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Abstract

Objectives. To develop a methodology for the quantitative assessment of new technologies in
accordance with the principles of best available technologies (BAT). To evaluate the developed
technologies of low-tonnage chemical production of tetramethylthiuram disulfide, N-cyclohexyl-2-
benzothiazolylsulfenamide, diisopropyl xanthohen disulfide, and N-phenyl-2-naphthylamine for
compliance with BAT principles and compare with alternative (implemented, known) technologies
in terms of environmental impact.

Methods. A methodology for the quantitative assessment of new technologies for the production
of organic substances in accordance with BAT principles was used.

Results. The developed methodology for the quantitative assessment of new technologies in
accordance with BAT principles based on the calculation of comprehensive comparison indicators
with alternative technologies for technological and environmental indicators allowed us to
determine the level of implemented technologies for the production of tetramethylthiuram disulfide,
N-cyclohexyl-2-benzothiazolylsulfenamide, diisopropyl xanthohen disulfide, and N-phenyl-2-
naphthylamine to minimize the impact on the environmental, including through the development
of special technological solutions for resource conservation and waste reduction, and to conduct
a quantitative assessment of the achieved environmental outcome. It is established that the
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considered new technologies of low-tonnage chemical production comply with BAT principles
and are more environmentally advanced compared to alternative ones previously implemented
in the USSR.

Conclusions. For the first time, a methodology for quantifying new technologies in accordance with
BAT principles is proposed. The possibility of its use at the stage of making basic technological
decisions on the implemented production method in order to ensure compliance with legislative
requirements for technologies in the field of environmental safety to achieve environmental
protection goals is shown on the example of low-tonnage technologies for the production of
tetramethylthiuram disulfide, N-cyclohexyl-2-benzothiazolylsulfenamide, diisopropyl xanthohen
disulfide, and N-phenyl-2-naphthylamine created in GosNIIOKhT.

Keywords: low-tonnage chemical production technologies, quantitative assessment methodology,
best available technologies (BAT) principles, tetramethylthiuram disulfide, N-cyclohexyl-2-
benzothiazolylsulfenamide, diisopropyl xanthogen disulfide, N-phenyl-2-naphthylamine
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AHHOMAyus

Ienu. Paspabomamsb memoouky KoauuecmeeHHoU OUeHKU HO8bLX MeXHO02Ull 8 coomeemcmauu
C NPUHYUNAMU HAUAYUUUX docmynHoix mexHonozulli (HAT). IIpogecmu oueHKYy paspabomaH-
HbLX MEexXHO02Ull MANTOMOHHANKHBIX XUMUUECKUX NPOoUu3800CM8 mempamemuimuypamoucyib-
¢uoa, N-yurnozerxcusn-2-6eH30MuUA30NAUNCYTbPeHAMUOA, OUUIONPONUNAKCAHMOZEHOUCYAbGPUOA
u N-gperun-2-nagpmunamura Ha coomgemcmaue npuxyunam H/T u cpasHume ¢ anbmepHa-
MUBHBbIMU (PEANUZ08AHHBIMU, U3BECMHBLIMU) MEXHON02USMU NO YPOBHIO 8o30elicmeaust Ha OKpY-
awmarowyro cpedy (OC).

Memoovl. MemoduKka KOAUUECMEEeHHOU OUEHKU HO8bLX MEXHO02Ull NPOU3B0OCMEa OpeaHuUe-
cKux seujecms 8 coomgememeauu ¢ npuryunamu HAT.

Pesynomameut. PaspabomaHHas MemoouKka KOAUUECMBEHHOU OUEHKU HO8bLX MexHO02Ull 8
coomeememauu ¢ npuryunamu H/IT Ha ocHo8aHUU pacuema KOMNeKCHbLX UHOeKC08 CPABHEeHUs
C aNbMepHAMUBHBLIMU MEXHOJ02USIMU NO MEXHOS02UUECKUM U IKO02UUECKUM NOKA3AMEesIM
no3goauna onpedenums YypogeHs 8HEOPSeMblX MEXHON02U NOAYUEHUST Mempamemuimuypam-
oucynogpuoa, N-yurnozeKcun-2-6eH30mua3oAUnCYAbheHamuoa, OUUIONPONUAKCAHMO2eHOU-
cynvpuoa u N-gpeHun-2-HagpmuniamuHa no mMuHuUmMUsayuu gosdeticmeust Ha OC, 8 mom uucne
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3a cuem pas3pabomKu CREYUAIbHbIX MEXHOJN02UUECKUX peueHUll no pecypcocbepereHuro
U CHUKEeHU OMXOOHOCMU, U NPOo8ecmu KOJUUECMBEHHYI OUeHKYy docmuzaemozo dKoiozuue-
CK020 pesysnbmama. YCmaHO/IeHO, Umo PaccmMompeHHble HO8ble MEexXHON02UU MATOMOHHAINK-
HbLX Xumuueckux npouzgoocms coomeemcemayrom npuryunam HAT u siensromes 6osee 9K0n0-
2uUecKuU coeepuleHHbLMU N0 CPABHEHUIO C AlbMePHAMUBHBLIMU, paHee peanu3osaHHbimu 8 CCCP.
Bbleoodsl. Bnepeble npedsoxeHa MmemoourKd KOAUUECNEEeHHOU OUEHKU HO8bLX MEeXHOJ02ULL
8 coomeemcmauu ¢ npuryunamu H/IT u nokasaHa 803MOXKHOCMb ee UCNOb308AHUSL HA dma-
ne NPUHSIMuUst OCHOBHbLX MEXHOJI02UUECKUX peuleHUl no eHedpsiemomy cnocoby npousgoocmea
o5t obecneueHust 8blNONIHeHUSL 3AKOHO0amelbHblX mpebo8aHuill K mexHosio2uUsM 8 cgepe 3
Kosi0euueckoll besonacHocmu no docmuskeHuro yesnell oxparHoel OC Ha npumepe CO30aHHbIX 80
DI'YIT T ocHHUHOXT» MONOMOHHAIKHBIX MEXHO02ULL NPou3eoocmea mempamemuimuypamou-
cynvgpuoa, N-yurnozekcun-2-6eH3omuasonuncyibgeHamuoa, OUU3ONPONUNKCAHMO2EHOUCY/Tb-
¢puoa u N-¢peHun-2-HapmuiamMuHa.

Knroueevle cnoea: CmexHoni02UU MOAAOMOHHAIHBIX XUMUUECKUX Npou3eoocms, memoouxa
KOMUUECMEEeHHOU OUEeHKU, NPUHYUUNBL HAUYUUWLUX docmynHblx mexHono2ull, HAT, mempamemun-
muypamoucynbgpud, N-yurnozexcusn-2-6eH30muasonuncyibgpeHamud, OUU30NPONUIKCAHMOEH-
oucynvguod, N-¢peHun-2-HagpmuiamuH

Jlna yumuposanusn: Kocrukosa H.A., I'myxan E.H., Ka3zaxos I1.B., Antonosa M.M., Kiiumos JI.11. Onenka pecypcocoepe-
raroluX TEXHOJIOTUH MAaJOTOHHAKHBIX XMMHUYECKHX IIPOMU3BOJICTB Ha COOTBETCTBHE IPHUHIMIIAM HAMIYYIIUX JOCTYIHBIX
TexHoJoru. Toukue xumuueckue mexronoauu. 2023;18(3):187-218. https://doi.org/10.32362/2410-6593-2023-18-3-187-218

INTRODUCTION

One of the tasks of state industrial policy in
the field of production consists in the introduction
of resource-saving and environmentally friendly
technologies according to the provisions of the
Federal Law of December 31, 2014 No. 488-FL
“On Industrial Policy in the Russian Federation”.
The implementation of this policy is carried
out by abandoning the use of outdated and
inefficient ~ technologies  according to  best
available technologies (BAT) principles. BAT criteria
are legally defined for evaluating technologies
in terms of their environmental impact. Currently,
the selection of BAT is carried out on the
basis of expert assessments!. However, in order
to substantiate BAT [1], present the BAT

selection process [2], and identify technologies as
BAT-compliant [3], various models are proposed
based on a systematic approach and the use of
mathematical tools, as well as on conducting
environmental and economic BAT analysis. In the
context of the state reform of the environmental
regulation system and in accordance with the
concept of introducing BAT as the primary
mechanism for implementing state policy in the
field of environmental safety at the stage of new
technology development, special attention should
be paid to addressing issues involved in
determining the level of harmful effects on
the environment and the minimization of such
harmful effects to standard BAT values. This
becomes all the more relevant due to the legal
assignment of the production of basic organic

! Decree of the Government of the Russian Federation of December 23, 2014, No. 1458 “On the procedure for determining
technology as the bestavailable technology, as well as the development, updating and publication of information and technical reference
books on the best available technologies” (as amended by Decrees of the Government of the Russian Federation of September 9,2015,
No. 954; dated December 28, 2016, No. 1508; dated March 09, 2019, No. 250). URL: http://www.consultant.ru/. Accessed February

13, 2022 (in Russ.).
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chemicals to areas of BAT application’ and objects
of category I (significant) in terms of their negative
impact on the environment®.

