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Abstract 
 

Anaerobic technology is more successful means of degradation of organic 

substance in industrial effluent and the production of energy that can be used 

as an alternative fuel for sustainability. Large integrated pulp and paper mills 

use a wide variety of raw materials as bagasse which is produced from sugar 

industry. This study illustrates the sustainability of lab scale hybrid UASB 

using bio balls on treatment of pulp and paper mill bagasse wash water. The 

lab scale HUASB reactor was designed for an effective volume of 13 L with 

bio balls as packing media at top of the reactor and operated under 

mesophilic condition in continuous mode. The reactor was operated for 

different OLR ranging from 2.5 kg COD/m
3
.d to 24.31 kg COD/m

3
.d by 

varying the influent COD concentrations of  2503.6 mg/L, 3918 mg/L, 5432 

mg/L, 6608 mg/L and 7996 mg/L under steady state condition. The COD 

removal efficiencies were obtained between 68.60 and 92.19 %. It was also 

found that using bio balls as packing media was achieved the removal 

efficiency on PB from16.14% to 36.04%. The maximum biogas yield 0.64 

m
3
/kg CODr was obtained and the higher methane yield was also attained 

0.353 m
3
/kg CODr at higher OLR. 

 
Keywords: Bagasse wash water; HUASB reactor; Bio balls; COD removal; 

OLR; Biogas gas yield. 
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1 Introduction 
 

Last two and half decades the pulp and paper industry has been extended 

with tremendous growth. In worldwide, different raw materials have been 

utilized in the pulp and paper industries to meet out the racial needs of paper 

and similar to paper products are now intended to be manufactured. The 

paper industry, as it stands now, is one of the largest industries in India and it 

contributes 3 % total production of paper in the world [1]. Large scale pulp 

and paper industries commonly discharge considerable quantities of 

wastewater, mainly from virgin raw materials processing. Such wastewater 

has the potential to cause detrimental effect to the receiving environment [2] 

if it is discharged without treatment. Therefore, these industries were facing 

lot of challenges to abide the environmental policies and regulations. Water 

is essential for several processes in pulp and paper industrial process, 

including raw material preparation ie Wood chip washing and Bagasse 

washing. Enormous quantities of bagasse (sugarcane residue) as raw material 

are being used in pulp and paper industries in India now a day [3]. Several 

million tonnes of bagasse were received from a sugar mill annually to the 

pulp and paper industries and it was stored in storage yards about longer 

period until it goes for depithing and pulping [4]. It was repossessed and 

washed neatly before cooking to produce pulp. Bagasse wash water (BWW) 

was generated from the bagasse storage pile and depithing having higher 

biodegradable organics. This wash water has relatively higher COD 

compared with wastewater generated from other process such as bleaching 

and machining [5] and it is absolutely necessary to undergo for treatment to 

remove organic substances.   

   Pokhrel and Viraraghavan (2004), Zhao et al. (2014) and Kamali and 

Khodaparast (2015) reviewed and suggested many affordable treatment 

technologies for treating high strength wastewater from pulp and paper 

industries. Recent developments have shown that the high rate anaerobic 

technology is well suited for the treatment of high strength pulp and paper 

mill wastewater [2, 6-9]. High rate anaerobic treatment has been proven to be 

a very cost-effective alternative to other conventional aerobic treatments with 

savings in energy as well as energy recovery from the process [8]. In a recent 

anaerobic process, the upflow anaerobic sludge blanket (UASB) reactor was 

being adopted in many industries to treat the highly organic pollutants [6, 7]. 

However, it allows the suspended solids to get away from the UASB reactor 

in more concentration. To overcome this issue, Guiot and Van den Berg have 

developed a combination of both suspended growth and attached growth 

process [10, 11] at the bottom and the upper portion of the reactor 

respectively. These combinations of both processes were applied in the same 

reactor named as hybrid upflow anaerobic sludge blanket (HUASB) reactor.  
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The HUASB reactor has been used for higher strength wastewaters such 

as sago wastewater [12], poultry slaughter house [13], sugar mill [11], agro 

food [14], pharmaceutical [15] distillery [16] and olive mill [17]. Therefore, 

an attempt has been forged in this study for sustainability of HUASB reactor 

using bio balls treating pulp and paper mill BWW and biogas productivity so 

as to utilize the same instead of furnace oil consumption in a lime kiln from 

large scale pulp and paper mill industry.  

