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Abstract: The present paper reports the experimental 
details for the synthesis of performic acid (PFA) using 
Corning advanced-flow reactors (AFRs) using formic acid 
and H2O2 as reactants, and sulfuric acid as homogeneous 
catalyst. The effect of different operating parameters on 
PFA concentration such as reactant flow rates (residence 
time), temperature, reactant and catalyst concentration 
were studied. The experimental results indicate that the 
heart-shaped pellet structure in AFR provides better mix-
ing, and hence more conversion with less residence time 
achieved. Moreover, AFR technology offers the possibil-
ity to conduct chemical reactions in a more sustainable 
way due to miniaturization and increased safety. Reac-
tions show optimum results at 30°C with a feed flow rate 
of 80 ml/h in the presence of 1 w/w % H2SO4 as catalyst. 
The optimized results demonstrated the capability of AFR 
technology for enhancement in the formation of PFA (time 

equal to 1 min) with high conversion (95.85%). Further, it 
has been found that the concentration of PFA was reached 
at maximum value within 1 min of time. Therefore, the pro-
duction of PFA is very fast in a microreactor, which saves 
our time and energy and in turn it saves the environment 
on fuel requirement and therefore this process is green.

Keywords: continuous synthesis; Corning advanced-flow 
reactor; homogeneous catalyst; performic acid.

1  Introduction
Performic acid (PFA), an unstable colorless liquid, can be 
produced by reacting formic acid with hydrogen peroxide 
(H2O2). It belongs to the category of percarboxylic acids 
which are acids which contains an acidic -OOH group [1]. 
Percarboxylic acids are commonly strong oxidizers and 
are used as disinfecting and bleaching agents in various 
industries like paper, textile and fine chemicals. PFA is a 
nontoxic but potent chemical which can cause skin irri-
tation, and is a very unstable chemical, since even 50% 
solution is highly reactive which makes its use within 12 h 
mandatory. Being unstable and explosive, there is a risk 
in the batch production and transportation of PFA and 
hence researchers are paying attention towards its process 
development using microfluidics reactors, which are com-
paratively considered as safe [1, 2].

Various types of organic solvents like alcohol, ether, 
benzene, and chloroform generally are used for the dis-
solution of PFA. Due to its strong oxidizing properties, 
PFA is used for breaking the disulfide bonds in protein, 
epoxidation, hydroxylation and oxidation reactions in 
organic synthesis [3]. It is also used to sterilize the equip-
ment in medical and food industries. PFA is a popular 
safe sterilizer due to formation of safe degradation 
products such as oxygen, water, and carbon dioxide. 
Further, PFA is being used for disinfection purposes and 
it is more active compared to hydrogen peroxide and 
peracetic acid [4, 5]. The spontaneous decomposition 
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of PFA takes place with an increase in the temperature 
(> 40°C) and it will explode with speedy heating at and 
above 80–85°C [5–7].

In the batch process, there are safety issues raised due 
to autoacceleration and uncontrolled reactions. In batch 
scale production, homogeneous (sulfuric acid) or hetero-
geneous (ion exchange resin Dowex 50W × 2 and Dowex 
50W × 8) catalysts can be used to enhance the reaction 
rate. Drawbacks such as separation difficulty and corro-
sion to equipment in the use of a homogeneous catalyst, 
like sulfuric acid, limit its use [8]. To overcome these prob-
lems, heterogeneous catalysts are used, as they are easy to 
handle and provide good thermal stability. A heterogene-
ous catalyst gets deactivated with its use, thereby affect-
ing the rate of reaction. Batch scale production of PFA 
is likely to stand on the commercial stage so that on site 
production of PFA is feasible in continuous mode using a 
microstructured reactor [1, 9].

The continuous processes using microreactors enable 
faster processing of unstable chemicals and avoid prob-
lems of operation. In the production of unstable chemicals 
using microreactors, there is reliable temperature control 
resulting in higher selectivity and yields. Microreactor 
technology empowers new pathways for the development 
of economical, innovative and intensified processes in the 
chemical industry [9]. Microreactor technology provides 
clear advantages over conventional process technology 
through: (1) short mixing time, (2) high heat transfer 
rates, (3) inherent safety of small hold-up, (4) precise 
control of reaction time and (5) faster scale-up/time-to-
market. Microstructured devices have higher surface to 
volume ratio (up to three orders of magnitude) compared 
to conventional reactors, which results in intensified heat 
transfer. Further, microreactors are an exceptional alter-
native for immensely fast and exothermic/endothermic 
reactions. These types of reactions can be controlled in a 
better way in microreactors and the possibility of hot spots 
can be avoided [10, 11]. This has resulted in higher yields, 
higher selectivity, safer operation, and new pathways for 
many reactions.

