacing greater than the Second 
radial Spacing. 
0.025 Preferred reactions are hydrogen peroxide synthe 
sis, wherein the first reactant comprises a Solution of DI 
H2O and the Second reactant comprises oxygen and hydro 
gen gases, p-Xylene oxidation wherein the first reactant 
being p-Xylene in a Solution with a Suitable Solvent, prefer 
ably water, and the Second reactant is oxygen; and hydro 
genation of an unsaturated fat, wherein the first reactant is an 
oil comprising an unsaturated fatty acid and the Second 
reactant is hydrogen. 
0026. Accordingly, a method and apparatus are disclosed, 
the method and apparatus for producing a gas-in-liquid 
emulsion for providing increased interfacial contact area 
between the liquid and the gas for improved reaction of the 
gas with the liquid, or more rapid Solution or reaction of a 
difficulty soluble or immiscible gas in or with a liquid. 
0027. The method provides a Superior, more economical 
and more efficient way of contacting gases with liquids for 
the purpose of effecting reactions between them to be carried 
out as a continuous or batch type process. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0028 FIG. 1 is a part elevation, part longitudinal cross 
Sectional view of a complete reactor of the present disclo 
Sure, 

0029 FIG. 2 is a transverse cross-sectional view of a 
reactor showing the cylindrical members in a concentric 
configuration with gas and liquid inlets leading to the 
processing chamber, 
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0030 FIG. 3 is a cross-sectional view of an eccentrically 
mounted embodiment of the reactor in which the longitu 
dinal axes of the cylindrical members are displaced to give 
an annular passage that varies in radial width around its 
circumference, the reactor including a Series of gas inlets 
along its length; 
0031 FIG. 4 is a cross sectional view of an eccentrically 
mounted embodiment of the reactor similar to FIG. 3, but 
showing a gas inlet at the top of the reactor and fluid inlets 
along the bottom of the reactor; and 
0032 FIG. 5 is a diagrammatic representation of the 
gas-in-liquid emulsion further illustrating incident white 
light and light Scattered by the gas bubbles. 

DETAILED DESCRIPTION OF THE 
DISCLOSURE 

0033. An efficient reaction process is herein disclosed 
between reactants, wherein the reactants and a catalyst may 
be in different States, Such as gas, liquid and Solid. Accord 
ingly, two or more reactants can be reacted in presence of a 
catalyst in a 3-phase System, wherein at least one first 
reactant is in a liquid phase, and at least one Second reactant 
is in a gas phase, while the catalyst can be in a Solid phase, 
Such as a powder or a paste. 
0034. The first reactant and the second reactant can be 
preheated to a predetermined reaction temperature, while the 
catalyst may or may not be preheated. In the reactions 
discussed below, the catalyst is preferably not preheated. 
Therefore, depending on the parameters, pre-heating of any 
of the components may or may not be necessary. In addition 
to other parameters, the temperature can be controlled to 
optimize the reactions. 
0035. The first reactant and second reactant are intro 
duced into the System in a passage defined by a first and a 
Second Surface. The catalyst can be introduced as an addi 
tional Stream or be included with one of the reactants coming 
in contact with the first and Second reactants to promote the 
reaction. The first and Second reactant material mix at least 
by interdiffusion. The first and the Second reactant materials, 
and material resulting from interdiffusion and any conse 
quent reaction of the materials, form respective boundary 
layers against both Surfaces. The radial spacing between the 
two Surfaces in the passage is equal to or less than the 
back-to-back radial thicknesses of the two laminar boundary 
layers of material against the two Surfaces, and if larger than 
the back-to-back radial thicknesses with a third layer 
between the two boundary layers, the third layer is too thin 
to Support turbulent convection or, uneven channeling. 
0036) The flow rates of the materials in the flow path are 
Such that they are Subjected to laminar shear at the value 
required for the interdiffusion. 
0037. In a preferred embodiment, the first and second 
Surfaces are able to move relative to each other. In this 
embodiment, at least one of the first and Second Surfaces 
moves relatively to the other at least during mixing of the 
first reactant with the Second reactant. The relative move 
ment of the first and Second Surfaces results in the creation 
of a highly sheared Volume of the first and Second reactant 
materials. The atoms of the first reactant and the atoms of the 
Second reactant are maximally exposed to each other and to 
the catalyst. 
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0.038. In the embodiment where at least one of the two 
Surfaces moves relative to the other, the proceSS is more 
preferably carried out in the apparatus described herein, in 
particular in a reactor wherein the first and Second Surfaces 
are the Surfaces of a Stator and a rotor, and the first and 
Second reactant are introduced into the gap between the 
Surfaces of the Stator and rotor. 

0039. As discussed herein, the stator and rotor Surfaces 
have a SmoothneSS Such that formation of Taylor Vortices 
during mixing of the reactants in the processing passage is 
inhibited. 

