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Abstract 25 

The active layer of a vermifilter (VF) is composed of woodchips that contain heterotrophic 26 

bacteria and worms capable of removing organic matter. However, there is no information 27 

on heterotrophic microbial kinetics related to oxygen uptake rate (OURend), specific oxygen 28 

uptake rate (SOURend), and heterotrophic biomass yield (YH) as they relate to evaluating the 29 

removal of COD (chemical oxygen demand) and BOD5 (biochemical oxygen demand) from 30 

wastewater. The goal of this study was to assess the heterotrophic activity of the active layer 31 

of a full-scale VF that treats rural wastewater. In addition, the effects of seasonality and 32 

earthworm density were determined. Heterotrophic activity was evaluated with a 33 

respirometer using active layer (wood chip) samples with earthworm densities of 1105 ± 982 34 

earthworm/m3 (Zone A) and 7221 ± 1699 earthworm/m3 (Zone B), in fall-winter and spring-35 

summer. The results show that the VF has a YH of 0.47 ± 0.1 and a growth rate (µmax) of 0.05 36 

± 0.04 d-1. The YH value was 0.39 in fall-winter and 0.54 in spring-summer, while the µmax 37 

value was 0.07 d-1 in fall-winter and 0.02 d-1 in spring-summer. OURend and SOURend 38 

increased 95% more in spring-summer than in fall-winter and a 64% more in Zone B than 39 

Zone A. This increase in heterotrophic activity corresponds to increases of 15.6% in COD 40 

removal and 12.2% in BOD5 removal in spring-summer. These results indicate that 41 

seasonality and earthworm density affect kinetic parameters such as OURend and SOURend. 42 

Finally, the measurement of kinetic parameters allows the COD and BOD5 removal 43 

efficiency of a VF to be estimated. 44 

 45 

Keywords: Sewage treatment; Active layer; Heterotrophic activity; Respirometry; Kinetic 46 

parameters 47 
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1. Introduction 49 

According to the World Health Organization monitoring program, 6 out of every 10 people 50 

do not have access to safely managed sanitation services. This lack of coverage in final 51 

wastewater treatment generates water quality deterioration, loss of biodiversity, and 52 

unhealthy environments that lead to the transmission of diarrheal diseases such as cholera, 53 

dysentery, and typhoid fever [1,2]. Therefore, wastewater must be treated prior to its 54 

discharge, a process carried out by conventional wastewater treatment plants (WWTP), 55 

which use technologies that include activated sludge. However, this technology is unsuitable 56 

for rural areas with populations of density below 300 inhabitants per km2. In these areas, 57 

centralized technology has limitations such as the absence of sewerage system, energy costs 58 

for pumping systems, geographical and climatic limitations, low socioeconomic level, lack 59 

of technical assistance, skills to operate the systems. [3]. Therefore, it is necessary to find 60 

decentralized technologies that minimize the risks of wastewater discharges in these areas. 61 

  62 

In such settings, vermifilters (VF) are an alternative to conventional WWTP. These nature-63 

based systems operate with the synergistic activity of earthworms and microorganisms that 64 

change the physicochemical properties of wastewater [4]. The ingestion, burrowing, and 65 

excretion behaviors of earthworms reinforce this relationship, as they generate an aerated 66 

environment that promotes microorganism growth [5]. This facilitates the removal of organic 67 

matter, nutrients, and pathogens by aerobic microorganisms and reduces costs, as no injection 68 

pumps are used [6]. Some studies indicate that VF can reach removal efficiencies of 89.0% 69 

for organic matter measured as chemical oxygen demand (COD), 79.5% for total nitrogen, 70 

and 87.0% for total phosphorous [7, 8, 9]. However, as with any biological treatment systems, 71 

performance depends on operating conditions [10]. Earthworm density, temperature, filter 72 
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medium, hydraulic loading rate, and organic loading rate are design and operating parameters 73 

and thus key factors that affect the removal organic matter, removal nutrient and greenhouse 74 

gases that reach 1975.5 mg/m2h for CO2, 36.5 mg/m2h for CH4 and 12.3 mg/m2h for N2O 75 

