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In natural rubber (NR) wastewater treatment, the removal of residual 
rubber is necessary to apply a closed anaerobic system for the 
reduction of greenhouse gas emissions. In this study, the effect of 
particle properties on residual rubber removal was evaluated by a lab-
scale wastewater treatment system of NR wastewater. In NR 
wastewater, major particle sizes of residual rubber were more than 1.0 
µm, 0.45–0.1 µm and less than 0.1 µm. At an early stage of the PTC, 
smaller particle sizes of residual rubber were reduced, while middle 
particle sizes were increased. In contrast, at a later stage of the PTC with 
increasing biodegradability, larger particle sizes of residual rubber 
were reduced, while smaller particle sizes of residual rubber were 
increased. As residual rubber removers, Acinetobacter and 
Pseudomonas are detected for biological coagulation and degradation 
of residual rubber in the PTC, respectively. In contrast, Gordonia was 
detected as the predominant rubber degrader in the DHS reactor. The 
early and later stages of the PTC function as rubber coagulation and 
rubber degradation stages, respectively. Furthermore, Pseudomonas 
and Gordonia are considered degradation bacteria for liquid rubber and 
solid rubber, respectively. 
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1. Introduction 
The natural rubber (NR) industry is one of the major agro-industries in South-eastern Asia. NR is considered a 
carbon-neutral material. In the life cycle of NR, major emissions of greenhouse gases (GHGs) occur during 
wastewater treatment, which is done in open-type anaerobic and aerated tanks. Major GHGs emitted during 
wastewater treatment are methane and nitrous oxide, which are emitted from the anaerobic tank [1], and carbon 
dioxide derived from power consumption for aeration in the aerated tank. To reduce GHG emissions in the 
wastewater treatment system, the application of a closed anaerobic reactor and a non- or less-aerated aerobic 
reactor is appropriate. The application of a closed anaerobic reactor can contribute to the reduction of GHG 
emissions in the wastewater treatment system, as well as the processing of NR products, by utilising biogas as an 
energy source. For the application of a non-aeration aerobic reactor, a trickling filter can be considered. However, 
residual rubber in NR wastewater causes clogging of the closed anaerobic reactor by coagulation, and it reduces 
the process performance of the trickling filter by accumulating at the surface of the biomass carrier. Therefore, an 
appropriate pre-treatment process for residual rubber removal is required.     
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In our previous study, we proposed the pre-treatment canal (PTC), which is the drainage canal equipped with 
lumps of block rubber (core rubber) as the pre-treatment process for residual rubber removal, and combined with 
an anaerobic baffled reactor (ABR) and down-flow hanging sponge (DHS) reactor system (ABR-DHS system) [2]. 
Both coagulation and degradation of residual rubber were confirmed in the PTC. Furthermore, the PTC 
contributed to enhancing methane recovery in the ABR and nitrogen removal in the DHS reactor by degrading 
residual rubber into low-molecular substances and preventing rubber accumulation in the DHS reactor, 
respectively. The key factors for the coagulation of residual rubber in the NR wastewater were reported to be 
contact with the core substance and air [3]. However, the coagulation and degradation mechanisms of residual 
rubber remain unclear.     

The DHS reactor, which is a trickling filter equipped with sponges as biomass carriers, was applied mainly for 
nitrogen removal in wastewater treatment of NR processing factories [4], [5]. In NR wastewater treatment using 
the DHS reactor, rubber accumulation at the surface of the sponge carriers was confirmed. Additionally, Gordonia, 
aerobic rubber-degrading bacteria, were highly detected [3]. Therefore, accumulated rubber was considered as a 
carbon source for denitrification in the DHS reactor.     

In this study, we evaluate the property effect of NR latex particle size on coagulation and degradation in NR 
wastewater treatment by changing the particle size distribution of residual rubber in the PTC. Furthermore, we 
consider the applicability of core rubber for the enhancement of rubber recovery, rubber degradation, and 
nitrogen removal.    

