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The process of cassava starch extraction is associated with the generation of a large volume of liquid wastes from root washing and starch extraction (5 to 7 L.kg−1root). In this context, the aim of this study was to evaluate the treatment of cassava starch wastewater in a horizontal anaerobic fixed bed reactor to the removal of organic matter and generation of biogas. For this purpose, two fixed bed reactors filled with different types of support materials were used: bamboo rings (R1) and flexible PVC rings (R2). The reactors were constructed in polyvinyl chloride (PVC) with 90 cm length and 15 cm diameter. To evaluate the reactors were carried out 13 assays (A1 to A13) with increases in the organic loading rate (OLR, 1.7 to 15.0 g.L−1.d−1) and a decrease in the hydraulic retention time (HRT, 4.0 to 0.8 days). Biogas production followed a similar pattern in both reactors. The highest biogas productions of 1.4 L.L−1.d−1 (R1) and 1.0 L.L−1.d−1 (R2) were verified in the assay A6 in which were applied highest influent concentration (15.1g.L−1), intermediates OLR (5.6 g.L−1.d−1) and HRT (2.7 d). The chemical oxygen demand (COD) removal increased with the OLR increase resulting in COD removal values of up to 99%. Total solids removal efficiencies of 86.2 and 85.5% were achieved in R1 and R2, respectively. In both reactors, the contact surface of bamboo (132 m2.m−3) and PVC (191 m2.m−3) supported biomass attachment even in the highest OLR (15 g.L−1.d−1) and low HRT (0.8 d). Both support material provided conditions to the reactors resist the variations in operating conditions and reestablish the equilibrium after possible hydraulic and organic shocks load, constituting a robust system for the treatment of cassava starch wastewater. In these conditions the COD and solids removal remained satisfactory. After a 450-days reactor running, no changes were observed in the composition and structure of the support material, indicating that bamboo and PVC are possible cheap and efficient alternatives for biomass immobilization.
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INTRODUCTION

Cassava starch is considered a product of great importance due to its functional properties which make it applicable to the most varied sectors of the economy (food, pharmaceutical, chemical, textile, paper among others). In the transformation process of cassava into starch there is wastewater generation, resulting from operations of starch extraction and root washing (5–7 m3.t−1 of root) (Leaño and Babel, 2012), which presents high COD values (12,000 mg. L−1), due to presence of starch and simple sugars (glucose and fructose) (Gomes et al., 2016).

Anaerobic treatment of cassava starch wastewater has been studied for biogas production (methane or hydrogen + methane) (Wang et al., 2011; Rosa et al., 2014; Kuczman et al., 2017), however, great part of cassava starch industries uses the lagoon system, where the produced gases (CO2, CH4, and H2S) are emitted to the atmosphere. Aiming at the energy utilization of the waste some industries cover the anaerobic lagoon with a floating, impermeable cover which is named covered lagoon digester (CLD). Although, the CLD allows the biogas valuation, this alternative presents some disadvantages as low methane productivity and continual cover maintenance (Cantrell et al., 2008).

The high-rate reactors in place of the lagoon system have been evaluated for the cassava starch wastewater treatment, since they favor biogas valuation, with shorter hydraulic retention time (HRT) and lower area requirement. However, as these wastewaters are rapidly acidified, they demand care due to acidification risks on the anaerobic reactor (Palma et al., 2018).

In high-rate anaerobic systems it is necessary to retain biomass in the reactor, which is obtained by attachment on inert support or even by maintaining biomass in sludge beds. Studies on the types of inert support in anaerobic reactors are important, since they can significantly influence the reactor performance (Garcia et al., 2008), especially in high strength wastewaters with high levels of solids such as effluents from starch and alcohol-producing industries. The support material promotes greater biomass retention in the reactor, higher substrate degradation, increases resistance to toxic substances, and shock loads (Mockaitis et al., 2014; Aquino et al., 2017).

Anaerobic digestion of cassava starch wastewater in a horizontal reactor without support material showed satisfactory performance, however under low organic loading rates (1.12 to 2.70 g.L−1.d−1) and high HRT values (16.6 to 6.6 d) (Kuczman et al., 2011). When it is applied to reactors with smaller volumes and hydraulic retention time, the use of support material may be necessary, especially when it comes to easily acidified wastewater (Palma et al., 2018).

