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Abstract: The paper proposes a reconstruction of the distillation of caprolactam for more complete removal of water from the finished 

product, removing the droplet phase during the process in thin-film evaporators, will improve the final product performance by eliminating 

the inappropriate indicators alkali content and the optical density of the final product and to ensure its stable high quality.  The relevance of 

the work presented directions for improving the process of production of caprolactam - raw ingredient for the preparation of polymeric 

materials used in various sectors of the economy. Describes the causes affecting the quality characteristics of the finished products produced 

from caprolactam. the implementation the liquid distributor and the centrifugal separator would reduce 5 - 6 times droplet entrainment to 

ensure complete removal of moisture from the final product, will reduce the alkali content in the final product, reduce the rate of optical 

density and thus bring trademark caprolactam by indicators «alkalinity» and «optical density» to the level of the highest quality product. 
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1. Introduction 
The necessity to improve the technology of organic synthesis and 

refining industries is caused by environmental, energy and resource 

saving problems. Partial solution of these problems can be achieved 

by reducing the number of byproducts, which are waste ones of 

production [1]. They still do not find qualified use and are mostly 

incinerated. 

Caprolactam is a cyclic amide of ε-aminocaproic acid (white 

crystals, well soluble in water, alcohol, ether, benzene). Benzene is 

used as an industrial raw material for caprolactam production. 

When it is heated in presence of small amounts of water, alcohol, 

amines, organic acids and some other compounds caprolactam 

polymerizes to form polyamide resin to make a fiber - capron. 

Aqueous solutions of acids and alkalis cause hydrolysis of 

caprolactam to ε-aminocaproic acid [2]. 

Caprolactam production consists of the oxidation of cyclohexane to 

cyclohexanone, its conversion to oxime and subsequent regrouping 

into caprolactam. The oxidation and oxidate conversion processes 

producing cyclohexanone (more than 99.9%) produce more than 50 

different impurity compounds which contribute to contamination of 

commercial caprolactam. 

Caprolactam is a common product in the chemical industry and has 

a fairly wide range of applications. This material is mainly used in 

the production of polyamide plastics and fibers. The bulk of global 

consumption is for yarns and fibers, a significant amount is also 

consumed in the manufacture of engineering plastics. The 

remainder is used for the manufacture of packaging films and other 

materials. Polyamide fibers and yarns are generally used in the 

production of textiles, carpets and industrial filaments, which are 

used for the manufacture of tyre cord. Cord yarns are the largest and 

fastest growing segment of the polyamide market, such as PA6. 

PA6 resin is also a mainstay in the production of engineering 

plastics used in the manufacture of electronic and electrical 

components and automotive parts. The packaging industry uses 

oriented polyamide films which are also based on PA6 resin. Small 

amounts of caprolactam are used for lysine synthesis, and also as an 

agent in polyurethane production [3]. 

Grodno Azot, JSC produces caprolactam, a valuable chemical 

product, from which polymer, poly-ε-caproamide (polycaprolactam), 

widely used in machinery and households, is obtained. 

The most important application for polyamide fibers is in the tyre 

industry. Capron and nylon are used to make cord, the main 

reinforcing element for car and aircraft tyres. 

The main direction of use of nylon fibers in production of consumer 

goods is fabrics, hosiery and knitwear. Production of knitwear is 

developing at an accelerated pace, which is explained by the 

increasing demand and high economic efficiency. Its costs are 

reduced by 15 % in comparison with the production of cotton and 

viscose. 

The combination of high mechanical strength and lightness with 

good sliding and electrical insulation properties, as well as 

corrosion and chemical resistance and the ability to absorb and 

dampen vibrations have made polyamide plastics an important 

material for the machinery and instrumentation industry. Important 

parts of automobiles and aeroplanes are made of them. Despite a 

wide range of modern plastics, polyamides remain the best material 

for production of silent gears, bearing inserts, ship propeller blades, 

fans, impellers of centrifugal and vortex pumps. 

Caprolactam serves as a raw material for production of many 

products of the national economy. Polyamide fibers are produced on 

the basis of caprolactam. Complex of valuable properties of these 

fibers defined their wide application in technical products and 

consumer goods.  