 
1.1 Research Highlights 

 
Anaerobic hybrid reactor is recognized as an emerging biological 

degradation due to its inherent advantages. Efficiency of hybrid UASB 

reactor under various OLRs was investigated. Improved COD removal 

efficiency was observed with enhanced biogas production. BWW treatment 

results in recovered of energy in terms of maximum methane yield. 
 

2 Materials and Methods 
 
2.1 Analytical Procedures and Seed Sludge 

 

The BWW samples were collected from large scale integrated pulp and 

paper mill and the essential parameters were characterized [18] in triplicate 

and the characteristic ranges of values were summarized in table 1. The 

characteristics were shown that the BWW was high strength organic type 

[21] and has a potential to increase in strength with time which indicates the 

higher biodegradability [19]. Apart from the higher strength the effluent was 

considerably acidic and consequently slaked lime (Ca(OH)2) solution was 

added for neutralization before fed into the reactor. The seed sludge had the 

total volatile solids concentration of 11,500 mg/L was fed into the reactor, 

which was collected from a conventional anaerobic lagoon.  

  In the operation of HUASB reactor, routine analysis was done for pH, 

alkalinity, VFA and COD based on APHA standard [18]. The stability of the 

reactor was monitored on daily basis. Biogas was measured using Mariotte 

bottle by water displacement method and it was analyzed using Chemito 

7610 gas chromatography (GC) for methane content.  
 

2.2 Experimental Model 
 

The laboratory scale HAUSB reactor was designed empirically for the 

effective volume of and 13L and with internal diameter of 0.125 m. The 

experimental setup of reactor system was shown in the figure 1. The reactor  



                                                                                                                  
 

 

 

 

 

 
 

 

1480  Ravichandran et al 

 

was divided into four segments such as sludge bed at the bottom, sludge 

blanket zone, packed bed zone and gas collection phase at the top. Further, 

five different sampling ports were provided at appropriate places between the 

inlet and outlet arrangements to withdraw and analyze the samples during 

continuous mode of operation. The generation of biogas was estimated by 

connecting the gas outlet to the Mariotte bottle. A Miclins peristaltic pump 

PP30 model was used for pumping and feeding the influent BWW into the 

reactor. The PVC bio balls were used in this study as a filter media at 

packing bed of reactor which is shown in figure 2. It was randomly packed 

for a depth of 270 mm and placed at the top portion of the reactor. Each ball 

had a size of 28 mm diameter, surface area of 550 m
2
/m

3
, void ratio of 97% 

and density of 27g/l. The reactor was operated in the laboratory at room 

temperature. 

 

 

 
Table 1 Characteristics of BWW 

Sl. No. Parameters Values 

1 pH 4.61-5.85 

2 Turbidity, NTU 18.5-24.5 

3 TSS, mg/L 1035-1665 

4 TDS, mg/L 2445-3172 

5 TS, mg/L 3929-4488 

6 Settleable solids, mg/L 88-122 

7 BOD5 , mg/L 1226-4212 

8 COD, mg/L 2416-8124 

9 Acidity, mg/L 572-2350 

 
 
 
 
 
 
 
 
 
 
 



                                                                                                                  
 

 
 
 
 
 

Sustainability of Hybrid UASB Reactor Using Bio Balls Treating Bagasse Wash 

Water Under Various Organic Loading Rates   1481 

 

 
 

Figure 1 Typical sketch of reactor setup 

 

 

 

 

 
 

Figure 2 Typical view of bio balls 
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2.3 Reactor Operation 
  