2. Materials and Methods 

2.1 Experimental Setup 
Fig. 1 shows a schematic of the wastewater treatment system used in this study. The system includes a pre-
treatment PTC and a main treatment ABR-DHS system. The PTC, the ABR, and the DHS reactor were made of 
polyvinyl chloride pipes. The PTC (effective volume: 1.9 L) was equipped with core rubbers, which are 
accumulated in the DHS reactor during the treatment of NR wastewater [2], as a core substance for rubber 
coagulation. To enhance rubber removal in the PTC, a 0.5 L of polyethylene terephthalate bottle equipped with 
core rubber was installed at the influent part of the PTC on operating day 133. Before and after operating day 133 
were set as Phases 1 and 2, respectively. The ABR (effective volume: 8.5 L) and the DHS reactor (effective volume: 
4.0 L) each have four compartments and three boxes. The polyurethane sponges were used as biomass carriers in 
the DHS reactor. The hydraulic retention times (HRTs) of the PTC, ABR, and DHS reactor were 1.0, 4.5, and 2.1 
days, respectively. A part of the DHS effluent was recirculated into the fourth compartment of the ABR via a 
desulfurization trickling filter, which was equipped with coconut chips as contact material, at a recirculation ratio 
of 1.0. The system was installed in a greenhouse set at 30°C.  

The synthetic NR wastewater was obtained by mixing NR latex, acetic acid, propionic acid, and ammonia, 
based on a previous study [1]. The synthetic wastewater contains 6,400 ± 1,340 mg/L, 2,220 ± 660 mg/L, 366 ± 
208 mg/L, 168 ± 38 mgN/L, and 4.82 ± 0.25 of total chemical oxygen demand (COD), total biochemical oxygen 
demand (BOD), suspended solids (SS), ammonia nitrogen, and pH, respectively. The sodium acetate solution was 
used as a carbon source for denitrification, and it was fed to the third box of the DHS reactor during Phase 1.    

2.2 Chemical Analysis 
Water samples were collected twice weekly from the wastewater tank, and PTC, ABR, and DHS effluents. The pH 
and gas production rate were measured using a pH meter (KP-10Z, KRK, Japan) and a wet-type gas meter (WS-
1A, Shimadzu, Japan), respectively. Total COD, ammonia, nitrite, and nitrate concentrations were analysed using 
a Hach apparatus (DR/2500, Hach, USA) and an ion chromatograph equipped with a conductivity detector (CDD-
10A VP, Shimadzu, Japan), respectively. BOD and SS were analysed by a standard method [6].  

2.3 Microbial Community Analysis 
Analysis of the microbial communities in the sludges retained in the PTC, ABR, and DHS reactor was conducted on 
day 75 (Phase 1) and day 322 (Phase 2, only for the PTC). DNA extraction was performed using a MonoFas 
Bacterial Genomic Kit IV (GL Sciences, Tokyo, Japan). Polymerase chain reaction (PCR) amplification of the 16S 
rRNA gene [7] was performed. The PCR products were then purified using AMPure XP SPRI beads (Beckman). 
Massive parallel 16S rRNA gene sequencing was conducted using the Miseq system (Illumina) and a Miseq Reagent 
Kit v.3. Analysis of sequential data [8] was conducted using the QIIME software package v.1.9.1. Furthermore, the 
operational taxonomic units were classified at a 99% sequence identity level. The SILVA database was used to 
perform the taxonomic classification [9] for the 16S rRNA gene.  
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Fig. 1 Schematic of the wastewater treatment system: (a) Pre-treatment canal (PTC), and (b) Anaerobic baffled 
reactor (ABR) and a down-flow hanging sponge (DHS) reactor system (ABR-DHS system) 

3. Results and Discussion 

3.1 Rubber Removal in The PTC 
Fig. 2 shows the average SS concentrations of wastewater and PTC effluent during Phases 1 and 2. In the PTC, COD 
removal efficiency increased from 10.3% to 21.9% (from Phase 1 to 2). However, SS concentration was increased 
in the PTC. The particle size range of NR latex was reported to be from 0.04 to 4 µm [10]. Thus, the smaller NR 
latex particle size was increased to more than 0.45 µm, which was accounted as SS, in the PTC. Following 
continuous operations, the growth rate of SS decreased from 31.9% to 4.5%. Additionally, the collected amount of 
residual rubber also increased from 0.17 kg/m3-wastewater (Phase 1) to 0.27 kg/m3-wastewater (Phase 2). The 
collected amount in the additional bottle shared 18.7% of the total amount in Phase 2. These results indicated that 
the coagulation of residual rubber was enhanced by overgrown core rubber in the PTC. Additionally, tickling filter-
type core rubbers had a better performance for the coagulation of residual rubber than immersed-type core 
rubbers. However, the collected amount of residual rubber in this study was approximately 1/10 of that of our 
previous study [2]. The SS concentration of the wastewater in this study was less than 1/4 of that of our previous 
study [2]. Therefore, it was considered that the particle size of latex affected the coagulation and degradation of 
residual rubber in NR wastewater. 
 

