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a b s t r a c t

In this study, the feasibility of comprehensive recovery of lipid and carbohydrate in wet microalgae
Chlorella vulgaris was explored. First, four sets of enzyme combinations of a-Amylase, Amyloglucosidase
and CTec2 were evaluated for hydrolysis efficiency on microalgae disrupted with radio frequency
heating. Then, the most suitable combination was applied to raw microalgae and microalgae residual
after biodiesel production, respectively, for saccharification. Adsorption kinetics of the optimized enzyme
combination on the aforementioned three samples were determined and adsorption isotherm was
analyzed by Freundlich equation. Morphology of microalgae was also investigated by scanning electron
microscopy. A yield of reducing sugars in microalgae residual at 54.5% was obtained after 72 h
saccharification. The results from enzyme adsorption kinetics, isotherm and SEM images were consistent
with each other. This study demonstrated that the microalgae residual after biodiesel production could
be used as carbohydrate feedstock for fermentable sugar production through simple enzymatic
hydrolysis.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Microalgae grows almost everywhere in the earth from marine
water to brackish water to fresh water (ponds, puddles, canals, and
lakes) as well as terrestrial ecosystem due to its simple structure
(unicellular or simple multicellular), rapid growth rate, and huge
variety (more than 50000 species) [1]. The major biochemical
composition of microalgae are proteins, lipids and carbohydrates
[2]. As early as 1950s, protein-rich microalgae was initiatively
studied and considered as an alternative resource to close the
“protein gap” for animal feed and human food [3]. However, it is
food and feed related resource rather than bioenergy and bioma-
terial related one. Lipids and carbohydrates, as the other two major
compositions, are the products of fixation of carbon dioxide by
microalgae [4].

With the growth of population and the development of
ing, Auburn University, AL,

ing, Auburn University, AL,

ang), wangyif@auburn.edu
economy, people’s demand for energy, majorly fossil fuel suppliers,
is growing. However, fossil fuel is not a sustainable feedstock and it
causes more greenhouse effect than biofuel does [5]. Compared
with other biofuels, such as biogas, ethanol, butanol etc., biodiesel
is an immediately applicable replacement for fossil-based diesel
[6]. Previously, biodiesel was generally produced by trans-
esterification of triglyceride of virgin oil, waste cooking oil and
animal fat, with methanol or ethanol using either alkaline or acidic
catalyst [7,8]. Since early 2010s, studies started to report producing
biodiesel from dried microalgae through transesterification [9,10].
In recent years, biodiesel production directly from wet microalgae
has become a research hotspot due to the advantage of avoiding
high-energy consumption of drying process [11e14].

In the meantime, studies on fermentable sugars production
using carbohydrate-rich microalgae becomes more and more
popular because microalgae is considered as the third generation
biomass to replace starch and lignocellulosic feedstock (normally
known as the first and the second generation feedstock) for
fermentable sugars [15,16]. Carbohydrate exists mainly in micro-
algae either in the form of cellulose without lignin and hemicel-
lulose in their cell wall, or in the form of starch in their cytoplasm.
Therefore, compared with lignocellulosic feedstock, it is much
easier to convert microalgae carbohydrate into monosaccharides
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[16,17].
In order to make the production of biodiesel from microalgae

economically feasible, an integrated biorefinery concept of micro-
algae was introduced in 2010 [18,19]. In short, the concept requires
mild cell disruption, extraction and separation technologies on
microalgae to reduce production cost and meanwhile facilitate the
utilization of all compounds in microalgae including u-3-fatty
acids, carbohydrates, pigments, vitamins, and proteins to increase
product monetary value. In the nature, several major microalgal
species used for biodiesel production have high content of both
lipid and carbohydrate. Yao et al. [20] reported that Chlorella vul-
garis has 43.4% carbohydrate (dry base), Nannochloropsis sp. has
37.3%, Chlamydomonas reinhardtii has 35.5%, Scenedesmus sp. has
35.4%, and Schizochytrium limacinum SR-21 has 25.3%, respectively.
Shakya et al. [21] reported there are 30.28% lipids and 49.70% car-
bohydrates (dry base) in Chlorella (C-2), and 35.66% lipids and
50.40% carbohydrates in Scenedesmus (S-1). In order to make the
best use of microalgae and lower the costs of biodiesel production
and fermentable sugars production, both lipid and carbohydrate in
microalgae should be completely utilized. However, there is no
report so far on comprehensive utilization of carbohydrates in
microalgae residual after lipid extraction or biodiesel production
directly from wet algae.

