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Abstract
Macroalgae biomass is a potential feedstock for fermentative H2 production: it has high carbohydrate concentration and 
is lignin-free. Here, we optimize a mild acid treatment of Kappaphycus alvarezii biomass by an experimental design 24. 
The optimal acid treatment conditions were 90 °C, HCl concentration of 55.9 mmol/L, 0.375 g of algae mass, and 8 h of 
treatment. Under these conditions, the hydrolysate presented mono-, but also di- and oligosaccharides. We used this hydro-
lysate as substrate for fermentative hydrogen (H2) production by the Clostridium beijerinckii Br21 grown in two different 
conditions: (1) in medium containing galactose and no β-glucosidase activity; (2) in medium with cellobiose to stimulate 
β-glucosidase activity, which was 0.33U/mL. The fermentative assay conducted in the presence of the C. beijerinckii Br21 
with β-glucosidase activity provided higher H2 concentration and yield as compared to the assay accomplished in the pres-
ence of the inoculum with no β-glucosidase activity—171.76 ± 2.10 and 140.95 ± 10.92 mL of H2/L, and 70.3 ± 0.9 and 
62.7 ± 4.9 mL of H2/g of dry algae, respectively. Therefore, a fermentative β-glucosidase-producing organism such as C. 
beijerinckii Br21 can potentially complete biomass saccharification for later renewable H2 production.
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Statement of Novelty

Kappaphycus alvarezii biomass has never been explored as 
feedstock for H2 production. A biomass hydrolysate con-
taining mostly di- and oligosaccharides and only small 
monosaccharide concentrations was used as substrate for 
fermentative H2 production by Clostridium beijerinckii 
Br21. The fermentation inoculum grown in cellobiose pre-
sented β-glucosidase activity of a C. beijerinckii strain, 
which has been described for the first time in this work. 

β-glucosidase activity stimulation in the inoculum helped 
C. beijerinckii Br21 to produce higher H2 concentration per 
unit of algae biomass as compared to the inoculum grown in 
galactose with no β-glucosidase activity. Biomass hydrolysis 
to the monosaccharide level was not necessary because the 
H2-producing microorganism can produce hydrolases that 
help to consume higher-molecular-weight saccharides.

Introduction

Hydrogen (H2) is a clean fuel; its burning produces water 
only [1–3]. However, current strategies to produce H2 
demand high amounts of energy or rely on fossil fuel-based 
methods [4]. H2 can also originate from renewable fermen-
tation of carbohydrate-rich materials, such as wastewater, 
wastes, and biomasses, which is a more sustainable and eco-
nomically viable process [3]. Various renewable biomasses 
can be used as low-cost substrate for fermentative H2 pro-
duction, which significantly reduces production costs [5, 6].
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In the last years, algae biomass has become a promis-
ing feedstock to produce biofuels, including biohydrogen, 
the so-called third-generation H2 [5–10]. As a substrate for 
fermentative biofuel production, algae biomass offers many 
advantages: it sequesters high CO2 amounts, grows at high 
rate, and does not require arable land. In addition, algae 
biomass lacks hemicellulose and lignin, which facilitates 
access to its carbohydrates [5, 8]. Consequently, algae bio-
mass pretreatment to convert polymeric carbohydrates into 
monomeric sugars for further fermentation calls for milder 
conditions as compared to lignocellulose pretreatment [5–8].

According to the literature, brown macroalgae like Lami-
naria japonica [7] and red microalgae like Gelidium amansii 
[9] have high carbohydrate content and therefore display 
the greatest potential for application as feedstock for biohy-
drogen production [10]. The red macroalgae Kappaphycus 
alvarezii also has high carbohydrate content (ca. 50% d.w) 
and has already been employed as substrate for bioethanol 
production [11]. Nevertheless, there are no studies on the 
use of this macroalgae as substrate for fermentative H2 pro-
duction. K. alvarezii biomass contains mainly heterogenous 
polysaccharides known as carrageenans, which consist 
mostly of d-galactose and 3,6-anhydro-d-galactose (AHG) 
with different degrees of sulfate groups, linked by β-1,4 and 
α-1,3 bonds [10, 12].

Although algae biomass does not contain lignin, it still 
has a complex structure that requires a pretreatment step 
necessary [6]. Additionally, fermentative bacteria usually 
have low hydrolytic activity, so pretreatment releases organic 
substances from the algal cells and makes them readily bio-
degraded. Several pretreatment technologies that have been 
developed to treat lignocellulosic biomasses, such as milling, 
heating, and ultrasonic, acid, basic, ozone, and enzymatic 
treatments, can also be employed to treat algae biomass [6].

