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A standardized biohydrogen potential protocol: an international round

robin test approach

Abstract

Hydrogen production by dark fermentation is an emerging technology of increasing interest
due to its renewable feature. Recent scientific advances have well investigated the
operational conditions to produce hydrogen through the valorization of several wastes or
wastewaters. However, the development of standardized protocols to accurately assess the
biohydrogen potential (BHP) is of crucial importance. This work is the first interlaboratory
and international effort to validate a protocol estimating hydrogen potential using batch
tests, using glucose as individual model substrate. The repeatability of the hydrogen
potential (HP) increased with variations of the proposed protocol: reducing substrate
concentration, increasing the buffer capacity, and using an automatic device. The
interlaboratory variation of the HP was reduced from 32 to 12 %, demonstrating the
reproducibility and robustness of the proposed protocol. Recommendations to run BHP
tests were formulated in terms of i) repeatability and reproducibility of results, ii) criteria

for results validation and acceptance, iii) workload of the proposed protocols.
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Biohydrogen; batch protocol; dark fermentation; glucose; heat-treated inoculum

1. INTRODUCTION

Hydrogen constitutes a valuable energy carrier due to its highest energy density among
fuels, producing only water as by-product. Dark fermentation is a suitable strategy to
produce renewable hydrogen, wherein fermentative bacteria are able to produce it mainly
from fermentable sugars from wastewaters or wastes with a high organic content as
substrates, or other molecules like proteins and glycerol [1,2]. According to the Web of
Science data-base, more than 1600 scientific papers dealing with ‘hydrogen production’ by
‘dark fermentation’ have been published since 2000, with an average of 175 published
papers per year over the past four years. The high flexibility of dark fermentation to process

a wide variety of renewable organic wastes sets a remarkable gap of opportunity for
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bioenergy generation [2,3]. This shows an optimistic scenario for biohydrogen production,
as an added-value process to the conventional anaerobic digestion-based waste stream
treatment processes. Significant improvements have been made in hydrogen yields and
production rates in the last two decades [4].

Alongside the positive outlook for hydrogen production through dark fermentation, there is
an increasing demand for better understanding of the main factors impacting the system at a
process level [5]. Through the assessment of the biological hydrogen potential (BHP), the
information provided by former case studies has been valuable to evaluate several
parameters, like new potential substrates, e.g., crop residues, microalgal biomass, aquatic
plants [6-9]; the effect of different substrate compositions, carbohydrates content and its
complexity, or solids content [10-12]; and further optimizing of operational parameters like
substrate pretreatment [13]. However, observations are mostly depending on the type of
substrate, the source of inoculum and the operational conditions, wherein comparisons
between them become a challenging task.

Particularly, two major limitations have been identified when dealing with the comparison
of BHP results issued from the literature: one of them is the lack of fairness when
comparing these results with regard to the use of different protocols, and, on the other hand,
the diverse precision levels due to non-standardized practices (i.e., due to manual
operations), which causes a broad inconsistency as well as different reliability level of the
experimental data. In this context, the normalization of the testing guideline criterion
becomes a key factor in order to count with homogenized data on hydrogen production.
One way to attain a better comparison viability is through the establishment of a
comprehensive technique that can encompass the most suitable conditions reported for dark
fermentation, as they have been already identified in previous studies. In this sense, the
design and implementation of a standardized BHP protocol could allow to systematically
characterize and compare different process alternatives under the same technical baseline.
At the same time, it is important to establish quality control criteria on central parameters of
the process discerning whether the experimental data are valid. Nonetheless, Venkata
Mohan et al. [14] proposed a batch mode protocol to evaluate the BHP of wastewater. This
method was validated with two real substrates but only one source of inoculum and

pretreatment. To the best of our knowledge, no interlaboratory study to validate a batch
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mode protocol giving an evaluation of biohydrogen potential (BHP) has been conducted so
far.

Among the most influencing parameters on hydrogen production stand the initial pH,
hydrogen partial pressure, temperature, as well as the acclimation of the microbial
communities in the inoculum for the selection of hydrogen-producing bacteria [15].
Specifically, Davila-Vazquez et al. [16] performed a thorough study on the effect of
different pH and initial substrate concentrations for different substrates on the hydrogen
molar yield (HMY) and the volumetric hydrogen production rate (VHPR) at a temperature
of 37°C, confirming that the best set of conditions for higher HMY were initial pH 7.5 and
5g L™ when glucose was used as a model substrate.

