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Abstract

Aromatic nitration still faces unmet technical challenges in relation to being heterogeneous and highly
exothermic. In this work, a continuous flow aromatic nitration was developed with mixed acid within
droplet-based microreactors. The effects of key operating parameters were characterized on the nitration
of 3-[2-chloro-4-(trifluoromethyl)phenoxy] benzoic acid. The optimized reaction temperature, M-ratio
and N/S were found to be 308 K, 1.6 and 0.57, respectively. Under these conditions, a conversion of
83.03% and selectivity of 79.52% were achieved. The addition of acetic anhydride improved both the
solubility of etherate in the organic phase and the absorbability of water produced from the reaction,
leading to increase in conversion, however increased by-products accordingly with reduced selectivity.
Pseudo-homogeneous kinetics models were developed of apparent and intrinsic reaction rate constant,
supporting the second-order reaction assumption. The calculated results based on the kinetics model were

found to be in good agreement with the experimental results.
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1. Introduction

Aromatic nitration is a class of reactions that are widely applied in the synthesis of industrially
important chemical intermediates involved in the production of dyes, plastics, herbicides and
pharmaceuticals (Vogt et al., 2015). However, technical challenges still remain in further improvement of
the industrial process. Firstly, as the nitration reagent is typically a mixture of concentrated nitric and
concentrated sulfuric acid, it constitutes a heterogeneous liquid-liquid two-phase reaction system
(Rahaman et al., 2010). In this heterogeneous system, the reaction can take place either mostly in the
aqueous phase or at the two-phase interface where effective mass transfer across interface is essential
(Schofield, 1980; Olah et al., 1989). Secondly, aromatic nitration reactions are mostly highly exothermic
with fast reaction rates, where the reaction enthalpy ranges typically from -73 kJ-mol! to -253 kJ-mol™!,
largely depending on the functional groups on the aromatic ring and their positioning (Sharma et al., 2015;
Wen et al., 2017). In addition, the combination of these factors and their interplay add further complexity
and challenges to the reaction system for achieving high safety and efficiency. For example, in the most
commonly used batch reactors currently, poor mass transfer can result in locally excess nitric acid that, in
turn, leads to the formation of localized “hot spots” and side reactions such as secondary and tertiary
nitration for by-products (Sharma et al., 2015). Therefore, there has been much effort in addressing these
challenges by developing safer and more efficient reactors for aromatic nitration.

Over the last two decades, the development in microreactor technology has demonstrated its unique
advantages, compared to conventional macroscale batch reactor systems, owing to its large specific
surface area, excellent mass and heat transfer rate (Wang et al., 2011), intrinsic process safety, accurate
control over reaction parameters, high integration and scalability (Hessel et al., 2011). The submillimeter
microscale continuous flow process is particularly of significance to fast exothermic and complex
reactions, such as polymerization and radical reactions involving unstable intermediates or toxic reagents
(Kim et al., 2004; Zaborenko et al., 2010). In our series of studies on microreactor technology, we have
successfully developed a range of droplet-based microreactors, demonstrating the capability and
suitability for effective multiphase reactions by regulating hydrodynamics, interface characteristics and
overall mass transfer (Zhang et al., 2018; Ma et al., 2019; Zhou et al., 2020; Hao et al., 2020; Sun et al.,
2021; Jin et al., 2021). Furthermore, microreactors have been shown as a promising platform for the

characterization of chemical reaction kinetics, mainly due to the high degree of controllability over the
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multiphase microenvironment (Zaborenko et al., 2010; McMullen et al., 2011; Wang et al., 2011; Su et al.,
2015).

With the unique characteristics of microreactors, the performance of high space time yield, short
reaction time, low energy consumption, and high selectivity have also been demonstrated for carrying out
aromatic nitration (Olah et al., 1989; Jahnisch et al., 2004; Coyle and Oelgeméller, 2008; llig et al., 2010;
Sharma et al., 2015). By using a continuous-mode microreactor, Kulkarni et al. (Kulkarni et al., 2009)
realized the nitration of benzaldehyde with controllable reaction time, temperature and stoichiometric
ratios. Yu et al. (Yu et al., 2013) developed a continuous microreactor process for the nitration of p-
difluorobenzene with fuming nitric acid achieving a high product yield 98% within 2 min reaction time.
Lan et al. (Lan et al., 2021) further developed a micropacked-bed reactor for the continuous nitration of o-
dichlorobenzene which was impressively completed within 5 s with a selectivity of 89% for the main
product. Considering the highly exothermic nature with high risk of explosion, the nitration reaction is
normally performed at low temperature, typically around 273 K, which can inevitably increase operating
difficulties and energy consumption. To address these issues, Wen et al. (Wen et al., 2018) developed a
microreactor for the nitration of trifluoromethoxybenzene by mixed acid, where the reaction temperature
was increased to 271 K (being 8 K higher than that in the conventional batch process). For the nitration of
2-ethylhexanol with the mixed acid in a microreactor, Li et al. (Li et al., 2017) further raised the reaction
temperature to room temperature which was significant compared to the commonly applied temperature
range of 263 K to 283 K in batch reactors. In addition, the homogeneous nitration kinetics of aromatic
compounds were well investigated by Luo’s group (Cui et al., 2022, Song et al., 2022a, 2022b) using a
continuous flow microreactor, where each experimental data could be obtained in a few seconds due to
the accurate temperature control.