0040. A reactor 8 is illustrated by FIGS. 1-4, and 
described in greater detail in U.S. patent Ser. No. 09/802,037 
entitled “Method and Apparatus for Materials Processing”, 
filed Mar. 7, 2001 and U.S. Pat. No. 5,538,191 entitled 
“Methods and Apparatus for High-Shear Material Treat 
ment” both of which are hereby incorporated by reference in 
their entirety. An annular croSS Section processing chamber 
44 having an annular gap is formed between an outer 
cylindrical member or cylindrical tube 30 comprising a 
Stator and a cylindrical rotor or inner cylindrical member 42. 
Liquid and gas enter the processing chamber 44 through 
inlets 14. The cylindrical members 30, 42 rotate relative to 
each other producing a shear force on the liquid, gas and any 
other reactants as they are pumped through the processing 
chamber and out an outlet 52 at the downstream end of the 
processing chamber 44. 

0041 Turning to FIGS. 1, 2 and 6 in particular, reactants 
are fed from supply tanks 10, 16, 20, respectively. Before 
being introduced in the System reactants can be heated in a 
heater such as heater 110 and 116. Also shown are metering 
pumps 12 and 18 leading from the Supply tanks 10, 16 and 
into the inlet 14. The reactants can be acqueous Solutions and 
a gas Such as carbon dioxide. The reaction can occur at room 
temperature and atmospheric preSSure for example, although 
other temperatures and pressures can be chosen as appro 
priate. 

0042. The reactor comprises a baseplate 22 on which is 
mounted rotor bearing Supports 24, Stator Supports 26 and a 
variable speed electric drive motor 28. The cylindrical 
member 30, comprising the apparatus Stator, is mounted on 
the Supports 24. A rotor shaft 40 extends between the 
Supports 24 and is Supported thereby, one end of the Shaft 
being connected to the motor 28. The shaft 40 carries the 
cylindrical member 42, comprising the apparatus rotor. The 
processing chamber 44 is formed between the inner cylin 
drical Surface 46 of the cylindrical member 30 and the outer 
cylindrical surface 48 of rotor 42 and face body 51. The ends 
of the chamber are closed against leakage by end Seals 50 
that Surround the shaft 40. 

0043. In the embodiment of FIGS. 1 and 2, the cylin 
drical member 42 is shown with its axis of rotation roughly 
coincident, or concentric, with the longitudinal axis of the 
cylindrical member 30. The processing chamber 44 is shown 
having a radial dimension of H. 

0044) In another embodiment, as illustrated in FIGS. 3 
and 4 for example, the cylindrical member 42 has its axis of 
rotation not coincident with, but rather eccentric, relative to 
the longitudinal axis of the cylindrical member 30. The 
processing chamber 44 has a Smaller radial dimension G and 
a larger radial dimension H diametrically opposite. The 
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processing chamber 44 is therefore circumferentially alter 
nately convergent from the portion having the dimension H 
to the portion having the dimension G at which portion the 
Surfaces 46, 48 are spaced a minimum distance apart and the 
maximum shear is obtained in the flowing material; the 
chamber 44 is then divergent from the portion having the 
dimension G to the portion having the dimension H. 
0045 Rather than the horizontal orientation of FIG. 1, 
the reactor can be configured vertically with the outlet 52 at 
the top. Other orientations can be used as well. Also, other 
inlet and outlet configurations can be used. For example, in 
FIG.3 a series of inlets 14 positioned along the length of the 
reactor 8 and passing through the cylindrical member 30 
Supply gas into the processing chamber 44. FIG. 4 shows an 
embodiment in which both the inlet (not shown) and outlet 
52 are disposed at the lowermost part of the cylindrical 
member 30, while the gas is fed into the processing chamber 
44 by a separate inlet 146. In a general embodiment, the 
reactants are pumped into the inlets 14, through the pro 
cessing chamber 44 and out an outlet. The inlets 14 and 
outlets 52 can be at opposite ends of the length of the 
processing chamber 44 to allow mixing and reacting along 
the length of the processing chamber 44. 
0046 U.S. Provisional Application No. 60/214.538 
entitled “Process for High Shear Gas-Liquid Reactions” 
filed on Jun. 27, 2000, which is hereby incorporated by 
reference in its entirety, describes the use of the reactor 8 for 
gas/liquid reactions. The reactor emulsifies the gas into the 
liquid providing increased contact between the liquid and 
gas for more efficient reactions. A gas-in-liquid emulsifica 
tion can be created by narrowing the radial dimension 
between the surfaces 46, 48 of the processing chamber 44 
while rapidly rotating the rotor cylindrical member 42 
relative to the stator cylindrical member 30. 
0047 For the gas-in-liquid emulsification to occur, the 
radial dimension between the Surfaces 46 and 48 of the 
processing chamber 44 should be approximately equal to or 
less than the combined thickness of the two laminar bound 
ary layers. AS the material being processed flows in the 
processing chamber 44, a respective boundary layer forms 
on each of the Surfaces 46 and 48, the thickness of which is 
determined by the viscosity and other factors of the material 
being processed and the relative flow velocity of the material 
over the surface. The laminar boundary layer for a fluid 
flowing over a flat Surface along a path length X, which in the 
disclosure is taken as one circumferential flow length around 
the rotor Surface, may be determined by the equation: 

4.91 

VN 

0048 where N is the product of length X and the 
flow velocity divided by the kinematic viscosity. 

