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a b s t r a c t

In this study, a continuous-flow procedure containing four steps has been developed to synthesize Pig-

ment Red 53 and modify its crystal structure. This process avoided the problems of conveying highly

insoluble reaction intermediates by removing intermediate operating steps. After optimization, the over-

all yield of Pigment Red 53:1 reached 97.1% in the total residence time of 80 s by this diazotization-

coupling-laking-crystal transition process. From batch to continuous flow, the purity of products increased

from 97.1% to 98.2% and the median diameter of pigment particles decreased from 14μm to 1.9 μm. This

process achieved a similar crystal transition effect in 18 s as in batch, producing α, δ and ν crystals of

Pigment Red 53:2 as expected. In conclusion, this continuous-flow procedure displays advantages in both

synthesis and crystal transition, indicating another potential use for industrial application.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Azo lake pigments are water-insoluble precipitation of azo dyes

with sulfonate or carboxy groups combining a divalent metal coun-

terion. They present bright color light, good covering power, out-

standing light fastness, and stability to acid, alkali and heat. Hence

azo lake pigments are widely used in inks, coatings, plastics and

other industries [1]. The production process of azo lake pigments

is complex, including diazotization, coupling and laking [2]. Usu-

ally, surface treatment and crystal transition are also involved. The

whole production process consumes time considerably because

each reaction takes hours in batch, which results in relatively low

production efficiency. Besides, azo lake pigments are manufactured

in stirred tanks of over ten cubic meters. Because of the release

of substantial azo-coupling reaction heat, fast agitation and slow

addition of diazonium salt solutions are necessary to prevent lo-

cal overheating, increasing energy consumption as well as operat-

ing costs [3,4]. Most importantly, inefficient heat transfer and mass

transfer in the batches inevitably cause variable local conditions,

such as local temperature, local pH and local reactant concentra-

tions. This has a negative effect on the particle size and the particle

size distribution, and the color characteristics of pigment products

are inconsistent between batches [3]. Therefore, It is necessary to

develop processes with intensified mass and heat transfers.
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In recent years, with the development of continuous flow tech-

nology, the continuous production process is capable of reducing

the mass transfer distance, shortening the reaction time, facilitat-

ing the control of reaction conditions, thus reducing side reactions

and improving both the yield and quality of products [5–13]. As

reported in the literature, the synthesis process of dyes and pig-

ments is investigated under continuous flow. Wille et al. reported

the first successful synthesis of azo pigments in continuous flow,

and the mean particle size was significantly reduced from 600nm

to 90nm compared with those of pigments produced by batch pro-

cess [14]. Pennemann et al. synthesized Pigment Yellow 12 in a

semi-continuous process and the glossiness increased by 73% and

the transparency by 66% [9]. Wang et al. studied the diazotization

reaction of red base KD in a continuous-flow system, and the yield

of diazonium salt exceeded 99% in only 21.2 s [15]. Wang et al. also

synthesized Pigment Yellow 14 and the transparency of pigment

products synthesized by the continuous flow system increased by

93%−99% [16].

However, problems also exist in continuous flow technology,

and a typical one is the blockage while the system contains a large

amount of solid [17]. At present, researches on continuous flow

mostly take aniline or its derivatives as diazonium components,

so that the generated diazonium salt can be dissolved in water

[16,18]. Otherwise, organic solvents such as DMF or methanol are

used to increase the solubility of insoluble diazonium salts in re-

lated researches [19,20]. However, this deviates from the industri-

alization principle, threatening the economy and safety of the pro-

duction process and bringing trouble to waste liquid treatment. To
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Fig. 1. Pigment Red 53.

deal with this problem, Shukla et al. used a bubble column reactor

to continuously synthesize Sudan-I dye and Solvent Yellow 16 dye.

This continuous process costs almost 4.68 times lower than that of

the corresponding batch process and requires 39%–42% less water

than the industrial batch process [21].

Pigment Red 53 (P.R.53) is a typical azo red lake pigment, in-

dustrially produced in quantities of over 10,000 tons per year with

an annual sales volume of several 10 million euros [22]. The diazo

component for P.R.53 is 2-amino-4-methyl-5-chlorobenzene sul-

fonic acid (CLT acid) and the coupling component is 2-naphthol.

After the coupling reaction, the sodium salt is treated with BaCl2
to obtain the barium salt P.R.53:1 or CaCl2 to obtain the calcium

salt P.R.53:2 (Fig. 1), which is called ‘laking’ [23]. Then the mix-

ture can be heated in a specific solvent to perform extensive re-

crystallizations. Due to the poor solubility of reactants, intermedi-

ates and products during the synthesis of P.R.53, a large amount

of solid is involved in each step of the process. Commonly, con-

tinuous diazotization and coupling process are carried out sepa-

rately, even though they are continuous processes [2,9,18]. Adding

intermediate steps between reactions not only reduces the effi-

ciency of production but also increases operating costs. Besides,

setting pumps between reactors to power material conveying in-

creases the possibility of back mixing and equipment failure [20].

