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HIGHLIGHTS

GRAPHICAL ABSTRACT

> Taguchi DOE methodology was used to
optimize acidogenic process.

> Pretreated biocatalyst and higher COD had
significant role in H,and VFA production .
> The application of untreated biocatalyst
was more favorable for biohythane
production.

> Higher degree of acidification (DOA) was
achieved at higher organic loads.
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Optimization of process parameters is crucial to understand the acidogenic fermentation process and its regulation towards the
production of specific metabolites, viz., biohydrogen (H,), methane (CH,), biohythane (H,+CH,), and volatile fatty acids
(VFA). Design of experiments (DOE) based on orthogonal array (OA) was employed to optimize and evaluate the influence of
eight critical factors on multiple metabolic output parameters. Analysis of the experimental data revealed a specific influential
regime of selected factors in terms of biogas generation and/or VFA synthesis. Application of pretreated inoculum as
biocatalyst and high substrate concentration showed substantial enhancement of both H, and VFA production. High COD of
10 g/L in combination with pretreated inoculum resulted in higher cumulative hydrogen production (CHP), while the higher
fraction of acetic acid in the fermentation broth resulted in a higher degree of acidification (DOA). H,/H,+CHjy ratio varied
from 0.1 to 0.97 and the application of untreated inoculum was shown to favor biohythane (H,+CH,) production. Overall, this
communication holistically documented the feasibility of regulating acidogenic fermentation process towards a spectrum of
metabolic end products of high value, while waste treatment was also achieved.
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Abbreviations

ANOVA Analysis of variance

BC Buffering capacity

CH, Methane

CHP Cumulative hydrogen production
CNG Compressed natural gas
COoD Chemical oxygen demand
CODk COD removal

DEA Data envelopment analysis
DOA Degree of acidification
DOE Design of experiments
DOF Degree of freedom

DSW Designed synthetic waste
H, Biohydrogen

HCE Hydrogen conversion efficiency
MA Methanogenic archaea

OA Orthogonal array

oL Organic load

SDR Substrate degradation rate
SHY Specific hydrogen yield

Sl Severity index

SRB Sulphate reducing bacteria
THY Theoretical hydrogen yield
VFA Volatile fatty acids

VSS Volatile suspended solids

1. Introduction

Anaerobic digestion process is a versatile process accompanied with
unique advantages, e.g., high catalytic capacity and robustness, marking it
suitable for multifunctional applications and for utilizing diverse feedstocks
(Venkata Mohan, 2009; Menetrez, 2014; Trad et al., 2015). Acidogenesis, a
stage of anaerobic digestion process, has been recently considered as potential
platform for sustainable production of renewable bio-based products
(Oyanedel et al., 2015; VVenkata Mohan et al., 2016). In fact, acidogenesis is a
branched cascade fermentation process that produces various bio-acids, bio-
alcohols, and bio-gases under specific regulatory activity of operational
parameters. The major end products of regulated acidogenesis can be either
high-energy molecules with fuel properties to provide clean energy or
versatile precursor molecules for various chemical processes (\VVenkata Mohan
et al., 2007; Mohanakrishna and Venkata Mohan, 2013; Singhania et al.,
2013; Xia et al., 2015). Capability to produce a wide spectrum of biobased
products viz., biohydrogen (H,), biomethane (CH,), short chain fatty acids
(acetic acid, butyric acid, propionic acid, etc.), solvents (ethanol, butanol,
propanol, and acetone), etc. is the prime benefit of the acidogenic process
apart from utilization of various forms of feedstocks including waste streams
(Thang et al., 2010; Venkata Mohan et al., 2016). The gaseous products of
acidogenesis (i.e., H, and CH,4) are renewable and important energy carriers
which can be used individually as well as in a blend. The individual
limitations of H, and CH,4 could be overcome by blending them together in
proportionate ratios to form biohythane (Liu et al., 2013; Elreedy et al.,
2015; Pasupuleti and Venkata Mohan, 2015). Biohydrogen-enriched CHj (i.e.,
biohythane) would be a good alternative to address the increasing demands
for compressed natural gas (CNG) as engine fuel. Acidogenic fermentation of
waste has attracted significant interest and is deemed to be one of the
emerging areas in the domain of bio-economy (Nigam and Singh, 2011,
Venkata Mohan et al., 2016).

Acidogenesis is very complex and the specific metabolic end-products
differ depending on the operating parameters viz., nature and origin of
inoculum, type and concentration of substrate, micronutrients, temperature,
pH, etc. (Chiranjeevi et al., 2014; Pasupuleti et al., 2014; Pasupuleti
and Venkata Mohan, 2015; Van Aarle et al., 2015). Inclusive understanding
of the acidogenic process and the optimization of process parameters for the
generation of specific product are significantly important, when waste is used
as primary feedstock and mixed consortia as biocatalyst (Srikanth and
Venkata Mohan, 2012 and 2014). To establish optimum conditions, numerous
experiments have to be carried out with all the parametric combinations,
which is practically difficult. Taguchi’s design of experimental (DOE)
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methodology is a factorial based approach which helps to study a
designed system with a set of independent variables (factors) over a
specific region of interest (levels) (Venkata Mohan et al., 2009). This
orthogonal array (OA) approach facilitates the study of interaction of a
large number of variables spanned by the factors. The factors and their
settings with a small number of experiments can lead to considerable
saving of time and cost for process optimization (\Venkata Mohan et al.,
2009).

In this study, Taguchi DOE methodology was employed to enumerate
the acidogenic fermentation process based on multiple metabolic end
products viz., biohydrogen (H), biomethane (CH,), biohythane, and
volatile fatty acids (VFA), as well as wastewater treatment
potentials, i.e., substrate degradation rate (SDR). In order to get a holistic
view of the process critical factors of regulatory role on acidogenic
metabolism i.e., pH, substrate concentration, nitrates, sulfates, phosphates,
bicarbonates, and molybdenum were taken into consideration for a
detailed evaluation using an L18 OA of experiments.