Important aspects to be considered in selecting support materials type are: (i) ability to biomass attachment; (ii) high contact surface; (iii) low weight to do not require reactor structure increases; (iv) easiness and low obtaining costs. Thus, several materials are used as inert support in anaerobic reactors, such as polyurethane foam (Fuess et al., 2017), low-density polyethylene (Anzola-Rojas et al., 2016), plastic rings (conduit) (Santos and Oliveira, 2011), bamboo (Feng et al., 2008; Oliveira and Bruno, 2013) in addition to others more.

The utilization of bamboo support in anaerobic reactors is feasible due to your high degradation resistance and possible use of up to 10 years (Feng et al., 2008). Bamboo is a perennial herb, composed mainly of fibers (Feng et al., 2008) and widely distributed in several regions of the world, as Asia (Peng and She, 2014) and America.

 Andreani et al. (2015) and Torres et al. (2017) evaluated bamboo as a support material in upflow acidogenic anaerobic reactors, destined to biohydrogen production from cassava starch wastewater. The aforementioned authors obtained satisfactory results in the reactor with bamboo support when compared to reactors with low density polyethylene support. Kunzler et al. (2013) evaluated a horizontal reactor with bamboo rings as support material in cassava starch wastewater treatment and observed a satisfactory performance until the studied organic loading rate of 5.6 g.L−1.d−1. The system performed well, demonstrating that studies could be carried out at higher organic loads to explore the reactor potential. Kuczman et al. (2017) with a pilot horizontal reactor (33.6 m3) installed in cassava starch industry also used bamboo rings as support material, however the OLR tested were low (0.55 to 9.90 g.L−1d−1) and the HRT was high (7 days).

In this context, the objective of this study was to evaluate the cassava starch wastewater treatment in a fixed bed reactor to organic matter removal and biogas production. For this purpose, two fixed bed reactors filled with two different types of support materials were used: bamboo rings and flexible PVC rings (conduit). The bamboo because it is a natural material of easy acquisition and that presents good mechanical resistance (Farid, 2017) and the flexible PVC rings because is also of easy acquisition.

MATERIALS AND METHODS

Reactors and Support Material

Two horizontal anaerobic fixed bed reactors (HAFBR) were constructed in polyvinyl chloride (PVC) with length of 90 cm and diameter of 15 cm (total volume:15.9 L) as previously described by Kunzler et al. (2013). Five sampling points were installed along the reactors, with distance of 15 cm between them. The support materials used in the reactors were: (i) R1–bamboo pieces with length of 10 cm and diameter of 2.5 cm (surface area: 132 m2.m−3–working volume: 6.0 L); (ii) R2—flexible PVC rings with length of 4 cm and diameter of 2 cm (surface area:191 m2.m−3–working volume: 8.0 L). The reactors were inoculated with 30% of anaerobic sludge (84 gST.L−1) from cassava processing industry, and 70% of diluted cassava starch wastewater (dilution factor = 10).

Cassava Starch Wastewater

The cassava starch wastewater (CSWW) was collected from a full-scale starch factory located in the western region of Paraná, Brazil. The CSWW is generated during the cassava roots washing and starch extraction. In the laboratory the wastewater was homogenized and kept in a freezer (−20°C) until the use. To reproduce the industrial treatment system condition, neither dilution of CSWW nor pH adjustment was applied in the reactor influent.

Operational Conditions

In the HAFBR were carried out 13 assays (A1 to A13) in which were evaluated the increase in organic loading rate (1.7 to 15.0 g COD.L−1.d−1) and the decrease in HRT (4.0 to 0.8 days) (Table 1). The reactors were kept in a controlled temperature chamber at 26°C.


Table 1. Operating conditions of R1 and R2 reactors.
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The reactors were monitored determining the following parameters pH, COD, volatile acidity, total alkalinity, total solids, fixed and volatile solids, and biogas volume. The data collection was daily and maintained for 15 days after the reactor reached the steady state. The system was considered stable when the coefficient of variation (CV) in the monitoring parameters were ≤ 10%. The biogas volume was measured by a liquid displacement system filled with an acidified saline solution composed by sulfuric acid (3% v/v) and sodium chloride (25% m/v), indicated to maintain all the biogas constituents (Fernandes Junior, 1995). The methane volume was estimated with basis in reactors fed with cassava wastewater and operated in similar conditions (Kuczman et al., 2014; Araujo et al., 2018; Mari, 2018).