Polycaprolactam films are used as packing material, glass substitute 

in construction of greenhouses, in medicine, etc. 

The paper proposes design solutions for caprolactam distillation 

unit in order to remove moisture from the final product more 

completely, eliminate dripping during the technological process in 

thin film evaporators, which will improve the performance of the 

final product by eliminating the inconsistent alkali content and 

optical density in the final product, and ensure its stable high quality. 
 

2. Discussion 

 
2.1. Relevance of the topic 
The world production of caprolactam is more than three million 

tons per year and continues to increase [4]. Caprolactam is a 

monomer of polycaproamide, from the melt of which polyamide 

fibers are produced. The purity of the monomer is a prerequisite for 

high quality polymeric materials. This also applies to caprolactam. 

The consequence of wide application of polyamide fibers is the 

widespread growth of caprolactam production capacity [5-11]. 

Properties of polycaproamide highly depend on impurities 

containing in caprolactam.  Their presence affects polymerization 

process and heat resistance of obtained polymer. The main 

impurities in commercial caprolactam are amines, alcohols, Schiff 

bases, ammonium sulphate, iron ions and others. The composition 

and amount of impurities depend on method of caprolactam 

production [5]. 

The purification stage is not only the final step in the multi-step 

process of caprolactam  production, but also lays the foundation for 

its processing into polyamide products with high technical, 

economic and qualitative properties. Distillation and rectification of 

caprolactam [4-11] is the main method completing the purification 

process. It is preceded by evaporation [6-8]. 

Since caprolactam is not thermally stable, it is important to ensure 

the lowest possible thermal impact. This requirement is provided by 
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rotary-film and heat and mass transfer apparatuses - evaporators and 

rectifiers. 

The essence of work consists of working out of engineering and 

design decisions on optimization of the technological scheme of 

distillation and rectification of caprolactam. The work is based on 

analysis of technological scheme of caprolactam distillation and 

rectification at Grodno Azot, JSC with implementation of solutions 

aimed at improvement of physical and mechanical properties of 

caprolactam and provision of its stable high quality. 

 

2.2. The purpose of our research work 
The purpose of our research work is reconstruction of technological 

scheme of caprolactam distillation and rectification for maintenance 

of stable high quality of finished product. 

To achieve this aim it is necessary to solve the following tasks: 

- to offer optimized design of caprolactam distillation unit;  

- to analyze developed thin film and rotary thin film evaporators;  

- to offer engineering solutions on layout of technological 

equipment on caprolactam distillation line. 

Scientific novelty of the work consists of substantiation of optimal 

choice of engineering and design solutions at optimization of 

technological scheme of caprolactam distillation and rectification 

for getting high quality of finished product. 

Practical significance includes obtaining caprolactam distillation 

unit at Grodno Azot, JSC providing more complete removal of 

moisture from the finished product, elimination of dripping during 

the technological process of distillation and allowing to improve 

physical and mechanical properties of caprolactam, to ensure its 

consistently high quality. 

 

2.3. Research methodology 
The object of the research is the technological scheme of 

caprolactam distillation and rectification used in caprolactam 

production at  Grodno Azot, JSC. 

The methods of computer simulation and design of technical objects 

on the basis of software products Compass-3D V15 and AutoCAD 

Mechanical 2013 have been used for modernization of the process 

flow diagram, optimization of design solutions of thin film rotary 

evaporators, design and technological documentation. Strength and 

process calculations of optimized designs of rotary thin film 

evaporators are performed by the standard methods [8-9]. 

 

2.4. Main content of the work 
Caprolactam (hexahydro-2H-azepine-2-one) is a cyclic amide 

(lactam) of ε-aminocaproic acid, colourless crystals; boiling 

temperature 262.5 °C, melting temperature 68  69 °C.  

Depending on the grade, caprolactam shall meet the following 

quality criteria as given in Table 1 [12]. 

According to the classification of the distillation processes 

caprolactam is a heavy boiling product [13]. Distillation and 

distillation of caprolactam  are carried out at residual pressure from 

260 to 660 Pa. In connection with caprolactam being a thermally 

unstable product, it is necessary to provide the minimum possible 

thermal influence, therefore distillation is carried out under deep 

vacuum. The rotary thin film and thermo mass transfer apparatus – 

evaporators and rectifiers fulfill this requirement. They have low 

hydraulic resistance, the residence time of the processed product is 

a few seconds [3]. 

