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Abstract: The pesticide industry is one of the primary industries with large and complex VOC
emissions. The present study examined the emission characteristics and whole-process control of
VOCs in the pesticide industry in China by reviewing pollutant discharge permits, questionnaires, and
site investigations. After evaluating the effectiveness of current treatment technologies, the potential
of VOC emission reduction in China was analyzed. The results indicate that there are 41 key VOC
substances in the pesticide industry that should be given considerable attention. Among treatment
facilities, incineration was found to be the most efficient technology, with a removal rate of 53–98%
and coverage rate of 23.3%. Multistage absorption–adsorption is a universal technology that had a
removal rate of 35–95% and coverage rate of 64.14%. Multistage absorption was used most frequently,
with a coverage rate of 71.99%, but its removal rate was between 16 and 85%. Pesticide factories were
divided into three levels according to their pollution control capability; the comprehensive removal
rates of benchmark, moderate, and poor factories were 81%, 46%, and 8%, respectively, and the
emission reduction ratios for high, moderate, and low targets were 41.55%, 32.12%, and 24.32% with
corresponding emission reduction costs of $0.653, $0.505, and $0.038 billion/year. The results and
prospects from this study will provide support for policy development in industrial VOC emission
control in China during the “14th Five-Year Plan” period.

Keywords: volatile organic compound; reduction potential; pesticide industry

1. Introduction

The efforts to mitigate and control air pollution during the 13th Five-Year Plan period
in China have achieved remarkable results, as air quality has significantly improved [1]. In
2020, the proportion of days with good air quality nationwide was 87%, which is an increase
of 5.8% from 2015 [2]. However, the concentration of fine particles (PM2.5) remains high and
the concentration of ozone (O3) is slowly increasing, which are the most important factors
affecting air quality [3–5]. Volatile organic compounds (VOCs) are the key precursors for the
formation of ground-level O3 and atmospheric PM2.5 [6,7]. This implies that the abatement
of VOC emissions should be one of the priorities in improving China’s air quality.

A global VOC emission inventory concluded that the organic chemical industry was
one of the main sources of emissions [8]. Moreover, industrial emissions are the main source
of anthropogenic VOCs in the atmosphere in China [9–11]. Many studies have confirmed
that solvents dominate among industrial VOCs [12,13], and a large number of solvents
are applied during the production of pesticides [14,15]. The pesticide production industry
contributes significantly to VOC emissions through the organic chemical industry in China,
which is due to to the fact that China is both the largest producer and largest consumer of
pesticides worldwide [16]. The chemical synthesis process within the pesticide industry is
extremely complex, as large quantities of many organic and inorganic raw materials, organic
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solvents, and catalysts are used to produce organic products, intermediates, and other
substances. There are various volatile and highly toxic substances involved in pesticide
manufacturing, including aromatic hydrocarbons, esters, ethers, ketones, and aldehydes,
which can cause a plethora of health problems [17–20].

Recently, a number of studies have focused on establishing VOC emission inven-
tories to quantify and characterize pollutant emissions at national, regional, and city
scales [21–25]. In 2021, China issued a notice of accelerating the resolution of the current
prominent problems regarding the treatment of VOCs, which regulated that all regions
should focus on key VOC emission industries. The emissions of the pesticide factories in
China need to comply with the “Emission standard of air pollutants for pesticide industry”
(GB 39727-2020) [26]. However, there is still a lack of analysis on the emission characteristics
and whole-process control of the key industries in China, such as the pesticide industry.
No reports have studied the reduction potential of the pesticide industry in China during
the 14th Five-Year period.

The main objectives of this study were (1) to identify the characteristics of VOC
emissions and the status of management and control in the pesticide industry in China,
(2) to evaluate the effectiveness of current treatment technologies, and (3) to analyze the
potential of VOC emission reduction in China. The results and implications from this
study will provide support for VOC management for the prevention and control of ozone
pollution in China during the “14th Five-Year Plan” period, which demands that new
progress in ecological civilization construction be achieved.

2. Materials and Methods
2.1. Study Objects

The number of pesticide manufacturing factories in China is approximately 1500~1700,
of which approximately 400~500 are original pesticide manufacturers. At present, pesticide
factories are mainly distributed among the four provinces of Jiangsu, Shandong, Henan,
and Hebei in the central and eastern regions of China, shown in Figure S1. To ensure the
representativeness of the study objects, the selected pesticide production factories covered
different production types (chemical original pesticides, biological original pesticides, and
pesticide formulations) and regions.

