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Abstract

:

Volatile Organic Compounds (VOCs) are not only essential precursors for the formation of ozone and PM2.5, but also hazardous to human health and responsible for unpleasant odors. The pharmaceutical industry has become an important industrial source of VOCs due to China’s large emissions and complex emission chains. In total, 245 VOCs samples were collected and analyzed from 11 typical pharmaceutical companies in Zibo City of the North China Plain, in order to investigate the VOCs emission characteristics and odor impacts. The emission factor for the pharmaceutical industry was 7.97 ± 8.21 g/kg pharmaceuticals, while the main emission links were chimney emissions, equipment sealing leakage, and so on. Finally, considering both purifying efficiency and economic benefits, the multistage absorption (AB) method is most effective for VOCs concentrations below 100 mg/m3, while UV photo-oxygenation combined with adsorption (UVA) is more suitable for concentrations below 300 mg/m3. The Regenerative Thermal Oxidizer (RTO), Catalytic Oxidizer (CO), and Condensation + Adsorption (CA) technologies demonstrated greater stability and efficiency, particularly in the treatment of complex organic pollutants, highlighting their advantages in both VOCs and odor removal at higher concentrations.
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1. Introduction


VOCs are not only essential precursors for the formation of ozone and PM2.5 [1], but also hazardous to human health [2,3,4]. Additionally, most species of VOCs have distinctive odors and they can even cause odor pollution at high concentrations [5]. VOCs emission from anthropogenic sources currently appears to have a clearly increasing trend, especially in China [6,7]. From 2011 to 2013, VOCs emission from industrial activities increased by an annual average growth rate of 38.3% in China, and it was estimated that the industrial VOCs emission would reach 24 Tg in 2030 [8]. Meanwhile, VOCs emission from the pharmaceutical industry increased by 57.2% in China [9]. The pharmaceutical industry has become an important industrial source of VOCs [10] due to the large number of emissions and complex emission chains, so the precise VOCs emission reduction in the pharmaceutical industry has become a hot research topic [11].



Most of the Chinese and international studies focused on the emission characteristics of the pharmaceutical industry. For example, Wang et al. established VOCs source profiles for three production plants and showed that aromatic hydrocarbons contributed most to the production of anandamide and aminopyrine [12], while alkane compounds contributed most to the production of acetaminophen. Some researchers analyzed the VOCs sources of the whole plant and found that the most abundant VOCs species belonged to oxygenated VOCs [13,14,15]. These studies showed that the emission characteristics of VOCs were complex and closely related to the raw materials [16,17]. However, there are few systematic studies on the impact of production processes and treatment technologies on VOCs emission characteristics and odor pollution.



VOCs end-of-pipe treatment technologies are mainly divided into two categories. One is the recovery technology such as adsorption and condensation, and the other is the destruction technology such as combustion, photo-oxidation catalysis, and low-temperature plasma method. It is challenging to achieve the purification requirements with a single treatment technology [18,19,20,21]. The purifying efficiency of each treatment technology is different, and the adaptability is also very different [9,20,22,23]. In addition, chemical sensors can serve as a supplementary tool to support VOCs monitoring and control efforts [24]. Purifying efficiency assessment on various combinations of technologies in the pharmaceutical industry is relatively scarce, yet different combinations of purification technologies are just the key to the precise reduction in VOCs in the pharmaceutical industry.



Concerning the issues above, 11 pharmaceutical companies were selected in Zibo City of the North China Plain, where the pharmaceutical industries were concentrated. The study involved comprehensive sampling across all stages in the pharmaceutical industry, collecting and analyzing 245 VOCs samples to assess emission characteristics and odor impacts. In addition, emission factors and the emission inventory of the pharmaceutical industry were analyzed, and the efficiency of various treatment technologies in reducing VOCs concentrations and mitigating odors was investigated. These will add substantial value to VOCs emissions reduction, odor control, and policy development in the pharmaceutical industry.




2. Methodology


2.1. Sample Collection


To study the VOCs emission characteristics of the whole process, all major chimneys and fugitive emission links were sampled in 11 pharmaceutical companies from June to September 2020. The 11 companies’ geographical locations are presented in Figure 1, where A to I are involved in chemical synthesis pharmaceuticals, J and K are involved in fermentation pharmaceuticals. A total of 245 samples were collected with 103 chimney samples and 142 fugitive samples, which are all depicted in Figure 2.



