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Abstract: This paper discusses the application of the circular economy concept and industrial ecology approach
in the context of industrial chemical sites. A real-life case study about the use of bromine as reactant for chemi-
cal synthesis and its recycling by Syngenta in Monthey is described in detail. With a recovery yield of 97% it
represents a well-established example of closed loop recycling, one aspect of the circular economy. The process
leads to significant safety and environmental risk reduction and economic savings in the order of several million

CHF per year.
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1. Introduction

Along with the growing environmental concern and discus-
sions around sustainable economic development, the concept of
circular economy (CE) is of great importance. First formally in-
troduced by Pearce and Turner in 199011 it has since been widely
employed, redefined and interpreted in literature. In a frequently
cited definition by the Ellen McArthur Foundation,?! the CE
concept is defined as an economy model which unlike the lin-
ear model of economy ‘take — make — dispose’, aims to preserve
the intrinsic value and quality of the products and materials at
each step of their use. Given the limited availability of natural
resources, the concept of circular economy proposes a model that
is restorative and regenerative by design, based on elimination
of wastes through the consistent reuse of material. In a circular
economy, products are designed for ease of use, disassembly, re-
furbishment and recycling. The economic growth is mainly based
on unlimited resources like labor instead of a linear use of lim-
ited natural resources. Rizos et al.l’¥l classified the CE into three
different categories, namely i) using less primary resources, ii)
maintaining the highest value of materials and products and iii)
changing utilization patterns. They identified eight main CE pro-
cesses whereby recycling is known as the most traditional one.

Recycling, as the process of reintroducing waste material into
new products, is one of the most popular subtopics of CE in lit-
erature.[l Based on the classification by Rizos et al., it is part of
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the ‘using less primary resources’ category. Recycling includes
two main steps: recovery of material and reintroducing the recy-
clate towards its new usage, therefore it should not be miscompre-
hended with reuse, which does not include the reprocessing step.
While recycling has an economical benefit by saving valuable raw
material, it has also several environmental and ecological benefits
by reducing the primary resource, energy usage, air and water pol-
lution and by preventing the waste of useful material. Moreover,
recycling actively contributes to climate protection and to reduce
the greenhouse gas emission. One important factor to have an ef-
fective and successful recycling is to achieve the quality required
by the new lifecycle of recyclate. Numerous examples of similar
resource exchange and internal recycling processes exist and are
also discussed in literature. For examples Solanyl®, a biopolymer
used as a replacement for petroleum-based plastic resins, is cited
as an example of the design for closing resource loops due to its
bio-based manufacture using potato peels as a recycled and also
renewable resource.l>6 It is biodegradable and compostable ac-
cording to EN13432 standard. Other examples are the preparation
of monoalkyl glyceryl ethers using a side-product from the bio-
based epichlorohydrin synthesis,[”! and the recycling of end-of-
life EPS (expanded polystyrene) containing a brominated flame
retardant, consisting of a new dissolving process for the polymer
with a final waste stream containing bromine salts that can then
be recycled. 8!

The concept of circular economy derives from several schools
of thought, including the concept of industrial ecology. Industrial
ecology focuses on the optimization of energy and material use
within industrial systems to reduce waste and maximize material
recycling.[® Industrial clusters provide an ideal setup to experi-
ment with closed material and energy loops. Important synergies
can be created through exchange, reuse and recycling of wastes,
by-products and energy between neighboring companies, provide
a stepping-stone towards creating a circular economy. Having
these interactions, the industrial cluster form an industrial sym-
biosis/ecosystem or an eco-industrial park (EIP) as described by
Ehrenfeld and Gertler.[1%!

In this paper, bromine recycling at the Syngenta production
site at Monthey, which is part of an industrial cluster is described
to illustrate one aspect of circular economy that is already ap-
plied in manufacturing. This recycling process is a closed-loop,
integrated in the chemical manufacturing processes of active in-
gredients for crop protection.

