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Abstract

This book mainly focused on the subject of chemical process
intensification, in which the connotation and the importance of this
subject were stated, the research status of chemical process intensification
at home and abroad, the method and the development trend of process
intensification were described, the main problems and challenges of
this subject were specified and suggestions and countermeasures were
proposed for the future development of this subject.

1.Connotation and importance of chemical process intensi-
fication

Chemical process intensification refers to the technology that can
improve the rates of chemical reaction and heat and mass transfer per
unit volume, that can achieve the match between the rate of transport
phenomena and the rate of chemical reaction, the match between the
performance of heat transfer and the rate of reaction heat generation,
the match between the residence time and the rate of chemical reaction,
and the match between the reactor type and the reaction behavior, that
can achieve the full potentiality of chemistry system or catalyst, and that
can achieve the purpose of ‘smaller, faster, safer, more sustainable and
cheaper production’.

During the past century of chemical engineering development,
especially since the middle of 20" century, process industry has
experienced explosive development in both market and plant capacity,
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which has led to excessive consumption of resource and energy, to
challenging problems of safety and environmental protection, and to
rapid demand of new products with specific properties. The first stage
of chemical engineering development mainly involved ‘unit operation’
while the second stage mainly focused on the milestone development
of ‘transport phenomena and chemical reaction’. Since the end of 20"
century, new schemes, including ‘product engineering’, ‘transport
phenomena and chemical reaction plus other phenomena’, ‘multi- or
meso- scale theory and method’, of chemical engineering have emerged.
However, obvious bottleneck of chemical engineering development is
also present when tackling the various problems in the process industry.
Considering the potential risk, it is not the priority of market and
company for adopting new technologies. Process simulation, optimized
control and equipment intensification have been gradually favored
by the chemical and process industry. In addition, the environmental
engineering that emerged since the middle of 20" century has largely
promoted the process intensification as an important target of developing
chemical engineering. All of these new engineering technologies
required the intensification of chemical process.

Currently, the core content of chemical process can be described by
Fig. 1. In this scheme of chemical process, people mainly concern the
following aspects.

1) More efficient utilization of resources (raw materials)

Process intensification can make the equipment more packed
(integration of processing unit) and the size of the equipment can be
largely reduced, which can largely reduce the investment cost. The
processing capacity can be improved, and the unit processing area
can provide more types of products and can reduce the land cost. The
high product yield and selectivity can largely reduce the cost of raw

materials.
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Energy

economizing

Chemical High-value

Resource (raw
material)
diversification

Environmental
impact /)
minimization

Fig. 1 Scheme of the core connotation of chemical process

2 ) High-value product

Through new catalyst and technology, targeting catalysis can be
achieved, and the reaction selectivity can be greatly improved. By
combining and intensifying the separation and purification technology,
high-value product can be produced with low cost.

3) Energy consumption minimization

High product selectivity and yield can greatly improve the energy
efficiency, and can greatly reduce the process energy consumption.
Less emissions can be produced, which can greatly reduce the energy

consumption and the cost of waste treatment.

4 ') Safety of chemical process

Process intensification can make the equipment smaller and safer,
and can make the process be more easily controlled. For instance,
through the highly efficient removal of reaction heat or controlling the
flow of gas and liquid in structured catalyst, the non-uniform distribution
and hot-spot of liquid can be avoided. Through reducing the stock of harmful
materials or the energy during the process, the safety concerns regarding the
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harmful materials or out of control of energy can be largely reduced.

5 ) Environmental impact minimization

Through the development of new equipment and technology,
process intensification can greatly improve the process of manufacture
and processing, which can largely improve the capacity of the equipment,
reduce the energy consumption or the waste production, and finally
develop cheaper and more sustainable technology. The reduction of
intensity of material and energy can proportionally reduce environmental
impact. With the aid of functional integration, process intensification can
reduce the energy demand, which can further reduce the emission of waste,
e.g. CO,, and can reduce the impact of process industry on global warming.