On the other hand, there is groundwork in the effort of standardizing the method for the
acclimation of microbial community in the anaerobic mixed culture. This step is essential to
inactivate methanogens while selecting spore-forming hydrogenogenic microorganisms.
Some authors have converged in the higher suitability of applying thermal shock to
anaerobic mixed cultures at 103-106°C [17,18]. Also, due to the fact that a high partial
pressure will cause higher dissolved hydrogen concentration, with the consequential
reduction of oxidized ferredoxin and thus hindering the hydrogen production yield [3], the
selection of a system that allows for the continuous release of such pressure — such as an
automatic gas release monitoring unit — is strategic for maximizing hydrogen production
during BHP testing.

In addition, the modified Gompertz equation constitutes by far the most widely accepted
model to describe the kinetics of hydrogen production when using anaerobic mixed cultures
[19,20]. This consideration is fundamental in the establishment of a suitable BHP protocol.
The statement of important criteria for biochemical methane potential test has been
suggested [21], likewise quality control criteria such as repeatability and reproducibility of
results, to properly validate or reject them, and in this way, guarantee its reliability [22].
Such quality criteria could apply to BHP testing.

The aim of this study was to propose and validate a comprehensive standard protocol for
BHP testing in batch-mode considering all of the aforementioned conditions, in order to
assess the level of repeatability and reproducibility of the results, at an interlaboratory level.
For this purpose, the protocol was validated in several laboratories from different countries
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using the same inoculum at first instance, and then using several sources of fermentative
bacteria, all performed with a model substrate. The collected data were compared in terms
of the main kinetic parameters for hydrogen production, with the purpose of providing
insight on the level of interlaboratory (between-lab) and intralaboratory (within-lab)
replication, as well as the identification of the main key factors and specific challenges of
this tool for performing further hydrogen production studies.

2. METHODOLOGY

2.1 Substrate

Glucose was used as the only carbon source at 5 and 20 g L™. Two different buffer
solutions — modified from the medium proposed by Mizuno et al. [23] — were tested, one
based in phosphate salt and another using MES monohydrate (2-[N-Morpholino]
ethanesulfonic acid, 4-Morpholineethanesulfonic acid monohydrate), as suggested
previously [11]. The phosphate buffer composition in mg L™ was: NH,ClI, 2600; K,HPO,,
250; MgCl,-6H,0, 125; FeSO4-7H,0, 100; CoCl,-6H,0, 2.5; MnCl,-4H,0, 2.5; Kl, 2.5;
NiCl,-6H,0, 0.5; ZnCls,, 0.5. In the MES-based buffer, the K,HPO,4 was substituted by
MES at 1200 mg L™,

2.2 Sources of inoculum

Different sources of inoculum were tested among the laboratories: i) heat treated anaerobic
sludge from a thermophilic digester of sewage sludge (HTT); ii) heat treated anaerobic
sludge from a mesophilic full-scale UASB reactor treating brewery wastewater (HTM); iii)
biomass from an auto-fermented effluent rich in sucrose (AF) [24]; iv) aerobic sludge
pretreated by cell wash-out (WO); v) compost from kitchen wastes (C) [25]; vi) heat treated
anaerobic sludge from a pilot-scale digester treating the organic fraction of solid wastes
(HTS). The heat pretreatment procedure applied to HTT, HTM, and HTS was at 105°C for
24 hours to select spore-forming bacteria, suppressing potential hydrogen consumers such
as methanogens [17]; then the dried sludge was grounded and mesh-sieved through a #20-
mesh (particle size of 850 um). During the WO pretreatment, the aerobic sludge was fed
into a completely stirred tank reactor with glucose at 10 g L™ and at 8 h of hydraulic
retention time (HRT) to select fermentative bacteria and wash-out those not capable to
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grow at such HRT [1]. For all tests, the inoculum was added at a substrate/inoculum ratio
of 2.7 (g glucose/g volatile solids).

2.2 Biohydrogen production batch mode protocol

Two different gas measuring strategies were evaluated: i) manual procedure for periodic
biogas release, and ii) automatic device with a continuous biogas release. Common
conditions among manual and automatic procedures were the following: initial pH was
adjusted at 7.5 with HCI or NaOH 5N solutions; bottles were closed and sealed, exchanging
the headspace with N, by 1 min, and incubated at 37°C. All evaluated conditions were run
in triplicates with their respective endogenous controls without substrate. When tests came
to a halt, liquid phase samples were collected to determine soluble metabolites and residual

glucose as indicated in the analytical methods (section 2.4).