The reactor performance indicators were: volatile acidity/ total alkalinity ratio, COD removal efficiency (%), solids removal efficiency (%), volumetric biogas production rate (Lbiogas.L−1.d−1), and methane production rate estimated (LCH4.L−1.d−1). At the end of evaluation period, samples for COD and volatile organic acids determination were taken at the sampling points along the reactor length.

Analytical Methods

The parameters pH; volatile and fixed total solids, and COD were determined according to the Standards Methods for the Examination of Water and Wastewater (APHA, 2005). The volatile acidity and total alkalinity were determined according to Silva (1977). Volatile organic acids (acetic, butyric, and propionic) were quantified by high performance liquid chromatography (HPLC Shimadzu Prominence®) on Aminex HPX-87H® column (300 × 7.8 mm), according to the methodology proposed by Lazaro et al. (2012).

Statistical Analysis

The statistical analysis was based on the split plot design in which the OLR corresponded to the main plot and the support material (bamboo and PVC) to the subplot. Analysis of variance (ANOVA) and the Tukey's test was performed at a significance level of 5% (α = 0.05) by software R version 3.4.4 with Package ExpDes.

RESULTS AND DISCUSSION

Horizontal anaerobic fixed bed reactors (HAFBR) were monitored for 450-days. In this period, 13 assays (A1 to A13) were carried out in which the increase in the organic loading rate was due to HRT reduction and variation of organic matter (COD) in cassava starch wastewater (influent concentration). The Table 2 presents the average values to performance indicators to assays (A1 to A13) and reactors (R1 and R2).


Table 2. Performance indicators.
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Stability, Organic Matter, and Total Solids Removals

According to the ANOVA the interaction between OLR and reactors (support material–bamboo and PVC) were significant for VA/TA ratio (p-value ≤ 5%). Significant differences in the Tukey's test was verified in VA/TA ratios between the reactors only in assays A12 and A13 (Table 2). The average values to VA/TA ratio were 0.25 ± 0.4 (R1) and 0.2 ± 0.3 (R2). From the A8 assay there was an increase in VA/TA ratio, however, the values remained within the range of 0.1 to 0.5 in which the system is considered stable (Sánchez et al., 2005). However, in assay A12, the VA/TA ratio increase for values of 1.5±2.0 (R1) and 1.0±1.5 (R2) which may indicate reactors instability that normally occurs in response to organic or hydraulic overloads (Singh and Prerna, 2009).

The HRT reduction from 1.3 to 0.8 d leads to a disturbance in reactors, because the higher organic acids concentration generated in the system from organic matter degradation may to reduce the alkalinity. Sánchez et al. (2005), verified that the VA/TA ratio increase is directly related to HRT decrease. Although the HRT remained at 0.8 d, in assay A13 the system reestablished the dynamic equilibrium, recovering the stability after perturbation. The increase in the cell retention time in immobilized systems improves reactor resistance and promote the rapid recovery after hydraulic shock loads, the presence of inhibitory compounds and changes in substrate composition (Sánchez et al., 1994).

The interaction effect between OLR and reactors was significant (p-value ≤ 5%) for the variables: pH and COD removal efficiency. With respect to effluent pH values the Tukey test revealed that there was statistical difference between reactors only for the assays A7 and A12. The average pH values in effluent at R1 and R2 were 7.3 ± 0.4 and 7.4 ± 0.4, respectively. For the total solids removal efficiency, it was not verified significant difference in the interaction between OLR and reactors (Table 2). The average efficiency was 86.2 ± 4.6 (R1) and 85.5 ± 6.1 (R2).

For the COD removal response variable, significant differences were verified between the reactors in the assays A1 and A13. In both reactors were obtained satisfactory removal efficiency to COD (≥90%) and total solids (≥80%), with variations lower than 7% (Figures 1, 2). The influent wastewater pH was not corrected, presenting values between 3.6 and 5.7 (Table 1). In the reactors effluent, pH values remained around 7.4 with variations lower than 6%. These results demonstrate that despite the OLR increase and HRT decrease the reactors operation was stable in most of the assays as can be seen in the Figures 1 and 2.
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FIGURE 1. R1 performance: (A) pH in the effluent and VA/TA ratio; (B) total solids in the effluent and total solids removal efficiency; (C) COD in effluent and COD removal efficiency.
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FIGURE 2. R2 performance: (A) pH in the effluent and VA/TA ratio; (B) total solids in the effluent and total solids removal efficiency; (C) COD in effluent and COD removal efficiency.