VOCs were collected in a 5 L polytetrafluoroethylene airbag through a sampling pump [25]. Three samples were collected at equal time intervals within 1 h and averaged. For each chimney point, the inlet and outlet of VOCs treatment equipment were collected at the same time, and the flow rate, temperature, humidity, and oxygen content were measured simultaneously. For fugitive emission, the sampling point was located at 1 m downwind of the emission link and 1.5 m above the ground [26]. During the sampling period, it was ensured that all companies were in regular production conditions.




2.2. Chemical Analysis


The VOCs and non-methane hydrocarbons (NMHC) in the 245 samples were measured using a Synspec GC-955 (615/815 series) gas chromatograph, manufactured by Synspec B.V. in Groningen, Netherlands. The 615 model, equipped with an SY1 type column (30 m, 0.32 mm ID, 1.0 µm film), and utilizing a pre-concentration system with Tenax GR (manufactured by Buchem B.V., Apeldoorn, Netherlands), was used for detecting high-boiling-point VOCs (C6–C12), with a temperature program of 50–90 °C. The 815 model, equipped with an SY5 column with Al2O3-Na2SO4 (5 + 25 m, 0.32 mm ID, 10 µm film), and using a pre-concentration system with Carbosieves SIII (manufactured by Supelco, Bellefonte, PA, USA) at temperatures below 10 °C, was used to detect low-boiling-point VOCs (C2–C5), with a temperature program of 50–120 °C. Both models were equipped with dual detectors: a Photoionization Detector (PID) and a Flame Ionization Detector (FID). The analysis had a time resolution of 0.5 h. Each sample was analyzed by three injections and the stable values were taken as the analytical data. In total, 56 PAMs (Photochemical Assessment Monitoring Stations) substances were measured, including 29 alkanes, 10 olefins, 16 aromatic hydrocarbons, and acetylene, of which diethyl benzene was treated as one substance. The method detection limits (MDLs) of different VOCs species was in the range of 0.005~0.1 mg m−3. NMHC was used to characterize the overall level of VOCs in the samples.




2.3. Quality Assurance and Quality Control (QA/QC)


A brand vacuum sampling bag was used and rinsed with the target gas 2~3 times before formal sample collection, in order to reduce the loss of adsorption of gas samples. The samples were stored in cool, dry, and light-proof conditions after collection and measured as soon as possible and within eight hours. To ensure the accuracy and reliability of the measurement data, the testing instruments were checked and calibrated regularly. Single-point calibration was performed every week, and five-point calibration was performed every month to ensure that the linear correlation coefficient was higher than 0.99. After the analysis, the peak window drift was checked and corrected artificially according to the retention time of each substance. At the same time, the abnormal values were removed before data processing to confirm the validity of the data.




2.4. Theoretical Odor Concentration


The theoretical odor concentration serves as a comprehensive evaluation metric for odor pollution. The specific calculation method is as follows [27]:


   D  i j   =  C  i j      / O   i   



(1)






    OUT  j  =   ∑  i = 1  n    D  i j      



(2)




where    D  i j     is the threshold dilution factor of species i in the jth sample, and    C  i j     is the concentration of species i in the jth sample, μg/m3.    O i    is the odor threshold value of the species.     OUT  j    is the theoretical odor concentration in the jth sample.



In this study, the odor threshold values were all referenced from Nagatao [28]. Zhang et al. demonstrated that a Di value greater than 1 indicates the presence of odor pollution [29]. The theoretical odor concentration at each sample is calculated using only those substances with a threshold dilution factor greater than 1.




2.5. VOCs Emission Factors


The formula for calculating the chimney emissions of VOCs in the pharmaceutical industry is shown in (3):


   E  c h i m n e y   = Σ    Q i  ×  C i  ×  T i  ×   10   − 9      



(3)




where Echimney is the VOCs emission from the chimney, t·a−1. Qi is the exhaust gas flow rate of the ith chimney, m3·h−1. Ci is the VOCs concentration emitted from the ith chimney, mg·m−3. Ti represents the operating time of the ith chimney, h·a−1.