Corning advanced-flow reactors (AFR) are patented 
by Corning Incorporated. Corning AFRs can be used in the 
continuous production of a number of chemicals, includ-
ing pharmaceuticals, dyes and biodiesel. They offer broad 
capabilities from feasibility to production and enable 
the transition from batch to continuous flow [12, 13]. The 
small-scale channels in AFR reactors offer advantages 
over the classical batch approach. This emerging inven-
tion helps to reduce the complications of equipment and 
provides a quality product that enables safe operations 
[12]. In the Corning AFR reactors, the design, structure, 

and surface technology are properly enhanced for the 
performance and output [13, 14].

The use of AFRs, which have heart-shaped small chan-
nels, offers advantages such as faster mixing, better heat 
and mass transfer. The fluidic module having a hydraulic 
diameter in the range of 0.3  mm to a few millimeters is 
an important component of the AFR system. This module 
contains a chain of duplicate cells which have a changing 
cross-sectional area, and due to the presence of internal 
elements, leads to the formation of a jet, splitting of the 
liquid and then recombining.

PFA is explosive and unstable even in mild conditions. 
Hence, safety aspects should be considered in synthesis 
processes. AFR efficiently works to handle exothermic 
reactions and unstable products. The main objective of 
this study is the intensification of existing processes with 
the use of AFR reactors in the synthesis of PFA to improve 
safety and provide sustainability. To check the feasibility 
of AFR and optimum operating conditions, experiments 
were carried out at different flow rates ranging from 
60 ml/h to 120 ml/h and at different temperatures ranging 
from 20°C to 40°C.

2  �Materials and methods
2.1  Chemicals

Formic acid (98–99 v/v%, SRL Pvt. Ltd., Mumbai), hydrogen perox-
ide (30 v/v%, Fine Chem. Industries, Mumbai, Maharashtra, India) 
and homogeneous catalysts i.e. sulfuric acid (98 v/v%, Molychem, 
Mumbai, Maharashtra, India) were the chemicals used in the experi-
ments as reactants. Ammonium cerium sulfate (98–99%, SD-Fine 
Chemical, Mumbai), sodium thiosulphate (99%, SD-Fine Chemical), 
potassium iodide (99%, Fisher Scientific, Mumbai, Maharashtra, 
India) and starch (Fine Chem. Industries) were used for the analysis 
of PFA samples. All chemicals were used as they were received with-
out any further purification. Different solutions were prepared with 
the use of Millipore water with a conductivity of 3 μs.

2.2  Reaction

The reactions were carried out by varying different parameters in the 
AFR. The reaction scheme pertaining to synthesis of PFA is depicted 
in Eq. (1):

	 2 2 2HCOOH   H O     HCOOOH   H O H  56.004 kJ / mol+ ↔ + ∆ = −

� (1)

Sulfuric acid was used as a catalyst in the reaction of formic acid and 
H2O2 to produce PFA earlier in microreactors [15–17], while it has not 
been studied in the AFR system. Formic acid, hydrogen peroxide and 
sulfuric acid (homogeneous catalyst) were used in aqueous solution 
form during the preparation of PFA in the AFR.
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2.3  Experimental set-up

The experiments were conducted in Corning AFR labs and the experi-
mental set up for the preparation of PFA is shown in Figure 1. It con-
sists of the AFR, syringe pumps, peristaltic pump and a cooling unit. 
The AFR contains heart-shaped modules made up of glass with a 
volume of 0.45 ml each. For this experiment, two modules were used 
to maintain a suitable residence time. In order to feed the reactants 
to the AFR system, two syringe pumps were used. The feed flow rate 
was varied from 60 ml/h to 120 ml/h. Teflon tubes were used for con-
necting syringes with the AFR. The peristaltic pump was used for 
maintaining the utility requirements. The flow rate of coolant was 
maintained constant at 300 ml/h. The system was calibrated to make 
it ready for the operation.

In these experiments, the AFR consisted of two modules and the 
plate arrangement is shown in Figure 1. As can be seen in Figure 2, 
there were four glass plates arranged in such a manner that the 
chemical reaction takes place inside the reaction layer. The reactants 
selected for the reaction were fed to the reactor simultaneously and 
in the outer layer (heat exchange layer) the coolant was fed which 
acts as a utility for the system [18].