2. Experimental Details
2.1. DOE methodology

DOE methodology based on Taguchi OA was employed to study the
designed system with a set of independent variables (factors) over a
specific region of interest (levels). Eight factors viz., biocatalyst, pH,
substrate concentration, nitrogen, sulfate, phosphate, molybdenum,
temperature, and bicarbonate were selected with two/three levels to study
their influence on the acidogenic products, i.e., biohydrogen (H,),
biohythane (CH,), and short chain VFA (Table 1). Matrix experiments
with an OA layout of L18 (2! x 37) were designed and the diversity of
factors (18 experimental sets with various combinations) was evaluated by
crossing the OA (Table 2). The experimental data was processed with
‘bigger is better’ performance characteristics (Qualitek 4 software, Nutek
Inc.).

Table 1.
Selected factors and their assigned levels.

is:c\‘/:;ity Factors Level 1 Level 2 Level 3

1 Biocatalyst Untreated Pretreated -

2 pH 6 7 8.5

3 Organic load (g COD /L) 3 5 10

4 Sulphate (mg/L) 0 250 1000

5 Nitrate (mg/L) 0 300 600

6 Phosphate (mg/L) 0 500 1000

7 Molybdenum (mg/L) 0 10 25

8 Bicarbonate (mg/L) 0 500 1000

2.2. Acidogenic digestion

Anaerobic sludge samples from a full-scale anaerobic reactor treating
composite wastewater were used as parent inoculums. The parent culture
after collection was sieved to separate coarse materials using nylon filter
and the resulted thick sludge was subjected to acid-shock pretreatment by
adjusting the pH to 3 using HNO; (0.1 N) for a period of 24 h under
anaerobic conditions (Sarkar et al., 2013). Designed synthetic wastewater
(DSW: NH,CI, 0.5 g/L; KH,PO,, 0.25 g/L; K,HPO,, 0.25 g/L; MgCl,, 0.3
g/L; CoCl,, 25 mg/L; ZnCl,, 11.5 mg/L; CuCl,, 10.5 mg/L; CaCl,, 5
mg/L; MnCly, 15 mg/L; NiSO4, 16 mg/L; FeCls, 25 mg/L) was used as
source of nutrients and the parameters (including glucose) were varied
according to the experimental design requirement (Table 1). Designed
experimental variations (No. 18) were carried out in 250 ml flaks in batch
mode (working volume of 110 ml) at ambient temperature (3012 °C)
using a magnetic  shaker (100 rpm). The  biocatalyst (20 ml;
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Table 2.

Orthogonal array [L18] of the designed experiments and the output parameters of the acidogenic

process.

Elffe”me"t T 5 3 7 Facmsrs 5 - 5 CHP (L) HCE (%) CODg(%) VFA(mg/L) DOA (%) Biohythane (L)  Hu/H,+CH,
1 1 1 1 1 1 1 1 1 0.66 79.9 44 1119 44 4.98 0.13
2 1 1 2 2 2 2 2 2 0.38 16.5 55 1163 31 3.38 0.11
3 1 1 3 3 3 3 3 3 0.61 9.8 49 2074 26 411 0.15
4 1 2 1 1 2 2 3 3 0.66 39.7 20 892 36 3.66 0.18
5 1 2 2 2 3 3 1 1 0.51 17.7 44 1619 39 431 0.12
6 1 2 3 3 1 1 2 2 2.69 44.2 42 3220 40 7.89 0.34
7 1 3 1 2 1 3 2 3 0.81 70.1 53 915 40 2.81 0.29
8 1 3 2 3 2 1 3 1 0.90 34.8 50 1165 30 3.2 0.28
9 1 3 3 1 3 2 1 2 3.15 55.8 37 3309 41 6.85 0.46
10 2 1 1 3 3 2 2 1 0.88 70.6 39 995 42 0.94 0.94
11 2 1 2 1 1 3 3 2 1.63 63.0 37 2031 53 1.73 0.94
12 2 1 3 2 2 1 1 3 3.97 48.0 31 4303 51 411 0.97
13 2 2 1 2 3 1 3 2 0.92 76.6 46 1132 50 0.97 0.95
14 2 2 2 3 1 2 1 3 1.63 63.0 30 1402 38 1.69 0.96
15 2 2 3 1 2 3 2 1 1.22 6.4 32 3425 41 1.49 0.82
16 2 3 1 3 2 3 1 2 0.76 733 20 1419 62 0.87 0.87
17 2 3 2 1 3 1 2 3 1.15 45.9 51 2002 51 1.20 0.95
18 2 3 3 2 1 2 3 1 1.79 21.0 30 3035 37 2.08 0.86

untreated/pretreated inoculums according to the design) was added through
the feed (i.e.,100 ml of DSW) after adjusting to the required pH (i.e., 6.0, 7.0,
and 8.0) with 1 N NaOH/1 N HCI. Nitrate, carbonate, phosphate, sulphate and
molybdenum were sourced from NaNO;, NaHCO;, NaH;PO4, Na,SO., and
Na,MoO,, respectively, and the required concentration was supplemented
through DSW. For the validation of the DOE output, acidogenic experiments
were further performed in a semi-pilot scale hybrid bioreactor with a total
volume/working volume 40L/35 L with a gas holding capacity of 5 L. The
bioreactor was designed to operate in up flow mode (L/D ratio-2) and was
filled with coir pith as fixed bed packing material to support the formation of
biofilm.