 
Fig. 2 Average SS concentration of wastewater and PTC effluent 

Fig. 3 shows the particle size distribution of residual rubber in the PTC during Phase 2. The particle size 
distribution was calculated by the COD concentration of the filtrates for each size of the filter. The removed part 
was calculated by the total COD concentration of wastewater and each sampling point. In the wastewater, the 
particle sizes of more than 1.0 µm, 0.45–0.1 µm, and less than 0.1 µm were shared at 25.4%, 26.9%, and 45.2%, 
respectively. Acetic and propionic acids shared 85% of the COD concentration of the particle size of less than 0.1 
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µm (38.4% of total COD). From influent to Port 1, 23.9% of COD was removed in the PTC. Within this interval, 
particle sizes of 0.45–0.1 µm and less than 0.1 µm were reduced to 12.5% and 33.5%, respectively. However, the 
particle size of 1.0–0.45 µm was increased approximately multiply. These results indicated that the particle size 
of residual rubber was increased, and most of the removed COD was considered as coagulation and accumulation 
of residual rubber in the PTC. In contrast, the particle size of more than 1.0 µm decreased from Port 2 to the 
effluent. Then, the particle sizes of 0.45–0.1 µm and less than 0.1 µm were increased. Within this interval, BOD 
concentration was increased from 1,630 to 1,720 mg/L, even though COD concentration was decreased from 
5,730 to 5,220 mg/L. These results indicated that the biodegradability of wastewater was increased by the 
degradation of high molecular weight organic matters, such as residual rubber, to low molecular weight 
compounds with longer HRT. Therefore, the early and later stages of the PTC functioned as rubber coagulation 
and rubber degradation stages, respectively. 
 

 
Fig. 3 Particle size distribution of residual rubber in the PTC 

3.2 Organic Matters and Nitrogen Removal in The ABR-DHS System 
Fig. 4 shows the average COD and BOD concentrations of each sampling point during Phase 2. In the ABR, 81.8 ± 
7.7% and 84.4 ± 8.9% of COD and BOD, respectively, were removed. Compared with our previous studies [2], [3], 
[11], the highest COD removal efficiency of the ABR was achieved in this study. Additionally, the BOD/COD ratio 
of the ABR effluent was 30.5%, which was three times higher than that of the ABR effluent treating pre-treated NR 
wastewater by the PTC [2]. In this study, the HRT of the PTC was increased from 1.3 hours to 1.0 days compared 
with that of the previous study. Most rubber-degrading bacteria were reported as aerobic bacteria [12], [13]. 
Therefore, residual rubber was degraded to intermediates, which can be caused by anaerobic bacteria, in the PTC 
with longer HRT. Then, these intermediates were degraded into low-molecular organic matters, which can be 
caused by BOD, in the ABR.  
 

 
Fig. 4 Average COD and BOD concentrations of each sampling point 

Finally, 97.8 ± 1.5% and 99.6 ± 0.3% of COD and BOD, respectively, were removed from the ABR-DHS system. 
In the first and second boxes of the DHS reactor, rubber accumulation was confirmed at the surface of the sponge 
carriers. Nitrogen removal rates of the DHS reactor with (Phase 1) and without (Phase 2) feeding of sodium acetate 
solution were 0.078 and 0.082 kgN/(m3.d), respectively. These values were similar to DHS reactors treating 
anaerobically treated NR wastewater with residual rubber accumulation [3], [11], but they were lower than DHS 
reactors without rubber accumulation [2], [4], [5], [14]. Additionally, 44.7% and 21.2% of the inlet ammonia 
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remained as ammonia and nitrate, respectively, in the DHS effluent during Phase 2. Therefore, rubber 
accumulation at the surface of the sponge carriers inhibited the nitrification performance of the DHS reactor. In 
contrast, 34.1% of the inlet total inorganic nitrogen was removed in the DHS reactor without feeding sodium 
acetate solution as a carbon source for denitrification during Phase 2. These results suggest that the accumulated 
rubber was degraded into intermediates via rubber-degrading bacteria, which were then utilised as carbon 
sources for heterotrophic denitrification in the DHS reactor. In the solid-phase denitrification process, solid 
carbons, such as biomass and synthetic polymers, were utilized as a carbon source for denitrification and biomass 
carrier [15], [16]. Thus, the possible utilisation of accumulated rubber as a solid carbon source for denitrification 
and a biomass carrier was considered.  