2.Status quo of chemical process intensification

1) Status quo of research on chemical process intensification
at home and abroad

Process intensification as a subject of chemical engineering was
first proposed by Ramshaw from ICI in 1983 in England, which was
marked by his publication on the application of HIGEE in traditional
distillation. In this same year, the first international conference on
process intensification was held in the University of Manchester in
England. Until the ninetieth of 20" century, process intensification
was still restricted in England, which covered the application, the
packed and highly efficient heat exchange, the intensified mixing and
the integration technology of centrifugal field. Process intensification
was soon developed to be a hotspot of research in the world, and many
research institutes from the world began to focus on this subject. For
instance, Delft University of Technology in Netherland and the DSM
started to cooperate in the investigation of structured reactor and of
centrifugal adsorption technology. French Atomic Energy Commission
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(CEA) began to perform extensive study for packed equipment of heat
exchange. The ICT-IMM in Germany was active in micro technology.
Beijing University of Chemical Technology was the first to study high
gravity in China. The PNNL from US performed study in microchannel
heat exchanger, and MIT started to study micro reactor. Many chemical
companies also started to develop technologies of process intensification
and to commercialize these technologies. For instance, Eastman
performed synthesis of methyl acetate, and Sulzer studied distillation
of oxyful, and DOW investigated the production of hypochlorous
acid. From 21* century, in both industries and academia, process
intensification has experienced rapid development, and bioprocess and
ferment and fine chemicals have been developed beyond the traditional
production of chemicals.

The statistical frequency of keywords on this subject in the top 200
publications in 2010~2014 was shown in Fig. 2. This figure shows the
research hotspots, including film, reactor, micro reactor, distillation,
hydrogen, oxidation, flow, waste water, etc..

i :
als' rin
roductic

Fig. 2 Statistical frequency of keywords from 2010 to 2014

Currently the 12 research directions from the subject of chemical
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engineering supported by the National Natural Science Foundation of
China (NSFC) are closely related to chemical process intensification.
About half of the general and key programs in the subject of chemical
engineering were related to chemical process intensification in the past
few years. The theory, method, material and medium of chemical process
intensification can be found in the following topics, including chemical
thermodynamics and its fundamental data, transport phenomena,
separation process, chemical reaction engineering, chemical systems
engineering, energy chemical engineering, biochemical engineering,
environment chemical engineering, and resource chemical engineering.
The connotation and goal of all of these topics were to achieve great
improvement in the rates of mixing, transport and reaction, to achieve
balance in the system and to achieve energy-saving and emission-
reduction. In addition, the NSFC has supported several major programs
and major research projects in chemical process intensification, which
has laid solid foundation for establishing the scientific research center
of chemical process intensification. For instance, during the ‘11" 5
years’ program, the major program of ‘The synthetic mechanism and
intensification of typical organic chemical process’ was approved.
This program aimed to develop a mix-transport theoretical model at
microscale for fast reaction system, to illustrate the intensification
mechanism of transport phenomena and chemical reaction at the effect of
external field, to achieve synthesis and regulation of the typical organic
chemical process, and to laid theoretical foundation for ‘energy-saving
and emission reduction’ for the chemical industry. During the ‘12" 5
years’ program, the major program of ‘Accurate construct and efficient
process of separation film based on the mechanism of mass transfer in
restricted area’ was approved, and this program aimed to investigate
the theory and application of chemical process intensification with the
medium and method of separation film. Academician Jinghai Li as a

leading scientist organized a major research project of ‘Mechanism and
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regulation of mesoscale phenomena in multiphase reaction process’,
which covered many methods, materials and medium of chemical
process intensification that was involved in micro chemical engineering,
new reactor, highly efficient catalyst, ionic liquid, etc.. This program is
important for enriching the theory and scientific connotation of chemical
process intensification.