Among many important aromatic nitration products, fluorinated diphenyl ethers have been discovered
to be effective herbicides with high biological activities and photostability, low toxicity to mammals, and
low residue (Jiang et al., 2006), which are widely used agriculturally to control annual broadleaf weeds in
crop fields. Acifluorfen, in particular, has been found suitable in fields growing soybeans, peanuts, peas,
and rice as these crops naturally have a high tolerance to acifluorfen and its salts (Shepherd et al., 2013).
Currently, acifluorfen is mostly produced with conventional batch reactors through the nitration of 3-[2-

chloro-4-(trifluoromethyl)phenoxy] benzoic acid with mixed nitric and sulfuric acids (Giacobbe et al.,



1983), as expressed in Egs. (1)-(4).

HNO, + 2H,S0, — NO} + 2HSO; + H,0" (1)
C,,H,CIF,0, + NO; - C ,H,CIF,NO, +H* 2)
2HSO; +H,0" + H' — 2H,S0, +H,0 3)

COOH Cl COOH

Cl
(4)

In the conventional batch process, the reaction temperature range of 273~278 K is generally selected
while the mixed acid has to be added dropwise into the reactor over a lengthy period of feeding time,
typically 2~4 h, that is followed by a further >5 h reaction time to complete the reaction (Jiang et al.,
2006). Clearly, these constrains have impact significantly on the space time yield of the reactor and the
efficiency of the overall process. Despite the importance of this product commercially and agriculturally,
the fundamental drawbacks of macroscale batch reactors together with the remarkable lack of kinetics
data for this particular reaction still hinder the progress for improving the process towards economically
viable and environmentally sustainable manufacturing.

The aim of the present research was to develop a continuous flow process for aromatic nitration with
mixed acid towards the production of acifluorfen, while gain insights into the chemical kinetics of the
reaction, by using droplet-based microreactor technology that has been intensively developed in our
previous work. Through selected design of the droplet-based microreactor, the nitration of 3-[2-chloro-4-
(trifluoromethyl)phenoxy] benzoic acid with mixed (HNO3/H2SO4) acid was carried out in the continuous
flow droplet format. The reaction conditions were optimized by quantifying the effects of a wide range of
key operating parameters, including reaction temperature, residence time and total flow rate, molar ratio
of HNO; to H2SO4 (namely, N/S), molar ratio of HNO;3 to 3-[2-chloro-4-(trifluoromethyl) phenoxy]
benzoic acid (namely, M-ratio), and the introduction of acetic anhydride into organic phase (mainly 1,2-
dichloroethane) as a solubility promoter and also water absorbent. Three microreactor dimensions were
also designed in order to assess the microreactor scalability. Furthermore, through theoretical analysis a
pseudo-homogeneous based on the kinetics model was developed to determine kinetics parameters of the
nitration reaction, which was further used to predict the reactant conversion. Finally, the kinetics model

was validated by comparing calculated data against experimental results.



2. Experimental

2.1. Chemicals

Chemicals used in this work mainly included: fuming nitric acid (>98 wt%, Tianjin Kemiou Co., Ltd.),
sulfuric acid (concentration >95 wt%, Sinopharm Chemical Reagent Co., Ltd.), 3-[2-chloro-4-
(trifluoromethyl) phenoxy] benzoic acid (>93.3 wt%, Qingdao Hansen Biologic Science Co., Ltd.), 1,2-
dichloroethane (>99 wt%, Sinopharm Chemical Reagent Co., Ltd.), acetic anhydride (>99 wt%,
Sinopharm Chemical Reagent Co., Ltd.), methanol (HPLC, Merck), acetic acid (HPLC, Sinopharm
Chemical Reagent Co., Ltd.), phosphoric acid (HPLC, Sinopharm Chemical Reagent Co., Ltd.). The
deionized water was made in-house. All chemicals and reagents were used as received without any

further purification.

2.2. Experimental setup and procedure

The microreactor consisted mainly of a FEP T-mixer (i.d. 0.5 mm, IDEX Health & Science), two inlet
PTFE tubes with sufficient length for preheating (i.d. 0.5 mm, length 1 m, IDEX Health & Science), and a
main reaction circular PTFE channel with selected inner diameter and length (i.d. 0.5, 1.0, or 1.59 mm,;
length 0.4~8 m; Nichias Corporation). The microreactor and overall experimental setup is schematically

shown in Fig. 1.
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Fig. 1. Schematic overview of the experimental setup and operation flow.
Two precision syringe pumps (Harvard 11 ELITE Single, USA) were used to deliver organic phase and
the mixed acid through the respective inlet tube into the T-mixer, and then the main reaction channel. All
inlet tubes, T-mixer and the reaction channel were placed in a thermostatic water bath (Julabo GmnH

CORIO CD-200F, Germany) at preset reaction temperature. The residence time was regulated by the



length of the reaction channel and/or flow rate. The M-ratio was controlled by the volumetric flow rate
ratio of two phases. The reaction mixture from the outlet of the main reaction channel was then quenched
in an ice-water bath (Julabo GmnH CORIO CD-200F, Germany). The organic phase was separated
quickly from the quenched reaction mixture, and was subsequently treated with solvent removal by
natural volatilization at room temperature, drying by a baking oven at 333 K, powder grinding to form
final fine powder product. A stereo microscope (Olympuss ZX2-ILLK, Japan) coupled with a high-speed
camera (Phantom Miro R311, USA) were used to record the droplet length and flow. The imaging frame
rates was set as 1000 frames per second. The length and the distance of the acid droplets were measured

by Image].

2.3. Product analysis

For product analysis, the powder product was first dissolved in methanol that was then analyzed with
HPLC (Waters €2695, 2998 PDA, Aglilent Eclipse Plus C18-5 pm 4.6x250 mm, UV-254 nm). The
mobile phase was made of methanol (70 vol%) + water (30 vol%) + acetic acid (0.3 vol%) + phosphoric
acid (0.2 vol%). The column temperature was kept at 308 K and the flow rate was set at 1 mL-min™!. The
composition of product was quantitatively analyzed by the external standard method, and the molar
concentration of total etherate was determined by the corrected peak area normalizing method. The

conversion of etherate was calculated by the following equation:

= (1—Mlx100% (5)
Ctotal etherate
where x is the conversion of etherate and ¢ is the molar concentration of the substances in the sample.

