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ABSTRACT

Fatemeh Ebrahimi

Synthesis of percarboxylic acids in microreactor
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58 p.

Acta Universitatis Lappeenrantaensis 469

Diss. Lappeenranta University of Technology

ISBN 978-952-265-213-3, ISBN 978-952-265-214-0 (PDF), ISSN 1456-4491

Percarboxylic acids are commonly used as disinfection and bleaching agents in textile, paper, and
fine chemical industries. All of these applications are based on the oxidative potential of these
compounds. In spite of high interest in these chemicals, they are unstable and explosive chemicals,
which increase the risk of synthesis processes and transportation. Therefore, the safety criteria in the
production process should be considered. Microreactors represent a technology that efficiently
utilizes safety advantages resulting from small scale. Therefore, microreactor technology was used
in the synthesis of peracetic acid and performic acid. These percarboxylic acids were produced at
different temperatures, residence times and catalyst i.e. sulfuric acid concentrations. Both synthesis
reactions seemed to be rather fast because with performic acid equilibrium was reached in 4 min at
313 K and with peracetic acid in 10 min at 343 K.

In addition, the experimental results were used to study the kinetics of the formation of performic
acid and peracetic acid. The advantages of the microreactors in this study were the efficient
temperature control even in very exothermic reaction and good mixing due to the short diffusion
distances. Therefore, reaction rates were determined with high accuracy. Three different models
were considered in order to estimate the kinetic parameters such as reaction rate constants and
activation energies. From these three models, the laminar flow model with radial velocity
distribution gave most precise parameters.

However, sulfuric acid creates many drawbacks in this synthesis process. Therefore, a “"greener”

way to use heterogeneous catalyst in the synthesis of performic acid in microreactor was studied.



The cation exchange resin, Dowex 50 Wx8, presented very high activity and a long life time in this
reaction. In the presence of this catalyst, the equilibrium was reached in 120 second at 313 K which
indicates a rather fast reaction.

In addition, the safety advantages of microreactors were investigated in this study. Four different
conventional methods were used. Production of peracetic acid was used as a test case, and the safety
of one conventional batch process was compared with an on-site continuous microprocess. It was
found that the conventional methods for the analysis of process safety might not be reliable and
adequate for radically novel technology, such as microreactors. This is understandable because the
conventional methods are partly based on experience, which is very limited in connection with
totally novel technology.

Therefore, one checklist-based method was developed to study the safety of intensified and novel
processes at the early stage of process development. The checklist was formulated using the concept
of layers of protection for a chemical process. The traditional and three intensified processes of
hydrogen peroxide synthesis were selected as test cases. With these real cases, it was shown that
several positive and negative effects on safety can be detected in process intensification. The
general claim that safety is always improved by process intensification was questioned.

Keywords: microreactors, process intensification, performic acid, peracetic acid, Kkinetics,
mathematical modeling, heterogeneous catalyst, ion exchange resin, safety

UDC 542.057:547.29:66.023
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1. INTRODUCTION

The environmental impact and the safety aspects of the production of chemicals are the two main
issues to provide the sustainability of chemical production. The principles of sustainability or green
chemistry include preventing waste, designing safer chemicals, products with no toxicity, designing
less hazardous chemical synthesis, and diminishing energy consumption.

Microreactor technology offers the possibility to conduct chemical reactions in a more sustainable
way due to miniaturization and increased safety. This relatively new technology is implemented in

novel and improved applications and is becoming increasingly more used in the chemical industries.

1.1  Percarboxylic acids synthesis

Percarboxylic acids are efficient and environmental friendly oxidizing agents which have been used
in chemical industries, e.g. for disinfection and bleaching purposes. The market volume can be
estimated to be some 10,000 tones worldwide (Klaas et al., 2002). The general formula of a
percarboxylic acid is R-COOOH, where R is some functional group and -OOOH is oxidative
function. Short-chain percarboxylic acids are miscible with water and possess an unpleasant odor.
They are explosive when pure or highly concentrated. The tendency to explode decreases with
increased chain length (Swern, 1970). Percarboxylic acids present more potential as antimicrobial
agents than hydrogen peroxide and are rapidly active at low concentrations with a wide spectrum of
micro-organism. The oxidation capacity of peracetic acid (PAA) and some traditional disinfectants

are compared in Table I.
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Table I. Oxidation capacity of different disinfectants.

Disinfectant eV

Ozone 2.07
PAA 1.81
Chlorine dioxide 1.57
Sodium hypochlorite (chlorine bleach) | 1.36

It can be seen from the table that PAA has a higher oxidation potential than chlorine dioxide, which
is not environmental friendly (Unis, 2010).
Low concentration of PAA is widely used as a disinfectant in waste water treatment (Kitis, 2004;
Koivunen and Heinonen-Tanski, 2005). The main advantage of percarboxylic acids is their
harmless impact on the environment because of the non-toxicity of their decomposition products.
Indeed, the decomposition of them produces carbon dioxide, oxygen, water and carboxylic acid
(Swern, 1970). Percarboxylic acids can be synthesized by numerous methods i.e. oxygenation of the
corresponding aldehyde (Phillips et al., 1997) or carboxylic acid (D’Ans et al., 1914). Usually,
percarboxylic acids are produced from hydrogen peroxide and a corresponding carboxylic acid:
o

RCOOH+ H;07 =——» RCOOOH+H,0
Due to the slow kinetics of this reaction, acid catalysts are needed, either in homogeneous or
heterogeneous form.
D’Ans et al. (1914) were pioneers of the synthesis of percarboxylic acids in 1914. Additionally,
many synthesis methods of percarboxylic acids were presented by Swern (1970) and these are
shown in Figure 1.
These reactions are given more or less in the order of their importance and general applicability.
However, there is also a conventional process for the production of peracetic acid which was
reported by Kemira Chemicals Oy (Pohjanvesi, 2004).
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H+
RCO,H + H,0, & RCO;H + H,0

free radical chain reaction

RCHO + 0, RCO,H

Hydrolysis
RCO4COR + H,0 ——— RCO;H + RCO,H

RCO,COR + H,0, — RCO;H + RCO,H

base
RCOCI + H,0, < RCO;H + HCI

Figure 1. Reactions for the synthesis of percarboxylic acids.

1.2 Microreactor technology
Microreactor technology (MRT) is a relatively young field. One of the earliest microreactor systems
was described in a German patent in 1986 (L6hder and Bergmann, 1986) and within the past two
decades, MRT has been involved as a tool in chemical synthesis and applied to liquid, liquid-liquid,
gas, gas-liquid and gas-liquid-solid phase processes. MRT is a branch of process intensification to
decrease:

e equipment size

o the energy consumption

e waste production

In this case, microreactors fulfil the criteria of sustainability by reducing environmental impact and
providing improvements in safety.

Microreactors are miniaturized reactors with the internal dimensions in the range of sub-micrometer
to sub-milimiter. The most typical internal characteristic of microreactors are microchannels.
Microreactors are generally operated in a continuous flow mode with a reactor volume of less than a
milliliter and production capacity from g to kg amounts in a single day. This miniaturization leads

to the use of smaller quantities of chemicals, providing economical and environmental benefits,
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easier control of the reactions, and safety. Furthermore, the small dimensions of microchannels
increase the surface — to- volume ratio, which enhances the heat transfer. This allows better
temperature control of the reactions and makes microreactors suitable for exothermic and hazardous
reactions or reactions at high temperature and pressure. Similarly, the small diffusion distance of
microchannels provides better mixing which often improves conversion, yield, and selectivity of the
reaction.

Other advantage of the microreactors is accelerated process development and easy scale-up from
lab-scale to the industrial volumes, which is simply possible by numbering-up. Numbering-up
means multiplying the number of microchannels or microreactors when the phenomena remain
constant in all single units (Hessel et al, 2004).

A serious drawback of the technology is the presence of solids during the reaction. Insoluble
particles can easily clog the fine channels and stop the flow.

However, despite the risks, controlled MRT is considered very advantageous for various
applications, especially in the fine chemical and pharmaceutical industry.

1.3 Objectives of the work

Percarboxylic acids are explosive and unstable chemicals even in mild conditions. Therefore, safety
aspects should be considered in the synthesis process. On the other hand the traditional methods
using the batch processes have safety problems in synthesis, start-up and shut-down. The objective
of this thesis was the intensification of the existing processes. First of all, the aim was to use
microreactor technology in the synthesis of percarboxylic acids to improve safety, and consequently
provide sustainability. In the next step, the goal of the work was to replace the homogeneous catalyst
by heterogeneous catalyst in a microreactor. This achievement eliminated many drawbacks of
sulfuric acid, which improved the green chemistry in the process. Finally, the target was to reveal
the defects and unreliability of the traditional safety methods to analyze the safety of novel
processes, such as microreactors. In addition, a new checklist-based method was developed for

analysis of new technologies.
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1.4 Outline

This thesis summarizes the results from the publications I-V. The main results of publication | and
Il are presented in chapter 2.3. The results from publication 11l are presented in chapter 3.2. The
results from publication IV are presented in chapter 4.1.4. The results from publication V are

presented in chapter 4.2.2
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2. SYNTHESIS OF PERACETIC ACID AND PERFORMIC ACID BY
HOMOGENEOUS CATALYST

Performic acid (PFA) and PAA are percarboxylic acids with low molecular weight. These acids
have found many applications as disinfection and bleaching agents. In addition, these peracids are
unstable chemicals, which can decompose due to heat and impurities even in mild conditions
(Swern, 1970). Therefore safety aspect should be considered in the synthesis process. In spite of the
high interest, there is limited literature data available especially about PFA. Rubio et al. (2005)
investigated the mechanism of synthesis reaction of PFA and De Filippis et al. (2009) reported its
kinetics in the absence of catalyst. Kinetics of formation of PAA in a batch process have been
studied, e.g. by Dul’neva and Moskvin (2005), Zhao et al. (2007), and Leveneur et al. (2008)

All these studies have been carried out in a batch process in the presence of homogenous catalyst,
i.e. sulfuric acid. Nowadays, there is a strong tendency to replace conventional batch processes by

continuous microreactor processes.

In this thesis, PAA and PFA were synthesized continuously in a microstructured reactor. The
continuous processes, however, allow faster processing of unstable chemicals and avoid serious
drawbacks of batch productions, such as delays due to reaction work-up. Based on experimental
results, an on-site production scale of PFA/PAA was designed. Also, the results were used to study
the Kinetics of the formation of PFA and PAA. The advantages of the microreactors in this study
were efficient temperature control even in very exothermic reactions and good mixing due to short
diffusion distances. These conditions provide uniform temperature and concentration distribution
along the cross section of the tube, which are required to determine accurately the kinetic
parameters. Furthermore, the product decomposition and safety problems can be decreased in
microreactors.

2.1  Experiments
2.1.1 Reactions
The synthesis reactions of the acids are shown in Equation 1 (PFA) and in Equation 2 (PAA):
18



H+
HCOOH + H,0, <> HCOOOH + H,0 (1)

H+
CH;COOH + H,0, < CH;COOOH + H,0 (2)
The concentration of the reactants were:
acetic acid (AA): 100 wt %, formic acid (FA): 90 wt %, hydrogen peroxide (HP): 50 wt %, and

sulfuric acid (SA) as the catalyst: 96 wt %.

2.1.2 Expermimental set-up and procedure

The laboratory experiments were performed continuously in the microreactor. The schematic
drawing of the experimental set-up is shown in Figure 2. The experimental setup contains a Slit
Interdigital Micromixer by IMM GmbH, described by Ehrfeld et al. (1999) and PTFE residence
time tubing. The inner diameter of the tubing was 1.0 mm or 1.6 mm and the length was changed
from 0.75 m to 5.0 m. The micromixer and tubing were immersed in a thermostatic bath to control

the temperature.

(P
Thermostated
/’\ batch

Micromixer

Carboxylic acid Residence

I |
I ]
| |
1
y | ~\ time tubing | Product
Sulfuric acid ‘ l
ulfuri i : >_j : mixture
1 |
I |
| |
I |
1 |

Hydrogen peroxide é

Figure 2. The schematic drawing of the microreactor system.

Two feed flows were pumped through the micromixer to the residence time tubing. One feed flow
contained carboxylic acid and fixed concentrations of sulfuric acid. Another feed flow was

hydrogen peroxide. The molar ratio of carboxylic acid to hydrogen peroxide in these two flows was

19



1:1. Experiments were carried out at different temperatures, residence times, and catalyst
concentrations. The range of residence time, average velocity in the tube, and catalyst concentration
were 0.6-31 min, 0.1-4 cm/s, and 0-12 wt%, respectively. The maximum operating temperature was
313 K for PFA and 343 K for PAA. Above these temperatures, decomposition was observed. All
the experiments were performed under atmospheric pressure. The samples were collected from the
outlet of the reactor and analysed.

Mass fractions of HP and peroxycarboxylic acids were determined by titration with
ammoniumceriumsulfate  solution  [(NH.)Ce(SO4)#H,O] and sodiumthiosulfate solution
[Na2S,03-5H,0], respectively (Greenspan and Mackellar, 1948).

The measured concentrations are shown in Figures 3 and 4.

2.2 Kinetic study

Three different models were considered to estimate the Kinetic parameters such as reaction rate
constants, and activation energies:

o Simple plug flow model

e Laminar flow model without diffusion

e Laminar flow model with diffusion

2.2.1 Plug flow model
The reaction rate of PFA depends on the concentrations of HP, FA and HzO". Similarly, the reverse
reaction rate depends on the concentrations of PFA, water (W) and HzO".

In plug flow model, the variations of reagent concentrations respect to the residence time can be

written as:

d((:;:P = —Kk;CypCraCh,o+ + K2CpraCwCh,o+ 3)
d% = —K;CupCraChjo+ *+ K2CpraCwChjo+ 4)
dcd% = K1 CupCraCuo0+ — K2CpraCwCh, o+ (5)

20



dc
d—:v = k1CHPCFACH3o+ - kZCPFACWCH3o+ (6)

According to the Arrhenius equation, the reaction rate constant depends on the temperature.

E
kl = k1,meanexp [_ El [% - - ]] (7)

Tmean
where Tmean IS mean temperature (298 K) and Ki mean iS the reaction rate constant at the mean
temperature.
It is supposed that [Hz0"] is mostly produced by dissociation of SA and FA. Therefore,

hydroxonium ion concentration in the kinetic equations is derived:

Cor s = CH,0(4KsaCsa+2KpaM) ®)
H30 _CSA+(C§A+8KSACH2O+4KFACH20M)1/2

where M is defined as

M = Crao = Cpra ©)
and

Kpa = 107PKra (10)
Kaa = 107PKaa (11)
Kga = 107PKsa (12)

The dissociation constants (pKra, pKaa, and pKsa) for FA, AA and SA were obtained from the
literature (Kim et al., 1996; Paabo et al., 1966)

2.2.2 Laminar flow model

According to plug flow model, there is no radial velocity distribution in the tube. However, in the
tubular microreactor the flow velocity of the liquid is low and the flow is laminar. In these
conditions the radial velocity profile is in fact parabolic. To study how much this velocity profile
affects the estimated parameters, a flow model was built taking into account the parabolic flow

profile. For laminar flow, the equation below has been considered when the flow is in steady state:
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ac 19C  92C . 9%C
Z=pl-F&+Z=4+2=|+R 1
Vo [r ar = orz 012] C (13)

where v denotes the flow velocity, C is the concentration, D is the diffusion coefficient, r gives the

radius of the reactor, and Rc¢ is the reaction rate.

2
In order to calculate this equation the value of three dimensionless numbers are important: G) ,

. . . Dt rv
dimensionless time: = and Peclet number: o

Based on the value of these parameters in these experiments, the effect of radial diffusion is
considerable but the axial diffusion could be eliminated (Ekambara and Joshi, 2004; Bruce Nauman
and Nigam, 2005). In a steady state, with radial diffusion, the differential equation is written in the
form:

dC _ D 9%C , R
al v; Or? v;

i=1,..., n (14)

The velocity v depends on the radial position in the pipe and it is obtained from parabolic velocity

profile.

Ti 2
v; = 20, [1 - [T—‘] ] (15)
v, = Jmax (16)

2
where v, is the mean velocity, and v,,, 4, is the maximum velocity at the centre of the tube.

Equation 13 without diffusion can be simplified to equation below:

aC _ R¢ .
T i=1,...,n @an

2.3 Results
The model parameters were estimated by the least squares method by minimizing the difference
between measured data and simulated values. The experimental data and the plug flow model

predictions are shown for PFA and PAA in Figure 3 and 4, respectively.
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Figure 3. Comparison of predicted and measured hydrogen peroxide (0) and performic acid (*)

concentrations for the plug flow model.
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Figure 4. Comparison of predicted and measured hydrogen peroxide (o) and peracetic acid (*)
concentrations for the plug flow model.

It can be seen from the figures that the rates of PFA and PAA formation have been increased by
raising the temperature, the sulfuric acid concentration, and the molar ratio of the acetic acid to

hydrogen peroxide. However, PFA reaction rate was found to be high even in the absence of

catalyst. The equilibrium was reached in 4 min at 313 K.

The kinetic parameters estimated by plug flow model and laminar flow model without diffusion are

presented in Table Il and Table 11, respectively.

Table Il. Estimated parameter values and their standard error for the plug flow model.

Performic acid

Peracetic acid

R%, % 97.9 97.9
value std. error, % value std. error, %
K1 mean [ mol™ s™] 6.27x10° 5.0 1.22x10° 3.3
K2,mean[IF mol? s 4.68x10° 6.9 2.98x10” 16.4
E:[J mol™] 60.4x10" 5.7 34.9x10" 2.9
E2[d mol™] 63.6x10" 8.1 35.1x10" 9.6

Table I11. Estimated parameter values and their standard error for the laminar flow model.

Performic acid

Peracetic acid

R%, % 97.98 97.98
value std. error, % value std. error, %
K mean [I© Mol s™] 5.43x10° 6.0 0.816x10° 2.5
K2, mean[I mol? 5] 3.77x10° 8.6 0.134x10° 13.1
E1[J mol™] 75.7x10% 5.5 36.6x10" 2.0
E,[J mol™] 97.3x10" 7.8 44.8x10" 6.1

Laminar flow model compare to plug flow model slightly improved the fit and there are some

differences in the parameter values. However, since the kinetic study has been done in the tubular
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reactor, the effect of the radial velocity profile in the tube should be considered. Therefore, the

parameters from the laminar flow model are in principle more reliable.

The estimated activation energies for PAA are smaller than the values of 57.84 kJ mol™ and 60.4 kJ
mol™ obtained by Zhao et al. (2007), but larger than the values of 14.22 kJ mol™ and 27.9 kJ mol
'obtained by Dul’neva and Moskvin (2005) for the forward and reverse reactions, respectively. In
addition, the activation energies for the forward reaction of PFA are somewhat larger than the
values of 43.5 kJ mol™ and 41.5 kJ mol™ obtained by De Filippis et al. (2009) and Shapilov and
Kostyukovsii (1974).In contrast, the estimated value for the activation energy is comparable with
the value reported by Ramos et al. (2003) which is 89.4 k] mol™. However, it should be noted that
these reaction rates and activation energies depend on the catalyst concentration, which probably

explains the differences in the observed activation energies.