2.3. Analytical methods

Biohydrogen evolved in the headspace of the reactors during batch
experiments was estimated using a microprocessor based pre-calibrated H,
sensor (ATMI GmBH Inc.). Biogas composition was analyzed through gas
chromatography (GC; NUCON 5765) using a thermal conductivity detector
(TCD; 1/8” x 2 m Heysep Q column) and argon as carrier gas. The injector
and detector were maintained at 60 °C each and the oven was operated at 40
°C isothermally. The performance of acidogenic experiments was also
assessed by analyzing chemical oxygen demand (COD; closed refluxing
titrimetric method), VFA, and pH (APHA, 1998). Carboxylate acid (acetate,
propionate, butyrate, valarate, etc.) composition was analyzed using a HPLC
(Shimadzu LC10A) equipped with a UV-VIS detector (210 nm) and a C18
reverse phase column (250x4.6 mm dia; 5 pm particle size, 0.5 mL/h; 210
nm). Acetonitrile was used as mobile phase (40% in 1 mN H,SQ;; pH, 2.5 -
3.0) and 20 pl of the filtered sample (0.22 um porosity) was injected and
monitored against acids standards (SUPELCO).

2.4. Data analysis

The experimental data obtained was processed employing Qualitek-4
(Nutek Inc.) software to evaluate the influence of individual factors, multiple
interactions of the selected factors on output parameters, determination of
optimum conditions, and process performance at the obtained optimum
conditions. Software for optimization was operated at ‘bigger is better’
performance characteristics for all the cases. Hydrogen conversion efficiency
(HCE) represents the amount of COD present in wastewater converted to H,.
HCE was calculated based on the Equation 1 relating cumulative H,
production (CHP, L), organic load of the substrate (OL, g COD/L), substrate
removal efficiency (CODg, %), and wastewater feed volume (V, L).

CHP%10000
OL*CODR*V+THY

HCE (%) = o)

1 kg of COD (wastewater) can produce 468.83 L of H, (based on acetate
pathway) known as theoretical hydrogen yield (THY) (Pasupuleti et al.,
2014). Degree of acidification (DOA) represents the extent of
acidification achieved due to the production of carboxylic acids in relation
to substrate (as COD) degradation (Eq. 2) (Sarkar et al., 2016).

DOA (%) = i—f x 100 @)

Where, S; represents the initial COD concentration (mg/L) and Sy is net
VFA concentration (final-initial) expressed as theoretical equivalents of
COD (in mg/L, Hac, 1.066; Hp,, 1.512; Hg,,1.816). Buffering capacity (B)
was estimated based on the acid-base titrations employing auto-titrator
(Mettler Toledo). B was calculated using the Equation 3, where C is the

concentration of acid or base (mol), V; is the volume of sample (mL), m is
the slope of tangent on curve.

B (mol) =

©)

c
Vsxm

3. Results and discussion
3.1. Individual factors influence
3.1.1. Biohydrogen

Table 3 tabulates the main effects of the selected factors on CHP.

Table 3.
Main effects of the selected factors on cumulative hydrogen production (CHP).

iS:(\j/::ity Factors Level 1 Level 2 Level 3 L2-L1
1 Bicarbonates 1.951 3.129 2.894 1177
2 Biocatalyst 2.268 3.084 0.78

3 Organic Load 1.536 2.036 4.403 0.5

4 pH 2.781 2.749 2.444 -0.033
5 Sulphates 2.67 2.499 2.806 -0.171
6 Nitrates 3.023 2.588 2.364 -0.436
7 Phosphates 3.369 2.783 1.822 -0.587
8 Molybdenum 3.503 2.338 2.134 -1.166
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Fig.1. The effects of the investigated factors at different levels on various performance parameters.
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Fig.1 (Continued). The effects of the investigated factors at different levels on various performance parameters.

Figure 1 presents the influence of individual factors on H, production.
Individually, at the level stage, OL at L3 showed higher CHP (4.40 L)
followed by molybdenum at L1 (3.50 L), phosphates at L1 (3.37 L),
bicarbonate at L2 (3.12 L, and pretreated biocatalyst at L2 (3.08 L) with the
lowest CHP observed with OL at its lowest concentration (i.e., L1 at 1.54 L).
The difference between values at levels 2 and level 1 (L2-L1) of each factor
indicates the relative influence of the factors. The negative value is ignored in
assessing the main effect as the placement order of levels assigns either
positive or negative values. By studying the main effects of each of the factor,
the general trend of influence of factors towards the process output
parameters could be characterized. The relative influence of the selected
factors on the H, production was as follows: bicarbonates > molybdenum >
biocatalyst > phosphates > COD > nitrates > sulphates > pH. Specific to H,
production, bicarbonate and molybdenum followed by biocatalyst
pretreatment, phosphate, OL, nitrates, and sulphates showed significant
influences. The first eight experimental sets with CHP values greater than 1.0
L depicted distinct variations among the conditions to specific process input
parameters. Highest CHP (3.97 L) was achieved with the experiment No. 12
followed by No. 9 and 6 (Fig. 2). Specific to the biocatalyst selection,
pretreatment facilitated the elimination of methanogenesis and, therefore,
higher H, production could be achieved. Shifting or regulating the metabolic
pathway towards acidogenesis and inhibition of methanogenesis facilitate
higher H; yields (Venkata Mohan et al., 2008; Sarkar et al., 2013).

IS
1

»
1

N
1

N
1

Cumulative hydrogen production (L)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 16 16 17 18
Experiment number

Fig.2. Cumulative hydrogen production (CHP) at different experimental variations.
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Physiological differences between acidogenic bacteria (AB) and
methanogenic archaea (MA) form the main basis for the preparation of
biocatalyst for acidogenic fermentation (Goud and Venkata Mohan, 2012 a, b;
Wang et al., 2011). Except two experimental conditions (i.e., No. 9 and 6), all
the other sets showed feasibility to operate with the pretreated consortia (L2)
under the first eight conditions.