[5,7,11]. In a VF, biological processes occur in the active layer 76 

, a filter medium that facilitates the adsorption of nutrients from sewage (e.g phosphorus and 77 

nitrogen), and that contains autotrophic and heterotrophic microorganisms [12,13]. Some 78 

studies have indicated that over 90% of organic matter removal in an aerobic medium could 79 

be related to heterotrophic aerobic bacteria [12,14]. However, few studies have addressed the 80 

behavior and growth of the heterotrophic biomass of the active layer of a full-scale VF [15]. 81 

To assess how this design and operating parameters affect organic matter removal efficiency, 82 

respirometry techniques can be used to model, understand, and monitor the biological 83 

processes that occur in a VF based on the estimation of kinetic parameters of the 84 

heterotrophic aerobic biomass [16]. Respirometry is defined as the measurement of the 85 

biological consumption rate of an inorganic electron acceptor [17]. This technique allows the 86 

aerobic biological processes achieved by the microorganism biomass to oxidize an organic 87 

substrate to be reproduced at laboratory scale [10]. Therefore, the characterization of kinetic 88 

parameters of the aerobic biological process provides activity values for the heterotrophic 89 

biomass responsible for removing organic matter from wastewater in a WWTP [17,18]. The 90 

main kinetic parameters in this analysis are OURend, SOURend, YH, and the maximum growth 91 

rate of the biomass (µmax). For example, in an activated sludge system, it has been observed 92 

that a high OURend of 15.3 mgO2/L·h or low µmax of 0.047 reflects problems in the system 93 

operating conditions or even indicates toxicity levels in the influent [19,20]. This type of 94 

analysis therefore provides information for modeling and optimizing the main aerobic 95 

processes that degrade organic matter via heterotrophic biomass growth [21]. The 96 
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respirometric method is one of the most widely used techniques for characterizing sewage 97 

and evaluating the microbial response in activated sludge systems [16]. However, it has 98 

proven to be highly effective in determining kinetic and stoichiometric parameters specific 99 

to particular types of biomasses, such as, moving bed biofilm reactor (MBBR) [17]. 100 

Therefore, although respirometry is a biological method used especially for activated sludge 101 

[18], technological advancements allow respirometry to be applied as a diagnostic tool in 102 

other types of unconventional plants [16], such as VF systems. Thus, the objective of this 103 

study is to use respirometry techniques to assess the heterotrophic activity of the active layer 104 

of a full-scale VF and determine the effects of seasonality and earthworm density on removal 105 

of the organic matter contained in wastewater. 106 

 107 

2. Materials and Methods 108 

2.1 Design and operating conditions 109 

This study was carried out in a rural WWTP located in Copiulemu Commune, Concepción, 110 

in the Biobío Region, Chile. This region is a mediterranean climate. In dry months, rainfall 111 

reaches 35 mm and the temperature 25°C. In wettest month, rainfall reaches 350 mm and 112 

temperature from 0°C to 13°C [22,23]. This WWTP uses a sequential system that includes 113 

pretreatment for solids removal, followed by a VF and radiation ultraviolet for disinfection 114 

protected by a roof that covers the entire system. The VF is a vertical subsurface flow system, 115 

and its main characteristics are summarized in Table 1. Wastewater enters a rotary filter that 116 

has a helical screw to sweep solids from an external container to the VF. Once treated, this 117 

wastewater is stored in an accumulator tank and transferred via two pumps to the upper part 118 

of the VF, from where it is distributed over the surface via 24 sprinklers. The VF operates 119 

with a flow, hydraulic loading rate (HLR), and organic loading rate (OLR) of 160 m3/d, 0.6 120 
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m3/m2d, and 0.5 kgCOD/m2d, respectively. The filter material is stratified, with a lower layer 121 

of stones and an upper layer of wood chips measuring 0.92 ± 0.12 m. The latter layer is the 122 

active layer, where earthworms of the species Eisenia foetida and heterotrophic and 123 

autotrophic microorganisms are responsible for biological reactions [12,13]. The earthworm 124 

density was studied by taking samples between different seasons and different heights of the 125 

active layer. No differences were observed between seasons. Moreover, the Zone A of 104 126 

cm and Zone B of 80 cm showed densities of 1105 ± 982 earthworm/m3 and 7221 ± 1699 127 

earthworm/m3, respectively.   128 

 129 

Table 1 130 

 131 

2.2 Monitoring strategy 132 

The monitoring strategy involved samples between May 2022 and November 2023, during 133 

the Southern Hemisphere fall-winter and spring-summer. Figure 1 shows a diagram with the 134 