Water quality of DHS effluent was 7.97 ± 0.49, 113 ± 75 mg/L, 8 ± 7 mg/L, 71 ± 48 mg/L, 45 ± 18 mgN/L, and 
61 ± 16 mgN/L of pH, COD, BOD, SS, ammonia, and total inorganic nitrogen, respectively. These values achieved 
discharge standards for pH, COD, BOD, and SS in Vietnam, Thailand, and Indonesia, which are major NR-producing 
countries. However, the discharge standards for ammonia and total nitrogen were not achieved in Vietnam (40 
mgN/L of ammonia and 60 mgN/L of total nitrogen) and Indonesia (15 mgN/L of ammonia and 25 mgN/L of total 
nitrogen). In the DHS reactor, nitrification was a rate-limiting step for nitrogen removal. In this study, the first and 
second boxes of the DHS reactor functioned as a rubber trap, and then, the nitrification part was decreased. In 
contrast, accumulated rubber was utilised as a solid carbon source for denitrification in the DHS reactor. 
Therefore, the increase of DHS’s HRT for nitrification by additional boxes was considered as an effective way to 
enhance nitrogen removal in the DHS reactor and achieve discharge standards.   

3.3 Microbial Community in The Wastewater Treatment System 
Fig. 5 shows the ratios of the total DNA sequence of the predominant bacteria in the PTC on operating day 75 
(Phase 1) and day 322 (Phase 2). In the PTC, Acinetobacter, Desulfovibrio, and Pseudomonas were increased during 
continuous operation. Acinetobacter was highly detected from open-type ABR treating ribbed smoked sheet 
rubber processing wastewater [17]. At the surface of this open-type ABR, coagulated rubber was confirmed. 
Additionally, Acinetobacter has the ability for biological coagulation of skim latex [18]. In contrast, Pseudomonas 
was known as a degrader of NR [19]. Therefore, these two genera were considered key microorganisms for the 
coagulation and degradation of residual rubber in the PTC. Desulfovibrio is a sulfate-reducing bacterium, and its 
biosorption ability of zinc was reported [20]. Thus, high detection of Desulfovibrio was conducted by zinc in NR 
latex. Prevotela, Bacteroides, Megasphaera, and Succiniclasticum were also predominantly detected. These bacteria 
can utilise sugars, gluconate, and succinate, and produce organic acids, such as acetate and propionate [21]–[24]. 
These bacteria were considered to contribute to the hydrolysis and acid production of residual rubber in the 
wastewater. 
 

 
Fig. 5 Ratio of the total sequence of the predominant microorganisms in PTC on operating day 75 and day 322 

Fig. 6 shows the ratios of the total DNA sequence of the predominant bacteria in the ABR and DHS reactor on 
operating day 75 (Phase 1). In the ABR, acetate and hydrogen-utilising methane-producing archaea (MPA), 
Methanosaeta and Methanobacterium, were predominantly detected, especially in the first and second 
compartments (C1 and C2). In these compartments, syntrophic organic acids-degrading bacteria: 
Syntrophobacter, Syntrophomonas, and Pelotomaculum, were also highly detected. Most of the dissolved organic 
matters in the PTC effluent were acetate and propionate. Therefore, acetate was directly utilised by Methanosaeta, 
and propionate was utilised under syntrophic association with Methanobacterium, Syntrophobacter, 
Syntrophomonas, and Pelotomaculum at C1 and C2. In contrast, fructan-utilising bacteria, Treponema, and protein-
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degrading bacteria, Porphyromonas, were increased in the third and fourth compartments (C3 and C4). The major 
end products of Treponema and Porphyromonas were organic acids, such as formate, acetate, propionate, and 
butyrate [25], [26]. In our previous study, the detection rate of MPA at C3 and C4 was higher than that at C1 and 
C2 in the ABR treating NR wastewater without the PTC [3]. These results indicated that low-molecular-weight 
organic matters in the NR wastewater were degraded into organic acids in the PTC and contributed to enhancing 
methane production at the early stage of the ABR. Furthermore, the remaining carbohydrate and protein were 
degraded with longer retention times at the later stage of the ABR. Then, the ABR effluent still contained 
biodegradable organic matter with a 30.5% BOD/COD ratio.   
 