The equilibrium constants (keq) could be calculated by dividing the forward and reverse reaction

rates:
k
Performic acid: keq = k_l = 1.44exp [—21200 E - % ] (18)
2
. Kk 8200 1 1
Peracetic acid: Keq = k—l = 6.1exp — [? — EH (19)
2

As can be seen from Equation 18 and Equation 19, increasing the temperature leads to the decrease
of keq, resulting in the decrease of PFA and PAA concentration in the equilibrium state. Therefore,
for higher equilibrium concentration of PFA or PAA, the reaction should be operated at a low
temperature. The calculated values of keq of PAA formation at 293, 303, 313, 323, 333, 343, and
353K are 6.45, 5.77, 5.20, 4.72, 4.31, 3.95, and 3.64, respectively. Whereas Musante et al. (2000)

reported smaller values for the equilibrium constant i.e. 1.9, 2.2 and 2.8 at 323, 333, and 343K.
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Similarly, Dul’'neva and Moskvin (2005) and Zhao et al. (2007) obtained values in the same range
as Mustante et al. (2000) for the equilibrium constant.

The differences in the equilibrium constant values between the ones obtained in this work and those
reported in the literature can, most probably, be explained by the differences in the electrolyte
composition of the solutions, which affects the reaction rates.

Similarly, the calculated values of keq for PFA formation at 278, 283, 288, 293, and 303K are 2.7,
2.28,1.95, 1.67, and 1.25 respectively.

The addition of the diffusion to the laminar flow model, increased the calculation times
substantially. Therefore, this model was only studied for PFA. The estimated parameters for PFA
are presented in Table IV.

Table IV. Estimated parameter values and their standard errors for the laminar flow model with diffusion.

Performic acid
R%, % 97.88
value std. error, %
K1 mean [I© Mol h™] 8.37x10° 5.2
K2,mean[I° Mol h'] 6.20x10° 7.3
Ei[J mol™] 65.7x10"° 5.7
E2[J mol™] 76.4x10"° 8.7

The results of the calculations showed that the addition of the diffusion does not significantly

improve the model.

In addition, the reliability of the estimated parameters was studied using Markov chain Monte Carlo
methods.( Haario et al., 2001; Laine, 2008 ) The results of the MCMC analysis for laminar flow
model for PFA and PAA are shown in Figure 5 and Figure 6, respectively. The distribution of the
parameters shows that the parameters are well identified with the Markov chain samples centered

around the most probable point.
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Figure 5. Two-dimensional posterior probability distributions from the MCMC analysis for
performic acid reaction kinetic parameters.
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Figure 6. Two-dimensional posterior probability distributions from MCMC analysis for peracetic
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acid reaction kinetic parameters.

The MCMC results for the laminar flow and plug flow model are shown in Figure 7 and Figure 8.

1
E2 [d.mal']

Figure 7. Comparison of the estimated parameter distributions for performic acid from the plug
flow model (blue) and the laminar flow model (red (n=5), yellow (n=10), green (20)).
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Figure 8. Comparison of the estimated parameter distributions for peracetic acid from the plug
flow model (blue) and the laminar flow model (red (n=5), yellow (n=10), green (20)).
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It can be seen from the figures that the plug flow model and the laminar flow model present close
but different distributions of possible solutions to the parameter estimation problem. Different radial
discretizations of 5, 10, and 20 were performed and shown in Figure 7 and Figure 8.

Finally, the reliability of the results was confirmed by checking the residence time in the
micromixer. The results showed that the mixing time is not sufficient for the reaction to start in the

micromixer.
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3. SYNTHESIS OF PERFORMIC ACID BY HETEROGENEQUS CATALYST

Performic acid has been synthesized in the presence of homogeneous sulfuric acid catalyst
(Ebrahimi et al. 2011), which has a number of disadvantages such as equipment corrosion and
difficulties in the separation of the catalyst (Leveneur et al., 2011). The substitution of the
homogeneous catalyst by heterogeneous one eliminates these draw backs. Different solid catalysts
such as heteropoly acids, zeolites, and cation exchange resins have been tested in the synthesis of
percarboxylic acids (Palani and Pandurangan, 2006; Saha et al., 2003; Leveneur et al., 2009;
Musante et al., 2000).

According to these studies, cation exchange resins have been the most adequate in the synthesis of
peracetic acid and perpropionic acid (Saha et al., 2003; Leveneur et al., 2009; Musante et al., 2000).
Strong cation exchange resin showed high catalytic efficiency and it did not decompose peroxide.

In this thesis, the possibility to use strong cation exchange resin catalyst to synthesis of performic
acid was studied. Therefore, two cation exchange resins, Dowex 50Wx2 and Dowex 50 WHx8,
selected and tested in the batch process. According to the batch results, the proper catalyst was
selected and packed in the tubular microreactor to synthesis performic acid. This process provided
the precise temperature control, safety and no loss of resin catalyst. There are no published results
concerning the synthesis of percarboxylic acid in a continuous fixed bed microreactors packed with
heterogeneous catalysis, although some studies exist in continuous macro scale reactors (Saha et al.,

2003; Leveneur et al., 2011).

3.1  Materials and experiment

The following chemicals were used to synthesis performic acid in the presence of cation exchange
resin catalyst: formic acid (90 wt%), hydrogen peroxide (50 wt%), and strong cation exchange

resins, Dowex 50 Wx8 and Dowex 50Wx2, in hydrogen form.

3.1.1 Catalyst properties and characterization
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lon exchange resins contain styrene-divinylbenzene matrix and sulfonic acid as a functional group.
The amount of divinyl benzene determines the porosity of the particles. Water is strongly adsorbed
by sulfonic acid groups of the resin and occupies the acid sites, and greatly prohibits the reaction
rate (du Toit and Nicol, 2004). Therefore, catalyst beads were first washed 4 or 5 times with
deionized water and dried in the oven at 70 °C for 48 hours. This pretreatment has a significant
effect on the activity of the cation exchange resin in gel form (Leveneur et al., 2009). The properties

of the two type cation exchange resins, which were tested, are given in Table V.

Table V. Properties of the cation exchange resin used.

Dowex 50 Wx2 | Dowex 50Wx8
Supplier Sigma-Aldrich | Sigma-Aldrich
Polymer type Gel Gel
Cross linking (%) 2 8
Moisture content (% mass) 78 54
Capacity by dry weight (meq/g) 4.8 4.8
Native particle size range (um) 150-300 150-300

75-150

3.1.2 Batch process and procedure

The experiments were carried out in a 250 ml glass flask equipped with a stirrer. The system was
put in a water bath to control the temperature. The apparent [H*] was calculated based on the cation
exchange capacity by dry weight (meg/g) and a certain amount of dry catalyst was put into the
flask. Following this, a certain amount of formic acid solution was added and the mixture heated up
to the target temperature. At this point, the preheated hydrogen peroxide was added and the reaction
was started. The molar ratio of formic acid to hydrogen peroxide was 1:1. The concentration of H
was in the range of 0-1 mol/l and the experiments were performed at 293 K, 303 K, and 313 K.

Samples were taken by a plastic syringe. The activity and life time of two types of the cation

exchange resin catalysts in the formation of performic acid were studied.
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3.1.3 Continuous process and procedure

According to the results of the batch process, Dowex 50Wx8 presented better activity and a longer
lifetime. Therefore, it was selected and by syringe packed in delay reaction tube which is shown in

Figure 2. The inner diameter and length of the tube were 1.6 mm and 10 cm-30 cm, respectively.

The system consisted of two feed streams. One feed contained formic acid (90 wt %). Another feed
was hydrogen peroxide (50 wt %). Experimental series were conducted at different residence times,
temperatures and catalyst concentrations. The range of residence time was 29 — 272 s and that of the
average superficial velocity 0.1 — 0.5 cm/s. Temperature and catalyst loading were changed between
283-313 K and 100-400 mg/cm®, respectively. For performic acid reaction, the maximum operating
temperature was 313 K, above which decomposition of the compounds to a gas phase was
observed. All the experiments were performed under atmospheric pressure. The samples were
collected from the outlet of the reactor after a certain residence time and analysed. The residence
time was obtained by experimentally measuring the residence time distribution.

The mass fractions of hydrogen peroxide and performic acid were determined with the same
method described in section 2.1.2.

314 Residence time distribution

Residence time distribution was measured by pulse experiments. In general, the tracer molecule
should have a similar structure to that of the reactant and the product molecules without interfering
with the catalyst. Therefore, pulse experiments were carried out with hydrogen peroxide. For the
pulse experiments, at time zero, around 0.2-1 mg of the hydrogen peroxide was pulsed at the inlet of
the packed microstructured reactor. The experiments were performed for 30 cm at three flow rates
of 0.1, 0.2, and 0.3 ml/min. The samples were taken with intervals of 10, 12, and 15 s, respectively.

The concentration of hydrogen peroxide was determined by iodometric method.

3.2 Results

3.2.1 Batch process
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3.21.1  The activity of cation exchange resin catalyst

The comparison of the activity of sulfuric acid, Dowex 50Wx8 and Dowex 50Wx2 in the synthesis
of performic acid is shown in Figure 9. These experiments were carried out under same catalyst
loading i.e. 6 wt%. As can be seen from the figure the activity of Dowex 50Wx8 is closer to sulfuric

acid and higher than that of Dowex 50 Wx2.
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Figure 9. Formation rate of performic acid in the presence of sulfuric acid, Dowex 50Wx8, and
Dowex 50Wx2, temperature= 293 K, particle size of the solid catalyst= 150-300 um.

3.2.1.2  Deactivation of the cation exchange resin catalyst

A comparison between the activity of fresh and reused catalyst are shown in Figure 10 and Figure
11 for Dowex 50Wx8 and Dowex50Wx2, respectively. It is seen from Figure 10 that slight
deactivation was observed after five times of reusing the Dowex 50Wx8. It can be seen from the
figure that the concentration of performic acid starts to decrease after the maximum. This is because
of the decomposition of performic acid, which appears especially at high temperatures (303 K and
313 K). Probably, deactivation occurs through neutralization of the sulfonic acid groups, catalyst
shrinkage, or loss in pore sites. (Russbueldt and Hoelderich, 2009) Therefore, this catalyst can be

used repeatedly after washing with pure water.
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It was found from Figure 11 that the activity of Dowex 50Wx2 was unchanged or even slightly
increased during the first 3 runs. This may be because more fragments of the resin were formed due
to the breakdown of the resin particles under mechanical agitation, which increases the surface area
of the resin catalyst. Dowex 50Wx2 was totally deformed after three experiments and was not in
particle form any more. This could be caused by the lower cross-linking percentage compare to
Dowex 50Wx8. The low cross-linked polymers have lower chemical, mechanical, and thermal
stability (Barbaro and Liguori, 2009). Consequently, it is not possible to reuse this catalyst in such a

reaction synthesis.
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Figure 10. Deactivation behavior of Dowex 50Wx8, temperature= 313 K, particle size= 150-300
pm, catalyst loading = 70 mg cm™.
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Figure 11. Deactivation behavior of Dowex 50Wx2, temperature= 313 K, particle size= 150-300
pm, catalyst loading = 70 mg cm™.

3.2.2 Continuous process

According to the batch experiment results, Dowex 50Wx8 was preferred over Dowex 50Wx2 due to
the enhanced catalytic activity, stronger stability, and longer deactivation time. Therefore, it was
packed in the tubular microstructured reactor. Performic acid was synthesized at different
temperatures, catalyst loadings, and residence times in a continuous process. The effect of
temperature and catalyst loading on the formation of performic acid is shown in Figure 12 and
Figure 13. Temperature and catalyst loading were changed between 283-313 K and 100-400
mg/cm?, respectively. Increase of temperature and catalyst loading accelerates the formation rate of
performic acid. As can be seen from the figure below the equilibrium was reached in 120 s at 313 K

which indicates a rather fast reaction.
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Figure 12. Formation rates of performic acid at different temperatures, catalyst size= 150-300 pm,
catalyst loading= 400 mg/cm®.
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Figure 13. Formation rates of performic acid at different catalyst loading of Dowex 50Wx8,
temperature=293 K, catalyst size=150-300 um.

To study the internal diffusion resistance in the catalyst, the experiments were also performed with
smaller sizes of the catalyst particles in a range of 75-150 um. The results are shown in Figure 14.
As can be seen from this figure, the experiments catalyzed by the smaller particles showed only a
slightly faster reaction. Therefore, the influence of internal diffusion of the catalyst in the range of
150-300 um is not dominant. Leveneur et al. (2009) also tested different sizes of Dowex 50Wx8 in
the synthesis of perpropionic acid and concluded that internal diffusion cannot be neglected in the

case of particle sizes over 0.3 mm.
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Figure 14. Formation rates of performic acid in the presence of different catalyst sizes of Dowex 50
Wx8, temperature= 313 K.

3.2.3 Residence time distribution

The mean residence time was determined by measuring the residence time distribution. Pulse
experiments were used and the results for a 30 cm tubular length and catalyst size of 150-300 um
are shown in Figure 15. This figure shows that the distribution is symmetric. The mean residence
time for different flow rates was calculated by the equation below:

2itiCy

t= S (20)
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——\/olumetric flow rate=0,3
ml/min
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Figure 15. Residence time distribution of 30 cm packed tube length by using hydrogen peroxide as
a tracer at 293 K, catalyst size= 150-300 pm, catalyst loading= 400 mg cm™.

The measured mean residence times for different flow rates and catalyst sizes with a 30 cm tube
length are shown in Table VI.

Table VI. The calculated mean residence time for different catalyst sizes and flow rates with a 30
cm tubular length.
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Catalyst size | 0.1 ml/min 0.2 ml/min | 0.3 ml/min
150-300 ym | 271.6s 123.8s 87.9s
75-150 um 201.2s 93.8s 65.6 s

3.2.4 Comparison between homogeneous and heterogeneous catalyst

Different concentrations of homogeneous catalyst i.e. sulfuric acid and heterogeneous catalyst i.e.
Dowex 50Wx8, were tested in a continuous process. Comparison of the results is shown in Figure
16. It is seen from the figure that in some concentrations, the activity of solid catalyst is similar to
that of sulfuric acid.

However, the activity of solid catalyst depends on the cation exchange capacity. The apparent
concentration of H*, for different solid catalyst loadings are presented in Table VII. For
comparison, the concentration of H,O" of different concentration of sulfuric acid were also
calculated and presented in the same Table VII.

According to Figure 16 and Table VII, the efficiency of the resin is lower than the efficiency of
sulfuric acid at the comparable acid concentration. This shows that some of the active sites are not
used in the reaction and were deactivated or perhaps occupied by water.

Table VII. Apparent [H] and [HsO"] for different concentration of Dowex 50 Wx8 and sulfuuric

acid, respectively.

400 mg cm” 200 mg cm™® 100 mg cm™®
Dowex 50Wx8 [H'] |3 mol I 1.5 mol I 0.75 mol I’

9 wt% 6 wt% 3 wt%
Sulfuric acid [H:0"] | 1.2 mol I 0.8 mol I 0.4 mol I'*
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Figure 16. Formation of performic acid in the presence of different sulfuric acid and Dowex 50Wx8
concentrations, temperature= 293K, catalyst size 150-300 pm.
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4. SAFETY ASPECT OF MICROREACTORS

4.1  Defects of the traditional safety methods in connection with microreactors
The main advantage of microreactors is a high surface to volume ratio, which provides effective
temperature control during chemical processes. In addition, the small inventories of reactants and
products lead to inherent safety during the reactor operation. Therefore, microstructured reactors
have been used in many hazardous reactions such as fluorinations, chlorinations, oxidations and
brominations (Ehrfel et al., 2000; Hessel et al., 2004; Lob et al., 2004; Veser, 2001; Inoue et al., 2007).
The small dimensions of the microreactors facilitate the use of on-site or distributed production
units at the place of consumption. This avoids the need to transport and store dangerous materials,
which improves safety. Applying microreactors to on-site production should combine the above-
advantages and introduce new ones. On-site microreactors have been applied to the synthesis of
hydrogen (Christian et al., 2006)
In this thesis, the safety advantages of on-site microprocesses over conventional batch processes
were studied and demonstrated. Synthesis of peracetic acid as an unstable chemical was selected as
an example in this comparison. The safety of the processes was studied by following safety
evaluation methods:

1. Reaction matrix

2. Dow’s Fire and Explosion Index

3. Inherent Safety Index

4. Worst Case and Consequence Analysis

The reaction matrix reveals the undesirable combination of materials and is particularly useful in
the early stages of development of a new chemical processes (McKetta and Cunningham, 2002).
Dow’s Fire and Explosion Index is a suitable safety analysis method for the predesign (conceptual
design) stage (Dow Chemical Company, 1994). The inherent safety index can be applied at the

R&D and process predesign stage (Heikkild, 1999). The worst case and consequence analysis is a
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method used to recognize the most harmful events and analyze their consequences (Flynn and
Theodore, 2001).
4.1.1 Production of peracetic acid
The synthesis reaction of peracetic acid is presented in Equation 2. In this study, the application of
peracetic acid in wastewater disinfection has been considered. The concentration of 15 mg/I
(peracetic acid in wastewater) leads to efficient elimination of microbes (Koivunen and Heinonen-
Tanski, 2005).
4.1.2 Conventional batch process
Peracetic acid is mainly produced in a stirred tank reactor, which is connected to a distillation
unit. Sulfuric acid is first fed into the reactor, and then acetic acid and hydrogen peroxide are
added. The mixture is heated to 60 °C at which temperature the reaction takes place. After the
reaction, the mixture is separated from sulfuric acid in a distillation column. A batch process
with a production capacity of 170 kg/hr for peracetic acid was designed and this is shown in

Figure 17.

Product
mixture
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acid
Sulfuric _®
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Hydrogen 4<>7
peroxide

Figure 17. Simplified process flow diagram for the conventional batch process.
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4.1.3 On-site microprocess

A simplified process flow diagram for the continuous microprocess is shown in Figure 18. The
production capacity of peracetic acid is 10 kg/hr with the internal volume less than 10 dm®. It is
assumed that one on-site microprocess serves one wastewater treatment plant. For comparison, one

conventional batch process with the capacity of 170 kg/hr serves 15-20 similar centralized plants.

Acetic
acid

Product
mixture

Sulfuric
acid

Hydrogen
peroxide

Figure 18. Simplified process flow diagram for the continuous microprocess.

4.1.4 Safety evaluation results

4141 Reaction matrix

In this method, all the interactions between materials were considered. The results showed similar
incompatibilities in both processes. The essential factors such as size of equipment and quantity of
chemicals are not taken into account in this method. Therefore, this method did not reveal any
safety differences between two processes.

4142  Dow’s Fire and Explosion Index

This method is a stepwise evaluation of the realistic fire, explosion, and reactivity potential of a
process. The evaluation is based on the penalties and factors, which are judged according to
reaction and substance characteristics, material handling, operational conditions, and equipment

characteristics. The obtained index and factors are used in determining the area of exposure and the
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probable property damages (AIChE Technical Manual, 1994). The summary of the comparison

between microprocess and conventional process is presented in Table VIII.

TableVI1IIl. Dow’s Fire and Explosion Index for the conventional batch process and continuous on-

site microprocess.

Process Unit Risk Analysis Conventional On-site
process microprocess
Material Factor for peracetic acid 40 40
Fire & Explosion Index(F&EI) 226 112
Radius of Exposure [m] 58 29
Area of Exposure [m?] 1.05-10" 0.26-10"
Value of Area of Exposure [$] 5-10° 5.10°
Damage Factor [-] 0.95 0.80
Actual Maximum Probable Property 5.10° 4.10°
Damage [$]
Maximum Probable Days Outage [day] 75 35

According to F&EI the degree of hazard in the microprocess is intermediate and in the conventional
process is severe. Similarly, other terms from the table also indicate that the microprocess is much
safer than the conventional process. However, the different sizes of equipment of these two
processes have not been taken fully into account in this method. Often the quantity of chemicals in
microreactors is substantially smaller; therefore, some definitions of the penalties do not take into

account the much smaller sizes of microreactors.