Experiment No 9 (CHP; 3.15 L) was operated at pH 8.5 (L3) with high
COD load (L3) and in the presence of nitrates (L3) and phosphates (L2). The
higher H, production observed under this condition might be attributed to the
operation at basic redox condition, which inhibits the MA activity. The
operating pH influences the function of Hy-producing bacteria and also the
hydrogenase activity (Khanal et al., 2004; Venkata Mohan et al., 2007;
Mohanakrishna et al., 2011). Bicarbonate showed a significant effect on the
H, production at selected levels. It acted as a natural pH buffer, and
contributed to the alkalinity. Experiments carried out with higher
concentration of HCO;™ (1 g/L) showed highest buffering capacity (BC) (Fig.
3). Beyond its function as a buffer, HCO;™ also serves as an electron acceptor.
At neutral pH, hydrogenotrophic methanogens consumes HCO5 and H, to
generate CH,. This was observed in experiments particularly operated with
untreated inoculum.

0.06

HN 12 h @024 h
0.05 -

0.04

0.03 |

0.02

Buffering capacity (pmol)

0.01

0.00

1 2 3 4 56 6 7 8 9 10 11 12 13 14 156 16 17 18
Experiment number

Fig.3. Buffering capacity analyzed at 12 and 24 h of operation for different experimental
conditions.

Experiment No. 6 operated with sulphate concentration of 1 g/L (L3) at
neutral redox condition (L1) and with higher COD load (L3) and
molybdenum concentration (L2; 10 mg/L) also showed a rather high CHP
(2.69 L). The high H, production observed under this condition might be due
the presence of sulphate at relatively higher concentration. Sulphate enhances
the hydrolysis and acidogenesis of particular organics (Rodriguez et al.,
2005). However, high sulphate concentration diverts the bacterial pathway
towards sulfate reducing bacteria (SRB) where initially sulfate is reduced to
sulfite and then to sulfide. In fact, SRBs compete with H,-producing bacteria
for the same electron donors resulting in lower hydrogen production (Chen et
al., 2008; Hwang et al., 2009). Despite the application of untreated
biocatalyst, experiment No. 6 showed an acceptable CHP (2.69 L) which
might be attributed to the presence of molybdenum (10 mg/l). Molybdenum
plays a very specific role in the activity of dehydrogenase which contains
subunits requiring molybdenum as cofactor to function (Popov and Lamzin,
1994; McDowall et al., 2014).

Carbon load (i.e., COD) also showed marked influence on H; production,
wherein the first four experimental sets (i.e., 6, 9, 12, and 18) with higher H,
production showed operation at L3. OL has direct correlation with the
metabolic activity and hence, with the H, production (Ginkel et al., 2005;
Mohanakrishna et al., 2011; Sarkar et al., 2016). Appropriate levels of nitrogen
and phosphate are beneficial to the growth of acidogenic bacteria (\Wang et
al., 2009). Appropriate range of phosphate concentration could increase the
ability of H, producing bacteria, but concentrations at much higher levels
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could lead to decreased productivity (Linand Lay, 2004;Wang et al., 2009
; Liu et al., 2015). An appropriate C/N and C/P are fundamental for any
biological processes to function metabolically effective. C/N and C/P
ratios in the designed experiment varied in the range of 0-33 and 0-20,
respectively. Inappropriate concentration of C/N ratios may inhibit
biological processes (Kim et al., 2006). Specifically lower C/N ratio lead
to the accumulation of ammonia. However, the optimum C/N ratio
determined herein was significantly different from the literature (Lin and
Lay, 2004).

Table 4.
Main effects of the selected factors on substrate degradation rate (SDR).

iS:(\j/:;ity Factors Level 1  Level 2 Level 3 L2-L1
1 Organic Load 1.394 2.379 3.703 0.985
2 Bicarbonates 2.248 2.599 2.629 0.35
3 Molybdenum 2.398 2.573 2.506 0.174
4 pH 2.361 2.353 2.763 -0.009
5 Nitrates 2.418 2.403 2.656 -0.016
6 Sulphates 2573 2.428 2.476 -0.146
7 Phosphates 2.548 2.359 2.569 -0.19
8 Biocatalyst 2.727 2.257 - -0.47

3.1.2. Substrate degradation rate (SDR) and hydrogen conversion
efficiency (HCE)

The factors which influence on SDR and HCE are diverse. SDR is
majorly influenced by carbon load, biocatalyst, bicarbonate, molybdenum,
phosphates, sulphates, nitrates, and pH. Higher SDR values were observed
at the highest and lowest organic loads, i.e., L3 (3.7 kg COD/m?/day) and
L1 (1.39 kg COD/m®d), respectively (Table 4). Specific to substrate
degradation, untreated biocatalyst showed a positive influence due to its
feasibility to extend the process until methanogenesis.

In the case of HCE, bicarbonate showed a significant influence
followed by nitrate, biocatalyst, carbon load, phosphate, molybdenum,
and pH. HCE results revealed that H, production was proportional to
substrate degradation. Higher HCE was observed with lower organic load
(L1; 46.97%) in the absence of nitrates (L1; 45.19%) and phosphates (L1;
45.03%) followed by biocarbonate (43.85%; L2) (Table 5). Pretreated
biocatalyst yielded a higher performance (L2; 43.37%) compared with the
untreated biocatalyst (L1; 33.69%). Among the first five experimental
conditions showing higher HCE values (> 70%), three were related to
using pretreated consortia and all five showed optimum operation at lower
organic load (L1).

