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Abstract 7 

Distilleries generate high COD (chemical oxygen demand) wastewater streams that are 8 

anaerobically digested to produce biogas with sub-optimal yields. In this work, for the 9 

first time, novel vortex-based hydrodynamic cavitation (HC) pre-treatment of these 10 

waste streams was investigated for significantly enhancing biogas yields.  Molasses 11 

spent wash (120,000 ppm COD, India) and vinasse (27,000 ppm COD, Brazil) were pre-12 

treated at varying number of passes (between 1 – 20) through the HC device at 13 

constant inflow, biochemical methanation potential (BMP) was measured and 14 

described using a first order model. Vortex-based HC pre-treatment led to 14% 15 

enhancement (2 passes) in BMP from spent wash (difficult to digest compared to 16 

vinasse) with a net energy gain of 1 GJ/ton COD. 10-22% increase in biogas yields from 17 

large-scale industrial spent wash digesters confirmed the laboratory findings. The work 18 

presented is useful and can be translated to recalcitrant feedstock for enhancing 19 

valorization using vortex-based HC pre-treatment. 20 
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1. Introduction 22 

Sugarcane industry is one of the largest agri-based industry globally and 23 

contributes to ~80% of world’s sugar production. Worldwide sugar prices are falling 24 

due to surplus sugar stocks and production (International Sugar Association, 2018). It is 25 

therefore inevitable and critical that allied industries such as distilleries that often 26 

operate alongside sugar industries support the economic viability.  Alcohol 27 

fermentation can generate revenue, however, to enhance the profits to support the 28 

parent sugar industries, effective waste management and a circular bioeconomy 29 

approach is necessary. For instance, a predominant by-product of the sugar industry - 30 

molasses is utilized by distilleries for alcohol fermentation, where these process 31 

generates 10-15 m3 distillery wastewater/m3 alcohol produced (Christofoletti et al., 32 

2013). With the global ethanol production increasing annually for beverage and fuel 33 

purposes the associated wastewater produced is immense [e.g., >40 billion liters in 34 

India (Basu et al., 2015) and >300 billion liters in Brazil (da Silva Neto et al., 2020)]. 35 

Therefore, it is paramount to address the need to manage this wastewater and 36 

simultaneously support the sugar industry. 37 

Distillery wastewater is known as spent wash, vinasse, slop, stillage or distillery 38 

effluent depending upon the source of sugar used for fermentation. If distilleries are 39 

solely based on molasses (as in India), typical chemical oxygen demand (COD) of waste 40 

water (called as spent wash) ranges between 80,000 – 160,000 ppm and pH in the 41 

acidic range (Basu et al., 2015). If the distilleries also use sugar cane juice (as in Brazil), 42 

typical COD of wastewater (called as vinasse) is much lower (España-Gamboa et al., 43 

2011) and is around 30,000 ppm. Variation in the composition and COD is seen due to 44 
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its origin and additionally, presence of trace elements, heavy metals, anionic salts, 45 

phenolics and melanoidins are responsible for the characteristic dark brown color. 46 

These wastewater streams therefore require treatment prior to discharge.  47 

Most common industrial practices for the disposal of spent wash are 48 

fertirrigation, biocomposting, incineration and anaerobic digestion (Cooper et al., 49 

2020; Fito et al., 2019). Fertirrigation is the process of using spent wash as a water 50 

source to irrigate croplands. This can effectively reduce the water footprint on the 51 

agricultural sector and discharge load of the distillery. However, long term use of spent 52 

wash for irrigation was reported to affect the soil quality by altering the alkalinity and 53 

biodiversity of the soil (Mohana et al., 2009). Biocomposting offers the use of two 54 

waste streams generated by the sugar industry, namely, press mud and spent wash. 55 

Biologically treated spent wash is mixed with press mud and then biocomposted to 56 

produce fertiliser (Chowdhary et al., 2018). This could add value to the industry by 57 

selling the fertiliser or could be recycled to the farmlands associated with the industry. 58 

In either case, the concerns surrounding the handling of huge volumes of spent wash 59 

and required land area to produce the compost in addition to the slow rate of 60 

composting limits its use. Incineration is a popular option amongst distilleries, where 61 

the spent wash can be burnt to generate heat and electricity as well as recover 62 

condensate water for reuse within the facility. Problems associated with the energy 63 

cost and maintenance of the incinerators are the main limitations to this technology 64 

(Fito et al., 2019). Anaerobic digestion (AD) offers an attractive option, not only for its 65 

treatment but also low sludge generation compared to aerobic treatment, low 66 

operating costs, robustness to handle varying feed compositions and most importantly 67 
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energy recovery  in biogas (Tewari et al., 2007). Biogas generated could then be 68 

upgraded to biomethane to meet the requirements of transportation fuel or could be 69 

used internally by the sugar industry to satisfy their energy needs and offset the 70 

electricity costs. Biomethanated spent wash (digestate from AD) would still not be 71 

suitable for discharge as it is not legally permitted in India due to the zero-discharge 72 

policy regulating the distilleries (Central Pollution Control Board India, 2015). Further 73 

treatment, eg, biological treatments may be necessary to further reduce the COD (Pant 74 

& Adholeya, 2009; Pant & Adholeya, 2007). In other cases, the digestate can be further 75 

composted or in occasional cases directly used as a fertilizer (Tewari et al., 2007).  76 