In our previous study, wet microalgae Chlorella vulgaris was
disrupted by radio frequency (RF) heating first, followed by in situ
transesterification for biodiesel production [4]. Then, themixture of
wet microalgae, methanol, HCl, hexane and water was centrifuged
to separate liquid and solid phases. Due to its uniform heating
pattern, easy to operate, high efficiency on converting electricity to
electromagnetic power, and possibility of using metal [6,22,23], RF
heating has recently been used to pretreat various biomass
including switchgrass and sweetgum for enhanced production of
glucan, acetoneebutanoleethanol (ABE) and polyhydroxybutyrate
(PHB) [24e26].

In the present study, enzymatic saccharification of the carbo-
hydrates left in microalgae residual (solid phase from previous
study) after in situ biodiesel production directly fromwet C. vulgaris
was explored, so that the whole microalgal biomass could be
comprehensively utilized. Four sets of enzyme combinations (a-
Amylase, Amyloglucosidase and CTec2) were tested, and the most
suitable one was selected and applied to hydrolyze microalgae re-
sidual after biodiesel production, with raw microalgae as negative
control, RF heating disrupted microalgae as positive control.
Adsorption kinetics of the optimized enzyme combination on the
aforementioned three samples were determined and adsorption
isotherm was analyzed by Freundlich equation. Morphology of
microalgae was also investigated by a scanning electron micro-
scope (SEM).

2. Materials and methods

2.1. Microalgae, chemicals and enzymes

Microalgae biomass of Chlorella vulgaris was provided by Ari-
zona Center for Algae Technology and Innovation (AzCATI) at Ari-
zona State University. Three types of microalgal samples subject to
saccharification were raw microalgae (referred as ‘RWMA’ here-
after), RF heating disrupted microalgae (referred as ‘RFMA’ here-
after) and microalgae residual after biodiesel production (referred
as ‘RSMA’ hereafter). All chemicals were of analytical grade and
purchased from VWR International. The commercial enzyme
cocktail Cellic CTec2 was obtained from Novozymes (Franklinton,
NC, USA) with enzyme activity of 94.37 FPU/mL determined by
Whatman #1 filter paper as the substrate. The a-Amylase from
Aspergillus oryzae and Amyloglucosidase from Aspergillus were
obtained from Sigma-Aldrich (St. Louis, MO, USA). The enzyme
activity of a-Amylase and Amyloglucosidase was 1130 FAU/mL
(FAU: fungal amylase unit) and 260 U/mL, respectively. More
detailed information about these enzymes is shown in Table 1.

2.2. RF heating disrupted microalgae (RFMA)

Two hundred grams of wet microalgae was placed in a 250 ml
glass beaker and 2.5% (w/w dry biomass) phosphoric acid (85%) was
added to promote cell wall disruption. The inorganic phosphate is a
constituent of nucleic acids, nucleotides, phospholipids, lipopoly-
saccharides (LPS), teichoic acids in microorganisms, which can also
be used as nutrient sources during subsequent fermentation
[27e29]. The beaker with algae was heated in an RF heater (SO6B;
Strayfield, Berkshire, England) at a frequency of 27.12 MHz with
maximum output power of 6 kW. To make the heating uniform, a
magnetic bar was used to stir the wet microalgae. A fiber-optic
sensor (Neoptix, Inc., Quebec City, Quebec, Canada) was used to
monitor the temperature during heating process. The beaker was
covered with a plastic sheet to reduce water loss. After reaching
90 �C, the RF heater was switched on and off to keep the sample
temperature at 90 ± 2 �C for 20 min [4].

2.3. Microalgae residual after in situ transesterification for biodiesel
production (RSMA)

As described earlier [4], 120 g of RFMA was used for RSMA
preparation. The 192.0 mL of HCleMeOH mixed solution (36% HCl
to MeOH, v/v, 5:95) and 48 mL of MeOH were added into 5 RF-
heating-disrupted microalgal samples. The mixture was stirred
and heated in RF heater at 55 �C for 20 min. Most of the free fatty
acids (FFAs) and a small portion of other lipids in the algae were
converted to FAME (biodiesel) during this acid catalyzed esterifi-
cation assisted with RF heating. Then, 240 mL of hexane was added
into the flask and shaked for 1 h to extract FAMEs, other lipids and
remained FFAs. One hundred and fifty mL of deionized water was
added after the extraction and the mixture was centrifuged at
9900 rpm for 10 min (Thermo Scientific Sorvall Legend RTþ, Wal-
tham, MA, USA). The liquid phase was used for further conversion
to biodiesel through transesterification. The solid phase, RSMA, was
air dried in a fume hood for 48 h and used for the following
saccharification in this study.