2.2. Data Collection

The data on VOC treatment facilities in pesticide production factories were obtained
from pollutant discharge permits for 385 factories, questionnaires and information lists
for 48 factories, and site investigations of 16 factories. The basic factory information
collected included engineering and construction technical data, daily operation technical
data, investment costs, operation costs, and self-monitoring VOC emission data.

When entering a factory, a VOC portable detector, anemometer, and other equipment
were used to determine the VOC concentration and wind speed at production units, storage
tanks, confined spaces, wastewater treatment plants, and other locations to find weak points
in the control of VOCs in pesticide production factories. If a factory lacked environmental
monitoring data, a supplementary monitoring plan was developed to obtain the import and
export concentrations of the VOC treatment facilities, employing the determination method
in the standard entitled “Stationary source emission—Determination of total hydrocarbons,
methane and nonmethane hydrocarbons—Gas chromatography” (HJ 38-2017) [27].

2.3. Methodology
2.3.1. Collection Rate of Exhaust Gas

The key steps associated with fugitive emissions were solid–liquid separation and
feeding/discharging. Due to the suction effect of the collection system, the air enters from
the tuyere from all directions and converges to the external receiving hood. The external
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receiving hood sucks in the airflow and the harmful gas at the same time. The collection
rate of the exhaust-gas collection system is calculated by the formula as follows [28]:

α =
Q × C

qm
× 100%. (1)

where α represents the collection rate of exhaust gas, Q represents the volume of the air
collecting hood (m3/s), C represents the average concentration of VOCs at the mouth of
the hood (kg/m3), and qm. represents surface volatilization rate of VOCs (kg/s).

2.3.2. Facility Removal Rate

There are many types of terminal VOC treatment technologies with different scopes of
application and treatment efficiencies. For factories that had a sampling port for exhaust
gas before treatment, samples before and after treatment were collected at the same time,
and the facility removal rate was calculated according to the quantitative total nonmethane
hydrocarbon concentration. The calculation formula is as follows [29]:

β =
Q1 × C1 − Q2 × C2

Q1 × C1
× 100% (2)

where β represents the facility removal rate, Q1. represents the volume of the inlet exhaust
gas (m3/h), C1 represents the concentration of the inlet exhaust gas (kg/m3), Q2 represents
the volume of the outlet exhaust gas (m3/h), and C2. represents the concentration of the
outlet exhaust gas (kg/m3).

2.3.3. Facility Commissioning Rate

For factories with online monitoring or central control system facilities, the commis-
sioning rate of the pollution control facilities were verified through online monitoring and
central control system data if possible. For treatment facilities equipped with independent
electricity meters, the commissioning rate was calculated by the following formula:

γ =
P

T × W
× 100%. (3)

where γ represents the facility commissioning rate, which is the ratio of the actual value
to the design reference value under the same reference (power or dosage of agent); P
represents the power consumption of the management facilities (MKW/a); T represents
the facility operation time (h/a); and W represents the device rated power (KW).

2.3.4. Comprehensive Facility Removal Rate

The comprehensive facility removal rate was calculated by the following formula:

η = α × β × γ. (4)

where η represents the comprehensive facility removal rate, α represents the collection
rate of exhaust gas, β represents the facility removal rate, and γ represents the facility
commissioning rate.

2.4. Design Scenario

According to the different pollution-control capabilities of pesticide manufacturing
factories, the grading standards are determined by the aspects of equipment level, collection
method of exhaust gas, treatment facilities, and daily management. Factories were divided
into three levels, including benchmark factories (referred to as “benchmark”), medium
governance level factories (referred to as “moderate”), and factories with poor governance
(referred to as “poor”), which are used to reasonably estimate the exhaust-gas collection
rate, facility removal rate, and facility commissioning rate of factories in different categories.
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Based on the differences in the overall equipment levels of regional pesticide factories,
the proportions of benchmark, moderate, and poor factories were 15%, 50%, and 35%,
respectively, in the provinces of Jiangsu and Zhejiang. The proportions of benchmark,
moderate, and poor factories were 10%, 40%, and 50%, respectively, in the Shandong
province. In other provinces that were hypothesid to be similar to one another, benchmark
factories were not identified, and the proportions of moderate and poor factories were 30%
and 70%, respectively. Therefore, the overall proportions of benchmark, moderate, and
poor factories at the national level were 9.2%, 41.3%, and 49.5%, respectively. According to
the “14th Five-Year Plan” VOC emission reduction requirements and the actual situation of
the pesticide industry, the number and scale of pesticide factories in China will remain un-
changed, and the emission reduction of VOCs will be achieved through self-improvement.
Three different target levels were set as shown in Table 1.