VF and the active layer monitoring strategy. In Zones A and B of the VF, samples of the 135 

active layer were taken from different points by inserting a tube 12 cm in diameter and 100 136 

cm in length. Wood chips were collected from the inside of the tube to calculate the 137 

earthworm density. Wastewater samples were taken from the pretreatment outlet (IN), the 138 

VF outlet (E1), and the UV outlet (E2). All samples were kept at a temperature of 4°C for 139 

less than 24 h until their analysis [24,25]. 140 

 141 

Figure 1 142 

 143 

 144 
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2.3 Analysis of liquid samples 145 

The liquid samples – IN, E1, and E2 – were filtered with a Whatman membrane with a pore 146 

size of 0.7 µm and analyzed according to the protocol described in the standard method [26]. 147 

The organic matter present in the samples was determined by measuring COD (colorimetric 148 

method, 5220-D) and biological oxygen demand (BOD5) (azide-modified Winkler method, 149 

5210-B).  150 

 151 

2.4 Respirometry analysis 152 

The respirometry experiments were carried out to determine the kinetic response of the 153 

heterotrophic microorganisms in the active layer [16]. The respirometry test was applied to 154 

the solid samples of Zone A (1105 ± 982 worm/m3) and Zone B (7221 ± 1699 worm/m3) of 155 

the VF. 156 

 157 

Figure 1 158 

 159 

Wood chip biofilm was used to analyze the active layer. The solid sample was diluted in 160 

distilled water at a proportion of 1:20 to obtain concentrations in ranges of 1000-2000 161 

mgSSV/L [10,25]. The experiment was performed using a BM-T respirometer. This is a 162 

batch method that includes a recirculation pump, with two experiments carried out: static 163 

OURend and SOURend mode, which determines the endogenic oxygen uptake rate of the 164 

biomass, and dynamic R mode, which analyzes the evolution of the oxygen uptake rate to 165 

degrade an exogenous biodegradable substrate (sodium acetate). The samples were placed in 166 

a 1-liter tank in endogenous conditions to begin the experiment at a constant temperature of 167 

20±1°C. The device allows agitation and aeration and includes an oximeter that measures 168 
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and records data in BM-Advance software [10]. To assess the kinetic parameters of the 169 

heterotrophic activity, the autotrophic species were inhibited with 1-4 mg/ml of allylthiourea 170 

(ATU). Table 2 shows the main kinetic parameters related to heterotrophic activity that were 171 

calculated via BM-Advance, which is integrated into the device. 172 

 173 

Table 2 174 

 175 

2.5 Statistical analysis 176 

To assess the effects of seasonality on COD, BOD5, and the kinetic parameters OURend and 177 

SOURend, statistical analyses were performed using RStudio version 4.3.2, with a 178 

significance level of p = 0.05. Shapiro–Wilk and Levene tests were carried out to analyze the 179 

normality and homogeneity of variance, respectively. Subsequently, an ANOVA test was 180 

performed [27]. 181 

 182 

3. Results and discussion  183 

3.1 Kinetic parameters and heterotrophic activity of the active layer  184 

Table 3 shows the main kinetic parameters of heterotrophic biomasses from different 185 

wastewater treatment plants: OURend (mgO2/L·h), SOURend (mgO2/gVSS·h), YH 186 

(mgCODm/CODs); µH (d-1), µmax (d-1), and Kd (d-1).  The kinetic parameters in the VF 187 

presented variations with respect to other types of technology. 188 

 189 

Table 3 190 

 191 

 192 
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3.1.1 Oxygen consumption (OURend and SOURend) 193 

In the VF OURend was 1.22±0.59 mgO2/L·h and SOURend was 1.24±0.63 mgO2/gVSSh. 194 

These values are within the ranges observed in plants used for wastewater treatment such as 195 

CAS, UCT-MBR, and UASB-MBR which presented OUR values between 1.6 and 6 196 

mgO2/L·h.  [10, 20, 28]. In the CAS studied by Arias et al. [19], OURend reached 15.3 197 

mgO2/L·h. This increase is caused by an overload of the heterotrophic biomass that affects 198 

wastewater treatment efficiency [19]. In the case of the CAS studied by Abdi et al. [15], 199 