The reactor was initially inoculated with an inoculum mixture of wet 

sludge and cow dung slurry in the ratio of 1:1(v:v). Further, BWW was 

added and diluted with tap water and gradually pumped till the top port of 

reactor was reached. The startup operation of the HUASB reactor was 

initiated when the biogas generated by 60 % of methane content. The acidic 

range of BWW shows deficient in basic inorganic nutrients such as nitrogen 

source and phosphorus source. Therefore, minimum essential macro nutrients 

were added and adjusted with NH4Cl and K2HPO4 as N and P sources for 

balancing the nutrients in the ratio of COD: N: P as 100:5:1 [19]. Further the 

reactor was operated under room temperature in the laboratory. The raw 

BWW was diluted by using tap water to bring a COD value of 1950 ±35 

mg/L and it was continuously fed into the reactor by maintaining the 

hydraulic retention time (HRT) of 0.98 d during the startup of the reactor 

[20]. After the startup, the reactor was operated under various organic 

loading rate (OLR) from 2.50 to 24.32 kg COD/m
3
.d under steady state 

condition.  
 

3 Results and Discussion 
  
3.1 Efficacy of HUASB Reactor Under Various OLR 
 

OLR is a vital parameter that often or periodically fluctuates with 

respect to the influent COD and HRT. The fluctuation of influent COD 

concentration in BWW occurs due to the seasonal variation and stocked 

bagasse at yard [21]. Thereby the influent COD concentrations were varied 

in all the ranges from minimum to maximum concentrations of 2416 mg/L to 

8124 mg/L. The effluent pH, VFA, alkalinity, VFA and alkalinity ratio, COD 

removal efficiency on sludge bed and packed bed of hybrid reactor. The 

biogas generation and methane production were also ascertained for all 

average influent concentrations by varying the HRT to obtain the OLR from 

2.50 to 24.32 kg COD/m
3
.d throughout experimental study. Hence the effect 

of varying OLR on the performance efficacy of HUASB reactor was 

investigated in this study.   

The sustainability and efficacy of the reactor were determined and 

shown in figure 3, 4 and figure 4, 5 & table 2 respectively. The influencing 

parameters such as pH, VFA and alkalinity ratios were investigated and 

depicted from figure 3 to 4. Table 1 shown the high VFA concentration and 

low pH and this were the unique characteristics of BWW [5]. Based on the 

literature, the residual sugar presents in the stored bagasse piles were 

converted into organic acids while washing of bagasse [23, 22]. As a 

consequence of these, the BWW was neutralized by adding slaked lime. 
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3.2. Effect Of PH And VFA Alkalinity Ratio 
 

Figure 3 illustrated the influent and effluent pH variations in the reactor 

for all the influent COD concentrations. The influent pH concentrations were 

shown in figure 3 was before adding the neutralizing agent. The effluent pH 

was decreased for increasing OLR in the minimum and maximum influent 

concentrations of 2503.6 mg/L and 7996 mg/L respectively. Further, the pH 

was slightly increased initially and dropped with increasing OLR for 

increased influent concentrations of 3918 mg/L, 5432 mg/L and 6608 mg/L; 

however the pH was maintained at neutral condition. The overall scenario of 

pH was decreasing with increasing OLR due to the accumulation VFA 

content in the reactor. However, the pH was within the range from 7.04 to 

7.53 which shows the stability condition of the HUASB reactor for the 

influent concentrations of 2503.6 mg/L, 3918 mg/L and 5432 mg/L [22] in 

the OLR up to 16.64 kg COD/ m
3
.d. 