 Aquino et al. (2017) evaluated two inert support for biomass immobilization to vinasse anaerobic treatment and observed that the arrangement influenced reactor efficiency, since it affected biomass growth. Fuess et al. (2017) compared two methanogenic reactors in vinasse treatment: (i) upflow anaerobic structured-bed reactor (ASTBR); ii) a conventional UASB reactor. The authors have verified better performance in the ASTBR, supporting high organic loading rate (30 kg m−3d−1). At the similar conditions the UASB showed performance losses for every increase in the OLR, due to inert solids accumulation in the sludge.

Degradation of Organic Matter and Intermediate Metabolites Along the Reactors Length

In order to verify the behavior of organic matter removal and intermediate metabolites in a spatial reactors profile, samples were collected at points along the R1 and R2 length (points 1 to 5) and in the reactor exit (point 6). To cover the whole experimental period the samplings were performed in the assays A1 (1.7 g.L−1.d−1); A4 (4.3 g.L−1.d−1); A5 (4.7 g.L−1.d−1); A6 (5.6 g.L−1.d−1), and A11 (11 g.L−1.d−1). The organic matter degradation along the reactors length is presented in Supplementary Material.

In all the assays (A1, A4, A5, A6, and A11), the organic matter removal occurred predominantly in the first two collection points. At R1 about 94% of the organic matter was removed at the first point, while at R2 the average removal efficiency at the same point was 79%. These high organic matter removal efficiencies indicate that the active biomass concentrated near the reactors feed zone. The presence of easily degradable substrate fractions may have favored the growth and fixation of microorganisms in this reactor area, as also observed by Schmidt et al. (2014).

The distribution of volatile organic acids along the reactors is consistent with organic matter removal efficiency. In the last sampling point of both reactors, the acetic and propionic acid concentrations decreased to values lower than 10 mg.L−1, no accumulation or higher organic acids concentrations were verified along them, indicating that organic acids were consumed in the process, which resulted in reactors stability in this assays.

Biogas Production

The variance analysis showed that the OLR and the interaction between OLR and reactors (support material) had significant effects on the biogas production (p-value ≤ 5%). According to Tukey's test statistical differences were verified between reactors R1 and R2 in the assays A4, A5, A6, A7, A8, and A9 (Table 2). To ensure the representative estimative of the methane content in the biogas, we researched works with methane content at biogas in the OLR applied range. Therefore, we adopted three average values: 70% for the assays A1 to A5 (OLR from 1.7 to 4.7 g.L−1.d−1) (Kuczman et al., 2013; Araujo et al., 2018; Mari, 2018); 73% for the assays A6 to A9 (OLR from 5.6 to 7.2 g.L−1.d−1) (Araujo et al., 2018; Mari, 2018) and 69% for the assays A10 to A13 (OLR from 10 to 15.1 g.L−1.d−1) (Araujo et al., 2018; Mari, 2018). Methane content in biogas was estimated at 70 ± 2%, with average methane production rate of 0.5 ± 0.2 and 0.4 ± 0.1 LCH4.L−1.d−1 for R1 and R2, respectively. Figure 3 shows the biogas production and methane estimated production in the thirteen assays to reactors R1 and R2.
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FIGURE 3. Volumetric biogas production rate and estimated methane production in the reactors R1 and R2.



Despite the narrow pH variability (≤ 6%), COD removal efficiency (≤ 2.6%), and total solids removal efficiency (≤ 6.1%), biogas production varied by around 41% in both reactors (Figure 3). In assay A6 we observed biogas production peaks of 1.4 ± 0.44 L.L−1.d−1 (R1) and 1.0 ± 0.25 L.L−1.d−1 (R2). In the following assays there was decrease in biogas volume in both reactors. In assay A10 the OLR increase (from 7.2 to 10 g.L−1.d−1) and HRT decrease (from 1.7 to 1.0 d) resulting in lowest biogas volumes (R1: 0.3 ± 0.17 L.L−1.d−1; R2: 0.25 ± 0.13 L.L−1.d−1).