2.4  Experimental procedure of synthesis of PFA

The laboratory experiments were carried out in Corning AFRs. The 
experiment consisted of two feed streams injected in the AFR by 

syringe pumps as shown in Figure 1. One feed was formic acid (98–99 
v/v%) and the other was hydrogen peroxide (30 w/w %). They were 
both fed in as 1 : 1  molar ratio and 1 : 2 volume ratios. At the start, 
experiments were conducted without using a catalyst and then with 
the use of a homogeneous catalyst, i.e. sulfuric acid, at similar work-
ing conditions. Sulfuric acid was added to formic acid in a measured 
amount and then fed into the AFR. Based on the experimental data 
of synthesis of PFA under variable operating parameters using the 
Corning AFR, the optimum operating conditions were monitored and 
confirmed. Experiments were carried out at atmospheric pressure 
and at different flow rates for feeds (70–90 ml/h), catalyst concentra-
tion (0–1%) and at a fixed reactant concentration (1 mol%). The max-
imum operating temperature was maintained at 40°C at atmospheric 
pressure. The temperature was maintained with the use of utility, i.e. 
water from the chiller at respective temperatures. The samples were 
collected after a regulated time period at the end of the AFR and were 
analyzed by the titration method. The theoretical yield was 65 g PFA 
(per hour basis) for the total feed flow rate of 80 ml/h (formic acid 
flow rate = 40 ml/h).

The product was collected in the sample bottle at the end of the 
reactor and was analyzed by titration. In a typical analysis, a 0.2 ml 
sample was taken into a 500 ml conical flask which contains 200 ml 
of ice cold 1 N H2SO4 that allows titration at 0–10°C. The temperature 
was maintained using a chiller (temperature range: 0–5°C). Ferroin 
solution was used as an indicator. This solution was titrated against 
0.1 N ammonium cerium sulfate [(NH4)4Ce(SO4)4

.2H2O]. The end point 
was confirmed by disappearance of a salmon colored solution to 
colorless. A burette reading was taken for the first titration. A further 

Figure 1: Experimental set-up for synthesis of performic acid in advanced-flow reactor (AFR) – two modules.
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Figure 2: Heat exchange and mixing integrated in fluidic module.
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10 ml of 10% KI solution and 2 ml of prepared starch solution were 
then added to the sample solution and titrated the against 0.1  N 
sodium thiosulfate (Na2S2O3), to liberate the iodine. A second burette 
reading was taken into consideration to calculate the concentration 
of PFA as reported in previous literatures [1, 17, 19]. Readings were 
taken and graphs were plotted. Different samples were collected by 
changing operating parameters and titrated to find out the concen-
tration of PFA. The experiments were conducted by varying differ-
ent parameters viz. residence time (30–60 s), catalyst concentration 
(0–1 w/w %), hydrogen peroxide concentration (15–30 w/w %), feed 
flow rates (60–120 ml/h) and temperatures (20–40°C).

3  �Results and discussion

3.1  �Effect of residence time with and without 
catalyst on PFA formation

Figure 3 shows the variation in the formation of product, 
i.e. PFA, with respect to residence time, i.e. flow rates. Here, 
the reactions were carried out with and without a homoge-
neous catalyst. Each sample was collected after the fixed 
time of 5  min and analyzed. The residence time for the 
reaction varies inversely with the feed rate. Therefore, the 
reaction is carried out at room temperature maintaining 
the volume ratio of 1 : 2 (formic acid : hydrogen peroxide) 
and changing the feed rates. The residence time for the 
reaction to occur depends upon the internal volume of the 
AFR and the total feed flow rate. As the internal volume is 
fixed to 0.9 ml, Figure 3 shows that at the residence time 
of 41 s, i.e. at a flow rate of 80 ml/h, maximum (95.85%) 
conversion is achieved. Also, the first set of reactions was 
performed without a catalyst and others in the presence of 
a homogeneous catalyst at 1 w/w % H2SO4. Higher concen-
trations can be achieved with the use of a catalyst, which 

is attributed to the catalytic activity of H2SO4 in the AFR. 
Henceforth, as seen in Figure 3, the residence time of 41 s, 
i.e. at a flow rate of 80  ml/h and catalyst concentration 
of 1%, was used for further investigation to find optimum 
operating conditions.

3.2  �Effect of different temperatures on PFA 
formation

For further confirmation of the optimum flow rate and 
identifying the optimum temperature for synthesis of PFA 
in the AFR, the reactions were carried out at different tem-
peratures with different flow rates ranging from 60 ml/h 
to 120 ml/h at a catalytic concentration of 1 w/w % H2SO4. 
Figure 4 confirms the optimum feed rate as 80 ml/h, i.e. 
residence time 41 s. Also, it shows that the reaction gives 
high concentrations of PFA as 6.25 mol/l at a temperature 
of 30°C. As the temperature increases from 20°C to 30°C, 
the reaction rate increases and more formation of PFA 
occurred. However, with an increase in the temperature 
from 30°C to 40°C, the concentration of PFA was observed 
to decrease, which can be attributed to decomposition of 
PFA at higher temperatures and therefore less amount of 
PFA was present in the reaction mixture. Based on the 
experimental results, 30°C is the preferable temperature 
for this reaction to be carried out using the AFR. Moreover, 
with the increase in temperature, PFA decomposed in the 
pathway of the AFR, so higher temperatures are avoided.