In the pharmaceutical industry, the process is complex and diverse, and there are many VOCs emission links, so the fugitive emissions of the company were calculated according to the method in the literature [30]. The sum of chimney and fugitive emissions in the whole process was obtained as VOCs emissions Etotal. The emission factor was calculated by dividing the emissions by the activity level, and the calculation formula is given in (4):


  E F =  E  t o t a l   / M ×   10  3  =    E  c h i m n e y   +  E  f u g i t i v e     / M ×   10  3   



(4)




where EF indicates the emission factor of VOCs, g·kg−1. Etotal indicates the total VOCs emission from the whole process of the company, t·a−1. M indicates the annual production of the company, t∙a−1.




2.6. Purifying Efficiency (PE)


The purifying efficiency of the treatment facility is calculated by the removal rate of VOCs between the inlet and outlet in the chimneys [31]. The formula is given in (5).


  η =       G J  −  G C     G J       × 100 % =       Q J   C J  −  Q C   C C     G J       × 100 %  



(5)




where η is the purifying efficiency of the treatment device, %. GJ, Gc is the VOCs emission rate at the inlet and outlet of the treatment device, kg/h. QJ, Qc is the VOCs pollutant exhaust volume at the inlet and outlet of the treatment device, m3/h. CJ, Cc is the VOCs concentration at the inlet and outlet of the treatment device, mg/m3.





3. Results and Discussion


3.1. Emission Characteristics of VOCs from Typical Pharmaceutical Companies


As presented in Figure 2, the composition and concentrations of VOCs varied among the 85 sampled points, which shows the complex emission characteristics in the pharmaceutical industry. At all the chimney points in the 11 companies, the concentrations of inlet VOCs varied from 20.13 mg/m3 to 471.06 mg/m3, whereas the concentrations of outlet VOCs ranged from 0.16 mg/m3 to 178.75 mg/m3. After treatment, the VOCs concentration levels significantly decreased, but there were three sampled points (I2, H2, and H4) whose concentration still exceeded the organized emission standard of 60 mg/m3 for VOCs set by Shandong Province. The exceeding standard rate of chimney points was 15%. At the fugitive emission points, the concentration of VOCs ranged from 0.02 mg/m3 to 7.54 mg/m3. In terms of concentration and over-standard rate, chimney emission far exceeded fugitive emission.



VOCsThe average emission of multiple chimney outlets in every pharmaceutical enterprise was taken as the emission characteristics of the enterprise. The emission characteristics of VOCs for the 11 pharmaceutical companies are shown in Figure 3. The weighted concentrations of VOCs fluctuated from 0.37 mg/m3 to 125.8 mg/m3. The top five VOCs with the highest concentration from chemical synthetic pharmaceuticals were n-nonane (2.41 mg/m3), 1,2,3-trimethylbenzene (1.65 mg/m3), p-ethyl toluene (0.78 mg/m3), m/p-xylene (0.74 mg/m3), and o-xylene (0.73 mg/3). The top five VOCs from fermented pharmaceuticals were 3-methyl pentane (1.03 mg/m3), cyclopentane (0.68 mg/m3), n-hexane (0.37 mg/m3), 2-methyl pentane (0.37 mg/3), and 2,2-dimethyl butane (0.23 mg/m3). Observably, aromatic hydrocarbons emerged as the predominant species in the chemical synthesis pharmaceuticals (A~I), while alkanes dominated the emissions from the fermented pharmaceuticals (J and K). But the odor VOCs whose threshold dilution ratio exceeded 1 included propylbenzene (34.47), p-ethylbenzene (19.047), 1,2,3-trimethylbenzene (10.47), cumene (6.56), m/p-xylene (3.4), styrene (3.01), and m-ethyl toluene (2.40) from the chemical synthesis pharmaceutical companies, while only propylbenzene (1.77) and isoprene (1.11) had a threshold dilution ratio exceeding 1 from the fermented pharmaceutical companies. The differences in emission characteristics and odor impact may be attributed to variations in raw materials, production processes, or treatment technologies.