These factors determine the relevance of
conducting a preliminary assessment of new
technologies to determine their compliance with
modern  environmental requirements. However,
there is currently no methodological basis for such
an assessment. The development and implementation
of highly efficient resource-saving technologies
for obtaining materials that are in demand by
the industrial complex of the Russian Federation
under  conditions of low-tonnage  industrial
production is one of the main directions of
scientific and practical activities of GosNIIOKhT.
Ensuring the current level of implemented
technologies to minimize the impact on the
environment is achieved, among other things, by
developing  special technological solutions for
resource saving and waste reduction. To assess
the achieved environmental outcome, we have
developed the “Methodology for the quantitative
assessment of new technologies for the production
of organic substances in accordance with BAT
principles” [4].

Compliance with the approach for evaluating
new technologies is determined on the basis of
BAT principles by calculating comprehensive
indicators of comparison with alternative (already
implemented or known) technologies in terms of
technological (amount of waste, emissions, and
discharges) and environmental indicators (degree
of use of raw materials and waste and the
effectiveness of measures for the treatment
of gas emissions and discharges into water bodies).

The evaluation of new technologies for
compliance with environmental protection goals is
a necessary but insufficient development element,
since one of the key targets is achieving a high

2 Decree of the Government of the Russian Federation
dated December 24, 2014 (as amended on May 24, 2018)
No. 2674-r. “On Approval of the List of Areas of Application
of the Best Available Technologies.” URL: http:/www.consultant.ru/.
Accessed February 17, 2020 (in Russ.).

3 Decree of the Government of the Russian Federation
“On approval of the criteria for classifying objects that have
a negative impact on the environment as objects of categories
I, I, IIT and IV dated September 28, 2015, No. 1029. URL:
http://www.consultant.ru/. Accessed February 17, 2020 (in Russ.).

* Decree of the Government of the Russian Federation
of December 23, 2014, No. 1458 “On approval of the rules
for determining technology as the best available technology,
as well as the development, updating and publication of
information and technical reference books on the best available
technologies.” URL: http://www.consultant.ru/. Accessed
September 09, 2022 (in Russ.).

level of efficiency. The “Methodology for the

quantitative  assessment of new technologies
for the production of organic substances in
accordance with economic and environmental

efficiency criteria” developed in our previous work
[5] can be used to determine the most effective
option for organizing production based on the
calculation  of  comparative  economic  and
environmental efficiency coefficients. The comparative
economic  efficiency coefficient includes an
assessment of the cost of raw materials and
instrumentation of a technological process. The
comparative environmental efficiency ratio reflects
the achieved level of minimization of the negative
impact on the environment during the implementation
of the technology, as well as the cost effectiveness
of ensuring this environmental outcome. At the
same time, the assessment of the economic
efficiency of environmental costs makes it
possible to exclude unreasonably costly options
in comparison with the obtained environmental
outcome and ensure that the developed technological
solutions comply with the BAT criteria.

This article discusses new technologies for
the production of tetramethylthiuram disulfide,
N-cyclohexyl-2-benzothiazolylsulfenamide, diisopropyl
xanthogen disulfide, and N-phenyl-2-naphthylamine
developed at GosNIIOKhT; technologies, as well
as possible directions for their modernization.

METHODS

The calculation of the main and additional
indicators [4] for comparing the developed
technologies (Table 1) was carried out using data
from technological production regulations.

The final assessment of the developed
technology was carried out by comparing the relevant
indicators with those of the alternative (implemented
or known) technology, while the consumption
coefficients for raw materials and auxiliary materials,
production waste generation rates, as well as
basic and additional technological indicators, were
determined on the basis of the material balances
of these technologies.

Further, comprehensive indicators of comparison
of the developed and alternative production
technologies were calculated along with the final
indicator of the assessment of the developed
technology for compliance with BAT principles
(Table 2).

Indicator K, characterizes the degree of reduction
of waste of the new technology in comparison
with the existing alternative. Here, since the target
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Table 1. Main and additional technological indicators for comparing production technologies

Indicator Indicator characteristics and calculation method

Main technological indicators of production

AL Generation rate of solid and liquid waste, t/t, according to the regulations
B, Specific emissions into the atmosphere, t/t, according to the regulations
C, Wastewater generation rate, t/t, according to the regulations

Additional technological indicators of production

The degree of complexity and completeness of the extraction of useful components from a feedstock
is calculated as the sum of the recovery factors of the feedstock components, taking into account the yield
and excluding technological losses of the product, t/t

where K is the quantity of valuable components in the raw material; N is the number of product flows;
M is the number of raw material flows; ER“ is the amount of i useful substance, passed into finished

products, t; ER"‘W is the amount of i useful substance contained in raw materials, t

The degree of utilization of generated waste is calculated as the share of the regenerated component
in the total mass of waste, t/t, and calculated according to the material balance of the regeneration
operation per single operation.

J g =22 20"
(0] ZQO

where Z QPr is the amount of waste used in the production of other products, t/year,

P .
Z Q' is the amount of waste sold, t/year; Z QO is the amount of generated waste, t/year.

The degree of purification of emissions of harmful substances into the atmosphere, which is calculated as the share
of captured gases and vapors in the total mass of production off-gases, t/t, can be calculated from material balance
data per operation.

P4
JA:—I 9
Ia >,

J

where Z V. is the total mass of captured emission components, t/year; Z W, is the total mass of substances contained
i %

in gas emissions formed during the production process, t/year

The degree of purification of discharges into water bodies is calculated by dividing the mass of discharges
cleaned from harmful impurities to the total mass of their formation, t/t, using the material balance data per
operation.

2,
JB JB= ! s

2,

k

; ; i ,
where Z W, is the total mass of discharges, t/year z W, is the total mass of wastewater generated, t/year
I k
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1S to minimize waste, the wvalues related to the
developed technology are given in the numerator
to ensure the ratio K < 1.

The K, indicator characterizes the increased
complexity and completeness of the extraction
of useful components using the new technology as
compared to the existing alternative. Since the aim
is to increase the level of raw material utilization,
the values related to the developed technology
are given in the denominator to ensure the ratio K, < 1.

The value of the final indicator for assessing
the new (developed) technology / < 2 supports the
conclusion that the developed technology conforms
with BAT principles and is more environmentally
friendly than the existing alternative [4].

RESULTS

Assessment of the compliance of the
tetramethylthiuram disulfide production technology
with the BAT principles

The technology for the production of
tetramethylthiuram disulfide is based on the one-stage
method for its preparation published in our previous
work [6], which includes the condensation of

dimethylamine with carbon disulfide followed by
peroxidation of the formed dimethyldithiocarbamic
acid without its isolation.

The formation reaction of tetramethylthiuram
disulfide is described by Scheme (1).

Condensation of dimethylamine with carbon
disulfide is carried out at an equimolar ratio of
components; peroxidation  of  the  resulting
dimethyldithiocarbamic acid is carried out at a molar
ratio of dimethylamine : carbon disulfide : hydrogen
peroxide equal to 1 : 1 : 0.55-0.57. The process is
carried out in a methanol medium.

The calculation of the main and additional
technological indicators of the production of
tetramethylthiuram disulfide was carried out using
the data of the “Temporary technological regulations
for the pilot low-tonnage  production  of
tetramethylthiuram disulfide based on domestic raw
materials, No. TTR-3-350" on consumption coefficients
for raw materials (Table 3) and waste generation
rates (Table 4). The calculation data of the main
and additional technological indicators of the
production of tetramethylthiuram disulfide are
presented in Table 5.