The selectivity to acifluorfen was calculated by the following equations:

S = ( Cacifluorfen J x100% (6)
C, C

otal etherate  “etherate

where S is the selectivity to the target product acifluorfen.

3. Results and discussion

3.1. Controllable droplet microfluidics coupled with nitration reaction
By varying total flow rate and flow rate ratio, stable and controllable droplet-based multiphase

microfluidics was achieved, as shown in Fig. 2. Regular droplets were generated of aqueous phase mixed



acid which were suspended in the continuous organic phase composed of mainly 1,2-dichloroethane as
main carrier, and reactant 3-[2-chloro-4-(trifluoromethyl) phenoxy] benzoic acid (or etherate) whose mass
fraction in the total mass of two fluid streams was 8.8 wt%. Because the solubility of the reactant in 1,2-
dichloroethane is very low, especially as no acetic anhydride exists in the organic phase. In order to stably
deliver the feed without solid particles, a large amount of solvent must be adopted in microreactor.
Although the low content of reactant will reduce the production capacity, it is more important to carry out
successfully the nitration process, control precisely the operating parameters and improve the stability of
the product quality. Varying amount of acetic anhydride was also added to the organic phase to assist the
dispersion of etherate in the organic phase and also act as a water absorbent in the mixed acid during the
nitration reaction. In the mixed acid the water content was about 4.04~4.39 wt%, and the molar ratio of
sulfuric acid to nitric acid (S/N) was varied between 0.41 and 0.75. The M-ratio was in the range of
0.9~2.0.

Under typical operating conditions, the size of aqueous droplets was in the range of 0.36~0.50 mm
long, with a distance of 2.47~7.51 mm between adjacent droplets at the beginning of droplet formation

(as illustrated in Fig. 2). The frequency of droplet generation was typically ranging from 2.07 Hz to 27.03

Hz.
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Fig. 2. Micrographs of droplet flow showing distance and size of aqueous droplets under different
operating conditions.

Through initial experiments by changing a range of factors, some key operating parameters were
identified, including reaction temperature, the residence time, total flow rate, M-ratio, N/S in the mixed
acid, and acetic anhydride content in organic phase. The diameter of the reaction channel was found also
an important factor affecting reaction results which was also of direct relevance to the production

capacity. All these key parameters were subsequently investigated in more detail.

3.2. Optimization of key operating parameters



3.2.1. Effects of reaction temperature and residence time

For the heterogeneous nitration reaction, the reaction temperature and the residence time are important
factors that affect the conversion of the reagents and the selectivity of the main product. Their effects
were quantified by varying temperature (288~318 K) and residence time (60~660 s) in the reactor while

keeping N/S at 0.57 in the mixed acid and an M-ratio of 1.6. The experimental results are depicted in Fig.
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Fig. 3. Effects of reaction temperature and residence time on (a) conversion of etherate and, (b) product
selectivity in nitrification. Etherate content in organic phase = 8.8 wt%, M-ratio = 1.6, N/S = 0.57, total
flow rate = 142 pL-min’".

As shown in Fig. 3(a), the conversion of etherate increased by increasing either residence time or
reaction temperature. The former can be attributed to the longer contact time of the two reactant phases
and longer reaction time. The latter was mainly due to the higher temperature resulting in higher reaction
rate constants, whilst higher mass transfer rates across the two phases. Fig. 3(b) shows that the selectivity
decreased with the increase of either reaction temperature or residence time, indicating the possible side
reactions which were accelerated at higher temperatures and prolonged over longer reaction times.

As generally understood, the reaction rate coefficient increases with the increase of reaction
temperature according to the Arrhenius equation. At the same time, the increase in temperature can
enhance mass transfer across the multiphase interface, as the molecular diffusion coefficient is
proportional to the reaction temperature, which can further increase the apparent reaction rate. When the
residence time of the reagents in the microreactor was short (<300 s), the reaction was unable to
complete, thus showed overall low conversions especially in the low temperature range. On the other

hand, when a longer residence time was selected, it gave higher possibility of side reactions reducing the
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selectivity of the main product, as also observed in other reactions (Zeibi et al., 2017). For a balanced
outcome, temperatures and residence times in the middle ranges (i.e. 298 K and 220 s) were selected in

the subsequent investigations into the effects of other factors.

3.2.2. Effects of M-ratio and N/S in the mixed acid
By varying M-ratio (0.9~2.0) and N/S (0.41~0.75) in the mixed acid, their effects on reaction
conversion and selectivity were investigated with a fixed temperature of 298 K and a residence time of

220 s. The results are illustrated Fig. 4.

100 86
(a) N/S (b) N/S
ol  ~- 041 84t —o- 041
N -~ 057 © —— 0.57
= - 062 > ol —— 0.62
'% 80} <~ 0.75 *§ —— 0.75
@ =i
> (&S]
5 < 80t
O 70} n
78t
60}
1 1 1 1 76 1 1 1 1
0.9 1.2 15 18 2.1 0.9 1.2 15 1.8 2.1
M-ratio M-ratio

Fig. 4. Effects of M-ratio and N/S in mixed acid on (a) conversion of etherate and, (b) product selectivity
in nitrification. Etherate content in organic phase = 8.8 wt%, temperature = 298 K, residence time = 220 s,
reaction tube length =4 m.