AD, although a suitable technology and the current industrial standard for 77 

spent wash valorization, due to its complexity and recalcitrance, its COD conversion 78 

rarely exceeds 70%. However, with vinasse, higher conversions are reported mainly 79 

due to the higher bioavailability of COD (predominantly present as soluble COD) for 80 

digestion. To extract more value and maximize the biogas generation from spent wash 81 

by making the available COD more digestible, pre-treatment may be required. A wide 82 

range of pre-treatments, from physical, chemical, physico-chemical to biological pre-83 

treatments are reported in literature for the spent wash and vinasse as shown in Table 84 

S1 in supplementary information. However, these pre-treatment methods are often 85 

expensive or energy intensive and may not be suitable at an industrial scale (typically 86 

with spent wash flow rates of 20 m3/h and above). 87 

Scalability and net energy gains of wastewater pre-treatment are reported 88 

scarcely in literature. With most available publications it could be seen that a net 89 

positive energy gain could not be obtained with many reported pre-treatment 90 
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methods (Chang et al., 1994) (Alkan-Ozkaynak & Karthikeyan, 2011) (Martıń et al., 91 

2002) (Siles et al., 2011) (Schaefer & Sung, 2008) (Wu-Haan et al., 2010) (España-92 

Gamboa et al., 2017) (Jiménez et al., 2006) (Mallick et al., 2010). It is therefore 93 

essential to develop a scalable pre-treatment method which leads to net energy gains 94 

at industrial scales. In this work, the use of a novel vortex based hydrodynamic 95 

cavitation (HC) was investigated for the pre-treatment of high COD containing spent 96 

wash and vinasse to enhance their biogas generation with a net positive energy gain.  97 

(Hydrodynamic) Cavitation is the phenomenon of formation of vaporous 98 

microbubbles or cavities in a flowing liquid experiencing local low pressures, its growth 99 

and collapse. These collapsing cavities generate localized hot spots with very high 100 

temperatures and pressures in addition to intense shear (Saharan et al., 2014). 101 

Consequently, highly reactive oxygen species namely hydroxyl radicals (OH) are 102 

formed. Hot spots, highly oxidizing radicals and shear generated by HC devices have 103 

been utilized for the physico-chemical pre-treatment of lignocellulosic biomass (but 104 

never for spent wash or vinasse) for enhancing the biomethane production via AD with 105 

a net positive energy gain. These include pre-treatment of agricultural residues (Garuti 106 

et al., 2018; Zieliński et al., 2019), grass silage and sugarcane bagasse (Nagarajan & 107 

Ranade, 2019), wheat straw (Patil et al., 2016) and waste activated sludge (Petkovšek 108 

et al., 2015) to name a few. Furthermore, HC has also been used to improve the 109 

aerobic biodegradability of biomethanated distillery wastewater (Padoley et al., 2012). 110 

Most commonly reported HC devices (typically for wastewater treatment) are linear 111 

flow devices such as venturi tubes or orifice plates with different throat geometries or 112 

multiple holes respectively. These conventional cavitation devices are prone to 113 
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clogging and severe erosion (since cavity collapse occur close to device walls). These 114 

problems have been overcome by a vortex based HC device disclosed by Ranade et al 115 

(Ranade et al., 2016) where no small holes or constrictions are present and the cavity 116 

collapse occurs in the core, away from the walls (Simpson & Ranade, 2019), thereby 117 

improving the life time of the devices. 118 

Vortex based HC devices have been previously employed to successfully treat 119 

simulated wastewater (Sarvothaman et al., 2018) and pre-treat lignocellulosic 120 

biomasses (sugarcane bagasse and grass silage) to enhance its biochemical 121 

methanation potential (BMP) (Nagarajan & Ranade, 2019). Enhancement in BMP up to 122 

24% upon 9 passes HC treatment with a net energy gain of ~2 GJ/ton total solids was 123 

reported. HC being energetically favorable offers scalability and therefore looks 124 

promising as a pre-treatment method for spent wash and vinasse.  125 

The aim of this work is to evaluate vortex-based HC pre-treatment of distillery 126 

wastewater streams to significantly enhance its BMP and to quantify potential of net 127 

energy gain via pre-treatment. The effect of this pre-treatment on two types of 128 

distillery wastewater streams, namely, spent wash originating from sugarcane 129 

molasses based distillery (sourced from an industry in India) and vinasse (sourced from 130 

Brazil) were investigated. BMP tests of the untreated and HC treated feedstock were 131 

performed. Generated data were analyzed using a first order model following the 132 

example of Nagarajan and Ranade (Nagarajan & Ranade, 2019). The net energy gained 133 

due to enhanced BMP obtained using the pre-treatment is discussed. Results from 134 

large scale industry tests (from the industry collaborator in India) confirming the lab 135 

scale results are also presented. The novelty of this work not only lies in utilizing 136 
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hydrodynamic cavitation for the first time to pre-treat spent wash  for enhancing BMP, 137 

but also effectively achieving analogous (to laboratory investigations) enhanced biogas 138 

generation at an industrial scale. The results will be useful to evaluate and recommend 139 

an energy efficient pre-treatment process for spent wash digesters.  140 

2. Methodology 141 

2.1 Materials 142 

Spent wash (sourced from an Indian sugar mill) was air dried to concentrate it 143 

and then the concentrate was dried at 65 °C to a powder. The spent wash powder was 144 

then shipped from India to Belfast. Instead of sending in the slurry, dried spent wash 145 

powder was shipped for the ease of transportation. For cavitation experiments, the dry 146 

powder of required quantity was mixed with tap water present in the tank of the 147 

experimental rig to achieve an initial concentration of 162.6 g/L spent wash powder in 148 

water. Based on a calibration curve prepared (see supplementary information) this 149 

concentration corresponded to a COD of 120,000 ppm which is the typical 150 

concentration for spent wash in India. Tap water (also potable) characteristics in 151 