Table 1. Three different levels of VOC emission reduction targets in pesticide factories in China.

Target Levels
Proportion of Factories (%)

Benchmark Moderate Poor

Low 20 65 15
Moderate 30 60 10

High 40 58 2

The exhaust gas collection rate α, facility commissioning rate β, and facility removal
rate γ of benchmark, moderate, and poor factories were calculated to obtain the correspond-
ing comprehensive removal rate η. Based on the proportion of benchmark, moderate, and
poor factories under different targets, the VOC emissions under each target were calculated,
and the difference between the current VOC emissions and the VOC emissions under each
target was considered the emission reduction.

EReduction = Ecurrent − Eproduce(abenchmark ∗ (1 − ηbenchmark) + amoderate ∗ (1 − ηmoderate) + apoor ∗
(
1 − ηpoor

)
. (5)

where Ecurrent represents the current VOC emissions, Eproduce represents the VOC produc-
tion, ηbenchmark, ηmoderate, and ηpoor represent the comprehensive removal rates of bench-
mark, moderate, and poor factories, and abenchmark, amoderate, apoor represent the proportions
of benchmark, moderate, and poor factories under different targets.

3. Results and Discussion
3.1. Characteristics of VOC Pollution in the Pesticide Manufacturing Industry

Due to the use of inorganic substances, the transformation of solid products, and
the use of combustion treatment facilities, pesticide waste gas is generally a mixture of
inorganic and organic pollutants. Therefore, a combined process is generally used for the
actual treatment of organic waste gas, and inorganic pollutants are firstly treated to reduce
the impact of organic waste gas treatment facilities.

Due to the characteristics of pesticide industry processes, the reuse value of VOC
organic waste gas is high. First, waste gas is condensed and recovered in the production
workshop, and then it enters the terminal treatment facilities in the factory, clearly demon-
strating a two-stage characteristic. Additionally, exhaust gas emissions in the pesticide
industry are synchronized with production, which has intermittent characteristics, so there
are occasional cases where high-concentration exhaust gas exceeds the standard during
the VOC treatment process. The process flow diagram of the pesticide factory is shown in
Figure 1. The characteristics of VOC emissions in the pesticide industry are summarized in
Table 2.
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Table 2. Characteristics of VOC emissions in the pesticide industry.

Process Generating Point Cause Emission Characteristics Emission Form

Discharge
Concentration after

Collection and
Treatment (mg/m3)

Feeding Feeding port
The feeding port is

connected to the
reactor

Normal temperature and
pressure, intermittent

discharge

Organized/fugitive
emissions <10

Reaction Reactor, washing
kettle, etc.

Displacement,
purging and other

processes

High temperature,
atmospheric or high

pressure, intermittent
discharge

Organized
emissions 5~110

Refining

Distillation tower,
rectification tower,

crystallization tank,
etc.

Discharge during
replacement, purging,

material in- and
outflow, etc.

High temperature,
atmospheric pressure,
intermittent discharge

Organized
emissions 5~110

Separation Filter presses,
stratification facilities

Processes such as
open filter presses

Normal temperature,
normal pressure,

intermittent discharge

Organized/fugitive
emissions 5~110

Filling Discharge port,
product filling, etc. Product discharge

Normal temperature,
normal pressure,

intermittent discharge

Organized/fugitive
emissions <10

Storage

Breathing valve of
the organic liquid

storage tank at
atmospheric pressure

Tank breathing
Normal temperature,

normal pressure,
intermittent discharge

Organized/fugitive
emissions <10

Wastewater
treatment

Open liquid surface
in wastewater

treatment facilities
Liquid escape

Normal temperature,
normal pressure,

continuous discharge

Organized/fugitive
emissions <10

Loading Open mouths of
tankers etc.

Exhaust gas
discharge due to

internal and external
gas phase balance

Normal temperature,
normal pressure,

intermittent discharge

Organized/fugitive
emissions <10

Hazardous waste
storage

Hazardous waste
warehouse, raw

material warehouse

Escape caused by
poor packaging

Normal temperature,
normal pressure,

continuous discharge

Organized/fugitive
emissions <10

Vacuum system
Wet vacuum system,

circulating water
tank

VOC escape from
circulating water

Normal temperature,
normal pressure,

continuous discharge

Organized/fugitive
emissions

Fugitive emissions
caused by improper
management >3000

Circulating water
system

Open circulating
water equipment

VOC escape from
circulating water

Normal temperature,
normal pressure,

continuous discharge
Fugitive emissions

High VOC emissions
caused by improper

management

Note: The discharge concentration of VOC in terms of the nonmethane hydrocarbons (NMHC) is 100 mg/m3 in
“Emission standard of air pollutants for pesticide industry” (GB 39727-2020) [26].

