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Integrated continuous-flow process for
acetaminophen synthesis: hydrogenation of
4-nitrophenol, gas-liquid-liquid separation,
acetylation, and crystallisation
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We developed a continuous process for synthesising acetaminophen, an analgesic and antipyretic
pharmaceutical, via flow hydrogenation of 4-nitrophenol, inline separation, flow acetylation, and
crystallisation. Although continuous synthesis has been explored, existing processes face challenges related
to catalyst handling, solvent use, and crystallisation integration. Scalable flow hydrogenation was achieved
by simultaneously reducing 4-nitrophenol dissolved in an organic solvent and neutralizing it with
aqueous acetic acid in a packed column containing bead-type Pd/AmberlystA21; Amberlyst A21 is a
neutral ion-exchange resin. Following inline gas-liquid-liquid separation, acetylation was performed in a
plug flow reactor, and subsequent crystallisation enabled the isolation of acetaminophen in crystalline
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form. The process achieved a productivity of 1550 g h™* and process mass intensity of 23.8,
demonstrating its efficiency and scalability. This study aimed to develop a fully continuous, scalable route
that integrates hydrogenation, acetylation, and crystallisation without requiring concentration steps. These

DOI: 10.1039/d6re00130k
findings demonstrate the feasibility of a safer, greener, and more scalable pathway for acetaminophen
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Introduction

Acetaminophen (AcAP) is a widely used analgesic and
antipyretic pharmaceutical included in the WHO essential
medicines list." Considering the recent COVID-19 pandemic,
during which AcAP was widely prescribed as an antipyretic for
symptom management, the development of an efficient
production process for AcAP has become increasingly
important. A promising green and sustainable synthetic route
involves the reduction of 4-nitrophenol (4-NP)—derived from
phenol, a depolymerisation product of lignin—into
4-aminophenol (4-AP),>™* followed by acetylation to yield
AcAP, thereby valorising lignin as a renewable resource and
reducing reliance on fossil-derived feedstocks.” Accordingly,
a scalable process for acetaminophen production is
desired. Conventionally, 4-NP reduction is achieved via a
Béchamp-type reaction using metals and acids, generating
stoichiometric amounts or excess metal waste."%"?
Recently, hydrogen gas (H,) has gained attention as a
green reducing agent,""'® and its use in catalytic
hydrogenation =~ with  heterogeneous  metal catalysts
represents a more sustainable approach.’”** However,

Catalytic Chemistry Research Institute, National Institute of Advanced Industrial
Science and Technology (AIST), Higashi 1-1-1, Tsukuba, Ibaraki 305-8565, Japan.
E-mail: kobayashi-kwihwan@aist.go.jp

This journal is © The Royal Society of Chemistry 2026

because of the explosive nature of hydrogen gas, scaling
up the reaction requires specialised, high-safety facilities,
which leads to higher equipment costs. To address this
issue, packed-bed flow reactors filled with heterogeneous
catalysts ~ have  attracted  attention.>*>°  Because
hydrogenation occurs within a column, the safety concerns
associated with batch processes can be mitigated in flow
systems. Therefore, if both hydrogenation and acetylation
of 4-NP can be performed in a flow system, AcAP can be
produced in a green and sustainable manner. Recently,
Sievers and Bommarius reported a flow process for AcAP
synthesis using 4-NP as the starting material (Fig. 1a).*°
Their method employed acetic anhydride (Ac,O) as the
acetylating agent and performed both hydrogenation and
acetylation in the reaction columns, achieving a highly
efficient process with a remarkably low process mass
intensity (PMI) of 7.2. However, the use of powdered
palladium on alumina (Pd/Al,O;) catalysts raises concerns
about excessive pressure drops during column scale-up. In
addition, methanol was used as the reaction solvent,
necessitating a concentration step prior to crystallisation.
Concentration steps are often avoided in process
development because of their high energy consumption,
the need for expensive equipment, and the potential to
reduce the throughput, especially in continuous flow
systems.>"** Therefore, we aimed to develop a continuous
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Fig. 1 Comparison of different process strategies for the synthesis of
AcAP. (a) The work of Sievers and Bommarius involving hydrogenation
and acetylation using Pd/Al,Os, followed by concentration and
crystallisation. (b) Our previous work using acetylation in aqueous
media followed by crystallisation. (c) The process developed in this