Belfast correspond to a total hardness of 125 ppm, with a slightly alkaline pH 152 

(Northern Ireland Water, 2020). Nitrates and nitrites as well as heavy metals are 153 

present in trace quantities below permissible limits. Therefore, this is not expected to 154 

affect the biogas generation. When using real spent wash slurry, the volatiles and 155 

residual alcohols present in the liquid will be retained to a greater extent as compared 156 

to the dried powder. This may also contribute to the organic fraction utilized towards 157 

biogas generation. Vinasse with an initial COD of 27,000 ppm was sourced from a 158 

distillery in Brazil and was used as received. Inoculum used for BMP tests were 159 
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obtained from a digester in Agri Food and Biosciences Institute (AFBI), Hillsborough, 160 

Northern Ireland, United Kingdom digesting cow slurry and grass silage.  161 

2.2 Substrate and Inoculum Characterization 162 

To determine the total solids (TS) present, 1 g, 20 g and 2 g of spent wash 163 

powder, vinasse and inoculum were taken in dry crucibles in triplicates respectively. 164 

These were then placed in a Carbolite Gero oven at 105 °C for 24 h. Upon drying, the 165 

crucibles were left to cool down to room temperature and weighed. The weight lost 166 

from the sample was attributed to moisture. The crucibles were then transferred to a 167 

SNOL 13/1100 LHM01 muffle furnace and held at 550 °C for 2 h. Upon combusting the 168 

samples, the crucibles were allowed to cool down to room temperature and then 169 

weighed. The weight lost was recorded as the volatiles solids (VS) content of the 170 

sample, whereas the weight of samples left behind in the crucibles were attributed to 171 

ash (Franco et al., 2018). COD of spent wash and vinasse were measured by first 172 

adding appropriate volumes (as recommended by the kit manufacturer) of the samples 173 

to the respective reagent kits with the ranges of 0–15,000 mg/L O2 and 0–1,500 mg/L 174 

O2 respectively purchased from either Hach UK or Merck UK. The mixtures were 175 

digested at 148 °C for 2 h and upon cooling to room temperature, the digested 176 

samples in the vials were measured using a Spectroquant Move 100 spectrometer 177 

against digested blanks.  178 

2.3 HC Pre-treatment 179 

A HC rig, similar to the one previously reported by Nagarajan and Ranade 180 

(Nagarajan & Ranade, 2019), hosting a vortex based cavitation device with a nominal 181 

capacity of 1.2 m3/h was used for the cavitation pre-treatment of spent wash and 182 
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vinasse. Details on rig construction and the schematic of the rig can be found in the 183 

supplementary information. For a given hydrodynamic cavitation device, the two 184 

operating parameters, namely, pressure drop across the device and number of passes 185 

through the device are the key performance governing parameters. It has been 186 

previously established for the vortex based HC device that pressure drop across the 187 

device does not have a significant impact on device performance (Sarvothaman et al., 188 

2018). Operation with higher pressure drop across the device was therefore preferred 189 

because it offers higher flow rate (which reduces potential clogging risks) and higher 190 

number of generated cavities. Considering this, in the present work, it was decided to 191 

operate the pre-treatment at the maximum discharge pressure of the curve (3.9 bars). 192 

The influence of number of passes through the cavitation device on pre-treatment 193 

performance was investigated. 194 

Spent wash pre-treatment was initiated by first filling the rig with tap water to 195 

a total volume of 12 L. A required quantity of spent wash powder (~1.95 kg) was then 196 

added to the holding and allowed to mix with tap water under non-cavitating flow 197 

conditions. Dissolution of the required quantity of spent wash powder in water did not 198 

lead to any significant increase in the volume of the solution. The solution volume of 199 

the spent wash therefore was almost the same as that of tap water taken initially (12 200 

L).  In the case of vinasse, 14 L working volume was used. The volume of the pipe 201 

sections, cavitation device and pump used in the experimental set-up was 3.5 L. This 202 

volume was initially filled with tap water. For making total working volume of 14L, 11.5 203 

L of vinasse was added to the holding tank. Under non-cavitating conditions, the 204 

contents of the rig flowed through both the bypass and the main lines. An overhead 205 
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stirrer was also placed in the center of the holding tank to facilitate proper mixing and 206 

to ensure no dead zones occurred. Upon mixing under the above-mentioned 207 

conditions for 5 minutes, 500 ml sample was withdrawn from the holding tank and 208 

named as untreated sample in the spent wash experiments. In case of vinasse 209 

experiments, 1 L sample was taken. Then, the flow through bypass line was completely 210 

shut and all flow was diverted through the main line. At this condition, the measured 211 

flow rate was 1.54 m3/h and the inlet pressure was 3.9 barg. Cavitation inception for 212 

the device used, occurs at inlet pressures slightly lower than 1 barg with the extent of 213 

cavitation increasing with increase in inlet pressure. With the current configuration, 214 