4,143 Inherent safety index

Heikkil4 has developed an inherent safety index method for conceptual chemical process design.

(Heikkila et al., 1996; Heikkila, 1999).

In this method, the total inherent safety index, I, is the sum of chemical inherent safety index, I¢),

and process inherent safety index, Ip:
Ir=leitlp (21)

In comparison, Ic is the same for both processes. Therefore, the differences between I+, of the

processes are explained only by Ip;:
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IPI:|I"'H,matx"'lP,max+|EQ,ma><+|ST (22)
This index considers the size of inventories, operating temperature and pressure, equipment items,
and process structure. The scores for the inherent safety subindexes are determined in index

determination tables (Heikkild, 1999). The calculated IPI for both processes are shown in Table IX.

Table IX. Process inherent safety subindexes for the conventional batch process and continuous on-
site microprocess.

Safety subindex Conventional Score | Continuous on- | Score
batch process site microprocess

Inventory (OSBL), 1, 100-500t 2 0-10t 0
Process temperature, It max 60 °C 0 80 °C 1
Process pressure, lp, max 1 bar 0 5 bars 1
Equipment safety
(max of ISBL or OSBL), reactor 2 reactor 2
IEQ,max
Process structure, Ist sound engineering

practice 1 no data or neutral 2
Total Inherent Safety Index, 5 6
It =lc

Lower index values refer to the processes built-in safety. This method indicates that the
conventional batch process is safer than the on-site microprocess. In the equipment safety index the
type of the reactor is not specified. However, the small size of the microreactors makes
microprocesses intrinsically safer than conventional processes.

Similarly, the process structure subindex prefers conventional and well-known processes and
equipment. Novel processes, such as microreactors, suffer from this method. In addition, the
method does not take into account the risks in chemical transport that is mostly eliminated in on-site
production. It is concluded here that this method is more suitable for safety evaluation of

conventional processes than of novel processes.

4.1.4.4  Worse case and consequence analysis
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For peracetic acid process, the worst cases and their consequences are classified into five categories
which are materials, operating conditions, process equipment, transportation, and other factors.

Mostly, the worst cases refer to explosions or releases. Comparison between the processes is
presented in Table X by using the safety grades. It can be seen from the table that the safety of the

on-site microprocesses is clearly higher compared to the centralized conventional batch process.

Table X. The comparison of worst cases and their consequences for the process alternatives. 5 -
Very Serious Hazard, 4 - Serious Hazard, 3 - Medium Hazard, 2 - Small Hazard,1 - No Hazard.

Categories of the worst Conventional Continuous on-site
cases and consequences | batch process MiCroprocess

1. Material release 4

2. Operating conditions 2 2

3. Process equipment 4 3

4. Transportations 5 1

5. Unpredictable factors 4 2

In Total 19 10

4.2 New method to investigate the safety of novel and intensified processes

Process Intensification often improves safety because of the smaller inventory of hazardous
materials or energy. However, in many intensified process devices, several phenomena are taking
place simultaneously in a small space at a high speed. This makes them difficult to design and
control. In addition, intensified processes often represent novel technology with limited experience,
which increases the possibility of unpredictable accidents. As is shown in chapter 4.1, common
methods for safety evaluation are partly based on experience and are not the most suitable in
connection with novel technologies. Therefore, new methodology to analyze the safety of
intensified processes, preferably at an early stage of development is needed.

Klais et al. (2010) have studied the safety of microreactors and concluded that the concept of
inherently safety of microreactors is not generally valid. In this thesis, a checklist-based method is
presented to investigate the safety of intensified and novel processes. This method also was applied

to real intensified processes.
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4.2.1 Checklist
Reducing the risk of accidents can be done at different stages of design and operation. According to
Hendershot (2004), the safety of chemical processes can be generally divided into four layers of

protection. This is illustrated in Figure 19.

eEn— Potentional
Possibilities to affect incidents
in different layers of
protection
Early Inherent safety layer of
stages protection
of
design e e
Passive layer of protection
Detailed Active layer of protection
design
Procedural layer of
Operation stage protection

Actual risk

Figure 19. Layers of protection for a chemical process.
The probability that all of these layers will fail simultaneously is small. A checklist was developed
for process safety analysis on the basis of the protection layer concept. The safety criteria in the
checklist are shown in Table XI.

Table XI. The safety criteria in the checklist.

Inherent safety layer Passive layer

1. Reaction route chemicals 1. Reactor type and geometry | Complexity
Solvent Fluid hold-up
Temperature level Internal flow patterns
Pressure level Surface-to-volume ratio
Phase combination. 2. Materials of construction

2. Type of the process 3. Layout

4. Utilities
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Active layer Procedural layer

1. management systems, ,
1. Process control g 4

. L 2. operation poli
2. Fail safe principles operation pofices

3. Interlocks and 3. administrative checks
emergency shutdown

4.2.2 Example cases of process intensification

The checklist was applied to the production technology of hydrogen peroxide. Three cases of
process intensification were studied:

Case 1: Intensification of oxidation reactor in the anthraquinone method for production of
hydrogen peroxide.

Case 2: Intensification of anthraquinone process by combining the oxidation and extraction stages.
Case 3: Substitution of antraquinone process with direct synthesis of hydrogen perixide in
microrector.

In all cases, the new intensified process was compared to the existing reference process, taking the
criteria for comparison from the checklist presented above. Case 3 might not be considered a typical
case of intensification because it represents a completely new process with different chemistry.

4221 Intensification of oxidation reactor in the anthraquinone process

Most hydrogen peroxide production is based on the anthraquinone process which is explained
briefly in publication V. Hydrogenation, oxidation and extraction represent the main steps in this
process. In the oxidation stage, transfer of oxygen into the working solution and the oxidation
reaction represent the main process phenomena. The oxidation step is usually carried out with air in
a packed or empty bubble column. These phenomena can be enhanced by using oxygen instead of
air. In order to increase the mass transfer efficiency and decrease the size of equipment, the reactor
type in the oxidation stage is changed from conventional column to tubular reactor with static

mixers (Turunen and Mustonen, 1993)
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In Table XII, the reference case (bubble column) and the intensified reactor (tubular reactor) are

compared from a safety point of view. The criteria of the checklist are used. The last column

indicates if safety is improved (+) or made worse (-) by the intensification.

Table XII. Effects on safety, if the bubble column is replaced by a tubular reactor. The procedural

layer is assumed to be similar in both processes.

_— Reference : Novel design: . Effect
Safety criteria bubble column tubular regctor Comparison between the systems (+)
1. Inherent safety
layer
1. Reaction route
The flammable solvent has a lower
Chemicals air oxygen ignition energy with oxygen than -
with air
Solvent same same +/-
Temperature level same same +/-
Pressure level same same +-
Phase combination gas/liquid gas/liquid +/-
2. Process novelty . Novelty reduces safety because of
traditional novel . -
less experience
2. Passive layer
1. Reactor type and
geometry
The intensified reactor has several
Complexity simple column more complex gas feed points which makes it more -
complex
L liquid hold-up
Fluid hold-up liquid hold-up about ten times  Lower inventory reduces the risk *
less
Flow pattern in the tubular reactor
with static mixers is more regular
Internal flow channelling, with less axial dispersion. In the
AR : more regular . : +
patterns axial dispersion bubble column, channelling, axial
dispersion and irregular flow appear
in a larger extent.
Surface to volume higher surfaceto = Intensified process has more +
ratio volume ratio capability to heat exchange
2. Materials of
: same same +/-
construction
Lay-out of the new reactor is more
complex. The reactor tube has
. tube elbows, PN
3. Layout simple column several gas inlets several elbows where liquid might -
be trapped at least in unusual
conditions
4. Utilities same same +/-

3. Active layer

1. Process control

several inlets to
control

Control of several oxygen feed
points has a risk of malfunction
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. higher fluid smaller
2. Fail safe ;
. volumes, well- fluid volume, +/-
principles
known system novel system
3. Interlocks and higher fluid smaller
emergency volumes, well- fluid volume, +/-
shutdown known system novel system

In this comparison, safety was improved on the basis of three criteria, and became worse on the

basis of five criteria. However, the criteria have different degrees of importance, which is not taken

into account here.

4.2.2.2

The extraction of the hydrogen peroxide from the working solution is usually carried out in a

Combining the oxidation and extraction

sieve-plate column, which is the second largest equipment in the process. The main

phenomenon in the extraction is the liquid-liquid mass transfer of hydrogen peroxide from the

organic working solution into the aqueous phase. In the novel process, a tubular reactor with static

mixers was used for the combined process (Turunen, 1997). Three separate phases are present in the

reactor, oxygen gas, organic working solution, and aqueous solution of hydrogen peroxide. Oxygen

is dissolved in the working solution, and reacts there with anthrahydroquinones producing hydrogen

peroxide, which is transferred into the aqueous phase

The traditional and intensified processes are compared from a safety point of view in Table XIII.

Table XIII. Effects on safety, when separate the tubular reactor and sieve column are replaced with
combined unit. The procedural layer is assumed to be similar in both processes.

Reference:

Novel design:
both reaction and

Safety criteria tubular reactor extraction in the Comparison between the systems Effects
and sieve plate +/-)
same tubular
column
reactor
1. Inherent safety
layer
1. Reaction route
Chemicals same same +/-
Solvent same same +/-
Temperature level same same +/-
Pressure level same same +/-
A gas / liquid + . Design and control of 3-phase flow
Phase combination liquid/liquid gas / liquid / liquid is certainly more challenging -
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2. Process novelty

limited
experience about
the process

no earlier experience
atall

There is no industrial experience of
the combined process

2. Passive layer

1. Reactor type and
geometry

separate combination of Flow arrangements and phase
Complexity oxidation and oxidation and separators make the intensified -
extraction parts extraction process clearly more complicated
Fluid hold-up substaﬂg.laolll_)llj;maller Lower hold-up reduces the risk +
Internal flow 2-phase flow 3- phase flow 3-phase fl_ow has more _chances i
patterns of unpredictable behaviour
Surface to volume higher surface to Intensified process has more +
ratio volume ratio capability to heat exchange
2. Materials of
. +/-
construction same same /
3. Layout simpler complex reactor Complexity Increases appearance )
layout of unpredictable behavior
4. Utilities same same +/-
3. Active layer
The intensified process is clearly
1. Process control more complex more challenging from a control -
point of view

2 Fail safe higher fluid _smaller

. volumes, well- fluid volume, +/-
principles K

nown system novel system

3. Interlocks and higher fluid smaller
emergency volumes, well- fluid volume, +/-
shutdown known system novel system

It is seen from the table that the intensification improved safety because of a smaller liquid hold-up.

However, there are also six criteria which might reduce safety. Nonetheless, also here, the criteria

have different degrees of importance.

4.2.2.3

Direct synthesis in microreactor

The direct synthesis is an alternative and novel production method for hydrogen peroxide. A dilute

solution of hydrogen peroxide is produced catalytically, directly from hydrogen and oxygen gases.

Methanol or water is used as a solvent. The mixture of hydrogen and oxygen is very explosive.

Explosion limits for H, in O, are 5 — 94 vol-% and for H; in air 5 — 75 vol-% (Goor et al., 1989).
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Due to the small volume of microreactors, it has been claimed that operation in the explosion limits

is possible with microreactors. This is because the small liquid and gas holdup might not release

enough energy to cause deflagration or detonation (Voloshin and Lawal, 2010) and higher

temperature and pressure are needed to initiate explosion on a microscale rather than on a

macroscale [Janicke et al., 2000; Veser, 2001].

The safety of direct synthesis of H,O, and the anthraquinone process is compared in Table XIV.

Table XIV. Comparison of the safety of direct synthesis of H,O, and the anthraquinone process.
The procedural layer is assumed to be similar in both processes.

o Sf;gs::ce Diret_:t synthesis in . Effects
Safety criteria Anthraguinone microreactor Comparison between the systems +19)
autoxidation
1. Inherent safety
layer
1. Reaction route
Chemicals H, and air/O, mixture of H, and O, Mixtur_e of O, and H, is highly
separately explosive -
Solvent organic solvent water/methanol Methanol is more toxic -
Temperature level 45-55 °C 5-50 °C +/-
Pressure level atmospheric 1-30 bar Higher pressure -
Phase combination gas/ liquid gas/ liquid +/-
2. Process novelty traditional novel T_here Is no industrial_experience of -
: direct synthesis on microreactor

2. Passive layer
1. Reactor type and
geometry

The large number of process units
Complexity more complex makes the anthraquinone process +

more complex

Industrial . . .
Fluid hold-up reactors of Microscale reactor g_he flu_|d holc_i-_up is substantially +
- . igher in traditional process
conventional size
Fluid flow in small Flow patterns in traditional reactors
Internal flow h s i are worse controlled and have +
patterns channe’s 1S more possibilities of back mixing and
regular .

channeling
Surface to volume low surface to high surface to An intensified process has more +
ratio volume ratio volume ratio capability of heat exchange
2. Materials of -
construction
3. Layout +/-
4. Utilities +/-

3. Active layer

1. Process controls

Standard control
systems

Potential explosion
hazards require a

There is a possibility of malfunction
in the complicated measurement and
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complicated control system
measurement and
control system

2. Fail safe Potential explosion hazards requires
principles high-level safety mechanisms i
3. Interlocks and

emergency Same as above -
shutdowns

This case improves safety according to four criteria and makes it worse according to seven ones.
The degree of importance of the criteria is not equal in all the layers and it decreases from the
inherent safety layer towards the procedural layer.

From table above, it can be concluded that it is dangerous to assume that safety is always improved

through intensification. Several criteria indicate that safety might be decreased in intensification.
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5. CONCLUSIONS

Peracetic acid and performic acid was synthesized safely in a continuous microreactor. This is a
greener alternative route for the production of percarboxylic acids. The effect of temperature and
catalyst concentration on the formation rate of peracetic acid and performic acid were studied.
Increasing the temperature and concentration both accelerate the reaction rate and decrease the time
to reach the equilibrium. However, the reaction rate in performic acid formation is faster than
peracetic acid.

The temperature control in tubular microreactors is very efficient which provides precise kinetic
measurements. Therefore, the experimental results were used to study the Kinetics of formation of
peracetic acid and performic acid. The kinetic parameters were obtained for a simple plug flow
model, a laminar flow model without diffusion, and a laminar flow model including radial
diffusion.

The experimental values were explained reasonably well with the simple plug flow model. The
laminar flow model including parabolic velocity distribution complicated the model but improved
the fit and gave slightly different parameter values. Activation energy was obtained for performic
75.7 kJ mol™ and 97.3 kJ mol™ and for peracetic acid 36.6 kJ mol™ and 44.8 kJ

mol™ for forward and reverse reactions, respectively. These can be considered as the final results of
the study, because the inclusion of the radial diffusion in the model did not improve the fit
significantly.

The advantages of heterogeneous catalyst over homogeneous catalyst i.e. sulfuric acid are the easier
separation of catalyst and the absence of the corrosion. Shifting to solid catalyst eliminated these
drawbacks and improved the sustainability of the process. The use of a cation exchange resin,
Dowex 50 Wx8, as heterogeneous catalyst offers high catalytic activity in the formation of
performic acid. Therefore, it is possible to reach a high concentration of performic acid in a short
residence time. Additionally, Dowex 50wx8 showed high deactivation resistance and a strong

structure. This makes it a suitable catalyst to be used in a continuous microstructured reactor.
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Microreactors have many advantages from a safety point of view when compared to conventional
processes. The advantages are mostly based on the radically smaller reaction volumes. The safety of
an on-site microreactor and one conventional batch reactor for production of peracetic acid was
compared. The safety was evaluated by using four conventional methods. These methods do not
consider the small inventory of microreactor and mostly are based on experience. Consequently, the
results might be misleading and not reliable in novel processes such as microreactors.

In many intensified process devices, several phenomena are taking place simultaneously in a small
space at a high speed. Design and control of such processes might be challenging and may lead to
hazardous conditions. A checklist-based approach was developed to investigate the safety of
intensified and novel processes at the early development stage. This method was applied to the
conventional process and three intensified processes of hydrogen peroxide synthesis. This
comparison revealed several criteria affecting safety in a negative way. Obviously, the applications
and methods of process intensification are various and therefore it is difficult to make generally
valid conclusions about safety. However, it is dangerous to assume that safety is always improved

through intensification, even though this is true in many cases.
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Continuous syntheses of performic and peracetic acids were performed in a microstructured reactor.
Reactants were corresponding carboxylic acids and hydrogen peroxide. Sulfuric acid was used as a homo-
geneous catalyst. In the experiments, formation rates of performic and peracetic acids were studied at
different temperatures and catalyst concentrations. Both reactions seemed to be rather fast because with
performic acid equilibrium was reached in 4 min at 313K and with peracetic acid in 10 min at 343 K.
The information achieved was used in the preliminary design of a production scale on-site reactor with
the plate structure. The reactor concept consists of reaction and heat transfer plates which alternate in
the unit. The design is rather simple, compact and flexible in terms of capacity producing max. 100t/a
performic acid and max. 170 t/a peracetic acid.
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1. Introduction

Microstructured processes are expected to increase their role
in production of chemicals. There are certain fields in chemical
engineering where the characteristics of microprocess can be ben-
eficially utilised. Microstructured reactors have been used, e.g.
in many hazardous reactions such as fluorinations, chlorinations,
oxidations and brominations due to their safety characteristics.
Sometimes those reactions have been performed at elevated tem-
perature and pressure without safety problems [1-5].

Performic and peracetic acids are percarboxylic acids with low
molecular weight. Both are very efficient oxidisers, and therefore,
very effective chemicals, e.g. in disinfections and bleaching. In addi-
tion, they are unstable chemicals which can decompose due to heat
and impurities even in mild conditions [6]. Therefore, safety aspects
in the production have to be emphasised. These acids are likely to
benefit from the characteristics of microprocesses when aiming at
fast, safe and continuous production.

In spite of increasing interest of low molecular weight per-
carboxylic acids, there is rather limited literature data available
especially about performic acid. Rubio et al. [7] investigated its
reaction mechanism and Filippis et al. [8] reported its kinetics in
the absence of the catalyst. Kinetics of formation of peracetic acid
in a batch process were studied, e.g. by Dul'neva and Moskvin [9],
Zhao et al. [10] and Leveneur et al. [11].

On-site production is an attractive production mode for unstable
chemicals. It decreases the transportation and storage require-

* Corresponding author. Tel.: +358 5 621 6128; fax: +358 5 621 2199.
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ments of hazardous materials. This improves safety. By producing
chemical products on-site or on-demand the local production
capacity is usually clearly lower than in centralised production. In
the production of unstable chemicals, the safety issues such as reli-
able temperature control and liquid volume have to be taken into
account. These features match reasonably well with the charac-
teristics of microprocesses. The safety of on-site production was
studied by Ebrahimi et al. [12].

In this study, the syntheses of performic and peracetic acids
were tested in a continuous microstructured reactor with the pres-
ence of homogeneous sulfuric acid catalyst. The aim of this study
was to measure reaction rates at different conditions. In addition,
information was used in the preliminary design of a production
scale on-site microreactor for the acids. The concept is presented
in this paper.

2. Experiments
2.1. Reactions

The formation rates of performic and peracetic acids were stud-
ied. The synthesis reactions of the acids are shown in Eq. (1)

(performic acid) and in Eq. (2) (peracetic acid). Both reactions were
carried out in the presence of a homogeneous sulfuric acid catalyst.