2.4. Enzymatic saccharification

2.4.1. Optimization of enzyme combination
The RFMAwas utilized to optimize the enzyme combination for

two reasons. First, it was used as a positive control which could act
as a link to the untreated sample (RWMA) and the RSMA, the
response to the treatment of which was unknown. Secondly and
more importantly, the pretreated RFMA did not contain organic
solvents or at least was not treated by any organic solvent. There-
fore, it could exclude the potential inhibition of organic solvents to
enzymes as possibly seen in RSMA.

Before hydrolysis, the pH value of the RFMAwas adjusted using
NaOH. Enzymatic hydrolysis was performed by mixing 10 g of
RFMA with concentrated sodium citrate buffer to reach a total
volume of 50 mL (pH value of 5.0) and the final sodium citrate
concentration of 50 mM. To test the effect of the various enzymes
on saccharification, different enzyme combinations with various
dosages were added into different samples (Table 2) [26,30,31],
respectively. The enzymatic saccharification of RFMA was carried
out in an incubator shaker at 50 �C and 200 rpm for 72 h. Samples
were taken periodically and the reducing sugar concentration was
determined with HPLC. Each enzymatic saccharification was



Table 1
Detailed characteristics of the enzymes used in this studya.

Source Optimum
temperature

Optimum
pH

Substrate specificity

a-Amylase Aspergillus oryzae 50e55 �C 5.0 a-1,4 glycosidic bonds in soluble starches and
related substrates

Amyloglucosidase Aspergillus niger 60 �C 4.5 1,4- as well as 1,6-alpha-linkages in liquefied starch
CTec2 A blend of aggressive cellulases, high level of b-glucosidases and

hemicellulase
45e50 �C 5.0e5.5 Cellulose, hemicellulose, and lignin

a Based on the information provided by the manufacturers/vendors.

Table 2
The various combinations of enzymes used in this study.

Combination a-Amylase (FAU/g glucan) Amyloglucosidase (U/g glucan) CTec2 (FPU/g glucan)

A 1500 100 e

B 1500 100 20
C 1500 300 20
D 1500 100 40

Y. Ma et al. / Renewable Energy 155 (2020) 827e836 829
carried out in triplicate. The best enzyme combinationwas selected
based on the analytical results and applied to RWMA and RSMA.
2.4.2. Enzymatic saccharification on RWMA and RSMA
The amount of RSMA used for each saccharification was calcu-

lated to make the glucan content consistent with all the other hy-
drolysis reaction systems (RWMA or RFMA). The best enzyme
combination obtained from the previous step was added to RSMA
and RWMA (negative control) respectively with other reaction
conditions remaining unchanged.
2.5. Analytical methods

2.5.1. Chemical composition of algae samples
The algae samples including RWMA, RFMA and RSMA were

analyzed for their moisture content and ash following the methods
described by Shakya et al. [21]. The total lipid was performed based
on Bligh & Dyer [32] with minor modification. 20 mg of lyophilized
algae biomass was mixed with 1.5 mL of Folch solvent (2:1 chlo-
roform/MeOH). After 100 s of bead beating was conducted at a
speed of 6.5 m/s, another 4.5 mL of Folch solvent and 1.2 mL of 0.9%
(w/v) NaCl solution were added for phase separation. The lower
phase was recovered and evaporated for lipid calculation.

The carbohydrate in RWMA and RSMA was analyzed according
to NREL protocol [33] with minor modification. The freeze-dried
microalgae sample was primarily hydrolyzed with 72% sulfuric
acid for an hour at 30 �C in water bath. The hydrolysate was then
diluted with distilled water to let the level of sulfuric acid reach 4%,
and then autoclaved at 121 �C for 1 h. The supernatant was
neutralized and used for sugar analysis by HPLC.
2.5.2. HPLC analysis of sugars
The sugars in hydrolysate were analyzed based on the method

described byWang et al. [31]. An Agilent 1260 Infinity HPLC system
(Agilent Technologies, Santa Clara, CA) equipped with a refractive
index detector (RID), an Aminex HPX-87P column
(300 mm � 7.8 mm (i.d.) � 9 mm; Bio-Rad, Hercules, CA) and a
guard column (30 mm � 4.6 mm (i.d.), Bio-Rad, Hercules, CA) was
employed. The mobile phase was Nano-pure water at an isocratic
flow rate of 0.6mL/min. During the 35min elution, the temperature
was maintained at 85 �C. The glucose (or galactose) yield was
calculated by Eqs. (1)e(3):
Glucose yield of RFMA=RWMA ð%Þ

¼ Mass Glucan in hydrolysate
Mass Glucan in RF=raw material

� 100%
(1)

Galactose yield of RFMA=RWMA ð%Þ

¼ Mass Galactose in hydrolysate
Mass Galactose in RF=raw material

� 100%
(2)

Glucose yield of RSMA ð%Þ¼Mass Glucan in hydrolysate
Mass Glucan in residual

� 100% (3)
2.5.3. Mass balance and energy balance analyses
The biomass recovery rate in terms of carbohydrate was calcu-

lated by dividing the total weight of the fermentable sugars by the
total dry weight of microalgae.