0049. In addition to having a radial dimension require 
ment, the peripheral Speed of the rotor cylindrical member 
42 relative to the stator cylindrical member 30 should 
exceed approximately four meters per Second for the gas 
in-liquid emulsification to occur. The upper limit on the 
peripheral Speed is determined by the application. For 
example, too great a speed might destroy living microbes or 
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long molecular chains. Also, too great a Speed can Subject 
the reactor 8 to unnecessary StreSS and Strain. 
0050. The required radial dimension and peripheral speed 
can vary depending on conditions. The radial dimension 
requirement and peripheral Speed required for the onset of 
the emulsification phenomenon can be determined experi 
mentally for given reactants under Specified conditions. The 
onset of this emulsification phenomenon is indicated by the 
appearance of a white colored turbidity of the fluid agitated 
in the processing chamber 44. The Stator cylindrical member 
48 can, for observation purposes, be made of glass. 
0051. The grayish-white to white, almost milk like tur 
bidity Supply energy into the processing chamber 44 through 
a port 58 and window 60 as illustrated in FIGS. 2 and 3. 
This use of energy is described in greater detail in U.S. 
patent Ser. No. 09/853,448 entitled “Electromagnetic Wave 
Assisted Chemical Processing” by Holl filed May 10, 2001 
which is hereby incorporated by reference in its entirety. The 
energy can also be used to create or facilitate additional 
reaction capabilities. 
0.052 Also, the cooperating surfaces 46 and 48 in FIGS. 
2 and 3 can be coated with a catalyst to facilitate a chemical 
or biological reaction that constitutes the processing Step. 
The catalytic material can enhance chemical, bio-chemical 
or biocidal reactions in the processing passage. 
0053. The reactor 8 can be quickly and thoroughly 
cleaned. Deposits forming and blocking the irradiation are 
generally not a problem. For example, even if the reactant is 
a Sticky opaque Substance, the Surfaces 46, 48 and window 
60 are easily cleaned. By running the reactor 8 with clean 
water for enough time for the water to pass from the inlet 14 
to the outlet 52, Substances clinging to the surfaces 46, 48 
and the window 60 are generally washed away. In most 
cases the Surfaces of the processing chamber 44 are clean 
within five seconds. This efficient cleaning ability is due to 
the extremely hard Shear forces created by the rotor cylin 
drical member 42 and stator cylindrical member 30 rotating 
relative to each other. In most cases, no contaminants will 
even form on the window 60 or Surfaces 46, 48 of the 
processing chamber 44 due to the hard Shear forces on 
pulling the materials moving through the reactor 8. 
0.054 The gas/liquid reaction can be used in an oxygen 
ation process, or an enzyme reaction process, as examples. 
Additionally, Solids, Such as catalytic powders, can be added 
to the processing chamber 44 to form a gas/liquid/solid 
emulsion to provide a gas/liquid/solid reaction which can 
also be enhanced by the application of electromagnetic or 
longitudinal pressure energy as described below. 

0.055 As more fully described in other sections of this 
description, the first and Second reactants are mixed by 
relative movement of the Stator and rotor at a relative Speed 
rate to create a highly sheared Volume, resulting in the atoms 
of the first reactant and the atoms of the Second reactant 
receiving maximum exposure to each other and to the 
catalyst, thereby increasing reactivity. In particular, disso 
lution or emulsification of the gas into the liquid quickly 
makes a large total Surface area of the gas available for the 
reaction with the other components. 
0056. The time for the diffusion of the gas in the liquid is 
reduced to a very Short period. Since, in reactions between 
reactants in gas and liquid phases, the rate limiting Step is the 
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transport of the gas through the liquid to the reaction site, the 
increase in the ability of the gas to dissolve into the liquid 
and reach the reactant in the liquid phase because of the 
Shearing, results in an increase in the efficiency of the 
reaction. 

0057 Additionally, the apparatus allows de-coupling and 
Separate control of the key parameters controlling the effec 
tiveness of the reaction, Such as control of the temperature 
and flow rate of each reactant into the System. Accordingly, 
the efficiency of the reaction is greatly improved, even to the 
point that a reaction can be carried out in an equilibrium 
condition. 