As can be seen from Fig. 4(a), the conversion of etherate increased with the increase of M-ratio. That
was largely due to the supply of more NO,* ions at higher M-ratios. At the same time, the increase
amount of sulfuric acid at higher M-ratios reduced the dilution effect of the reaction produced water
during the reaction process. It was also observed that raising M-ratio in the feed increased the size of the
dispersed acid droplets in the oil phase along the microchannels, causing the two-phase interfacial area to
be reduced. The reduction in interfacial area can negatively affect the overall mass transfer performance
and, in turn, the apparent reaction rate. However, the results in Fig. 4(a) suggested that under the
experimental conditions this transport effect was insignificant on overall conversion where little signs of
levelling-off were observed with conversion in the high M-ratio ranges.

At a given M-ratio level, overall, lower N/S ratios resulted in higher conversions. This may be
attributed to the increased amount of sulfuric acid which acted as a catalyst in the nitration reaction to

protonate nitric acid and generate NO," ions (Sharma et al., 2015). In addition, the increased amount of



sulfuric acid as a water absorbent enhanced the inhibition of dilution effect of water produced from the
nitration reaction, that further increased the apparent reaction rate (Ross et al., 1983; Deno et al., 1961). It
was observed that, in the lower M-ratio range (< 1) the effect of varying M-ratio was insignificant on
conversion, as shown in Fig. 4(a). That was likely due to the slow production rate of NO," in the mixed
acid with low sulfuric acid contents.

Fig. 4(b) shows that overall the product selectivity decreased slightly with increasing M-ratio, dropping
from an average of 81.6% (with M-ratio at 0.9) to about 80% at an M-ratio of 1.95. This can be largely
attributed to the side reactions in the nitration process. The analysis of reaction products indicated that the
side reactions mainly included carboxyl ortho-, para-position nitration and dinitration. As discussed
above, the kinetically positive effects promoted both the main reaction and the side reactions
simultaneously with the increase of M-ratio. Generally, carboxyl ortho- and para-position nitration
reactions are considered to be parallel side reactions, and their reaction order is the same as the main
reaction (Wen et al., 2017). Therefore, the effect of M-ratio on the selectivity became insignificant. At the
same time, the dinitration of the etherate is believed to be a consecutive side reaction, which can be
affected by M-ratio despite its high reaction activation energy (Chen et al., 2013). That led to the overall

slight decrease in selectivity with raising M-ratio, as shown in Fig. 4(b).

3.2.3. Effects of varying total flow rate

With a given diameter of the reaction tube, varying total volumetric flow rate can affect the liquid-
liquid two-phase hydrodynamics in the droplet-based reactor that may have potential impact on the
reaction performance. This possible effect was examined by varying the total flow rate in a range of
200~1200 pL-min'. Accordingly, the main reaction tube length was changed in order to keep a constant
residence time (83 s), while remaining N/S, M-ratio, organic phase concentration and reaction
temperature all as constant. The reactant conversion and product selectivity as a function of total flow rate

are depicted in Fig. 5.
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Fig. 6. Micrographs of the droplet flow under different operating conditions.

It was observed that the conversion increased slightly from 65% to 67% with the increase of the total
flow rate in the low total flow rate range (<426 pL-min'). That was followed by a slight decrease in
conversion from 67% to 61% when the total flow rate was increased from 426 uL-min’! to 580 puL-min’'.
As the total flow rate was raised further from 580 uL-min’!' to 1200 uL-min’!, a very slight recovery of
conversion was found, from 61% to 64%.

The variation of reactant conversion was likely a result of the effect of total flow rate on the flow
dynamic behavior of droplet-based microfluidics, such as geometry of dispersed droplets, their possible
coalescence along the microchannel and two-phase interfacial property (Hao et al., 2020; Tang et al.,
2013). Generally, at high total flow rates smaller dispersed droplets are formed that increased the
interfacial surface area and, in turn, enhanced mass transfer performance leading to higher reaction rates.
On the other hand, higher total flow rates can cause the coalescence of the dispersed acid droplets in
microchannels, which can weaken the mass transfer performance. As observed in Fig. 6, the dispersion of
the two-phase droplets was uniform and stable when the flow rate was below 426 pL-min’'. In that case,
the internal circulation in the droplets and the renewal velocity of two-phase phase interface were
enhanced with the increase in the total flow rate, where the mass transfer rate from the organic phase to

the acid droplets was intensified (Zhao et al., 2007; Antony et al., 2014), resulting in higher conversions.
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It can be seen in Fig. 6, with further increase in the flow rate, the coalescence of the dispersed droplets
occurred causing the decrease of two-phase interfacial area and reduced mass transfer performance,
despite the possible chaotic flow of the continuous phase at high flow rates (Husny and Cooper-White,
2006).

As shown in Fig. 5, the selectivity of the nitration reaction under these operating conditions remained
approximately constant. This was largely due to the residence time, N/S, M-ratio, organic phase
concentration and reaction temperature all being kept unchanged, which were considered to be the main
factors affecting the selectivity of this reaction.

Overall, the effect of total flow rate was insignificant on either conversion or selectivity under the
experiment conditions, suggesting a very wide operating zone which is beneficial for optimizing

operation conditions and process scaling-up.