In addition, research institutes in China have a solid research basis
in the research hotspots including micro reactor, high gravity field,
film separation and reaction, ionic liquid, etc., of chemical process
intensification. The NSFC has given long-term support for the above-
mentioned directions of chemical process intensification through
general program, major fund, major project, and major research project.
With this scientific support regarding the basic investigation, Chinese
scientists have obtained many important findings in the field of basic
research of chemical process intensification and the field of serving
the national major demand, and some of the important industrial
processes have achieved the renovation of process and technology for
chemical process intensification. These industrial processes have created
excellent economic and social benefits. For instance, the high gravity
intensification technology has been applied in MDI with millions of tons
per year. The micro channel reactor has been applied in the production
of calcium carbonate with a capacity of 3kt/a, and in the purification of
phosphoric acid through wet method with a capacity of 50kt/a. The first
set-up in the world for performing alkylation using ionic liquid with a
capacity of 100 kt/a has been stably operated. And all of these examples
are the researches from basic study to industrial application of chemical

process intensification.

2 ) Main method of chemical process intensification

(1) Intensification of new material (medium)

New material (medium) can be used as catalytic material and
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as catalyst (structured catalyst, film catalytic material and catalyst,
biocatalyst, ionic liquid as catalyst, etc,) to perform intrinsic chemical
intensification for the reactions itself, and can also be used as new
separation medium material (e.g. supercritical fluid, ionic liquid as
solvent, etc.) to perform external physical intensification for the diffusion
and mass transfer.

(2) Synthetic intensification at the presence external field

The development and progress of chemical process intensification
have provided new motivity and vitality for chemical industry.
The technology of chemical process intensification includes both
intensification equipment and intensification method. Intensification
equipment includes reactor and unit operation equipment with high
performance of mixing, heat transfer and mass transfer. Intensification
method includes integrated multi-functional reactor with reaction and
separation, alternative energy (external field like centrifugal force,
ultrasonic wave, microwave, light, electricity, magnetism, plasma,
etc.) and new method of process control (e.g. unstable operation with
vibrating). New methods require the development of new equipment,
and the development of new equipment is also based on new methods,
especially for the intensification through external field.

(3) Intensification of core reactor (equipment)

The renovation of key chemical equipment is one of the important
ways of achieving chemical process intensification, and is also the
most important research direction of chemical process intensification.
Chemical equipment is the basis for achieving chemical production, and
the modern chemical industry cannot be developed without chemical
equipment. Chemical equipment is an important basis for assuring the
implement of chemical process conditions and for assuring the quality
of chemical product. For instance, reactor is the core equipment for
chemical industry, and it directly determines the reaction performance,

product quality, energy and material consumptions. For a same reaction
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system, the performance can be totally different for different types of
reactor even under the same operating condition, since in different types
of reactor, the flow, mixing, diffusion and transport behaviors can be
largely different, which can affect the residence time and the distributions
of temperature and material concentration, and which will further
determine the yield and selectivity of the reaction process. Therefore,
the renovation of reactor remains an important research direction for
chemical engineering. For another example, the separation equipment is
also a core equipment for chemical industry, and this equipment largely
determines the energy and material consumptions and the product quality
for the investment and for the production. For a same separation system,
if the separation equipment is different, the multiphase flow, diffusion
and mixing behaviors can be different, which will determine the area
for mass transfer, the distance for mass transfer and the non-ideality
for flow in the separation system, and which will finally determine the
yield, selectivity and product purification. Therefore, the renovation of
separation equipment has attracted extensive attention from researchers.
To conclude, the renovation of key chemical equipment is the basis of
achieving modern chemical industry and its related green, safety and
high efficiency, and is an important part of the research on chemical
process intensification.