Because acid pretreatment is easy to accomplish, is inex-
pensive, and can be applied on an industrial scale, it has 
been the most commonly used technology to pretreat bio-
masses for fermentable sugar production from carrageenan-
rich biomasses [13, 14]. The hydrolysis reaction conditions, 
including acid concentration, temperature, and reaction time, 
vary depending on the carrageenan type [10, 13]. The acid 
and temperature conditions employed during algae biomass 
hydrolysis may result not only in monosaccharides, but also 
in sugar degradation products. Indeed, dehydrated galac-
tose, like AHG from carrageenan, is more susceptible to 
degradation as compared to the d-galactose hydrated form. 
AHG can be promptly converted into 5-hydroxymethylfur-
fural (HMF), a well-known fermentation inhibitor [10, 15]. 
Therefore, mild acid hydrolysis conditions is more suitable 
to saccharify algae biomass for further fermentation [9, 10].

Here, we optimize acid hydrolysis conditions for K. alva-
rezii biomass for later application of this biomass in fermenta-
tive H2 production, and we employ Clostridium beijerinckii 

Br21 (GenBank accession number KT626859), isolated in our 
laboratory, as H2-producing organism to ferment the algae acid 
hydrolysate. This strain can consume a wide scope of sub-
strates and has a large number of genes encoding for glycosyl 
hydrolases [16]. Hence, we hypothesize that the C. beijerinckii 
Br21 enzymes can help to complete the hydrolysis of the mild 
acid pretreated algae biomass.

Materials and Methods

Macroalgae Biomass

The K. alvarezzi macroalgae biomass was obtained from 
the Fisheries Institute, Ubatuba, São Paulo, Brazil (GPS 
coordinates 23°27′5.8″S; 45°02′49.3″W). This seaweed is 
cultivated in an open raft system. The macroalgae biomass 
was collected and dried under solar light before being sent 
to the lab. In the lab, the seaweed biomass was washed three 
times in distilled water, to remove salt and impurities, and 
dried in an oven with air re-circulation at 60 °C for 14 h. 
After drying, the seaweed was milled in a knife mill (Solab 
model SL 31, Brazil) and sieved at #35 mesh, to standardize 
it for the acid hydrolysis assays.

Seaweed Biomass Chemical Composition Analysis

The total solids, moisture, and ash contents in the macroal-
gae biomass were analyzed according to the methodology 
proposed by the National Laboratory of Renewable Ener-
gies—NREL, from the US Department of Energy [17]. 
The total carbohydrate content in the algae was determined 
according to the NREL methodology [18], modified by addi-
tion of concentrated H2SO4 to hydrolyze the biomass before 
the total sugars content was quantified. This methodology 
has also been described for analysis of the carbohydrate con-
tent in lignocellulosic materials [19]. The protein content 
was determined by the Lowry method modified by Hartree 
[20]. Sulfate was quantified by the methodology described 
by Hayashi [21]. First, the biomass was digested by addition 
of 0.1 mL of ethanol 92% and 1.0 mL of HCl 0.5 mol/L to 
0.05 g of algae (dry mass basis), which was followed by 
autoclaving at 120 °C for 15 min. After that, a reaction with 
the gelatin reagent + BaCl2 was performed, and the absorb-
ance was read at 550 nm [21].

All the analytical quantifications were conducted at least 
in triplicate.

Surface Response Methodology (SRM) for Algae 
Biomass Acid Hydrolysis Optimization

Surface-response methodology (SRM) and multi-response 
analysis [22] helped to optimize the experimental condi-
tions [temperature (X1), time (X2), algae mass (X3), and 
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acid concentration (X4)] that led to the highest total reduc-
ing sugars (TRS) concentration possible. A 24 full facto-
rial central composite design (star configuration) aided in 
this purpose (Table 2). The experimental intervals of the 
independent variables analyzed in the SMR experiments 
(Table 2) were chosen on the basis of literature [13, 14, 23] 
and of previous experiments performed in the laboratory 
with the one factor at a time (OFAT) methodology, which 
provided the highest TRS concentration and the lowest HMF 
concentration possible. The preliminary tests showed the 
optimum hydrolysis conditions were temperature between 
50 and 90 °C, algae mass between 0.075 and 0.375 g, HCl 
concentration between 11.2 and 55.9 mmol/L, and treatment 
time between 7 and 11 h. The effect of temperature, time, 
algae mass, and acid concentration on TRS concentration 
was determined with the aid of STATISTICA® software 
7.0. The data were fit to a second-order equation (Eq. 1) as 
a function of the independent variables at 90% confidence 
level, and an analysis of variance (ANOVA) was carried 
out to evaluate the significance of this mathematical model 
(p < 0.05).

where bn corresponds to constant regression coefficients; Yi 
refers to the dependent variables TRS; and X1, X2, X3, and 
X4 are the coded independent variables temperature, HCl 
concentration, time, and algae mass, respectively.