We carried out a final assessment of the developed
technology for the production of tetramethylthiuram

Table 2. Comprehensive comparison indicators and the final indicator of the assessment of the developed technology

for compliance with BAT principles

Indicator

Formula for calculating the indicator

Comprehensive indicator of comparison
of the main technological indicators

of the developed and alternative
technologies K|

where 4 S

atmospheric emissions and discharges into natural waters for the developed

Klzl Arp +BT,P +CT,P ’
A B C

T.A T.A T.A

CT’P and 4., B

1a» Bras Cp, are specific indicators of waste,

and alternative technologies, respectively

Comprehensive indicator of comparison
of additional technological indicators
of the developed and alternative
technologies K,

where J, ., J. ., J, ., J,andJ ., J .. J, ., J,  are additional technological

K,P?>“0,P°>“AP>“BP
indicators for the developed and alternative technologies, respectively

KA’ Y0A YAA YBA

Final indicator for evaluating the developed

I =K, +K,
technology /
CHg HAC S | H0
2HN] " +2CS; —» | PON—CT e MO cms—s—one S 4 24,0 0
CH, H,C SH H5;C ISI ISI CHj;
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disulfide by comparing it with an existing method
for obtaining the product by oxidation with
hydrogen peroxide in the presence of sulfuric acid
of the sodium salt of dimethyldithiocarbamic acid,
which is synthesized by the reaction of dimethylamine
with carbon disulfide in the presence of alkali
at a molar ratio of carbon disulfide : dimethylamine :
sodium hydroxide, equal to 1 : 1 : 1.03 [7]. The
precipitate of tetramethylthiuram disulfide was filtered

off, washed, granulated, and dried [8]. This process
was already implemented in the USSR at the
Khimprom Volgograd production association [9].

Based on the calculated material balances,
the consumption coefficients for raw materials and
auxiliary materials (Table 6) were determined along
with the waste generation rates for the production
of tetramethylthiuram disulfide using an alternative
technology (Table 7).

Table 3. Consumption coefficients for raw materials and auxiliary materials in the tetramethylthiuram disulfide production

Expense coefficients
Name of raw materials Note
kg/operation t/t

Dimethylamine (33%) 72.2 1.29 -
Carbon disulfide 40.2 0.73 -
Hydrogen peroxide (37%) 27.8 0.50 -

4.5 0.08 With regeneration
Methanol

565.4 10.10 Without regeneration

Table 4. Waste generation standards, emissions, and discharges in the tetramethylthiuram disulfide production

Production waste generation rate
Type of waste Agg;‘: ?;:t:tate Composition Amount, %
kg/operation t/t
VAT residue, including 100.00 83.9 1.50
Water 91.18 76.5 1.37
VAT residue of -
. Liquid
methanol regeneration .. .
Organic impurity 4.17 35 0.06
Tetramethylthiuram
disulfide 4.65 3.9 0.07
Air emissions None
Wastewater discharge None
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Table 5. Basic and additional technological indicators calculated for the developed and existing alternative technologies
used in the tetramethylthiuram disulfide production

Calculation method and indicator value

Indicator

Developed technology Alternative technology

Main technological indicators of production

Generation rate of solid and liquid

N Ay, =15/t (Table 4) A, =458 t/t (Table 7)

Off-gases are locally cleaned in contact devices. Since the cleaning efficiency

is 100%, there are no emissions into the atmosphere (Tables 4 and 7)
Specific emissions into the atmosphere

B.,=0tt B, =0t

There is no wastewater discharge (Tables 4 and 7)

Wastewater generation rate
Crp=0tt C,=0ut

Additional technological indicators

It is calculated as the sum of the extraction
coefficients of dimethylamine P, and

carbon disulfide Frg taking into
account the yield of tetramethylthiuram

Degree of complexity disulfide (56.1 kg per operation, 95%)

and completeness of the extraction without taking into account technological

of useful components from losses of the product in the filtrate and Jea= 190 t/t
the feedstock washing solution.

P, =0.41/0.43 =0.95 t/t
P, =0.69/0.73 = 0.95 t/t
Jip=0.95+0.95=1.90 t/t

Jep=1.90 t

It is calculated as the share of regenerated
methanol in the total mass of waste
according to the material balance of the
methanol regeneration stage per one
operation

J,p = 558.2/644.9 = 0.87 tt

Degree of generated waste utilization Jon=0.69 t/t

It is calculated as the share of captured methanol vapors in the trap and in the process
of local purification in contact devices in the total mass of off-gases, taking into

Degree of purification of emissions : . 8 .
account 100% efficiency of their purification (Tables 4 and 7)

of harmful substances into
the atmosphere

J,p=1.00 1/t o= 100 t/t

There is no wastewater discharge (Tables 4 and 7)
Degree of purification of discharges

into water bodies

Jyp =0t Jy =0t

Toukue xummdeckue TexHoaoruu = Fine Chemical Technologies. 2023;18(3):187-218
194



Natalia A. Kostikova, Elena N. Glukhan, Pavel V. Kazakov, et al.

(CHgNH + S, + NaOH ——= (CHy,NCSNa + H,0 @)
S
H>,SO H-,0O
(CH3),NC-SNa ——— g | (CHZ),NC-SH | 22 (CH_),NC-S-S-C-N(CHy), 3)
I —NaSO, Il | —2H0 [
S S S S

Table 6. Consumption coefficients for raw materials and auxiliary materials in the tetramethylthiuram disulfide production
using an alternative technology

Expense coefficients
Name of raw materials Note
kg/operation t/t
Dimethylamine (33%) 72.20 1.29 -
Carbon disulfide 40.20 0.73 -
Hydrogen peroxide (37%) 27.80 0.50 -
Sodium hydroxide (44%) 50.92 0.91 -
Sulfuric acid (60%) 45.75 0.82 -
1.81 0.03 With regeneration

Methanol (99.47%)

240.00 4.28 Without regeneration

76.97 1.37 With regeneration
Water

412.00 7.34 Without regeneration

Table 7. Waste generation standards, emissions, and discharges in the alternative tetramethylthiuram disulfide production
technology (with methanol and water regeneration)

Production waste generation
rate
Type of waste Agg;':%:l:set:tate Composition Amount, %
kg/operation t/t
VAT residue, including: 100.00 7.57 0.13
VAT residue (methanol Liquid Water 91.17 2.71 0.05
regeneration operation)
Organic impurities 8.83 4.86 0.09
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Table 7. Continued
Production waste generation
rate

Type of waste Agg;';aa::tztate Composition Amount, %
kg/operation t/t
VAT residue, including: 100.00 249.46 4.45
Sodi Ifat 15.95 39.78 0.71

VAT residue (water Liquid odium suttate

regeneration operation) Water 23.06 207.19 3,60
Organic impurities 1.00 2.49 0.04

Air emissions None

Wastewater discharge None

Further, we calculated comprehensive indicators
for comparing the developed and alternative
technologies used in the production of tetramethylthiuram
disulfide along with the final indicator for
evaluating the developed technology for compliance
with BAT principles (Table 8).

The value of the final indicator / of the assessment
of the new technology 1.04 < 2 supports the conclusion
that the technology developed by us for the production
of tetramethylthiuram disulfide meets BAT principles
and is more environmentally friendly compared
to the alternative one originally implemented in

the USSR [4]. The technology developed by us
was introduced in the branch of
GosNIIOKhT—Separate Plant No. 4 (Novocheboksarsk,
Chuvash Republic), whose experimental low-tonnage
tetramethylthiuram  disulfide production capacity
is 5000 kg/year.

The high efficiency (K, = 0.11) of the developed
technology for the production of tetramethyl thiuram
disulfide (Table 8) was determined by the low waste
rate of the technological process. The achieved level of
environmental friendliness of production (K, = 0.93)
was ensured by the regeneration of raw materials (methanol).

Table 8. Comprehensive indicators and the final evaluation indicator of the developed tetramethylthiuram disulfide

production technology

Indicator

Calculation method and indicator value

Comprehensive indicator of comparison
of the main technological indicators

of the developed and alternative
technology K,

Due to the absence of emissions of harmful substances into the atmosphere
or discharges into water bodies for the developed and alternative technologies,
no comparison of specific indicators of such emissions and discharges
is carried out.

K, = (4, /4, ,)/3
K, =(1.50/4.58)/3=0.11

Comprehensive indicator of comparison
of additional technological indicators
of the developed and alternative
technology K,

Due to the absence of discharges of harmful substances into water bodies
for the developed and alternative technologies, no calculation or comparison
of the degree of purification of discharges into water bodies is carried out.

Kz = (‘]K,A/ JK,P + JO,A/ J op +J A,A/ JA,P)/ 3
K,=(1.9/1.9 +0.69/0.87 + 1.00/1.00)/3

K,=0.93

Technology assessment outcome /

1=0.11+0.93=1.04
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Assessment of the compliance
of the N-cyclohexyl-2-benzothiazolylsulfenamide
production technology with the BAT principles

The technology for the production of N-cyclohexyl-
2-benzothiazolylsulfenamide is based on the one-stage
method for its preparation published in [9], which
includes the condensation of 2-mercaptobenzothiazole
and cyclohexylamine, followed by peroxidation of the
resulting intermediate compound, cyclohexylammonium
1,3-benzothiazole-2-thiolate, without its selection. The
process is carried out in an aqueous medium at a molar
ratio of 2-mercaptobenzothiazole : cyclohexylamine :
hydrogen peroxide equal to 1 : 3 : 1.1 and is described
by Scheme (4).