study, integrating hydrogenation, neutralisation, acetylation, gas-
liquid-liquid separation, and crystallisation.
production process for AcAP from 4-NP that fully

incorporates the crystallisation step.

We recently developed a process for AcAP synthesis using
4-AP as the starting material and water as a green solvent
(Fig. 1b).** By converting poorly soluble 4-AP into its acetate
salt, it could be utilised as an aqueous solution. After
acetylation, subsequent neutralisation with aqueous sodium
hydroxide (NaOH) enabled the efficient recovery of AcAP.
Thus, if 4-NP could be converted into an aqueous acetate
solution of 4-AP, a continuous production process—including
crystallisation®***—could be established. However, since

Table 1 Optimisation of continuous-flow hydrogenation of 1
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4-NP is almost insoluble in water, establishing a process
using 4-NP as the starting material in a green water solvent is
not feasible. Therefore, we focused on the basicity difference
between 4-NP and 4-AP (Fig. 1c). A hydrophobic organic
solution of 4-NP, aqueous acetic acid, and H,
simultaneously introduced into a packed column containing
the Pd catalyst. Within the column, nitro-group reduction
and acetate formation proceeded concurrently, transferring
the resulting 4-AP acetate into the aqueous phase.
Subsequent gas-liquid-liquid separation yielded an aqueous
acetate solution of 4-AP, which was then subjected to
acetylation and crystallisation via acetic-acid neutralisation,
completing the continuous production process for AcAP.

was

Results and discussion
Flow hydrogenation of 4-NP using packed-bed reactor

First, the continuous flow hydrogenation of 4-NP (1) to 4-AP
(2) was investigated (Table 1). A solution of 1 in ethyl acetate
(AcOEt) or butyl acetate (AcOBu) (2 M) and aq. acetic acid
(AcOH) (1.8 M) was prepared. A reaction column (ID: 10 mm;
L: 100 mm) was packed with 5%Pd/Al,O; (Tokyo Chemical
Industry Co. Ltd.) and Wakogel C-400 silica gel (particle size:
20-40 pm; FUJIFILM Wako Pure Chemical Corporation) in a
1:20 ratio. The solubility of 1 in other hydrophobic organic
solvents, such as toluene and heptane, is lower than that in
AcOEt and AcOBu. Solutions of 1 and AcOH were pumped at
0.3 and 0.6 mL min™", respectively, and merged using a
connector. H, gas was supplied at 60 mL min™ and merged
with the reaction solution. The mixed liquid and gas streams
were passed through a pressure gauge, and the reaction

E /©/N02 E 0'3- -1 '~-|.-|.2.9??_,:

' HO : " -O-l:g-a-r-1;¢; ’ K NH

' . talyst ' i

: 1 ' _Ca8yS 1_phase (0) ; 2
\ 2Min AcOBu ; Ezzzzzrzzy

................ . \ Aqueous | HO
R *, temp. H '