Table 5.
Main effects of the selected factors on hydrogen conversion efficiency (HCE).

is:;l::ity Factors Level1  Level 2 Level 3 L2-L1
1 Bicarbonates 28.916 43.85 42.816 14.934
2 Biocatalyst 33.688 43.366 - 9.677

3 Sulphates 35.649 37.65 42.283 2

4 pH 39.183 35.849 40.594 -3.335
5 Molybdenum 43.8 36.866 34.916 -6.934
6 Phosphates 45.033 36.85 33.7 -8.183
7 Organic Load 46.966 37.383 31.233 -9.583
8 Nitrates 45.199 33.799 36.583 -11.4
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For instance, experiment No. 1 was specifically operated at acidic pH (6.0)
and low COD load (L1) without any of nutrients or trace components and led
to an HCE value of 79.9%. It should be noted that operation under acidophilic
conditions restricts the function of MA, which could in turn result in a
reasonably high HCE. Moreover, experiment No.7 was operated under basic
redox condition (pH, 8.5) (which has a negative effect on the activity and
function of MA) and led to an HCE value of 70.1%. Therefore, in spite of
using untreated biocatalyst, operation at pH range inhibitory to MA resulted
in acceptable H, production. Contrary to the CHP, higher HCE value was
observed at low COD load (L1; 3 g/L). This might be due to the losses during
metabolic conversion, wherein, higher carbon load facilitated parallel
biochemical reaction to manifest other process. Higher carbon load operation
also increases the VFA accumulation in the systems and influence the system
redox condition, which will have negative effect on the conversion efficiency.

3.1.3. Biohythane production

Unsuppressed methanogens in the untreated inoculum facilitated the
formation of CH, along with H,. The first nine experiments (i.e., experiments
1-9) operated with untreated inoculum, specifically depicted higher CH4
production varying from 2.0 | (experiment No. 7) to 5.2 | (experiment No. 6).
In these experiments, H, production was relatively low and biohythane varied
from 2.81 to 7.89 L (Fig. 4). Ratio of H,/H,+CH, (CO, was excluded) varied
between 0.1 (experiment No. 2) to 0.46 (experiment No. 9). It has been
reported that a proportionate mixture of H, and CH, as biohythane (i.e., 0.1 to
0.3) can be beneficially used (Fulton et al., 2010; Pasupuleti and Venkata
Mohan, 2015; Oyanedel et al., 2015). Experiment No. 6 which illustrated
higher productivity of combined biogas was operated at neutral pH at a higher
organic load. Experiments 10 to 18 operated with pretreated biocatalyst
showed relatively lower CH,4 values (0.05 to 0.29 L) than H, (0.76 to 3.97 L)
wherein, biohythane production varied from 0.87 to 4.11 L (Fig. 4). In these
experiments, the ratio of H,/H,+CH, varied from 0.82 to 0.97. Experiment
No. 12 which illustrated higher biohythane production was operated under
acidic pH at a higher organic load. It is worth highlighting that biohythane
would be a good alternate to CNG.
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Fig.4. Composition of H, in biohythane gas with respect to different experimental conditions.

3.1.4. Volatile fatty acids (VFA) production

The production of short chain VFAs (carboxylic acids) generally indicates
the progress of anaerobic process. Specific to VFA production, organic load
and nature of biocatalyst showed a strong influence followed by phosphates,
molybdenum, bicarbonates, nitrates, sulfates, and pH. Individually, at the
level stage, higher carbon load at L3 level (3274 mg/L) and pretreatment of
biocatalyst (L2; 2208 mg/L) led to higher VFA synthesis (Table 6).
Pretreatment of the parent culture (consortia) documented an important role in
the selective enrichment of AB to regulate metabolism towards short chain
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Table 6.
Main effects of the selected factors on VFA production.

Severity Factors Level 1 Level 2 Level 3 L2-L1

index

1 Biocatalyst 1779 2208 - 427
2 Input pH 1992 1985 2003 -7.33
3 Organic load 1092 1613 3274 520
4 Sulphates 2159 2060 1760 -99

5 Nitrates 1985 2092 1903 105
6 Phosphates 2188 1829 1963 -360
7 Molybdenum 2226 1986 1768 -240
8 Bicarbonates 1924 2098 1959 173

carboxylic acids synthesis (Venkata Mohan et al., 2008; Sarkar et al.,
2016). Specifically, the absence of molybdenum (L1; 2226 mg/L),
phosphates (L1, 2188 mg/L), and sulfates (L1; 2159 mg/L) showed higher
VFA productivity. On the contrary, nitrate concentration at L2 level (2092
L) showed a relatively higher production. Among the 18 experimental
variations studied, experiment No. 12 (4.3 g VFA/L), 15 (3.4 g VFA/L), 9
(3.3 g VFA/L), 6 (3.2 g VFA/L), and 18 (3.0 g VFA/L) resulted in
relatively higher VFA production rates (i.e., > 3 g VFA/L) associated with
higher fraction of acetic acid followed by butyric acid. Interestingly, all
these experimental sets were operated at higher organic load (L3; 10 g
COD/L) indicating the requirement for more carbon towards acidogenic
synthesis. Pretreated biocatalyst showed an influence on acid synthesis
(experiment No. 12, 15, and 18) at pH 5 and 7. Untreated biocatalyst
specifically functioned towards acid production, i.e., in experiment No. 9
(pH, 8.5) and experiment No. 6 (sulfates, 1 g/L).

Fatty acid profiles showed higher fraction of acetic acid followed by
butyric acid and low concentrations of propionic acid (Fig. 5).

I Acetic acid
[ Propionic acid
I Butyric acid

3500 |

3000

Carboxylic acids composition (mgiL)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Experiment number

Fig.5. Carboxylic acid (VFA) composition at different experimental variations.