0058. In the system herein disclosed, the reaction rate is 
therefore finely controllable; for example, by controlling the 
flow rate, temperature, pressure and/or other parameters of 
the first and Second reactants in the passage, and of addi 
tional compounds introduced into the System. In this way, 
the residence time, the exposure of the compounds to each 
other in the reaction, the temperature of the reactants before 
and during the desired reaction, as well as other commonly 
understood parameters, can be controlled. Temperature can 
be controlled very rapidly to the desired conditions. Analo 
gously, the flow rate of the first reactant and the flow rate of 
the Second reactant can be variably controlled to create the 
desired reaction conditions. 

0059 Referring to FIGS. 2 and 3, the first and second 
reactants are introduced into the apparatus through the inlets 
shown. In particular, the reactants can be introduced through 
inlets (14), (10), (16) and/or (20). The reactants may be run 
through a pre-heater, Such as heaters 110 and 116, to bring 
the temperature of the reactants to the desired temperature of 
reaction. 

0060. The catalyst can be introduced through an inlet or 
Side port or can be introduced together with a reactant into 
the feed Stream. The catalyst can be introduced as a paste 
formed by a mixture of a viscous fluid compatible with the 
reaction and having a consistency at room temperature Such 
that it keeps the catalytic particles from falling out. The 
catalyst can be introduced into the reactor also as a powder 
or a coating on the Surfaces of the Stator and/or rotor. The 
catalyst may be in a heterogeneous form So that during 
mixing of the first and Second reactants the catalyst disperses 
rapidly into the reaction mixture in a dispersed form. 
0061 The first reactant and second reactant are intro 
duced into the reactor in proper Stoichiometric amounts. The 
amounts are identifiable by a person skilled in the art in View 
of Such factors as the reactant employed, the reactor con 
figuration and operating characteristics, Such as Stator diam 
eter, rotor/stator gap, working length and reactor Volume. 
0062) The main reactant is usually introduced first, pref 
erably near the very head end of the rotor to have material 
flooding around the tip of the rotor to reduce air bubble 
formation. The other reactants and the catalyst can be 
introduced through inlets placed downstream. In the appa 
ratus of FIGS. 3 and 4, one other reactant is preferably 
introduced through an inlet placed in communication with 
gap G, for mixing of the main reactant in the narrow gap. 
However, it is also possible to introduce the reactants at the 
back of the reactor and allow them to flow toward the head. 
In this embodiment, the main reactant is introduced closest 
to the back of the reactor and additional reactants are added 
downstream. 
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0.063. The optimal flow rate of each reactant is dependent 
on the reactor configuration and characteristics. The various 
parameters, Such as temperature and pressure, and others 
Such as those discussed above, are adjusted to maintain the 
Stoichiometry of the reaction. 

0064. The residence time of the reactants in the reactor is 
a function of the flow rate and reactor dimension and can be 
tailored to the desired reaction rate. In any case, in View of 
the ability to Separately control the reaction parameters in 
the System, the residence time to achieve completion of the 
reaction can be reduced to ranges of Seconds. 
0065. The temperature in the reactor during the reaction 
can be controlled by the transducers (54) and use of a heat 
eXchange medium as discussed herein. 
0.066 Exemplary representative reactions that can be 
performed in the System herein disclosed are hydrogenation 
of fatty acids, including hydrogenation of vegetable oil, 
p-Xylene oxidation, aldehyde oxidation and hydrogen per 
oxide Synthesis. 
0067. Hydrogenation 
0068. With respect to the hydrogenation reaction, unsat 
urated fats are introduced as a first reactant in the reactor as 
a liquid component, Such as Vegetable oil. Other materials 
can by hydrogenated in the process herein described; for 
example, unsaturated carbon compounds Such as acetylenes 
or olefins, nitrogen compounds Such as imines, nitroSo 
compounds nitro compounds or nitriles, carbonyl com 
pounds Such as carboxyllic acids, esters, aldhydes and 
ketones, and aromatic compounds Such as benezene or 
phenols. 

0069. Hydrogen gas is introduced into the reactor as a 
Second reactant. Hydrogen can be Supplied by dispropora 
tionation reactions occurring between reactants in the SyS 
tem. 

0070 The catalyst is usually provided in the form of a 
paste, but can also be provided in other forms. For hydro 
genation of fats and oils, the preferred catalyst is finely 
divided nickel, or occasionally copper. Hydrogenation of 
other compounds normally involves catalysts based on plati 
num group metals. Such as nickel, palladium, platinum, 
ruthenium, rhodium, osmium, or irridium. The catalyst can 
be finely divided or supported on the surface of another 
material Such as carbon, alumina or barium Sulfate to name 
a few. 