After the surface-response results were obtained, the 
process conditions were optimized by using the software 
Excel® 2010, with the algorithm generalized reduced gradi-
ent (GRG).

Finally, hydrolysates prepared in the optimal condi-
tions helped to validate the optimized conditions provided 
by response surface methodology (RSM). The validation 
experiments were accomplished in triplicate, and the result-
ing hydrolysates were characterized with respect to TRS. 
Comparison of the values predicted by the model with the 
actual values was made through the relative error generated 
by the complete model obtained by the coded values (Eq. 2).

where êRMC  =  relative error of the complete model, 
Y = experimental value; YMC = value predicted by the com-
plete model.

(1)

Yi =b0 + b1X1 + b2X2 + b3X3 + b4X4 + b11X
2

1
+ b22X

2

2

+ b33X
2

3
+ b44X

2

4
+ b12X1X2 + b13X1X3 + b14X1X4

+ b23X2X3 + b24X2X4 + b123X1X2X3 + b124X1X2X4

+ b134X1X3X4 + b134X1X3X4 + b1234X1X2X3X4,

(2)ê
RMC=

(

Y−YMC

Y

)

×100

Acid Hydrolysis Assays

All the hydrolysis assays were conducted in 30 mL of HCl 
solution in a 125-mL Erlenmeyer; the temperature was 
controlled with a water bath. The acid treatment condi-
tions were tested according to a 24 full factorial central 
composite design (star configuration, Table 2). The acid 
treatment was interrupted by cooling the mixture in an 
ice bath, which was followed by filtration through What-
mann® filter paper number 1 under vacuum. The residual 
solid algae retained in the filter paper was washed with 
distilled water, and the liquid was collected in the same 
volumetric flask (50 mL) as the hydrolysate, to ensure that 
all the solubilized sugars were removed from the residual 
algae and to standardize the final volume of the liquid 
hydrolysate for the chemical analyses (TRS, monosac-
charides, and HMF). Before the flask volume reached 
50 mL, pH was adjusted to neutral with sodium hydroxide 
5 mol/L. The acid hydrolysis assays were carried out at 
least in duplicate. Hydrolysis under the optimal conditions 
was accomplished in triplicate.

Hydrolysate Chemical Analysis

The TRS concentration in the algae hydrolysate was deter-
mined by the 3,5-dinitrosalicyclic acid (DNS) method 
described by Miller [24]. The length of the carbohydrate 
products arising after algae acid treatment optimiza-
tion was analyzed by thin layer chromatography (TLC). 
Aliquots of the filtered samples were treated with 10% 
trichloroacetic acid for 30 min, to precipitate proteins and 
long-chain carbohydrates. The samples were centrifuged 
at 10,000×g for 15 min, and the supernatants (10 µL) were 
analyzed by TLC on silica-gel G-60 plates (10 × 15 cm, 
DC-Alufolien Kieselgel 60, Merck, Darmstadt, Germany) 
[25]. The monosaccharides (d-glucose and d-galactose) 
and HMF in the hydrolysates were quantified by high per-
formance liquid chromatography (HPLC). To this end, 
500 µL of the sample was injected into a high performance 
liquid chromatograph (Shimadzu, Japan) equipped with an 
Aminex HPX-87H Ion Exclusion Column (300 × 7.8 mm) 
from Bio Rad. The mobile phase consisted of sulfuric 
acid 5 mM in milli Q water at a flow rate of 0.6 mL/min 
(Pressure = 68 Kgf/cm2). The detector was a diode array 
spectrophotometer (Model: SPDM10A-VP) operating at 
190, 205, and 276 nm with Refractive Index (Model: RID-
10A). The carbohydrates were measured with a refraction 
index detector (RID), and 5-HMF was analyzed by the 
diode array spectrophotometer at 280 nm.
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Fermentative Assays for H2 Production

Culture Medium and Inoculum

Clostridium beijerinckii Br21, which was isolated in our 
laboratory and can consume the main monosaccharides 
from algae biomass (galactose, glucose, and mannose) was 
employed to produce H2 by fermentation [22]. The micro-
organism was cultivated in a culture medium designated CH 
medium [26] at pH 7.0 and 35 °C for 48 h, under anaerobio-
sis. The CH medium consisted of glucose (5.0 g/L), yeast 
extract (1.0 g/L), Na2HPO4 (5.0 g/L), KH2PO4 (1.0 g/L), 
NaCl (1.0 g/L), MgSO4·7H2O (0.1 g/L), FeSO4 (0.025 g/L), 
and a trace elements solution (2.0 mL/L) containing H3BO3 
(2.86 g/L), MnSO4·4H2O (2.03 g/L), and FeCl3 (0.1 g/L). 
All the chemicals were analytical grade.