3.9 barg was the maximum achievable inlet pressure and hence used for all the 215 

experiments. Upon setting up the cavitation conditions, 500 ml sample were then 216 

taken from the holding tank after 2, 10 and 20 passes for the spent wash experiments. 217 

With the vinasse experiments, 1 L samples were collected from the tank after 1, 2 and 218 

5 passes. Withdrawal of samples will reduce working volume of liquid in the system. 219 

Previously, for simulated wastewater treatment with the vortex based hydrodynamic 220 

cavitation device, it was established that the cavitation performance is independent of 221 

the working volume (9-14 L) (Sarvothaman et al., 2018). Only parameter that will be 222 

affected by change in volume due to withdrawal of samples is the calculation of 223 

number of passes through cavitation device. The number of passes per hour was 224 

calculated as flowrate in m3/h/volume in m3. The corresponding time required to 225 

achieve the reported number of passes were calculated appropriately by considering 226 

the change in volume due to sampling. For instance, when ‘X’ L was the initial volume 227 

for the HC experiments, and 1 L was sampled after 1 pass pre-treatment, the time 228 
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required to achieve another 1 pass pre-treatment (net treatment of 2 passes) was 229 

based on the working volume of ‘X-1’ L. Therefore, consistent sampling and time 230 

calculations were performed.  231 

The initial temperature of the feed in the holding tank was ~ 18 °C. With the 232 

net pumping energy being 25.5 Wh, the theoretical maximum temperature increase 233 

was found to be ~2 °C. For spent wash, with the number of passes corresponding to a 234 

total pre-treatment time of < 9 min and for vinasse with the time < 3 min. Since the 235 

increase in temperature during the pre-treatment experiments was ~2 °C, no efforts 236 

were made to control the temperature. All the samples collected were then stored in a 237 

refrigerator at 4 °C prior to BMP tests.  238 

2.4 BMP Setup and Kinetics 239 

Untreated and cavitated spent wash, as well as vinasse were subjected to BMP 240 

tests. An automatic methane potential test system, popularly known as AMPTS II and a 241 

gas endeavour system (Bioprocess control, Sweden) were used to perform the BMP 242 

tests. Since BMP was measured to quantify influence of pre-treatment, indirect means 243 

of quantifying this influence by measuring the change in BOD/COD ratio was not 244 

undertaken in the present work. The method of setting up a BMP test previously 245 

described by Nagarajan and Ranade (Nagarajan & Ranade, 2019) was used in this case. 246 

For each feedstock, 15 reactors were set up that was composed of triplicates of blank 247 

tests followed by untreated and cavitated feedstock at various number of passes. 248 

Overhead stirrers were fitted to all the reactors and connected in series. Mixers were 249 

operated at 50% of the maximum speed with a 10 sec on and off cycle. The stirrers 250 

mixed the contents of the reactor both in clockwise and counterclockwise directions 251 
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periodically. The reactors were then placed in a water bath that was kept constant at 252 

41 °C. The gas generated as a result of anaerobic digestion, passed through reactor 253 

outlets to bottles containing 3 M NaOH and 0.4% thymolphthalein pH-indicator 254 

solution that stripped CO2 and H2S from the gas mixture. This enabled automatic 255 

quantification of the generated biomethane. The obtained results were normalized to 256 

standard temperature and pressure (STP, 0 °C and 1 atm). BMP tests were performed 257 

for 20 days with vinasse and 29 days with spent wash. BMP of each substrate was 258 

calculated using Equation 1 and reported as cumulative biomethane produced. 259 

𝐵𝑀𝑃𝑡 =  
(𝑉𝑠,𝑡−𝑉𝑖,𝑡)

𝑉𝑆𝑠
       ………………………….(1) 260 

where BMPt (ml CH4/g VS) is the biochemical methanation potential of the substrate at 261 

time t (days), Vs,t (ml CH4) is the volume of biomethane produced by the substrate at 262 

time t, Vi,t (ml CH4) is the volume of biomethane produced by the inoculum at time t, 263 

from the blank tests and VSs (g VS) is the amount of volatile solids present in the 264 

substrate fed to the reactor. Triplicates within the sample were used for BMP tests and 265 

hence the average of the replicates was used to produce the plots which are reported 266 

here. The standard deviation between the replicates for each time point from its mean 267 

was calculated and plotted as error bars of the experimental data. Otherwise, 268 

generally, potential errors can occur due to differences in the composition of inoculum 269 

in each reactor, the degassing time of the inoculum before inoculation, the solids 270 

content of the inoculum, use of different batches of inoculum or substrate and 271 

sampling from an unmixed holding tank. 272 

A simple first order model (Equation 2) was used to describe the BMP data for 273 

most of the samples. However, a linear combination of two first order models was 274 
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used to process the BMP data showing diauxic digestion (untreated spent wash) as 275 

shown in Equation 3. 276 

𝐺 =  𝐺𝑚𝑎𝑥1 [1 − 𝑒−𝑘1(𝑡−𝑡0)] 𝑓𝑜𝑟 𝑡 ≤  𝑡𝑐𝑟𝑜𝑠𝑠    ………………………….(2) 277 

𝐺 =  𝐺𝑚𝑎𝑥1 [1 − 𝑒−𝑘1(𝑡−𝑡0)] +  𝐺𝑚𝑎𝑥2 [1 − 𝑒−𝑘2(𝑡−𝑡0−𝑡𝑐𝑟𝑜𝑠𝑠)] 𝑓𝑜𝑟 𝑡 >  𝑡𝑐𝑟𝑜𝑠𝑠   ……..….(3) 278 