The calculation of the main and additional
technological indicators of the production of N-cyclohexyl-
2-benzothiazolylsulfenamide was carried out using the data of
“Temporary technological regulations for pilot low-tonnage
production of  N-cyclohexyl-2-benzothiazolylsulfenamide,
No. TTR-5-350" on consumption coefficients for raw

NH,

materials (Table 9) and the generation rate of production
waste (Table 10). The results of the calculation of the
main and additional technological indicators are presented
in Table 11.

The final assessment of the developed
technology for the production of N-cyclohexyl-
2-benzothiazolylsulfenamide was carried out by
comparing this technology with an alternative one based
on the method of its production by the interaction of
the sodium salt of 2-mercaptobenzothiazole (captax)
with cyclohexylamine in the presence of sodium
hypochlorite. The sodium salt of Captax was mixed with
cyclohexylamine, the reaction mass was acidified with
37% hydrochloric acid. This gave the cyclohexylamine
salt of Captax, which was oxidized with sodium
hypochlorite in the presence of alkali. Unreacted
cyclohexylamine was isolated from wastewater by
nitrogen purge at a temperature of 120-130°C. The
described method for the preparation of N-cyclohexyl-
2-benzothiazolylsulfenamide was implemented in the
USSR at Novokemerovo Chemical Plant [11].

S S H20,
ra () —| O ()]
N N

H20,

“4)

s
- /: % + 2H,0
N HN 2

Table 9. Consumption coefficients for raw materials and auxiliary materials in the N-cyclohexyl-2-benzothiazolylsulfenamide

production
Expense coefficients
Name of raw materials Note
kg/operation t/t

2-Mercaptobenzothiazole (97%) 68.80 0.872 -

3331 0.422 With regeneration
Cyclohexylamine (99%)

119.99 1.521 Without regeneration
Hydrogen peroxide (37%) 39.60 0.502 -

0.00 0.000 With regeneration

Water

800.00 10.139 Without regeneration
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Table 10. Waste generation standards, emissions, and discharges in the N-cyclohexyl-2-benzothiazolylsulfenamide
production (with regeneration of water and cyclohexylamine)

Production waste generation rate
Type of waste Agg;':%;l;:t:tate Composition Amount, %
kg/operation t/t
VAT residue, 100.00 64.76 0.821
including:
VAT residue (water Liquid
regeneration operation) q Water 62.25 40.31 0.511
Organic impurities 37.75 24.45 0.310
Air emissions None
Wastewater discharge None

Table 11. Basic and additional technological indicators calculated for the developed and existing alternative
technologies used in the N-cyclohexyl-2-benzothiazolylsulfenamide production

Calculation method and indicator value

Indicator
Developed technology Alternative technology

Main technological indicators

A,,=0.821 tht Ay, =445t

Generation rate of solid and liquid waste
(Table 10) (Table 13)

Abgases are absent, emissions into the atmosphere are absent (Tables 10 and 13)

Specific emissions into the atmosphere
B =0 B_, =0

TP TA

There is no wastewater discharge (Tables 10 and 13)

Wastewater generation rate
C..=0 C..=0

TP TP

Additional technological indicators

It is calculated as the sum of the recovery
factors of 2-mercaptobenzothiazole P,

and cyclohexylamine P, taking into

account the yield of N-cyclohexyl-
2-benzothiazolylsulfenamide
(78.9 kg per operation, 75%) and the regeneration
of cyclohexylamine
P = 0.632/0.846 = 0.75 t/t
P, = 1.447/1.506 = 0.96 t/t

Jp=0.75+0.96 = 1.71 ti

Degree of complexity and completeness
of the extraction of useful components
from the feedstock

Jen= 164 1/t
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Table 11. Continued

Calculation method and indicator value

Indicator
Developed technology Alternative technology

It is calculated as the share of regenerated
cyclohexylamine and water in the total mass

Degree of utilization of generated waste of waste (mother liquor) per one operation: Jon=0.55t/t
Jop = (84.64 1 800)/949.40 = 0.93 t/t
Degree of purification of emissions Abgases are absent, emissions into the atmosphere are absent (Tables 10 and 13)
of harmful substances into the
atmosphere Jp =0t Jua=0tt

L ) Wastewater is absent (Tables 10 and 13)
Degree of purification of discharges

into water bodies

Jyp =0t Jya =0t

The reaction to obtain the sodium salt of rates for the production of N-cyclohexyl-
2-mercaptobenzothiazole is described by Scheme (5). 2-benzothiazolylsulfenamide wusing an alternative

The formation of N-cyclohexyl-2- technology (Table 13).
benzothiazolylsulfenamide can be described by Next, we calculated comprehensive indicators
Scheme (6). for comparing the developed and alternative

Based on the material balances calculated technologies used in the production of this
by us, we determined the consumption product along with the final indicator for
coefficients for raw materials and auxiliary evaluating  the  developed technology  for

materials (Table 12) and the waste generation compliance with BAT principles (Table 14).

N

N
\}SH + NaOH — o \>—SNa +  H,0 (5)
S

S

NH,
N N
NaCIO
\>—3Na + %, ©:\>_s\ (6)
-Na

Table 12. Consumption coefficients for raw materials and auxiliary materials in the N-cyclohexyl-2-benzothiazolylsulfenamide
production using an alternative technology

Expense coefficients
Name of raw materials Note
kg/operation t/t

2-Mercaptobenzothiazole, 97% 68.80 0.73 -
Sodium hydroxide, 44% solution 44.46 0.47 -

581.04 6.16 Without regeneration
Water

52.24 0.55 With regeneration
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Table 12. Continued

Expense coefficients
Name of raw materials Note
kg/operation t/t

47.98 0.51 Without regeneration
Cyclohexylamine, 99%

40.12 0.42 With regeneration
Hydrochloric acid, 37% solution 51.30 0.54 -
Sodium hypochlorite, 15% solution 253.96 2.69 -
Sodium sulfite 14.69 0.16 -

Table 13. Waste generation standards, emissions, and discharges in the N-cyclohexyl-2-benzothiazolylsulfenamide
production using an alternative technology (with water and cyclohexylamine regeneration)

A te stat Production waste generation rate
Type of waste gnge%vaa:t: ate Composition Amount, %
kg/operation t/t
VAT residue, 100.00 42038 4.45
including:
Total organic 3.19 13.41 0.14
impuritics
Wastewater Liquid
Sodium chloride 14.47 60.84 0.64
Sodium sulfate 3.94 16.56 0.18
Water 78.40 329.57 3.49
Air emissions None
Wastewater discharge None

Table 14. Comprehensive indicators and the final evaluation of the developed technology for the production

of N-cyclohexyl-2-benzothiazolylsulfenamide

Indicator

Calculation method and indicator value

Comprehensive indicator of comparison
of the main technological indicators

of the developed and alternative
technologies K|

Due to the absence of emissions of harmful substances into the atmosphere
or discharges of effluents into water bodies for the developed and alternative
technologies, no comparison of specific indicators of such emissions into
the atmosphere and discharges into water bodies is carried out.

K, =(A,/4,,)/3

K, =(0.82/4.45)/3 = 0.06

Comprehensive indicator of comparison
of additional technological indicators
of the developed and alternative
technologies K,

Due to the absence of discharges into water bodies and emissions
of harmful substances into the atmosphere for the developed and alternative
technologies, no calculation or comparison of the degree of purification
of discharges into water bodies and emissions of harmful substances into
the atmosphere is carried out.
K, = (e Miep T o Mo )4

0Aop

K,=(1.64/1.71 + 0.55/0.93)/4 = 0.39

Technology assessment outcome /

1=0.06+0.39=0.45
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The value of the final indicator of technology
assessment / = 0.45 << 2 supports the conclusion that
the technology developed by us for the production
of  N-cyclohexyl-2-benzothiazolylsulfenamide ~ meets
BAT principles and is much more environmentally
friendly compared to the alternative [11] implemented in
the USSR. This process has been introduced in
aforementioned Separate Plant No. 4; the -capacity
of the pilot low-tonnage production is 5000 kg/year.

A distinctive feature of the technology developed
by wus for the production of N-cyclohexyl-2-
benzothiazolylsulfenamide compared to that implemented
earlier in the USSR is a significant reduction in
the level of waste generation and a high degree of
raw material recovery, which makes it possible to
characterize the new technology as much more
efficient (K, = 0.06). The high level of environmental
friendliness of the developed technology (K, = 0.39)
is ensured by minimizing losses due to high rates
of resource saving (raw material conversion) and
recovery of the solvent (water) and excess raw material
component (cyclohexylamine).