OURend reached 0.05 mgO2/L·h. Low values are explained by toxic substances present in the 200 

influent (i.e., sulfides) that affect biomass activity.  Variations in OURend and SOURend allow 201 

the metabolic function of heterotrophic microorganisms to be evaluated [20] and associated 202 

with different operating conditions to quantify and detect possible disturbances in a VF (i.e., 203 

influent retention times and organic loading rate, [19, 30]. Regarding organic loading rate 204 

(OLR), Llamas et al. [10] determined in a UASB-MBR that an OLR of 0.4 KgCOD/m3d 205 

generates maximum OUR values ranging from 1.65 mgO2/L·h to 2.61 mgO2/L·h. At 0.7 Kg 206 

COD/m3d, the OUR decreases due to system stabilization problems and at 0.2 Kg COD/m3d 207 

the OUR decreases due to lack of substrate for microorganism growth [31,32]. In the case of 208 

the studied VF, the OLR was 0.54 Kg COD/m3d; this design parameter is within the optimum 209 

range for this type of technology (0.2-0.6 Kg COD/m3d) [5]. When the OLR is below 0.2 kg 210 

COD/m3d, the growth of autotrophs outcompetes the growth of heterotrophs due to the 211 

limitation of organic carbon. This could reduce the COD removal efficiency below 77% [5]. 212 

Therefore, in VF the OURend and SOURend can be used to determine the optimal design and 213 

operating parameters that affect the active layer [7,33,34) and organic matter degradation 214 

processes [5,35]. 215 

 216 
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3.1.2 Yield coefficient (YH) 217 

The YH in the VF was 0.47±0.11 mgCODm/CODs. This parameter is below the 0.6-0.8 218 

mgCODm/CODs range of CAS, OSA, UCT-MBR, and UASB-MBR [20]. Abdi et al. [15], 219 

in a CAS, found low YH values, which reached 0.2 mgCODm/CODs due to the toxic effect 220 

of sulfides. Therefore, if the influent has no toxic effect, YH indicates the capacity of the 221 

system to generate biomass via heterotrophic activity [15]. In a VF, this process occurs in the 222 

active layer, which contains earthworms and microorganisms that form the biofilm [13]. Di 223 

Trapani et al. [29] compared the heterotrophic and autotrophic activity of the biofilm and 224 

suspended biomass in an IFAS-MBR. This study found that systems with suspended biomass 225 

promote heterotrophic activity, with a YH of 0.66, whereas systems with biofilm promote 226 

autotrophic activity, with a YA of 0.47.  These differences can be explained by the trade-off 227 

that exists between microorganisms. For example, in MBBR stabilized promotes autotrophs 228 

of slow-growing specialized in nitrification achieving YA of 0.6 and YH of 0.45 [36]. 229 

Otherwise, in MBR (Membrane bioreactors), promotes heterotrophs of fast-growing 230 

specialized in removing organic matter achieving YH of 0.46 and YA of 0.18 [23,28,29].  231 

 232 

3.1.3 Growth rate (µH ) and endogenous decay constant (Kd) 233 

The µmax in the VF was 0.05±0.04 d-1. This parameter is below the 0.4 – 9 d-1 range of CAS, 234 

OSA, UCT-MBR and UASB-MBR [10,20,29]. In CAS, Dehnavi et al. [20] and Abdi et al. 235 

[15] also found low values between 0.047-0.17 d-1. This value is related to system operating 236 

conditions (i.e., influent toxicity, sludge state, hydraulic retention times). Regarding the VF, 237 

low µmax values are explained by the low growth of the heterotrophic biomass due to the type 238 

of microbiome that develops in the active layer. Earthworms in a VF promote the 239 

development of heterotrophic microorganisms that participate in the degradation of organic 240 
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matter and autotrophic microorganisms that participate in nitrification processes [11,37, 38]. 241 

The two microorganism types compete in the active layer and respond to different growth 242 

kinetics [39]. Leyva et al. [21] found that the immobilized biomass of the biofilm presents an 243 

autotrophic µmax of 0.6-0.7 d-1 and heterotrophic µmax of 0.02-0.11 d-1, near the heterotrophic 244 