The C. beijerinckii Br21 inoculum used in the H2 fermen-
tative assays was prepared by two different approaches. In 
the first approach, C. beijerinckii Br21 was cultivated in CH 
medium containing galactose instead of glucose as carbon 
source. In the second approach, C. beijerinckii Br21 was 
grown in cellobiose as carbon source to stimulate intracel-
lular β-glucosidase production.

β‑Glucosidase Activity Assays

The C. beijerinckii Br21 cultures harvested in galactose or 
in cellobiose were employed as crude extract that might con-
tain β-glucosidases. The Clostridium cells were disrupted by 
sonication; the cell debris was removed by centrifugation; 
and the supernatant was used in the enzymatic assays.

The β-glucosidase activity was assayed by using 
p-nitrophenyl-β-d-glucopyranoside (pNP-Glc; Sigma-
Aldrich Chem. Co, St. Louis, MO, USA) as substrate. 
pNP-Glc hydrolysis wasestimated discontinuously, at 35 °C 
[27]. The standard assay conditions were bis-tris buffer 
50 mmol/L pH 6.0 containing 2 mmol/L pNP-Glc in a final 
volume of 0.6 mL. All the enzymatic assays were performed 
in duplicate. One enzyme unit was defined as the amount of 
enzyme that released 1 µmol of product/min.

Fermentation Assay

The hydrolysate obtained after algae biomass acid treat-
ment under optimal conditions was employed as the only 
carbon source in the fermentative assays. The algae hydro-
lysate (14 mL) was supplemented with the CH medium 
nutrients described above (item 2.4.1), filtered under ster-
ile conditions through a cellulose acetate filter (0.22-µm), 
and added to pre-sterilized 50-mL flasks. One milliliter of 

the C. beijerinckii Br21 inoculum prepared by one of the 
two different approaches described in “Culture Medium 
and Inoculum” section was added to the fermentation 
flask. The inoculum had optical density of 0.1 at 600 nm, 
which corresponded to 6 × 107 cells/mL according to a 
previously established correlation [22]. After this proce-
dure, the tubes were bubbled with argon gas for 3 min (to 
establish anaerobiosis), closed with a rubber cap and an 
aluminum seal, and incubated at 35 °C and 200 rpm. All 
the fermentative assays were conducted in triplicate.

Sugar consumption during fermentation was determined 
by collecting liquid samples at the beginning and at the 
end of the fermentative assays to measure TRS.

The gas composition was also analyzed by periodically 
withdrawing 100 µL of gas from the headspace of the fer-
mentation vials with a gas-tight syringe. The gas composi-
tion was determined on a Shimadzu GC (Japan) GC 2014 
gas chromatograph equipped with a thermal conductivity 
detector (TCD). The column consisted of molecular sieves 
5A (2 m × 4.7 mm); argon at a flow rate of 30 mL/min was 
used as the carrier gas. The injector, column, and detector 
temperatures were 80, 50, and 100 °C, respectively. The 
H2 volume was determined by the total volume (mL) of 
the headspace multiplied by the percentage of H2 analyzed 
in the headspace gas.

To calculate the product (H2) conversion factor in rela-
tion to the substrate (TRS) consumed in the fermentation 
assays, the final H2 volume was transformed (in mmol) 
and divided by the substrate (in mmol) consumed during 
the test (Eq. 3). The TRS concentration was converted 
into millimoles of glucose by dividing it by the glucose 
molecular weight (MW = 180 g/mol):

where YP/S = yield or factor of substrate (TRS as glucose) 
conversion into product (H2); ΔS = Difference between the 
number of mmol of substrate at the beginning and at the end 
of the test; ΔP = mmol of H2 formed during the fermenta-
tive assay.

The H2 yield relative to the amount of seaweed biomass 
was also calculated. The H2 volume (in mL) was divided 
by the seaweed initial dry mass (in grams) (Eq. 4).

 where, YP/M = product yield in relation to the algae mass; 
ΔP = milliliter of H2 formed in the fermentative assay; 
M =  dry algae biomass employed in the fermentative assays.

The fermentation assay kinetic parameters were statisti-
cally compared by Tukey’s test with 95% confidence with 
STATISTICA® software 7.0.