2. The Global Bromine Market

Bromine is a starting element for the manufacture of a great
number of substances for industry and agriculture. Bromine
compounds are used as pesticides, dyestuffs, water purification
products and as flame-retardants. Potassium bromide is used as
source of bromide ion for the manufacture of silver bromide for
photographic film.[11]

In nature, bromine is mainly found in the form of bromide
salts. It is obtained from seawater, natural brines or from brines
generated as a by-product from potash recovery. The concentra-
tions of bromine range from 70 ppm in seawater to 4500-5000
ppm in the surface layers of the Dead Sea, the richest natural
source of bromine on earth. This brine is enriched by solar evapo-
ration until it reaches a concentration of 10-12 g/l. The estimated
reserves of bromine in the Dead Sea, expressed in terms of mag-
nesium bromide, are 1000 Mio t.['2] Other bromine sources are lo-
cated in the USA in natural brine wells in Michigan and Arkansas,
in Russia, France and Japan.[!3] The world production is around
380’000 tons per annum (2018),14! the total production capacity
being around 700’000 t/y with about 40% gained from the Dead
Sea.[13]

There is a continuous depletion of natural resources world-
wide and also in the Dead Sea the strength of brominated brine

is weakening over time.[!¢] In Asia, bromine availability is very
volatile and impacted by seasonal effects (salt fields flooded by
monsoon). The trend of the demand is increasing for oilfield min-
ing and fracking as well as for flame retardants that will be used
in electric vehicles (due to an inherent risk of potential burning of
lithium cells in the batteries). Prices of bromine have been con-
tinuously increasing over the last 10 years as a general trend.!!0]
These trends are strengthening the importance of bromine recy-
cling.

3. Case Study: Bromine Use and Recycling at
Syngenta Monthey

The chemical industrial site of Monthey in Valais is dis-
tinguished with some key aspects of an industrial ecosystem.
Four chemicals companies are established in this site, including
Syngenta. Services like energy production and waste treatment
are externally provided by the company Cimo. These services
are commonly used, also logistics are collectively managed by
Syngenta for the entire site. Furthermore, POCI,, a by-product
from a production process of one of the neighbouring companies is
directly used by Syngenta as a reactant, avoiding external supply.

Syngenta has been using bromine in different manufacturing
processes for active ingredients on the site of Monthey since the
1980s. As areactant, bromine is not a chemical element that is part
of the final active molecule. Therefore 98% of bromine ends up
in the process waste water in the form of bromide and as organic
brominated waste.

The bromine recovery process was integrated within the bro-
mination process since the beginning of its use in Monthey (back
to 1980s), allowing for a very low demand of fresh bromine dur-
ing production.

The introduction of bromine recycling reduces the need for
transport and storage which is not recommended due to the dan-
gerous properties of bromine. Bromine is highly reactive with cor-
rosive properties and is toxic: it can cause severe skin burns and
eye damage, is fatal if inhaled and very toxic to aquatic life.l”]
From an environmental perspective, although the bromide ion has
a low toxicity, the emission to water should be minimized.

3.1 The Bromination Reaction

Halogenated derivatives are the most common starting re-
agents for the synthesis of more elaborated structures. Bromine
is less reactive than chlorine and so its reaction is slower and
more selective. During the multistage chemical synthesis of ac-
tives substances, bromine is introduced on a molecule to act as
leaving group in a subsequent substitution reaction. This reaction
binds one of the bromine atoms to the intermediate and liberates
the other, which is captured as hydrobromic acid or as bromide
in an aqueous solution. In a second reaction the brominated inter-
mediate is coupled to another building block, which liberates the
bromine atom. Finally, the bromine atom is found as bromide ion
in the aqueous mother liquor.

The chemical equations for these reactions are written in Eqns
(1) and (2).

BTZ
A-H — A—-—Br + HBr (1)

A—-Br + B — A—B + Br~ (2

Both reactions are not completed to 100% and a few percent-
age of brominated by-products are formed. These impurities are
separated in the work-up after the bromination and coupling re-
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action, then usually incinerated as an organic brominated waste.
During the work-up, aqueous extraction allows the recovery of
bromide salt from the waste water stream.

Due to the high molecular weight of bromine, the bromine
need for these reactions is very high in terms of mass. The stoi-
chiometric use gives a consumption of typically 400 to 500 kg of
bromine per ton of final product, assuming a 100% yield. Given
the current volume of production, more than three thousand tons
of bromine are processed per year.

3.2 The Bromine Recovery Process

3.2.1 The Bromine Recovery Reaction

The recovery of bromine from aqueous bromide solution is
based on the Kubierschky process, named after its inventor.!!8]
This process consists of an oxidation of the bromide ion by chlo-
rine, as written in Eqn. (3).

3.2.2 Process Description

Bromine recovery is a continuous process, consisting of two
main steps: the oxidation reaction and a two-step purification pro-
cess. The flowchart is illustrated in Fig. 1. Due to the corrosive
property of bromine, all equipment is made from glass or other
corrosive resistant material, such as tantalum-coated steel for the
boilers and silicon carbide tube for the heat exchangers.