 
Fig. 6 Ratios of the total sequence of the predominant microorganisms in: (a) ABR, and (b) DHS reactor on 

operating day 75 

The rubber-degrading bacterium Gordonia was predominantly detected in the first and second boxes of the 
DHS reactor. However, Gordonia was not detected in the PTC, even though it was highly contained in the seed core 
rubber. Rubber accumulation was confirmed at the surface of the sponge carriers in the first and second boxes. 
The ABR effluent flew along the surface of accumulated rubber with a large contact area of air in the DHS reactor. 
In contrast, core rubber was immersed in the wastewater in the PTC. These results indicated that core rubber 
acted as a biomass carrier for Pseudomonas, and Pseudomonas mainly degraded liquid rubber in the PTC. On the 
other hand, core rubber acted as a core substance for rubber coagulation, and Gordonia mainly degraded 
coagulated solid rubber in the DHS reactor. As nitrogen removers, anaerobic ammonia-oxidising (anammox) 
bacteria, such as Candidatus Brocadia, and denitrifying bacteria, such as Dechloromonas, Thauera, Comamonas, 
Vogesella, and Stenotrophomonas, were increased at the second and third boxes of the DHS reactor. Besides, 
Dechloromonas and Thauera were predominantly detected in the constructed wetland conducting solid-phase 
denitrification [27]. Furthermore, carbohydrate- and sugar-degrading bacteria, such as Pedobacter, Chitinophaga, 
Niabella, and Lewinella, were also increased at these boxes. Nitrifying bacteria, such as Nitrobacter, Nitrosospira, 
and Nitrosovibrio, were also detected with a detection ratio of less than 0.2%. Therefore, these microorganisms 
contributed to nitrogen removal by nitrification, anammox, and heterotrophic denitrification with sodium acetate 
and/or intermediates of residual rubber degradation in the DHS reactor.   
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Only Pseudomonas and Acinetobacter were highly detected in both the PTC and the DHS reactor. Some species 
of these bacteria were reported as heterotrophic nitrification-aerobic denitrification (HN-AD) bacteria [28], [29]. 
Additionally, solid carbon sources, which slowly release carbon, can enhance denitrification under low C/N ratio 
conditions [30]. In this study, however, nitrogen removal was confirmed only in the DHS reactor and not in the 
PTC because nitrification did not occur in the PTC. Thus, Pseudomonas and Acinetobacter primarily contributed to 
rubber removal and nitrogen removal in the PTC and DHS reactors, respectively. Furthermore, the accumulated 
rubber can serve as a solid carbon source for HN-AD bacteria, enhancing nitrogen removal in the DHS reactor. 

4. Conclusion 
At an early stage of the PTC, all particle sizes of residual rubber were enlarged to coagulation, whereas at a later 
stage of the PTC, all particle sizes of residual rubber degraded to low-molecular substances. Additionally, the 
biodegradability of NR wastewater was increased with longer HRT. These results indicated that the effect of HRT 
on coagulation and degradation of residual rubber was greater than that of particle properties. Also, trickling 
filter-type core rubbers had better performance for rubber coagulation than immersed-type core rubbers. 
Furthermore, the predominant rubber-degrading bacteria of trickling filter-type and immersed-type core rubbers 
were Gordonia and Pseudomonas, respectively. Thus, the core rubber in the trickling filter functioned as a core 
substance for rubber coagulation, and Gordonia degraded the accumulated solid rubber. In contrast, core rubber 
in the PTC functioned as a biomass carrier, and Pseudomonas degraded liquid rubber in the NR wastewater. In the 
DHS reactor, accumulated rubber retained rubber-degrading bacteria also functioned as a solid carbon source for 
denitrification. Therefore, the application of the PTC can contribute to rubber removal from NR wastewater, and 
the applicability of recovered rubber in the PTC to a solid carbon source for denitrification in the DHS reactor was 
considered. 

Acknowledgement 
This work was partially supported by Sumitomo Riko Co., Ltd., and Japan Science and Technology Agency 
(JST)/Japan International Cooperation Agency (JICA), Science and Technology Research Partnership for 
Sustainable Development (SATREPS) [Grant Number 2226TH001].  

Conflict of Interest 
The authors declare that there is no conflict of interest regarding the publication of the paper. 

Author Contribution 
The authors confirm contribution to the paper as follows: Study conception and design: D. Tanikawa, Z. Kimura; 
Data collection: T. Ueno; Analysis and interpretation of results: D. Motokawa, Y. Itoiri, Y. Shinto; Draft 
manuscript preparation: D. Tanikawa, Z. Kimura. All authors reviewed the results and approved the final version 
of the manuscript. 

References 
[1] Tanikawa, D., Syutsubo, K., Miyaoka, Y., Hatamoto, M., Iijima, S., Fukuda, M., Nguyen, N., B., & Yamaguchi, T. 