 279 

where Gmax1 and Gmax2 are the maximum biomethane that could be generated from the 280 

stage 1 and stage 2 (ml CH4/g VS) respectively. Overall Gmax was calculated as the sum 281 

of Gmax1 and Gmax2, k1 and k2 are the rate constants for biomethane generation in 282 

stage 1 and 2 respectively (day-1), t0 is the lag time (days) and tcross is the time (days) at 283 

which stage 2 becomes active (after the lag phase). In order to obtain the value of t0 284 

unambiguously, a line was fitted through the first four data points post lag time. The 285 

slope and intercept of the linear fit of the first four data points were used to obtain the 286 

value of t0. The five model parameters namely, Gmax1, Gmax2, k1, k2 and tcross were 287 

obtained using non-linear regression (using the solver tool included in Microsoft Excel). 288 

Unlike untreated spent wash, the BMP data obtained for HC treated spent wash as 289 

well as untreated and HC pre-treated vinasse did not exhibit diauxic digestion. 290 

Therefore, for all the BMP data except untreated spent wash, a simple first order 291 

model shown in Equation 2 was used to process the BMP data (by setting tcross to a 292 

value higher than the period of BMP tests). 293 

2.5 Statistical Analysis 294 

Confidence intervals (95%) of the fitted parameters were obtained using the 295 

curve fitting tool in MATLAB. The average confidence intervals for parameter Gmax 296 

were found to be ± 7% and ± 12% for spent wash and vinasse respectively. The average 297 
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confidence intervals for parameter k were found to be ± 10% and ± 21% for spent wash 298 

and vinasse respectively. The error bars shown on all the plots are the standard 299 

deviation values calculated from triplicates. The correlation coefficient (R2) for all the 300 

fits were greater than 0.99. These parameters obtained by processing experimental 301 

BMP data are reported and discussed in the Section 3.1.  302 

3. Results and Discussion 303 

3.1 BMP measurement and Kinetics 304 

The total inlet COD of spent wash and vinasse used for the BMP tests were 305 

120,000 ppm and 27,000 ppm respectively. The measured VS content of these 306 

feedstocks were used to establish the relationship between VS and COD. 1 g COD was 307 

found to be equal to 1.02 g VS of spent wash and 0.72 g VS of vinasse. The theoretical 308 

maximum CH4 production from one gram of COD corresponds to 0.35 L CH4 at STP 309 

assuming an equimolar ratio of CO2 to CH4 in biogas.  BMP of untreated and HC treated 310 

spent wash and vinasse are shown in Figure 2(a) and Figure 2(b) respectively. A striking 311 

similarity at the first instance in both the cases is an analogous initial gas production 312 

stage. Biomethane yields in this initial stage were similar for the same type of 313 

untreated and HC treated samples (for both the substrates) and could be due to the 314 

presence of easily utilizable fractions such as carbohydrates, alcohols or volatile fatty 315 

acids (España-Gamboa et al., 2011; Wilkie et al., 2000). The maximum biomethane 316 

yield in this phase for vinasse was almost twice as that of spent wash, indicating a 317 

higher availability of easily digestible organics in vinasse. The ease of vinasse digestion 318 

was clearly seen with a higher BMP yield even with the untreated sample. This initial 319 

stage was termed as the lag phase, lasted up to ~5 days for untreated spent wash, but 320 
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decreased to ~4 days upon HC pre-treatment. With vinasse samples, the untreated and 321 

1 pass samples had an initial lag time of ~7 days, and the rest had a lag time of ~8 days. 322 

Lag phase seen in both the cases could have been due to the use of a non-acclimatized 323 

inoculum. An acclimatization stage might have helped to overcome or shorten the lag 324 

phase observed with the digestion of spent wash and vinasse. 325 

The BMP data (net generation per g of VS – Equation 1) obtained from 326 

untreated spent wash in the present work is shown in Figure 1. It can be seen that the 327 

BMP data clearly exhibits three distinct regions. The first day produced significant 328 

biomethane which was subsequently decreased. This initial gas production stage was 329 

also found for both the untreated and pre-treated spent wash as well as vinasse. This 330 

initial gas production phase occurred because of the presence of easily utilizable 331 

fractions such as alcohols, fatty acids or soluble sugars in the feedstock. Once the 332 

easily digestible organics were utilized, the net biomethane generation stopped before 333 

starting again with the breakdown of complex organics. Since the interest is in 334 

understanding digestion of complex COD contained in the feedstocks, the initial data 335 

obtained during this phase (called as lag phase here) was not considered for processing 336 

the BMP data. Instead, the data was processed by shifting the time coordinate by t0, 337 

lag time (days).  338 

The BMP data of untreated spent wash shows diauxic digestion (digestion in 339 

multiple stages) after the lag phase. This could have been due to the presence of 340 

recalcitrant organics in untreated spent wash. Presence of these complex organics 341 

affect the overall rate of digestion as well as the cumulative biomethane generation. 342 