Assessment of the compliance of the diisopropyl
xanthogen disulfide production technology
with the BAT principles

The technology for the production of diisopropyl
xanthogen disulfide is based on the method published
in [12], which includes the oxidation of potassium
isopropyl xanthate (PIX) [13] with hydrogen peroxide
in the presence of phosphoric acid in water [14].
The interaction of PIX with phosphoric acid with
the formation of the corresponding xanthogenic acid
is described by Scheme (7).

The oxidation of the obtained xanthogenic acid
with hydrogen peroxide to form diisopropyl xanthogen
disulfide is represented by Scheme (8).

g

HsPO,
—_—
-KH,PO,

S
)\o)J\s@ K®

The resulting suspension was filtered, washed
with water and dried. Wash water was reused in
the next synthesis as a solvent. PIX was obtained
by the interaction of isopropanol, potassium hydroxide,
and carbon disulfide according to Scheme (9).

The process was carried out in isopropanol
at a molar ratio of isopropanol : carbon disulfide :
potassium hydroxide equal to 7 : 1 : 1 and a temperature
of 25-35°C. To restore the quality of alcohol,
the method of two-stage distillation of the filtrate
was used.

The calculation of the main and additional
technological indicators of the production of
diisopropyl xanthogen disulfide to assess the
compliance of the technology with the principles
of BAT was carried out using the data of the
“Temporary process regulations for pilot low-
tonnage production of potassium isopropyl xanthate,
No. TTR-12-350" and “Temporary process
regulations for pilot low-tonnage production
of diisopropylxanthogendisulfide, No. TTR-13-350"
on consumption coefficients for raw materials
(Table 15) and the generation rate of production
waste (Table 16). The results of calculating the
main and additional technological indicators for
the production of diisopropyl xanthogen disulfide
using an alternative technology are presented in
Table 17.

The final assessment of the developed technology
for the production of diisopropyl xanthogen
disulfide was carried out by comparing the developed
technology with an alternative one based on the
known method of its production by oxidation of
alkali metal xanthate with sodium nitrite in the
presence of mineral acids (HCI, H,SO,) [15]:
one mole of acid is used to decompose sodium
nitrite to nitrogen oxides, and the second mol—on
the formation of xanthogenic acid from the
corresponding salt. The liberated nitric oxide (IV)
acts as an oxidizing agent in this process, which
can be  generally described by  reaction
Schemes (10)—(13):

S H,0, )\ j]\ ®)
2 (0] E— S @)
2SH 0 NG \n/ \‘/
S

S
)\ KOH CS )\ ©)
oH * ¥ 2 o OJKS@ @
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Table 15. Consumption coefficients for raw materials and auxiliary materials in the production of diisopropyl

xanthogen disulfide
Expense coefficients
Name of raw materials Note
kg/operation t/t
Obtaining PIX (98.88%)
416.16 2.593 -
Isopropyl alcohol (99.59%)
145.89 0.909 With regeneration
Carbon disulfide (100%) 72.68 0.453 -
Potassium hydroxide (86.11%) 61.70 0.384 -
Isopropanol recovery
Toluene (99.5%) 98.63 0.616 -

Obtaining diisopropyl xanthogen disulfide

PIX (98.88%) 150.00 1.42 -
Hydrogen peroxide (37%) 43.56 0.41 -
Orthophosphoric acid (85%) 99.39 0.94 -
850.00 8.03 -
Water o
440 00 416 Taking into account the return

of wash water

Table 16. Waste generation standards, emissions, and discharges in the diisopropyl xanthogen disulfide production
(with isopropanol regeneration and return of washing water)

Production waste
generation rate

Type of waste Aggregate state Composition Amount, %
of waste
kg/operation t/t
VAT residue, including: 100.00 12.89 0.086
VAT residue after rectification
of the filtrate (stage of Liquid Isopropanol 51.32 5.42 0.039
obtaining PIX)
Impurity 48.68 7.47 0.047
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Table 16. Continued

Production waste
generation rate
Type of waste Agg(l)‘;:%::set:tate Composition Amount, %
kg/operation t/t
Azeotrope, including: 100.00 201.53 1.260
Azeotrope isolated at the stage Isopropanol 38.20 76.98 0.481
of rectified absolutization Liquid
(stage of obtaining P1X) Water 13.10 26.40 0.165
Toluene 48.70 98.14 0.613
VAT residue, including: 100.00 9.29 0.021
Distillation residue after
absolute rectification (stage of Liquid Isopropanol 85.71 8.80 0.018
obtaining PIX)
Impurity 14.29 0.49 0.003
Filtrate, including: 100.00 620.63 5.862
Wastewater (diisopropyl
xanthogen disulfide Liquid Water 79.03 490.47 4.632
production stage)
Impurity 20.97 130.16 1.229

Air emissions

Wastewater discharges

Table 17. Basic and additional technological indicators calculated for the developed and alternative technologies
used in the diisopropyl xanthogen disulfide production

Indicator

Calculation method and indicator value

Developed technology

Alternative technology

Main technological indicators

Generation rate of solid and
liquid waste

A, =7.228 t/t (Table 16)

Ay, =7.337 t/t (Tables 20 and 21)

Specific emissions into the
atmosphere

Process off-gases are water vapor. There are
no emissions of harmful substances into

the atmosphere (Table 16)
B =0t

Off-gases are a mixture of nitrogen and
carbon dioxide. There are no emissions
of harmful substances into the atmosphere
(Tables 20 and 21)

B, =0t
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Table 17. Continued

Indicator

Calculation method and indicator value

Developed technology

Alternative technology

Wastewater generation rate

There is no wastewater discharge due to the
high hazard class for fishery water bodies
(hazard class 2%). C;, =0 t/t

There is no wastewater discharge due
to the high hazard class of the leachate
for water bodies of fishery significance

(hazard class 1%). C , =0 t/t

Additional technological indicators

The degree of complexity and
completeness of the extraction
of useful components from the
feedstock

P, hydrogen peroxide PHZOZ , and phosphoric

Taking into account the degree of extraction of
the components of the PIX production process:

It is calculated as the sum of the recovery
factors for isopropanol P,,, potassium

hydroxide P, carbon disulfide PCSZ , PIX
acid By po, taking into account the yield of
diisopropylxanthogendisulfide
(105.88 kg per operation, 90%).
P, =0.341/0,358 = 0.95 t/t
P, =0.319/0.334 =0.95 t/t
Fs, =0.433/0.453 =095 v/t
P, . =1261/1.401=0.90 t/t

PIX

P, =0.95x 0.90 = 0.86 t/t
By o, =0.123/0.152=0.81 ti
Py po, =0.713/0.798 = 0.89 t/t
Jip = 0.86+0.81 +0.89 = 2.56 t/t

Recovery factors for carbon disulfide Pcsz ,

isopropanol P,, potassium hydroxide P,

for the stage of obtaining PIX:
P,=0.341/0.358 = 0.95 t/t

P .. =0.319/0.334=0.95 t/t

KOH
Frs, =0.433/0.453 = 0.95 t/t
Recovery factors of PIX,

sodium nitrite Ry,no, »
and phosphoric acid PH3PO4 taking

into account the yield of the product
(108.25 kg per operation, 94.1%).

P,y =0.95 x 0.94 = 0.89 t/t

Pio, =044/0.47=0.94 tt
Bypo, = 0.611/0.611=1.00 t/

Jgn=0.89+0.94 + 1.00 = 2.83 t/t

Degree of utilization
of generated waste

It is calculated as the share of regenerated
isopropanol in the total mass of waste (filtrate
and condensate). According to the material
balance of isopropanol regeneration per 1 t
of product:

Jop = (0.984 +0.700)/3.049 = 0.55 t/t

It is calculated as the share of returned water
in the total mass of waste (filtrate,
wash water and waste absorbent).
According to the material balance

per 1 t of product:

Jo = 4.610/9.772 = 0.47 tt

Degree of purification
of emissions of harmful
substances into the atmosphere

Process off-gases are water vapor. There are
no emissions of harmful substances into
the atmosphere.

J,p=1.00 t/t

It is calculated as the share of captured
nitrogen oxide in the total mass of off-gases:
Jya=0.030/0.030 = 1.00 t/t

Degree of purification
of discharges into water bodies

There is no wastewater discharge (Tables 16, 20, and 21)

Jyp =01t

Jy\ =0t

* Order of the Ministry of Natural Resources of Russia dated December 4, 2014 No. 536 “On approval of the criteria for
classifying wastes as hazard classes I-V according to the degree of negative impact on the environment” (Registered in the Ministry
of Justice of Russia on December 29, 2015, No. 40330).