(2016). Greenhouse gas emissions from open-type anaerobic wastewater treatment system in natural 
rubber processing factory. Journal of Cleaner Production, 119, 32–37. https://doi.org/10.1016/j.jclepro. 
2016.02.001 

[2] Tanikawa, D., Kataoka, T., Ueno, T., Minami, T., Motokawa, D., Itoiri, Y., & Kimura, Z. (2021). Seeding the 
drainage canal of a wastewater treatment system for the natural rubber industry with rubber for the 
enhanced removal of organic matter and nitrogen. Chemosphere, 283, 131233. 
https://doi.org/10.1016/j.chemosphere.2021.131233 

[3] Tanikawa, D., Kataoka, T., Sonaka, S., Hirakata, Y., Hatamoto, M., & Yamaguchi, T. (2020). Evaluation of key 
factors for residual rubber coagulation in natural rubber processing wastewater. Journal of Water Process 
Engineering, 33, 101041. https://doi.org/10.1016/j.jwpe.2019.101041 

[4] Watari, T., Cuong, M., T., Tanikawa, D., Hirakata, Y., Hatamoto, M., Syutsubo, K., Fukuda, M., Nguyen N., B., & 
Yamaguchi, T. (2017). Development of downflow hanging sponge (DHS) reactor as post treatment of 
existing combined anaerobic tank treating natural rubber processing wastewater. Water Science & 
Technology, 75, 57–68. https://doi.org/10.2166/wst.2016.487 

[5] Watari, T., Mai, T., C., Tanikawa, D., Hirakata, Y., Hatamoto, M., Syutsubo, K., Fukuda, M., Nguyen, N., B., & 
Yamaguchi, T. (2017) Performance evaluation of the pilot-scale upflow anaerobic sludge blanket – 

https://doi.org/10.1016/j.jclepro.%202016.02.001
https://doi.org/10.1016/j.jclepro.%202016.02.001
https://doi.org/10.1016/j.chemosphere.2021.131233
https://doi.org/10.1016/j.jwpe.2019.101041
https://doi.org/10.2166/wst.2016.487


Int. Journal of Integrated Engineering Vol. 17 No. 3 (2025) p. 77-85 84 

 

 

downflow hanging sponge system for natural rubber processing wastewater treatment in South Vietnam. 
Bioresource Technology, 237, 204–212. https://doi.org/10.1016/j.biortech.2017.02.058 

[6] Baird, R., & Bridgewater, L. (2017). Standard methods for the examination of water and wastewater. 
American Public Health Association. 

[7] Caporaso, J., G., Lauber, C., L., Walters, W., A., Berg-Lyons, D., Huntley, J., Fierer, N., Owens, S., M., Betley, J., 
Fraser, L., Bauer, M., Gormley, N., Gilbert, J., A., Smith, G., & Knight, R. (2012). Ultra-high-throughput 
microbial community analysis on the Illumina HiSeq and MiSeq platforms. The ISME Journal, 6, 1621–1624. 
https://doi.org/10.1038/ismej.2012.8 

[8] Caporaso, J., G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F., D., Costello, E., K., Fierer, N., Peña, A., 
G., Goodrich, J., K., Gordon, J., I., Huttley, G., A., Kelley, S., T., Knights, D., Koenig, J., E., Ley, R., E., Lozupone, C., 
A., McDonald, D., Muegge, B., D., Pirrung, M., Reeder, J., Sevinsky, J., R., Turnbaugh, P., J., Walters, W., A., 
Widmann, J., Yatsunenko, T., Zaneveld, J., & Knight, R. (2010). QIIME allows analysis of high-throughput 
community sequencing data. Nature Methods, 7, 335–336. https://doi.org/10.1038/nmeth.f.303 

[9] Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., & Glöckner, F., O. (2013). The 
SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids 
Research, 41, 590–596. https://doi.org/10.1093/nar/gks1219 

[10] Kovuttikulrangsie, S., & Tanaka, Y. (1999). NR latex particle size and its molecular weight from young and 
mature Hevea trees. Journal of Rubber Research, 2, 150–159. 