The summarized discharge concentrations in Table 2 represent the values after collec-
tion and treatment. The general collection methods in the pesticide industry are relatively
extensive at present, with an average collection rate of 50–60%. However, discharges at
many link points cannot be effectively collected, as more than 90% use cold upper and
side suction hoods, approximately 80% use direct connections between the equipment and
outlet, approximately 40% use airtight collection in workshops or closed rooms, approxi-
mately 60% are collected in semi-airtight hoods or fume hoods, and approximately 30% are
collected in hot upper suction hoods, leading to the characteristics of large air volume and
low concentration of organic waste gas.
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3.2. List of Key VOC Substances in Pesticide Manufacturing Industry

The list of key VOC substances in the pesticide manufacturing industry was based
mainly on the characteristics of industrial production and discharge, solvent use, current
control standards [26], maximum incremental reactivity (MIR) value of substances, health
risk, and so on [30–33].

Organic solvents used in pesticide manufacturing are one of the main VOC substances
emitted. The characteristic pollutants that are routinely monitored by factories are benzene,
toluene, xylene, methanol, formaldehyde, chlorobenzene, phenols, acetone, acetonitrile,
ethyl acrylate, etc. According to the use frequency of more than 40 kinds of pesticides, the
top seven organic solvents are toluene, methanol, xylene, ethanol, dichloroethane, benzene,
and acetonitrile. The VOCs regulated by current standards mainly include phosgene,
acrylonitrile, benzene, benzene series compounds, formaldehyde, phenols, chlorobenzenes,
and methanol. The key VOC substances selected after careful screening are shown in
Table 3.

Table 3. List of key VOC substances in the pesticide manufacturing industry.

Type Key VOC Substances Origins Screening Evidence

Alkanes Cyclohexane, n-hexane, n-heptane,
methylcyclohexane Intermediates, raw materials Refer to active substance lists [30–33]

Olefins

Acrylonitrile Raw materials High MIR value [34,35]; pungent odour

Propylene, isoprene, ethylene,
1-pentene, cyclopentene,

trans-3-heptene,
trans-1,3-dichloropropene, cyclohexene,

styrene, isopentene

Intermediates, raw materials Refer to active substance lists [30–33]

Aromatic
hydrocarbons

Benzene series (benzene, toluene,
xylene)

Raw materials, solvents,
contaminants

Benzene: carcinogenicity class I (high
toxicity)

Toluene: high MIR value; large amount
used as solvent

Xylene: high MIR value; large amount
used as solvent [34,35]

m/p-xylene, o-xylene,
m-diethylbenzene, naphthalene Intermediates, raw materials Refer to active substance lists [30–33]
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Table 3. Cont.

Type Key VOC Substances Origins Screening Evidence

Oxygenated
hydrocarbons

Formaldehyde Raw materials and byproducts
Carcinogenicity class I; high MIR value;
inhalation toxicity class I; low olfactory

threshold [34,35]

Glyoxal, propionaldehyde, acrolein,
n-butyraldehyde, n-butanol, n-hexanal,
3-methoxy-1-butanol, methyl isobutyl

ketone, ethanol, cyclohexanone,
n-propyl acetate, Methyl tert-butyl ether,

methanol, ethyl acetate, isopropanol

Intermediates, raw materials Refer to active substance lists [30–33]

Halogenated olefins Trichloroethylene Intermediates, raw materials Refer to active substance lists [30–33]

Phenols Phenols Raw materials Industry standard requirements, no MIR
value yet

Chlorobenzenes Chlorobenzenes Byproduct Industry standard requirements, no MIR
value yet

3.3. VOC Treatment Technologies in Pesticide Manufacturing Industry
3.3.1. Proportion of VOC Treatment Technologies Used

The usage of VOC treatment facilities was summarized according to the pollutant
discharge permits of 385 pesticide manufacturing factories, as shown in Figure 2. Organic
waste gas treatment in the pesticide manufacturing industry mostly adopts combined
processes, among which absorption and adsorption processes are used most often, with
frequencies of 71.99% and 64.14%, respectively; incineration follows with a frequency
of 23.30%; photocatalytic oxidation, plasma, ultraviolet photolysis, and other inefficient
technologies are used less, with frequencies of 6.28%, 2.88%, and 2.36%, respectively. From
the statistics above, it can be seen that most of the VOC treatment methods in the pesticide
industry adopt a combined absorption–adsorption technique.
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3.3.2. Facility Removal Rates of VOCs