The energy consumption during the process was estimated
based on the following equations (Eqs. (4) and (5)) [34]:

Q ¼ m � cp � DT (4)

cp ¼ 2.093 � Xf þ 1.256 � Xs þ 4.187 � Xw (5)

where Q is theoretical energy consumption (kJ), m is mass (kg), DT
is temperature change in thematerial (�C, the temperature changed
from 25 �C to 90 �C during RF treatment without phase changing),
cp is specific heat (kJ/[kg �C]), X is mass fraction, of which the
subscripts f is fat, s is non-fat solids, and w is water. In this study,
the RWMA contained around 77% water, 5.38% total lipid and
17.62% non-fat solids (calculated based on the data in Table 3),
respectively. Thus, the cp was calculated as 3.56 kJ/(kg �C) using Eq.
(5). During the pretreatment, a layer of thermal insulation material
was used to rap the beakers containing microalgae. Therefore, the
heat loss during the holding time (90 �C for 20 min) was very little,
which was only about 20% of the total energy for heating. In
addition, RF heating is a very energy efficient heating method.
According to the User Manual from the RF heater manufacturer
(SO6B; Strayfield, Berkshire, England), the energy efficiency for the
heater used in this studywas greater than 65%.Wang et al. reported
the RF energy efficiency ranged from 72 to 85% with an average



Table 3
The Chemical composition of various algae samples.

RWMA RFMA RSMA

Moisture (%)a 77.0 ± 0.2 74.2 ± 0.1 12.5 ± 0.1
Ash (%) 2.9 ± 0.1 5.7 ± 0.6 2.5 ± 0.4
Total lipid (%) 23.4 ± 0.7 23.4 ± 0.7 ND
Glucose (%) 31.5 ± 0.4 31.5 ± 0.4 23.0 ± 0.7
Galactose (%) 10.2 ± 0.2 10.2 ± 0.2 ND
Total carbohydrates (%) 41.7 ± 0.2 41.7 ± 0.2 23.0 ± 0.7

a Except for moisture, percentage of each composition was calculated based on
dry biomass. Data are averages of duplicates.
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value of 79.5% when it was used to heat some biomaterial [35].

2.6. Adsorption of enzymes on algae samples

2.6.1. Adsorption kinetics
The enzyme adsorption kinetics was investigated based on the

method described by Tu et al. [36] with minor modification. The
RWMA, RFMA or RSMA (0.5 g dry weight for each) was soaked in
10 mL of sodium citrate buffer (50 mM, pH 5.0) respectively with
protein content at ~0.15 mg/mL of the enzyme combination (the
proportion of enzyme mixture was based on the best combination
selected in Section 2.4.1). The reactions were incubated in a shaker
at 25 �C and 200 rpm for 6 h. Samples were taken periodically and
the protein content was determined using Coomassie (Bradford)
assay [37].

2.6.2. Adsorption isotherm
The enzyme adsorption isotherm was determined according to

Tu et al. [36] with minor modification. Enzyme combination with
different concentrations (0.05e0.4 mg/mL) was added to RWMA,
RFMA or RSMA (0.3 g dry weight for each) respectively in 5 mL of
sodium citrate buffer (50 mM, pH 5.0). The reactions were incu-
bated at 25 �C for 3 h to reach equilibrium. The protein content in
supernatant was determined as unabsorbed enzyme. The differ-
ence between initial enzyme dosage and unabsorbed enzyme was
calculated as adsorbed enzymes. Enzyme adsorption on microalgae
samples was characterized by Freundlich adsorption isotherm [38].

2.7. Scanning electron microscope (SEM)

A Zeiss EVO 50VP SEM (Carl Zeiss AG, Jena, Germany) was used
to exam the morphology of microalgae. Seven samples: RWMA and
RFMA before enzymatic saccharification, RFMA after enzymatic
saccharification by three different enzyme combinations, RWMA
and RSMA after enzymatic saccharification by the best enzyme
combination were placed on aluminum support stubs respectively.
The osmium tetroxide was used for sample liquid fixation and the
samples were then air-dried in fume hood. After drying, the sam-
ples were gold coated and the SEM images were taken at
20.00 kV at a magnification of 12.00 k � .