3.2.4. Effects of acetic anhydride content in organic phase

To investigate the effect of the addition of acetic anhydride, which has been found beneficial to the
solubility of etherate in the organic phase and also acts as the water absorbent during the nitration reaction
(Brown and Muxworthy, 1997; Brown et al., 1998; Brown and Gott, 2004). The addition of acetic
anhydride has no other effects on the purification and separation of the product. During the reaction
process, the etherate reacts with the mixed acid, and the product is dissolved in the solvent. The solid
product is crystalized out by volatilizing the solvent and the acetic acid. Then, it is washed by soft water
to remove the remained acid and other water-soluble impurities. Varying amount of acetic anhydride was
introduced in a range of 0~8 wt% to the organic phase. The reactant conversion and product selectivity
were measured under the reaction conditions of: 8.8 wt% etherate content in organic phase, 142 puL-min’!

total flow rate, N/S 0.57, M-ratio 1.6, and reaction temperature 298 K. The results are illustrated in Fig. 7.
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Fig. 7. Effects of acetic anhydride content in organic phase on nitration reaction.

It was initially interesting to observe that the conversion firstly decreased to a minimum level with the
addition of acetic anhydride, dropping from approximate 98% to 77% when the acetic anhydride content
was increased from 0 to 3 wt%. With further increase in the acetic anhydride content from 3 wt% the
conversion started to bounce back, until again approximate 100% when 8 wt% was added. At the same
time, the curve of selectivity vs. acetic anhydride content exhibited an opposite trend to the conversion
curve, showing a maximum selectivity of 80% at around 3 wt% acetic anhydride.

A closer examination revealed the critical role that acetic anhydride played with the solubility of
etherate in the organic phase, mainly 1,2-dichloroethane. Without acetic anhydride added, the solubility of
etherate was very low in 1,2-dichloroethane at 293~298 K, where even precipitation took place in the
syringe. In this case, the amount of etherate fed into the reactor was in fact far from that expected, i.e.
having a much higher M-ratio than the set value. Therefore, an apparent highest conversion close to 100%
and a lowest selectivity of 72% were observed, that was in line with the results of the effect of M-ratio on
the reaction, as shown in Fig. 4. By adding acetic anhydride the solubility of etherate was improved, until
fully dissolved in 1,2-dichloroethane with 2.73 wt% of acetic anhydride added, where the minimum and
maximum of conversion and selectivity were reached, respectively.

By further increasing the content of acetic anhydride, other roles started to play more significantly by
acetic anhydride. The increase in overall conversion resulting from adding more acetic anhydride
prompted the side reactions simultaneously, leading to the increase of dinitration by-products as detected
from HPLC analysis. On the one hand, acetic anhydride can improve the dehydration of sulfuric acid in
the mixed acid and the formation of NO," (Brown and Muxworthy, 1997). On the other hand, acetic
anhydride can react with water from the nitration reaction to form acetic acid, which is also positive for
generating NO»". Finally, the existing NO," in the mixed acid increases the possibility of dinitration. This

was also in line with the observation discussed above in Fig. 4.

3.3. Scalability study by varying microreactor geometry

To increase the reactor output, one of the commonly used approaches is to scale up the reactor capacity
that is the reactor channel diameter in continuous flow microreactors. However, during the scaling-up of
microreactors their unique characteristics need to be kept, such as microfluidic controllability, and mass

and heat transfer properties. To understand the scalability of the droplet-base microreactor for the

13



nitration reaction in this work, microreactors with three microchannel diameters (i.e. 0.5, 1.0 and 1.59
mm i.d.) were constructed to investigate the effect of varying reactor channel diameter on reactant

conversion with a fixed N/S at 0.57, M-ratio at 1.6, and temperature at 298 K (Fig. 8).
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Fig. 8. Effect of the tube inner diameter on etherate conversion.
Etherate content in organic phase = 8.8 wt%, N/S = 0.57, M-ratio = 1.6, T =298 K.

As can be seen from Fig. 8(a), where both residence time (t = 333.5 s) and total flow rate (Q = 142
puL-min') were kept constant by changing the reactor length (0.4~4 m) accordingly, the conversion of
etherate decreased slightly from 80% to 75.5% with the increase of the inner diameter of the reactor tube
from 0.5 mm to 1.59 mm. That was mainly due to the change of flow dynamics. As the residence time
and the total flow rate were kept unchanged, the smaller inner diameter resulted in higher flow velocity,
leading to more intense chaotic convection and more rapid interface renewal that were beneficial to the
apparent reaction rate. In addition, the increase of inner diameter was more favorable for the occurrence
of coalescence of the dispersed droplets, which further reduced the liquid-liquid two-phase interfacial
area and increased the mass transfer distance.

Fig. 8(b) shows that, when both constant residence time (¢ = 333.5 s) and capillary length were kept
constant (4 m) by varying the total flow rate (Q = 142~1448 pL-min™"), the conversion decreased from
80% to 58.4% with the increase of the reactor tube diameter from 0.5 mm to 1.59 mm. This was likely
related to the increased mass transfer distance between the two phases in larger diameter reactors, again
due to the higher probability of coalescence of the adjacent dispersed droplets. Moreover, the higher total
flow rate required for the larger diameter reactor led to more intense droplet coalescence, thus the reduced
phase interfacial area further affected negatively the transport efficiency and decrease the overall
conversion. Nevertheless, the results were indicative that, under the given experimental conditions, with a

slight decrease in reactant conversion (e.g. from 80% to 70%) it was able to give a fourfold increase in
14



total volumetric flow rate when the reactor channel diameter was doubled (from 0.5 mm to 1.0 mm).
3.4. Chemical kinetics

3.4.1. Apparent reaction rate

In the heterogeneous nitration process, the aromatic compounds diffuse to the liquid-liquid two-phase
interface through the organic phase into the aqueous phase while nitration usually occurs in the interface
boundary layer and/or in the aqueous phase (Zaldivar et al., 1995). Although the opposite diffusion of
nitric acid and sulfuric acid to organic phase might occur, their solubility in the organic phase was very
limited to form nitronium ions for nitration (Schofield, 1980; Olah et al., 1989). While mass transfer and
nitration reaction are difficult to be decoupled, a pseudo-homogeneous phase model has been proposed to
cover the coupled two processes (Papayannakos and Petrolekas, 1992; Andreozzi et al., 1993). Based on
experiment results in homogeneous nitration reactions, a second-order kinetics was adopted to correlate
the reaction rate () with the concentration of reactants (Zaldivar et al., 1992; Andreozzi et al., 2006; Di

Somma et al., 2007; Mandal et al., 2014), as expressed in Eq. (7).