µmax of the VF. Whereas heterotrophs grow quickly and depend on organic carbon sources, 245 

autotrophs grow slowly and depend on inorganic carbon sources [40,41]. Meanwhile, the 246 

earthworm gut acts as a reserve of denitrifying microorganisms. In the presence of nitrates, 247 

nitrites, and organic carbon of the medium, different facultative anaerobic denitrifiers survive 248 

in the external environment and compete with the microbiological community [5,7]. Oxygen 249 

is another factor that limit µmax in a VF, the burrowing behavior of earthworms introduces 250 

between 0.6 and 0.9 mg/L of oxygen in the active layer [42].  In contrast, moving bed biofilm 251 

reactors (MBBRs) can achieve oxygen concentrations between 1.5 and 5 mg/L through 252 

mechanical aeration, which enhances cellular synthesis within the biofilm [43]. With respect 253 

to kinetic parameter Kd, it is related to biomass loss and microorganism decay rate. The VF 254 

presented a loss of 3±1% of the biomass that developed in the active layer, which is among 255 

the characteristics of the microorganism and earthworm consortium [10]. In a VF there are 256 

various processes such as endogenous decay of microorganisms, destruction of extracellular 257 

polymeric substances, selection of slow-growing bacteria, and predation of bacteria by higher 258 

organisms such as earthworms [16,44,45]. This biomass loss is counteracted by humic 259 

substances and the retention capacity of the active layer [33,46], which promotes the 260 

development of the microbial community [47,48], generating an equilibrium between 261 

biomass growth and the loss rate. 262 

 263 

 264 
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3.2 Effects of seasonality on heterotrophic activity 265 

Table 4 shows the kinetic parameters of the heterotrophic biomass in different seasons. The 266 

OURend (mg/L·h) and SOURend (mg/gVSSh) parameters increased more than 95% in spring-267 

summer relative to fall-winter. In a VF the main mechanisms that determine the removal of 268 

organic matter are related to the activity of earthworms that accelerate the development of 269 

the microbial community [5]. Eisenia fétida is a poikilothermic species that lives in an 270 

optimum range of 15-20°C [49]. Therefore, temperatures within this range improve the 271 

symbiotic relationship between the earthworms and heterotrophic microorganisms that 272 

determine organic matter removal [50]. This explains the increase in YH from 0.39 to 0.54 273 

mgCODm/mgCODs. This increase in the heterotrophic biomass is consistent with other studies 274 

in which increases in COD removal of 6% to 15% in warm periods were observed [11,50]. 275 

However, in the early years of the VF, physical processes such as the adsorption mechanisms 276 

of the woodchip could maintain COD removal efficiency between 65% and 88% without 277 

season difference [8,31]. Meanwhile, kinetic parameter µmax, decreased from 0.07 d-1 in fall-278 

winter to 0.02 d-1 in spring-summer and Kd increased from 0.02 d-1 in fall-winter to 0.04 d-1 279 

in spring-summer. These differences in Kd could be due to toxic compounds such as 280 

antibiotics in wastewater [11,51]. For example, Bermúdez et al. [52] and Dehnavi et al. [20] 281 

have found that there is a decrease in µmax and variations in Kd in the presence of antiobiotics.  282 

This compound toxic can increase the energy required for generating specific inactivating 283 

enzymes to prevent the toxic effects, this could decrease µmax from 0.04 to 0.005 [20,30], 284 

while maintaining OUR of 2.25 mg/Lh and YH of 0.54. Besides, variations observed in these 285 

kinetic parameters can also be produced by operating conditions in the VF [28]. En sprin-286 

summer, a decrease of 90% in rainfall [22], combined with population fluctuation in tourist 287 
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areas [53], can raise the organic loading rate (OLR), from 0.2 to 5.1 kg COD/m2·d [54].The 288 

elevated OLR, driven by the increased influx of organic matter, clog the pores of the 289 

vermifilter and reduce the oxygen available in the system [55]. In extreme dissolved oxygen 290 

deficit, the aerobic bacterial population might undergo an endogenous phase [56] and restrict 291 

the growth of microorganisms, µmax. 292 

 293 

Table 4 294 

 295 

3.3 Effects of earthworm density on heterotrophic activity 296 

Figure 2 shows significant differences between the seasons and monitored zones for OURend 297 

and SOURend. In winter and spring, Zone B (7221 ± 1699 earthworm/m3) presented greater 298 

oxygen uptake rates than Zone A (1105 ± 982 earthworm/m3), with an increase in OUR of 299 

over 80% and an increase in SOUR of over 64%. Earthworm density is a VF design parameter 300 