 Intanoo et al. (2016) observed in an upflow anaerobic sludge blanket reactor (UASB) fed with cassava wastewater from acidogenic reactor that the COD removal efficiency and biogas production were favored by OLR increased from 2 to 8 g.L−1d−1, however, the OLR increase to 10 g.L−1.d−1 leading to biogas reduction from 25 to 8 L.d−1, whereas the COD removal efficiency decreased discretely (66 to 62%), as observed in R1 and R2. According to authors the decrease in biogas volume is due to organic acids accumulation. Despite biogas reduction in R1 and R2 the profile of organic acids along the reactor no indicate your accumulation. From assay A11 there was a recovery of biogas production, which can indicate high resilience of the reactor, possibly due to biomass immobilization.

 Araujo et al. (2018) evaluated the methane production in an upflow anaerobic fixed bed reactor from cassava starch wastewater and observed that the biogas production increase (0.8 to 7.56 L.d−1) was proportional to OLR increase (2.5 to 10 g.L−1.d−1), however, the methane proportion in biogas decreased from 76.8 to 66%, respectively. The increase in organic and hydraulic loads can cause disturbances in microbial community structure of the reactor. The reduction in biogas volume and in methane contents are usually related to decrease in quantity and activity of the syntrophic bacteria and methanogenic archaea (Regueiro et al., 2015).

In addition, the gas release from the liquid medium to the headspace of the reactor can also affect the biogas production. The gases solubility in liquid medium depends on the partial pressure of each gas in the atmosphere and the temperature (Metcalf and Eddy, 2016). As the solubility is inversely proportional to the temperature, at 26°C which is the temperature used in the present study, biogas dissolves more in the liquid medium when compared to optimal temperature at 35°C (Ward et al., 2008), hindered the gas release into the reactors' atmosphere. In addition to temperature, biomass growth may also contribute to biogas entrapment in the liquid phase. Palma et al. (2018) in similar operating conditions to those adopted in this study observed that the OLR increase from 3.0 to 8.5 g.L−1.d−1 and HRT decrease from 3.1 to 1.1 d lead to decreasing in the methane production from 0.29 to 0.18 LCH4.g−1COD. According to these authors the gas volume reduction may be related to its entrapment in the reactor bed due to biofilm thickening and solids retention.

 Fuess et al. (2017) suggest that the biogas release to the liquid medium can be favored by adoption of the structured fixed bed, since this configuration provide increase in the empty spaces and improvement in the reactor hydrodynamic characteristics. The horizontal reactors used in this study, as well as those operated by Kunzler et al. (2013) and Palma et al. (2018) presented biogas production performance lower than that obtained by Araujo et al. (2018) in an upflow fixed bed reactor. This reactor configuration provides more efficient mixing, improving mass transfer rates between substrate and microorganisms, promoting the release of trapped gas bubbles in the liquid and preventing the particulate matter sedimentation (Ward et al., 2008).

The biomass concentration in the effluent of R1 (430 ± 214 mgVTS.L−1) and R2 (447 ± 190 mgVTS.L−1) was very close, even though there were differences between the surface areas of bamboo (132 m2.m−3) and PVC (191 m2.m−3). The reactors behavior exhibited similar patterns, indicating that the biomass attachment was effective in both supports. Good performances have been attributed to bamboo due to its porosity (R1−41%), since pore size (0.001–1,000 μm) facilitates the biomass development and the maintenance of anaerobic conditions in the support (Chen et al., 2012), in addition to improving mass transfer rates (Torres et al., 2017). Therefore, in treatment systems where wastewater composition can vary considerably, as is the case of cassava starch wastewater where we observed variations of up to 23% in organic matter concentration, immobilization of biomass in inert supports is a strategy capable of conferring robustness to the reactors.