The object of our research work is the technological scheme of 

process of distillation of caprolactam which is presented in fig. 1 

[14]. 

The lactam is distilled at a temperature not exceeding 131 °C and a 

residual pressure not exceeding 1,1 kPa. A distillate of not more 

than 50 % of the incoming lactam is distilled in the evaporator. The 

lactam vapour is condensed in the condenser. The condensate flows 

by gravity to the lactam collector or to the final product collector 

(reserve compartment), depending on the quality. The residual 

pressure in the evaporator and condenser is created by the steam 

ejectors. The steam ejectors operate with steam pressure not 

exceeding 1,2 MPa. Water steam from the steam ejectors and 

lactam carried away from the condenser is condensed in the 

condensers (total heat transfer area 15 m2) and drains to the 

collector. From the bottom of the evaporator, the cube residue 

enters the pump tank (volume 1.3 m3). 

The lactam is pumped out of the collector by submersible pumps to 

a storage tank or directly into rail tankers. The lactam is discharged 

from the operating compartment of the collector by remote 

controllers. Water drainage, during flushing of evaporators 1, 2 of 

condensers 3, 4 is carried out to the collector of process water. 

During operation of evaporators a number of drawbacks were 

revealed: dripping; incomplete removal of moisture from the 

finished product; high alkali content in the finished product; 

inadequate optical density index [11]. The listed factors do not 

allow to refer commodity caprolactam produced by Grodno Azot, 

Jsc to products of the highest quality category, which reduces the 

efficiency of production of commodity caprolactam fit for further 

use. The efficiency is about 70%, and the rest of the product in the 

form of cube liquid is forced to be recycled. 

Since caprolactam is a thermally unstable product, in the process of 

its distillation it is important to ensure the lowest possible thermal 

impact. Rotor film and heat and mass transfer apparatuses - 

evaporators and rectifiers - meet this requirement. They have a low 

hydraulic resistance and the residence time of the product to be 

processed is only a few seconds. 

 
Table 1 Quality criteria of caprolactam 

 

Patented solutions for evaporators and rectifiers for improving the 

quality of the final product are analysed in this research work. 

There is a design of thin film evaporator protected by patent. 

2372129 [15] that contains a vertical drum, a supply line situated in 

the upper area of the drum for supply of evaporating medium, a 

heating jacket situated at the drum periphery and generating vapour, 

an outlet line for discharge of residue left in the lower part of the 

drum, and a condenser supplied with refrigerant. 

Name of the indicator 

The norm for a variety 

The 

highest 

The first The 

second 

1 Permanganate index, units. 

PI, not more than 

4 5 7 

2 Colour of an aqueous 

solution of caprolactam at a 

mass fraction of 50%, units 

Hazen, not more than 

3,0 4,0 5,0 

3 Volatile base content, 

mmol/kg, no more than 

0,4 0,5 0,6 

4 Crystallisation 

temperature, °C, not lower 

68,8 68,8 68,8 

5 Mass fraction of iron, %, 

no more than 

0,00002 0,00002 0,00002 

6 Mass fraction of 

cyclohexanonoxime, %, 

max. 

0,002 0,002 0,002 

7 Optical density of 

caprolactam solution with 

mass fraction of 50%, max. 

0,04 0,05 0,06 

8 Alkalinity, mmol/kg, max. 0,1 0,1 0,05 

9 Acidity, mmol/kg, max. 0,05 0,05 0,1 

10 pH of a 20% water 

solution 

6,7-8,5 6,7-8,5 6,7-7,5 

11 Mass fraction of 

water, %, max. 