(3)YP∕S =
ΔP

ΔS

(4)YP∕M =
ΔP

M
,
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Results and Discussion

Algae Biomass Chemical Composition

The K. alvarezii biomass chemical composition, depicted in 
Table 1, was similar to the composition of different K. alva-
rezii strains; i.e. between 54.6 and 55.8% carbohydrates, 11% 
ash, and 10.1% mean sulfate concentration [28]. Abd-Rahim 
et al. [13] described the K. alvarezii chemical composition 
as 19.70%, 59.58%, and 5.74% ash, total carbohydrates, and 
proteins, respectively. The sulfate amount in K. alvarezzi 
varies depending on the strain and on the carrageenan type 
and content. Commercial carrageenans contain between 
22 and 38% sulfate [29]. However, the sulfate content in 

Table 1   Kappaphycus alvarezii 
biomass chemical composition

a Percentage in dry mass basis

Compound (%)

Total solids 97.8 ± 2.1
Asha 11.1 ± 0.6
Carbohydratesa 51.3 ± 2.1
Proteina 4.1 ± 0.03
Sulphatea 13.6 ± 2.2
Othera 24

Table 2   Central composite design matrix with the variables temperature, HCl concentration, algae mass, and, time, as well as the response for 
total reducing sugars (TRS) in the algae hydrolysates

a Variables not considered in the optimization
X1, X2, X3, and X4 are the of coded variables
Zero(0) means that the concentration is under the method detection limit

Assay X1 [tem-
perature 
(°C)]

X2 [HCl (mmol/L)] X3 [algae mass (g)] X4 [time (h)] TRS (g/L) HMFa (mg/L) Glucosea (mg/L) Galac-
tosea 
(mg/L)

1 − 1(60) − 1(22.4) − 1(0.15) − 1(8) 0.86 0 0 0
2 − 1(60) − 1(22.4) − 1(0.15) + 1(10) 0.94 0 0 0
3 − 1(60) − 1(22.4) + 1(0.3) − 1(8) 1.52 0 0 0
4 − 1(60) − 1(22.4) + 1(0.3) + 1(10) 1.49 0 0 0
5 − 1(60) + 1(44.7) − 1(0,15) − 1(8) 1.01 0 0 0
6 − 1(60) + 1(44.7) − 1(0.15) + 1(10) 1.00 0 0 0
7 − 1(60) + 1(44.7) + 1(0.3) − 1(8) 1.93 0 0 0
8 − 1(60) + 1(44.7) + 1(0.3) + 1(10) 1.71 0 0 0
9 + 1(80) − 1(22.4) − 1(0.15) − 1(8) 1.24 0 0 0
10 + 1(80) − 1(22.4) − 1(0.15) + 1(10) 1.30 56.32 26.02 20.08
11 + 1(80) − 1(22.4) + 1(0.3) − 1(8) 2.44 58.35 6.04 54.23
12 + 1(80) − 1(22.4) + 1(0.3) + 1(10) 2.49 54.09 26.95 21.51
13 + 1(80) + 1(44.7) − 1(0.15) − 1(8) 1.38 33.66 20.38 28.47
14 + 1(80) + 1(44.7) − 1(0.15) + 1(10) 1.38 28.95 20.32 17.44
15 + 1(80) + 1(44.7) + 1(0.3) − 1(8) 2.72 55.02 20.99 35.76
16 + 1(80) + 1(44.7) + 1(0.3) − 1(10) 2.52 82.64 17.83 8.91
17 − 2(50) 0(33.5) 0(0.225) 0(9) 1.01 0 23.82 0
18 + 2(90) 0(33.5) 0(0.225) 0(9) 2.03 307.5 6.61 8.32
19 0(70) − 2(11.2) 0(0.225) 0(9) 1.49 8.19 0 5.87
20 0(70) + 2(55.9) 0(0.225) 0(9) 1.77 13.42 0 0
21 0(70) 0(33.5) − 2(0.075) 0(9) 0.61 2.47 0 0
22 0(70) 0(33.5) + 2(0.375) 0(9) 2.18 10.99 20.47 9.56
23 0(70) 0(33.5) 0(0.225) − 2(7) 1.38 3.60 18.27 9.49
24 0(70) 0(33.5) 0(0.225) + 2(11) 1.80 9.60 19.29 11.69
25 (C) 0(70) 0(33.5) 0(0.225) 0(9) 1.58 8.84 21.00 8.73
26 (C) 0(70) 0(33.5) 0(0.225) 0(9) 1.64 12.14 0 0
27 (C) 0(70) 0(33.5) 0(0.225) 0(9) 1.59 11.38 0 0
28 (C) 0(70) 0(33.5) 0(0.225) 0(9) 1.69 8.58 0 0
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the whole macroalgae biomass has been described to range 
between 8 and 12% [28].