2.2.1 Manual protocol

The manual test procedure was proposed by Davila-Vazquez et al. [16]; in brief,
experiments were performed in serological bottles of 120 mL, with 80 mL of working
volume, and horizontal shaking at 150 rpm. Gas produced was released every three hours
and measured by liquid displacement using an acidic solution (pH < 2), to avoid CO,
absorption, in an inverted graduated cylinder. Gas samples were taken for its composition
analysis by chromatography with a thermal conductivity detector. Run stopped when the
hydrogen production reached the stationary phase and the coefficient of variation between
the last three measurements was lower than 5 %, as suggested previously for biochemical
methane potential tests [21]. The temperature during the gas production records and the
atmospheric pressure of each laboratory was considered to express the gas production
results at standard conditions (273.15 K, 101.325 kPa).

2.2.2 Automatic protocol

The automatic tests procedure was run in the Automatic Methane Potential Test System
(AMPTS II, Bioprocess Control AB, Sweden). Tests were run in glass bottles of 600 mL,
with 360 mL of working volume, accordingly to manufacturer recommendations. Bottles

were incubated with intermittent shaking, 60 s on/180 s off at 60 % (approx. 120 rpm). Gas
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produced was continuously released, passing through a CO,-absorption unit (NaOH, 3N)
and measured online each 10 mL. Run stopped when the hydrogen production achieved the
stationary phase, according to the online graph shown by the software in the automatic
device. Gas samples from the headspace were taken at the end of the gas production for its
composition analysis. The automatic device reported the gas production at standard

conditions by using its internal temperature and pressure sensors.

2.3 Interlaboratory tests
The protocol was tested in 8 independent laboratories from 5 different countries (Brazil,
Chile, France, Mexico and Uruguay). Testing was divided into stages as specified in the

following subsections.

2.3.1 Use of phosphate buffer in manual protocol
At first instance, a set of interlaboratory experiments by 6 different independent
laboratories was performed under a manual procedure (2.2.1) with phosphate buffer and 20

g L™ glucose as model substrate, using the same inoculum (HTT).

2.3.2 Phosphate vs. MES buffer in manual protocol
Manual procedure (2.2.1) was run among 4 laboratories using glucose at 5 g L™, two
different buffer solutions and the own inoculum from the laboratories, HTT, HTM, AF,

WO were evaluated as comparison.

2.3.3 Use of MES buffer in automatic protocol

Finally, the automatic procedure in AMPTS 11 (2.2.2) was tested using 5 g L™ glucose with
the selected buffer solution (MES), comparing three inocula, HTT, HTM, and HTS, among
4 laboratories.

2.4 Analytical methods

The final soluble chemical oxygen demand (COD) was analyzed by standard methods [26],
and residual sugars were determined by the sulfuric acid-phenol method [27]. Soluble
metabolites (e.g. acetate, propionate, butyrate, ethanol) were determined by different
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methodologies previously reported, gas chromatography with flame ionization detector
[17,24,25,28,29] and High Performance Liquid Chromatography (HPLC) [11,30], and
capillary electrophoresis [16]. H, and CO; content in the biogas were determined by gas
chromatography with thermal conductivity detector [11,16,17,24,25,28,29].

2.5 Data analysis
The experimental cumulative hydrogen production was fitted to the modified Gompertz
equation 1 [16] using the Solver add in Microsoft Excel (v 16.18, Microsoft, USA):

H(t) = Hpgrexp {—exp [—2'71828Rm“x A—-t)+ 1]}

Hmax

Eq.l
where H(t) (L) is the total volume of hydrogen produced at culture time t (d); Hmax (L) is
the maximal amount of hydrogen produced; Rmax (L d*) is the maximum hydrogen
production rate and A (d) is the lag time before exponential hydrogen production. The
hydrogen potential (HP), the hydrogen production rate (HPR), and the hydrogen molar
yield (HMY), were defined as response variables. HP and HMY were calculated from Hpax
and defined as L H, L™ (per liter of working volume) and mol H, mol glucoseconsumed
respectively; and the HPR was calculated from Rpax and defined as L H, L-d™.
Average values and the corresponding standard deviations of response variables were used
to calculate the intralaboratory (within-lab) and interlaboratory (between-lab) coefficient of
variation (CV), or relative standard deviation, as repeatability and reproducibility
indicators, respectively. The statistical analysis of the data for estimate of the precision
statistics was a one-way and two-way analysis of variance (ANOVA), carried out for each
response variable, as recommended for interlaboratory studies [31]. Variables with
statistically significant effects were analyzed. The statistical analysis was run in the R
environment (v 3.1.2, RStudio, RStudio Inc.).