0,07 0,07 0,07 
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1 - thin-film evaporator; 2 - rotary thin-film evaporator; 

3, 4 – condensers 

Fig. 1 Process diagram of a thin film evaporator installation 

 

Temperature sensitive substances, such as pharmaceutical solutions 

or food concentrates, can only be heated to boiling point for a short 

time. To meet this requirement, so called thin film evaporators are 

used, in which the medium to be evaporated or the solution to be 

concentrated by evaporation is fed to the evaporator surface only in 

the form of a thin film. In the case of the thin film evaporator, this 

objective is achieved according to the invention under consideration 

by providing an internal device in the vapour path from the heating 

jacket to the condenser which affects the action of the thin film 

evaporator, this internal device being preferably of circular cross 

section and preferably arranged so as to be equidistant from the 

condenser or directly resting on its outer surface. This internal 

device serves as a substance transfer zone. 

According to the invention [15] the rotary thin-film evaporator is 

created, characterised by the fact that an internal device between the 

condenser and the wetting device is provided for the evaporating 

medium introduced into the drum from above, which can move 

along the jacket of the drum. This invention can also be used for a 

downflow evaporator, such an evaporator contains  at least two 

drums. 

Design of the rotary thin film evaporator pat. 4370C1 [16] 

comprises a shell with a heating jacket and process branch pipes, a 

rotor mounted therein, and a drive, characterized in that the rotor is 

made as at least one elastically deformed profile extending the 

length of the shell, and at least one end of the rotor shaft is 

connected to the drive, allowing uniform distribution of the solution 

over the heating surface. The rotor is designed as a helical spiral 

with variable cross section; the rotor shaft is fitted with a disc type 

eliminator which provides centrifugal separation of liquid droplets 

and prevents droplet carry over. The casing is arched and tapered in 

the direction of product flow, which allows the heating surface to 

expand or contract sharply and, if necessary, reduce the vapour 

outflow rate from the casing space. 

This design allows  the treatment  both highly mobile and highly 

viscous suspensions, while improving the quality of the finished 

product increases the functions of the unit and reduce energy costs. 

A tube evaporator design has been developed pat. 2071802 [17], 

which contains a housing with a heating chamber, bounded by 

horizontal partitions, on which cylindrical tubes with tape spirals 

placed inside are fixed, fluid distributors, which are tube bends 

protruding under the bottom partition, equipped with tapering 

diaphragms. Separators are fitted on the upper ends of the 

cylindrical tubes projecting beyond the baffle. This device is 

designed for distillation of volatile components from liquid 

mixtures of thermolabile substances during evaporation, distillation 

and rectification in chemical technology. The aim of invention [17] 

is increasing of degree of distillation of volatile components in one 

pass during processing of thermolabile liquids. The aim is achieved 

by the fact that  device contains a housing with a heating chamber, 

bounded by horizontal partitions, cylindrical tubes with a spiral 

placed inside them and distributors of liquid. Liquid distributors are 

located under the lower horizontal partition and are protruding 

beyond the partition of the tubes, equipped with tapered diaphragms. 

The advantage of the proposed direct flow tube evaporator over 

known analogues is the possibility of obtaining a high degree of 

volatile components distillation in one pass. In addition, it is much 

easier to manufacture and install a helical coil in the form of a 

helical strip than a circular coil made of a hollow tube connected to 

a heating chamber. 

The rotary section evaporator design pat. 2108840 [18] is also used 

in industry. 2108840 [18], which is a vertical cylindrical casing 

divided in height by sections, the diameter of which decreases from 

the top to the bottom. Each section is provided with a jacket, which 

is supplied with heat transfer fluid. Each section is divided into 

several contact elements consisting of a drain plate, a rotating 

atomiser with an inlet and a wall mounted drift eliminator which 

form a single heat transferring surface with the heated casing. 

Intense circulation of the solution on each contact element is 

accompanied by multiple dispersion and turbulization of the liquid 

film on the heat transfer surface. The proposed apparatus design 

improves the efficiency of the evaporation process and expands the 

range of liquid phase loads. 