H 1.8M AcOH aq. ID: 10 mm L R’Z?f?_(_A_)_, 2
"""""""" 0.6 L: 100 mm

@ : pump

: mass flow controller ®:

pressure gauge

> : back pressure regulator

Entry Temperature (°C) Flow rate (mL min™") Catalyst AP (MPa) Conversion (%) Yield in O (%) Yield in A (%)
1 40 60 5%Pd/AlO; : wakogelC-400 (1:20) 0.22 90 9 81
2 40 60 5%Pd/Al,0; : wakogelC-400 (1:20) 0.22 88 2 86
3 40 60 5%Pd/Al, O3 : wakogelC-200 (1:20) 0.10 85 3 82
4 40 60 5%Pd/Al,0; : wakogelC-200 (1:10) 0.10 94 3 91
5 40 65 5%Pd/Al,0; : wakogelC-200 (1:10) 0.10 96 3 93
6 40 70 5%Pd/Al,O; : wakogelC-200 (1:10) 0.10 98 3 95
77 a0 210 5%Pd/Al,0; : wakogelC-200 (1:10) 0.40 99 2 77
8 80 70 0.6%Pd/CARIACT Q-3 0.01 54 2 52
9 80 70 0.6%Pd/AL,0; beads 0.01 52 1 51
10 80 70 0.6%Pd/MS3A (spherical) 0.01 90 4 86
11 80 70 0.6%Pd/Amberlyst A21 0.02 99 4 96

“ AcOEt was used instead of AcOBu. ? Flow rates of 1 and AcOH solutions were 0.9 and 1.8 mL min™', respectively. The reaction column

dimensions were: ID = 10 mm and L = 300 mm.
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column was heated at 40 °C. The reaction mixture was passed
through another pressure gauge and a back-pressure
regulator. The resulting organic phase (0) and aqueous phase
(A) were separately analysed by high-performance liquid
chromatography (HPLC, analysis conditions were provided in
SI) to determine conversion and the yield of 2 in each phase.
Two pressure gauges were installed upstream and
downstream of the reaction column to monitor the
differential pressure (AP).

When AcOEt was used as the organic solvent (entry 1,
Table 1), the conversion of 1 was 90% and the yields of 2 in
O and A were 9% and 81%, respectively. To increase the yield
of 2 in A, the more hydrophobic AcOBu was used, resulting
in 2% and 86% yield of 2 in O and A respectively (entry 2,
Table 1). In entries 1 and 2, AP was 0.22 MPa; therefore,
scaling up this reaction system could result in an excessive
AP. To address this, the dilutant for the Pd catalyst in the
reaction column was changed to Wakogel C-200 (particle size:
75-150 pm), reducing AP to 0.10 MPa (entry 3, Table 1). To
further improve the conversion and yield, the amounts of the
Pd catalyst and H, gas were increased, resulting in improved
conversion and an increased yield of 2 in A to 98% and 95%,
respectively (entries 4-6, Table 1). In entry 7, scale-up
experiments were attempted using a reaction column with
3-fold length (ID: 10 mm, L: 300 mm) and 3-fold increased
flow rates of the solution and gas. However, AP increased
sharply to 0.40 MPa, and the yield of 2 in A decreased to 77%
due to hydrogenation of the aromatic rings derived from 2.
Under these reaction conditions, employing powdered
catalysts in the reaction column was anticipated to increase
the AP, making further scale-up experiments difficult.
Therefore, we decided to employ bead-form catalyst to avoid
excessive AP. The preparation procedure for the bead-form Pd
catalysts is provided in the SI. The following catalyst supports
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were selected: CARIACT Q-3 (Fiji Silysia Chemical Ltd.,
particle size 1.18-2.26 mm), Al,O; beads (Sumitomo
Chemical Company Ltd., KHO-12, particle size 1.0-2.0 mm),
MS3A (FUJIFILM Wako Pure Chemical Corporation, particle
size 1.4-2.0 mm), and AmberlystA21 (Merck & Co., particle
size 0.49-0.69 mm). Beads prepared from the Pd catalysts
were packed into the reaction column without dilutants, and
their reactivity was examined. The 0.6%Pd/CARIACT Q-3 and
Al,O; beads resulted in moderate yield of 2 in A with a AP of
0.01 MPa (entries 8 and 9, Table 1). The 0.6%Pd/MS3A
catalyst also afforded a good yield of 2 (entry 10, Table 1). In
the case of 0.6%Pd/Amberlyst A21,>**° excellent conversion
of 1 and yield of 2 in A was obtained after continuous-flow
hydrogenation with a AP of 0.02 MPa. Therefore,
0.6%Pd/Amberlyst  A21 the flow
hydrogenation of 1.