2NaNO, + 2H — 2Na + NO + NO, + H,0 (10)

S 2 HCl S .

o\ o /< .- o_/< (11)
-2KCI SH

SK
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S S
2 >f0—< + NO, —P)\ )J\ _S ¢} + NO + H,0 (12)
0 S \n/ \‘/
SH
S

In total:

s s
2 >704< + 4HCI + 2NaNO, —>)\ )J\ s. _O + 2NO +2H,0 + 4nacl  (13)
s

Purification of gas emissions is carried out by Based on the calculated by us material
absorption of off-gases with an aqueous solution of urea. balances, the consumption -coefficients for raw
The process of absorption of nitrogen oxides can be materials and auxiliary materials (Tables 18 and
described by Scheme (14): 19) and the waste generation rate in the production

of diisopropyl xanthogen disulfide wusing an
NO +NO, + (NH,),CO = 2H,0 + CO, + 2N, (14) alternative technology were determined

(Tables 20 and 21).

Table 18. Consumption coefficients for raw materials and auxiliary materials in the potassium isopropyl xanthate production

Expense coefficients

Name of raw materials Note
kg/operation t/t
Obtaining PIX

416.16 2.593 -
Isopropyl alcohol (99.6%)

145.89 0.909 With regeneration
Carbon disulfide (100%) 72.68 0.453 -
Potassium hydroxide (86.8%) 61.70 0.384 -

Isopropanol recovery

Toluene (99.5%) 98.63 0.616 -

Table 19. Consumption coefficients for raw materials and auxiliary materials in the diisopropyl xanthogen disulfide
production using an alternative technology

Expense coefficients
Name of raw materials Note
kg/operation t/t
PIX (98.88%) 150.00 1.355 -
Sodium nitrite (98.50%) 59.60 0.552 -
Orthophosphoric acid (85%) 127.10 1.196 -
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Table 19. Continued

Expense coefficients
Name of raw materials Note
kg/operation t/t
850.00 7.870 -
Water With the return of wash water and
433.86 4.017 condensate from the sludge drying
process
133.02* 0.172 With recycling
Urea (100%)* . .
121.63* 0157 With the regeneration of the
absorbent
Water for absorbent preparation* 399.06* 0.515 With recycling

* Based on 7 operations for obtaining diisopropyl xanthogen disulfide.

Table 20. Waste generation standards, emissions, and discharges in the potassium isopropyl xanthate production

Production waste generation
rate
Type of waste Aggregate state Composition Amount, %
of waste
kg/operation t/t
VAT residue, including: 100.00 12.89 0.086
VAT residue after distillation .
of the filirate Liquid Isopropanol 51.32 5.42 0.039
Impurities 48.68 7.47 0.047
Azeotrope, including: 100.00 201.53 1.260
Isopropanol 38.20 76.98 0.481
Azeotrope isolated at the stage Liquid
of absolute rectification qu
Water 13.10 26.40 0.165
Toluene 48.70 98.14 0.613
VAT residue, including: 100.00 9.29 0.021
Distillation residue after .
absolute rectification Liquid Isopropanol 85.71 8.80 0.018
Impurities 14.29 0.49 0.003
Air emissions None
Wastewater discharges None
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Table 21. Waste generation standards, emissions, and discharges in the diisopropyl xanthogen disulfide production using

an alternative technology

Production waste generation rate
Type of waste Aggregate state Composition Amount, %
of waste kg/operation t/t
Filtrate, including: 100.00 629.60 5.830
Water 74.13 466.72 4321
Wastewater Liquid o
Impurities 1.25 7.87 0.073
Sodium and potassium
salts of phosphoric acid 24.62 155.01 1433
Waste absorbent, 100.00 15.45 0.140
including:

Wastewater Liquid Urea 278 0.43 0.004
Water 97.22 15.02 0.136
Abgases, including 100.00 13.82 0.125
Abgases Gas Nitrogen 10.34 1.43 0.013
Carbon dioxide 89.66 12.39 0.112

Air emissions None

Wastewater discharges None

Further, we calculated the comprehensive Thus, the developed technology is more
indicators for comparing the developed and environmentally friendly than the alternative one

alternative technologies used in the production
of diisopropyl xanthogen disulfide along with the
final indicator for evaluating the developed
technology for compliance with BAT principles
(Table 22).

The value of the final indicator of the
technology assessment / = 1.97 < 2 supports the
conclusion that the technology developed by us
for the production of diisopropyl xanthogen
disulfide meets BAT principles and is more
environmentally friendly compared to the alternative
one [4]. This technology was introduced in Separate
Plant No. 4; the capacity of the pilot low-scale
production is 2000 kg/year for diisopropyl xanthogen
disulfide and 3000 kg/year for PIX.

due to the high level of environmental friendliness
achieved through the regeneration of isopropanol
at the stage of PIX production. However, the
specific indicator of waste generation by this
technology is quite high (7.23 t/t, Table 17), and
the main production waste is the filtrate from the
stage of obtaining diisopropyl xanthogen disulfide
(5.862 t/t, Table 21), the water content of which
is 79.03%. It should be noted that during the
development process, we managed to reduce the
hazard class of this waste from 1st to 2nd, which,
in our opinion, is a significant result in achieving
environmental protection goals and increases the
level of environmental friendliness of the technology
we developed for the production of diisopropyl

¢ Order of the Ministry of Agriculture of Russia dated December 13, 2016, No. 552 (as amended on March 10, 2020) “On
approval of water quality standards for fishery water bodies, including standards for maximum permissible concentrations of harmful
substances in the waters of fishery water bodies” (Registered with the Ministry of Justice of Russia on January 13, 2017, No. 45203)

(in Russ.).
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Table 22. Comprehensive indicators and the final evaluation indicator of the developed diisopropyl xanthogen disulfide

production technology

Indicator

Calculation method and indicator value

Comprehensive indicator of comparison
of the main technological indicators

of the developed and alternative
technologies K|

Due to the absence of emissions of harmful substances into
the atmosphere or discharges into water bodies for these technologies,
no comparison of specific indicators of emissions into the atmosphere

and discharges into water bodies is carried out.
K, =A /A, =7.23/7.34=0.98

Comprehensive indicator of comparison
of additional technological indicators
of the developed and alternative
technologies K,

Due to the absence of discharges of harmful substances into water bodies
using these technologies, no calculation or comparison of the degree
of purification of discharges into water bodies is carried out.

K, =(2.83/2.56 + 0.47/0.55 + 1.00/1.00)/3 =
=(1.11 +0.85 + 1.00)/3 = 0.99

Technology assessment outcome /

1=0.98+0.99=1.97

xanthogen disulfide. Regeneration of the solvent
(water) from the waste (filtrate) can be considered
as a possible direction for the modernization of
the technology, which will lead to a decrease in
the specific indicator of production waste and will
increase the degree of use of raw materials and
generated waste.

Assessment of the compliance of the developed
technology for the N-phenyl-2-naphthylamine
production with the BAT principles

The technology for the production of N-phenyl-
2-naphthylamine was based on a one-stage method
developed in [16], which includes the aramination
of 2-naphthol with aniline in the presence of catalytic
amounts of orthophosphoric acid at a molar ratio

NH,
o O

HO
H;PO,

'Hzo

shee

of 2-naphthol : aniline orthophosphoric  acid
equal to 1 1.065 0.017, within 2.0-2.5 h
[17, 18]. The return of the initial aniline to the
reaction sphere 1is ensured by separating the
azeotropic aniline/water mixture and separating
N-phenyl-2-naphthylamine in the form of a powder
by crystallization from the reaction mass in an
isobutanol/xylene mixture [16, 17]. The process of
obtaining N-phenyl-2-naphthylamine is described by
Scheme (15).