The VOC removal rates of the common and combined processes were assessed in
terms of historical facility removal rates, VOC treatment facility removal rates in the pesti-
cide industry from the second pollution-source census of China, and our supplementary
monitoring data, all of which are shown in Table 4. According to the “Emission Standard
of Air Pollutants for Pesticide Manufacturing Industry” (GB39727-2020) [26], the removal
rate of VOC treatment facilities in the pesticide industry should not be less than 80%. The
recommended combined processes and removal rates of specific pollutants are shown in
Table 5.
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Table 4. VOC removal rates by common compliant and combined processes in the pesticide manufac-
turing industry.

Facility Coverage Rate

Facility Removal Rates of VOCs (In Terms of Total
Nonmethane Hydrocarbons) (%)

Concentration I
(>250 mg/m3)

Concentration II
(20~250 mg/m3)

Concentration III
(<20 mg/m3)

Incineration (RTO) 23.3% 98 82 53
Multistage absorption and adsorption 64.14% 95 65 35

Multistage absorption 71.99% 85 51 16

Table 5. Recommended combined processes and removal rates of specific pollutants.

Specific Pollutants Recommended Combination Process Removal Rate/%

Benzene One-stage alkali absorption + RTO 99
Acrylonitrile Alkali absorption 95

Xylene

Two-stage falling film + two-stage lye absorption + one-stage activated carbon
adsorption 90

Two-stage 5 ◦C water-cooled treatment +activated carbon adsorption and desorption 90
One-stage absorption with water spray + one-stage alkali absorption + one-stage

activated carbon adsorption 95

Phosgene

Alkali absorption + RTO 99
Two-stage absorption with falling water film + two-stage hot water catalytic light

breaking absorption + one-stage absorption with falling water film + one-stage alkali
absorption in packed tower

95

Toluene
Activated carbon adsorption 98

Condensation absorption 80
Secondary falling film absorption + activated carbon adsorption 95

Formaldehyde
One-stage alkali absorption + RTO 98

Water absorption 90
Secondary falling film absorption + activated carbon adsorption 95

According to Tables 4 and 5, the efficiency of treatment facilities decreases signifi-
cantly with reduction in organic waste gas concentration, so the large volume and low
concentration of pesticide organic waste gas make it difficult for treatment facilities to
achieve the intended removal effect. Furthermore, the detected concentrations of pesticide
organic waste gas are still extremely low, partly because the responsiveness of some specific
VOCs is low when employing a hydrogen-flame ionization detector (FID) to determine the
nonmethane total hydrocarbon, meaning that the results are generally low when analyzing
oxygenated volatile organic compounds [36]. In addition, the removal effect of treatment
facilities is inevitably related to the quality and brand of the equipment used.

It should be emphasized that some raw and auxiliary materials in the pesticide in-
dustry have a relatively low odor threshold and a large amount of unorganized emissions,
which can easily lead to complaints and discomfort. Inefficient VOC treatment systems,
such as photocatalytic oxidation and low-temperature plasma, are more effective than other
systems in the removal of odorous substances. Therefore, the use of such VOC treatment
facilities can be encouraged under certain conditions.

3.3.3. Collection Rate of Exhaust Gas

The collection rate of exhaust gas in the pesticide industry was derived from the
collection rate reported in the second pollution-source census, along with the published
standards and industry manuals, and the results are shown in Table 6.
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Table 6. Collection rate of VOCs in the pesticide industry.

Collection Method Coverage Rate % Collection Rate % The Conditions that Must Be Met to Reach the Upper
Limit Efficiency, Otherwise the Limit Is Calculated

Direct connection to
the exhaust gas

outlet of the
equipment

Approximately 80% 80~95

The equipment has a fixed discharge pipe (or port)
directly connected to the air duct. The equipment is
completely sealed, leaving only the product inlet and
outlet open, and there are exhaust gas collection measures
at the inlet and outlet. When the collection system is
running, hardly any VOCs are emitted around it.

Confined collection
in workshop or

closed room
Approximately 40% 80~95

The roof is cast in place, and the surrounding walls, doors,
and windows have good airtightness. The total air
volume collected ensures a slight negative pressure at the
opening (the suction wind speed at the open section is not
less than 0.5 m/s), and exhaust gas is not leaked.