Next, scale-up experiments were conducted for the
continuous-flow hydrogenation of 1 using a large column
(Table 2). The column size was approximately a 41-fold
scale-up (ID: 37 mm; L: 300 mm), as shown in Table 1. The
flow rates of 1, AcOH solution, and H, gas were also
increased. The liquid was passed through a pre-temperature
controller prior to entering the reaction column. Because
external cooling of the column body was not feasible within
the system, the temperature of the incoming liquid was
controlled, and the column was operated at ambient
temperature. To monitor the internal temperature of the
column in detail, two temperature sensors were introduced
to record the internal temperature at eight points: four
locations along the column centerline (a, ¢, e, and ¢
Table 2) and four near the wall (b, d, f, and h, Table 2).
When the liquid temperature was controlled at 50 °C, the
internal temperatures increased to over 120 °C, and the
yield of 2 in A was 77% with a AP of 0.36 MPa. When the

was selected for

Table 2 Optimisation of continuous-flow hydrogenation of 1 under scale-up conditions

alb :
................ c|d 8-point
h \ H internal 1
: NO:: H © temp
! : 0.6%Pd/AmberlystA21 H )
: ; ID: 37 mm |:>: " :
: HO 1 L: 300 mm : = :
i 2M in AcOBu : ambient temperature H
."':::::::::::::“. : 2-temp. sensor
t18MAcOHaq. —|>o— = IJ e
LRl >K10.2 MPa
NH,
v Organic \: v Aqueous ~: /©/
\_phase (0) i\ phase (A) | HO
..................... 2
Internal temperature (°C .
Pre-temperature P (°C) Yield of 2
Entry controller (°C) AP (MPa) a b c d e f g h Conversion (%) inA (%)
1 50 0.36 41 41 112 83 120 114 128 121 97 77
2 30 0.36 30 28 100 83 121 120 118 116 99 84
3 0 0.36 11 10 67 40 110 83 121 112 98 98

This journal is © The Royal Society of Chemistry 2026
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liquid temperature was set to 30 °C, the yield improved to
84%. In these cases, the hydrogenated aromatic rings derived
from 2 were observed. In contrast, when the pre-temperature
controller was set to 0 °C, maximum internal temperature
was 110 °C, and the yield of 2 in A was 98% with a AP of 0.39
MPa. These results indicate that when the internal
temperature in the middle section of the column (internal
temperature points e and f, Table 2) exceeds 120 °C, reduced
aromatic species are formed as byproducts, making this a
critical parameter for controlling impurity formation. The
exothermic heat generated during the hydrogenation of the
nitro group is released within the column and does not have
a significant impact on Pd catalyst deactivation. Although
excess hydrogen is discharged from the column after the
reaction, the hydrogenation is carried out in a fume hood,
where the gas is promptly diluted and exhausted, ensuring
no safety concerns.

Flow acetylation and crystallisation

Next, the acetylation of 2 with Ac,0O and the subsequent
crystallisation using a base were investigated (Table 3). The
acetylation was carried out in a plug flow reactor (ID: 2.0
mm, L: 1115 mm) at 65 °C. A solution of 2 (1.0 M) in 1.8 M
aq. AcOH was fed into the plug flow reactor (PFR) at 0.6 mL
min~', and Ac,0 was simultaneously introduced at 0.1 mL
min™" (residence time: 3.89 min). The reaction mixture was
collected in a flask at -2 °C. Various bases and pH levels for
the acetylation and crystallisation processes
investigated. Using potassium hydrogen carbonate (KHCOj;)
as the base, 3 was obtained in 72.0% yield at pH 6.8.
However, KHCO; gradually decomposed to K,CO3z;, making
pH control difficult (entry 1, Table 3). The diacetylated
compound 4 formed in 11.5% yield because of the unstable
pH conditions. Subsequently, NaOH was employed as the
base and acetylation and crystallisation processes were
carried out. When the pH was maintained at 8.0, the yields
of 3 and 4 were 91.8% and 0.9%, respectively. Next, the