(4) Systemic coupling intensification

Almost all the chemical industries contain two important processes:
reaction and separation. Chemical production uses raw materials from
various sources and requires high product quality. The composition of
the resulting products is complex and the chemical reaction mechanism
is also complex. Therefore, chemical production usually contains various
unit operations on separation and reaction. Separation consumes 70%-
80% of the energy in chemical production. In addition, restricted by the
system equilibrium state and side reactions, the conversion of chemical

reaction is usually difficult for further improvement. A single separation
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and reaction process is difficult to satisfy the multiple demands of multi-
component, high purification, fine production and being economic and
environment-friendly in chemical production. Therefore, it is required
to couple various processes. The chemical process intensification can
be achieved by establishing a new and efficient synthetic technology
and technological process that can be complementary, which can
improve production efficiency, reduce energy consumption and waste
emission, and can achieve the maximization of overall benefit and the
minimization of environmental impact, and can finally promote the
chemical production toward the upgrading direction of green and high
efficiency. The process coupling intensification in chemical industry
has multiple connotations, which cover both the coupling intensification
of separation and reaction processes and the coupling intensification of
various separation processes.

3.Problems and development trend of chemical process
intensification

1) The basic theoretical system is still in developing

The equation of ‘transport phenomena and chemical reaction’ is
composed of four parts: time term + convection term=diffusion term-
source term. The physical mechanism of this equation is clear and
the physical connotation is clear, and the mathematical expression is
universal as following:

%(pgoi ) + div(pugpj) = diV(Fgrad(pi ) +S,
Time term  Convection term  Diffusion term  Source term
However, when extending from the conventional system to non-
conventional system (external field, plasma, microwave, ultrasonic wave,
supercritical, etc.) and to extreme process (e.g. nano- to micro- scale,
micro chemical process, etc.), it remains unknown whether the scheme
based on the equation of ‘transport phenomena and chemical reaction’ is

- XXX1V —



Abstract———————————

still accurately applicable?
In addition, the theoretical core of chemical process intensification
is modeling, and the establishment of any theoretical systems can be

meaningless without the quantitative description with modeling.

2 ) The engineering subject is gradually focusing on science
in the subject of chemical engineering, especially in the subject of
process intensification

Currently, the SCI publication and its impact factor are over-
addressed, which has led to the reduction of researchers and projects
that are focusing on engineering in the field of chemical engineering.
Instead, chemistry, material and bioengineering have been developed to
be major research directions, which may bring negative impact on the
cultivation of engineering talents and on the solve of industrial problems.
In addition, this situation may cause the following problems. () The
major and common key technology in the industry may be lack of
basic research, and it may be highly dependent on import, which can be
restricted by the blockade and barrier on new techniques. This situation
is closely related to the national and industrial safety, and requires to be
solved by original and basic researches. (2 The progress of technology
in the industry is far behind of the basic research. In the past ten years,
the chemical engineering and technology have experienced great
improvement, and the amount of scientific publication is in the top 1
of the world and the publication in process intensification is ranked in
2" in the world. However, original contributions are still limited and it
is urgently required to improve the supporting role of basic research on

common and major technology in industry.
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3 ) The systemic platform of production, teaching & research is
lacking

The healthy development of chemical industry is severely restricted
by the great challenges including the lack of ability in technical
renovation, the demand of energy saving and emission reduction and the
restriction of resource and environment. It requires systemic renovation
of technical mechanism and the synthetic renovation. It also requires to
improve the level of research and development and to refine the technical
supporting system. The achievement of chemical process intensification
can be important for finally solving the major, common and key technical
problems in the development of chemical industry.

(1) System renovation on technical mechanism, and to improve
the ability of basic research and the ability of development in common
technology

With the transition of previous institutes focusing on development,
the research institutes were weakened in the establishment of research
team, in the input of science and technology, and in the ability of
economy. Due to the separation of technical system, the lack of
cooperation among different departments, and the block of renovation
element, it has greatly weaken the basic research and the development
of common technology. Only through the reform and renovation of the
technical system, and through the cooperation and the focuses on major
basic research and on developing common key technology, the chemical
industry can be promised to face new challenges.