To allow the reaction, the mixture of aqueous bromide solu-
tions is first acidified to pH 1. Then it feeds the main reactive
distillation column (A), after passing through two pre-washing
columns (shown in Fig. 2) and a pre-heating exchanger. These
columns are used to trap all the vents of the process. Column A
is made of glass and is fed by the bromide solution from the top.
The gaseous chlorine is injected in the center so that the oxidation
reaction takes place on the upper part of the column. At the bottom
of the column, steam is introduced to achieve the required reaction
temperature of 100 °C and help strip the bromine vapor which is
formed by the reaction and distilled overhead. The water collected
at the bottom of the column is drained to the effluent treatment
plant (ETP). With 1-2% of bromide it contains the main loss of

2Br= + Cl > B, + 2017 3) the reaction process which has a yield of 98-99%. The bromide
concentration in the waste water stream is monitored to control
Fig. 1. The block flow diagram of g
the bromine recovery process. Pre-washing | | Reaction | | Rectification |
-
al
land
il
Thicsulfate
Br water =
] Y
Effluent Treatment Organic waste
Plant o incineration

Fig. 2. The two pre-washing columns of the bromine recovery process.

the discharges to the sewer and stop the process in the case of
emergency.

The bromine vapor from column A is then condensed and
fed to a second column (B) for purification. The organic impuri-
ties collected at the bottom of this column are neutralized with
caustic and reduced with thiosulfate. After a solvent extraction
step, the organic layer is sent to the incineration unit. This or-
ganic waste is only a few tons per year. It contains about 25%
bromine representing 0.05% of the total bromine involved. The
bromine in the flue gas of the incineration process is recovered
and recycled as well.

In a third column (C), the bromine stream is separated from
traces of water and excess of chlorine through a drying process.
The aqueous fraction containing chlorine is decanted and returned
to column A. The purified bromine collected at the bottom of this
column is then transferred to the storage tank.

3.3 The Bromine Cycle at Syngenta Monthey

The bromine cycle on the Monthey site includes several in-
stallations, production units and storage tanks that are connected
through stainless steel or PTFE-lined pipes. The map presented in
Fig. 3 shows the geographical position of these installations and
the lifecycle of bromine with the three loops as described below.
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Fig. 3. Geographical representa-

tion of the bromine lifecycle with -
three main loops at Monthey. III i
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* Bromination reaction

» Kubierschky 1

Loop 2 (351, 398):

= Coupling reaction
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« Incineration (TO)
» Kubierschky 2 (415)
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The mass flow between the individual process steps of the
bromine cycle is illustrated in Fig. 4. The quantities represent the
average annual tons of bromine in each stream (based on the years
2014 to 2018). The total annual consumption of bromine for the
bromination process is 3’450 t/y.

Fig. 4. Mass flow analysis of the
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Loop 3 (351, 398, TO, 415):

As shown in Figs 3 and 4, the bromine cycle consists of three
main loops: From the storage tank the bromine is pumped to the
facility for the bromination reaction. The aqueous bromide solu-
tion formed in the first step of this reaction is then directly fed to
the Kubierschky process and the recovered bromine is sent back

Bromine mass flow
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to storage. This is the shortest loop with all assets located in the

same production unit (351). It includes 1714 t/y, about half of

the total bromine in use. The second loop follows the brominated
intermediates which are transferred to the second production unit

(398) for the coupling reaction, the second step of the bromina-

tion reaction. In the coupling process the bromine is liberated in

the form of bromide within the process waste water. Only 2 tons

(0.05%) of bromine per year are lost from the recycling process in

the form of brominated organic impurities contained in the final

active ingredient. The mother liquor from this reaction is treated
in the same unit (398) by solvent extraction to remove organic
impurities, which gives a bromide aqueous solution that is then
sent to the Kubierschky installation. The third loop consists of the
organic waste that is incinerated at the Cimo Thermal Oxidizer

(TO). After incineration, the aqueous bromide solution is trans-

ferred to the second Kubierschky installation in unit 415. Due to

the capacity limitation of the mother liquor treatment, a portion
of this stream is also incinerated.

The Kubierschky installation for bromine recovery is fed with
three streams coming from the loops mentioned before:

1. The aqueous solutions of bromide from the bromination steps
in unit 351. This stream is a mixture of solutions at different
concentration ranging from 4 to 25% and represents 1714 t of
bromine.