were

Table 3 Optimisation of the acetylation of 2 for synthesizing 3
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optimal pH for the crystallisation of 3 was determined. At pH
6.8, 3 was obtained in 93.1% yield, and the byproduct 4 was
obtained in 0.7% yield (entry 3, Table 3). Controlling the pH
to 6.0 resulted in a 91.4% yield of 3, although the formation
of 4 was still not negligible (0.6%) (entry 4, Table 3). When
the pH was maintained at 5.0, the yields of 3 and 4 were
89.3% and 0.2%, respectively (entry 5, Table 3). Based on
these results, pH 5.0 was identified as the optimal condition
for acetylation and crystallisation. Finally, integration of the
acetylation and crystallisation processes with the flow
hydrogenation process was explored.

Integrated process for continuous synthesis of AcAP

Continuous synthesis of 3 wvia the integration of flow
hydrogenation, gas-liquid-liquid separation, acetylation, and
crystallisation under small-scale conditions was attempted
(Fig. 2). Flow hydrogenation was carried out under the
conditions listed in Table 1 (entry 11). A settler (MAK
Engineering Co. Ltd., MSL-IT-04-00-00) was installed after the
hydrogenation step for gas-liquid separation. After the flow
reaction, the mixture of gas and liquids (O and A) was

&S 04
2 W mL mint
: 1.0M :
:‘in 1.8M AcOH 2 filtration H H
''''' roo ID: 2.0 mm —> /©/ T /©/ T
2 L: 1115 mm washing HO o A o
"""""""""" . ! with HyO O
0.1 residence time: 2°C thend 2in 3 4
mL. min 8.89 min pH control g
Yield (%)
Entry Base PH control Conversion (%) 3 4
1 20%KHCO; 6.8¢ >99 71.6 11.6
2 20%NaOH 8.0 >99 91.8 0.9
3 20%NaOH 6.8 >99 93.1 0.7
4 20%NaOH 6.0 >99 91.4 0.6
5 20%NaOH 5.0 >99 89.3 0.2

“ pH increased to 8.1 one hour after the base addition was completed at pH 6.8.
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successfully separated by controlling the liquid interface
using a backpressure regulator and needle valve. The
separated liquids, including O and A solutions, were further
separated using a membrane liquid-liquid separator (Zaiput
Flow Technologies, SEP-10, with a hydrophobic membrane).
Portions of the O and A solutions were sampled to determine
the yield of 2 (O: 2% and A: 93%). The A was directly merged
with Ac,O to proceed to the acetylation process. Acetylation
was performed using a PFR, and crystallisation was carried
out for 5 h. The obtained solid was filtered and washed with
H,O0, affording 3 in 83% yield (22.6 g; HPLC purity: 99.9%).
Finally, a scale-up experiment was conducted for the
continuous synthesis of 3 from 1 (Fig. 3). Flow hydrogenation
of 1 was carried out under the conditions listed in entry 3,
Table 2. After the reaction, the O and A exhibited poor
separation owing to emulsion formation, unlike the clear
separation achieved under small-scale conditions. To address
this issue, the hydrogenated solution was passed through a
coalescer (ID: 55 mm, L: 308 mm) packed with glass wool
(103.9 g) while releasing the gas. The O layer was discharged
at a flow rate of 12 mL min~', whereas the A layer was
transferred at 26.6 mL min~" and merged with Ac,0O (4.1 mL
min~') for acetylation in a PFR. The acetylation solution
containing compound 3 was then cooled in a jacketed reactor
maintained at -8 °C to induce crystallisation and form a