HyS04

HCOOH + H,0; = 'HCOOOH + H,0 1
H,SO,

CH3COOH + H,0, = 'CH3COOOH + Hy0 2)

The following chemicals were used in the experiments as reac-
tants: acetic acid (100 weight-%), formic acid (90 w-%), hydrogen
peroxide (50 w-%), and as the catalyst sulfuric acid (96 w-%). Formic
acid, hydrogen peroxide and sulfuric acid were aqueous solutions.
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Carboxylic acid
and sulfuric acid
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Hydrogen >
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é
NV

Fig. 1. The schematic drawing of the microreactor system used in the laboratory
experiments.

2.2. Experimental set-up

The experiments were conducted in a microstructured reac-
tor system which consisted of the Slit Interdigital Micromixer by
IMM [13] and PTFE tubing. The micromixer contained parallel sinu-
soidal channels. Height of a single channel was 200 wm and width
45 pm. The tubing served as the delay tube for the reaction. The
inner diameter of the tubing was 1.0 mm or 1.6 mm and length was
varied between 0.75 and 5.0 m. The micromixer and tubing were
immersed in a thermostatic bath in order to control the temper-
ature. The reactants were fed into the system by two diaphragm
pumps. The system contained two feed streams: one for hydrogen
peroxide and another for the mixture of carboxylic acid and sulfuric
acid. The schematic drawing of the experimental set-up is shown
in Fig. 1.

2.3. Experimental procedure

The laboratory experiments were performed continuously in the
microreactor. Two feeds were pumped through the micromixer to
the residence time tubing. One feed contained carboxylic acid and
a certain concentration of sulfuric acid. Another feed was hydrogen
peroxide (50 w-%). Experimental series were conducted at different
residence times, temperatures and catalyst concentrations. Res-
idence time was controlled by adjusting the flow rates and by
changing the length of tubing. The range of residence time was
0.6-31 min and that of average velocity 0.1-4 cm/s. It was observed
that variation of average velocity did not affect the reaction. Mass
fraction of sulfuric acid catalyst in the reaction mixture was varied
between 0 and 12 w-%. For performic acid reaction, the maximum
operating temperature was 313 K, above which decomposition of
the compounds to gas phase was observed. For peracetic acid,
the highest temperature was 343 K whereas higher temperature
resulted in decomposing. All the experiments were performed in
atmospheric pressure. The samples were collected from the outlet
of the reactor and analysed.

Mass fractions of hydrogen peroxide and percarboxylic acids
were determined by titration with ammoniumceriumsulfate
solution [(NHg4)4Ce(S04)4-2H,0] and sodiumthiosulfate solution
[Na,S,03-5H,0], respectively.

3. Results

Experimental series were conducted separately for peracetic
acid and performic acid. The effect of temperature and catalyst
concentration on the formation rate of percarboxylic acids was
determined.

Mechanisms of percarboxylic acids formation reactions have
been presented, e.g. by Zhao et al. [10] and Leveneur et al. [14]. It
has been shown that hydroxonium ion H3O0" accelerates the reac-
tion rates. Sulfuric acid concentration was, therefore, varied in the
experiments. The role of a catalyst is incorporated in the reaction
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— ) 0% e
g . o+ o
gsoo At % . +T=293K
T Ros0 o0 . R aT=303K
8 = o .
iega of 7, » T=313K
§ _% 2,00 o + a +T=323 K
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o a s Ll
s
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0,50 .ot
0,00 #
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Time [min]

Fig. 2. The formation rate of peracetic acid at different temperature. The amount of
sulfuric acid catalyst in the reaction mixture was 6 wt-%.

rate expressions by using the concentration of hydroxonium ion
H30% [8,10,11,14]. One way to present the rate equations is shown
in Egs. (3)-(6)[10]. Detailed study of the reaction kinetics based on
this experimental data will be reported in future.

For carboxylic acid:
w = [H30"] (k2[R-COOOH] [H,0]

— k1[R-COOH][H;0;]) (3)

For hydrogen peroxide:

d[H,0,]

= = [H30] (k2[R-COOOH][H,0] ~ ki [R-COOH][H;05])

(4)

For percarboxylic acid:

dIR-COOONT _ 130" (ks [R-COOHI[H, 0,
— ky[R-COOOH][H;,0]) (5)
For water:
% — [H30%] (k; [R-COOH][H,03 ] — k2[R-COOOH][H;0]) (6)

For performic acid R=H and for peracetic acid R=CHjs.
3.1. Factors affecting the reaction rate

3.1.1. Temperature

The effect of temperature on reaction rate was studied
experimentally. The amount of catalyst was fixed to 6 w-%. Tem-
perature enhanced the reaction rate according to results shown
in Figs. 2 and 3. With peracetic acid (Fig. 2.), the equilibrium was
reached approximately in 30min at the temperature of 323K.
When temperature was increased to 343K, the equilibrium was
reached approximately in 10 min. The maximum temperature in
peracetic acid experiments was set to 343 K.

Similar behaviour was observed for performic acid (Fig. 3.). The
maximum temperature was adjusted to 313 K. Higher tempera-
ture resulted in formation of gas slugs in the residence time tubing
indicating decomposing of the reaction components. It has been
reported that percarboxylic acids may decompose to carbon diox-
ide, water and oxygen [6]. The formation of performic acid occurred
faster than peracetic acid. The equilibrium was achieved approxi-
mately in 7 min at 303 K. After increasing temperature to 313K, the
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Fig. 3. The formation rate of performic acid at different temperature. The amount
of sulfuric acid catalyst in the reaction mixture was 6 w-%.
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Fig. 4. The effect of sulfuric acid mass fraction on the formation rate of peracetic
acid. The reaction temperature was 293 K.

equilibrium was reached within 4 min. Formic acid is more reactive
with hydrogen peroxide than acetic acid.

3.1.2. Concentration of catalyst

Syntheses of percarboxylic acids are usually performed in the
presence of a mineral acid catalyst, e.g. sulfuric acid [6]. As observed
also in this study, hydroxonium ions (H30*) had a catalytic effect
and they accelerated the reaction rates and decreased the time
required to reach the equilibrium. In this study, hydroxonium
ions originate from dissociation of sulfuric acid, carboxylic and
percarboxylic acids. The effect of sulfuric acid concentration on
the formation of peracetic acid and performic acid are shown in
Figs. 4 and 5, respectively.

The concentration of sulfuric acid played more significant role
in the formation of peracetic acid than in the formation of per-
formic acid. The formation of performic acid was clearly observed
also without the catalyst. In the reaction of peracetic acid, absence
of the catalyst resulted in low formation of the product. In the for-
mation of performic acid, increasing of catalyst mass fraction over
6 w-% had only minor effect on the reaction rate.

Table 1
Design criteria of the production scale reactor.
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Fig. 5. The effect of sulfuric acid mass fraction on the formation rate of performic
acid. The reaction temperature was 293 K.
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Heat transfer plates and channels

channels

Fig. 6. The concept of the reactor with alternating reaction and heat transfer spaces.

4. Preliminary design of the production scale reactor

The experimental results were utilised in preliminary design of
anon-site reactor unit. For practical reasons, milliscale was selected
instead of microscale. The design of the reactor was carried out on
the basis of the design criteria shown in Table 1.

At the beginning of design, few additional requirements were
recognised. The reactor unit should be suitable for on-site pro-
duction. It should offer flexibility in terms of production capacity
and set-up. In addition, it should be compact, transferable and the
structure should be rather simple.

4.1. Basic structure of the unit

In order to achieve a unit which can be compact, applicable
to wide capacity ranges and where heat transfer can be arranged
effectively, a plate structure was selected as the basic structure
of the reactor. The reactor is to be consisted of plates on which
reaction channels and heat transfer channels are machined. Reac-
tion plates and heat transfer plates alternate in the structure. The
plates are compressed together with a proper sealing system and
standard fluidic connectors are used in connections. The concept is
illustrated in Fig. 6.

In order to ensure the mobile character of the unit, the outer
dimensions of the plates were chosen as 1000 mm (length) and
700 mm (width). On the surface of such a plate machining of
15-20 m long reaction channel is possible. The material of the plate
can be fluoroplastic or a stainless steel alloy.

Reaction Residence time Production capacity [kg/h] (total flow Mass fraction of the percarboxylic acid
temperature [K] [min] rate [dm?/h]) in the product mixture [%]

Performic acid 303 7 1-12(5-80) 13

Peracetic acid 333 15 1-20(5-80) 23
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Fig. 7. Channel configuration on a reaction plate (a) and arrangement of heat transfer (b).

4.2. Channel configuration

The channel dimensions can be determined based on the heat
and mass transfer requirements and required production capacity.
A flat and rectangular channel is favourable for efficient heat trans-
fer. Heat transfer fluid flows on both sides of the reaction plate
and channel. Flat channels decrease distances in heat transfer and,
therefore, promote reliable temperature control. Mixing elements
can be machined on the surface of the reaction channels to improve
mixing and increase convection in heat transfer. The principle of the
arrangement is shown in Fig. 7.

The influence of the channel sizes on production capacity was
examined in order to find alternatives for channel dimensions. At
first, the width of the channels was fixed to 15mm and it was
assumed that 18 m channel can be machined on the surface of
the reaction plate. Based on these decisions, the required number
of reaction plates for the desired production capacity was calcu-
lated at different channel depths. The required total length was
computed on the basis of the measured kinetics and with the
assumption of plug flow. The results for performic acid are shown
in Fig. 8.

Based on Fig. 8, alternatives for the depth of the channel are
3 or 4mm taking into account that the maximum required pro-
duction capacity for performic acid was 12kg/h. In such a case,
9 (4mm) or 14 (3 mm) reaction plates are needed to satisfy the
required production capacity. When smaller capacities are needed,
extra reaction plates can be connected out of the unit or flow rates
can be decreased.

18 —— Depth of the channel 4 mm
- - - - Depth of the channel 3mm

------ Depth of the channel 2 mm
- ~--Depth of the channel 1 mm

Production capacity of the
performic acid [kg/h)
3

Number of the reaction plates [-]

Fig. 8. Number of the reaction plates required to production capacity (performic
acid) at different channel depth. Capacity window is shown in grey shade.

The required production capacity of peracetic acid is higher
(20kg/h) and residence time is longer compared to the reaction
of performic acid. This leads to higher number of plates in the
unit as can be seen in Fig. 9. 18 plates (4mm) or 24 (3mm)
plates are needed to reach desired production capacity for peracetic
acid.

Plate structure enables to generate rather long reaction chan-
nel into a compact structure. In the case of tubular structure, the
installation of long tubing may become complex. In the plate struc-
ture, the space for heat transfer fluid and its flow rate can be
adjusted according to thermal properties of the process. There-
fore, it is also possible to minimise the amount of heat transfer
fluid in the plate structure. In tubular structure the amount
heat transfer fluid can be clearly more than actually needed.
Compactness is, therefore, more difficult to obtain in tubular struc-
ture.

A drawback of the structure is the high amount of construction
material compared to reaction space. This is rather common feature
in small channel devices and may increase the investment cost. In
certain cases high amount of material is desired because it makes
the structure mechanically strong.

4.3. Benefits of the design from the safety viewpoint

Instability of the peroxy compounds has to be emphasised in
the design. Releasing of the energy of the reaction system may lead
to explosions and pressure peaks. There are certain approaches to
handle this issue. Firstly, temperature control should be reliable in
the reactor in order to prevent undesired temperature elevation

30

Depth of the channel 4 mm
- - --Depth of the channel 3 mm
-------Depth of the channel 2 mm
~-~--Depth of the channel 1 mm

NN
o o

-
o o

Production capacity of the
peracetic acid [kg/h]
o

o

0 5 10 15 20 25
Number of the reaction plates [-]

Fig. 9. Number of the reaction plates required to production capacity (peracetic
acid) at different channel depth. Capacity window is shown in grey shade.
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and runaway reactions. In small channel reactor, one common fea-
ture is the high ratio of surface area to volume which improves
heat transfer in the reactor. It has been reported that laminar flow
prevents the transition from deflagration to detonation [15]. In
that context, channel size plays a role in the developing of explo-
sions. Secondly, the structure of the unit has to be mechanically
strong enough to tolerate pressure peaks. Another common fea-
ture of small channel reactors is the high amount of construction
material compared to reaction volume resulting in high mechanical
strength. These features clearly improve the safety of the sys-
tem.

5. Conclusions

Syntheses of performic and peracetic acids in the presence
of sulfuric acid catalyst were carried out in a continuously
operated microreactor system. The effect of temperature and con-
centration of catalyst on formation rate of percarboxylic acids
were studied. Both reactions were rather fast and, therefore,
they are suitable for continuous production. Reaction rate in
the performic acid reaction turned out to be higher than in
the peracetic acid reaction. Sulfuric acid catalyst accelerated the
reaction rates and decreased the time required for the equilib-
rium.

Based on the experimental results, a production scale unit was
designed. The unit could be used in on-site or on-demand pro-
duction of performic and peracetic acids. The on-site production
mode is an applicable method to produce unstable percarboxylic
acids. The reactor consists of plates for reaction channels and heat
transfer channels. The reaction plates and heat transfer plates alter-
nate in the unit. The concept is flexible in terms of production
capacity producing 1-12kg/h (max. 100t/a) performic acid and
1-20kg/h (max. 170 t/a) peracetic acid. The structure of the reactor
israther simple and it can be designed as a compact and transferable
unit.
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The kinetics of the formation of performic acid and peracetic acid were studied in a tubular
microreactor. Three different models were considered to estimate the kinetic parameters such as
reaction rate constants and activation energies. To increase the accuracy of the models, the
hydroxonium ion concentration was derived and applied to all the models. First, a simple plug flow
model was used to estimate the kinetic parameters. The results from this predicted the experimental
results with a reasonable accuracy. In the next step, a laminar flow model with radial velocity
distribution was used to modify the results. This model slightly improved the fit and gave more precise
parameters. The Markov chain Monte Carlo (MCMC) analysis showed that all the parameters were well
identified with the Markov chain samples centered around the most probable point. Finally, radial
diffusion was added to the laminar model, which made the model more complicated and increased
simulation time. However, the results proved that the addition of radial diffusion did not improve
the model.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Peracetic acid and performic acid are powerful and environ-
mental friendly oxidizing agents that have found many uses in
the chemical industry, e.g. for disinfection and bleaching purposes
(Swern, 1970).

Despite the potential of percarboxylic acids and the interest in
them, there is only limited literature data available about the
formation kinetics of these chemicals, especially of performic
acid. Rubio et al. (2005) investigated its reaction mechanism and
Filippis et al. (2009) reported its kinetics in the absence of
catalyst. The kinetics of the formation of peracetic acid in a batch
process have been studied, e.g. by Dul'neva and Moskvin (2005),
Zhao et al. (2007) and Leveneur et al. (2008). In these studies the
explicit effect of hydroxonium ion concentration has been inves-
tigated only in the work of Leveneur et al. (2008). The purpose of
this work was to investigate and reveal the relevant kinetics of
peracetic acid and performic acid formation.

Measurement of the reaction rate is usually carried out in small
stirred tank reactors. In such devices, it is easy to maintain ideal
mixing and uniform concentration distribution, which is needed
for accurate determination of kinetic parameters. However, if the
reaction is fast and strongly exothermic, hot spots and nonuniform

* Corresponding author. Tel.: +358 5 621 6628; fax: +358 5621 2199.
E-mail address: Fatemeh.Ebrahimi@lut.fi (F. Ebrahimi).
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temperature distribution might appear. In such conditions, local
disturbances in the reaction rate are likely and measurement of the
kinetic parameters inaccurate. Such problems could be overcome by
carrying out the measurement in a micro or millireactor. Because of
the small dimensions of the microreactor, it is easier to maintain a
spatially constant temperature. However, to achieve accurate kinetic
measurements, it is also necessary to confirm that the concentration
distribution is uniform. An alternative way is to include real con-
centration distribution in the kinetic model. In the case of tubular
microreactor, this would mean, e.g. inclusion of laminar flow
velocity distribution and radial diffusion in the kinetic model.
A weakness of such an approach is that it makes the model and
parameter estimation more complicated.

In this study, the kinetics of the formation of performic and
peracetic acid in the presence of homogenous sulfuric acid
catalyst was studied in a tubular microreactor. The experimental
results of the study have been published previously by Ebrahimi
et al. (2011).

First, the kinetic parameters of both the reactions were
determined from the plug flow model of the microreactor. Since
the flow in the reactor was laminar, the effect of radial velocity
distribution on the results was investigated and the results from
the plug flow model and laminar flow model compared. In
addition, the effect of radial diffusion in the laminar flow model
was studied. The reliability of the estimated parameters was
studied using Markov chain Monte Carlo methods.
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2. Experimentation

Performic acid and peracetic acid were produced in reversible
reactions according to the following equations:

Performic acid formation :

HCOOH +H,0,"2"HCO00H +H,0 )

Peracetic acid formation :
CH3COOH +H, 0, CH;CO00H + H,0 Q@)

In these reactions sulfuric acid acts as a homogeneous catalyst.
The chemicals used in the experiments as reactants include:
acetic acid (100 w%), formic acid (90 w%), hydrogen peroxide
(50 w¥%), and sulfuric acid (96 w%), which were aqueous solutions.

2.1. Experimental set-up

The experiments were performed continuously in a micro-
structured reactor system, which consisted of a Slit Interdigital
Micromixer by IMM (Ehrfeld et al., 1999) and Teflon tubing. The
micromixer contained parallel sinusoidal mixing channels. The height
of a single channel was 200 um and the width 45 um. The tubing
served as a delay tube for the reaction. The inner diameter of the
tubing was either 1.0 or 1.6 mm and the length was varied between
0.75 m and 5.0 m, respectively. The micromixer and the tubing
were immersed in a thermostatic bath in order to control the
temperature. The reactants were fed into the system by two
diaphragm pumps. The system contained two feed streams: one
for hydrogen peroxide and another for the mixture of carboxylic
acid and sulfuric acid. The schematic drawing of the experimental
set-up is shown in Fig. 1.

2.2. Experimental procedure

The laboratory experiments were performed continuously in
the microreactor. All parts of the reactor system being in contact
with the reaction solution were washed with hydrochloric
acid before starting the reaction. Two feed flows were pumped
through the micromixer into the tubing. One feed flow contained
carboxylic acid and a certain concentration of sulfuric acid and
the other feed flow was hydrogen peroxide (50 w%). The molar
ratio of carboxylic acid to hydrogen peroxide in these two flows
was 1:1. Experimental series were conducted at different resi-
dence times, temperatures and catalyst concentrations. The resi-
dence time was controlled by adjusting the flow rates and by
changing the length of the tubing. The range of the residence time
was 0.6-31 min and that of the average velocity 0.1-4 cm/s. It
was observed that variation of average velocity did not affect the
reaction. Mass fraction of the sulfuric acid catalyst in the reaction

Carboxylic acid Residence
+

' I
| I
i i
! time tubing | Product
Sulfuric acid ' > | mixture
1
I 1
' |
| I
1 1
1 '

Hydrogen peroxide
Fig. 1. A schematic drawing of the microreactor system used in the laboratory
experiments.

mixture was varied between 0 and 12 w%. For performic acid
synthesis, the maximum operating temperature was 313 K, above
which the decomposition of the compounds into a gas phase was
observed. For peracetic acid, the highest temperature was 343 K
since higher temperatures resulted in decomposition. All the
experiments were performed in atmospheric pressure. The sam-
ples were collected from the outlet of the reactor and analyzed.
Mass fractions of hydrogen peroxide and peroxycarboxylic
acids were determined by titration with ammoniumceriumsulfate
solution [(NH4)4Ce(SO4)4-H,0] and sodiumthiosulfate solution
[Na,S,03 - 5H,0], respectively (Greenspan and Mackellar, 1948).