The effect of time at different temperatures on the for-
mation of PFA was also studied experimentally. The PFA 
concentration was measured with respect to actual time 
at the outlet of the reactor and this data is presented in 
Figure 5. The reactions were carried out with 1 w/w % of 
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Figure 3: Effect of feed flow rate and catalyst concentration on 
formation rate of performic acid (PFA) (temperature = 30°C, molar 
ratio = 1 : 1).
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H2SO4 catalyst and a flow rate of 80  ml/h with different 
operating temperatures of 20°C, 30°C and 40°C . It can be 
seen from Figure 5 that the PFA concentration increased 
with an increase in the temperature from 20°C to 30°C, and 
then decreased with increase in temperature from 30°C to 
40°C. Figure 5 shows that as the temperature increased 
to 40°C, the concentration of PFA also decreased. The 
decreased concentration of PFA at 40°C can be attributed 
to decomposition of PFA at a higher temperature and 
therefore less amount of PFA was present in the reaction 
mixture. Therefore, the decomposition temperature of 
PFA was observed to be 40°C where the reverse reaction 
starts [16]. Thus, 30°C is the most preferable temperature 
for this reaction to be carried out in the AFR.

3.3  �Effect of H2O2 concentration on 
PFA formation

Synthesis of PFA depends upon the concentration of reac-
tants, mainly the concentration of hydrogen peroxide. All 
experiments were carried out with the 30 w/w % concen-
tration of hydrogen peroxide. So as to investigate the effect 
of concentration of H2O2 on the rate of formation of PFA, 
two different experiments were carried out with 1 w/w % 
of H2SO4 catalyst along with the optimum values for tem-
perature, i.e. 30°C, and at a feed flow rate of 80 ml/h. The 
hydrogen peroxide concentration of 15 w/w % and 30 w/w 
% was maintained for two different experiments. The 
samples were collected at the outlet of the reactor with 
respect to time for the analysis as the reactions proceed.

Figure 6 indicates that PFA formation highly depends 
upon the H2O2 concentration. From the experimental 
results it can be observed that the PFA concentration for 
the reaction with 30  w/w % H2O2 was four times more 

compared to the reaction with 15  w/w % H2O2 concen-
tration. It can be seen from Figure 6 that maximum PFA 
concentration is recorded at the highest concentration 
of hydrogen peroxide. With decrease in concentration, 
the product concentration decreased with time, whereas 
unreacted hydrogen peroxide concentration decreased 
with decrease in initial concentration. Also, it shows that 
once the reaction is complete, there are very small changes 
in the concentration of PFA with respect to time.

3.4  �Effect of time on formation of PFA 
at different feed flow rate

The comparison between flow rates was studied experi-
mentally. The reactions were carried out with 1  w/w % 
of H2SO4 catalyst and at 30°C with different flow rates. 
Figure  7 shows the variation in the concentration of 
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Figure 5: Effect of operating temperature as a function of time on 
the formation of performic acid (PFA) in AFRTM (flow rate = 80 ml/h, 
molar ratio = 1 : 1, catalyst loading = 1%).
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product PFA at the outlet of the reactor with respect to 
time at different flow rates. The flow rates were varied 
from 70 ml/h to 90 ml/h, with an increment of 10 ml/h. 
It can be seen from Figure 7 that the concentration of PFA 
marginally increases with the time. Also, it is found to be 
increased with the flow rates from 70 ml/h to 80 ml/h and 
then found to be decreased marginally. This may be attrib-
uted to the decrease in flow rate as the residence time 
increases and as a result of increased contact between 
reactants and the product. Optimum concentration of PFA 
was found out to be 6.25 mol/l (the conversion = 95.85%), 
at the optimum flow rate of 80 ml/h.

4  �Conclusion
In the present paper, PFA synthesis was successfully 
achieved using Corning AFRs which provided efficient 
technology for converting impractical batch processes 
to a continuous process, with the added advantage of 
process intensification and sustainability. The present 
study summarizes the effect of different parameters such 
as temperature, flow rate (residence time), catalyst and 
reactant concentration on the formation rate of PFA. The 
optimized parameters were found out to be 30°C, total 
feed flow rate of 80  ml/h (residence time = 41  s), cata-
lyst concentration as 1  w/w % of total moles, and H2O2 
concentration as 30 w/w % of solution to give optimum 
concentration of PFA as 6.25  mol/l. Excellent features 
of Corning AFRs demonstrated feasibility of getting 
maximum conversion rate with optimal reaction condi-
tions at low temperatures compared to microreactors 
and batch reactors.
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