[11, 57]. Earthworms can directly affect the formation of the biofilm, determining its 301 

morphology and final composition [7,33]. The body of the earthworm excretes stable 302 

aggregates and a mucus that increases the bacterial biodiversity involved in the degradation 303 

of organic matter from 0.8 to 1.1, according to the Shannon index [58]. Furthermore Li et al., 304 

2013 [44], found that VF increases enzymatic activity between 9%-214% for protease, 11%-305 

22% for dehydrogenase, 18%-32% for lipase, 12%-35% for amylase [59,60]. Therefore, a 306 

medium with greater earthworm density promotes the development of the active layer biofilm 307 

and can modify kinetic parameters [10,61]. Zones with a greater earthworm quantity generate 308 

environments with dissolved and colloidal organic matter that allow microorganisms to 309 

survive, reproduce, and form the biofilm [11,44,61]. 310 
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 311 

Figure 3 312 

 313 

3.4. Organic matter removal and heterotrophic activity in the VF 314 

Figure 3 shows the COD and BOD5 concentrations in IN, E1, and E2 of the VF in fall-winter 315 

and spring-summer, along with the oxygen uptake rate (OURend). The COD removal 316 

efficiency in the VF was 64.4% - 80.9% and the BOD5 removal efficiency was 77.6% - 317 

91.5%. A comparison of efficiency levels between seasons reveals no significant differences 318 

in E1: 284±77 mg/L (64.4%) for COD and 134±38 mg/L (77.6%) for BOD5 in fall-winter 319 

and 332±55 mg/L (64.0%) for COD and 115±41 (82.6%) mg/L for BOD5 in spring-summer. 320 

This is related to the decrease in the adsorption capacity of the active layer due to excessive 321 

VF operating times without cleaning or change of the filter medium [62]. In this case, solids 322 

increase in E1 settle quickly in the outlet chamber, which can occur when cleanings are more 323 

than eight months apart [63]. By contrast, significant differences were found in effluent E2: 324 

266±47 mg/L (65.3%) for COD and 132±45 mg/L (79.3 %) for BOD5 in fall-winter and 325 

173±29 mg/L (80.9%) for COD and 55±27 mg/L for BOD5 (91.5%) in spring-summer. As 326 

mentioned, Eisenia fétida lives in an optimal range of 15-20°C [49]; therefore, temperatures 327 

outside this range affect the synergy between the earthworm and the aerobic microorganism 328 

consortium responsible for organic matter degradation [50]. In this study, the temperature 329 

was 11±2°C in fall-winter and 17±4°C in spring-summer. This difference affects the 330 

metabolic activity of the earthworms and the symbiotic relationship with microorganisms 331 

that facilitate organic matter removal. However, the adaptability of earthworms to survive 332 

within a temperature range of 5–29°C and a pH range of 4.5–9 helps maintain system 333 

robustness, achieving removal efficiencies of 65.3–80.9% for COD and 79.3–91.5% for 334 
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BOD₅. [11]. The foregoing is consistent with the increase in OURend in the active layer, which 335 

went from 1.0 mgO2/gL·h in fall-winter to 1.6 mgO2/gL·h in spring-summer. Therefore, the 336 

increase in heterotrophic activity can facilitate COD and BOD5 removal in the VF in spring-337 

summer [5]. It can thus be concluded that the measurement of OUR allows the organic 338 

removal capacity of a VF to be estimated. 339 

 340 

3.5 Sustainable design 341 

The economic sustainability of the vermifiltration technology has also been enlightened by 342 

creating a bridge with the concept of circular bio-economy [39]. However, the lack of 343 

standardized systems significantly reduces the likelihood of valorizing solid waste or sewage 344 

without compromising public health. With a HLR of 0.6 m3/m2·d and an OLR of 0.54 kg 345 

COD/m3·d, the VF achieved a removal efficiency of 173 mg/L (65.3%) and 266 mg/L 346 