[11] Tanikawa, D., Kataoka, T., Hirakata, Y., Hatamoto, M., & Yamaguchi, T. (2020). Pre-treatment and post-
treatment systems for enhancing natural rubber industrial wastewater treatment. Process Safety 
Environmental Protection, 138, 256–262. https://doi.org/10.1016/j.psep.2020.03.030 

[12] Berekaa, M., M., Linos, A., Reichelt, R., Keller, U., & Steinbüchel, A. (2000). Effect of pretreatment of rubber 
material on its biodegradability by various rubber degrading bacteria. FEMS Microbiology Letters, 184, 
199–206. https://doi.org/10.1111/j.1574-6968.2000.tb09014.x 

[13] Bode, H., B., Kerkhoff, K., & Jendrossek, D. (2001). Bacterial degradation of natural and synthetic rubber. 
Biomacromolecules, 2, 295–303, https://doi.org/10.1021/bm005638h 

[14] Watari, T., Nguyen, T., T., Tsuruoka, N., Tanikawa, D., Kuroda, K., Nguyen, L., H., Nguyen, M., T., Huynh, T., H., 
Hatamoto, M., Syutsubo, K., Fukuda, M., & Yamaguchi, T. (2016). Development of a BR-UASB-DHS system for 
natural rubber processing wastewater treatment. Environmental Technology, 37, 459–465. 
https://doi.org/ 10.1080/09593330.2015.1117042 

[15] Han, F., Wei, D., Ngo, H., H., Guo, W., Xu, W., Du, B., & Wei, Q. (2018). Performance, microbial community and 
fluorescent characteristic of microbial products in a solid-phase denitrification biofilm reactor for WWTP 
effluent treatment. Journal of Environmental Management, 227, 375–385. https://doi.org/10.1016/ 
j.jenvman.2018.09.002 

[16] Hu, R., Zheng, X., Zheng, T., Xin, J., Wang, H., & Sun, Q. (2019). Effects of carbon availability in a woody 
carbon source on its nitrate removal behavior in solid-phase denitrification. Journal of Environmental 
Management, 246, 832–839. https://doi.org/10.1016/j.jenvman.2019.06.057 

[17] Tanikawa, D., Watari, T., Mai, T., C., Fukuda, M., Syutsubo, K., Nguyen, N., B., & Yamaguchi, T. (2019). 
Characteristics of greenhouse gas emissions from an anaerobic wastewater treatment system in a natural 
rubber processing factory. Environmental Technology, 40, 2954–2961. https://doi.org/10.1080/ 
09593330.2018.1459872 

[18] Jayachandran, K., & Chandrasekaran, M. (1998) Biological coagulation of skim latex using Acinetobacter sp. 
isolated from natural rubber latex centrifugation effluent. Biotechnology Letters, 20, 161–164. 
https://doi.org/10.1023/A:1005380525066 

[19] Aboelkheir, M., G., Bedor, P., B., Leite, S., G., Pal, K., Dias, R., Fiho, T., & de Souza, Jr., F., G. (2019). 
Biodegradation of Vulcanized SBR: A Comparison between Bacillus subtilis, Pseudomonas aeruginosa and 
Streptomyces sp. Scientific Reports, 9, 19304. https://doi.org/10.1038/s41598-019-55530-y 

[20] Chen, B., Y., Utgikar, V., P., Harmon, S., M., Tabak, H., H., Bishop, D., F., & Govind., R. (2000). Studies on 
biosorption of zinc(II) and copper(II) on Desulfovibrio desulfuricans. International Biodeterioration & 
Biodegradation, 46, 11–18. https://doi.org/10.1016/S0964-8305(00)00054-8 

[21] Gylswyk, N. O. (1995). Succiniclasticum ruminis gen. nov., sp. nov., a ruminal bacterium converting 
succinate to propionate as the sole energy-yielding mechanism. International Journal of Systematic & 
Evolutionary Microbiology, 45, 297–300. https://doi.org/10.1099/00207713-45-2-297 

https://doi.org/10.1016/j.biortech.2017.02.058
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1016/j.psep.2020.03.030
https://doi.org/10.1111/j.1574-6968.2000.tb09014.x
https://doi.org/10.1021/bm005638h
https://doi.org/%2010.1080/09593330.2015.1117042
https://doi.org/10.1016/%20j.jenvman.2018.09.002
https://doi.org/10.1016/%20j.jenvman.2018.09.002
https://doi.org/10.1016/j.jenvman.2019.06.057
https://doi.org/10.1080/%2009593330.2018.1459872
https://doi.org/10.1080/%2009593330.2018.1459872
https://doi.org/10.1023/A:1005380525066
https://doi.org/10.1038/s41598-019-55530-y
https://doi.org/10.1016/S0964-8305(00)00054-8
https://doi.org/10.1099/00207713-45-2-297


85 Int. Journal of Integrated Engineering Vol. 17 No. 3 (2025) p. 77-85 

 