3. Results and discussion

3.1. The chemical composition of the algae samples

The chemical compositions including moisture content, ash,
total lipid, and carbohydrate are shown in Table 3. The moisture
content of RWMA, RFMA and RSMAwas 77.0 ± 0.2%, 74.2 ± 0.1% and
12.5 ± 0.1% respectively, which indicated there was little water loss
during RF pretreatment. The carbohydrates contained in the algae
samples including cellobiose, glucose, xylose, galactose, arabinose
and mannose were all determined. The total carbohydrates content
in C. vulgariswas 41.7 ± 0.2%, which consisted of 31.5 ± 0.4% glucose
and 10.2 ± 0.2% galactose. In the study by Templeton et al., silimar
results were reportedthat the two major sugars in C. vulgaris were
glucose and galactose [39]. While in RSMA, only 23.0 ± 0.7% glucose
was detected. The monosaccharide galactose mostly comes from
the large fraction of galactolipids in C. vulgaris, which plays an
important role in making up the photosynthetic membranes in the
growing algae cells [40]. During biodiesel production stage, the
process of lipid extraction may also extract galactolipids, so there
was little galactose left in the hydrolysate of RSMA. However, the
23.0 ± 0.7% glucose content in RSMA was still very high, even
higher than that in the raw material of most microalgae species.
Thus, the RSMA is of great value for further utilization.

3.2. Enzymatic saccharification of RFMA

In the cytoplasm of C. vulgaris, starch is the main source of
carbohydrates [41]. So a-Amylase should be the most important
enzyme for hydrolysis. Amyloglucosidase was also added to
decompose disaccharides into monosaccharides during starch hy-
drolysis. Besides the starch in cytoplasm, some carbohydrates are
entrapped within cell wall of the algae as cellulose and hemicel-
lulose [42,43]. The enzyme cocktail CTec2 was added to hydrolyze
cellulose and hemicellulose, if any, and exacerbate the disruption of
cell wall to release starch from the cell.

As shown in Table 2, different enzyme combinations with
various dosages were evaluated for microalgae saccharification.
The glucose yield dynamics of RFMA over time is shown in Fig. 1.
Through the saccharification of starch in microalgae by Amylase
and Glucosidase, the glucose yield of RFMA by enzyme Combina-
tion Awas 33.26 ± 0.09% after 72 h. With the addition of CTec2, the
glucose yield by Combination B reached as high as 52.23 ± 0.85%,
which suggested that CTec2 likely saccharifies cellulose and
hemicellulose in cell wall and effectively improves the saccharifi-
cation rate of starch. In Combination C, the load of Amyloglucosi-
dase was tripled and the yield by Combination C increased to
54.59 ± 1.57%. In the first 36 h, the saccharification rate of RFMA by
Combination Cwas significantly higher than that by Combination B.
The large amount of Amyloglucosidase in Combination C increased
the hydrolysis rate of disaccharides decomposing into mono-
saccharides. However, the increase in glucose yield by Combination
C was not significant after 72 h, which demonstrated that the load
of Amyloglucosidase in Combination B was sufficient. The
saccharification rate was also increased at the early stage by
doubling CTec2 in Combination D. Also, the glucose yield was as
high as 59.66 ± 3.00% after 72 h, which was significantly improved
compared to that by Combination B.

The galactose yield profile of the RFMA samples saccharified
with four different sets of enzyme combination are shown in Fig. 2.
The yield was slightly increased by adding CTec2. However, the
galactose yield trends of the four samples were quite closed and
had relatively large standard deviation. This was probably because
the proportion of galactose in total carbohydrates of C. vulgariswas
low and was even not presented in RSMA. Therefore, based on such
saccharification results, the enzyme Combination D was selected as
the best one for the following steps.

3.3. Saccharification of RWMA and RSMA

The enzyme Combination D was applied to RSMA and RWMA
for saccharification. As shown in Fig. 3, the glucose yield of RWMA
was only 32.23 ± 0.95%, which was much lower than that of the
other two samples. This proved that RF heating disruption could
effectively improve the efficiency of saccharification. The glucose
yield trends of RSMA and RFMA were quite similar during the



Fig. 1. Glucose yield of RF pretreated algae saccharified by different enzyme combinations. A/B/C/D: The enzyme Combination A, B, C or D as defined in Table 2.