Similar cases of diauxic digestion from a variety of substrates such as paper wastes 343 
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(Walter et al., 2016), food waste (Ashekuzzaman & Poulsen, 2011) and activated 344 

sludge (Roebuck et al., 2019) have been reported in the past. With such diauxic 345 

digestion, a simple first order model is not appropriate and hence the linear 346 

combination of two first order models shown in Equation 3 was used to describe the 347 

BMP data obtained with untreated spent wash. Upon pre-treatment, no diauxic gas 348 

production was observed with all the other spent wash samples or any of the vinasse 349 

samples and hence a simple first order model represented in Equation 2 was used. 350 

The fitted model parameters for untreated and HC pre-treated spent wash 351 

samples are shown in Table 1. As seen, HC pre-treatment has facilitated in lowering 352 

the lag time as compared to the untreated sample. Furthermore, a 14% increase in 353 

Gmax was observed upon HC treatment after just 2 passes. Gmax of 10 passes HC treated 354 

spent wash was found to be similar to that of the 2 passes sample, however in the case 355 

of 20 passes HC treated spent wash, a lower Gmax compared to 2 passes was observed. 356 

Additionally, no diauxic gas production was observed with any of the HC treated spent 357 

wash samples indicating that the recalcitrant organics were broken down due to the 358 

physico-chemical effect of HC thereby making the COD more digestible (or enhanced 359 

soluble COD). Similar effect of cavitation (ultrasonication) on the number of stages in 360 

BMP of activated sludge were reported by (Roebuck et al., 2019). 361 

Compared to spent wash, a longer lag time was observed with the vinasse 362 

samples, but no diauxic gas production was observed, suggesting that the organics 363 

were already in its bioavailable form, i.e. as soluble COD. Therefore, a simple first 364 

order model (Equation 2) was used to process the BMP data. The data for untreated 365 

vinasse showed much larger error bars around day 10. Couple of data points in that 366 
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region were therefore not considered while fitting the Equation 2. The fitted results 367 

are shown in Figure 2(b) and the corresponding model parameters are listed in Table 2. 368 

Unlike spent wash, no significant influence of HC pre-treatment on BMP was observed 369 

for vinasse. Comparing the observed Gmax with the theoretical value of BMP, one can 370 

calculate the COD used (or COD conversion) for biogas generation. It can be seen that 371 

HC pre-treatment enhanced COD conversion from 59% (for untreated spent wash) to 372 

65-68% (for the HC treated spent wash). With the case of vinasse, the COD conversion 373 

ranged between 78-95% suggesting the presence of easily digestible COD.  374 

Low COD removal rates could be primarily due to the use of non-acclimatized 375 

inoculum for digestion and possibly also due to no use of nutrients or trace elements 376 

to support microbial activity, unadjusted pH prior digestion, and seasonal variability of 377 

feedstock. The inoculum used in our study was obtained from a digester operating on 378 

cattle slurry and grass silage as feedstock and was not adapted to digest spent wash. 379 

Hence, a lag phase was clearly seen, where only the easily available organics were 380 

utilized first (both in the cases of vinasse and spent wash) followed by the recalcitrant 381 

organics. HC pre-treatment helped in breaking down the recalcitrant compounds to an 382 

extent thereby also leading to a lower lag time, lack of diauxic digestion from pre-383 

treated samples and higher rates compared to untreated samples. An acclimatization 384 

phase prior to BMP tests might have possibly resulted in higher COD removal. Bories et 385 

al. (1988), for instance performed high COD stillage digestion studies with a range of 386 

inocula to determine its effect on biomethane production (Bories et al., 1988) and 387 

reported the need for inoculum acclimatization. Another additional important factor to 388 

consider is the inherent variability within the feedstock itself. The effect of seasonal 389 
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and compositional differences of vinasse on BMP has been reported earlier where 390 

significantly different values of BMPs was observed for vinasse samples containing 391 

similar COD (Janke et al., 2015; Leite et al., 2015). It is evident from these reports that 392 

even with a narrow range of COD across samples, differences in the underlying 393 

composition of the vinasses may lead to significantly different BMP values.  394 

Spent wash and vinasse are known to possess melanoidins which are 395 

recalcitrant sugar-amine complexes that are resistant to microbial degradation 396 

(Chandra et al., 2008). These refractory complex organic polymers possess a surface 397 

charge and interact with metal ions in the active centers of enzymes leading to protein 398 

precipitation, thereby making them inactive and unavailable for biomass breakdown. 399 

In addition, melanoidins are known antioxidants that can be bactericidal. This may 400 

have also led to a lower biomethane yield from the untreated samples. In the case of 401 

pre-treated samples, melanoidins could have been partially broken down by the action 402 

of HC. Depending on its original chain length, composition of the side chain and 403 

molecular weight, a variety of intermediates might have formed due to pre-treatment. 404 