A significant difference was noticed in the fraction of fatty acids with
the function of experimental conditions. Experiment No. 12 showed
higher fraction of acetic acid (3.5g/L; 82.3%) followed by experiment No.
15, 9, 6, and 18 with acetic acid concentrations ranging from 2.7 to 2.3
g/L. Acetic acid fraction varied between 73.14 to 82.36% among the first
five experimental variations studied which showed VFA > 2.0g/L. Butyric
acid fraction varied between 15.22 to 21.58%, while propionic acid
fraction varied between 2.4 to 6.8%. The observed distribution of VFA
composition can be explained by the adopted operating conditions
(Eastman and Ferguson, 1981; Dahiya et al., 2015). In this study, since the
experiments were maintained with the same kind of wastewater, the
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differences in metabolic pathways caused by the operational parameters
mainly determined the distribution of VFA.

DOA represents the extent of acidification achieved due to the production
of carboxylic acids in relation to COD removal (Eq. 2). Individual fatty acids
concentration influence DOA to a larger extent. It is significant to note that
the highest DOA observed was with experiment No. 16 (62%) followed by
experiment No. 11 (53%), experiment No. 12/17 (51%), and experiment No.
13 (50%) which all were operated with pretreated biocatalyst (L1) and in the
presence of bicarbonate (L2 or L3) (Fig. 6). More specifically, first four
experimental sets were operated at pH 8.5 or 6.0 and with reasonably good
organic loads (L2 and L3).

60 -

60

40 -

30

20

10

Degree of Acidification (%)

1 2 3 4 65 6 7 8 9 10 11 12 13 14 16 16 17 18
Experiment number
Fig.6. Degree of acidification (DOA) at different experimental conditions.

Table 7.
The relative interactions of the investigated factors during the acidogenic process.
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3.2. Factors interaction

Understanding the interactions of various factors in combination is
also necessary to optimize any processes. Taguchi-based DOE
approach assists in studying the interactions (as severity index: Sl) of
different factors to enumerate the influence of two individual factors at
various levels. The relative interactions of the factors during the
acidogenic process are depicted in Table 7. SI more than 50% was
considered for analysis and discussion. CHP showed a significant SI with
sulphate when interacting with nitrates (76.62%), molybdenum (76.25%),
and biocatalyst (51.04%). Sulfate under acidogenic condition functions as
an electron acceptor to create a thermodynamically-favorable condition
and also facilitates additional buffering to the system. Sulfate plays a vital
role in the growth of Hy-producing bacteria (Armstrong, 2004).
Hydrogenases catalyze the oxidation of H, or the reduction of proton
contains [Fe-S] clusters to store and transport electrons and therefore, an
appropriate sulfate concentration is necessary to control hydrogenase
activity (Armstrong, 2004). An increase in H, production at high sulfate
concentrations might improve hydrogenases activity. pH interaction with
phosphates (66.67%), bicarbonates (56.02%). and biocatalyst (54.66%)
also showed marked influence on the H, production. Production of fatty
acid during acidogenic fermentation drops the system pH due to feedback
inhibition. Extreme pH inhibits the activity of Fe-hydrogenase and also
alters membrane charge, which shows negative effects on H, production.
Bacterial growth at neutral pH is favorable for hydrogenase activity as it
takes longer time to reach final pH resulting in more H, production due to
increase in residence buffering time. Molybdenum with sulphate (76.25%)
and nitrate (67.67%) documented high SI. Biocatalyst interaction with pH
(54.66%), sulphate (51.04%), and biocarbonates (50.48%) also illustrated
influential effects on CHP. H, production was significantly lowered at
pH > 6.0 under relatively high sulfate concentration and this could be
attributed to the production of H,S by SRB that inhibited the activity of

Factors CHP HCE SDR VFA
(L) (%) (kg COD/m¥d) (mg/L)
Sulphates x Nitrates 76.62 24.36 74.18 ' -
Sulphates x Molybdenum 76.25 - 38.42 62.08
Nitrates x Molybdenum 67.67 50.51 16.4 38.76
pH x Phosphates 66.19 46.1 - 12.84
pH x Bicarbonates 56.02 - 30.22 21.55
Biocatalyst x pH 54.66 36.46 - 49.17
Biocatalyst x Sulphates 51.04 30.06 35.47 26.96
Nitrates x Phosphates 50.86 16.64 18.69 50.07
Biocatalyst x Bicarbonates 50.48 - 60.54 85.63
Sulphates x pH 42.79 46.37 54.73 66.21
Nitrates x Bicarbonates 40.87 - 39.21 52.77
Biocatalyst x Nitrates 38.84 27.84 12.15 39.91
Phosphates x Molybdenum 38.72 - - 37.81
pH x Nitrates 37.13 29.94 - 46.57
Biocatalyst x Molybdenum 31.95 43.08 28.09 -
pH x Molybdenum 28.01 24.39 20.33 72.96
Sulphates x Phosphates 27.9 17.37 17.41 37.41
Organic load x Nitrates 24.77 41.48 9.65 11.65
Organic load x pH 23.64 63.27 - -
Sulphates x Bicarbonates 22.63 60.49 17.63 50.77
Organic load x Molybdenum - - 9.75 -
Biocatalyst x Phosphates - - 6.44 35.24
Phosphate x Molybdenum - 45.94 66.93 -
Biocatalyst x Bicarbonates - 41.59 - -
Biocatalyst x COD - 40.38 - -
Phosphates x Bicarbonates - 18.59 10.67 19.11
Molybdenum x Bicarbonates - 30 13.94 32.45
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H, producing microorganisms (Chen et al., 2008). Reasonable CHP
production was achieved with zero nitrates whereas minimum CHP was
observed at 600 mg/L.