2.3. Experimental results

The experimental results have been published earlier by
Ebrahimi et al. (2011).

3. Modeling
3.1. Plug flow model

After hydrogen peroxide and formic acid were mixed in the
micromixer, the reaction solution was fed into the microreactor
tube, where the reaction took place. According to Eq. (3), the
reaction rate depends on the hydrogen peroxide (HP), formic acid
(FA) and hydroxonium ion concentrations ([H;0*]). The reaction
is reversible and the reverse reaction rate depends on the
performic acid (PFA), water (W) and hydroxonium ion (H30%)
concentrations:

H,504,
P

HCOOH +H,0, Y HCOOOH +H,0 3)

According to this reaction, performic acid is only consumed by
the reverse hydrolysis reaction. In addition to these reactions,
Filippis et al. (2009) considered a reaction for the decomposition
of performic acid in the absence of sulfuric acid during a long
reaction time in a batch process, where carbon dioxide was
produced

HCoooH-"".c0, + H,0 @)

The rate of this reaction is negligible at 303 K but it becomes
more important at increased temperatures and residence times.
Filippis et al. (2009) reported experimental results for the highest
temperature of 333 K and longest residence time of 16,000 s.
According to their results at 313 K decomposition starts roughly
at the residence time of 2000 s. However, in the current study the
maximum temperature was 313 K and the residence time was
always less than 2000 s. At higher temperatures decomposition
could be visually observed by formation of gas bubbles. Moreover,
the current reactions were carried out in the presence of sulfuric
acid, which is known to reduce decomposition of peroxy acids.
Therefore, decomposition of performic acid can be considered to
be negligible in the used experimental range and this reaction
was disregarded in the modeling.

Assuming plug flow, the evolution of the reagent concentra-
tions with respect to the residence time in the reactor can be
written as

d¢,

d?P = —k1 CupCraCh,o+ +kaCrraCwC iy G
d¢
T:A = —k1CupCraCy, o+ +kaCpraCw Cyy 0+ ®
d¢

dr;FA = k1 CupCraCp,o+ —k2CrraCwCiy, 0+ @
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dCW
dt

The reaction rate constant depends on the temperature
according to the Arrhenius equation.

Ei (1 1
kl :kl,meun exp (*ﬁ] (T* T >> 9
mean

where Tmegn is @ mean temperature (298 K) and Ky meqn is the
reaction rate constant at the mean temperature.

As shown in Egs. (5)-(8) the reaction rates are dependent on
concentration in the reaction mixture. It is supposed that [H30*]
is mostly produced by dissociation of sulfuric acid (SA) and FA.
Therefore, the following equation was used to derive the hydro-
xonium ion concentration:

[H30* |r=[H30* |ga+[H30* Jsa (10)

= I(] CHPCFACHjo‘r *RZCPFACWCHE()* (8)

The total hydroxonium ion concentration in the kinetic equa-
tions was derived from the equilibrium dissociation of FA and SA
and the electroneutrality principle

C1,0(4KsaCsa +2KpaM)

Co it = 11)
0T T oa+ (2 + 8KsaCsaCiy0 +4KeaCr,o M)/ (

where M is defined as

M = Cra0—CpFa (12)

The dissociation constants for FA (Kim et al., 1996), acetic acid
(AA) (Paabo et al., 1966) and SA can be evaluated from correla-
tions:

pKpp = —57.528+2773.9/T+9.1232InT (13)
pKap = 1170.48/T—3.1649+0.013399T (14)
pKsa =577.214—246.01log,,T—12717/T +0.283133T

—1.27566 x 1074T? (15)
and
Kpa = 107PKea (16)
Kap = 107PKm (17)
Ksp =107 (18)

Equilibrium coefficient is defined as:

_ k]

keq = 1!

19)

3.2. Laminar flow model

Egs. (5)-(8) were derived by assuming that the flow in the
microreactor tube can be described using a simple plug flow
model. According to the plug flow model, there is no radial
velocity distribution in the tube. In the conducted experiments,
however, the flow velocity of the liquid is low and the flow is
laminar. In these conditions, the radial velocity profile is in fact
parabolic. To study how much this velocity profile affects the
estimated parameters, a flow model was built taking into account
the parabolic flow profile.

For laminar flow, the following equation has been considered
when the flow is in steady state:
ac [1 ac  PC  PC

Vo =D|-—+—5+—|+R 20
ol rar+ar2+@12}+c @9
where v denotes the flow velocity, C is the concentration, D is the
diffusion coefficient, r gives the radius of the reactor and R is the
reaction rate.

In order to calculate this equation three parameters are
important (r/l)?, (Dt/r?*) (dimensionless time) and (rv/D) (Peclet
number).

These parameters have different values at different conditions
and describe the effect of radial diffusion, axial diffusion and axial
convection on the distribution of the components along the tube.
In some limited cases the radial or axial diffusion effect could be
eliminated. In these experiments, (r?/I?) is ~10~7-10~8, which
shows the importance of radial diffusion compared to axial
diffusion.

In addition, the Peclet number is higher than 500 and (Dt/r?) is
higher than 0.003. It seems that it is possible to eliminate axial
diffusion in our calculations but not the radial diffusion, which
is considerable (Ekambara and Joshi, 2004; Bruce Nauman and
Nigam, 2005). Therefore, the effect of radial diffusion in the model
was also studied.

In a steady state, without diffusion, the differential equation
with radial discretization to n rings is written in the form
%:Rﬁ i=1,..,n (21)
which is numerically integrated to the end of the pipe.

The velocity v depends on the radial position in the pipe and it
is obtained from parabolic velocity profile.

2
v; =205 (1—(—’) ) (22)
To

vy = 222 23)
where v; is the mean velocity, and v,y is the maximum velocity
at the center of the tube.

The radial direction was divided into five, ten and twenty
nested rings where the velocities in the rings were taken from the
parabolic distribution. At the end of the pipe the average con-
centrations were calculated from the concentration distribution
in the rings.

With radial diffusion, the model changes to the following
equation:
oC D&*C Rc .

E=U_,'W+7f i=1,...,n (24)

Eq. (24) was discretized into 6 radial and 10 axial elements
along the tube length. Radial diffusion was taken into account by
calculating the diffusion flux from one radial element to another.
The value of the diffusion coefficient was taken as 1 x 1072 m?/s.
After discretization Eq. (24) was solved numerically with respect
to time by the numerical method of lines (Schiesser, 1991) until a
steady state was reached.

3.3. Parameter estimation and sensitivity analysis

To evaluate the accuracy of the estimated parameters in a non-
linear multiparameter model it is important to consider possible
cross-correlation and the identifiability of the parameters. Classical
statistical analysis giving optimal parameter values is an approxima-
tion, based on the linearization of the model, and may sometimes be
quite misleading. This problem may be properly treated by MCMC
methods. When using MCMC methods, estimation of the model
parameters and predictions is performed according to the Bayesian
paradigm. All the uncertainties in the data, as well as the modeling
results, are treated as statistical distributions. A distribution of the
unknown parameters is generated using the available prior
information and statistical knowledge of the observation noise.
Computationally, the distribution is generated using the Markov
chain Monte Carlo (MCMC) sampling approach. Up-to-date adaptive
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computational schemes are employed in order to make the simula-
tions as effective as possible (Haario et al., 2001; Laine, 2008). In this
study, a FORTRAN 90 software package MODEST (Haario, 2002) was
used for both the least squares estimation and the MCMC estima-
tion. The methods mentioned above are also implemented in a
MATLAB package (Laine, 2008).

4. Results and discussion
4.1. Parameters of the plug flow model

The model parameters were estimated by the least squares
method by minimizing the difference between measured data and
simulated values. The kinetic model was fitted to the experi-
mental data at different conditions. The experimental data and
the model predictions are shown in Figs. 2 and 3. It can be seen
from the figures that the rate of peracetic acid formation has been
increased by raising the temperature, the sulfuric acid concentra-
tion and the molar ratio of the acetic acid to hydrogen peroxide.
Consequently, by increasing the reaction rate the time needed to
reach the equilibrium has been decreased. However, performic
acid reaction rate was found to be high even in the absence of the
catalyst at room temperature.

Table 1 presents the estimated parameters for the plug flow
model. According to the results, the value of the activation energy
of the forward reaction is somewhat lower than the activation

5C, H2504 0.6 mol/kg

10 C, H2504 0.6 mol/kg
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energy of the reverse reaction. This shows that the reaction is
slightly exothermic and at a high temperature the reactions are
accelerating at the same rate in both directions.

4.2. Parameters of the laminar flow model

The estimated parameter values for the laminar flow model
without diffusion are shown in Table 2. Compared to the plug flow
results shown in Table 1, the laminar model slightly improved the fit
and there are some differences in the parameter values. However,
since the kinetic study has been carried out in a tubular reactor, the
effect of the radial velocity profile in the tube should be also
considered. Therefore, the parameters from the laminar flow model
are in principle more reliable.

The experimental data and the model predictions for perfor-
mic acid are shown in Fig. 4.

It seems that activation energies for peracetic acid are smaller
than the values of 57.84 k] mol~'and 60.4 k] mol~" obtained by Zhao
et al. (2007), but larger than the values of 14.22 k] mol~'and
27.9k] mol~! obtained by Dul'neva and Moskvin (2005) for the
forward and reverse reactions, respectively. In addition, the activation
energy value for the forward reaction of performic acid are somewhat
larger than the values of 43.5 k] mol ~! and 41.5 k] mol~ ! obtained by
Filippis et al. (2009) and Shapilov and Kostyukovsii (1974), respec-
tively. On the other hand, the estimated value for the activation
energy is comparable with the values reported by Ramos et al. (2003),
which is 89.4 k] mol~'. However, it should be noted that these
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Fig. 2. Comparison of predicted and measured hydrogen peroxide (o) and performic acid () concentration for plug flow model.



20 C, H2504 0 molfkg

F. Ebrahimi et al. / Chemical Engineering Science 71 (2012) 531-538

20 C, H2504 0.3 mol/kg

20 C, H2504 0.6 mol/kg

535

10 10 10
= ° = M\_O‘LDM = M@
= = =
3 5 3 5 3 °
£ E £
o N 4 o % * o x 2
0 T500 1000 1500 0 500 1000 1500 0 500 1000 1500
Time [s] Time [s] Time [s]
20 C, H2S04 0.6 mol/kg 20 C, H2504 0.6 mol/kg 20 C, H2504 0.9 mol/kg
10 10 10
5 5 T —e—wo o
3 5 %@-Q\_e% 3 5 3 5
E © E 9__‘3"07)*‘0—\—0 &
[e]
[0} 0 0
0 200 400 600 800 1000 0 200 400 600 800 0 500 1000 1500
Time [s] Time [s] Time [s]
20 C, H2S04 1.2 mol/kg 30 C, H2S04 0.6 mol/kg 40 C, H2S04 0.6 mol/kg
10 10 10
g ® 5 g %\o g M
3 5 o 3 5 3 5
E E E
M W
[0} 0 0
0 500 1000 1500 2000 0 500 1000 1500 0 500 1000 1500
Time [s] Time [s] Time [s]
50 C, H2S04 0.6 mol/kg 60 C, H2804 0.6 mol/kg 70 C, H2S04 0.6 mol/kg
10 10 10
g 5 ;m 5 g 5
© © ©
E - E £
0 O 0
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500 2000
Time [s] Time [s] Time [s]
Fig. 3. Comparison of predicted and measured hydrogen peroxide (o) and peracetic acid (:) concentration for plug flow model.
Table 1 reaction rates and activation energies depend on the catalyst con-

Estimated parameter values and their standard error for the plug flow model.

Performic acid Peracetic acid

R? (%) 97.9 97.9

Value Std. Value Std.

error (%) error (%)
K1 mean [12 mol =257 1] 6.27x107° 5.0 122x10°° 33
ka.mean [12 mol =2 s~ 1] 4.68 x107° 6.9 298 x1077 16.4
E; [Jmol™"] 60.4x10*3 5.7 349x10*3 29
E, [Jmol~'] 63.6x1073 8.1 35.1x10"3 9.6
Table 2

Estimated parameter values and their standard error for the laminar flow model.

Performic acid Peracetic acid

R% (%) 97.98 97.98
Value Std. Value Std.
error (%) error (%)
Kimean [Pmol 257 ']  543x10°° 6.0 0.816x10°° 25
komean [P mol~2s7']  377x10°° 8.6 0.134x10°% 131
E; [Jmol~'] 757x10%3 55 36.6 x 103 2.0
E, [J mol~'] 973x10%3 7.8 44.8 x10+3 6.1

centration, which probably explains the differences in the observed
activation energies.

Consequently, the reaction rate constants can be calculated
from the following expressions for forward and reverse reactions,

respectively:
1 1
T 298))

1 1
(+-2s3))

These equations were further used to calculate reaction rate
constants at different temperatures. For instance, the k; and k,
values for peracetic acid at 40 °C were obtained as 2.08 x 103
I>mol~2h~'and 4.18x10"%I?mol~2h~' for forward and
reverse reactions, respectively.

Similarly, the reaction rate constants for performic acid reaction
at 40°C for forward and reverse reactions were obtained as
29x1072 ?’mol~2h~ "' and 2.5 x 1022 mol~2 h~ !, respectively.

Moreover, the equilibrium constants could be calculated by
dividing the forward and reverse reaction rates, respectively

E
kl = kl,mean exp <_ ﬁl

E;

kZ = k2,mean exp <* ﬁ (25)

Performic acid :  keq = ;z—l =1.44exp [21’:00 [% 72%” (26)
2

Peracetic acid :  Kkeq = i—] =6.1exp [@ E - 21@” (27)
2
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Fig. 4. Comparison of predicted and measured hydrogen peroxide (o) and performic acid concentration for laminar flow model.

It is known from Egs. (24) and (25), that increasing the
temperature leads to the decrease of k., resulting in the decrease
of performic acid and peracetic acid concentrations in the equili-
brium state. Therefore, for higher equilibrium concentrations of
performic acid or peracetic acid, the reaction should be operated at a
low temperature. The calculated values of k., of peracetic acid
formation at 293, 303, 313, 323, 333, 343 and 353 K are 6.45, 5.77,
5.20, 4.72, 4.31, 395 and 3.64, respectively; whereas Musante et al.
(2000) reported smaller values for the equilibrium constant i.e. 1.9,
2.2 and 2.8 at 323, 333 and 343 K. Similarly, Dul'neva and Moskvin
(2005) and Zhao et al.(2007) obtained values in the same range as
Musante et al. (2000) for the equilibrium constant.

Similar to the reaction rates and activation energies, the
differences in the equilibrium constant values between the
ones obtained in this work and those reported in literature can
be also most probably explained by the differences in the
electrolyte composition of the solutions, which affects the
reaction rates.

Correspondingly, the calculated values of k., of performic acid
formation at 278, 283, 288, 293 and 303 K are 2.70, 2.28, 1.95,
1.67 and 1.25, respectively.

The equilibrium constants for performic acid and peracetic acid
formation at different temperatures are shown below in Fig. 5.

The effect of radial diffusion was considered in the laminar
flow model. This effect was only studied for performic acid since
the addition of the diffusion to the laminar flow model, increased
the calculation times substantially. The estimated parameters for
performic acid are presented in Table 3.

6 N

=
I o
3
2
14 Perace
Performic acid
0

270 290 310 330 350 370
Temperature [K]

Fig. 5. Equilibrium constants for performic acid and peracetic acid.

It could be seen from the results that the addition of the
diffusion does not significantly improve the model.

The results of the MCMC analysis of laminar flow model for
performic acid and peracetic acid are shown in Figs. 6 and 7,
respectively. The distribution of the parameters shows how well
the parameters have been identified. Each dot in the figures is a
sample from the distribution of possible solutions to the parameter
estimation problem. The contour lines in the figures represent 95%
and 50% probability regions. The figure also show 1-dimensional
probability density estimates for each parameter. The shape of
the cloud provides information about a possible cross-correlation
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Table 3
Estimated parameter values and their standard error for the laminar flow model
with diffusion.

Performic acid

R? (%) 97.88
Value Std. error (%)
Kt mean [I> mol 2 h~"] 8.37x10°9 52
k2,mean [1? mol=2h~1] 6.20x10°° 7.3
Eq [Jmol 1] 65.7x10*3 5.7
E, [Jmol~1] 76.4x 103 8.7
x10° k \mean
- 8
§ 6
&4
2
kz,mean
10
o

5 102 4 6 8 5 10
x 10° x 10° x 10*

Fig. 6. Two-dimensional posterior probability distributions from the MCMC
analysis for performic acid reaction kinetic parameters.
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Fig. 7. Two-dimensional posterior probability distributions from MCMC analysis
for peracetic acid reaction kinetic parameters.

between the parameters. As seen in Figs. 6 and 7, all the parameters
are well identified with the Markov chain samples centered around
the most probable point.

To compare the laminar flow and the plug flow models, the
MCMC results are shown in Figs. 8 and 9, for performic acid and
peracetic acid, respectively. It can be seen from the figures that

Ko mean [Z-mor 2.7 x 10
Fig. 8. Comparison of the estimated parameter distributions for performic acid
from the plug flow model (blue) and the laminar flow model (red (n=5), yellow
(n=10), green (20)). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

E, [J.mot"]

36

25

2 2 p1
Kz mean [F-mor 2] x10

Fig. 9. Comparison of the estimated parameter distributions for peracetic acid
from the plug flow model (blue) and the laminar flow model (red (n=5), yellow
(n=10), green (20)). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

the plug flow model and the laminar flow model present close but
different distributions of possible solutions to the parameter
estimation problem. Since the laminar flow was more realistic,
different radial discretizations were performed, in this case, by
numerical runs. The kinetic parameter distribution from radial
discretization of 5, 10 and 20 are shown in Figs. 8 and 9. It can be
concluded that radial discretization to ten rings is sufficient to
obtain grid-independent parameter values in the laminar flow
model. Therefore, the kinetic parameters were obtained by divid-
ing the radial direction into ten nested rings.

5. Micromixer study

The whole study has been made assuming that the reaction
starts in the beginning of the delay tube. Therefore, it is necessary
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to check that no reaction takes place already in the micromixer.
Therefore, a simple CFD model describing the flow of the
dispersed phases has been used. The model has been implemen-
ted with the open-source CFD software OpenFOAM. It calculates
the flow field for a simple incompressible laminar flow and then
uses it to track dispersed particles with zero weight. This
technique allows evaluating average residence time of the com-
ponents inside the micromixer.

Based on these results, the residence time was estimated to be
~10ps in the central channels and 50 ps in the side channels,
which, when compared with the estimated reaction rates given
in Section 4, is not sufficient for the reaction to start in the
micromixer.

6. Conclusions

Kinetics of the performic and peracetic acid synthesis were
studied. The measurements were done in a tubular microreactor.
The advantage of this device was efficient temperature control,
which made it possible to maintain a constant temperature.

The kinetic parameters were obtained for a simple plug flow
model, a laminar flow model without diffusion, and a laminar
flow model including radial diffusion.

The experimental values were explained reasonably well with
the simple plug flow model. The laminar flow model including
parabolic velocity distribution improved the fit and gave slightly
different parameter values, given in Table 2. These can be considered
as the final results of the study, because the inclusion of the radial
diffusion in the model did not improve the fit significantly.

Finally, the reliability of the results was confirmed by checking
the residence time in the micromixer.