3. RESULTS AND DISCUSSION

3.1 Effects on hydrogen potential, production rate and molar yield
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In the present work, BHP assays were performed by different laboratories to evaluate the
HP, HMY and HPR for each laboratory, using glucose as an individual model substrate
with mixed anaerobic consortia.

In experiments with 20 g L™ glucose, using the manual protocol and phosphate buffer
(Figure 1), values for HP, HPR and HMY ranged among 0.65 — 2.03 L H, L 0.63-5.23
L H, L-d™*, and 0.65 — 1.25 mol Hz molguucose -, respectively; whereas for 5 g L™ glucose at
the same manual protocol and buffer conditions (Figure 2) the intervals were 0.14 — 0.78 L
Hz L™, 0.06 —1.58 L H, L-d*, and 0.21 — 1.34 mol H, molgiucose -, respectively. Various
studies have focused on the evaluation of BHP from different feedstocks using mixed
anaerobic consortia and manual protocols. Some of these studies have been intended for
evaluating different model substrates in individual mode [16,32], co-substrate mode [32],
industrial wastewater effluents [18], among others. In terms of the protocol conditions, the
selected for the present work was based on the best according to some previous studies on
batch protocols for hydrogen production [16], and using heat-treated inoculum to overcome
the activity of methanogenic archaea [17,33]. Several other authors have also addressed the
relevance of initial pH [5,15,20,34], temperature [5,15,20,34,35], and concentration of
inoculum and substrate [20,35]. From previous works and to maximize the production of
hydrogen, in this work the starting pH was at 7.5, the temperature of incubation at 37°C and
the substrate on inoculum ratio at 2.5 for all experiments. The suitability of the modified
Gompertz model to describe and to model a batch fermentative hydrogen production
process with mixed anaerobic cultures has been successfully proved [16,36], in this work
all hydrogen production kinetics were adjusted to this model.

The values of HP and HPR obtained for the manual mode with phosphate buffer and 20 g
L glucose, were similar to the values reported in previous studies with the same substrate,
buffer, and a similar heat-treatment of inoculum. For instance, Davila-Vazquez et al. [16]
produced 2.2 L H, L™ and 6.36 L H, L-d™, with 25 g L™ glucose; and Gupta et al. [32]
produced 2.1 L H, L™ and 3.12 L H, L-d™ with 11.5 g L™ glucose. These small differences
might be due to the initial substrate/inoculum ratio. Such consistency in the range of results
as compared with previous works [16,32] reflects the robustness of using a batch protocol

and heat-treated sludge as inoculum.
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To increase the repeatability of the proposed protocol, glucose concentration was decreased
to 5 g L™ (as explained below, section 3.2), and two different buffers were tested. Despite
the substrate concentration decreased by 4-fold, the average HP and HPR only decreased by
50% and 62%, respectively, in comparison to using 20 g L™*; and the average HMY
increased by 56% (Figure 1 and 2). In addition to the better HMY, lowering the glucose
concentration increased its consumption from 74 £ 29 to 98 + 4 %, and increased the
hydrogen content in the biogas, from 43 £ 9 to 56 + 11 %, comparing experiments with
initial values at 20 and 5 g L™, respectively. The average final pH using phosphate buffer
were 4.6 +0.3and 3.8+ 0.5at20 g L™ and 5 g L™, respectively. The lower yield at 20 g L™
could be affected by the ethanol concentration (2.6 g L™), where its accumulation at 1.14 g
L has been proved to affect the metabolic pathways in dark fermentation [37]. In this
sense, the preferential yields of produced metabolites change from
ethanol>acetate>propionate to acetate>propionate>butyrate, comparing 20 to 5 g L™ using
phosphate buffer, respectively (Figure 3, A and C).