3.2. VOCs Emission Factors for Pharmaceutical Industry


The total VOCs emission of the whole process (Etotal) amounted to 237.44 t/a from the 11 pharmaceutical companies. The emission factor of the pharmaceutical industry was 7.97 ± 6.21 g/kg pharmaceuticals, of which 9.48 ± 8.38 g·kg−1 belonged to the chemical synthetic pharmaceutical category and 1.18 ± 0.26 g·kg−1 to the fermented pharmaceutical category. The emission factors of sub-sessions are shown in Figure 4. The emission factors of each link in descending order are chimney emission (2.25 g∙kg−1), equipment sealing leakage (1.95 g∙kg−1), cooling tower system (1.46 g∙kg−1), wastewater fugitive (1.28 g∙kg−1), storage volatilization loss (0.47 g∙kg−1), loading and unloading process (0.34 g∙kg−1), and flue gas emission (0.24 g∙kg−1), respectively. The main VOCs emission links of the pharmaceutical industry were chimney emission and equipment sealing leakage. The emission factor of the pharmaceutical industry in Zibo was 1/54 of the recommended value (430 g∙kg−1) provided by guidance [32], and 1/69 compared with the result in [11] of 550 g∙kg−1. The main reason was that collection enhancement and composite processing techniques had been widely adopted in the companies after a decade of strict controls, which greatly reduced the emission of VOCs. Accordingly, Chinese industrial VOCs emissions should be re-estimated too and may be significantly lower than 24 Tg in 2030 [8].




3.3. Evaluation on the Treatment Technologies


Seven major treatment technologies were evaluated by purifying efficiency in the 11 pharmaceutical companies. The multistage absorption (AB) technology was employed at inlets and outlets such as A1/A2, E1/E2, I1/I2, and K2 (K1 with no opening). The UV photo-oxygenation combined with adsorption (UVA) technology was employed at A3/A4, D2, E3/E4, H1/H2, J1/J2, and J3/J4. The Catalytic Oxidizer (CO) was employed at F1/F2 and K6. The Regenerative Thermal Oxidizer (RTO) was employed at C1/C2, D5/D6, and D7/D8. The Condensation + Adsorption (CA) was employed at G1/G2 and K8. The activated carbon adsorption (ACA) was employed at B2 and K4. The acid-alkali washing bio-filtration + activated carbon adsorption (ABA) was employed at H3/H4, whose purifying efficiency was negative in this study, and so it is not listed. The results are shown in Figure 5. The average purifying efficiency on VOCs, NMHC, and theoretical odor concentration of the UVA, RTO, CO, and CA technologies was above 90%, while that of the AB technology was 84.46%. CA had the best purification effect on aromatic hydrocarbons, and therefore the highest odor removal efficiency, while the purifying efficiency of RTO for NMHC was the highest.



As shown in Figure 5 and Figure 6, the purifying efficiencies of the various treatment technologies exhibited significant variability. The AB method demonstrated a theoretical odor concentration removal rate exceeding 87.30%, but its purifying efficiency for VOCs fluctuated significantly, ranging from 71.2% to 99.61%, particularly in the treatment of isoprene and m/p-diethylbenzene, which affected its ability to meet odor removal requirements for high-concentration VOCs. The UVA method demonstrated a theoretical odor concentration removal rate exceeding 90%, but its purifying efficiency for VOCs exhibited instability, with marked fluctuations in VOCs removal rates, particularly for alkynes, ranging from 72.12% to 99.77%. The lack of stability in treating complex organic compounds and high-concentration VOCs diminished UVA performance. The RTO method exhibited highly efficient VOCs purifying efficiencies (77.27–99.71%) and a theoretical odor removal rate of 92.40%, though it was occasionally less effective for pollutants like m/p-xylene. Overall, the RTO, CO, and CA technologies were highly effective and reliable for treating both VOCs and odor emissions.