 

[22] Juvonen, R., & Suihko, M., L. (2006). Megasphaera paucivorans sp. nov., Megasphaera sueciensis sp. nov. and 
Pectinatus haikarae sp. nov., isolated from brewery samples, and emended description of the genus 
Pectinatus. International Journal of Systematic & Evolutionary Microbiology, 56, 695–702. https://doi.org/ 
10.1099/ijs.0.63699-0 

[23] Nishiyama, T., Ueki, A., Kaku, N., Watanabe, K., & Ueki, K. (2009). Bacteroides graminisolvens sp. nov., a 
xylanolytic anaerobe isolated from a methanogenic reactor treating cattle waste. International Journal of 
Systematic & Evolutionary Microbiology, 59, 1901–1907. https://doi.org/10.1099/ijs.0.008268-0 

[24] Sakamoto, M., & Ohkuma, M. (2012). Reclassification of Xylanibacter oryzae Ueki et al. 2006 as Prevotella 
oryzae comb. nov., with an emended description of the genus Prevotella. International Journal of Systematic 
& Evolutionary Microbiology, 62, 2637–2642. https://doi.org/10.1099/ijs.0.038638-0 

[25] Collin, M., D., Love, D., N., Karjalainen, J., Kanervo, A., Forsblom, B., Willems, A., Stubbs, S., Sarkiala, E., Bailey, 
G., D., Migney, D., I., & Jousimies-somer, H. (1994). Phylogenetic analysis of members of the genus 
Porphyromonas and description of Porphyromonas cangingivalis sp. nov. and Porphyromonas cansulci sp. 
nov. International Journal of Systematic & Evolutionary Microbiology, 44, 674–679. https://doi.org/ 
10.1099/00207713-44-4-674 

[26] Piknova, M., Guczynska, W., Miltko, R., Javorsky, P., Kasperowicz, A., Michalowski, T., & Pristas, P. (2008). 
Treponema zioleckii sp. nov., a novel fructan-utilizing species of rumen treponemes. FEMS Microbiology 
Letters, 289, 166–172. https://doi.org/10.1111/j.1574-6968.2008.01383.x 

[27] Si, Z., Song, X., Wang, Y., Cao, X., Zhao, Y., Wang, B., Chen, Y., & Arefe, A. (2018). Intensified heterotrophic 
denitrification in constructed wetlands using four solid carbon sources: Denitrification efficiency and 
bacterial community structure. Bioresource Technology, 267, 416–425. https://doi.org/10.1016/ 
j.biortech.2018.07.029 

[28] Xia, L., Li, X., Fan, W., & Wang, J. (2020). Heterotrophic nitrification and aerobic denitrification by a novel 
Acinetobacter sp. ND7 isolated from municipal activated sludge. Bioresource Technology, 301, 122749. 
https://doi.org/10.1016/j.biortech.2020.122749 

[29] Deng, M., Zhao, X., Senbati, Y., Song, K., & He, X. (2021). Nitrogen removal by heterotrophic nitrifying and 
aerobic denitrifying bacterium Pseudomonas sp. DM02: Removal performance,  mechanism and immo-
bilized application for real aquaculture wastewater treatment. Bioresource Technology, 322, 124555. 
https://doi.org/10.1016/j.biortech.2020.124555 

[30] Zou, L., Zhou, M., Luo, Z., Zhang, H., Yang, Z., Cheng, H., Li, R., He, Q., & Ai, H. (2022). Selection and 
synthesization of multi-carbon source composition to enhance simultaneous nitrification-denitrification in 
treating low C/N wastewater. Chemosphere, 288, 132567. https://doi.org/10.1016/j.chemosphere. 
2021.132567 

https://doi.org/%2010.1099/ijs.0.63699-0
https://doi.org/%2010.1099/ijs.0.63699-0
https://doi.org/10.1099/ijs.0.008268-0
https://doi.org/10.1099/ijs.0.038638-0
https://doi.org/%2010.1099/00207713-44-4-674
https://doi.org/%2010.1099/00207713-44-4-674
https://doi.org/10.1111/j.1574-6968.2008.01383.x
https://doi.org/10.1016/%20j.biortech.2018.07.029
https://doi.org/10.1016/%20j.biortech.2018.07.029
https://doi.org/10.1016/j.biortech.2020.122749
https://doi.org/10.1016/j.biortech.2020.124555
https://doi.org/10.1016/j.chemosphere.%202021.132567
https://doi.org/10.1016/j.chemosphere.%202021.132567