When comparing phosphate with MES buffer in manual mode at 5 g L™ glucose, using
MES improved HP, HMY and HPR by 2.20, 1.80 and 0.27-fold, respectively (Figure 2).
Although no other studies have addressed the use of MES buffer for H, production
protocols, this improvement could be attributed to the fact that these two buffers portray
clear differences in buffer capacity. In this sense, the buffer capacity for both solutions
from pH 7.5 to 6.5 is similar, 1.3 and 1.1 mM for MES and phosphate; respectively; but at
lower values from 6.5 to 4.5 the MES buffer capacity (4.1 mM) is higher than that for
phosphate (1 mM). This difference in the buffer capacity was reflected by the final average
pH comparing both experiments, being 4.4 £ 0.6 and 3.8 £ 0.5, for MES and phosphate,
respectively. The metabolic pathways were also driven by the buffer solution, with
preferential production of acetate>butyrate and acetate>propionate, using MES and
phosphate buffer, respectively (Figure 3, B and C). Buffer implications have also already
been discussed in previous works [38]. However, the buffer composition is not usually
adjusted to the substrate concentration, which is a relevant consideration working with
batch protocols without pH control.

Recently, the hydrogen potential of agroindustrial effluents has been tested in automatic
equipment [39,40]. To compare the selected parameters of this work, 5 g L™* glucose and
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MES buffer, different inocula were evaluated with the automatic protocol by different
laboratories.

Further experiments were performed at 5 g L™ glucose in automatic equipment (AMPTS 11)
with the selected buffer system (MES), achieving a level of 0.47 —1.02 L H, L™, 1.60 —
2.79 L H, L-d™!, and 0.78 — 1.65 mol Hz molgiucose - (Figure 4). The general comparison
showed a similar metabolic pathway using the manual or the automatic protocol
(acetate>butyrate, with the same average value 0.29 and 0.28 mol/mol; Fig. 4 D to F).
Besides, values of glucose consumption and hydrogen content, 94 + 6 and 53 £ 6 %
respectively, were similar to the achieved with the manual protocol. The closest comparison
of a manual and automatic protocol is the one reported by Wang et al. [41], who evaluated
anaerobic digestion for cellulose under both regimes, without a significant effect on
methane yield. In the present study for hydrogen production, using the automatic protocol
decrease 25% the HP and HMY compared to the manual one (Fig. 2 and 3). Only the HPR
was improved by the automatic protocol, becoming 70% higher than the manual one;
explained by the continuous gas released and its online recording. Several authors have
addressed the positive effects and implications of low hydrogen partial pressure (among
other different process conditions) on H, production [5,15]. Even though the slight
difference between HP, HPR and HMY in the manual and automatic protocol, considering
results with the same inoculum (HTT or HTM), the statistical analysis showed non-
significant difference considering p values higher than 0.01, but significant differences
considering p values higher than 0.05. In this sense, both methods resulted in comparable
results, regardless of operational differences like working volume and stirring conditions.
In terms of the different inoculum tested, average values were in narrow range for HP, HPR
and HMY at 0.6 —0.8 L Hy L™, 1.8 —2.0 L H, L-d™ and 1.1 — 1.4 mol Hy MOlgiycose
respectively. Those similar results are attributed to the same heat-treatment selecting spore-
forming bacteria [17], regardless of the different source of anaerobic sludge.

The COD measurements were stable at different evaluated conditions, with final average
concentrations at 19.4 + 1.3, 5.1 + 0.4, and 5.3 + 0.9 g L™, for the manual protocol with 20
and 5 g L™ glucose, and the automatic protocol, respectively; which correspond to COD
removals from 1-11%. Similar COD removals have been reported for dark fermentation,
where most of the COD is converted to acids; other strategies like coupling dark
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fermentation to photo-fermentation are meant to increase the hydrogen productivity and
decrease the COD content in wastewaters [42].