2. The aqueous solution from the final active ingredient synthesis
in unit 398, containing 13—16% bromide, which is issued from
the mother liquor treatment. This stream represents some 1270
t of bromine.

3. The bromine recovered from incineration in the Cimo TO rep-
resents 406 t bromine. It consists of the organic brominated
waste from different chemical processes, containing 27 t of
bromine and part of the mother liquor from the coupling pro-
cess. After incineration, the bromine contained in these waste
streams is recovered as aqueous bromide solution from the
scrubbers of the TO, which gives the 3% stream feeding the
Kubierschky installation.

Losses of 101 t (2.9%) in total occur at three points of the

bromine cycle:

1. In the brominated organic impurities contained in the final
products: 2 t (0.05%).

2. In the waste water from the Kubierschky installation and the
TO: 69 t 2%).

3. In the mother liquor of the 398 unit which is sent for external
treatment: 30 t (0.87%).

The losses of bromide from the TO are mainly due to the op-
erating schedule of the incinerator: the wastes containing high
concentration of bromine are burned separately during a dedicated
operating period, to allow the recovery of bromide from the wash-
ing of the flue gas. Wastes with low concentration of bromine
are often incinerated together with the other wastes. The bromide
content after flue gas washing is therefore too low to allow the
recovery.

Bromine from the mother liquor sent for external treatment
is also recovered but outside of the cycle described in this article
and outside of the control of Syngenta. This external treatment
of waste water is regularly not required. However, in the case of
capacity issues with the Kubierschky installation, such a treat-
ment is necessary.

The losses must be compensated by purchasing fresh bro-
mine, which amount to 100 t per year (70 t without external
treatment of waste water). A marginal contribution (1 t) comes
from the external brominated wastes occasionally incinerated
by Cimo.

The material flow analysis of the bromine cycle shows that
the total recycling rate of bromine reaches 97.1%, with the new

bromine purchase covering only 2.9% of the overall need of the
production process.

The recovery process itself within the Kubierschky installa-
tion shows a recovery yield of 98.8%.

3.4 Economic and Environmental Benefits

Considering the technical feasibility, the mass balance clear-
ly demonstrates the material efficiency of the bromine recovery
cycle.

The cost of recycling bromine, including all processes of the
recovery cycle represents about 40-45% of the current purchase
price of bromine, illustrating clearly its economic benefit. The
cost of the recycled bromine comes mainly from fixed costs, i.e.
asset costs (amortization), energy and labor cost. The variable
costs (reactants and chemicals) represent only 20% of the total
cost.

Comparing the current situation with a production without
bromine recovery, several million CHF per year are saved. This
example illustrates the usage of renewable resources like labor
instead of limited natural resources, as suggested in the concept
of circular economy.

Considering the quantity of bromine needed for the production
of active ingredients at Monthey, the release of this quantity in the
environment would have a significant impact on the quality of the
river water. It would surely be necessary to find a very costly dif-
ferent way of discharge in order to stay compliant.

Additionally the negative environmental impact of the extrac-
tion of bromine from the natural resource and its transport is re-
duced. The production of fresh bromine from natural resource
needs the same Kubierschky process, but as the starting brine is
more dilute, the energy consumption is much higher.

From a safety point of view, bromine recycling on site and
close to the production units reduces the need for high bromine
storage capacity. This represents an important reduction of the
risk associated with the storage and transport of large volumes of
bromine. The storage of bromine in the form of bromide aqueous
solution poses a comparatively much lower risk.

4. Conclusion and Perspective

Drawing on the detailed case study of the recycling of bromine
in the Monthey industrial cluster, an application of the circular
economy concept with its economic and environmental benefits
has been presented in this paper.

The recycling of bromine has been implemented in Syngenta
Monthey simultaneously with the introduction of bromination
reaction to the production process in the 1980s. This is an elabo-
rated example of closed loop recycling with an economic saving
of about several million CHF per year.

It has also been shown how an industrial ecology approach
can be effectively integrated into an industrial cluster, generating
several environmental benefits, by reducing the negative environ-
mental impact of the extraction of fresh bromine from natural
resources and the greenhouse gas emission due to lower utility
consumption. The production safety is also improved since less
bromine storage capacity is required.

During nearly 40 years of bromine use, the production vol-
umes have significantly increased, scaling up the benefits of the
recycling process. To improve robustness and allow capacity
expansion, both old existing Kubierschky installations will be
replaced by a new one in 2019. Thanks to the price difference
between recycled and purchased bromine, the investment can
be paid off over a reasonable period, despite a high capital
demand.
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