Regarding the use of this macroalgae biomass for fermen-
tative purposes, its total carbohydrate content is higher than 
50% and is in the same order of magnitude of the total car-
bohydrate content of other macroalgae biomasses that have 
been studied as substrates for H2 production; e.g., G. amansii 
[9] and L. japonica [7], 67.3 and 59.7% total carbohydrate 
content, respectively. Therefore, the algae we investigate 
here is a potential feedstock for H2 production.

Acid Hydrolysis Optimization

Table 2 lists the TRS, HMF, d-glucose, and d-galactose con-
centrations in the algae submitted to acid treatment carried 
out according to the conditions (temperature, HCl concen-
tration, algae mass, and time) established by the 24 experi-
mental design matrix.

On the basis of the results displayed in Table 2, acid treat-
ment of 0.3 g of algae biomass at 80 °C in HCl 44.7 mmol/L 
for 8 h (assay 15) affords the highest TRS concentration.

In all the assays, the glucose and galactose concentra-
tions range from 6.04 to 26.95  mg/L and from 5.87 to 
54.23 mg/L, respectively. Hence, the mild acid treatment 
conditions applied here generate monosaccharides at very 
low concentrations, so that the TRS concentration is prob-
ably represented by di-, tri-, or oligosaccharides. Thin layer 
chromatography of the hydrolysate (TLC; Fig. 2) confirms 
this effect. Because HMF originates from hexoses dehydra-
tion, it also emerges at low concentration (between 0 and 
307.5 mg/L) albeit its concentration is sometimes higher 
than the monosaccharide concentrations. Tests accomplished 
at the highest temperatures, 80 and 90 °C, give the highest 
HMF concentrations, 82.64 and 307.5 mg/L, respectively 
(Table 2). According to Yun et al. [30], acid treatment is the 
method that is the most commonly employed to hydrolyze 
carrageenan-containing algae biomass, but it requires high 
temperature, large acid concentration, and long time to yield 
monosaccharides. Nevertheless, these severe acid hydrolysis 
conditions degrade d-galactose and 3,6-anhydro-d-galactose 
(AHG), which are carrageenan monosaccharides, to HMF 
[30]. Park et al. [9] reported that G. amansii hydrolysis with 
2% sulfuric acid at 121 °C for 59 min produces d-galac-
tose and AHG. However, AHG rapidly degrades to HMF, 
levulinic acid, and formic acid, which are fermentation 
inhibitors. We did not target AHG in our chromatographic 
analyses, but it may have been readily converted into HMF, 
which could be the reason why HMF concentration is some-
times as high as or even higher than the monosaccharide 
concentrations.

We used the TRS concentration and not the monosac-
charide concentrations to optimize the algae acid treatment 
because the H2-producing C. beijerinckii Br21 employed 

here can ferment different types of sugars [22]. Equation 5 
refers to the mathematical model we used to determine the 
TRS concentration in the hydrolysates after statistical analy-
ses of the results. The linear parameters of temperature (X1) 
and algae mass (X3) and the interaction between these vari-
ables (X1X3) influence the TRS values more than the other 
variables (p < 0.1).

Analysis of variance (ANOVA) shows that the model we 
used to calculate the TRS concentration in the hydrolysates 
(Eq. 5) is statistically significant and predictive at a confi-
dence level of 90% (p < 0.1) because Fcalculated > Flisted and 
their F ratio (Fcalculated/Flisted) is higher than the correspond-
ing Flisted. We generated the response-surface curves for TRS 
for further fermentation (Fig. 1).

According to the surface-response curves, the TRS con-
centration increases with increasing HCl concentration and 
temperature (Fig. 1a). Simultaneous rise in temperature and 
algae mass also increases TRS concentration (Fig. 1b). The 
algae mass limits ART concentration. Concerning the varia-
bles time and temperature, the maximum ART concentration 
is reached at the highest temperatures (Fig. 1c). At higher 
temperatures, longer times do not boost the ART concentra-
tion in the algal hydrolysate. Therefore, the shorter times 
proposed in the experimental design are sufficient to reach 
high TRS concentrations (Fig. 1c).

On the basis of Eq. 5, the optimal conditions to reach the 
highest TRS concentration are 90 °C, 55.9 mmol of HCl/L, 
0.375 g of algae, and 8 h, which theoretically afford 3.94 g 
of TRS/L. Algae acid hydrolysis conducted in the optimal 
conditions, in triplicate, helped to validate the optimization 
methodology. The relative deviation value revealed that the 
predicted and experimental values correlate well (Table 3).