With optimal pre-treatment, the available COD may become digestible however with 405 

over treatment intermediate inhibitors may be produced thereby lowering the overall 406 

biomethane yield. An increase in concentration of toxic intermediates as a result of 407 

sonication pre-treatment causing an inhibition to the aerobic biodegradability of 408 

distillery spent wash has been reported previously by (Sangave & Pandit, 2006). In the 409 

case of phenolics present in the samples, the type of phenolics present and its 410 

solubility in water determines its inhibitory effect. For example, (Hernandez & 411 

Edyvean, 2008) reported an inhibitory concentration of phenolics for biomethane 412 
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production (from anaerobic sludge) to be between 800 – 1,600 mg C/L. Back of the 413 

envelop calculations based on these numbers indicate that an inhibitory effect looks 414 

more plausible than the loss of organics due to over treatment. However, further 415 

investigations into identification and quantification of inhibitors generated by HC pre-416 

treatment and their influence on BMP are needed to draw definitive conclusions. 417 

Acoustic cavitation studies and its effect on the BMP of stillage was reported by 418 

Wu-Haan et al (Wu-Haan et al., 2010). They used a 2.2 kW 20kHz ultrasonic system to 419 

pre-treat stillage with an initial COD of 110,000 ppm. Combinations of various pre-420 

treatment times ranging from 10-50 s and sonication amplitudes ranging from 33-421 

100% was used. Batch BMP of the pre-treated and untreated samples were set up and 422 

compared under mesophilic conditions. Stillage upon 10 and 20 s sonication at 33% 423 

amplitude showed BMP’s lower than the untreated stillage samples, whereas all the 424 

other samples showed an increased BMP in comparison. The highest enhancement in 425 

BMP of 29% was observed upon sonication at 66% amplitude for 10. Addition of 426 

inorganic nutrients and adjusted alkalinity prior digestion could have positively 427 

influenced the microbial activity for biomethane generation in Wu-Haan et al’s work. 428 

In our work however, no trace elements or nutrients were added nor was the alkalinity 429 

adjusted. As the inoculum to substrate ratio (on the basis of VS) was 2:1 in our study, 430 

the higher quantity of inoculum used was assumed to provide the required buffering 431 

capacity. At an industrial scale, addition of trace elements or nutrients are often not 432 

favored and hence could support this argument.  433 

3.2 Application to large scale digesters 434 
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Based on the bench scale results, scale up of the vortex based device was 435 

performed and retrofitted in four distilleries in west and central India with the help of 436 

our industry collaborator to pre-treat the incoming spent wash streams for enhanced 437 

biomethane generation (Figure 3) (Utikar, 2019). Due to confidentiality, the names of 438 

the industries are not disclosed. The average COD loads to these digesters were in the 439 

range of 120,000 – 190,000 ppm and the spent wash inflow rates were in the range of 440 

13 – 50 m3/h. The vortex-based HC device installed upstream of the digester was 441 

designed to match the inflow rates thereby achieving one pass HC treatment before 442 

being digested. With just one pass through vortex-based cavitation device, an increase 443 

in biogas yield in the range of 10 – 22% was observed on these industrial scale 444 

digesters. This is for the first time, a fully scaled-up hydrodynamic cavitation-based 445 

pre-treatment has been shown to enhance biogas generation by effectively pre-446 

treating spent wash at industrial scale. Illustrative energy calculations (gained and 447 

required for HC pre-treatment) were therefore performed for 1 and 2 passes HC pre-448 

treatment for typical industrial spent wash inflow rates of 20 m3/h and 50 m3/h for 150 449 

days digester operation in a year. These calculations were based on the Gmax 450 

enhancement observed upon HC treatment at 2 passes and reported in Table 1. The 451 

energy required for pre-treatment; Epre-treatment can be calculated using Equation 4. 452 

𝐸𝑝𝑟𝑒−𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 =   
0.1 ∆𝑃 𝑛𝑝

𝐶𝑓 𝜂
  

𝑀𝐽

𝑡𝑜𝑛 𝐶𝑂𝐷
     ………………………….(4) 453 

where, ∆P is the pressure drop across the vortex-based HC device (bars), np is the 454 

number of passes, Cf is the concentration of COD in the feed stream (ton COD/m3) and 455 

ɳ is the pump efficiency (assumed to be 0.66). The enhanced biomethane generation, 456 

Ggained as a result of HC treatment can be calculated and translated to Egained, energy 457 
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gained using Equation 5 and Equation 6. The net energy gain can therefore be 458 

calculated using Equation 7.   459 

𝐺𝑔𝑎𝑖𝑛𝑒𝑑 =  ([𝐺𝑚𝑎𝑥]𝑝𝑟𝑒−𝑡𝑟𝑒𝑎𝑡𝑒𝑑 −  [𝐺𝑚𝑎𝑥]𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑) 
𝑚3

𝑡𝑜𝑛 𝐶𝑂𝐷
  ………………………….(5) 460 

𝐸𝑔𝑎𝑖𝑛𝑒𝑑 =  ∆𝐻𝑐𝑎𝑙 𝐺𝑔𝑎𝑖𝑛𝑒𝑑  
𝑀𝐽

𝑡𝑜𝑛 𝐶𝑂𝐷
      ………………………….(6) 461 

𝑁𝑒𝑡 𝐸𝑛𝑒𝑟𝑔𝑦 𝐺𝑎𝑖𝑛 =  𝐸𝑔𝑎𝑖𝑛𝑒𝑑 −  𝐸𝑝𝑟𝑒−𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡  
𝑀𝐽