The calculation of the main and additional
technological indicators [4] of the production of
N-phenyl-2-naphthylamine was carried out by us
using data of “Temporary process regulations
for pilot low-tonnage production of N-phenyl-
2-naphthylamine, No. TTR-8-350” on consumption
coefficients for raw materials (Table 23) and

(15)

Table 23. Consumption coefficients for raw materials and auxiliary materials in the N-phenyl-2-naphthylamine production

Expense coefficients
Name of raw materials Note
kg/operation t/t
Aniline (99.9%) 121.00 0.475 -
2-Naphthol (99.5%) 175.00 0.686 -
Phosphoric acid (85%) 2.40 0.009 -
433.42 1.700 Without regeneration
Isobutanol (99.3%)
1.90 0.007 With regeneration
82.91 0.325 Without regeneration
Petroleum xylene (99.6%)
32.27 0.127 With regeneration
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production waste generation rates (Table 24). The

implemented in the 1960s at Novomoskovsk Anilino-

results of the calculation of the main and Paint Plant (Novomoskovsk Organic Synthesis Plant)
additional technological indicators are presented [19]. The technology was based on the condensation
in Table 25. of 2-naphthol with aniline in the presence of a

The final assessment of the developed benzenesulfonic acid catalyst at a molar ratio of

technology  for  the  N-phenyl-2-naphthylamine
production was also carried out by comparing this

2-naphthol to aniline equal to 1 : 1.5. The process
of formation of N-phenyl-2-naphthylamine can be

technology with an alternative one,

which was

described by the Scheme (16).

Table 24. Waste generation standards, emissions, and discharges in the N-phenyl-2-naphthylamine production
(with regeneration of isobutanol-o-xylene mixture)

Production waste
ti t:
Type of waste Agg;‘:%j:set:tate Composition Amount, % e
kg/operation t/t
VAT residue, including: 100.00 54.23 0.213
N-phenyl-2-naphthylamine 8.32 10.03 0.039
Distillation residue after Aniline phosphate 3.30 3.98 0.016
regeneration of isobutanol- Liquid
Xylene mixture o0-Xylene 81.07 31.90 0.125
Aniline 5.09 6.14 0.024
Impurities 1.14 2.18 0.009
Aqueous phase (azeotrope) Liquid Water 100.00 22.15 0.087
Organic phase, including: 100.00 2.61 0.010
Aniline 13.08 0.34 0.001
Organic phase (azeotrope) Liquid
Isobutanol 70.11 1.90 0.007
Xylene 16.81 0.37 0.001
Air emissions None
Wastewater discharges None

Table 25. Basic and additional technological indicators calculated for the developed and alternative technologies used
in the N-phenyl-2-naphthylamine production

Indicator

Calculation method and indicator value

Developed technology

Alternative technology

Main technological indicators

Generation rate of solid and liquid waste

Ay, = 0310 t/t (Table 24)

A,,= 1.85 t/t (Table 27)

Specific emissions into the atmosphere

There are no emissions into the atmosphere (Tables 24 and 27)

B.,=0tt

B, =0t
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Table 25. Continued

Calculation method and indicator value

Indicator

Developed technology

Alternative technology

There is no wastewater discharge (Tables 24 and 27)

Wastewater generation rate

C,, =0tk

Cp =0t

Additional technological indicators

The degree of complexity and
completeness of the extraction of useful
components from the feedstock P 2 Naphthol

Aniline

It is calculated as the sum of the recovery
factors of 2-naphthol and aniline, taking into
account the yield of N-phenyl-2-naphthylamine
(255.00 kg per operation, 96%)

=0.659/0.683 = 0.96 t/t
P, =0.424/0.474=0.89 tt
Jep=0.96+0.89 = 1.85 tt

Jen =159 1/t

Degree of utilization of generated waste

It is calculated as the share of regenerated
isobutanol and xylene in the total mass
of the waste (filtrate, washing solution, and
condensate). It can be calculated from the
material balance data for the regeneration
of the isobutanol/xylene mixture per operation.

J,p = (431.47 +50.60)/538.39 =
‘ =0.90 t/t

Jy, =031 tt

Degree of purification of emissions

There are no emissions into the atmosphere (Tables 24 and 27)

of harmful substances into the atmosphere

=0t

Joa =0t

Degree of purification of discharges into

There is no wastewater discharge (Tables 24 and 27)

water bodies

Jyp =01/t

Jy\ =0t

NH, HO §
. BSK
oo (16)

The condensation of 2-naphthol and aniline
was carried out at a temperature of 240 + 5°C until
the content of 2-naphthol was 0.8%. Aniline vapor
was partially returned to the reactor by reflux. The
reaction mass was neutralized with solid caustic soda.
Unreacted aniline was distilled off with live steam
until it was completely absent in the reaction mass.
The selection of the target N-phenyl-2-naphthylamine
was carried out in the form of a melt, followed
by distillation and flaking.

Regeneration of excess aniline that did not
react with 2-naphthol was carried out using vacuum
distillation and rectification methods. The extraction

of aniline from aniline water was carried out in
the process of rectification by azeotropic distillation,
followed by separation of the heteroazeotrope by
centrifugation.

Based on the calculated by us material balances,
the consumption coefficients for raw materials
andauxiliary materials (Table 26) and the generation
rate  of N-phenyl-2-naphthylamine production waste
using an alternative technology were determined (Table 27).

Next, we calculated comprehensive indicators
for comparing the developed and alternative
technologies and the final indicator for evaluating the new
technology for compliance with BAT principles (Table 28)
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Table 26. Consumption coefficients for raw materials and auxiliary materials in the N-phenyl-2-naphthylamine
production using an alternative technology

Expense coefficients
Name of raw materials Note
kg/operation t/t

1854.55 0.663 Without regeneration
Technical aniline (99.8%)

1185.99 0.424 With regeneration
2-Naphthol (98.5%) 1940.00 0.693 -
Benzenesulfonic acid (95%) 8.90 0.003 -
Technical sodium hydroxide (98.5%) 2.30 0.001 -

3500.00 1.250 Without regeneration
Water

2659.57 0.950 With regeneration
Water vapor 2238.24 0.800 -

Table 27. Waste generation standards, emissions, and discharges in the N-phenyl-2-naphthylamine production using
an alternative technology (with water and aniline regeneration)

A Production waste generation rate
ggregate state o ®
Type of waste of waste Composition Amount, %
kg/operation t/t
Filtrate, including: 100.00 121.099 0.433
2-Naphthol 0.09 0.114 0.0004
Sodium salt of bznzenesulfonlc 0.60 0.722 0.0026
Wastewater Liquid act
Sodium salt of sulfuric acid 0.02 0.029 0.0001
Water 95.06 115.117 0.4113
Impurities 4.23 5.118 0.0183
Wash water, including: 100.00 255.532 0.913
2-Naphthol 0.09 0.222 0.0008
Sodium salt of bznzenesulfomc 0.09 0.241 0.0009
Wastewater Liquid aci
Sodium salt of sulfuric acid 0.004 0.010 0.00004
Water 99.31 253.779 0.9067
Impurities 0.50 1.280 0.0046
VAT residue, including: 100.00 0.400 0.001
VAT residue Liquid
Resin 100.00 0.400 0.001
Water, including: 100.00 141.110 0.504
Wastewater Liquid Aniline 0.15 0.210 0.0008
Water 99.85 140.900 0.5034
Air emissions None
Wastewater discharges None
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Table 28. Comprehensive indicators and the final evaluation indicator of the developed N-phenyl-2-naphthylamine

production technology

Indicator

Calculation method and indicator value

Comprehensive indicator of comparison
of the main technological indicators of the
developed and alternative technologies K|

Due to the absence of emissions of harmful substances into
the atmosphere or discharges into water bodies for the technologies
under consideration, the formula for calculating the indicator
is transformed as follows:
Kl = AT,P/AT,A
K, =031/1.85=0.17

Comprehensive indicator of comparison
of additional technological indicators

Due to the absence of emissions of harmful substances into
the atmosphere for the technologies under consideration, no calculation
or comparison of the degree of purification of emissions
of harmful substances into the atmosphere is carried out.

of the developed and alternative technologies K,

K= Moty Mopt s L)

KA T KP O0.A" 0P B.A'"B.P

K, =(1.59/1.85+0.31/0.90 + 1.00/1.00)/3 = 0.73

Technology assessment outcome /

1=0.17+0.73=0.90

The value of the final technology assessment
indicator / = 0.90 << 2 supports the conclusion
that the  N-phenyl-2-naphthylamine  production
technology developed by us meets BAT principles
and is much more environmentally friendly [4]
compared to the alternative one implemented
in the USSR. The technology developed by us has
been implemented in Separate Plant No. 4; the
capacity of the experimental low-tonnage production
is 5000 kg/year.

An analysis of the evaluation of the developed
N-phenyl-2-naphthylamine ~ production  technology
determines it as highly efficient (K, = 0.17) and
having a high level of environmental friendliness
(K, = 0.73). The new technology is distinguished
by a significantly lower (almost 6 times) level of
waste generation compared to the alternative
technology implemented in the USSR, and is
also characterized by a high degree of resource
saving and recuperation of generated waste. The
obtained result is ensured by the adopted
technological solutions using the return of aniline
to the reaction sphere after the separation of the
condensed in florentine vapors of the azeotropic
aniline-water mixture, as well as the regeneration
of the mixture of solvents (isobutanol/xylene).