The algae hydrolysate TRS concentration (3.5 g/L) 
is slightly lower than the predicted TRS concentration. 
The hydrolysate also contains HMF at 0.28 g/L. We per-
formed the assays under low algae biomass load (0.375 g 
in 50 mL), to obtain enough sugar concentration and small 
amounts of inhibitors in the hydrolysate for further fer-
mentation. Low inhibitor concentrations eliminate the 
need for a detoxification step. Higher algae biomass load-
ing (about 10%) leads to higher TRS concentration in the 
hydrolysate, but also to higher concentration of fermenta-
tion inhibitors, which are beyond the lower TRS extrac-
tion yield. Meinita et al. [31] found optimal conditions for 
acid K. alvarezii hydrolysis when they used HCl as cata-
lyst and optimized the temperature, reaction time, algae 
concentration, and acid concentration as 130 °C, 15 min, 

(5)

TRS = 1.620 + 0.296X
1
− 0.025X

2

1
+ 0.077X

2

+ 0.490X
3
+ 0.030X

2

4
+ 0.130X

1
X

3

− 0.031935X
2
X

4
− 0.038X

3
X

4
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10 g of substrate/100 mL, and HCl 0.2 M, respectively. 
This optimal condition produced 22.68 g/L of TRS in the 
hydrolysate, but fermentation inhibitors also arose: HMF 
and levulinic acid at 0.8 and 2.8 g/L, respectively. HMF 
and levulinic acid concentrations of about 0.5 and 1.5 g/L, 
respectively, inhibit 50% of H2 production by a mixed 
culture [15, 32]. Here, we carried out algae hydrolysis 
under the optimized conditions at 0.7% (w/v) algae load-
ing, which yielded a TRS concentration of 3.5 g/L and an 

HMF concentration of 0.28 g/L in the hydrolysate. These 
values do not represent potential inhibition. Interestingly, 
low HMF concentrations, ca 0.25 g/L, have been consid-
ered to stimulate fermentation [32].

The presence of low concentrations of monosaccharides 
and of their degradation derivative (HMF) in the liquid 
does not mean that the structure of the algae polysaccharide 
remained intact, but that the hydrolysis conditions probably 
sufficed to release oligosaccharides only, as demonstrated 
by TLC (Fig. 2). Controls C1 and C2 in Fig. 2 correspond 
to algae and water only and showed that untreated algae 
biomass has high- molecular-weight polysaccharides that 
are retained at the bottom of the TLC (Fig. 2). On the other 
hand, d-glucose and d-galactose, which have the lowest 
molecular weight, migrate to the top of the TLC plate, fol-
lowed by the disaccharide cellobiose, which stops just below 
the monosaccharides. The algae hydrolysate (TRS; Fig. 2) 
displays stains mainly at the same height as the disaccharide 

Fig. 1   TRS concentration surface-response as a function of acid concentration versus temperature (a), algae mass versus temperature (b), time 
versus temperature (c)

Table 3   Predicted and experimental TRS concentration responses 
in the optimal pretreatment conditions (90 °C, HCl at 55.9 mmol/L, 
0.375 g of algae, and 8 h)

a Relative deviation (RD): [(experimental value  −  predicted value)/
experimental value] × 100

Response Predicted Experimental RDa (%)

TRS (g/L) 3.94 3.50 − 7.0
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as well as below, which indicates that TRS also refer to 
oligosaccharides.

The low degree of hydrolysis we achieved for the K. alva-
rezii biomass hydrolysate could avoid prompt dehydrated 
galactose degradation under acid conditions. Nevertheless, 
successful employment of such hydrolysate as substrate will 
depend on the fermentative microorganism ability to convert 
higher sugars into biofuels.

Fermentative Assays for H2 Production with Algae 
Hydrolysate

We employed the hydrolysate obtained from the algae sub-
jected to acid treatment under optimal conditions, which 
yielded the highest TRS concentration, and the TRS were 
the only carbon source in the fermentative assays for H2 

production. Although the sugars present in the hydro-
lysate consist mostly of oligosaccharides, C. beijerinckii 
Br21 bears a high amount of genes encoding for glycosyl 
hydrolases [16], which could help in the final algae bio-
mass hydrolysis steps. Here, the C. beijerinckii Br21 cell 
extract cultivated in galactose or in cellobiose exhibits no or 
β-glucosidase 0.33 U/mL activity, respectively. Albeit low, 
we have succeeded in detecting β-glucosidase activity by a 
C. beijerinckii strain for the first time.