— t
I =KypnCaCiino, (7
where kapp is the apparent reaction rate constant, and Ca and C,:Nos are the concentration of etherate and

nitric acid based on the total volume of mixed fluids, respectively. Eq. (7) can be further arranged as Eq.

).

r=Co Hasic,, (C)2(1-%)(M-x,), M 1 ®

where Cg is the initial concentration of etherate, x4 is the conversion of etherate, and M is the initial M-

ratio. Integrating Eq. (8) yields Eq. (9) for determining product concentration parameter (G) at a given of

time (7).

1 M- x
G= 5 In A = Kopp t (9)
Ca(M-1) [M(1-x,)
Eq. (9) suggests that a plot of G vs. ¢ should be linear passing through the origin with a slope equal to
kapp under constant reaction temperature conditions. The initial concentration of etherate can be calculated

with Eq. (10).
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where ny is the amount of substance of etherate; vorganic and VMixed acia are the flow rates of organic phase
and mixed acid, respectively. M4 denotes the relative molecular mass of etherate, and porganic, the density
of etherate. w is the mass fraction of etherate in organic phase.

To determine the apparent reaction rate constant kspp, in this work the kinetic experiments were
conducted at four temperature levels (i.e. 288, 298, 308 and 318 K) with four compositions of mixed acid
where the sulfuric acid concentration were 11.30, 12.09, 12.42 and 13.53 mol-L"'. The experiments were
carried out at high flow rate, and the total flow rate of organic phase and mixed acid phase was set as
845~3380.7 pL-min!. The measured parameters (G) as a function of reaction time () are plotted in Fig.

9. It can be seen that the excellent linear relations were obtained under the given operating conditions,

supporting the assumption of a second-order reaction.
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Fig. 9. Determination of apparent rate constants by keeping constant M-ratio = 1.6. (a) Concentration of
sulfuric acid = 11.3 mol-L"!, N/S = 0.75; (b) concentration of sulfuric acid = 12.09 mol-L"!, N/S = 0.62;
(¢) concentration of sulfuric acid = 12.42 mol-L!, N/S = 0.57; (d) concentration of sulfuric acid = 13.53

mol-L1, N/S=0.41.
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Fig. 10 shows the relationship between kapp and sulfuric concentration of the mixed acid at different
temperatures. It can be seen that, kap, increased with the increase of the concentration of the sulfuric acid
at each temperature level, and also with the increase of the reaction temperature. This was in agreement

with the previous observation for the effects of temperature, M-ratio and N/S on overall reaction

performance (Figs. 3&4)
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Fig. 10. Variation of experimental values of kap, with different sulfuric acid concentrations in mixed acid

at different temperature levels.

3.4.2. Intrinsic reaction rate

The rate-determining step of the nitration reaction between the mixed acid and the aromatic compounds
in aqueous phase is believed to be the attack of the nitronium ion NO,* on the aromatic compounds
(Albright and Hanson, 1976; Marziano et al., 1984; D’Angelo et al., 2003), where NO>" is the real
nitrating agent instead of HNOj;. Therefore, the reaction rate can be further expressed in terms of

concentrations of etherate and nitronium ion (Eq. (11)).

r=Kk, CAC (11)

NO;

where k;(p and CN o; are the apparent rate constant and the concentration of the nitronium ion in the

>
mixed acid phase, respectively. According to the transition-state theory (Olah et al., 1989), the reaction

rate equation can be expressed as Eq. (12).

7/A yNO;
NO; *

/4

r=k,C,C (12)

where ko is the intrinsic reaction rate constant, which only depends on temperature. 75 andy, .. are the
2

activity coefficients of etherate and NO,*, respectively. ¥ is the activity coefficient of the transition-state

17



intermediate.

Since there has been no accurate experimental data for obtaining these activity coefficients, M, function
(activity coefficient function) proposed by Marziano et al. (Marziano et al., 1983; Marziano et al., 1973,;
Marziano et al., 1981) was used in this work to describe the relationship between the activity and the

sulfuric acid acidity. The rate equation is rewritten as Eq. (13).

r=k,C,C,,.10™" (13)

>
where n is the thermodynamic parameter associated with aromatic compounds, and the value of n is
unique for each aromatic compound. The sulfuric acid acidity was expressed by M. function, and the

value of M. was determined only by the concentration of the acid at a given temperature. The quantity

10™™ describes the relation of the ratio of the activity coefficients and the sulfuric acid concentration.

By combining Egs. (7) & (11), the relation between k:xp and kapp can be obtained.

t
K = kapp CHNo3

(14)
exp
CNo;
Further, the relation of ko with k,pp can be obtained from Egs. (11), (13) and (14).
t
k _ kapp CHNO3 (15)
0~ -nM,
Cp; 10
Then, Eq. (15) is rearranged as Eq. (16).
t -
logk,,,~109(C, . /CHNO3 )=logk,-nM,_ (16)

According to Eq. (16), a plot of log kapp— Iog(CN or / C;Noa) vs. -M. should show a straight line,
2

where n and logko can be determined from the slope and the intercept of the straight line, respectively.