3.2 Repeatability and reproducibility evaluation

The repeatability and the reproducibility of common process variables (HP, HPR and
HMY) were evaluated in the present international work, evaluating the effect of substrate
concentration and buffer solution on different inoculum (Figure 1 and 2), and the use of an
automatic device comparing different inoculum (Figure 4). The first interlaboratory
approach analyzing the same inoculum with the manual protocol and glucose at 20 g L™
resulted in a low reproducibility, were the variable “Laboratory” had a significant effect on
HPR and HMY (Table 1). This low reproducibility is explained by the intra-laboratory
variation (intra CV), where one-third of the laboratories had values higher than 20% for
HP, HPR and HMY; resulting in an inter-laboratory variation (inter CV) up to 72% (Figure
1). A concentration of 20 g L™ was tested following the recommendation of Davila-
Vazquez et al. [16] between their highest HPR at 15 and 25 g L™ of glucose, with intra CV
from 5 to 21 %, respectively. In the present study, using glucose at 20 g L™* produced a
maximum volume of 120 mL of biogas every three hours during the exponential phase,
which could produce errors during the data register using the manual method, due to the
resolution of the graduated cylinder.

To increase the repeatability and reproducibility, a second approach in the present work
was evaluated using 5 g L™ glucose, considering the lower CV (from 3 to 10%) found by
Davila-Vazquez et al. [16] at such concentration. Previously, several glucose
concentrations were tested between 5 and 25 g L™, where the lowest concentration
maximized the HMY [16]; in this sense, evaluating 5 g L™ had the additional purpose to
increase the BHP. Indeed, different inoculum commonly used for each laboratory and
different buffer solution were evaluated. In average, the repeatability using 5 g L™ glucose
reduced the intra CV to 18% (17 % and 20 %, for MES and phosphate buffer, respectively)
compared to the 22% at 20 g L™. Phosphate buffer produced significant differences in
terms of hydrogen potential and molar yield, whereas using MES buffer had no statistical
effect on hydrogen potential and molar yield, whatever the tested inoculum (Table 1). The
higher repeatability achieved using MES is attributed to a better buffer capacity than the
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phosphate solution. In this sense, buffer and the microbial inoculum showed both
significant effects on HP and HMY (Table 2).

Using the automatic equipment, the repeatability improved in comparison to the manual
protocol, reducing the average intra CV to 9.3, 15 and 10.5% for HP, HPR and HMY
(Figure 4). However, such comparable reproducibility was only achieved using the HTT
inoculum, where inter CV of 15, 42 and 25%, were similar than the obtained using the
manual protocol, i.e. 12, 56 and 16%, for HP, HPR and HMY, respectively. The different
inoculum had a significant effect on the response variables (Table 2), resulting in higher
inter CV using HTS and HTM inoculum, 113 and 28% for HP and HMY, compared to the
obtained with HTT.

3.3 Recommendations to run BHP batch tests

To our knowledge, there is only one previous study focused on the design and
standardization of a methodology (protocol) to evaluate Biological Hydrogen Production
(BHP tests) [14]. As the authors proposed a workflow for a process optimization [14], their
aim was not to determine statistical parameters to evaluate the repeatability or
reproducibility of the protocol at interlaboratory level. The closest approaches to this work
are those that aim to standardize a biochemical batch protocol for methane production,
specially using organic solid wastes [22,43,44]; which is a common practice for the design
of industrial anaerobic digesters [22]. The first studies were focused on proposing general
parameters for methane production tests [45] and analyzing the method repeatability and
reproducibility [43]. Two approaches have focused on interlaboratory studies [44] and
general recommendations for the test validation [22]. In this sense, the results of the present
work are analyzed to made recommendations in terms of: i) parameters that influence the
repeatability and reproducibility of results, ii) criteria for results validation and acceptance,

iii) workload analysis of the different tested protocols.

3.3.1 Repeatability and reproducibility
Considering HP and HPR, the repeatability of the proposed protocol was significantly
improved (reduction of intralaboratory variation), with the following criteria and sequence:

reducing substrate concentration>increasing the buffer capacity> using an automatic device
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(Table 3). In terms of reproducibility, the criteria and sequence were as follows: reducing
substrate concentration> increasing the buffer capacity; where using the manual or the
automatic protocol produced higher and lower inter CV for HP and HPR, respectively
(Table 3). A common strategy to optimize hydrogen producing processes is to look for the
maximum organic load supported [14]; however, awareness is needed on the fact that at
carbohydrate concentrations higher than 5 g L™ repeatability decrease, and possible

comparison to literature will be limited due to the loss of reproducibility.

3.3.2 Criteria for results validation and acceptance

One common criterion for validation of results established for methane potential tests is the
methane recovery using a model substrate in comparison to the theoretical recovery [22].
The theoretical hydrogen yield is not a suitable criterion for accepting BHP results,
considering that the well-known maximum biochemical yield 4 mol H; molg|ucose'1, depends
mainly on low H, partial pressure, the pH, and other parameters such as the nature of the
inoculum [5].