0071 Catalysts delivered as particles are also referred to 
as heterogeneous catalysts. Dissolved catalysts are also 
referred as homogeneous catalysts. A heterogeneous catalyst 
can be delivered as a metal containing compound dissolved 
in a Solution. A homogeneous catalyst can be associated with 
ligands that alter the catalyst's behavior (e.g., make it 
possible to preferentially catalyze specific types of bonds or 
produce a specific chiral product). In any case both hetero 
geneous and homogeneous catalysts can be used in the 
proceSS for performing a chemical reaction of the type 
herein disclosed. 

0.072 The catalyst is provided through one of the inlets of 
the System. The inlets used to introduce the reactants and the 
catalyst are preferably close to each other, for example in a 
Space ranging up to 0.5 inches. 
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0073. The unsaturated fat source and the hydrogen are 
preferably pre-heated to a predetermined temperature, which 
usually constitutes the desired temperature of the reaction. 
Temperatures can be varied in a range that spans from the 
traditionally used reaction temperature up to a very high 
temperature. For example, gas and vegetable oil can be 
pre-heated to a temperature that is in a range of 100° C. to 
240° C. 

0074 The first and second reactants are then introduced 
into the reactor. As a first reactant, the oil is preferably 
introduced first through an inlet preferably located at the 
head of the rotor, while the hydrogen and catalyst are 
preferably introduced through inlets downstream, which are 
aligned along the reactor. 
0075 For a reactor having a working volume of 1.36 
milliliters, the flow rate of hydrogen ranges from approxi 
mately 0.05 standard liters per minute up to about 3 standard 
liters per minute. The flow rate of oil ranges from about 0.3 
ml/min up to about 4.0 ml/min. The catalyst can have a flow 
rate ranges from approximately 0.002 ml/min to approxi 
mately 0.6 ml/min. Pressure is usually between about 15 and 
30 psi. 
0076 For example, in such a reactor, if the gas flow rate 
is about 0.05 to 3 standard milliliters per minute, the 
corresponding oil flow rate would be approximately 0.3 
ml/min to 8 ml/min. 

0077 Accordingly, with an oil flow rate of about 4 
milliliters per minute, the gas flow rate could range from 
approximately 0.69 ml/min to 1.38 ml/min. For an approxi 
mate 1 milliliter per minute oil flow rate, the gas flow rate 
would range from approximately 0.2 up to 0.35 milliliters 
per minute. 
0078 Reactors with different working volumes would 
require an adjustment of the parameters. The gas flow rate 
would increase commensurate with the oil flow rate and the 
reactor Volume in an approximate linear expansion to main 
tain Steoichiometry. For example, if a reactor has a working 
volume of 1.36 milliliter and the hydrogen gas flow rate is 
1 liter a minute and the oil flow rate is 2.6 milliliters a 
minute, a reactor having a working Volume of about 7 
milliliters would have the two flow rates scaled up to about 
13.38 ml/min and 5.15 liter/min respectively. 
0079 A person skilled in the art could identify further 
variations of the above as well as other parameters. 
0080. The temperature during the reaction can be con 
trolled by way of a heat eXchanger along the reactor. For 
example, the reaction can be run at any temperature from 
approximately 100° C. to 240° C. 
0081. As performed in the apparatus herein described, a 
hydrogenation reaction has a residence time which can be in 
the range of Seconds, Such as within 10 Seconds. Also, by 
controlling the flow rates of the reactants and the tempera 
ture, it is possible to tailor the degree of hydrogenation. In 
this way, the nature of the final product can be controlled. 
0082 For example, if the reactor is run at a temperature 
of 240°C. with an oil flow rate of 1.0 ml/min, a catalyst flow 
rate of 0.293 ml/min and a hydrogen flow rate of 0.345 
liters/min we obtain an oil with an IV number of 30.5. If the 
temperature of the reactor is lowered to 180° C. the IV 
number increases to 51.5. Similarly, if the temperature is 
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kept the same but the flow rate is increased from 1 ml/min 
to 4 ml/min, and the proportion of catalyst and hydrogen is 
kept the Same, the IV number of the product increases to 
78.2. Since the IV number is a measure of the number of 
unsaturated bonds in the oil, lower IV numbers mean that the 
oil is more completely hydrogenated. Therefore, decreasing 
the oil flow rate will increase the degree of hydrogenation, 
and increasing the temperature will increase the degree of 
hydrogenation. Of course all the numbers cited in this 
disclosure are approximate numbers. 
0.083. The above system allows very high yields of 
hydrogenation, but most of all, allows the degree of hydro 
genation of the unsaturated fatty acids to be controlled. 
0084 P-xylene Oxidation 
0085. The disclosed system allows the selective oxida 
tion of xylene to terephthalic acid (diacid), using pure 
oxygen as the oxidant, and allows performing this oxidation 
in various Solutions. 