Semi-closed hood or
fume hood Approximately 60% 65~85

At the point (surface) of pollutant generation, the
controlled wind speed towards the suction port shall not
be less than 0.5 m/s.

Hot upper suction
hoods Approximately 30% 30~60

At the point (surface) of pollutant generation, the
controlled wind speed towards the suction port shall not
be less than 0.5 m/s. “Hot” refers to the temperature of
the gas emitted by the pollution source, which must be
≥60 ◦C.

Cold upper suction
hoods >90% 20~50

At the point (surface) of pollutant generation, the
controlled wind speed towards the suction port shall not
be less than 0.5 m/s. “Cold” refers to the temperature of
the gas emitted by the pollution source, which must be
<60 ◦C.

Side suction hoods >90% 20~40

At the point (surface) of pollutant generation, the
controlled wind speed towards the suction port shall not
be less than 0.5 m/s, and the distance between the suction
hood and the far end of the pollution source shall not be
greater than 0.6 m.

3.3.4. Emission Reduction Benefit and Economic Evaluation

The investment cost, operating cost, emission concentration, design air volume, design
removal rate, and other information related to VOC treatment facilities at eight pesticide-
manufacturing factories were investigated.

The investment cost of regenerative thermal oxidation (RTO) in the pesticide indus-
try was high; the main equipment cost was approximately $0.51 million to $2.66 million
according to the air inlet volume, excluding pipelines and other renovation costs, so the
equipment cost per 10,000 cubic meter of air volume was approximately $0.36 million. In
addition to technical integration and operational stability, the cost of RTO is determined
by the materials of the RTO frame (such as corrosion-resistant materials), the materials in
the heat storage components (such as cordierite, mullite, and alumina), and the preheating
device. According to the statistics, the annual operating cost of RTO accounts for approxi-
mately 25~30% of the one-time investment. It is estimated that the annual VOC emission
reduction of RTO with 40,000 cubic meters of air volume is 187.51 tons. Furthermore, the
investment cost of other combustion treatment facilities, such as catalytic combustion with
20,000 cubic meters of air volume, was $0.40 million, and the operating cost accounted for
approximately 27% of the one-time investment.

Regarding unorganized source collection, the investment cost of capping the wastewa-
ter treatment facility was approximately $0.088 to $0.89 million, including the cost of the
pipeline or treatment facilities. The cost associated with gas-phase balance in the volatile
organic liquid storage tank was approximately $0.028 million, and that of the gas-phase
equilibrium device, including adsorption, was approximately $0.41 million. Different
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facilities in a plant have different costs for airtight transformation, the investment costs of
which are $0.12 to $0.55 million. The cost of pipelines is related to the length, diameter, and
material of the pipe itself, and the installation cost is approximately 80% of the material cost.

In summary, the emission reduction benefits and economic evaluations of different
treatment facilities in the pesticide industry based on the characteristics of the surveyed
factories are shown in Table 7.

Table 7. Emission reduction benefits and economic evaluation of different treatment facilities in the
pesticide industry.

Technology
Depreciation Cost
(Ten Thousand US

Dollars)

Operating Cost
(Ten Thousand US

Dollars)

Comprehensive
Cost (Ten Thousand

US Dollars)

VOC Treatment
Amount (t/a)

Unit VOC
Reduction Cost
(US dollars/ton)

RTO (low cost) 31.08 8.88 39.96 88.2 4530.28
RTO (high cost) 68.08 34.04 102.12 187.51 5446.40

Multistage absorption and
adsorption 6.66 3.7 10.36 32.47 3190.88

Multistage absorption 5.92 0.74 6.66 20.06 3319.64

3.4. VOC Emission Reduction Potential of the Pesticide Manufacturing Industry

According to the investigation of the actual production status of typical pesticide
factories, different production processes and equipment levels will lead to different VOC
proportions in each pollution-producing node. After comprehensive analysis, the VOC
emission proportion of each node was determined and results are shown in Figure 3. The
reaction waste gas includes two parts, equipment-venting waste gas and vacuuming waste
gas, the latter of which is included in the vacuum system.
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Figure 3. Nodes and proportions of VOC pollution in the pesticide industry. (Others: hazardous
waste temporary storage, dynamic and static equipment sealing, process sampling, circulating
water system).