(2 ) Achievement on synthetic renovation, and to solve the problem
of disjointing basic scientific research and practical application

Currently, research on the technology of chemical renovation,
especially for the research hotspots like process intensification, has
contributed to a series of basic knowledge and progress. However,
problems still exist in the distribution of research power, in the lack of
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cooperation, and in the disjointing between basic scientific research and
practical application. In addition, one of the characteristic of the subject
of chemical engineering is the scale-up, which is a vast chasm that
remains to be tackled, which urgently requires the cooperative renovation
among different companies. The ‘Research center for chemical process
intensification’ in NSFC is a platform for tackling the scale-up of
chemical engineering.

(3) Improvement on engineering conversion and on the ability of
developing major technical equipment, and to achieve breakthrough on
the integrated industrial key technology

The complexity of transformation and update in chemical industry
makes it increasingly important in the development and breakthrough
of scientific technology. However, due to the lack of original research
and the weakness in engineering development, the conversion of
achievement in Chinese chemical industry is less than 30%, and it is of
severe deficiency in the integrated industrial technology and in the major
technical equipment.

4) It urgently requires to achieve a series of major and key
technologies on chemical process intensification

The sense of general chemical engineering and environment
chemical engineering has been increasingly important. Similar to the
multiple factors in process intensification, it should consider the impact
of a single factor in process intensification, and should also consider
the impact of overall process control and optimization. In addition,
more attentions should be given to problems of safety and environment
relating to process intensification. The future development trend of
chemical process is to organically combine the chemical process, the
bio-technique, and the environmental idea, and to establish the idea of
green production and development in efficiently utilizing resources, in

improving product yield and in improving ecological protection.
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4.Development strategy and measures for chemical process
intensification

1) Main research directions of chemical process intensification

The research of chemical process intensification should focus on a
single core scientific problem of ‘synthetic mechanism and regulation
between mass transfer and reaction at complex and extreme conditions’.
Three aspects should be considered, including the extension of the theory
of ‘transport phenomena and chemical reaction’, the intrinsic impact of
core reactor and new material, and the external impact of external field
intensification and process coupling. Therefore, five research directions
can be defined as following:

Direction 1: Theoretical basis of process intensification

Direction 2: Micro reactor and process intensification

Direction 3: New material and process intensification

Direction 4: Synthetic process intensification in the presence of
external field

Direction 5: Coupling process intensification

2 ) Goal of process intensification

The overall goal is to focus on the theme of ‘chemical process
intensification’, on the major demand of national development in
economy and industry and on the research linking the upstream and
the downstream. It should establish a research team with high talents
for cooperating. Synthetic renovation should be performed from basic
theory to core technology. Researches should make it possible in the
breakthrough of theoretical and technical bottlenecks that restrict the
high-quality development of Chinese chemical industry. Theory and
engineering technology relating to process intensification should be
gradually developed to match the characteristics of Chinese chemical
industry. High-level talents in the field of chemical industry should
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be cultivated. Advanced base for technical innovation should be
established. It should finally make contributions to leading the technical
development of industry, to promoting the innovation development of
chemical industry and to ensuring the energy safety of China. It aims to
have milestone breakthroughs and results in the following five aspects:
theory of process intensification, core reactor of process intensification,
new technology of process intensification, new equipment for synthetic

intensification at external field and coupling of process intensification.

3) Suggestion of establishing ‘Scientific research center for
chemical process intensification’ in NSFC

By establishing ‘Scientific research center for chemical process
intensification’ in NSFC, and by focusing on the urgent demand
of atomic-saving, industrial economy, product and process safety
and environment-friendly production, it should strengthen the basic
research, the research of cutting edge technology and the development
of major, common and key technology. It should improve the level
of scientific research and the ability of resulting conversion in order
to seize the strategic commanding height. It aims to have milestone
breakthroughs and results in the following five aspects: theory of process
intensification, core reactor of process intensification, new technology
of process intensification, new equipment for synthetic intensification at

external field and coupling of process intensification.
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