𝑡𝑜𝑛 𝐶𝑂𝐷
   ………………………….(7) 462 

 463 

where ∆Hcal is methane’s calorific value (MJ/m3), [Gmax]pre-treated and [Gmax]untreated are 464 

the Gmax of pre-treated and untreated samples respectively in m3 CH4/ton COD. 465 

At an inflow rate of 20 m3/h for a COD load of 120,000 ppm, for 1 and 2 passes HC 466 

treatment, the corresponding Epre-treatment were calculated to be 5.8 MJ/ton COD and 467 

11.9 MJ/ton COD respectively and the corresponding net energy gain of ~1 GJ/ton COD 468 

at 1 and 2 passes were calculated respectively. In a commercial scenario however, a 469 

broad range of COD loads are expected in the feed stream across distilleries all over 470 

the country. Hence, for illustrative purposes the influence of HC on net energy gain 471 

and Ggained for various COD loads at an inflow rate of 20 m3/h was calculated and 472 

shown in Figure 4. Similar plot was also prepared for a higher inflow rate of 50 m3/h 473 

and shown in the supplementary information. It can be seen from Figure 4 that even at 474 

a minimum COD load of 0.25 ton COD/h (900 ton COD/year), the net energy gained 475 

upon 1 and 2 passes HC treatment was 0.98 GJ/ton COD and 0.93 GJ/ton COD 476 

respectively. Enhanced spent wash BMP upon pre-treatment obtained in the 477 

laboratory was also observed with large scale industrial spent wash digesters with a 478 

calculated net positive energy gain. This clearly indicates that the novel vortex-based 479 
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HC device can pre-treat spent wash energy efficiently at scale with an enhanced biogas 480 

generation. This opens up the possibility to extend its application to other biomass and 481 

waste streams that needs pre-treated prior bioprocessing.  482 

4 Conclusion 483 

Vortex based HC pre-treatment of spent wash at an inlet pressure of 3.9 barg 484 

and 2 passes (initial COD of 120,000 ppm) was found to enhance BMP by 14%. Similar 485 

pre-treatment for vinasse (initial COD of 27,000 ppm) was however insignificant due to 486 

its already ‘easy to digest’ COD. Net energy gains due to the increased biomethane 487 

produced from HC treated spent wash was ~1 GJ/ton COD. Scaled-up applications of  488 

single pass HC pre-treatment on industrial spent wash digesters was found to enhance 489 

biogas generation (10-22%) with a range of inlet COD loads (120,000 – 190,000 ppm). 490 

 491 
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Figure Captions 644 

Figure 1: Experimental biomethane generation and fitted data from untreated spent 645 

wash showing lag phase. 646 

Figure 2: Influence of number of passes in HC on BMP of (a) spent wash and (b) 647 

vinasse. Symbols denote experimental data and lines denote fitted data. 648 

Figure 3: Enhancement in biogas yields from large scale spent wash digesters upon 1 649 

pass vortex-based HC pre-treatment (Utikar, 2019).  650 

Figure 4: Epre-treatment (continuous and dashed lines) and Egained (dotted line) as a result of 651 

HC pre-treatment of spent wash at 1 and 2 passes at an inflow rate of 20 m3/h. 652 
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 665 

Figure 1: Experimental biomethane generation and fitted data from untreated spent 666 

wash showing lag phase. 667 
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 676 

 677 

Figure 2: Influence of number of passes in HC on BMP of (a) spent wash and (b) 678 

vinasse. Symbols denote experimental data and lines denote fitted data. 679 
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 680 

Figure 3: Enhancement in biogas yields from large scale spent wash digesters upon 1 681 

pass vortex-based HC pre-treatment (Utikar, 2019).  682 
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 693 

Figure 4: Epre-treatment (continuous and dashed lines) and Egained (dotted line) as a result 694 

of HC pre-treatment of spent wash at 1 and 2 passes at an inflow rate of 20 m3/h.  695 
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Table 1: Fitted parameters used in the model to describe the BMP profiles of spent 707 

wash shown in Figure 2(a). * denotes k1 and $ denotes k2 observed in untreated spent 708 

wash. 95% confidence intervals for Gmax and k are ±7% and ±10% of the respective 709 

fitted values. 710 

Parameters 
Untreated spent 
wash 

Spent wash 
– 2 passes 

Spent wash 
– 10 passes 

Spent wash 
– 20 passes 

Gmax (ml CH4/g COD) 207 236 237 228 

k (day-1) 0.106* and 0.097$ 0.054 0.046 0.050 

t0 (days) 5.1 4.1 4.2 4.1 
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Table 2: Fitted parameters used in the model to describe the BMP profiles of vinasse 724 

shown in Figure 2(b). 95% confidence intervals for Gmax and k are ±12% and ±21% of 725 

the respective fitted values. 726 

Parameters 
Untreated 
vinasse 

Vinasse – 1 
pass 

Vinasse – 2 
passes 

Vinasse – 5 
passes 

Gmax (ml CH4/g COD) 333 329 322 275 

k (day-1) 0.114 0.124 0.119 0.158 

t0 (days) 7.3 7.2 7.9 8.0 

 727 

 728 

 729 

 730 

 731 

 732 

 733 

 734 

 735 

 736 

 737 

 738 

 739 

 740 

 741 

 742 