Nomenclature

G concentration of component i (mol kg~—')

D diffusion coefficient (m?s~1)

E activation energy (] mol~ 1)

k reaction rate constant (12 mol~2s~1)

keq equilibrium constant (dimensionless)

K; dissociation constant of acid i (dimensionless)
kmean ~ reaction rate constant at mean temperature (1> mol=2s~1)
l length (m)

M cra0—Cpra (mol kg™ 1)

pK; logarithmic constant of K; for component i (dimensionless)
r radius (m)

To radius of tube (m)

R gas constant (Jmol~'K~1)

R? coefficient of explanation (%)

Rc reaction rate (molkg='s~1)

t time (s)

T temperature (K)

Timean mean temperature (K)

v flow velocity (ms~1)

Vmax maximum flow velocity (ms~1)

Vs mean velocity (ms~1)

Abbreviations

FA Formic acid

HP Hydrogen peroxide

IMM Institut fiir Mikrotechnik Mainz GmbH
MCMC Markov chain Monte Carlo

PAA Peracetic acid

PFA Performic acid

SA Sulfuric acid

w Water
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Performic acid was synthesized in a packed bed microstructured reactor in the presence of a cation
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represented high activity which makes it possible to synthesize high concentration of performic acid in
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1. Introduction

Performic acid is an efficient oxidizer which has found many
uses in the chemical industry for disinfection and bleaching pur-
poses. Despite the potential and interest in performic acid, there
are only limited literature data available about the formation of
this chemical. Performic acid is an unstable chemical which can
decompose due to heat and impurities even in mild conditions
[1]. Therefore, safety aspects in the production have to be empha-
sized. Performic acid has mostly been synthesized in the presence
of a homogeneous sulfuric acid catalyst, which has a number of
disadvantages such as equipment corrosion and difficulties in the
separation of the catalyst [2]. Ebrahimi et al. [3] synthesized per-
formic acid in the presence of sulfuric acid and Filippis et al. [4]
synthesized performic acid without any catalyst. The goal of this
work was to study the possibility of using heterogeneous catalyst
to synthesize performic acid. According to the literature, differ-
ent solid catalysts such as heteropoly acids, zeolites, and cation
exchange resins have been tested in the synthesis of percarboxylic
acids [5-8]. Among these catalysts, strong cation exchange resins
have been found to be most adequate in the production of per-
carboxylic acid such as peracetic acid and perpropionic acid [6-8].
Strong cation exchange resin showed the highest catalytic effi-
ciency and it did not decompose peroxide. Therefore, strong cation

* Corresponding author. Tel.: +358 5 621 6628; fax: +358 5 621 2199.
E-mail address: Fatemeh.Ebrahimi@lut.fi (F. Ebrahimi).

1385-8947/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2011.11.012

exchange resins, Dowex 50Wx8 and Dowex 50Wx2, were selected
and tested as heterogeneous catalysts.

In this study the following were investigated: the activity, the
life time, and the different types and sizes of the cation exchange
resin catalyst in the formation of performic acid in the batch pro-
cess. The effect of external and internal mass transfer of the solid
catalyst was studied by using different mixing speeds and differ-
ent sizes of the catalyst particles, respectively. The proper solid
catalyst, selected on the basis of batch experiments, was packed
in a continuous microstructured reactor to synthesize perfomic
acid continuously. No published results exist concerning the syn-
thesis of percarboxylic acid in continuous fixed bed microreactors
packed with heterogeneous catalysis, although some studies exist
in continuous macro scale reactors [2,6]. Packed microstructured
reactor would successfully avoid the breakdown of resin parti-
cles under mechanical agitation that appear in the batch mode,
and also there would be no loss of the resin catalyst. The benefit
in using microstructured reactor in this case is that the reaction
temperature can be efficiently controlled and the product decom-
position and safety problems can be decreased. The formation rate
of performic acid was measured at different catalyst concentra-
tions, temperatures, and residence times.

2. Experimental set-up

Performic acid was produced according to the following reac-
tions in the presence of cation exchange resin catalyst:

HCOOH + H,0,% HCOOOH + H,0. 1)
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Table 1
Properties of the cation exchange resin used.

Dowex 50 Wx2 Dowex 50Wx8
Supplier Sigma-Aldrich Sigma-Aldrich
Polymer type Gel Gel
Cross linking (%) 2 8
Moisture content (% mass) 78 54
Capacity by dry weight (meq/g) 4.8 4.8
Native particle size range (pm) 150-300 150-300, 75-150

The following chemicals were used as reactants: formic acid
(90 wt%), hydrogen peroxide (50 wt%), sulfuric acid (96 wt%), which
were in aqueous solutions, and a strong cation exchange resin,
Dowex 50Wx8 and Dowex 50Wx2, in hydrogen form.

2.1. Catalyst properties and characterization

Ion exchange resins are highly ionic, covalently cross-linked,
insoluble polyelectrolytes supplied as beads. This cation exchange
resin catalyst contains styrene-divinylbenzene matrix and sulfonic
acid as a functional group. Various levels of divinyl benzene, the
cross-linking agent, controls the porosity of the particles. The prop-
erties of two different kinds of cation exchange resins which were
tested are given in Table 1. Pretreatment of the catalyst has a sig-
nificant effect on the activity of the cation exchange resin in gel
form [7]. The purpose of the pretreatment is to release the water,
which represents approximately 50-80 (wt%) of the total weight
of the native catalyst. Water is strongly adsorbed by sulphonic acid
groups of the resin and occupies the acid sites and greatly prohibits
the reaction rate [9]. Therefore, catalyst beads were first washed 4
or 5 times by deionized water and dried in the oven at 70°C for 48 h
since higher temperature could affect the sulfonic acid sites on the
catalysts. When the catalysts were reused, the same pretreatment
was performed. Fig. 1 and Fig. 2 give an impression of the size of the
catalyst particles. These are microscopic pictures of the pretreated
catalyst.

2.2. Batch experimental set-up and procedure

The activity, life time, and different types of the cation exchange
resin catalyst in the formation of performic acid were tested in a
batch process. The experiments were carried out in a 250 ml glass
flask equipped with a stirrer. The system was put in an isothermal
water bath to control the temperature. In all the experiments, pre-
treated catalyst was used. After which a certain amount of dried

100

Fig. 1. The image of Dowex 50Wx2.

0

Fig. 2. The image of Dowex 50Wx8.

solid catalyst was put in the flask. The estimation of the appar-
ent [H*] (mol of Br@nsted sites of the solid catalyst percent per
liter) was calculated based on the cation exchange capacity by dry
weight (meq/g) which is provided by the manufacturer. Following
this a certain amount of formic acid was put in the flask and the
system was heated up to the selected temperature. When the tem-
perature of formic acid solution reached the target temperature, the
preheated hydrogen peroxide was added and the reaction time was
started. The initial molar ratio of hydrogen peroxide and formic acid
was 1:1 and concentration of [H*] was in the range of 0-1moll-!.
The experiments were performed at 293 K, 303K and 313 K. Sam-
ples were taken using a plastic syringe and the concentration of
hydrogen peroxide and performic acid analysed by titration.

2.3. Continuous experimental set-up and procedure

Performic acid was synthesized continuously in a packed-bed
microstructured reactor which consisted of the Slit Interdigital
Micromixer [10] and PTFE tubing. The micromixer contained paral-
lel sinusoidal mixing channels. The height of a single channel was
200 wm and the width 45 pm. The catalyst bed tubing served as
the delay tube for the reaction. The inner diameter and length of
the tubing were 1.6 mm and 10-30 cm, respectively. According to
the batch experiment, Dowex 50Wx8 presented better activity and
a longer life time which made it more suitable for the continuous
process. In all the experiments, the catalyst was first pretreated and
then packed in the tube using a syringe.

The micromixer and tubing were immersed in a thermostatic
bath in order to control the temperature. The reactants were fed
into the system by two diaphragm pumps. The schematic drawing
of the experimental set-up is shown in Fig. 3.

The system contained two feed streams. One feed contained
formic acid (90 wt%) and the other feed was hydrogen peroxide
(50 wt%). Experimental series were conducted at different resi-
dence times, temperatures and catalyst concentrations. Residence
time was controlled by adjusting the flow rates and by chang-
ing the length of the tubing. The range of the residence time was
29-272s and that of the superficial velocity 0.1-0.5cm/s. It was
observed that variation of average velocity did not affect the reac-
tion. The temperature and catalyst loading were changed between
283 and 313K and 100-400 mgcm~3, respectively. Glass beads
with the size of 212-300 wm as neutral beads was mixed with
the catalyst and packed in microstructured tubular reactor to make
different catalyst loading along the tube. For performic acid synthe-
sis, the maximum operating temperature was 313 K, above which,



314 F. Ebrahimi et al. / Chemical Engineering Journal 179 (2012) 312-317

Formic
acid
Thermostated bath
[ e |
i Micromixer Residence i Product
: >_] time tubing ! mixture
i J filled with i
! catalyst !
e cccccccccccccnccacecae= 1
Hydrogen
peroxide

Fig. 3. The schematic drawing of the microreactor system for laboratory experi-
ments.

decomposition of the compounds to gas phase was observed. All the
experiments were performed in atmospheric pressure. The sam-
ples were collected from the outlet of the reactor after a certain
residence time and analysed. The residence time was obtained by
experimentally measuring the residence time distribution.

Mass fractions of hydrogen peroxide and peroxyformic acids
were determined by titration with ammoniumceriumsulfate
solution [(NH4)4Ce(SO4)4-H20] and sodiumthiosulfate solution
[Na;S,03-5H,0], respectively.

2.4. Residence time distribution

Residence time distribution was measured by pulse exper-
iments. In general, the tracer molecule should have a similar
structure to that of the reactant and the product molecules with-
outinterfering with the catalyst. Therefore, pulse experiments were
carried out with hydrogen peroxide. Experiments were performed
with two pumps connected to two batch vessels. One of the ves-
sels contained the hydrogen peroxide (50 wt%) and the other one
only the de-ionized water. For the pulse experiments, at time zero,
around 0.2-1 mg of the hydrogen peroxide was pulsed at the inlet
of the packed microstructured reactor. The experiments were per-
formed for 30 cm tube length at three flow rates of 0.1, 0.2, and
0.3 ml /min. The samples were taken with intervals of 10, 12, and
155, respectively. The concentration of hydrogen peroxide was
measured by iodometric method.

3. Results and discussion
3.1. Batch experiments studies

3.1.1. The activity of cation exchange resin catalyst

Some cation exchange resin catalysts have been tested in the
synthesis of peracetic acid and perpropionic acid by Leveneur et al.
[7] In this study, two cation exchange resin catalyst were used:
Dowex 50Wx8 and Dowex 50Wx2. The comparison of the activity
of these catalysts and sulfuric acid is shown in Fig. 4. These solid
catalysts have sulfonic acid as a functional group which is close
to the sulfuric acid structure. These experiments were carried out
under same catalyst loading, i.e. 6 wt%. It can be seen from Fig. 4 that
the activity of Dowex 50Wx8 is close to the sulfuric acid and higher
than Dowex 50Wx2. Leveneur et al. [7] also found similar activity
in Dowex 50Wx8 and sulfuric acid, 0.11M, in the production of
perpropionic acid. In addition, he concluded that no formation of
sulfuric acid due to a leaching of the sulfonic group or oxidation of
these groups by hydrogen peroxide occurs. Fig. 4 shows that the
reaction is slow in the absence of the catalyst.
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Fig. 4. Formation rate of performic acid in the presence of sulfuric acid, Dowex
50Wx8, and Dowex 50Wx2, temperature =293 K, particle size of the solid cata-
lyst=150-300 pm.
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Fig. 5. Deactivation behavior of Dowex 50Wx8, temperature=313K, particle
size =150-300 wm, catalyst loading =70 mg cm—3.

3.1.2. Deactivation of the cation exchange resin catalyst

The deactivation and reusability of cation-exchange resin was
studied. The experiments were repeated under the same operating
conditions. All the reused catalysts were pretreated in the same way
as fresh catalysts, i.e. washed 4-5 times with water and dried in the
oven at 70 °C for 48 h and then reused. A comparison between the
activity of fresh and reused catalyst are shown in Fig. 5 and Fig. 6
for Dowex 50Wx8 and Dowex 50Wx2, respectively. As shown in
Fig. 5, slight deactivation was observed after reusing the Dowex
50Wx8 catalyst five times. Therefore, this resin can be used repeat-
edly after washing with pure water. It can be seen from the figure
that the concentration of performic acid starts to decrease after
maximum. The reason is the decomposition of performic acid which
appears especially at high temperatures (303 K and 313 K). Deac-
tivation of the resin catalyst occurs through neutralization of the
sulfonic acid groups, catalyst shrinkage, or loss in pore sites[11]. For
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Fig. 6. Deactivation behavior of Dowex 50Wx2, temperature=313K, particle
size =150-300 w.m, catalyst loading =70 mgcm 3.
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Fig. 7. Formation of performic acid at different temperatures in the presence of
Dowex 50Wx8, catalyst loading =70 mgcm~3, catalyst size =150-300 p.m.

gelular reused resins, especially, an increasing diffusion restriction
is expected.

It was found from Fig. 6 that the activity of Dowex 50Wx2 was
unchanged or even slightly increased during the first 3 runs. This
may be because more fragments of the resin were formed due to the
breakdown of the resin particles under mechanical agitation, which
increases the surface area of the resin catalyst. However, this cata-
lyst was totally deformed after three experiments and was not in a
particle form anymore. This could be caused by the lower cross link-
ing percentage compare to Dowex 50 Wx8. The low cross-linked
polymers have lower chemical, mechanical, and thermal stability
[12]. Consequently, this catalyst is not satisfactory for reusing in
such a reaction.

3.1.3. Effect of temperature on reaction rate

The effect of temperature on the formation of performic acid was
studied over a temperature range of 293-313 K. The experimental
results are displayed in Fig. 7 and Fig. 8 for Dowex 50Wx8 and
Dowex 50Wx2, respectively. It could be seen from the figures that
the reaction rate increased with the reaction temperature.

3.1.4. Effect of catalyst loading

The effect of the catalyst loading on the formation of performic
acid is shown in Fig. 9. The amount of the catalyst was in the range
of 0-140mgcm—3 at 293 K. The higher the catalyst loading, the
sooner the equilibrium was reached because of the increase of the
total number of acid sites available for the reaction. As shown in
Fig. 9, with a catalyst loading of 140 mg cm~3, equilibrium could be
reached in less than 50 min.
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Fig. 8. Formation of performic acid at different temperatures in the presence of
Dowex 50Wx2, catalyst loading =70 mg cm~3, catalyst size =150-300 pm.
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Fig. 9. Formation of performic acid at different catalyst loadings of Dowex 50Wx8,
temperature =293 K, catalyst size =150-300 pm.
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Fig. 10. Formation rate of performic acid at different mixing rates in the presence
of Dowex 50 Wx8, temperature =313 K, particle size =150-300 pm.

3.1.5. Effect of external mass transfer

The effect of the mixing rate on the formation rate of performic
acid is shown in Fig. 10. It can be seen that there is no system-
atic increase of yield as the stirrer speed is increased from 60 to
250 rpm. This indicates that there is no clear limiting effect of exter-
nal mass transfer. It is possible, however, that a small resistance
from external mass transfer exists but is not revealed because of
random errors in the data.

3.2. Continuous experimental results

According to the results of the batch experiment, Dowex 50Wx8
was preferred over Dowex 50Wx2 due to enhanced catalyst activ-
ity, stronger chemical, mechanical, and thermal stability, and
longer deactivation time. Therefore, Dowex 50Wx8 was packed in
the microstructured tube and performic acid was synthesized at
different temperatures, catalyst loadings, and residence times in a
continuous process. The effect of temperature and catalyst load-
ing on the formation of performic acid is shown in Fig. 11 and
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Fig. 11. Formation rates of performic acid at different temperatures, catalyst
size =150-300 p.m, catalyst loading =400 mgcm 3.
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Fig. 12. Formation rates of performic acid at different catalyst loadings of Dowex
50Wx8, temperature =293 K, catalyst size =150-300 pm.

Fig. 12. Temperature and catalyst loading were changed between
283 and 313 K and 100-400 mg cm~3, respectively. The glass beads
were used to make different catalyst loading along the tube. It was
assumed that the glass beads had the same flow pattern as the
catalyst beads. The Increase of temperature and catalyst loading
accelerated the formation rate of performic acid. As can be seen
from Fig. 11 the equilibrium was reached in 120s at 313 K which
indicates a rather fast reaction.

To study the internal diffusion resistance in the catalyst, the
experiments were also performed with smaller sizes of the cata-
lyst particles in a range of 75-150 wm. The results are shown in
Fig. 13. As can be seen from this figure, the experiments catalyzed
by the smaller particles showed only slightly faster reaction. There-
fore, the influence of internal diffusion of the catalyst in the range
of 150-300 wm is not dominant. Leveneur et al. also tested differ-
ent sizes of Dowex 50Wx8 in the synthesis of perpropionic acid and
concluded that internal diffusion cannot be neglected in the case of
particle sizes over 0.3 mm [7].

3.2.1. Residence time distribution

The mean residence time was determined by measuring the
residence time distribution. Pulse experiments were used and the
results for 30 cm tubular length and catalyst size of 150-300 pwm
are shown in Fig. 14. This figure shows that the distribution is sym-
metric. It was assumed that the dependence of the residence time
on the tube length is linear. The mean residence time for different
flow rates was calculated by the equation below:
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Fig. 13. Formation rates of performic acid in the presence of different catalyst sizes
of Dowex 50 Wx8, temperature =293 K.
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Fig. 14. Residence time distribution of 30cm packed tube length by using
hydrogen peroxide as a tracer at 293K, catalyst size =150-300 p.m, catalyst load-
ing=400mgcm=3.

Table 2
The calculated mean residence time for different catalyst sizes and flow rates with
30cm tubular length.

Catalyst size 0.1 ml/min 0.2 ml/min 0.3 ml/min
150-300 pm 2716s 123.8s 87.9s
75-150 pm 201.2s 93.8s 65.6s
2.0
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Fig. 15. Formation of performic acid in the presence of different sulfuric acid and
Dowex 50Wx8 concentrations, temperature =293 K, catalyst size 150-300 pm.

The measured mean residence times for different flow rates and
catalyst sizes with 30 cm tube length are shown in Table 2.

3.2.2. Comparison between homogeneous and heterogeneous
catalyst

Different concentration of homogeneous catalyst, i.e., sulfuric
acid and heterogeneous catalyst, i.e., Dowex 50Wx8, were tested.
Comparison of the results is shown in Fig. 15. It is seen from the
figure that in some concentrations, the activity of solid catalyst is
similar to that of sulfuric acid. However, the activity of solid catalyst
depends on the cation exchange capacity. The apparent concentra-
tion of [H*], of different solid catalyst loadings are presented in
Table 3. For comparison, the concentration of [H30*] of different
concentration of sulfuric acid were also calculated and presented
in the same table. According to Fig. 15 and Table 3, the efficiency

Table 3
Apparent [H*] and [H30"] for different concentration of Dowex 50 Wx8 and sulfuric
acid, respectively.

400 mgcem—3 200mgcm—3 100mgcm—3
Dowex 50Wx8 [H*] 3moll-! 1.5mol ! 0.75mol 1!

9wtk 6wt 3wtk
Sulfuric acid [H30%] 1.2mol ! 0.8 mol 1! 0.4moll-!
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of the resin is lower than for sulfuric acid at the comparable acid
concentration. This shows that some of the active sites are not used
in the reaction and were deactivate or perhaps occupied by water.