DISCUSSION

Based on the analysis of new low-tonnage
chemical production technologies developed at
GosNIIOKhT according to the criteria for achieving
environmental protection objectives using the
methodology  [4], the adopted technological
solutions for resource saving and environmental
protection are concluded to be highly effective.

The quantitative assessment methodology [4]
is based on determining achieved levels of
manufacturability and environmental friendliness
of new technologies along with the calculation
of comprehensive indicator for comparison with
alternative (BAT) technologies (Table 29). The
calculated values of the main technological indicators
characterize the achieved level of technology
efficiency: the lower the value of the K indicator,
the higher the efficiency of the new technology
compared to the existing alternative. In turn, the
values of additional technological indicators of
technologies  reflect the achieved level of
environmental friendliness of the technology, while
the criterion for the effectiveness of the development
(compared to the existing technology) also
consists in the achievement of the minimum values
of the K, indicator. The effectiveness of development
as a whole -characterizes the final indicator
of comparison [: the lower its value, the higher
the achieved degree of compliance of the new
technology with BAT principles and the current
level of development according to the criteria for
achieving the environmental protection objectives.

The current absence of BAT for the production
of  tetramethylthiuram  disulfide  (thiuram D),
N-cyclohexyl-2-benzothiazolylsulfenamide (sulfenamide C),
diisopropyl = xanthogen  disulfide  (diproxide
and N-phenyl-2-naphthylamine (neozone D) is
due to these materials having previously been
produced in the USSR.

As a result of the calculations, it was found that
all the new technologies developed by us in
accordance with BAT principles are environmentally
more advanced than those implemented earlier
during the Soviet period (Table 30). The most
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Table 29. Criteria for the development and evaluation indicators of new technologies in accordance with BAT principles

Criteria
for development
in accordance with BAT

with BAT principles

Evaluation indicators for developed and alternative production technologies in accordance

K, (achieved level

K, (achieved level

I (overall development

principles . environmental friendliness .
of technology efficiency) of the technology) efficiency)
Development efficienc K <1 K, <1 [<2
cveop y Reaching the minimum Reaching the minimum Reaching the minimum
criterion
values of K| values of K, values of 7

Characteristics
of development evaluation
indicators

Comprehensive indicator
of comparison of the main
technological indicators of

production technologies

Comprehensive indicator
of comparison of additional
technological indicators of
the developed and alternative
production technologies

Final indicator of the
comparison of the developed
and alternative production
technologies

Semantic content
of development evaluation

Level of waste generation,
air emissions and water

Degree of complexity and
completeness of the extraction
of useful components from
the feedstock, the use of waste
generated, the purification of

Degree of compliance
of the new technology
with BAT principles and
the current level of development

indicators discharges. S according to the criteria
emissions of harmful substances S S
. for achieving the objectives
into the atmosphere and . .
. . . of environmental protection
discharges into water bodies.
K <1. K,<1. [=<2.

Conclusion on the results
of the development
evaluation

The lower the K| indicator,
the higher the achieved level
of efficiency of the developed

technology compared to the

alternative.

The lower the K, indicator,
the higher the achieved level
of environmental friendliness
of the developed technology
compared to the alternative.

The lower /, the more
the developed technology
complies with BAT principles
and is more environmentally
friendly compared
to the alternative.

Table 30. Results of the quantitative assessment of the developed technologies for the production of materials in accordance

with BAT principles

Development evaluation

Subject of development—production technology

indicators
in accordance with
BAT principles

q N-cyclohexyl- -
Tetramfethylthluram 2-benzothiazolylsulfen- Dusopropyl xanthogen N-phenyl- ;
disulfide amide disulfide 2-naphthylamine

Development evaluation results

K, 0.11 0.06 0.98 0.17
K, 0.93 0.39 0.99 0.73
1 1.04 0.45 1.97 0.90

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(3):187-218

213



Assessment of resource-saving technologies in low-tonnage chemical industries ...

Table 30. Continued

Development
evaluation indicators
in accordance with
BAT principles

Subject of development—production technology

Tetramethylthiuram
disulfide

N-cyclohexyl-
2-benzothiazolylsulfen-
amide

Diisopropyl xanthogen
disulfide

N-phenyl-
2-naphthylamine

Conclusion on the results of the development evaluation:

Achieved level

of efficiency Very high Very high Comparable Very high
Achieved level

of environmental Comparable Very high Comparable High
friendliness

Overall development . . .
efficiency Very high Very high Comparable Very high
Compliance with BAT Yes Yes Yes Yes

principles

Identification of possible directions for development modernization

Solvent (water)

Possible modernization Regeneration of water
measures from waste (leachate) B recovery from waste B
(filtrate)
Reducing the specific Reducing the specific
indicator of production - indicator of production -
waste waste
Expected result of Increasing the utilization B Increasing the utilization B

modernization measures

of generated waste

of generated waste

Further improvement
of the environmental

Further increase
in efficiency and

friendliness of the environmental
development friendliness
effective  technological  solutions have  been N-cyclohexyl-2-benzothiazolylsulfenamide (/ = 0.45 << 2)
developed for the production of tetramethylthiuram and N-phenyl-2-naphthylamine (/ = 0.9 << 2).
disulfide (K, = 0.11 << 1), N-cyclohexyl- The developed new technology for the
2-benzothiazolylsulfenamide (K, = 0.06 << 1) production of diisopropyl xanthogen disulfide is
and N-phenyl-2-naphthylamine (K, = 0.17 << 1). characterized by the levels of manufacturability

The maximally efficient use of raw materials
and purification of emissions and discharges is achieved
by implementing the technologies for the production
of N-cyclohexyl-2-benzothiazolylsulfenamide
(K, = 039 < 1) and N-phenyl-2-naphthylamine
(K, = 073 < 1). The achieved Ilevels of
manufacturability (K|) and environmental friendliness
(K, provide a high level of efficiency and
compliance with BAT principles for the production
of tetramethylthiuram disulfide (I = 1.04 << 2),

(K, = 098 = 1) and environmental friendliness
(K, = 099 = 1) comparable with the alternative
option. The efficiency of the developed technological
solutions is also comparable with the -efficiency
of the alternative (/ = 1.97). Nevertheless, compliance
with the development efficiency criterion (/ = 1.97 < 2)
supports the conclusion that the new technology
offers some advantage in terms of achieved resource
saving and environmental protection in accordance
with BAT principles.
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A possible direction for the modernization
of this development consists in the search for
new technological solutions for the recovery of

a solvent (water) from waste (filtrate), which
will increase its efficiency and environmental
friendliness by reducing the specific indicator

of waste production and enhancing the utility of
generated wastes.

CONCLUSIONS

The introduction of modern low-tonnage
chemical production technologies on an industrial
scale is a complex system task, whose successful
solution is ensured by the achievement of high
levels of efficiency, safety and quality of
development. Decisions on the prospects for
industrial implementation of possible new technologies
should be made based on the results of their
analysis according to criteria for determining the
result achieved during implementation, as well
as compliance with regulatory and legislative
requirements. An objective assessment must have
a scientific methodological basis that takes
technological, economic and environmental factors
into account, as well as an algorithm for evaluating
achieved indicators, comparing them with the target
ones, and drawing a conclusion about the level
of development.

To assess the compliance of new technologies
with modern environmental requirements, we have
developed a “Methodology for the quantitative
assessment of new technologies for the production
of organic substances in accordance with BAT
principles,” which is used in the development process to
make decisions on resource saving and waste reduction.

On the example of low-tonnage technologies
for the production of tetramethylthiuram disulfide,
N-cyclohexyl-2-benzothiazolylsulfenamide, diisopropyl
xanthogen disulfide and N-phenyl-2-naphthylamine
created at GosNIIOKhT, the quantitative assessment
of new technologies based on the calculation of
comprehensive indicators of comparison  with
alternative technologies by technological (quantity
waste, emissions and discharges) and environmental
indicators (the degree of use of raw materials and

waste and the effectiveness of measures to clean up
gas emissions and discharges into water bodies) is
shown to be useful for assessing the compliance of
new technologies with BAT principles, as well as
determining the directions for modernizing existing
industries.

The developed “Methodology for a comprehensive

assessment of possible technological solutions
according to the criteria of economic and
environmental  efficiency,” along  with  the

“Methodology for the quantitative assessment of
new technologies for the production of materials
in accordance with BAT principles” allowed us
to create a methodological basis for use at the
stage of making basic technological decisions on
the introduced production method to ensure a high
level of economic and environmental efficiency, as
well as fulfilling legal requirements for technologies
used in the field of environmental safety for achieving
environmental protection objectives.
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