Based on the relative standard deviation proposed as acceptable by Holliger et al. [22] for
methane potential tests, the HP results obtained in the present work fitted to both criteria, 5-
10% for intralaboratory CV, and > 14 % of interlaboratory CV using the manual protocol,
but only the intralaboratory CV criteria was fitted by the automatic protocol (Table 3).
However, the HPR results did not fit to any of both, having closer results if the automatic
protocol is used. Since BHP tests are normally carried out by only one laboratory,
acceptable intra CV for the HPR are 25 and 15 %, using the manual or automatic protocol,

respectively (average values, Table 3).

3.3.3 Workload analysis

A helpful criterion to choose a particular protocol is the available time for performing the
test, where a time-saving experimental set-up is pursued [43,44]. The workload for
particular operations in the protocols include the preparation of the inoculum and mineral
solution, set-up of batch reactors, monitoring gas production and composition, as well as
data management and evaluation (Table 4). For one or five samples sets, the automatic
protocol reduces the workload time from 32 to 65 % compared to the manual protocol,
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mainly due to the time saved for chromatographic analysis; but the manual protocol has the
advantage that no specialized equipment is required. To reduce the workload analysis in the
manual protocol a CO; trap could be applied similarly to the automatic device, but the

proper experiment setup would need further validation.

4. CONCLUSIONS

In this work, a standardized protocol for biohydrogen production potential was evaluated in
interlaboratory mode. Evaluating the effect of operational parameters, such as substrate
concentration, buffer capacity and a manual or automatic gas measuring method, the
repeatability and reproducibility were increased. In this sense, the interlaboratory variation
of the HP and HPR were reduced from 32 to 12 %, and from 72 to 33 %, respectively,
showing the robustness of the proposed protocol. The intralaboratory variation among their
replicates was reduced up to 13 and 9% for HP, and up to 25 and 15 % for HPR, using the
manual and automatic protocol, respectively; such variations were stated as criteria for
acceptance of the results. The automatic protocol increases the reproducibility and
repeatability of the BHP test, while also reduces the workload in comparison with the
manual protocol, although the manual protocol also reaches acceptable variation values.
Hence, both protocols — manual and automatic — are suitable to get acceptable results. Due
to this protocol was standardized with a model substrate, further validation is envisioned
using real wastewater or effluents, following the same operational parameters S/X ratio,
soluble carbohydrate content, and buffer capacity. The present work sets a precedent for
further interlaboratory comparison of other worth studying parameters for hydrogen

production by dark fermentation.
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Figure and table captions

Figure 1. Evaluation of the manual protocol using glucose at 20 g L™ and phosphate buffer
for 6 different laboratories: hydrogen potential (A), production rate (B), molar yield
achieved for consumed glucose (C), and the coefficient of variations (CV) obtained at each

laboratory (intra) and interlaboratories (inter).

Figure 2. Evaluation of the manual protocol using glucose at 5 g L™ comparing the
phosphate and MES buffer, for 4 different laboratories using different inoculum: hydrogen
production potential (A), production rate (B), molar yield achieved for consumed glucose

(C), and the intralaboratory coefficients of variation (CV).

Figure 3. Evaluation of the automatic protocol using glucose at 5 g L™ with MESS buffer,
comparing different inoculum among 4 different laboratories: hydrogen production
potential (A), production rate (B), molar yield achieved for consumed glucose (C), and the
coefficient of variations (CV) obtained at each laboratory (intra) and interlaboratories
(inter) for each parameter are shown.

Figure 4. Molar yield per mol of consumed glucose for the metabolites produced at the
different experiments: evaluation of the manual protocol using glucose at 20 g L™ and
phosphate buffer (A); evaluation of the manual protocol using glucose at 5 g L™ comparing
the MES (B) and phosphate buffer (C); evaluation of the automatic protocol with MES
buffer, comparing different inoculum HTT (D), HTM (E) and HTS (F).

Table 1. One-way ANOVA results for the evaluation of the manual protocol using the same
inoculum (20 g L™ glucose with phosphate buffer), and the different inoculum (5 g L™
glucose with phosphate and MES buffer).