Biocatalyst, which had the highest influence on the process individually,
showed relatively low SI with nitrates (38.84%) and phosphate (29.36%).
Increasing phosphate concentration could increase the ability of H, producing
bacteria to produce H, to certain extent. As mentioned earlier, appropriate
C/N and C/P ratios are fundamental for H, production. In fact, the differences
observed among these studies can be attributed to substrate, as well as C/N
and C/P ratios. Comparatively, sulphates (second higher influencing factor)
showed relatively low Sl of 26.91% (at L1; column 1) with organic load and
nitrate (third highest influencing factor) 20.48% (at L3, L2; column 3). In the
case of HCE, interaction of COD with pH (63.27%), sulphate with
bicarbonate (60.49%), and nitrates with molybdenum (50.51%) showed
marked influences. The trace molybdenum forms the catalytic centre of a
large variety of enzymes which includes nitrogenase, nitrate reductases,
sulphite oxidase, etc. (Schwarz et al., 2009). Molybdenum has an essential
role in the growth of anaerobic microorganisms, including methanogens and
hyper thermophilc archaea, gram-positive bacteria, sulfate reducers, and
nitrogen-fixing bacteria (Jiang, 2006). Moreover, molybdenum is a co-factor
for enzyme nitrogenase which is responsible for the production of H, (Eroglu
et al., 2002; Salleh et al., 2004). It is evident from the SI, that interaction
influence of CHP was relatively higher. SDR showed a relatively higher
interaction of sulphate with nitrates (74.81%) followed by biocatalyst with
bicarbonate (60.54%), and sulphate with pH (54.73%).

Table 8.
Analysis of variance (ANOVA) pertaining to VFA production.
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The relative interactive effects of the factors on the VFA production
led to interesting observations (Table 7). Bicarbonate interaction with
biocatalyst showed a higher Sl (85.63%) on VFA production followed by
pH with molybdenum (72.96%), sulphate (66.21%), and molybdenum
(62.08%). Interaction of sulphate with molybdenum (50.77%), and
nitrates with bicarbonate (52.77%) also showed a marked influence on the
VFA synthesis. In the case of SDR, the interaction of sulphate with
nitrogen showed a higher Sl (74.18%) followed by molybdenum and
phosphates (66.93%), biocarbonate and biocatalyst (60.54%), and
sulphate and pH (54.73%). It is evident from the interaction behavior on
substrate degradation that the requirement for nutrient was essential. On
the whole, experiment No. 12, which was operated using the pretreated
biocatalyst (L2) under acidophilic redox condition (pH 6.0; L1) with
higher organic load (10 g COD/L; L3), bicarbonates (1 g/L; L3), sulphates
(250 mg/l; L2) and nitrates (300 mg/l; L2) concentrations (in the absence
of phosphate and molybdenum),

3.3. Optimum conditions

It is evident from the ANOVA results that all the factors and
interactions considered in the experimental design were statistically
significant at 95% confidence limit (F-ratios) (Tables 7, 8, and 9). The
experimental degree of freedom (DOF) was 17. Organic load documented
the maximum contribution (79.0%) on VFA production, followed by
biocatalyst (39.35%) at the individual level (Table 8). Organic load

Severity

index Factor DOF Sum of squares (S) Variance (V) F ratio (F) Pure sum (S*) P(%)

1 CcoD 2 15586778 7793389 22.534 14895086 79.008

2 Biocatalyst 1 823041 823041 2.379 477196 2.531

3 pH 2 1020.796 510 0.001 0 0

4 Sulphates 2 516539 258268 0.746 0 0

5 Nitrates 2 106172 53086 0.153 0 0

6 Phosphates 2 396663 198331 0.573 0 0

7 Molybdenum 2 629850 314925 0.91 0 0

8 Bicarbonates 2 100806 50403 0.145 0 0
Other errors 2 691691 345845 22.534 14895086 18.461
Total 17 18852564 - - - 100

Table 9.
Analysis of variance (ANOVA) pertaining to cumulative hydrogen production (CHP).

is:(;/:;ity Factor DOF Sum of squares (S) Variance (V) F ratio (F) Pure sum (S") P(%)

1 Biocatalyst 1 2.739 2.739 0.415 0 0

2 Sulphates 2 0.283 0.141 0.021 0 0

3 Organic Load 2 28.14 14.07 2.135 14.964 23.1

4 pH 2 0.414 0.207 0.031 0 0

5 Nitrates 2 1.346 0.673 0.102 0 0

6 Phosphates 2 7.319 3.659 0.555 0 0

7 Molybdenum 2 6.538 3.269 0.496 0 0

8 Bicarbonates 2 4.669 2.334 0.354 0 0
Other errors 2 13.174 6.587 - - 76.8
Total 17 - - - - 100
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Table 10.
Optimum conditions and their contributions to acidogenic output parameters.
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Severity Factor CHP HCE SDR
index
1 Biocatalyst Treated Treated Untreated
2 Sulphates (mg/L) 1000 1000 0
3 Organic load (g COD/L) 10 3 1
4 pH 6 8 8
5 Nitrates (mg/L) 0 0 600
6 Phosphates (mg/L) 0 0 1000
7 Molybdenum (mg/L) 0 0 10
8 Bicarbonates (mg/L) 500 500 1000
Total Contribution from all factors 0.105L 42.82% 2.25 kg COD/m%d
Expected results at Optimum Conditions 0.166L 81.35% 4.74 kg COD/m%d
showed a marked influence on the H, production. Organic load and 2500
biocatalyst had major roles in the production of both H, and VFA. Optimum k- c - m e e e e e e e e e oo - 16
conditions to achieve higher H, production include the requirement for '
pretreated biocatalyst with high carbon load, acidophilic redox condition, !
sulphate, and biocarbonate, leading to an increment of 58% (Table 10). 2000+ '
Pretreated biocatalyst was the most significant factor influencing the '
acidogenic fermentation specific to H, and VFA production. Sulphate .
presence showed a marked influence on the H, production rather than VFA [ 4 '
: - . - : 1500 - '
production or substrate degradation. Basic redox operation was found in favor [a] 12
of VFA production. Higher organic loads led to higher productivity, but 24 .
conversion efficiency was reduced for H, production. Buffering capacity % 11 '
(induced in the presence of bicarbonate) was a requirement for all the O 10004 u - :
acidogenic operations. The specific optimum conditions determined based on - 9 14 !
the findings of the present study (Table 10), led to more or less 50% - 0 )
increment in output performance parameters, viz., VFA production, SDR, '
HCE, and CHP. 500 - !
1
3.4. Data envelopment analysis (DEA)-combined influence T T T T T —
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Data envelopment analysis (DEA) is a linear program based method which VFA/SDR