So it is necessary to investigate this special insoluble system and

expand the application of continuous flow in industrial produc-

tion. Additionally, the above researches only focused on diazotiza-

tion and coupling reactions. Considering the crystal structure de-

termines the crystal morphology which is related to color strength

and dispersion properties, it is valuable to bring laking and crys-

tal transition into the continuous flow and investigate its effect

[24,25].

Based on the above considerations, a multi-step continuous in-

tegrated production system of the diazotization-coupling-laking-

crystal transition process of P.R.53 was established in this work.

Taking the yield of P.R.53 as the index, reaction conditions of di-

azotization and coupling, such as the residence time, temperature

and pH were optimized. Then, the effect of sodium nitrite’s con-

centration on the overall yield was investigated. The overall yield

of this continuous production system came to 97.1% and the parti-

cle size was greatly reduced compared with that of the commercial

batch products. The process of crystal transition in continuous flow

was also explored and its effect approached that in batch.

Table 1

Reaction conditions of the batch process.

Parameter Diazotization Coupling Laking Crystal transition

Time (h) 1 1.5 1 2

Temperature (°C) 5 35 35 95

pH 3 8 8 8

The synthetic route and experimental setup of P.R.53:1 were

given in Figs. 2 and 3. All the reactants were made into clear so-

lutions and fed by 50mL syringe pumps or constant-flow pumps

[26]. The flow rate of each pump was set at 5mL/min. The inner

diameters of delay loop tubes were 2.5mm. Tubes were made of

PTFE except that for crystal transition, which was made of stain-

less steel. The reaction time was controlled by the length of the

delay loop tube. Ultrasonic vibration was exerted around the dia-

zotization reactor to avoid clogging.

The P.R.53:1 was also synthesized in the batch process for com-

parison. Reactant solutions were prepared with the same process

as Solution A, B, C, D and E. Reaction conditions of the diazoti-

zation, coupling, laking and crystal transition process are listed in

Table 1. After diazotization, sulfamic acid was introduced to react

with the excess sodium nitrite to avoid the generation of nitrous

acid.

In this multi-step continuous synthesis system, the flow rate

gradually increased in diazotization-coupling-laking-crystal transi-

tion reactors as feedings were added. Pumps to feed Solution D

and Solution E in Fig. 3 provided extra driving force, preventing

coupling and laking reactors from clogging. As soon as the flow

in the diazotization reactor remained stable, the whole system

could persist for a long time. Ultrasonic vibration exerted around

the diazotization reactor was an effective way to realize a stable

continuous-flow reaction and the experiments were performed for

10min without clogging. According to the results of HPLC of the

aqueous phase after the multi-step continuous reactions, no dye

was detected. It confirmed that all the dyes were turned into laked

pigments in the laking reaction. Therefore, reaction conditions of

only diazotization and coupling are optimized to increase the over-

all yield.

The effects of diazotization time (20, 40, 60 s) and temperature

(5, 10, 15, 20 °C) on the total yield were investigated. The coupling

reaction conditions were fixed at t=30 s, T=40 °C and pH 8. As il-

lustrated in Fig. 4, the highest overall yield reaches 92.1% when the

diazotization time is 60 s and the temperature is 5 °C. The yield

second to it is 90.8% when the diazotization time is 40 s and the

temperature is 10 °C. The yields donot increase with temperature

within the same reaction time. The reason for this phenomenon

is the thermal instability of diazonium salt. The reaction rate in-

creases with temperature, so the generation and decomposition

rate of diazonium salt increases at the same time. When the resi-

dence time is 20 s, a lower temperature restricts the diazotization

reaction rate and a higher temperature accelerates both the gener-

ation and decomposition rate of the diazonium salt. Therefore, the

yield was kept at a relatively low level. When the residence time

is 40 s, the decomposition of diazonium salt significantly reduces

the yield when the temperature increases from 10 °C to 15 °C. At

Fig. 2. Continuous-flow synthesis of P.R.53:1.
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Fig. 3. Experimental setup for the continuous-flow synthesis of P.R.53:1.

Fig. 4. Effects of diazotization conditions on the overall yield of the system.

the residence time of 60 s, lower temperature effectively restrained

the decomposition of diazonium salt and the long residence time

ensured the accomplishment of the diazotization reaction, so the

yield decreased with temperature. To strike a balance between the

yield and the energy consumption, the diazotization reaction was

carried out at the residence time of 40 s and the temperature of

10 °C.
According to the previous studies [15,16], reaction time, tem-

perature and pH would affect the yield of the coupling reaction.