  

 

                Figure 3 Variations of pH in reactor for different OLR 

 

The VFA and alkalinity were regularly monitored and observed in the 

HUASB reactor. Based on the VFA and alkalinity concentrations in the 

reactor the ratios between the VFA and alkalinity were arriving and 

illustrated in the figure 4. Initially the VFA concentrations were high because 

of the organic acids present in the pile which was exuding out from bagasse 

during washing. It required the addition of alkalinity for buffering to 

maintain the pH for good metabolism and because cations were not presence 

in the sugars to neutralize the fatty acids during assimilation process [24]. It  
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was observed from the data the overall trend of VFA content was increasing 

with increasing OLR and alkalinity content were decreasing with increasing 

OLR [22]. Whereas the VFA and alkalinity ratio were well adjusted within 

the reactor to maintain the stability of the reactor except in the higher OLR of 

19.18 kg COD/m
3
.d and more.  
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Figure 4 Variations of VFA and alkalinity ratio in reactor with OLR for different 

influent concentration 

 

Figure 4 was distinctly shown that the VFA and alkalinity ratios for all 

the influent concentrations were increased with increasing OLR due to the 

accumulation organic fatty acids. The ratios of VFA and alkalinity were 

lying in between 0.13 and 0.381 which was less than 0.4 [25]. It was 

evidenced that HUASB reactor was highly stable during its operation until 

the OLR of 16.64 kg COD/m
3
.d except for the higher OLR of 19.18, 20.13 

and 24.31 kg COD/m
3
.d. This was clearly revealed the accumulation of VFA 

was increasing high with an increasing and higher OLR. This decreased the 

buffering capacity and descended the alkalinity, thus increased the VFA 

alkalinity ratio more than 0.4. 
 

                 3.3 Influence of packing media and COD removal 
 

The COD removal efficiencies were compared within the reactor that 

COD removal on the sludge bed (SB) and final COD removal at HUASB 

reactor. The COD removal efficiencies were presented in the table 2 for all 

influent COD concentrations with different OLR ranges from 2.50 to 24.31 

kg COD/m
3
.d. 
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Table 2 Data for Removal efficiency at SB, PB and Overall HUASB reactor 

Sl 

No. 

Average 

feed COD, 

(mg/L) 

HRT 

(h) 

OLR 

(kg COD/m
3
.d) 

Effluent 

COD at 

HUASB 

(mg/L) 

COD 

removal at 

SB 

 (%) 

COD 

removal by 

PB  

(%) 

Over all 

COD 

removal 

(%) 

1 2503.6 23.55 2.5 192 87.88 35.57 92.19 

  15.93 3.74 254 84.37 34.54 89.77 

  12 5.02 296 82.31 33.33 88.21 

  10.03 6.04 388 77.36 32.17 84.64 

  7.97 7.65 432 75.37 30.99 83.01 

2 3918 23.55 3.89 316 87.12 35.77 91.73 

  15.93 5.84 464 82.05 33.33 88.04 

  12 7.58 548 79.20 32.84 86.03 

  10.03 9.5 636 76.94 30.57 83.99 

  7.97 12.03 742 73.77 29.20 81.43 

3 5432 23.55 5.47 536 84.40 36.04 90.02 

  15.93 8.1 694 80.89 32.49 87.10 

  12 10.83 762 79.84 30.22 85.93 

  10.03 13.08 946 76.08 27.68 82.70 

  7.97 16.64 1228 70.21 25.39 77.78 

4 6608 23.55 6.65 906 79.28 32.99 86.12 

  15.93 9.89 1122 75.37 30.66 82.92 

  12 13.23 1288 73.16 27.48 80.53 

  10.03 15.9 1594 68.04 24.95 76.02 

  7.97 20.13 1792 65.35 22.63 73.19 

5 7996 23.55 8.08 1362 74.94 31.49 82.83 

  15.93 11.99 1714 70.25 27.62 78.47 

  12 15.99 1916 68.17 24.74 76.04 

  10.03 19.18 2088 66.91 21.27 73.95 

  7.97 24.31 2536 62.56 16.14 68.60 

 

The bio balls were used as packing media and the roll of its application 

was studied here. The COD removal by packed bed (PB) alone was also 

observed at HUASB reactor because it retains more immobilized 

microorganism in bio balls surface. This biomass in this bed produced 

extracellular polymeric substance to make the biomass to strongly attach 

with the surface of the bio balls in the PB.  