CONCLUSIONS

Cell immobilization enabled the application of higher organic loading rate (15.1 g.L−1.d−1) and lower hydraulic retention time (0.8 days) in the reactors with bamboo (R1) and PVC (R2) support materials. In both reactors were achieved satisfactory removals of organic matter (≥90%) and total solids (≥85%). The highest biogas production of 1.4 L.L−1.d−1 (R1) and 1.0 L.L−1.d−1 (R2) were verified in assay A6 in which were applied the highest influent concentration (15.1 gCOD.L−1), intermediates organic loading rate (5.6 g.L−1.d−1) and hydraulic retention time (2.7 d). The filling of the reactor with bamboo and PVC support provided greater resistance to the possible hydraulic and organic shocks load and the ready establishment of balance after disturbances, constituting a robust system for the treatment of cassava starch wastewater. After a 450-days reactor run, no changes were observed in the support material composition and structure, indicating that bamboo and PVC are possible alternatives for biomass immobilization in cassava wastewater treatment systems.
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Assay pH effluent VA/TA ratio COD removal (%) TS removal (%)* Biogas production (L.L=1.d~")

R1 R2 R1 R2 R1 R2 R1 R2 R1 R2
Al 7.3 Abcd 7.4 Abed 0.04 Ac 0.03 Ab 96 Bde 98.2 Aab 83.3 Aabed 1.13 Aab 0.61 Aabe
A2 7.5 Aabed 7.5 Aabed 0.025 Ac 0.03 Ab 97 Abcde 97.4 Aab 78.4cd 0.82 Abcde 0.4 Abc
A3 8.0 Aa 8.1 Aa 0.04 Ac 0.03 Ab 96.6 Acde 97 Aab 77 Ad 0.42 Aefg 0.47 Abc
A4 7.8 Aab 7.6 Aabcd 0.05 Ac 0.08 Ab 98.4 Aabed 98.5 Aab 89.9 Aa 0.71 Acdef 0.44 Bbc
A5 7.5 Aabed 7.6 Aabc 0.04 Ac 0.05 Ab 99 Aabc 99.3 Aa 90.3aa 0.83 Abcd 0.6 Babc
As 7.1 Acd 7.1 Acdf 0.08 Abc 0.08 Ab 99.3 Aab 99.2 Aa 88.2 Aab 1.4 Aa 1.02Ba
AT 7.3 Abed 6.6 Bf 0.04 Ac 0.03 Ab 98.5 Aabc 98.5 Aa 80.9 Abed 1.05 Aabc 0.8 Bab
A8 7.6 Aabc 7.8 Aab 0.18 Abc 0.24 Ab 98.6 Aabc 98.6 Aa 89.8 Aa 0.4 Bfg 0.68 Aab
A9 7.7 Aabe 7.7 Aabc 0.24 Abc 0.29 Ab 99.4 Aa 99.2 Aa 80 Abed 0.75 Abcdef 0.44 Bbe
A10 7.0 Acd 6.9 Adef 0.15 Abc 0.19 Ab 99.3 Aab 99.5 Aa 86.2 Aabc 0.3 Ag 0.26 Ac
A1 7.4 Aabed 7.6 Aabed 0.08 Abc 0.1 Ab 99.3 Aab 99.1 Aa 83.5 Aabed 0.71 Acdef 0.65 Aabc
A12 63Ae 6.8 Bef 154 Aa 1.05 Ba 94.75 Ae. 96 Ab 90.5 Aa 0.55 Adefg 0.46 Abc
A3 7.0Ad 6.9Aef 0.7 Ab 0.47 Bab 95.8 Ae 908Bc 82.3 Aabed 0.73 Abcdef 0.56 Abc

*Not significative interaction between OLR and reactors (support materia). The capitalletters indicate the comparison between average values in the same line (reactors). The lower-case
letters indicate the comparison between average values in the same column (assays). The analysis of variance (ANOVA) is presented in Supplementary Material.
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Assay* HRT (d) CODinfluent  OLR PH TS VTS
(@L-")  (gL~'.d~") influent (gL-T) (gL")

Al 40 6.1 17 4.7 8.6 6.9
A2 35 9.1 26 4.7 9.6 6.1
A3 40 163 38 4.0 93 a7
A4 21 93 4.3 36 12.8 65
A5 28 13.2 4.7 39 1.3 43
Ae 27 15.1 5.6 57 1.4 95
A7 24 149 6.0 4.7 6.4 5.4
A8 21 13.0 6.5 4.0 10.6 100
A9 4173 129 72 4.6 4.0 37
A10 1.0 109 100 5.7 52 38
A1 13 149 1.0 5.2 6.7 58
Af2 08 10.5 12.4 5.2 8.3 38
A3 08 12.4 15.1 55 85 75

*Operational time of each assays wes of approximately of 30 4 days; HRT, hydraulic
retention time; OLR, organic loading rate; TS, total solids; VTS, volatile total solids.
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