To explore the influence of these parameters on the coupling reac-

tion, the orthogonal experiment of three factors at three levels was

designed and the results were shown in Table 2.

As shown in Table 3, the relative size of the range (R) indicates

the extent of influence: Factor C > Factor B > Factor A. Apparently

coupling pH is the main factor affecting the yield of the coupling

reaction and the reaction temperature is the secondary factor. The

coupling reaction rate decreases at higher pH because the diazo-

nium ion turns into diazotate ion [27]. As the reaction temperature

increases, part of the diazonium salt decomposes before participat-

ing in the coupling reaction. The residence time of the coupling re-

action has little effect on the yield. This means the coupling reac-

tion is a fast reaction and a short time is enough for it to finish. Af-

ter the orthogonal test, the optimal conditions by calculation were

determined as t=10 s, T=40 °C and pH 7.5. The overall yield was

93.5% under these optimal conditions and the stability of the result

was verified by three repeated experiments. Other parameters are

shown in Table 4.

Apart from the optimization of the diazotization and coupling

conditions, the amount of sodium nitrite also needed discussion.

Excessive sodium nitrite among acid diazonium salt existed in the

form of nitrous acid, which has an adverse effect on the coupling

reaction [18]. In this multi-step continuous production system, ex-

cessive sodium nitrite is not removed by intermediate steps. There-

fore, the molar ratio of sodium nitrite to diazo component should

be as close as possible to 1:1. However, a lower sodium nitrite con-

centration will reduce the diazotization reaction rate. Based on the

above considerations, the effect of different sodium nitrite ratios

on the total yield of the reaction was explored. As shown in Fig.

5, the highest overall yield was found to be 97.1% when the mo-

lar ratio of sodium nitrite to diazo component was 1.05. When the

amount of sodium nitrite was close to that of diazo component,

the effect of sodium nitrite concentration on the increase of dia-

zotization reaction rate could be ignored, and the adverse effect of

excess sodium nitrite played a prominent role.

This diazotization-coupling-laking-crystal transition process

was carried out in both continuous flow and batch to verify the

advantage of continuous flow. The purity of P.R.53:1 synthesized

in continuous flow was found to be 98.2%, whereas the pigment

product synthesized in batch had a purity of 97.1%. The improve-

ment in purity is owing to the superior mass and heat transfer
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Fig. 5. Overall yield of reaction under different ratios of sodium nitrite.

Fig. 6. Particle size distribution of P.R.53:1 synthesized in batch and continuous

flow.

characteristics of the continuous-flow system. Because of the solu-

bility in aqueous solutions, most of the diazonium salts exist in the

solid form. We have concluded that the coupling is a rather fast

reaction from the above experiments, so the formed dyes particles

precipitate quickly from the medium and some of them may de-

posit on the surface of unreacted diazonium salts. The continuous-

flow process enables instant mixing and reduces the mass transfer

distance, partly alleviating the above problem and increasing the

purity of the product.

The advantages of mass and heat transportation in continuous-

flow synthesis can also explain the improvement in particle

size distribution. For comparison, the particle size of commercial

P.R.53:1 (Shanghai Macklin Biochemical Technology Co., Ltd.) was

also tested. As shown in Fig. 6, the continuous-flow process re-

duced the particle size greatly and narrowed the particle size dis-

tribution range. The product synthesized in continuous flow has a

median diameter d(0.5) of 1.9 μm, which is far smaller than that

of the product synthesized in batch (14μm). The two peaks in the

particle size distribution come from the further processing steps.

Filtration and drying lead to particle agglomeration and bonding.

It is difficult for these extremely tiny particles to redisperse in the

dispersant water after agglomeration, so the particle size distribu-

tion deviates from the normal distribution.

To further discuss the role of continuous flow in the synthe-

sis of azo pigments, the effect of continuous-flow crystal transi-

tion was explored. The properties of pigment products depend on

the solid-state structure of the pigments. Being heated in appro-

priate solvents, α crystals are transformed into other stable crys-

tals with regular arrangement after dissolution and recrystalliza-

tion [28]. Comparing X-ray powder diffraction data of materials

with that of known structure, the crystal form can be qualitatively

identified [29–32]. However, the low solubility of pigments makes

it difficult to prepare single crystals, impeding the acquirement of

X-ray powder diffraction data [33]. Therefore, the diffraction angle

Fig. 7. Particle morphology of SEM: (a) P.R.53:1; (b) P.R.53:2.