Table 2. Two-ways ANOVA results for the evaluation of the manual protocol using
different buffer (5 g L™ glucose, phosphate and MES buffer) and the automatic protocol
using different inoculum (5 g L™ glucose and MES buffer).
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Table 3. Summary of the average coefficient of variations obtained at the tested parameters
for HP and HPR.

Table 4. Workload of BHP test by different experimental setups, considering one and five
samples by triplicate.
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Table 1

Response Evaluated p Groups of Response E . p Groups of
) . X A valuated variable .
variable variable value variables* variable value variables *
20 g L™ and phosphate buffer 5 g L™ and phosphate buffer
Potential Laboratory 0.075 Potential Laboratory 2.7¢% a)L1l
Rate Laboratory 1.1e® a)L1, L2, L4 b) L2,L5
b) L2, L3, L4 Rate Laboratory 0.110
c) L6 Yield Laboratory 2.5e* a)lLl, L2
d) L3, L5, L6 b) L5
Yield Laboratory 0.022 a)Ll, L2, L3 5 g L™ and MES buffer
b) L4, L6 Potential Laboratory 0.385
c) L4, L5 Rate Laboratory 0.429
Yield Laboratory 0.332

* Groups without significant difference determined by a Tukey test; Bold letters stands for significant effects.



Table 2

Response Eval_uated p Grqups of Response Evaluated variable p Grgups oi
variable variable value variables* variable value variables
Manual protocol Automatic protocol
Potential Inoculum 1.5e° a) HTM, AF Potential Inoculum 4.6e® a)HTS
b) HTT b) HTT, HTM
c) WO Potential Laboratory 1.9¢7 a)L2, L7
Potential Buffer 4.8¢” b) L4
Potential Inoculum:Buffer  2.2¢7 c)L8
Rate Inoculum 1.0e® a) AF, HTT, WO Potential  Inoculum:Laboratory — 3.1e™
b) HTM Rate Inoculum 0.065 a)L2,L4,L8
Rate Buffer 0.205 4.6e° b)L4L8
Rate Inoculum:Buffer  0.217 c) L7
Yield Inoculum 2.1e® a) HTM, AF, HTT Rate Laboratory
b) WO, HTT Rate Inoculum:Laboratory  0.052
Yield Buffer 2.7¢” Yield Inoculum 6.4e° a) HTS
Yield Inoculum:Buffer  0.015 b) HTM, HTT
Yield Laboratory 1.7e® a) L2, L7
b) L4
c) L8
Yield Inoculum:Laboratory ~ 4.2e”®

* Groups without significant difference determined by a Tukey test; Bold letters stands for significant effects.



Table 3.

Substrate HP HPR

— — <

Method  concentration  Buffer . Coefficient of varlatu_)n (%)
(gL Intra ) ey Intra | nter

Ave Min Ave Min
Manual 20 Phosphate 19 1 32 30 14 72
Manual 5 Phosphate 20 9 60 22 6 73
Manual 5 MES 13 5 12 25 12 55
Automatic 5 MES 9 05 28 15 3 33

*Intra, intralaboratory; Inter, interlaboratory; Ave, average value; Min, minimal value.
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2 Table4.
3
b
Experimen A B C D E = g H | ToU rotat/sam
tal set-up (h (mi (mi (mi (mi (min)  (min) (min (min  al ole (h)
) n) n n n ) ) ()
Set of one sample per triplicate
Manual 5 30 30 10 @ - 10X7)3f 10"7’,; - 15x3 13.9 4.6
Automatic 5 30 30 60 60 - - 10x3 15x3 9.3 3.1
Set of five samples per triplicate
10x7x  10x7x 15x1
Manual 5 30 150 10 - 15 15 - 5 46.9 3.1
Automatic 5 30 150 60 60 i - 100 X 63 1

Workload times for: A; preparation of inoculum and buffer solution; B, preparation of substrate
solution; C, set up of reactors (inoculum weight, addition of substrate and buffer); D, set-up of

production during whole incubation; G, monitoring gas composition during whole incubation; H,

4
5
6  device for gas measuring; E, connecting batch reactors to gas measuring; F, monitoring gas
7
8

monitoring final gas composition; I, data management (using an existing MS Excel-sheet) and
9 interpretation. Total workload: A+B+ C+D+E+F+G+H.  Considering 7 gas production records
10  during the incubation time around 75 h; ® Considering in average 10 min for chromatographic gas

11  analysis