However, to calculate the values of n and ko, M. and the ratio of CN . to CLNOS need to be necessarily

0;
determined firstly.

According to the values of M. (298 K) at different sulfuric acid concentrations given by Marziano et al.
(Marziano et al., 1981), an empirical correlation between the sulfuric acid concentration in the range of

11~14 mol-L! can be obtained by a polynomial fitting.

~M, (298K) = -5.552x10 G g5, +1.85x10* Cf g5, 0179 G0, +111xCyy 0, 1

For a given mixed acid composition, the values of M, at different temperatures can be determined by

18



the relationship proposed by Marziano et al. (Marziano et al., 1998).

200 :|
(18)

M, (T) =M, (298K) [T +0.3292

( CNO+ / CIE|N03) can be determined from the ionization equilibria of nitric acid in sulfuric acid
2

(Rahaman et al., 2010). There are two different ionization equilibria for nitric acid coexisting
simultaneously in aqueous sulfuric acid, which are the autoionization of nitric acid and the protonation of

nitric acid by sulfuric acid, respectively, as shown in Egs. (19) & (20).
HNO, = NO;+H+ 19)
HNO, +H" = NO;+H,0 (20)
The concentration of nitric acid in the reaction can be expressed as follows.
Cino, = Cyo;+ Cino, + Cyyo. (21)

The equilibrium constants corresponding to Egs. (19) & (20) can be written as

a a+:CN_C+

Kino, = — ==~ 10" (22)
aHNo3 HNO,
K = 2o, B _ o, Crr 10 o™ (23)

NOS -
aNo; A0 CNo; CHzO

The values of Ny and N . obtained by Sampoli et al. (Sampoli et al., 1985) in the mixed acid are
2

0.571 and 2.542, respectively. The relationship between the two dissociation equilibrium constants and

the reaction temperature can be expressed as Egs. (24) & (25),

A(';HNO
K =exp(- —= 24
HNO, p( RT ) (24)
4
Ko = exp(@ -5.935) (25)

where AGHN03 is 80.79 kJ-mol’!, which denotes the Gibbs free energy of HNO; at 298 K. Zaldivar et al.

(Zaldivar et al., 1995) obtained Eq. (24) by correlating the experimental data of Ross et al (Ross et al.,
1983).
In the mixed acid, it can be generally assumed that the concentration of H" only depends on the sulfuric

acid concentration, as the temperature fluctuation range is insignificant. The following empirical function

19



was proposed by Zaldivar et al. (Zaldivar et al., 1995), Error! Bookmark not defined-h5eq on the experimental
data from Robertson et al. (Robertson et al., 1964), the proton concentration in aqueous sulfuric acid

solution in the range of 1~99 wt% was correlated.

C,. =-1.1757x10% +1.2406C,, o, +9.4286x10%C2 .,

(26)
-2.5102x10° C}, ¢, +2.171x10° C’ o, —6.917x10° C} o,
According to Egs. (16), (21), (22) and (23), the following form can be obtained.
logZ =logk,-nM, 27
K C 10 '™ Cuo K
= K| et e (28)
CH" 10 ™o CHZO KNOE CH+ 10 "o ¢

According to Eq. (28), a straight line can be obtained by plotting logZ vs. -M., and the value of logky
can be calculated from the intercept, whilst # is the slope of the fitting line. As shown in Fig. 11, the linear
relationship well fits the experimental data, where the parallel lines appear for different temperature, and

n is independent of the reaction temperature and determined, being 0.1314.

TK]
288
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318

/
//

-1.5
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oo D<o

logZz

-Mc
Fig. 11. Determination of the thermodynamic parameters » and ko.
With the value of ko obtained at different temperatures, the activation energy for the electrophilic attack

of nitronium ion on the etherate can be determined by the Arrhenius equation (Eq. (29)).
k® = Aexp(-Ea/ RT) (29)

By plottimg Inko vs. 1/7, the activation energy Ea and A (the pre-exponential factor) can be obtained
from the slope and intercept of the straight line. By fitting the data of ko and ¢, the activation energy Ea

was found to be 37.9 kJ-mol!, and 4 = 3.75x10* m3/(mol-s).
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Fig. 12. Arrhenius plot of Inko vs. 1/T.

3.4.3. Validation of pseudo-homogeneous phase assumption
In order to verify the pseudo-homogeneous phase assumption, the Ha number of the reaction process
was calculated. The diffusivity of etherate (Dgmeratc) in sulfuric acid was evaluated by the modified Wilke-

Chang equation proposed by Perkins and Geankoplis (Schotte, 1992).

—— 12
7.4%x10°%T oM
Etherate 0.6

MV,

D (30)

where u and vy, are the viscosity of sulfuric acid and the molecular volume of etherate at normal boiling

point, respectively. ;ZM is defined as (Cox and Strachan, 1972):

PM =X, B, My, + X Mg 31)
where the subscript w and s denote water and sulfuric acid, respectively. X, ¢, and M are the mole
fraction, the association factor, and the molecular weight, respectively. The diffusivity of etherate at
different temperatures is presented in Table 1.

The value of k. can be estimated using the dimensionless number of Sherwood, S% (Rahbar-Kelishami
and Bahmanyar, 2012) by Eq. (32), and Schmidt number and Reynolds number can be obtained by
Sc=u/pDkherae and Re=pDu/u. D and d are the diameters of microchannel and droplets, respectively. The

Ha number is further calculated by Eq. (34).

sh=—K9 _0.991x pe”s
Etherate (32)
Pe=RexSc (33)
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\/kapp DEtherate CHNO3
kL

Ha =

(34)

As shown in Table 1, Ha < 0.3 indicates that the etherate nitration with mixed acid took place in the
slow regime and was kinetically controlled. The assumption of pseudo-homogeneous phase is reasonable.