                                                                                                                  
 

 

 

 

 

 

 
1486   Ravichandran et al 

 

It was clearly seen that the packing media had much more influence in 

the COD removal due to its detainment of biomass within the media. The 

average VSS concentrations in the SB and PB of the HUASB reactor were 

25.150 g/L and 12.1 g/L respectively. Ravichandran and Balaji [20] reported 

that using bio balls as packing media was achieved the maximum removal 

efficiency of 34.4% during the startup of HUASB reactor. In this present 

work, the maximum removal efficiency was varied between 16.14% and 

36.04% which was higher than the Borja et al. [26] obtained.  

The overall COD efficiencies were obtained from 92.19% to 68.60% for 

OLR 2.50 to 24.31 kg COD/m
3
.d. This was shown that the COD removal 

efficiencies were declined with increasing OLR in all the influent 

concentrations. At influent concentration of 2503.6 mg/L, the COD removal 

efficiency was reached higher percentage. Though the higher removal 

percentage was achieved as 92.19% at OLR of 2.50 kg COD/m
3
.d, the 

reactor could achieve almost equal percentage of COD removal as 90.02% at 

OLR of 5.47 kg COD/m
3
.d and 85.93 % at OLR of 10.83 kg COD/m

3
.d for 

the influent concentration 5432 mg/L. This has shown that more time the 

substrate contact with the biomass concentration increases the removal 

efficiency [12, 13] and also for the higher COD concentration achieved 

maximum COD removal efficiency. 
  

                   3.4 Biogas Generation 
 

After the steady state was attained, the biogas was measured regularly for 

the increasing OLR with all the influent COD concentrations. The biogas 

generation and biogas yield were estimated and it was shown in figure 5. 

Methane content and the methane yield were also estimated and it was 

illustrated in figure 6. From figure 5, it was clearly seen that the biogas 

generation as well as the biogas yield were increasing with increasing OLR. 

The minimum and maximum biogas generation was obtained as 0.245 and 

0.862 L/L.d at OLR of 2.50 and 19.18 kg COD/m
3
.d respectively. Further 

increase in OLR after 19.18 kg COD/m
3
.d results in reducing the biogas 

generation as well as biogas yield. The minimum and maximum biogas yield 

was estimated 0.226 and 0.64 m
3
/kg COD respectively. 
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Figure 5 Biogas generation and biogas yield at different influent concentration with 

OLR 

 

Figure 6 represented the percentage of methane content and methane 

yield for varying OLR. It was clearly observed that the minimum & 

maximum percentage of methane content were 55.10 & 77.60 % 

respectively. Methane content was wavering with the increasing OLR and 

especially by the increased feed concentrations. The higher value of methane 

yield was achieved 0.353 m3/kg CODr which was equivalent to the 

theoretical value of methane yield reported [27, 12]. This higher value of 

methane yield was obtained for higher OLR from 12.03 kg COD/m
3
.d to 

20.13 kg COD/m
3
.d as specified in the figure 6. In difference, the continuous 

increase in OLR by reducing HRT for each influent COD values during 

experiments led to a continuous decrease in methane yield. However in the 

methane yield trend was increasing with increased OLR. This occurred due 

to the short HRT of organic matter restrained its complete degradation [28].  
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Figure 6 Methane content and methane yield for different OLR 

 

4 Conclusion 
 

The sustainability of the HUASB reactor was investigated successfully. 

The results obtained from the present experimental investigation the 

important conclusions are made. Efficacy of HUASB reactor was achieved 

between 68.60 and 92.19% for various OLR ranges. This reactor manifested 

the ultimate maximum biogas yield at higher OLR and also the highest 

specific methane yield was obtained as 0.353 m
3
/kg CODr at higher OLR 

from 12.03 to 20.13 kg COD/m
3
.d. Sustainability of HUASB reactor using 

bio balls as packing media performed well in higher influent concentrations 

with higher OLR for treating BWW. The removal efficiency was varied 

between 16.14% and 36.04% using the bio balls as packing media in 

HUASB reactor. 
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