Fig. 2. Galactose yield of RF pretreated algae saccharified by different enzyme combinations. A/B/C/D: The enzyme Combination A, B, C or D as defined in Table 2.
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saccharification. The final yield of reducing sugars in RSMA after
72 h was 54.52 ± 1.19%, which was very close to that of RFMA
(59.66 ± 3.00%). The solvents applied during biodiesel production
did not show significant inhibitory effects on saccharification. It
might be because that solvents like MeOH and hexane were vola-
tilized during the air-drying process due to their low boiling point
and high volatility. The results in this study showed that it was
feasible to use RSMA as carbohydrate feedstock for fermentable
sugar production through simple enzymatic hydrolysis.
3.4. Adsorption of enzymes on algae samples

We further carried out experiments of enzyme adsorption onto
algae samples, which could be helpful to explain the different
saccharification efficiencies for different microalgae samples.
3.4.1. Enzyme adsorption kinetics
The enzyme adsorption kinetics onto algae samples are shown

in Fig. 4. The adsorption of enzyme onto RWMA reached equilib-
rium as soon as the enzyme was added, and the adsorption curve
showed almost no downward trend. It indicated that the raw algae
had poor capability for enzyme adsorption. The adsorption curve of
both RFMA and RSMA showed obvious downtrends at the initial
stage of the adsorption experiment, which was due to the damage
of microalgal cell walls. RF heating caused destruction on the sur-
face of cells making it more accessible for enzyme adsorption. The
adsorption curve indicated that the protein content decreased
more in RSMA than that in RFMA. This was probably due to the
further destruction of microalgae cell walls during biodiesel pro-
duction. The equilibrium time of RFMAwas about 45 minwhile the
RSMA required 60 min to reach equilibrium. The enzyme adsorp-
tion onto RFMA was faster than that of RSMA.



Fig. 3. Glucose yield of RFMA/RWMA/RSMA saccharified by enzyme Combination D.

Fig. 4. Enzyme adsorption kinetics on RWMA/RFMA/RSMA at 25 �C.

Table 4
Freundlich adsorption isotherm parameters of enzyme adsorption on algae samples
at 25 �C.

Slope Intercept N KF R2

RWMA 1.80 4.16 1.80 64.35 0.94
RFMA 2.05 4.40 2.05 81.27 0.85
RSMA 2.08 4.23 2.08 67.99 0.96
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3.4.2. Enzyme adsorption isotherm on algae samples
The protein adsorption onto various particle surfaces can be

performed by Freundlich isotherm [44]. The Freundlich isotherm is
a nonlinear model, which can be expressed with the following
equation [36]:

G ¼ KF Cn (6)

G is the adsorbed protein (mg/g of dry algae), C is the concen-
tration of unadsorbed protein in bulk solution (mg/mL), KF is the
Freundlich constant, and n is the heterogeneity factor.

The linear model of Freundlich isotherm is:

Ln G ¼ ln KF þ n ln C (7)

After incubating at 25 �C for 3 h, the adsorption of enzyme
reached equilibrium and the parameters of the Freundlich isotherm
were calculated and shown in Table 4. The data fitted the isotherm
equation well. The RWMA had the lowest Freundlich constant KF
and heterogeneity factor n. Lager KF and n suggested greater sor-
bent capacity and affinity [38]. The RF heating significantly
increased the capacity and affinity of enzyme on microalgae sam-
ples. This was due to the damage to the algal cell walls from RF
treatment, which provided more binding sites for enzymes.
3.5. SEM analysis

We further investigated the morphology of the microalgae
samples with SEM, as it could closely relate to the enzyme
adsorption to microalgae surface. The SEM images of C. vulgaris
before and after RF heating treatment are shown in Fig. 5(a) and (b).
Although the cells looked a little wrinkled due to the air drying for
SEM imaging, theywere intact and free of extracellular substance in
general. After the RF heating, a large amount of extracellular sub-
stances appeared on the surface and damaged cell walls were
observed. RF pretreatment broke the robust structure of the algae
cell wall and exposed the substances inside the cells, thereby
making cellulose and hemicelluloses in the cell walls and starch
within cells easier to be accessed by enzymes.

Fig. 5 (c) and (e) show the cell morphology of RFMA saccharified
by enzyme Combination A and D, respectively. In Fig. 5(e), many
dents were found in the algae cells, and some cells were even
damaged and shriveled. While in Fig. 5(c), the cells looked more
like smooth balls. It can be clearly noticed that with the addition of
CTec2, the cells of RFMA by Combination D were damaged more
severely and hydrolyzed more completely compared to that by
Combination A. After RF treatment, cellulose in the cell wall was
more easily hydrolyzed by CTec2, which further destroyed cell wall
and also promoted starch hydrolysis. In RFMA by Combination A,
although there was effect of RF pretreatment, the cell wall was not
further hydrolyzed due to the absence of CTec2. Therefore, the
binding of starch to Amylase was not as sufficient as that by
Combination D. Thus, although the amount of a-Amylase and
Amyloglucosidase in Combinations A and D were the same, there
was a thin film covered on the surface of RFMA by Combination A,
which was small amount of enzyme residue. The surface by Com-
bination C was covered with a thicker film (Fig. 5 (d)) than that by
Combination A. Although the sugar yield by Combination B was



Fig. 5. SEM image of microalgae samples at a magnification of 12.00 k � . (a). RWMA (Chlorella vulgaris). (b). RFMA. (c). RFMA after saccharification by Combination A. (d). RFMA
after saccharification by Combination C. (e). RFMA after saccharification by Combination D. (f). RWMA (negative control) after saccharification by Combination D. (g). RSMA after
saccharification by Combination D.