Fig. 8. XRD diffraction patterns of P.R.53:2 prepared in continuous flow and batch

with different solvents: (a) δ crystals, solvent: chlorobenzene; (b) ν crystals, sol-

vent: ethylene glycol.

of the main diffraction peaks was compared with that in literature

to determine the crystal form of the prepared pigment [34–36].

Through SEM test, it was found that the particle morphology of

P.R.53:1 was different from that of P.R.53:2. As shown in Fig. 7, the

former exhibited a long strip shape and the latter was in a sheet

shape. Therefore, the SEM diffraction pattern of P.R.53:2 shows

more significant crystal characteristics. So P.R.53:2 was selected as

the subject to study crystal modification.

Firstly, P.R.53:2 of different crystal forms were prepared in

batch. After filtration, the P.R.53:2 product of α crystals was heated

in chlorobenzene and ethylene glycol under reflux for 2h to ob-

tain δ and ν crystals separately. After that, it was filtered, washed

with the same solvent and dried at 100 °C for 12h. Following the

process in Fig. 2, these solvents were introduced into the crys-

tallization process to prepare different crystals continuously. The

residence time in the crystal transition process was controlled at

18 s and the temperature was 100 °C. The XRD diffraction peaks of

the products synthesized in continuous flow and batch are shown

in Fig. 8 for comparison and the diffraction angles of the char-

acteristic peaks are listed in Tables S1–S5 (Supporting informa-

tion). There are marked similarities between the P.R.53:2 crystal-

lized in continuous flow and batch. For instance, after being heated

in chlorobenzene, pigment product synthesized in continuous flow

exhibited characteristic peaks of δ crystals at the diffraction an-

gle with the diffraction intensity of 4.6°(80.9), 9.4°(16), 10.5°(9.8),
16.7°(10.6), 25.4°(15.2). However, characteristic peaks of α crystals,

such as at the diffraction angle of 5.1°(100), 10.0°(41.3), 13.7°(16.6),

4
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Table 2

The results of orthogonal test for the coupling reaction.

No. Factor A Factor B Factor C Yield (%)

Time (s) Temp (°C) pH

1 10 30 7.5 90.5

2 10 40 8.5 89.9

3 10 50 9.5 78.0

4 20 30 9.5 85.1

5 20 40 7.5 81.9

6 20 50 8.5 88.7

7 30 30 8.5 75.5

8 30 40 9.5 90.4

9 30 50 7.5 89.3

Table 3

Range analysis for the coupling reaction.

No. Factor A Factor B Factor C

Time (s) Temp (°C) pH

k1 (%) 86.1 83.7 89.9

k2 (%) 85.2 87.4 88.1

k3 (%) 85.1 85.3 78.5

R 1.1 3.7 11.4

Optimum group A1 B2 C1

k: the average value of each level of each factor.

R: the difference between the average values of the factors.

Table 4

Process conditions in synthesis of P.R.53:1.

Conditions Diazotization Coupling Laking Crystal transition

Residence time (s) 40 10 12 18

Liquid holdup (mL) 10.0 3.3 5.0 7.4

Coil length (cm) 204 68 102 150

Temperature (°C) 10 40 30 80

14.4°(11.1), 20.4°(17), are also presented, which means the crystal

transition was not completed to the full extent due to the lim-

ited crystal transition time and solubility in the solvents. As shown

in Fig. 8b, the characteristic peaks of the ν crystals synthesized

in continuous flow appear at the diffraction angle of 9.7°(30.5),
10.2°(30.5), 25.0°(18.7), 25.2°(9.1). To explore the effects of crys-

tal transition temperature, the same procedures were carried out

at 60 °C and 80 °C separately and the crystals showed no signs of

δ or ν crystals. Temperatures higher than 100 °C would generate a

large amount of vapor, thus causing instability in the system with

pumps. So the transition temperature is supposed to be fixed at

100 °C in favor of the crystal transition effect.

In this work, a multi-step continuous integrated production sys-

tem of the diazotization-coupling-laking-crystal transition process

of azo lake pigments was established. This continuous-flow pro-

cess helps to avoid the problems in conveying highly insoluble re-

action intermediates. After the optimization of process parameters,

the overall yield of the diazotization-coupling-laking-crystal transi-

tion process for the synthesis of Pigment Red 53:1 reached 97.1%

in the total residence time of 80 s. From batch to continuous flow,

the purity increased from 97.1% to 98.2% and the median diameter

of pigment particles decreased from 14μm to 1.9 μm. Furthermore,

this continuous-flow process achieved a similar crystal transition

effect as in batch, producing α, δ and ν crystals of Pigment Red

53:2 as expected.
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