Design of film evaporator pat. 2266151 [19], includes a vertical 

cylindrical body, end covers, upper and lower tube plates, heat 

exchange tubes, film formers mounted with a gap inside the upper 

ends of the heat exchange tubes, inlet and outlet connections for the 

treated liquid, heating, secondary steam and condensate. In the 

lower part of the shell there is a coil, one end of which is connected 

with  the fluid inlet connection and the other, straight part, is fitted 

between the tube plates. The fluid inlet connection is mounted in the 

lower end cap of the evaporator and has two additional tube boards 

located under the upper and over the lower tube boards respectively, 

in which the heat exchange tubes and film formers are installed, 

located concentrically about the central axis of the casing. The 

mechanism is equipped with pylons placed in the casing and 

connecting the adjacent heat exchange tubes, as well as the inner 

and outer walls in each foil forming unit. The pylons in the upper 

part of the heat exchange tubes and two additional tube sheets 

contain through holes for passing the treated liquid through the film 

formers to the heat exchange tubes and further for passing the 

secondary steam and condensate through the heat exchange tubes 

and additional tube sheets, respectively. In addition, the evaporator 

is equipped with a mechanism for axial movement of the film 

formers, and the film formers and heat exchange tubes in the upper 

part of the body have sections and reverse cone to regulate the size 

of the passage gap of the treated liquid. 

The invention provides an expansion of technological possibilities 

by using aggressive media, as well as increasing the efficiency of 

liquid treatment while changing its physical and chemical properties. 

Simplicity of construction and possibility of micro miniaturization 

of the evaporator using non-metallic materials such as quartz glass 

is provided. 

The analysis of patent sources [1519] has allowed to establish 

disadvantages of existing technological scheme of distillation, and 

also applied devices of distillation and to set ways of their 

elimination. Developments in the sphere of caprolactam production 

are directed on improvement of quality of caprolactam distillation 

processes, creation of more perfect designs of evaporators. 

The design developed by Stami carbon (Holland) for evaporator 

"Sako" (fig. 2, a) for purification stage used in caprolactam 

production at Grodno Azot, JSC (in vertical version) was chosen as 

an optimization object. 

Evaporators in the vertical version are manufactured with a heating 

surface of up to 24 m2 with an average internal casing diameter of 
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up to 1.4 m. It can be up to several minutes in the horizontal 

apparatus  if the residence time of the product in the vertical «Saco» 

apparatus ranges from 1.6 to 7 s. 

The main apparatus for obtaining the finished product caprolactam 

is a film rotary evaporator [20]. Chemical analysis of commercial 

caprolactam produced by Grodno Azot, JSC revealed high alkali 

content and inadequate optical density index. The alkali boils at  

128 ºC and enters the finished product in the form of droplets. A 

rotary ring centrifugal separator design was developed to prevent 

drip liquid (Fig. 2, b). 

 

    
a b 

1 - electric motor; 2 - V-belt transmission; 3 - mechanical seal; 

4 - conical bottom; 5 - bearing pedestal; 6 - jacket; 7 - conical body; 

8 - rotor; 9 - cylindrical drum; 10 - distributor; 11 - separating 

device; 12 - flat lid 

a - applied design; b - optimised design 

Fig. 2 Design of the rotary thin-film evaporator 

 

The column rotary thin-film evaporator (fig. 2) is used for 

distillation process of caprolactam solution [4, 1519]. 

The rotary thin film evaporator is a vertical cylindrical conical body, 

inside which the hollow vane rotor 8 rotates. Circumferential 

rotation speed of the blades reaches 12 m/s. The clearance between 

the blades and the apparatus wall is 0.4  1.5 mm. The casing is 

provided with a heated jacket 6. In this case the surface F = 16 m2, 

diameter D = 1250 mm, height H = 6 860 mm.  

The caprolactam solution is fed through the top connection to the 

distributor 10 and by rotating rotor 8 is distributed on the inside 

surface of the casing as a swirling liquid film flowing downwards. 

Steam pressure in the evaporator "jacket" is 0,3 to 1,1 MPa. 

For operation under vacuum the rotor shaft is sealed by a double 

acting mechanical seal 3, which allows operating the unit at 

absolute pressure up to 100 Pa. The rotor lower bearing 5 is a 

sliding bearing made of graphite with the addition of antifriction 

materials. 

As the film travels along the hot housing, lactam evaporates from 

the solution. The lactam vapour condenses on the surface of the 

rotor; the condensate is pushed back onto the heated wall. Multiple 

evaporation and condensation takes place. The distillation of 

caprolactam takes place at a temperature not exceeding 131 °C and 

pressure not exceeding 1.1 kPa. 