Figure 3 presents the H2 concentration measured during 
the fermentative assays that employed the algae hydrolysate 
as substrate and the inoculum cultivated in galactose or in 
cellobiose, named conditions 1 and 2, respectively. The 
H2 concentration obtained with C. beijerinckii displaying 
β-glucosidase activity (condition 2, 171.76 ± 2.10 mL of 
H2/L) is significantly higher (p < 0.05) as compared to the 
inoculum without initial β-glucosidase activity (condition 
1, 140.95 ± 10.92 mL of H2/L). β-Glucosidases hydrolyze 
short-chain oligosaccharides and cellobiose, to yield glu-
cose, which is fermentable. Therefore, β-glucosidase may 
help to increase the content of fermentable sugars, such as 
glucose, in biomass hydrolysates, and consequently raise the 
amount of generated biohydrogen [33]. Glucose assimilation 
is usually preferred over assimilation of other carbohydrates 
and, depending on the glucose concentration, the catabolic 
repression effect may emerge; i.e., the presence of glucose 
inhibits assimilation of other sugars [34]. Galactose and glu-
cose (the main red macroalgae cell wall monosaccharides) 
are hexoses, but the bacterial cell takes them up differently. 
Galactose first needs to be converted into glucose by the 
Leloir pathway. In this process, galactose is converted into 
glucose-1-phosphate, which consumes more ATP than glu-
cose conversion into this same molecule. For this reason, 
galactose as substrate leads to lower fermentation yields 

Fig. 2   TLC of the assayed samples. Glu glucose, Cel cellobiose, Gal 
galactose, C control (algae and water), TRS-hydrolysate attained at 
the optimized conditions (90 °C, HCl at 55.9 mmol/L, algae mass of 
0.375 g, and 8 h)
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Fig. 3   H2 concentration as a function of time in the fermentative 
assays conducted with inoculum prepared under different condi-
tions: condition 1—inoculum grown in galactose and presenting no 
β-glucosidase activity; condition 2—inoculum grown in cellobiose 
and presenting 0.33 U/mL of initial β-glucosidase activity
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[22]. Moreover, disaccharides such as cellobiose as well 
as small oligosaccharides are only used if the fermenta-
tion microorganism can hydrolyze these molecules to their 
respective monosaccharides [33].

Apart from higher H2 concentration, the assay accom-
plished with C. beijerinckii presenting β-glucosidase activ-
ity (Fig. 3, condition 2) gives significantly higher H2 yield 
relative to the amount of seaweed biomass employed in the 
fermentation as compared to the assay performed with the 
inoculum grown in galactose (Table 4). This result confirms 
that the β-glucosidase activity in the Clostridium grown on 
cellobiose improves the use of the algae hydrolysate.

As for the ratios of conversion of TRS as glucose to H2 
(YP/S), they were 0.76 and 0.87 mmol of H2/mmol of TRS 
as glucose for conditions 1 and 2, respectively, which repre-
sents 19 and 22% if we consider the maximum H2 stoichio-
metric yield from glucose as 4 mol of H2/mol of glucose, 
respectively.

When it comes to pretreated red algae as feedstock, the 
yield 70.3 mL of H2/g of dry algae is very promising as com-
pared to other literature results. Only one paper has reported 
a much higher yield, 159.6 mL of H2/g of dry weight of 
L. japonica pretreated at 4.8% HCl and 93 °C for 23 min 
and loaded onto an anaerobic sludge [35]. Our values are 
higher than the data obtained by Liu and Wang [36], which 
was 43.65 mL of H2/g of dry algae when they employed L. 
japonica treated with HCl 1 mol/L for 30 min loaded at 1% 
onto an anaerobic sludge. Our values were also higher than 
the 53.5 mL of H2/g of dry algae obtained from a G. amansi 
hydrolysate in the presence of a mixed culture at 150 °C for 
15 min [9]. In the latter article, fermentation was only pos-
sible after a detoxification step with activated carbon [9].

Finally, our results show that, although the algae hydro-
lysate we obtained from a mild acid treatment presents low 
monosaccharide content, it can be employed as substrate 
for H2 production by C. beijerinckii Br21. Indeed, stimu-
lating β-glucosidase production by C. beijerinckii Br21 
improves H2 production and yield. This enzyme can hydro-
lyze cellobiose and other di- and oligosaccharides present 
in biomass hydrolysates [33] and could thus generate more 

fermentable sugars as compared to the assay where there was 
no β-glucosidase activity stimulation.

Conclusions

The factorial design we employed here showed that the vari-
ables temperature and algae mass are the most significant 
when it comes to obtaining high TRS concentrations from 
K. alvarezii biomass. Mild acid treatment conditions mainly 
provide di- and oligosaccharides as well as low monosac-
charide and HMF concentrations. Here, we have described 
β-glucosidase activity for the C. beijerinckii strain culti-
vated in cellobiose for the first time. This activity helped to 
increase fermentative H2 production from the K. alvarezii 
hydrolysate.
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