(80.9%) for COD. These values are below those reported in other studies, which have shown 347 

removal efficiencies ranging from 77.3% to 89.0% with HLR below 2 m³/m²·d and OLR 348 

between 0.2–0.6 kg COD/m³·d [5]. On the other hand, Gutiérrez et al. [11] observed that VF 349 

systems do not remove Fecal Coliforms (FC) to safe levels in the effluents (i.e. 6.9 log₁₀ 350 

MPN/100 mL). Therefore, the concentrations of COD and FC discard sewage reuse as a 351 

viable option for irrigation [64]. Regarding the active layer, although some authors suggest 352 

that the vermicompost generated by earthworms can be applied to agricultural soils to utilize 353 

adsorbed nutrients such as nitrogen and phosphorus [4,39], there is still insufficient evidence 354 

to demonstrate effective pathogen reduction in these solids without additional treatment [5]. 355 

Concerning emissions, few studies have assessed the impact of these systems on Greenhouse 356 

Gas generation [3]. Specifically in VF systems, Zhao et al. [7] and Huang et al. [65] 357 

demonstrated that these systems can generate emissions of up to 1975.5 mg/m2·h of CO2, 358 
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36.5 mg/m2·h of CH4, and 12.3 mg/m2·h of N2O. In these systems, CO2 is produced through 359 

organic matter oxidation under aerobic conditions; CH4 through organic matter reduction in 360 

anaerobic conditions [55] and N₂O is generated via nitrification and denitrification of 361 

nitrogen compounds present in sewage [66]. 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

 375 

 376 

 377 

 378 

 379 

 380 

 381 

 382 
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4. Conclusions  383 

Considering the results of this study, the following can be concluded: 384 

- The microorganism growth rate in the system has a YH value of 0.39-0.54 mgCODm/CODs 385 

and a µmax of 0.02-0.07 d-1.  386 

- Earthworm density affects kinetic parameters OURend and SOURend. Zone B (7221 ± 1699 387 

earthworm/m3) promotes heterotrophic species activity and generates increases of over 64% 388 

in OURend and SOURend with respect to Zone A (1105 ± 982 earthworm/m3). 389 

- Seasonality affects heterotrophic species activity. Under temperature values of 17±4°C in 390 

spring-summer, the kinetic parameters OURend and SOURend increased by 95% in the VF 391 

compared to fall-winter. Furthermore, the COD removal efficiency increased by 15.6% and 392 

BOD5 removal efficiency increased by 12.2% in spring-summer. 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400 

 401 

 402 

 403 

 404 

 405 

 406 
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Table Captions 688 

Table 1. Summary of design and operating parameters of the vermifilter. 689 

Table 2. Key kinetic parameters of the respirometry test. 690 

Table 3. Kinetic parameters of heterotrophic biomasses in different WWTPs. 691 

Table 4. Kinetic parameters of the heterotrophic biomass in a VF between seasons. 692 
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 711 

Parameter Unit Value 

Volume  m3 442 

Area  m2 276 

Height  m 1.60 

Influent flow m3/d 160 

HLR m3/m2d 0.60 

Influent COD kg COD 0.89 

OLR kg COD/m2d 0.54 

Carbon/nitrogen ratio - 9 

Active layer - Wood chips 

Active layer height m 0.92 ± 0.12 

Active layer volume m3 254 

Species - Eisenia foetida 

Earthworm density Zone A worm/m3 1105 ± 982 

Earthworm density Zone B worm/m3 7221 ± 1699 

Note: HLR: hydraulic loading rate; OLR: organic loading rate; COD: chemical oxygen 712 

demand. 713 

Table 1 714 

 715 

 716 

 717 

 718 

 719 

 720 

 721 

 722 

 723 
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 724 

kinetic parameters Unit Equation Description 

 

Oxygen uptake rate (OURend) 

 
mgO2 L·h⁄  ΔOC Δt⁄  

 

Oxygen consumption rate 

Specific oxygen uptake rate 

(SOURend) 

 

mgO2 gVSSh⁄  OUR VSS⁄  
 

Oxygen consumption rate of 

active biomass 

Heterotrophic biomass yield 

(YH) 