50 % main product is evaporated. The lactam vapour from the 

evaporator is sent for condensation. From the lower part of the 

evaporator, the lactam containing residue is discharged to the 

collector. 

To rotate the rotor 8 in the upper part of the evaporator, there is a 

self aligning thrust bearing and a thrust ball bearing. 

To increase the efficiency of caprolactam distillation unit it is 

necessary to reconstruct it. It is proposed to install a liquid film 

distributor in the thin film evaporator (fig. 3) and a rotary ring 

centrifugal separator in the rotary thin film evaporator (fig. 4). 

To eliminate this disadvantage thin film evaporator was equipped 

with liquid distributor (fig. 3). The distributor of liquid is made in 

the form of set of vanes 7 turned at angle 30 º in quantity of 16 

pieces and fixed at branch pipe 3 and fixed at pipe 1, located in 

housing 2. Cone 2 is fixed to the pipe 1 by ribs 5. Liquid distributor 

is installed in evaporator casing by means of support ring, which is 

fixed by ribs 6. 

 

 
 

1 - pipe; 2 - conical body; 3 - spigot; 4 - support ring; 5 - fin; 6 - fin; 

7 - vane 

Fig. 3 Liquid film distributor 

 

As can be seen from the process flowchart (Figure 1) the main 

apparatus for removing residual moisture from caprolactam is the 

film evaporator, which does not have a rotor. Lactam by means of 

distribution ring with holes enters into the film evaporator, running 

down the walls forming streams, reducing the heat exchange surface, 

which does not provide uniform distribution of the film and 

sufficient moisture removal from caprolactam. 

The apparatus for the finished product is a rotary film evaporator. 

The inconsistency with the highest product quality for commercial 

caprolactam is traditionally due to the high alkali content. This 

leads to deviations in optical density. 

Knowing that alkali boils at high temperature, it can enter the 

product in the form of droplets. To prevent drip liquid, a separator 

was developed and fitted to the top of the film rotary evaporator 

(Fig. 4). 

The liquid film distributor consists of three swirlers, which give the 

steam a stream breaking motion, thus ensuring uniform film 

distribution and sufficient distillation of moisture from caprolactam.  

As a separator in a thin film rotary evaporator it is proposed to use a 

rotary ring centrifugal separator, the installation of which will 

eliminate the above drawbacks in the evaporator. 

Rotor ring centrifugal separator (figure 4) can be used for 

purification of low pressure gas flows in combination with 

centrifugal compensation stage. The separation stage is designed as 

a set of flat rings 3 that form a stepped rotor placed in a shell 2, with 

curved vanes 4 placed between them. Separation of impurities takes 

place in two stages: before the separating rotor in the field of 

centrifugal forces, created by fast rotor, and in rotating curvilinear 

channels of the rotor. 

 

 

 

 
 

1 - outer shell; 2 - inner shell; 3 - flat ring; 4 - curved blades 

Fig. 4 - Rotary ring separator of counterflow type 
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With low economic and operating costs, the reconstruction of the 

unit will intensify the distillation and rectification of caprolactam 

and produce high quality caprolactam [21, 22]. 

 

3. Conclusion 
Development and implementation of design of rotary ring 

centrifugal separator at caprolactam distillation unit will provide 

high efficiency of a thin film evaporator in a wide range of gas 

liquid loadings, will intensify the process of caprolactam distillation 

and rectification, improve indicators of the final product and 

provide its stable high quality. This will eliminate subsequent 

purification of the caprolactam obtained when it is used in the next 

cycle of the technological process. After the reconstruction the 

hourly productivity of the unit will increase, while the unit 

processing cost will decrease. 

Implementation of liquid distributor and centrifugal separator will 

reduce dripping by 5-6 times, provide more complete removal of 

moisture from the finished product, will reduce the alkali content in 

the finished product, will reduce the optical density indicator and 

thereby bring commercial caprolactam by indicators "alkalinity" 

and "optical density" to the product of the highest quality category. 

Implementation of the separator will allow to increase selection of 

commercial caprolactam from 70 % to 75 %, thereby reducing its 

output in the form of cube liquid for recycling. 
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