0.086 Media used in art to perform this oxidation, such as 
acetic acid, can be used in the disclosed System. In a 
preferred embodiment, these media are replaced with water. 
In this way, the process herein disclosed allows reduction of 
material waste, reduction or elimination of potential pollut 
ants, and reduction or elimination of Secondary processing 
of the TPA to make PTA to remove partially oxydized 
p-Xylene which can carry over as a contaminant. 
0.087 Using water makes the process cleaner and more 
environmentally friendly. Additionally, pure oxygen can be 
used instead of air without decreasing Safety thus allowing 
the Safer use of pure oxygen because of the Smaller Volume 
of material in proceSS at any given time. 
0088. The reactants and the catalyst are introduced into 
the apparatus in a manner Similar as outlined above with 
reference to the hydrogenation reaction. 
0089. The catalyst, which maybe cobalt acetate, can have 
a concentration between 0.01 and 4 Wt % in the reaction 
Solvent water. The use of cobalt acetate results in a leSS 
corrosive catalyst formulation. Traditional catalysts, Such as 
a Co, Mn and Br solutions can be used in the embodiment 
wherein the Solvent is Selected among traditional media, 
preferably in a Ti reactor. Typical catalyst formulations for 
the Co/Mn/Br catalyst system can have molar ratios of 
1/1-5/0.2-1.0 with the cobalt Salt concentration in the 0.1 
molar range. 
0090. In a reactor having a working volume of 7.0 
milliliter, the xylene flow rate can be varied between 0.1 and 
2.5 ml/min. The reaction temperature can be varied from 
about 80 to 145 C., the higher temperature being preferred. 
The initiator can be an active aldehyde and acetaldehyde or 
Valeraldehyde can be used in an approximate 1-2 mol % 
ratio based on the catalyst concentration. Pure oxygen can be 
used as the oxidant instead of air and the oxygen ratio can 
be varied from about 3:1 to about 12:1 oxygen:Xylene. 
0.091 The reactor pressure can be in a range from about 
100 to 200 PSIG. The rotor spin rate can be about 5000 rpm 
and the residence time for the complete reaction mixture 
under these conditions will vary from less then a minute to 
about 7 minutes. 

0092. In place of water a mixture, of solvents can also be 
used Such as organic/water mixtures or ionic liquids. 
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Organic co-Solvents, Such as acetonitrile, that are resistant to 
oxidation are preferred. Ionic liquids, inorganic material 
with an organic group which are liquid under reaction 
conditions, are also viable Solvents as long as they are not 
oxidized during the reaction. 
0093. The oxidation performed with the system disclosed 
herein allows a very high yield, i.e. up to 95% conversion. 
0094) Hydrogen Peroxide Synthesis 
0095 Hydrogen peroxide synthesis is an embodiment of 
the disclosed reaction proceSS performed in a 3-phase multi 
component System, wherein more than two reactants are 
reacted together with at least one first reactant being in a 
liquid State and at least one reactant being in a gas State. 
Oxygen and hydrogen gases can be combined with a Solu 
tion of DI H2O, NaCl and Sulfuric acid in the presence of a 
catalyst, Such as palladium, to form hydrogen peroxide. 
0096. Other reactants can be employed in performing this 
reaction. Suitable reactants include other halide Salts, for 
example NaBr or NaI, other Strong acids Such as nitric acid 
and other precious metal catalysts with palladium being 
preferred. Organic co-Solvents can also be used to enhance 
the gas Solubilities. 
0097. In one possible embodiment, a solution of DI HO 
NaCl and Sulfuric acid constitutes a reactant in liquid phase, 
while oxygen and hydrogen constitute reactants in gaseous 
phase. A catalyst, for example in form of a Suspension, is 
also added to the reaction. The DI Solution and the reactants 
can be introduced in the reactor with a process Similar to the 
one described for the other reactions above. Alternatively the 
hydrogen and oxygen can be mixed before introducing them 
into the reactor. 