facilitates measuring relative performance of a system having multiple input
and outputs parameters (where comparisons are difficult). This novel
approach measures, compares the performance, and analyzes the results
obtained by interpreting the outputs of a given system based on the relative
efficiency (not based on the absolute efficiency) using a graphical approach
(Venkata Mohan et al., 2008). The relative efficiency of a system is calculated
based on the comparison between current performances of the system and the
best possible performance the system could be reasonably expected to achieve

(Eq. 4):
Relative efficiency = [(X/Y) x 100] 4

where, X represents the length of the line from the origin to the point
obtained by plotting two ratios of the system and Y denotes length of the line
from the origin through the point obtained by the system to the efficient
frontier.

In this study, the relative performance was assessed by considering output
parameters, viz., H,, VFA, and SDR as depicted in Figure 7. Relative
efficiency of any given systems indicates the extent to which other systems
can improve their performance. Experiment No. 12 (pH, 6; pretreated
biocatalyst; 10g CODJ/L; bicarbonate 1g/L; sulphate 250mg/L; nitrate
300mg/L) and experiment No. 16 (pH, 8.5; pretreated biocatalyst; 3g COD/L:
sulphates 1g/L; nitrates 300mg/L; phosphate 1g/L; bicarbonate 500mg/L)
were positioned on the efficient frontier lines with a relative efficiency of
100% illustrating the efficient acidogenic process with respect to H, and VFA
production in combination. Seven experimental variations studied showed

Fig.7. Experimental data expressed in DEA format to calculate the relative efficiency of
CHP/SDR vs. CHP/SDR.

relative efficiencies of above 50%. Experiment No. 4 and No. 14 showed
relative efficiencies of above 80% while experiment No.11 and No. 9
documented relative efficiencies of above 60%.

3.5. Validation study

Validation experiment designed with optimum operating conditions
(pretreated biocatalyst, 10 g COD/L, pH 6, bicarbonate 0.5 g/L, sulphate 1
g/L) were performed in a semi-pilot scale hybrid bioreactor (40 L) with a
gas holding capacity of 5 L. The bioreactor was designed to operate in the
up-flow mode (L/D ratio, ~2) and was filled with coir pith as fixed bed
packing material to support the formation of biofilm. The operation under
the designed conditions resulted in CHP of 57.6 L with HCE of 44.4%
(Table 11). VFA production of 3.7 g/L was recorded with a marginal drop
in acidification due to the fact that the conditions were specifically
adopted for H, production. SDR decreased to 2.27 kg CODr/m*/d with a
specific H; yield (SHY) of 398 L H,/kg CODg. Dehydrogenase activity
(3.2 pg/mL of toluene) well correlated with the optimum parameters
towards acidogenesis. H, production from wastewater offers a significant
advantage of using mixed microbiome. This is ascribed to the persistent
operational flexibility, stability as well as robustness, manifestation of
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diverse biochemical functions, and the possibility to use a wide range of
substrates.

Table 11.
The result of the validation study carried out using the optimum values of the selected factors™.

Parameters Value
VFA (g/L) 37
Acetic acid (g/L) 14
Butyric acid (g/L) 0.54
Propionic acid (g/L) 0.14
pH 45
Dehydrogenase activity (ng/mL of toluene) 3.2
HCE (%) 444
DOA (%) 27
SDR (kg COD/m*d) 2.27
SHY (L H,/kg CODg) 206.9
CODg, efficiency (%) 76

*QOperating conditions - pretreated biocatalyst; COD (10 g/L); pH (6.0); bicarbonate
(0.5 g/L); sulphates (1.0 g/L).

4, Conclusions

The functional role of selected factors on acidogenic process provided an
important insight into the process optimization by understanding their
roles on H,, biohythane, and VFA production along with on waste treatment.
Moreover, the Taguchi methodology served as a systematic mathematical
approach to understand the acidogenic process only with a few well-defined
experimental sets. It was found that each selected factor with its variable
concentrations had a great influence on the acidogenic by-products. Pretreated
biocatalyst along with higher COD load and bicarbonates presence led to
enhanced CHP, whereas pH in combination with sulphate, nitrate, and
bicarbonates increased the DOA. Concentration of COD showed a significant
influence on the performance of acidogenic fermentation specific to VFA and
H, production. This methodology also identified the interactive effects of the
selected factor that could be used for optimization purposes. On the whole,
pH, organic load, and biocatalyst nature were shown to exert significant
effects on acidogenic fermentation as well as on metabolic end products.
Basic and neutral redox conditions and pretreated biocatalyst depicted higher
impacts on H, and/or VFA production. On the contrary, neutral redox
conditions and untreated biocatalyst had higher impacts on substrate
degradation. Nutrients requirements was essential for substrate degradation
rather than VFA/H, production. The present study also illustrated the
feasibility of combined biogas production (in form of biohythane as CNG
alternative) using acidogenic fermentation. DEA was also successfully used
to assess the relative performance of the system with multiple output
parameters.
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