Table 1. Diffusivity of etherate in sulfuric acid and Ha number

T (K) Ci,s0, (MOI-L™) /1 x1073 (m-s) Détherate 10 (m?-s7) Ha
13.53 1.13 0.965 0.02686
12.42 1.095 0.920 0.02590
288 12.09 1.084 0.906 0.02416
11.30 1.058 0.874 0.02358
13.53 1.455 1.41 0.02991
12.42 1.409 1.34 0.02916
28 12.09 1.395 1.32 0.02899
11.30 1.361 1.28 0.02709
13.53 1.877 2.07 0.03351
12.42 1.817 1.97 0.03214
308 12.09 1.799 1.94 0.03128
11.30 1.756 1.87 0.03095
13.53 2.304 2.81 0.03926
12.42 2.231 2.68 0.03809
. 12.09 2.209 2.64 0.03644
11.30 2.155 2.54 0.03640

3.4.4. Validation of kinetics models

Using the intrinsic reaction kinetics data for Ea and A obtained as described above, the values of
apparent reaction rate constant kapp and reactant conversion can be computed according to Eq. (13). The
calculated k.pp and reactant conversions from the kinetics models are presented in Figs. 13 & 14
(continuous curves) under different reaction conditions with varying temperature, residence time, and
sulfuric acid concentration. The experimentally measured results are also included in the figures for
comparison. As can be seen from Figs. 13 & 14, the calculated data were reasonably in good agreement

with the experimental results, validating the kinetics models developed.
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4. Conclusions

In the present work, the continuous flow nitration reaction of 3-[2-chloro-4-(trifluoromethyl) phenoxy]|
benzoic acid with a mixture of nitric and sulfuric acid was investigated within droplet-based

microreactors. A wide range of operating parameters were examined to quantify their effects on the
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reaction outcome, including reaction temperature, residence time, M-ratio, N/S, total flow rate,

composition of organic phase, and microreactor tube diameter. Furthermore, a pseudo-homogeneous

based kinetics model was developed to determine the kinetics parameters of the nitration reaction, and the

calculated data was validated against experimental results.

@)

)

@)

(4)

®)

Increasing reaction temperature and M-ratio results in overall higher reaction rate and
conversion, and simultaneously increase in side reaction rate leading to the reduction of product
selectivity, while increasing N/S reduces the conversion but has insignificant effect on product
selectivity. The optimized reaction temperature, M-ratio and N/S are found to be 308 K, 1.6 and
0.57, respectively. Under optimal reaction conditions, a conversion of 83.03% and selectivity of
79.52% have been achieved in a microreactor (i.d.=0.5 mm, L=4 m).

The effect of total flow rate was insignificant on either conversion (varying between 61% and
67%) or selectivity (varying between 80% and 81%) under the experiment conditions,
suggesting a very wide operating zone which is beneficial for optimizing operation conditions
and process scaling-up.

The results from three reactor channel geometries (i.d. 0.5, 1.0 and 1.59 mm) were indicative
that, under the given experimental conditions, with a slight decrease in reactant conversion (from
80% to 70%) it was able to give a fourfold increase in total volumetric flow rate when the reactor
channel diameter was doubled (from 0.5 mm to 1.0 mm).

The addition of acetic anhydride content can improve the solubility of etherate in the organic
phase (mainly 1,2-dichloroethane) and the absorbability of water produced from the reaction, to
inhibit the decrease of sulfuric acid strength while promote the generation of NO,*, leading to
increase in conversion. With the increase of acetic anhydride content, however, the dinitration
products increase accordingly, resulting in the reduction of the product selectivity.
Pseudo-homogeneous based kinetics models have been developed of apparent reaction rate
constant and intrinsic reaction rate constant for the reaction of 3-[2-chloro-4-(trifluoromethyl)
phenoxy] benzoic acid with nitronium ion. Excellent linear relations are obtained and the
apparent reaction rate is in compliance with the second-order reaction assumption, at given four
temperature levels (i.e. 288, 298, 308 and 318 K) with four mixed acid compositions

(concentration of sulfuric acid: 11.3, 12.09, 12.42 and 13.53 mol-L"). The values of 4 and Ea in
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the Arrhenius equation for this reaction are determined to be 3.75x10* m3/(mol‘s) and 37.9
kJ-mol !, respectively. The calculated results based on the kinetics model are in good agreement

with the experimental results.
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Nomenclature

A Pre-exponential factor, m?/(mol-s)
a Activity, mol-L!
Ca Concentration of etherate, mol-L"!
c? Initial concentration of etherate, mol-L!
CNO’ Concentration of the nitronium ion, mol-L!
2
Cino, Concentration of nitric acid, mol-L"!
Cino Total concentration of nitric acid, mol-L’!
3
CH+ Proton concentration in the mixed acid, mol-L"!
HsO Concentration of the sulfuric acid, mol-L!
29U,y
D Diameter of microchannel, m
Detherate Diffusivity of Etherate, m?-s’!
d Diameter of droplets in microchannel reactor, m
Etherate 3-[2-chloro-4-(trifluoromethyl)phenoxy] benzoic acid
Ea Activation energy, kJ-mol™!
AGyyye, Gibbs free energy of HNOs3, kJ-mol!
Ha Hatta number
kapp Apparent reaction rate constant, L-mol™!-s™!
k* Apparent rate constant of the nitronium ion, L-mol!-s™!
exp
ki Overall mean mass transfer coefficient, ms™!
ko Intrinsic reaction rate constant, L-mol!-s’!
Kiino, Equilibrium constant of nitric acid
KNO+ Equilibrium constant of nitronium ion
2
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