Benchmark factories have relatively high degrees of airtightness, pipeline quality,
and process automation, and the collection rate should meet or exceed the requirements.
The values for moderate and poor factories were appropriately decreased. The adjusted
collection rates of VOCs in the pesticide industry, shown in Figure 4 and Table S1, were
calculated by reviewing and revising the data based on the actual use of collection and
processing facilities.
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Figure 4. Evaluation for collection rate of VOCs in pesticide industry. (A: preparation, feeding,
and reaction process; B: solid-liquid separation; C: drying; D: solvent recovery, vacuum system;
E: packaging; F: solvent storage and transportation; G: others, including hazardous waste temporary
storage, dynamic and static equipment sealing, process sampling, circulating water system).

The measures taken by benchmark factories generally include a variety of combined
processes, and the overall efficiency should be higher than the required treatment rate. The
adjusted facility removal rates of VOCs in the pesticide industry are shown in Figure 5 and
Table S2.
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In principle, facilities should meet the requirements of 100% use, but the effective
utilization rate of facilities decreases due to factors such as untimely addition of chemicals,
untimely replacement or regeneration of adsorbents, and untimely maintenance of com-
bustion facilities. The facility commissioning rates are 95%, 80%, and 50% for benchmark,
moderate, and poor levels in the entire evaluation node, which are presented in Table S3.

Based on the values of α, β, and γ in Tables S1 and S2, the comprehensive removal
rates of benchmark, moderate, and poor factories in the pesticide industry were calculated
as 86%, 51%, and 10%, respectively, as shown in Table 8. Considering that some factories are
not fully covered by collection and treatment facilities, the comprehensive removal rates of
factories calculated based on individual processes were too high and required adjustment.
The adjustment coefficients of benchmark, moderate, and poor factories were 0.94, 0.9,
and 0.8, respectively. After adjustment, the comprehensive removal rates of benchmark,
medium, and poor factories were 81%, 46%, and 8%, respectively.

Table 8. Classification of comprehensive removal rates in the pesticide industry (B represents
benchmark, M represents moderate, and P represents poor).

Evaluation Node
Proportion

of VOC
Pollution

Estimated Exhaust
Gas Collection

Rate/Type of Factory

Estimated Facility
Commissioning

Rate/Type of Factory

Estimated Facility
Removal Rate/Type

of Factory

Estimated
Comprehensive Removal

Rate/Type of Factory

B M P B M P B M P B M P

Preparation, feeding
and reaction process 5% 95% 75% 0 95% 80% 50% 95% 75% 30% 86% 45% 0%

Solid–liquid separation 20% 95% 75% 60% 95% 80% 50% 95% 75% 30% 86% 45% 9%
Drying 30% 95% 85% 75% 95% 80% 50% 95% 75% 30% 86% 51% 11%

Solvent recovery,
vacuum system 35% 98% 95% 85% 95% 80% 50% 95% 75% 30% 88% 57% 13%

Packaging 3% 95% 85% 0 95% 80% 50% 95% 75% 30% 86% 51% 0%
Solvent storage and

transportation 2% 95% 75% 50% 95% 80% 50% 95% 95% 0 86% 57% 0%

Sewage station 2% 90% 75% 10% 95% 80% 50% 90% 60% 30% 77% 36% 2%
Others 3% 90% 75% 0 95% 80% 50% 95% 60% 30% 81% 36% 0%

Whole plant evaluation 86% 51% 10%

According to different emission reduction target stages, the emission reduction ratios of
the high, moderate, and low targets were 41.55%, 32.12%, and 24.32%, respectively, and the cor-
responding emission reduction costs were $0.653, $0.505, and $0.038 billion/year, respectively.

4. Conclusions and Prospects

The pesticide industry can be divided into three categories: chemical raw material pro-
duction, biological raw material production, and formulation production. The VOC emis-
sion nodes mainly include preparation and feeding, the reaction process, solid–liquid sepa-
ration, drying, solvent recovery, the vacuum system, dynamic and static equipment sealing,
process sampling, packaging, storage and transportation, sewage treatment, the circulating
water system, and temporary storage of hazardous waste. After careful screening, 41 key
VOC substances were selected: formaldehyde, acrylonitrile, benzene series compounds
(benzene, toluene, and xylene), phenols, chlorobenzenes, glyoxal, propylene, isoprene,
ethylene, m/p-xylene, o-xylene, acrolein, 1-pentene, m-diethylbenzene, propionaldehyde,
cyclopentene, trans-3-heptene, n-butyraldehyde, n-butanol, trans-1,3-dichloropropene, cy-
clohexene, n-hexanal, 3-methoxy-1-butanol, naphthalene, methyl isobutyl ketone, styrene,
methylcyclohexane, ethanol, isopentene, cyclohexanone, cyclohexane, n-hexane, n-heptane,
n-propyl acetate, methyl tert-butyl ether, methanol, trichloroethylene, ethyl acetate ester,
and isopropanol.