4. Conclusions

The advantages of the solid catalyst over the liquid catalyst are
the easier separation of the catalyst and the absence of corrosion.
The use of a cation exchange resin as heterogeneous catalyst offers
high catalytic activity in the formation of performic acid. There-
fore, it is possible to reach a high concentration of performic acid
in a short residence time. Additionally, Dowex 50wx8 showed high
deactivation resistance and a strong structure. This makes it a suit-
able catalyst to be used in a continuous microstructured reactor. In
addition, a solid catalyst provides a better prospect of increasing
the reaction rate by increasing the catalyst loading.
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Abstract:

Usually large-scale capacities are preferred in process industry
because of the economics of scale. However, small capacities bring
along several other advantages, which are emphasized especially
in on-site production. By producing on-site, the transportation of
dangerous chemicals can be avoided. Moreover, smaller on-site
production processes also mean a step towards inherently safer
technology. Microreactors represent a technology that efficiently
utilizes safety advantages resulting from small scale. These safety
advantages of microreactors in on-site production are studied in
this contribution. Production of peracetic acid is used as a test
case. This unstable and explosive chemical is used, e.g. in treatment
of municipal wastewater and pulp bleaching. This study is based
on comparison of a conventional batch process with the capacity
of 170 kg/h and an on-site continuous microprocess producing 10
kg/h peracetic acid. Preliminary design of these processes was
carried out. Four different methods were used to analyze the safety
of the processes. It was found that the conventional methods for
analysis of process safety might not be reliable and adequate for
radically novel technology, such as microprocesses. This is under-
standable because the methods are partly based on experience,
which is very limited in the connection of totally novel technology.

1. Introduction

Safety of microreactors is based on a small reaction volume,
which leads to small inventory of dangerous chemicals. In
addition, the efficient heat transfer resulting from the high
surface area-to-volume ratio, improves temperature control and,
therefore, decreases the risk of run-away reactions. Thus, it is
also possible to use higher operating temperatures safely. This
increases the reaction rate and might lead to a smaller reaction
volume. Microreactors have been applied successfully to many
hazardous reactions such as fluorinations, chlorinations, oxida-
tions, and brominations. Sometimes those reactions have been
carried out at elevated temperature and pressure without safety
problems.! ™

On-site production decreases the transportation and storage
requirements of dangerous materials. This improves safety and
may also reduce costs. On-site applications to produce peracetic

* Corresponding author. Telephone: +358-5-6216128. Telefax: +358-5-
6212199. E-mail: Eero.Kolehmainen@]ut.fi.
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2004.
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(5) Inoue, T.; Schmidt, M. A.; Jensen, K. F. Ind. Eng. Chem. Res. 2007,
46, 1153-1160.

10.1021/0p900079f CCC: $40.75 © 2009 American Chemical Society
Published on Web 08/17/2009

acid and hydrogen peroxide have been reported.®’ Also, on-
site microreactor systems have been applied to the production
of hydrogen.®10

Applying microreactors to on-site production should combine
the above-mentioned advantages and introduce new ones. This
report attempts to demonstrate the advantages by comparing a
conventional batch process and a continuous on-site micropro-
cess to produce peracetic acid. Peracetic acid is an unstable
substance because of thermal decomposition, and therefore,
safety aspects in the production have to be emphasized.'! Safety
of the processes was studied by different safety evaluation
methods. Preliminary design of these processes was carried out
to enable the comparison.

In this study, four safety evaluation methods are applied:
Reaction matrix,'> Dow’s Fire and Explosion Index,'? Inherent
Safety Index,'* and Worst Case and Consequence Analysis.'

These methods are applied at different stages of design. At
the preliminary design phase, the available information is
limited. At this stage, however, the influence of the decisions
is most important because they determine major features of the
process. The reaction matrix reveals the undesirable combination
of materials and is useful particularly early in the development
of a new chemical processes.'?> Dow’s Fire and Explosion Index
is a suitable safety analysis method for the predesign (conceptual
design) stage." Inherent safety index can be applied at the R&D
and process predesign stage.'* Worst case and consequence
analysis is a method to recognize the most harmful events and
analyze their consequences.'

(6) Vineyard, M. K.; Moison, R. L.; Budde, F. E.; Walton, J. R.
Continuous process for on-site and on demand production of aqueous
peracetic acid. U.S. Patent 7,012,154, 2006.
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Verlag: Berlin, 2001.
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(15) Flynn, A. M.; Theodore, L. Health, Safety, and Accident Management
in the Chemical Process Industries: A Complete Compressed Domain
Approach; Chemical Industries, Vol. 86; CRC Press: Boca Raton, FL,
2001.
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Figure 1. Simplified process flow diagram for the conventional
batch process.

2. Production of Peracetic Acid

Production of peracetic acid was used as an example reaction
in this comparison. Peracetic acid is a strong oxidant, which is
used e.g., as a disinfection or bleaching agent. It can be prepared
from acetic acid and hydrogen peroxide. The equilibrium
reaction is catalyzed by sulfuric acid. Water is also present in
the system.!! The reaction is shown in eq 1.

H,S0.
CH,COOH + H,0, < CH,COOOH + H,0

(€]

For many oxidations, only low concentrations of peracetic
acid are needed, and equilibrium mixtures can be used directly.!!
For example, in wastewater disinfection, the concentration of
15 mg/L (peracetic acid in wastewater) leads to efficient
elimination of microbes.'®!7 In production and handling of
peracetic acid, attention should be paid to conditions and
concentrations to minimize the risk of thermal decomposition.

2.1. Conventional Batch Process. Typically, peracetic acid
is produced in a stirred tank reactor, which is connected to a
distillation unit. Sulfuric acid is first fed into the reactor, and
then acetic acid and hydrogen peroxide are added. The mixture
is heated to 60 °C at which temperature the reaction takes place.
After the reaction stage, pressure in the reactor is decreased to
a pressure of 3—17 kPa. Vaporization of the reaction mixture
begins. Acetic acid, hydrogen peroxide, and peracetic acid are
separated from the sulfuric acid in a distillation column. The
sulfuric acid remains in the reactor. Production capacity of
peracetic acid in this process is 170 kg/h (based on a 5 m®
reactor with the total charging, reaction, and separation time of
3.5 h). A simplified process flow diagram for the conventional
batch process is shown in Figure 1.

2.2. On-Site Microprocess. The on-site microprocess rep-
resents here a continuous production mode. A simple block
diagram is shown in Figure 2. The process includes two mixing
steps. In the first, (mixing I), acetic acid and sulfuric acid are
mixed. In the second, (mixing II), hydrogen peroxide is added
to the mixture. After leaving the reactor, the equilibrium

(16) Kitis, M. Environ. Int. 2004, 30, 47-55.
(17) Koivunen, J.; Heinonen-Tanski, H. Water Res. 2005, 39, 4445-4453,
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Figure 2. Block diagram of the continuous microscale process.
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Figure 3. Simplified process flow diagram for the continuous
microprocess.

mixture, which contains acetic acid, hydrogen peroxide, per-
acetic acid, sulfuric acid, and water, is ready for further use or
treatment.

The microscale reactor concept consists of a multichannel
reactor unit, which includes submillimeter-sized channels (0.25
mm). In this reactor, more efficient heat transfer can be achieved
than in a stirred tank reactor. Therefore, the reaction can be
performed safely at higher temperatures with a higher reaction
rate. Microreactors can be built to be mechanically strong, and
they can tolerate high pressures. Production capacity of peracetic
acid in the on-site microprocess is 10 kg/h (based on a
microreactor with the internal volume less than 10 dm®. The
reaction time in the system is less than 300 s). It is assumed
that one on-site microprocess serves one application, e.g., a
wastewater treatment plant. For comparison, one conventional
batch process with the capacity of 170 kg/h serves 15—20
centralized similar plants. A simplified process flow diagram
for the microprocess is shown in Figure 3.

3. Safety Evaluation Results

3.1. Reaction Matrix. The reaction matrix is an interaction
matrix, which is a useful tool to predict desired and undesired
reactions and interactions between all the materials in the
process.'® It is particularly valuable in the development stage
of a new chemical process. In this study, results show similar
incompatibilities in both processes. The essential factors such
as size of equipment and quantity of chemicals are not taken
into account in this method. The reaction matrix does not reveal
any differences in the safety of the microreactor and the
conventional process.

3.2. Dow’s Fire and Explosion Index. Dow’s Fire and
Explosion index is a stepwise evaluation of the realistic fire,
explosion, and reactivity potential of a process. The accurate

(18) Mosley, D. W.; Ness, N.; Hendershot, D. C. 34th Annual Loss
Prevention Symposium, Atlanta, GA, March 5—9, 2000, Tools for
Understanding Reactive Chemical Hazards Early in Process Develop-
ment. Proceedings of the 34th Annual Loss Prevention Symposium;
American Institute of Chemical Engineers: New York, 2000; Paper
LPS 3d (45d).



Table 1. Dow’s Fire and Explosion Index for the
conventional batch process and continuous on-site
microprocess

conventional on-site
process unit risk analysis process microprocess
material factor for peracetic 40 40
acid
Fire and Explosion 226 112
Index(F&EI)
radius of exposure [m] 58 29
area of exposure [m?] 1.05 x 10* 0.26 x 10*
value of area of exposure [$] 5 x 10° 5% 10°

damage factor [—] 0.95 0.80

actual maximum probable 4% 10°
property damage [$]

maximum probable days 75 35
outage [day]

plot plan of the plant and the process flow diagram are needed
in the evaluation. The evaluation is based on the penalties and
factors, which are judged according to reaction and substance
characteristics, material handling, operational conditions, and
equipment characteristics. The obtained index and factors are
used in determining the area of exposure and probable property
damages.!® The summary of the process risks and the com-
parison between microprocess and conventional process is
presented in Table 1.

Fire and Explosion Index (F&EI) is used for estimating the
damage that would probably result from an incident in a process
plant. According to F&EI, the degree of hazard in the micro-
process is intermediate, and in the conventional process severe.
The radius and area of exposure describe the region where
equipment can be exposed to a fire or an explosion. The
microprocess shows a much smaller area of exposure. The
damage factor represents the overall effect of fire and explosion
damage resulting from a release of reactive energy from a
process unit. According to Table 1, damage factor is smaller
for microprocess. The maximum value is 1. The value of the
area of exposure is obtained by cost estimation for the
replacement of major equipment and the inventory of material.
Actual maximum probable property damage represents the
property damage that could result from an incident while control
systems are functioning. This value is a function of the damage
factor, and therefore, it is smaller for the microprocess.
Maximum probable days outage represents the time needed to
repair the process after the incident. It depends on the availability
of the equipment and also the ability for installation. As a result,
it determines the business interruption after the incident. For
the microprocess, the outage period is shorter than for the
conventional process. However, if a microreactor is damaged,
it can be assumed that replacement of such a reactor requires a
longer time than in the case of the conventional process. In the
conventional process, a stirred tank and other units represent
standard reactor technology which is more readily available.

To summarize, this evaluation method indicates that here
the on-site microprocess is much safer than the conventional
batch process. However, the different sizes of equipment of
these two processes have not been taken fully into account in
this method. The index for microprocess was expected to be
clearly lower because of lower production capacity and smaller
liquid volumes than in conventional process. The evaluation-

Table 2. Index determination table for inventories'*

inventory score of

ISBL OSBL L
0-1t 0-10t 0
1-10t 10-100 t 1
10-50 t 100-500 t 2
50-200 t 500-2000 t 3
200-500 t 2000-5000 t 4
500-1000 t 5000-10000 t 5

Table 3. Index determination table for equipment items'*

score of
equipment itemsfor ISBL Igq

equipment handling nonflammable, nontoxic materials 0
heat exchangers, pumps, towers, drums 1
air coolers, reactors, high hazard pumps 2
compressors, high hazard reactors 3
furnaces, fired heaters 4

method is based on conventional processes and large-volume
production. Often the quantity of chemicals in microreactors is
substantially smaller; therefore, some definitions of the penalties
are not taking into account such small sizes of microreactors.

3.3. Inherent Safety Index. Heikkild has developed an
inherent safety index method for conceptual chemical process
design.'*!” A numerical index for the studied process is
determined, and the total safety of the process is evaluated by
comparing it with a reference process.

In the original method, the total inherent safety index is
divided into chemical inherent safety index Iy and process
inherent safety index Zp;, which both represent a sum of inherent
safety subindexes (eq 2).

Iy = I + Iy @)

Since the comparison is made now between two process
types producing the same product via a similar reaction route,
the sum of chemical inherent safety subindexes, i.e., reaction
heats, flammability, explosiveness, toxicity, corrosiveness, and
chemical interaction indexes, will be similar for both processes.
Therefore, the differences between total inherent safety indexes
of the processes are explained only by process inherent safety
index (eq 3):

Iy =L + Iy + 1

ax p,max

+ IEO,max + IST (3)

This index considers the size of inventories, operating
temperature and pressure, equipment items, and process struc-
ture. The scores for the inherent safety subindexes are deter-
mined in index determination tables.'* Examples of such tables
for inventories and equipment items are presented in Tables 2
and 3.

Similar index determination tables are used for all subin-
dexes. The breakdown of the total inherent safety index for the
conventional batch process and the continuous on-site micro-
process is shown in Table 4. Lower index values refer to a
process with built-in safety.

This method indicates that the conventional batch process
is safer than the on-site microprocess. When determining the

(19) Heikkild, A. M.; Hurme, M.; Jirveldinen, M. Comput. Chem. Eng.
1996, 20, S115-S120.
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Table 4. Inherent process safety subindexes for the conventional batch process and continuous on-site microprocess

conventional continuous on-site
safety subindex batch process score microprocess score
inventory (OSBL), [; 100—500 t 2 0—10t 0
process temperature, It max 60 °C 0 80 °C 1
process pressure, I, max 1 bar 0 5 bar 1
equipment safety (max of reactor 2 reactor 2
ISBL or OSBL), Tgq max
process structure, Ist sound engineering 1 no data or neutral 2
practice
total inherent safety 5 6
index, Ity = Iy
Table 5. Summary of the worst case and consequence analysis
categories of the worst
cases and consequences worst case consequences
1. material release run-away or unpredicted chemical reactions  explosion

2. operating conditions,
temperature and pressure

3. process equipment

4. transportations

5. unpredictable factors

severe corrosion
damage of material tank

malfunction of heat exchanger, clogging

flood, tornado, earthquake, terrorism

heat accumulation, run-away reactions, pressure rise,
explosion, release of material

explosion, release of dangerous material

release of material to environment, pollution, explosion

release of material, explosion, fire

equipment safety index (Table 4), the type of reactor is not
specified in the method. The inherent safety index does not take
into account the size of the reactor that inevitably makes
microprocess intrinsically safer due to small internal volumes
and efficient temperature control. It is clear that the reactor
technology has a significant effect on the inherent safety of any
process.

Process structure subindex (Table 4) favors standard and
well-known processes and equipment. Novel processes, such
as microreactors, suffer in this method, although they might
represent safer technology. Also, the method does not take into
account the risks in chemical transport that is mostly eliminated
in on-site production.

Because of the above-mentioned aspects, the results may
be misleading. It can be concluded that the inherent safety index
is more suitable for safety evaluation of conventional technology
than of novel processes.

3.4. Worst Case and Consequence Analysis. Worst-case-
scenario analysis can be used to study the worst cases and the
associated consequences. For the peracetic acid process, the
worst cases and their consequences are classified into five
categories which are materials, operating conditions, process
equipment, transportation, and other factors. Summary of
analysis is shown in Table 5.

Usually the worst cases refer to explosion or releases.
Release of hazardous toxic materials may cause serious jeopardy
to the surrounding area.”’ Here, explosion risk is often relevant
because of the unstable nature of reactants. Comparison between
the processes is presented in Table 6 by using the safety grades.

Due to the intrinsic advantages of the on-site manufacturing
of peracetic acid with a microprocess, it can be expected that
the safety of the on-site microprocess would be clearly higher
compared to that of the centralized conventional batch process.
Therefore, the hazardous consequences of some worst cases
are also expected to be significantly milder.

(20) Kleindorfer, P. R.; Belke, J. C.; Elliott, M. R.; Lee, K.; Lowe, R. A.;
Feldman, H. 1. Risk Anal. 2003, 23, 865-881.
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Table 6. Comparison of worst cases and consequences for
the process alternatives®

continuous on-site
microprocess

conventional
batch process

categories of the worst
cases and consequences

1. material release 4 2
2. operating conditions
3. process equipment
4. transportations

5. unpredictable factors
in total

SrUuEL

1

O = W

@5 - Very Serious Hazard, 4 - Serious Hazard, 3 - Medium Hazard, 2 - Small
Hazard, 1 - No Hazard.

Based on the worst cases analysis for the peracetic acid
production, the inherent safety improvement is one of the major
driving forces to develop on-site microprocesses to replace
conventional continuous processes with substantial safety risks.

4. Conclusions

Safety study involved a comparison of an on-site micropro-
cess and a conventional centralized batch process for production
of peracetic acid. The safety was evaluated by using four
methods: the reaction matrix, Dow’s Fire and Explosion Index,
the inherent safety index, and worst case and consequence
analysis.

The reaction matrix describes systematically the interactions
between all the compounds and materials involved in a process.
The aim is to identify possible incompatibilities between
materials. Basically, this method did not reveal any differences
between production modes. The method does not take into
account the differences in size and transportation needs. Dow’s
Fire and Explosion Index established the safety advantages of
the on-site microprocesses, which were attributable to the
smaller liquid volumes in the processes and reduced storage
requirements. However, the method does not fully take into
account the dramatically smaller internal volumes of the on-
site microprocess. The inherent safety index clearly favored the
conventional production technology, suggesting that it is safer
than the microprocess. This result is misleading, and thus the



method is not reliable here. Worst case and consequence
analysis clearly indicated a higher safety for the on-site
microprocess. With this method, it was possible to emphasize
the relevant characteristics of the processes, such as transporta-
tion needs and size differences. It is also applicable to the
evaluation of totally novel processes.

Most of the conventional methods for safety evaluation are
based, at least partly, on experience. Therefore, they are not at
their best in the connection of novel technology, such as
microreactors.

Microreactors have plenty of advantages from safety view-
point, when compared to conventional production technologies.
These advantages are mostly based on radically smaller reaction
volumes and effective heat transfer, which allow a fast tem-
perature control. The safety advantages of microreactors can
be effectively utilized in on-site production, because it eliminates
transportation and storage of hazardous chemicals.

As a conclusion, conventional quantitative safety methods
do not take fully into account the safety advantages of
microreactors. Some important safety advantages are neglected,
such as liquid volumes, surface-to-volume ratio, on-site utiliza-
tion, and mass of construction material to reaction volume ratio,
which means mechanical strength of a reactor.
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Nomenclature

I chemical inherent safety index

TeQ,max index for equipment safety

I index for inventory (ISBL or OSBL, inside or off-site battery
limit area)

Ipy process inherent safety index

I max index for process pressure

Ist index for process structure

Ity total inherent safety index

It max index for process temperature
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1. Introduction

One of the advantages of process intensification is improved
safety. Intensified processes are often inherently safer because of
the smaller volumes and reduced inventory of hazardous materials
or energy. However, the matter is not so straightforward. In many
intensified process devices, several phenomena are taking place
simultaneously in a small space at a high speed. Design and control
of such processes might be challenging and may lead to hazardous
conditions. Moreover, intensified processes often represent novel
technology with limited experience, which increases the possibil-
ity of unpredicted accidents. Therefore, detailed safety analysis is
recommended for intensified processes, preferably at an early stage
of development.

Many of the common methods for safety evaluation are partly
based on experience and are therefore not the most suitable in
connection with novel technology.