0098. The DI solution is preferably introduced in the 
reactor through the main inlet in the head end, preferably via 
a pump Such as the Quizix High Temp pump. The Solution 
is preferably preheated in the preheated block. 
0099] The primary flow rate of the DI solution can be for 
example 1.3618 ml/min. A solution of glycerin and Pd black 
is also metered into a different inlet, Such as the Secondary 
inlet of the reactor via a pump Such as an Isco Syringe pump. 
Between the pump and the reactor, the Solution is preferably 
passed through a pre-heater, Such as heater 110 or 116. 
0100. The catalyst flow rates can range from 0.015-0.15 
1/min. Zero grade oxygen gas can be metered into a tertiary 
inlet of the reactor via an mass-flow controller. The flow 
rates may range from about 1.355 to about 1.385 standard 
liters per minute (SLPM). Ultra high purity hydrogen gas 
may also be metered into the tertiary inlet of the reactor via 
another mass-flow controller. The flow rates can range from 
about 108.8 to about 217.6 standard cubic centimeters per 
minute (SCCM). Between the controller and the reactor, the 
gases may pass through a pre-heat heat eXchanger before 
entering the reactor. 
0101 Returning to FIG. 3, the illustrated embodiment 
can be used for an enzyme reaction process. The axis of 
rotation of the rotor cylindrical member 42 is eccentrically 
mounted relative to the longitudinal axis of the Stator 
cylindrical member 30, So that the radial processing cham 
ber 44 differs in dimension circumferentially around the 
rotor. A heat eXchange Structure is provided having an outer 
casing 32 and heat eXchange material 34, Since Such pro 
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ceSSes usually are exothermic and Surplus heat must be 
removed for optimum operative conditions for the microor 
ganisms. A Series of oxygen feed inlets 14 are arranged 
along the length of the Stator and the oxygen fed therein is 
promptly emulsified into the broth, providing uniformly 
dispersed, micron-fine bubbles instead of being Sparged 
therein with millimiter size bubbles of non-uniform distri 
bution, as with conventional enzyme reaction Systems. The 
carbon dioxide that is produced is vented from the upper part 
of the processing passage through a vent 56. The reactor 
according to FIG. 3 is designed to operate continuously and 
provides a continuous and uniform CO2 removal along the 
upper portion of the rotor which is constantly wetted with a 
film of broth of uniform mixedness of all ingredients. Also 
shown is the port 58 and window 60 as described with 
reference to FIG. 2. 

0102) The apparatus of the disclosure is generically a 
reactor process and apparatus, and a reactor consists of the 
vessels used to produce desired products by physical or 
chemical means, and is frequently the heart of a commercial 
processing plant. Its configurations, operating characteris 
tics, and underlying engineering principles constitute reactor 
technology. Besides Stoichiometry and kinetics, reactor 
technology includes requirements for introducing and 
removing reactants and products, Supplying and withdraw 
ing heat, accommodating phase changes and material trans 
fers, assuring efficient contacting among reactants, and 
providing for catalyst replenishment or regeneration. These 
issues are taken into account when one translates reaction 
kinetics and bench-Scale data into the design and manufac 
ture of effective pilot plants, and thereafter Scale up Such 
plants to larger sized units, and ultimately designs and 
operates commercial plants. 
0103) While the specification describes particular 
embodiments of the present disclosure, those of ordinary 
skill can devise variations of the present disclosure without 
departing from the inventive concept. 

I claim: 
1. A proceSS for performing a chemical reaction between 

a first reactant and a Second reactant in the presence of a 
catalyst, the first reactant being in a liquid phase and the 
Second reactant being in a gas phase, the process compris 
Ing: 

Supplying the first reactant and the Second reactant to a 
passage defined by a first Surface and a Second Surface, 
the first reactant Supplied to the passage by a first 
reactant flow and the Second reactant Supplied to the 
passage by a Second reactant flow, the first reactant 
mixing with the Second reactant at least by interdiffu 
Sion, the first reactant, the Second reactant and any 
mixture and reaction products thereof, forming respec 
tive boundary layers against the first and Second Sur 
faces, a radial spacing between the first Surface and 
Second Surface being equal to or less than a back-to 
back radial thicknesses of the boundary layers, the first 
reactant reacting with the Second reactant in the pas 
Sage. 

2. The process of claim 1, further comprising moving at 
least on of the first Surface and Second Surface relative to 
each other. 

3. The process of claim 2, wherein the radial spacing 
between the first Surface and the Second Surface in the 
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passage ranges from a first radial Spacing to a Second radial 
spacing, the first radial spacing greater than the Second radial 
Spacing. 

4. The process of claim 1, wherein the chemical reaction 
is p-Xylene oxidation, the first reactant being p-Xylene in a 
Solution with a Suitable Solvent, the Second reactant being 
OXygen. 

5. The process of claim 4, wherein the solvent is water. 
6. The process of claim 1, wherein the chemical reaction 

is hydrogenation of unsaturated fatty acids, the first reactant 
being an oil comprising an unsaturated fatty acid and the 
Second reactant being hydrogen. 

7. A process for performing a chemical reaction between 
a plurality of chemical reactants in the presence of a catalyst, 
at least a first reactant being in a liquid phase and at least a 
Second reactant being in a gas phase, the process compris 
Ing: 

Supplying the first reactant and the Second reactant to a 
passage defined by a first Surface and a Second Surface, 
the first reactant Supplied to the passage by a first 
reactant flow and the Second reactant Supplied to the 
passage by a Second reactant flow, the first reactant 
mixing with the Second reactant at least by interdiffu 
Sion, the first reactant, the Second reactant and any 
mixture and reaction products thereof, forming respec 
tive boundary layers against the first and Second Sur 
faces, a radial spacing between the first Surface and 
Second Surface being equal to or less than the back-to 
back radial thicknesses of the boundary layers, the first 
reactant reacting with the Second reactant in the pas 
Sage. 