Fig. 6. The mass flow diagram from raw microalgae (RWMA) to fermentable sugars.
The data was based on 1 kg of raw wet algal biomass.
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improved slightly, it was obvious that the Amyloglucosidase was
excessive. The SEM images visually verified that the enzyme
Combination D was the best formulation. The effects by RF pre-
treatment and CTec2 together could maximize cell wall destruction
and thus increased sugar yields. The cell morphology of RWMA
after hydrolysis (control) is shown in Fig. 5 (f). Comparing to algae
cell without any treatment (Fig. 5 (a)), the cell of control samples
looked smoother. This was because that the cells adsorbed some
enzymes. Although hydrolysis was not sufficient, the cell surface of
control sample did not show any “enzyme film” like that seen in
samples treated by Combination A and C (Fig. 5(c) and (d)). This was
probably due to the poor affinity of RWMA to be attached to
enzyme protein. The morphology revealed by SEM photographs
was consistent with the results from enzyme adsorption
experiments.

3.6. Mass balance, energy balance and preliminary techno-
economics

3.6.1. Mass balance and comparisons with other hydrolysis
approaches

Fig. 6 shows the mass flow diagram from the raw microalgae
(RWMA) all the way to the fermentable sugars in this study. It
demonstrates that 0.021 kg fermentable sugars out of every 1 kg of
raw wet microalgae were produced from microalgae residual
(which was usually ended up as low-value crop fertilizer or land-
fills) after biodiesel production. The comprehensive utilization of
carbohydrate components besides the extraction of lipids as
demonstrated in this study increased the monetary value of the
products and shared the treatment cost.

The hydrolysis of starch can normally be carried out through
three approaches: chemical, enzymatic, and physical hydrolyses.
Chemical hydrolysis including acidic and alkali hydrolyses is nor-
mally fast, simple and cheap. However, if conditions are too harsh
(high chemical concentration, high reaction temperature and long
hydrolysis time), some of the sugars will be degraded and generate
inhibitors to the microorganisms during the following fermenta-
tion process [45]. Some chemicals employed for the hydrolysis,
such as sulfuric acid, are intrinsic inhibitors to the fermentative
microorganisms. Kumar et al. [46] hydrolyzed dried Chlorella vul-
garis biomass powder by adding HCl (concentration: 1e5 M) into a
polytetrafluoroethylene (PTFE)-lined reactor. The reactor was then
put into a commercial microwave oven or a traditional autoclave



Fig. 7. The energy pyramid of the Radio Frequency heating process.
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respectively for carrying out the hydrolysis. A highest glucose yield
of 20 ± 4 wt % and 23 ± 4 wt % was obtained in microwave-assisted
hydrolysis (100 �C for 5minwith 1MHCl) and traditional autoclave
hydrolysis (120 �C for 1h with 1 M HCl), respectively. The sugar
yield obtained in our study was 54.52 ± 1.19% for RSMA and
59.66 ± 3.00% for RFMA (59.66 ± 3.00%), which was higher than the
ones reported by Kumar et al. that were obtained using chemical
hydrolysis.

Compared with chemical approaches, enzymatic hydrolysis is
considered more environmentally friendly and can produce higher
level of glucose from biomass without generating inhibitory
products, although the enzymatic hydrolysis rate is generally not as
fast as the chemical hydrolysis [16]. In order to achieve a better
yield, some studies have also combined two of the three hydrolysis
approaches as described above. Hern�andez et al. evaluated physical,
chemical, and enzymatic pretreatments on Chlorella sorokiniana to
break down the complex carbohydrates into simple sugars [42]. The
highest monosaccharide concentration of 128 mg/g was achieved
by the combination of acid hydrolysis followed by enzymatic hy-
drolysis, which was very close to the highest monosaccharide yield
for RSMA obtained in this study (125.4 mg/g of dry biomass). Lee
et al. [47] soaked C. vulgaris with citric acid, sodium citrate buffer
(5% dry solid basis, w/v), and then incubated the mixture at 121 �C
for 15 min to disrupt cell walls. The disrupted algal biomass was
enzymatically hydrolyzed with Cellulase (Celluclast) and Novo-
zyme 188, and a yield of 0.14 g of glucose/g of biomass was ob-
tained. The glucose yield in this study was 0.124 g/g of dry RSMA,
which was very comparable.