Traditional methods for safety evaluation often fail to recog-
nize the safety advantages of intensified processes, as shown by
Ebrahimi et al. [1]. As an example, the intrinsic safety index devel-
oped by Heikkild et al. [2,3], as well as many other methods,
do not properly take into account the small size and effective
temperature control, which are often typical for intensified pro-
cesses. However, it is clear that these parameters have a significant
effect on the inherent safety of every process. Because of the
above-mentioned aspects, the safety results from current methods

* Corresponding author. Tel.: +358 5 621 6628; fax: +358 5 621 2199.
E-mail address: Fatemeh.Ebrahimi@lut.fi (F. Ebrahimi).

0255-2701/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.cep.2011.12.004

may be misleading and not reliable. Therefore, new methodol-
ogy to investigate the safety of novel and intensified processes is
needed.

Microprocess technology represents one branch of process
intensification, perhaps intensification at its extreme. Klais et al.
[4] have studied the safety of microreactors and concluded that the
concept of inherently safe reactor design using microreactors is not
generally valid.

In this paper, a checklist-based approach is presented to investi-
gate the safety of intensified and other novel processes. The method
can be used, not only for safety evaluation, but also as a checklist
tool at the early stages of process design and development. In order
to study how process intensification affects safety, the method is
applied to real intensification cases.

2. Checklist

Reducing the risk of accidents can be done at different stages
of design and operation. According to Hendershot [5], the safety
of chemical processes can be generally divided into four layers of
protection. This is illustrated in Fig. 1.

Although the inherent layer is often the most effective, it
seems sensible to provide multiple layers of protection. The
probability that all of these layers will fail simultaneously is
small.

A checklist was developed for process safety analysis on the
basis of the protection layer concept. The approach is valid for any
novel process concept but especially for intensified chemical reac-
tors. The safety criteria in the checklist are listed below with brief
explanations.
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Fig. 1. Layers of protection for a chemical process.
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2.1. Inherent safety layer

The first one, the inherent layer of protection means selection
of chemicals, materials and conditions that are less hazardous i.e.,
following the inherent safety rules presented by Kletz [6]. The deci-
sions connected with the inherent layer are usually made at the
early stages of design. They are usually also the most important
ones and might make the other layers less important.

2.1.1. Selection of reaction route

Selection of a reaction route is critical because it totally or par-
tially also determines chemicals, solvents, phases, and conditions
used in the reactor. In addition, the reactions themselves can be
more or less safe depending e.g., on the heat effects, rates and on
the chances of harmful by-products and side reactions.

Chemicals can be raw materials, products, side products, or
auxiliary chemicals. The important characteristics to consider are
flammability, explosiveness, volatility, toxicity, corrosiveness and
chemical interaction.

From the safety point of view, solvent selection has similar char-
acteristics to other chemicals.

Temperature and pressure are the two most important criteria
of process conditions. High temperature and high pressure usually
mean increased risk. However, very low temperature and pressure
usually bring along hazards, as well.

Phases are also important to consider. According to the inherent
safety principles, the less dangerous phase of different possibilities
should be used. Which phase is least dangerous, depends on the
case. However, leakage of harmful substances is more likely with
fluids, especially with gases. Moreover, compressed gases under
high pressure cause a potential explosion hazards. Two- and three-
phase systems, such as dust or aerosol in oxygen-containing gas,
may be explosive.

2.1.2. Process novelty

Process novelty is often seen as something that reduces safety.
With less experience, the possibility of unpredictable incidents is
higher. However, novelty itself does not make the process less safe.
A key question is whether it is possible to predict how the process
will behave. With novel intensified reactors, where several phe-
nomena are taking place simultaneously at high speed, this might
not always be possible. Since there are less experience of novel
processes, something unexpected can happen.

2.1.3. On-site processes
On-site processes are typically safer than centralized processes
at least in the sense that long-distance transportation of possible

hazardous products is not needed. Inventories of on-site processes
are also usually smaller, which might reduce the risk.

2.2. Passive layer

On the passive layer, the consequences or frequency of accidents
is minimized by design features, without the active functioning of
any device or control system. This means safety-conscious design.

2.2.1. Reactor type and geometry

Selection of reactor type and geometry are important decisions
onthe passive layer. They affect safety mainly through the complex-
ity of the reactor, fluid hold-up, internal flow patterns, and surface
to volume ratio.

Complexity means the number of different parts or compart-
ments in the reactor. A large number of reactor compartments and
joints increase the risk of malfunction.

Fluid hold-up depends on reactor volume. The largest hold-up
increase risk, especially in the case of flammable or toxic fluids.

Internal flow patterns determine the heat and mass transfer
phenomena, which affects safety as well. Hot spots or non-
homogeneous composition may appear due to incomplete mixing.
Atoo high flow rate increases the risk of incomplete reaction. More-
over, high velocity may cause induction of electricity and be a
source of ignition, especially if sharp edges appear in the reac-
tor structure. However, a too low flow rate may perhaps lead to
decomposition or side reactions as well.

Predominantly, intensified processes have a high surface to vol-
ume ratio. A higher surface to volume ratio indicates higher heat
exchanging capability which consequently improves safety.

2.2.2. Materials of construction

Materials of construction have to be appropriate in order to
avoid corrosion that can result in leakages and contaminations and
even lead to explosions.

2.2.3. Lay-out design

Safety can be improved by a proper lay-out design. Dangerous
equipment has to be separated from each other and from people by
proper safety distances. Flammable fluids should be kept separated
from ignition sources. These are examples of the many different
matters that have to be taken into account in the lay-out design.

2.2.4. Utilities

Source of the energy and natural resources affect the pro-
cess design and therefore also the safety. Obviously, loss or other
unplanned change in utility streams such as, electrical energy, cool-
ing water, pressurized air, and inert gas may increase the risk.

2.3. Active layer

In the active layer, process controls, fail safe principles, safety
interlocks or emergency shutdown systems are used to detect haz-
ardous conditions and to maintain safe operation conditions.

2.3.1. Process controls

The control of the operation includes a response to an abnormal
operation or to any indication of a system failure. Dangerous condi-
tions can be avoided by a proper control system. Critical conditions
may require double measurements. The short residence time in
intensified processes, requires control instruments that respond
rapidly and detect deviations [7].
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Effects on safety, if the bubble column is replaced by a tubular reactor. The procedural layer is assumed to be similar in both processes.

Safety criteria

Reference: bubble column

Novel design: tubular reactor

Comparison between the systems

Effect (+/-)

1. Inherent safety layer
1. Reaction route
Chemicals

Solvent

Temperature level

Pressure level

Phase combination
2. Process novelty

2. Passive layer

1. Reactor type and geometry

Complexity

Fluid hold-up

Internal flow patterns

Surface to volume ratio

2. Materials of construction
3. Layout

4. Utilities

3. Active layer
1. Process control

2. Fail safe principles

3. Interlocks and emergency
shutdown

Same
Same
Same
Gas/liquid
Traditional

Simple column

Liquid hold-up

Channelling, axial dispersion

Same
Simple column

Same

Higher fluid volumes,
well-known system
Higher fluid volumes,
well-known system

Oxygen The flammable solvent has a lower -
ignition energy with oxygen than with
air
Same +[—
Same +/—
Same +[—
Gas/liquid +[—
Novel Novelty reduces safety because of less -
experience
More complex The intensified reactor has several gas -
feed points which makes it more
complex
Liquid hold-up about ten times Lower inventory reduces the risk +
less
More regular Flow pattern in the tubular reactor +
with static mixers is more regular with
less axial dispersion. In the bubble
column, channelling, axial dispersion
and irregular flow appear in a larger
extent.
Higher surface to volume ratio Intensified process has more capability +
to heat exchange
Same +[—
Tube elbows, several gas inlets Lay-out of the new reactor is more —
complex. The reactor tube has several
elbows where liquid might be trapped
at least in unusual conditions
Same +/—
Several inlets to control Control of several oxygen feed points -
has a risk of malfunction
Smaller fluid volume, novel +/—
system
Smaller fluid volume, novel +[—

system

2.3.2. Fail safe principles

Applying fail safe principles e.g., in a case of malfunction, valves
and regulating units adopt the position which is favourable from a
safety viewpoint.

2.3.3. Emergency shutdowns and interlocks

Emergency shutdowns and interlocks are a necessary part of a
safety system. In the case of process malfunction, an automatic shut
down, and the feeding of an inert gas or other similar activities are
needed to avoid any worse scenarios. Interlocks prevent those con-
trol actions, which might initiate a hazard from being undertaken
by an operator or process control system.

Working solution recycle H,0

Hydrogenator

H;0,

H; Air

Crude H,0,

Fig. 2. Anthraquinone autoxidation process.

2.4. Procedural layer

The fourth layer, the procedural one, means the use of man-
agement systems, operation polices, administrative checks etc. to
prevent or reduce the magnitude of any damages caused by them.

2.4.1. Instructions

Safe operation of the plant is ensured by proper instructions.
Different instructions might be needed for normal operations, start-
up and shut-down, emergency shut-down, interruptions of utility
supply and for possible other situations.

2.4.2. Working culture

Working culture includes many aspects dealing with personal
protection, preventive maintenance, safety management etc. Main-
tenance includes regular checking and quick response to needs of
any defects in the process equipment or operation. Safety man-
agement includes systematic and target-oriented safety plans and
anticipation. In addition, training for emergency situations and
safety courses improves the working culture.

3. Example cases of process intensification
The checklist was applied to the production technology of

hydrogen peroxide. Three cases of process intensification were
studied:
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Effects on safety, when separate tubular reactor and sieve column are replaced with combined unit. The procedural layer is assumed to be similar in both processes.

Safety criteria

Reference: tubular reactor and
sieve plate column

Novel design: both reaction

and e;
tubul

Comparison between the
systems

Effects (+/-)
xtraction in the same
ar reactor

1. Inherent safety layer
1. Reaction route
Chemicals
Solvent
Temperature level
Pressure level
Phase combination

2. Process novelty

2. Passive layer
1. Reactor type and geometry
Complexity

Fluid hold-up
Internal flow patterns

Surface to volume ratio
2. Materials of construction

3. Layout

4. Utilities

3. Active layer
1. Process control

2. Fail safe principles

3. Interlocks and emergency shutdown

Same
Same
Same
Same
Gas/liquid +liquid/liquid

Limited experience about the
process

Separate oxidation and
extraction parts

2-Phase flow

Same
Simpler

Same

Higher fluid volumes,
well-known system
Higher fluid volumes,
well-known system

Same
Same
Same
Same

Gas/liquid/liquid

No earlier experience at all

Combination of oxidation and

extraction

Substantially smaller hold-up

3-Phase flow

Higher surface to volume ratio

+/—

+/,
+[—
Design and control of 3-phase -
flow is certainly more
challenging
There is no industrial -
experience of the combined
process

Flow arrangements and phase —
separators make the

intensified process clearly

more complicated

Lower hold-up reduces the risk +
3-Phase flow has more chances -
of unpredictable behaviour
Intensified process has more +
capability to heat exchange

Same +[—

Complex reactor layout

Complexity increases —
appearance of unpredictable
behaviour

Same +[—

More complex The intensified process is -
clearly more challenging from
a control point of view
Smaller fluid volume, novel +—
system
Smaller fluid volume, novel +[—
system

Ooxygen feed

l

.

Working
solution

@

)

Fig. 3. Schematic representation of the tubular oxidation reactor.

Case 1: Intensification of oxidation reactor in the anthraquinone
method for production of hydrogen peroxide.

Case 2: Intensification of anthraquinone process by combining the
oxidation and extraction stages.

Case 3: Substitution of anthraquinone process with direct synthe-
sis of H,0, in microreactor.

In all cases the new intensified process was compared to the
existing reference process, taking the criteria for comparison from
the checklist presented above. Case 3 might not be considered a
typical case of intensification because it represents a completely
new process with different chemistry.

3.1. Intensification of oxidation reactor in the anthraquinone
process

Most hydrogen peroxide production is based on the
anthraquinone process where 2-alkyl-9,10-anthraquinones
are hydrogenated and oxidized consecutively. The alkyl
anthraquinones are dissolved in a mixture of organic solvents.
This solution, called a working solution, circulates continuously
through the main stages of the process [8]. This is illustrated in
Fig. 2.

The chemistry in the reactors is rather complicated including
several reaction routes and formation of various by-products. How-
ever, the main reaction steps are hydrogenation of anthraquinones
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Table 3
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Comparison of safety of direct synthesis of H0, and the anthraquinone process. The procedural layer is assumed to be similar in both processes.

Safety criteria

Reference process:
anthraquinone autoxidation

Direct synthesis in
microreactor

Comparison between the systems

Effects (+/-)

1. Inherent safety layer
1. Reaction route
Chemicals
Solvent
Temperature level
Pressure level
Phase combination
2. Process novelty

2. Passive layer

1. Reactor type and geometry

Complexity
Fluid hold-up

Internal flow patterns

Surface to volume ratio

2. Materials of construction
3. Layout
4. Utilities

3. Active layer
1. Process control

H, and air/O; separately
Organic solvent
45-55°C

Atmospheric

Gas/liquid

Traditional

More complex

Industrial reactors of
conventional size

Low surface to volume ratio

Standard control systems

Mixture of H, and O,

Mixture of O, and Hj is highly explosive

Water/methanol Methanol is more toxic -
5-50°C +—
1-30bar Higher pressure —
Gas/liquid +[—
Novel There is no industrial experience of direct -
synthesis on microreactor
The large number of process units makes the +
anthraquinone process more complex
Microscale reactor The fluid hold-up is substantially higher in +
traditional process
Fluid flow in small channels is Flow patterns in traditional reactors are worse ~ +
more regular controlled and have possibilities of back
mixing and channelling
High surface to volume ratio An intensified process has more capability of +
heat exchange
+[—
+[—
+[—

Potential explosion hazards
require a complicated
measurement and control

There is a possibility of malfunction in
complicated measurement and control system

system
2. Fail safe principles

3. Interlocks and emergency
shutdowns

Potential explosion hazards requires high-level — —
safety mechanisms
Same as above -

(Q) to create anthrahydroquinone (H,Q) and then solution is oxi-
dized by blowing air through the solution, forming the H,0,:

Q+H " HyQ )

HyQ+ 02 - Q+Hy02 (2)

As shown by these reactions, oxidation produces the same alky-
lated anthraquinone, which is used as a reactant in hydrogenation.
Therefore, the working solution can be recycled.

The oxidation is followed by extraction, where the hydro-
gen peroxide dissolved in the working solution is extracted with
water. The extracted working solution is dried of excess water and
recycled into hydrogenation. The aqueous solution of hydrogen
peroxide is purified and concentrated by distillation.

The oxidation step (Reaction 2) is usually carried out with air in
a packed or an empty bubble column. Kemira Oy has developed a
technology [9], where the reaction takes place in a tubular reactor
and oxygen is used instead of air. The reactor tube contains static
mixers and its volume is about one tenth of the conventional reac-
tor. A schematic picture of tubular oxidation reactor is shown in
Fig. 3. The reason for this small size is mainly the use of oxygen,
and partly the enhanced mass transfer achieved by static mixers.

Because of the fast oxidation process, oxygen is consumed
quickly in the reactor. Therefore, several successive inlets are
needed for gas, as shown in Fig. 3. The reactor is very sensitive to
certain process conditions e.g., to local gas hold-up in the reactor.
Therefore, a complicated system is needed to control the gas feed
through several inlets.

In Table 1, the reference case (bubble column) and the intensi-
fied reactor (tubular reactor) are compared from a safety point of
view. The criteria of the checklist are used. The last column indicates
if safety is improved (+) or made worse (—) by the intensification.

In this comparison, safety was improved on the basis of three
criteria, and became worse on the basis of five criteria. However,
the criteria have different degrees of importance, which is not taken
into account here.

3.2. Combining the oxidation and extraction

Here the intensification of the anthraquinone process was con-
tinued so that oxidation and extraction were combined to take
place in the same space. Traditionally, extraction is carried out
in a large sieve tray column (or two sieve plate columns). In the
novel process, a tubular reactor with static mixers was used for the
combined process [10]. Three separate phases are present in the
reactor, oxygen gas, organic working solution, and aqueous solution
of hydrogen peroxide. Oxygen is dissolved in the working solution,
and reacts there with anthrahydroquinones producing hydrogen
peroxide, which is transferred into the aqueous phase. The reactor
tube is divided into several, e.g., eight parts. All the three phases
flow concurrently in each tube. However, to achieve the advantages
of countercurrent extraction, the aqueous phase flows countercur-
rently through the whole system. Therefore, phase separators, both
gas-liquid and liquid-liquid separators are needed between the
(eight) tubes. This makes the process quite complicated.

The reactor length needed by the combined oxidation and
extraction is the same as that for the oxidation alone. The reason
for this is that the total rate is limited much more by oxidation than
by extraction. The combined oxidation and extraction require only
a slightly larger reactor volume than the mere oxidation. This is
explained by the small water flowrate, less than 5% of the flowrate
of the working solution.

The traditional and intensified processes are compared from a
safety point of view in Table 2.
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In this case, the intensification seems to improve safety because
of a smaller liquid hold-up. However, there are also six criteria
which might reduce safety. Nonetheless, also here, the criteria have
different degrees of importance.

3.3. Direct synthesis in microreactor

The direct synthesis is an alternative and novel production
method for hydrogen peroxide. A dilute solution of hydrogen
peroxide is produced catalytically, directly from hydrogen and oxy-
gen gases. Methanol or water is used as a solvent. The method
is applicable especially for on-site production and low produc-
tion capacity. The main challenges are safety and selectivity. The
mixture of hydrogen and oxygen is very explosive. Explosion lim-
its for Hy in O, are 5-94vol% and for Hy in air 5-75vol% [11].
Usually, operation conditions are chosen outside the explosion
limits. Low partial pressure of hydrogen results in the need for
high operating pressure in order to obtain sufficient concentra-
tion in the solvent. This feature places challenges on production
equipment.

Microreactor technology is an alternative to cope with the safety
challenges. The small volume of the reactor supports intrinsic safety
by decreasing the amount of explosive material. Moreover, small
dimensions of the microstructured channels can sometimes sup-
press explosions. The small liquid and gas holdup might not release
enough energy to cause deflagration or detonation [12]. Due to
these features, it has been claimed that operation in the explosion
limits is possible with microreactors and that higher temperature
and pressure are needed to initiate explosion on a microscale rather
than on a macroscale [13,14].

The safety of direct synthesis of H,0, and the anthraquinone
process is compared in Table 3.

This novel process makes the safety worse in seven criteria and
improves safety in four criteria. Obviously, the safety effects in the
inherent layer are much more critical and have to be considered.
Mixture of H, and O, represents a considerable risk, which must
be considered in the inherent layer.

4. Conclusions

Intensified processes are usually considered inherently safer,
mainly because of smaller volumes and therefore smaller amounts
of harmful substances. This is true in many cases. However, process
intensification may affect safety in many ways. It is not uncommon
that as a consequence of intensification, safety is improved by one
factor but made worse by another.

Safety analysis of the hydrogen peroxide process was carried out
by applying a checklist based on the concept of layers of protection.
In all three intensification cases studied, the size of the reac-
tors was decreased substantially, and consequently the amount of

dangerous material was decreased. However, several other aspects
affecting safety in a negative way were observed. Of course, the
degree of importance of the criteria is not equal in all the layers
and it decreases from the inherent safety layer towards the proce-
dural layer. Therefore, negative and positive effects in the inherent
safety layer are the most important and should be taken seriously.

The applications and methods of process intensification are var-
ious and therefore it is difficult to make generally valid conclusions
about safety. However, it is dangerous to assume that safety is
always improved through intensification, even though this is true
in many cases.
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