As shown in Table 1,the purifying efficiency of the AB and UVA methods performed well with VOCs concentrations below 100 mg/m3. However, when concentrations exceeded 200 mg/m3, the AB method’s efficiency dropped to 71.20%, with point H2 exceeding emission standards, while the UVA method’s efficiency declined when concentrations exceeded 300 mg/m3. The CA method maintained over 95% efficiency between 100 and 200 mg/m3. The purifying efficiency of RTO was less stable under low VOCs concentrations and large air volumes, and the operation costs were high due to the need for additional natural gas, making RTO unsuitable for this scenario. Khan and Kr. Ghoshal showed that the purifying efficiencies of the RTO, CO, AB, and ACA treatment technologies were in the range of 95–99%, 90–98%, 90–98%, and 80–90%, respectively [18]. Wu et al. studied 183 companies using the UVA and CA treatment technologies, among which 94% achieved a purification efficiency over 90%. In addition, Hao et al. demonstrated that for a self-running RTO system [33], when the inlet VOCs concentration was 2000 mg/m3, it was sufficient to eliminate additional fuel combustion, and the removal rate reached over 92.5%. In summary, AB is suitable for VOCs concentrations below 100 mg/m3 and UVA for concentrations below 300 mg/m3. Considering both purifying efficiency and economic benefits, the AB and UVA methods have advantages in treating low-concentration VOCs and odor pollutants. In contrast, the RTO, CO, and CA technologies demonstrated greater stability and efficiency, particularly in the treatment of complex organic pollutants, highlighting their advantages in both VOCs and odor removal at higher concentrations.





4. Conclusions


In this study, 245 samples were collected for VOCs emission characteristics from 11 pharmaceutical companies in Zibo. The purifying effects of the different composite treatment technologies on both VOCs and odor pollutants were evaluated. The results are as follows.



Aromatic hydrocarbons, such as propylbenzene and m/p-xylene, were the dominant VOCs in chemical synthesis pharmaceuticals, while alkanes, including propylbenzene and isoprene, dominated in fermentation pharmaceuticals. The overall emission factor for the pharmaceutical industry was 7.97 ± 8.21 g/kg, with chimney emissions and equipment sealing leakages being the primary sources.



The average purifying efficiencies of VOCs, NMHC, and theoretical odor concentration for the RTO, UVA, CO, and CA technologies were all above 90% in the pharmaceutical industry. AB and UVA were more suited for treating lower VOCs concentrations, while RTO, CO, and CA showed greater stability and effectiveness, particularly in the treatment of complex organic pollutants at higher concentrations.
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Figure 1. The 11 pharmaceutical companies’ geographical location information. 
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Figure 2. The VOCs concentration and composition of the 85 sampled points. The red fonts represent the chimney points, while the blue fonts represent the fugitive points. For every chimney point, the outlet showed the emission level, while the inlet was given in (). 
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Figure 3. The emission characteristics of VOCs for 11 pharmaceutical companies. 
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Figure 4. Emission factors of VOCs by link in the pharmaceutical industry. 
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Figure 5. Purifying efficiency of the treatment techniques for various species VOCs, NMHC, and theoretical odor concentration. 
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Figure 6. Purifying efficiency of the top 20 VOCs species by AB, UVA, RTO, CO, and CA. 
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Table 1. Purifying efficiency of different treatment technologies in the 11 pharmaceutical companies.
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Inlet Concentration

(mg/m3)

	
Purifying Efficiency (%)

	
Number of Different Treatment Technologies




	
AB

	
UVA

	
RTO

	
CO

	
CA




	
3

	
4

	
4

	
1

	
1






	
Inlet

concentration less than 100

	
ηmax

	
99.61

	
99.77

	
99.71

	
95.42

	
-




	
ηadv

	
97.71

	
97.13

	
92.18

	
94.83

	
-




	
ηmin

	
95.81

	
90.44

	
77.27

	
94.18

	
-




	
Inlet concentration in the range of

100~200

	
ηmax

	
-

	
-

	
-

	
-

	
99.47




	
ηadv

	
-

	
-

	
-

	
-

	
99.09




	
ηmin

	
-

	
-

	
-

	
-

	
98.51




	
Inlet concentration greater than 200

	
ηmax

	
-

	
99.04

	
-

	
-

	
-




	
ηadv

	
71.20

	
85.58

	
-

	
-

	
-




	
ηmin

	
-

	
72.12

	
-

	
-

	
-
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