 

mgCODm mgCODs⁄  1- ΔOC COD⁄  
 

Biomass generated per unit 

of exogenous substrate 

Endogenous decay constant 

(Kd) 

d-1 SOURend 1.48⁄  
 

Mortality constant of 

heterotrophic biomass 

 

µH d-1 Yhvss·24·(U X⁄ )-Kd 
 

Heterotrophic biomass 

growth rate 

µmax d-1 µH·(Ks + S)/S Maximum heterotrophic 

biomass growth rate 

Note: Fcv: 1.48. Stoichiometric adjustment factor for reactions involved in the organic matter 725 

degradation process [10]; U: Substrate use rate (mgCODs/h); XH: Active heterotrophic 726 
biomass; CODm: COD of microorganisms generated; CODs: COD of the substrate 727 

consumed; Ks: Semi – Saturation constant; S: COD removed. 728 

Table 2 729 

 730 

 731 

 732 

 733 

 734 

 735 

 736 

 737 

 738 

 739 

 740 

 741 
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 742 

Note: UCT: Anaerobic-anoxic-aerobic. MBR: Membrane bioreactors.  MBRs: Membrane 743 

bioreactors with supported biomass. IFAS: Integrated fixed film activated sludge. CAS: 744 
Conventional activated sludge. OSA: Oxic settling anoxic. UASB: Upflow anaerobic sludge 745 
blanket. VF: Vermifilter. OUR: Oxygen uptake rate. SOUR: Specific oxygen uptake rate. 746 

VSS: Volatile suspended solids. CODm: COD of microorganisms generated; CODs: COD 747 

of the substrate consumed. * YH was calculated with fcv= 1.48. Stoichiometric adjustment 748 
factor for reactions involved in the organic matter degradation process [10]; *Kd was 749 
calculated with the decay rate bH. 750 

Table 3 751 

 752 

 753 

 754 

 755 

 756 

 757 

 758 

 759 

Type 
OURend  

(mgO2/L·h) 
SOURend  

(mgO2/gVSSh) 
YH 

(mgCODm/mgCODs) 
µmax  

(d-1) 
Kd  

(d-1) 
References 

UCT-MBR 2-6 - 0.57-0.74 0.40-2.40 0.26* [28] 

IFAS-MBR - - 0.64 8.99 0.19* [29] 

IFAS-MBR   0.66 3.66 0.24* [29] 

CAS - - 0.67 6.0 0.21* [16] 

OSA - - 0.67 6.0 0.32* [16] 

UASB-MBR 1.55 1.49 0.71* - 0.03 [10] 

UASB-MBRs 2.20 1.15 0.41* - 0.02 [10] 

CAS 3.60-15.30 0.9-4.0 0.86 2.28-3.00 0.06 [19] 

CAS 0.053 - 0.23 0.17 0.01 [15] 

CAS 1.76-2.28 - 0.73* 0.047 1.45* [20] 

VF 1.22 1.24 0.47 0.05 0.03 This study 
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Parameter Unity Fall-Winter Spring-Summer 

OURend mg/L·h 1.15 2.25 

SOURend mg/gVSSh 1.05 2.25 

YH mgCODm/ mgCODs 0.39 0.54 

µmax d -1 0.07 0.02 

Kd d -1 0.02 0.04 

Note. OUR: Oxygen uptake rate. SOUR: Specific oxygen uptake rate. VSS: Volatile 760 
suspended solids. CODm: COD of microorganisms generated; CODs: COD of the substrate 761 
consumed. 762 

Table 4 763 

 764 

 765 

 766 

 767 

 768 

 769 

 770 

 771 

 772 

 773 

 774 

 775 

 776 

 777 

 778 

 779 

 780 
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Figure captions 781 

Figure 1. Schematic representation of a VF and respirometry test. 782 

Figure 2. Respirometry test in different seasons and with different earthworm densities. a) 783 

OURend and b) SOURend. Where  Zone A: 1105 ± 982 worms/m3;  Zone B: 7221 ± 1699 784 

worms/m3. 785 

Figure 3. Concentrations (mg/L) of a) COD and b) BOD5 in IN (), E1 (), and E2 () and 786 

OURend in fall-winter and spring-summer  787 
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 807 

Figure 1 808 

809 
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Figure 2 810 
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Figure 3 812 
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