View Article Online
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slurry in vessel A. After 100 minutes, the slurry was
transferred to vessel B at 500 mL min ', and aq. 20% NaOH
was added at 16.4 mL min™' until the pH reached 5. The
slurry was stirred for an additional 30 min and filtered to
obtain 3. This procedure was repeated three times to yield
three batches of 3, corresponding to a total of 5 h of
operation for the acetylation step. The results for the three
batches are listed in Table 4. Batches 1 and 2 resulted in
approximately 60% yield, whereas batch 3 resulted in 92%
yield. These results suggest that crystal -classification
occurred in vessel A, and that partial transfer to vessel B may
have been incomplete. Additionally, 16-18% of 3 was lost
during filtration and washing, and a further 3% was lost
within vessels A and B. Overall, 775.2 g of crystals were
recovered, corresponding to a total yield of 70%.

Process comparison: previous study vs. this study

To demonstrate the utility of the developed process, the key
parameters—PMI and productivity per unit time—were
compared with those reported by Sievers and Bommarius®’
(Table 5). Although their process achieved an excellent PMI
of 7.2, the productivity was limited to 7.9 ¢ h™'. Notably, the
hydrogenation step employed powdered Pd/Al,Oz;, which
presents a significant scale-up challenge owing to its high AP.

a e

2870
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1039g
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Fig. 3 a) Schematic showing the process flow of the scale-up experiment for continuous synthesis of 3. b) Reaction setup. c) Slurry in vessel A

before transfer. d) Slurry in vessel B after transfer.
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Table 4 Results of the scale-up experiment
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Batch Yield [crystal] (g) Yield [crystal] (%) HPLC purity [crystal] (%) Filtrate loss (%) Loss within vessels A and B (%)
1 221.1 60 99.5 18

2 216.2 59 99.4 16

3 337.9 92 99.4 16

Total = 775.2 70 18 3

Table 5 Comparison of process parameters from a previously reported
process with those obtained using the process developed in this study

Process PMI Productivity (g h™)
Sievers and Bommarius's process®’ 7.2 7.9
Our process 23.8 155.0

Moreover, nitro-group hydrogenation is exothermic, and
temperature control during scale-up has not yet been
addressed. A concentration step was also required prior to
crystallisation, preventing continuous production of the final
crystalline product. In contrast, the flow process developed in
this study achieved a higher PMI of 23.8, owing to the use of
AcOBu and aq. NaOH for acetylation and neutralisation,
respectively. However, we believe these values can be
significantly improved by incorporating a solvent recovery
process. Additionally, it demonstrated a significantly higher
productivity of 155.0 g h™'. Importantly, the developed
process enabled production up to the
crystallisation step, allowing efficient and rapid synthesis of
AcAP directly from 4-NP.

continuous

Conclusions

A continuous-flow process for synthesizing AcAP that involves

the hydrogenation of 4-NP, inline gas-liquid-liquid
separation, acetylation, and crystallization has been
successfully developed. The hydrogenation step was

efficiently performed using a packed column containing a
bead-form 0.6% Pd/Amberlyst A21 catalyst while maintaining
a AP below 0.4 MPa even under scale-up conditions. Inline
separation of the post-hydrogenation gas-liquid mixture
enabled the continuous collection of an aqueous solution of
4-AP acetate. Subsequent acetylation with Ac,O, followed by
neutralization with aq. NaOH, allowed for the efficient and
continuous production of AcAP. The developed process
achieved a PMI of 23.8 and productivity of 155.0 g h™,
demonstrating excellent throughput. Importantly, the
developed process integrates crystallization, enabling the
direct and continuous production of AcAP from 4-NP in a
short time with high efficiency. Ongoing research in our
laboratory focuses on collecting detailed crystallization data
to further optimise and intensify this continuous
manufacturing process.
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