Factories in the pesticide industry can be divided into three categories, corresponding
to benchmark, moderate, and poor governance levels, which account for 9.2%, 41.3%, and
49.5% of the national total, respectively, and have comprehensive removal rates of 81%,
46%, and 8%. According to the estimated emission reduction potential, under the high,
medium, and low emission reduction targets during the “14th Five-Year Plan” period,
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the emission reduction rates of VOCs in the pesticide industry are 41.55%, 32.12%, and
24.32%, respectively, and the corresponding emission reduction costs are $0.653, $0.505,
and $0.038 billion/year.

As mentioned previously, there are more benchmark factories in the Jiangsu and
Zhejiang provinces, followed by Shandong, and the proportion of poor factories is higher
in other provinces, especially in the western provinces. Therefore, in order to achieve the
target, the improvement of pollution prevention level of the pesticide industry is urgent in
provinces, except for those in the southeast. From the perspective of the treatment effect,
the efficiency of incineration is the best, generally above 99%, but the input and operating
costs of this method are the highest. For the factories that use multistage absorption and
activated-carbon adsorption, which accounts for the highest proportion, attention should
be paid to the activated carbons with different specifications or different iodine values,
which can have a significant impact on the adsorption effect. Furthermore, the replacement
frequency of activated carbons is closely related to processing efficiency.

According to the overall process supervision approach of “source reduction-process
control-endpoint treatment-daily management”, there are several effective methods for
lowering pollution levels in the pesticide industry. (1) Source reduction: encourage enter-
prises to use nonhalogenated hydrocarbons, nonaromatic hydrocarbons, high-solids, and
high-boiling point solvents; promote green production processes such as the water-phase
method and biological enzymatic synthesis, especially for preparation factories; promote
solvents with a high boiling point and low photochemical potential to reduce the environ-
mental impact in the life cycle. (2) Process control: combined with equipment upgrades,
improve the airtightness of equipment in storage, transportation, feeding, solid–liquid
separation, drying, vacuum system, packaging, solvent storage and transportation, etc.
and reasonably design air collection devices for a rational air volume; in principle, avoid
overall ventilation air collection in the workshop and avoid situations where an excessive
air volume cannot be controlled. (3) Endpoint treatment: accelerate the elimination of
inefficient single treatment methods and adopt reasonable treatment technology. Adopt
adsorption regeneration as a recommended pretreatment for halogenated hydrocarbon
and aromatic hydrocarbon waste gas in principle. Eliminate the use of photo-oxidation
and activated carbon adsorption, water spray and activated carbon adsorption, disposable
activated carbon adsorption and other processes as end-of-line treatment measures in the
treatment of VOC waste gas generated from the production of technical materials and
intermediates. Encourage the use of RTO or integrated incineration of waste gas and waste
liquid for efficient treatment. (4) Daily management: in view of the intermittent production
schedule of pesticide factories and the poor results of conventional leak detection and
repair (LDAR) testing, an unannounced inspection system should be established. Sampling
inspections will be carried out at selected points; if the number of points exceeds the
standard, corresponding punitive measures can be taken to improve the effectiveness of
LDAR detection.

Due to the refined pesticide industry emission standards of China, the advanced
issuance of pollutant discharge permits, and the tightened requirements for VOCs emission
reduction of the factory, the pollution prevention and control level of most pesticide factories
is difficult to adapt to the needs of the environmental situation. This paper estimated the
emission reduction ratios and the corresponding emission reduction costs through the
statistics of pesticide industry in China, but has not formed a technical system that can be
seen, learned, and promoted. Therefore, we should establish the best available technical
specifications based on integration of industry practices, and compile a recommended
catalogue for the production equipment of pesticide industry to standardize the upgrading
and transformation of enterprise equipment in future, supporting the development of
pollution reduction work in the pesticide industry.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/atmos13081241/s1, Figure S1. The regional distribution of the
pesticide factories in China. Table S1. Evaluation for collection rate of VOCs in pesticide industry.
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Table S2. Evaluation of the facility removal rate of VOCs in the pesticide industry. Table S3. Evaluation
of the facility commissioning rate of VOCs in the pesticide industry.
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