8. The process of claim 7, further comprising moving at 
least one of the first Surface and Second Surface relative to 
each other. 

9. The process of claim 8, wherein the radial spacing 
between the first Surface and the Second Surfaces in the 
passage ranges from a first radial Spacing to a Second radial 
spacing, the first radial spacing greater than the Second radial 
Spacing. 

10. The process of claim 7, wherein the chemical reaction 
is p-Xylene oxidation, the first reactant being p-Xylene in a 
Solution with a Suitable Solvent, the Second reactant being 
OXygen. 

11. The process of claim 10, wherein the solvent is water. 
12. The process of claim 7, wherein the chemical reaction 

is hydrogenation of unsaturated fatty acids, the first reactant 
being an oil comprising an unsaturated fatty acid and the 
Second reactant being hydrogen. 

13. A process for performing a chemical reaction between 
a first reactant and a Second reactant in the presence of a 
catalyst, the first reactant being in a liquid phase and the 
Second reactant being in a gas phase, the process compris 
Ing: 

introducing the first reactant and the Second reactant into 
an apparatus comprising a first Surface and a Second 
Surface able to move relative to each other, the first 
Surface and Second Surface defining a passage, the first 
reactant reacting with the Second reactant in the pas 
Sage, the first reactant, the Second reactant and any 
mixture and reaction product thereof forming a respec 
tive boundary layer against the first and Second Sur 
faces, a radial spacing between the first Surface and 
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Second Surface being equal to or less than the back-to 
back radial thicknesses of the boundary layers, and 

moving at least one of the first Surface and the Second 
Surface relative to the other. 

14. The process of claim 13, wherein the radial spacing 
between the first Surface and the Second Surfaces in the 
passage ranges from a first radial Spacing to a Second radial 
spacing, the first radial spacing greater than the Second radial 
Spacing. 

15. The process of claim 13, wherein the catalyst is 
introduced into the apparatus in a Solid phase. 

16. The process of claim 13, further comprising bringing 
at least one of the first reactant and the Second reactant to a 
predetermined temperature, before introducing the first reac 
tant and the Second reactant into the apparatus. 

17. The process of claim 16, wherein bringing at least one 
of the first reactant and Second reactant to a predetermined 
temperature is performed by passing at least one of the first 
reactant and Second reactant through a pre-heater device 
connected to the apparatus. 

18. The process of claim 13, wherein the apparatus has a 
head end and a body, a first inlet located on the head end and 
a Second inlet located on the body, the first reactant intro 
duced in the apparatus through the first inlet, the Second 
reactant introduced in the apparatus through the Second 
inlet. 

19. The process of claim 14, wherein the apparatus has a 
head end and a body, a first inlet located on the head end and 
a second inlet located on the body, the second inlet con 
nected to a portion of the passage having the Second radial 
Spacing. 

20. The process of claim 13, wherein introducing the first 
reactant and the Second reactant is performed contempora 
neously with moving at least one of the first Surface and the 
Second Surface. 

21. The process of claim 13, wherein the chemical reac 
tion is p-Xylene oxidation, the first reactant being p-Xylene 
in a Solution with a Suitable Solvent, the Second reactant 
being Oxygen. 
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22. The process of claim 21, wherein the solvent is water. 
23. The process of claim 13, wherein the chemical reac 

tion is hydrogenation of unsaturated fatty acids, the first 
reactant being an oil comprising an unsaturated fatty acid 
and the Second reactant being hydrogen. 

24. A process for performing a chemical reaction between 
a plurality of chemical reactants in presence of a catalyst, at 
least one reactant being in a liquid State and at least one 
reactant being in a gas State, the process comprising: 

introducing the first reactant and the Second reactant into 
an apparatus comprising a first Surface and a Second 
Surface with at least one of Said Surfaces able to move 
relative to the other, the first Surface and Second Surface 
defining a passage, the first reactant reacting with the 
Second reactant in the passage, the first reactant, the 
Second reactant and any mixture and reaction product 
thereof forming a respective boundary layer against the 
first and Second Surfaces, a radial spacing between the 
first Surface and Second Surface being equal to or less 
than the back-to-back radial thickness of the boundary 
layers, and 

moving at least one of the first Surface and the Second 
Surface relative to the other. 

25. The process of claim 24, wherein the radial spacing 
between the first Surface and the Second Surface ranges from 
a first radial spacing to a Second radial spacing, the first 
radial spacing being greater than the Second radial spacing. 

26. The process of claim 24, further comprising bringing 
at least one the reactants to a predetermined temperature, 
before introducing the first reactant and the Second reactant 
into the apparatus. 

27. The process of claim 24, wherein the chemical reac 
tion is formation of hydrogen peroxyde, the reactants com 
prising oxygen and hydrogen gases, a glycerine Solution and 
a Solution of DI H2O. 