Due to the complexity of algae composition, a cocktail (almost
always) of more than four types of enzymes is necessary for
enzyme hydrolysis in order to achieve a high sugar yield. Lee et al.
[30] carried out bioethanol production from residual of Chlorella sp.
KR-1after lipid was extracted. For the enzymatic hydrolysis, an
enzyme cocktail was used: Pectinex Ultra SP-L with 9500 poly-
galacturonase units (PGU)/mL), amyloglucosidase (AMG 300L with
300 amyloglucosidase units (AGU)/mL), cellulase (Celluclast 1.5L
with 700 endoglucanase units (EGU)/mL) and Viscozyme L (with
100 fungal b-glucanase units (FBG)/g). Comparatively, in our study,
only three enzymes with appropriate amount were used. The
reduction in the enzyme numbers and quantities could greatly
reduce the cost. Nevertheless, compared with other methods using
integrated methods, our approach can still achieve comparable, or
even better sugar yields.

3.6.2. Energy balance and preliminary techno-economic analysis
The energy consumption for RF heating during the pretreatment

was calculated using Eqs. (4) and (5), with heat loss set at 20% and
energy efficiency of RF heater set at 72e85%. The results are shown
in Fig. 7. Based on the Q3 value, the average input energy required to
heat 1 kg of raw wet microalgae from 25 to 90 �C and hold the
temperature at 90 �C for 20 min was estimated to be from 340 to
401 kJ/kg. If dried microalgae were used instead of wet one, besides
the energy needed to heat microalgae from 25 to 100 �C, it would
need about 2260 kJ more energy to evaporate 1 kg of water at
100 �C under 1 atm. It was estimated that about 1740 kJ of energy
would be consumed to dry 1 kg of wet microalgae used in this
study. Therefore, the direct utilization of wet microalgae as shown
in this study saves tremendous amount of energy.

Based on the results from Figs. 7 and 0.094 to 0.111 kWh energy
was required during the pretreatment of raw wet microalgae. The
average retail price of the electricity in Alabama was US$ 0.1185/
kWh in 2019 (Consumer Electronics Control, 2020). Thus, the total
electrical cost of RF heating was from 1.11Cj to 1.32Cj /kg for pre-
treating the microalgae. Although such a small amount of cost was
needed in the pretreatment, it’s very worthwhile. The chemically
complex and structurally robust nature of cell walls are severe
obstacles for the efficient microalgae utilization [48]. Pretreatment
can destroy the cell wall of algae, thereby increasing production
efficiency and reducing subsequent processing costs. In the rele-
vant studies so far including physical, chemical or enzymatic ap-
proaches for algal biomass processing, the pretreatment process
always contributes a significant fraction for the overall cost
[42,49,50].

In this study, RSMA was the residual of microalgae after bio-
diesel production. The cell wall was disrupted during the pre-
treatment for biodiesel production. Therefore, no additional
pretreatment on cell wall disruption was required, which greatly
reduced the production cost. In addition, the residuals after bio-
diesel production was generally treated as a waste and it would
actually need some cost for disposal. Therefore, the cost of the raw
material here should actually be a negative value (disposal cost),
although we took it as zero here in our calculation.

4. Conclusions

RF heating disruption could break the recalcitrant structure of
microalgae cell walls and exposed the substances inside the cells.
The total carbohydrates in C. vulgaris consist of 31.5 ± 0.4% glucose
and 10.2 ± 0.2% galactose (based on dry biomass). After biodiesel
production, the glucose was the dominant reducing sugar in RSMA
with content of 23.0 ± 0.7% (based on dry biomass). The enzyme
Combination D was selected as the best formulation with glucose
yield of 59.66 ± 3.00% (RFMA) after 72 h. After applying the same
enzyme combination to RSMA and RWMA, the glucose yield was
54.52 ± 1.19% and 32.23 ± 0.95%, respectively. The combination of
RF pretreatment and CTec2 could maximized cell wall disruption,
thus made cellulose and hemicelluloses in the cell walls and starch
within cells easier to interact with enzymes, and consequently
increased sugar yield. The solvents applied during biodiesel pro-
duction did not show significant inhibitory effect on saccharifica-
tion of RSMA. The enzyme adsorption for RFMA and RSMA were
more efficient than that for RWMA. RF pretreatment could signif-
icantly increase the affinity of enzyme to be attached onto micro-
algae samples. The SEM images visually presented the cell
morphology of microalgae samples after RF pretreatment and
saccharification, which verified the results of saccharification and
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enzyme adsorption. Taken together, the results showed that it is
feasible to use microalgae residual after biodiesel production as
carbohydrate feedstock to be hydrolyzed for fermentable sugar
production, which can be further used as the substrate for valuable
biofuel and biochemical production. This represents an effective
approach for comprehensive utilization of wet microalgae.
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