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Abstract
Spray drying is a very popular method for microalgal biomass drying; however, systematic research on the response of the 
biochemical composition during the process of spray drying has not been addressed thus far. This study investigated the 
influence of the inlet temperature and the initial solid content on the biochemical composition of spray-dried Scenedesmus 
acuminatus biomass. The fatty acid composition and contents of CHNS, lipids, carbohydrates, protein, starch, and pigments 
were analyzed to characterize the quality and bioactivity of the dried product. The results showed that the moisture content 
of the dried microalgal powder decreased with increasing inlet temperature and initial solid content, and the lowest moisture 
content of 2.37%, with a higher drying yield of 84%, was achieved at an optimized inlet temperature of 220 °C and an initial 
solid content of 16%. The biochemical compositions of CHNS, total lipids, carbohydrates, protein, starch, and fatty acids in 
the spray-dried biomass were similar to those in the freeze-dried biomass and were barely altered throughout the spray drying 
process. The pigment partially degraded as the inlet temperature increased; however, this degradation could be alleviated by 
increasing the initial solid content of the microalgal suspension because cell aggregates provided protection. Thermogravi-
metric analysis (TGA) further confirmed that spray drying did not affect the quality of proteins, lipids, or carbohydrates, 
suggesting that the spray drying technique could be applied to S. acuminatus for the production of both biofuel and nutritional 
supplements. These results may serve as a reference for the selection of the drying method, the utilization of the nutritional 
components in S. acuminatus, and the selection of biochemical parameters for spray drying performance evaluation.
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Abbreviations
S. acuminatus  Scenedesmus acuminatus
FAME  Fatty acid methyl ester
CHNS  Carbon, hydrogen, nitrogen, sulfur
UFA  Unsaturated fatty acid
TGA   Thermogravimetric analysis
MUFA  Monounsaturated fatty acid
CN  Cetane number
DTG  Derivative thermogravimetry

Introduction

Through highly efficient photosynthesis, microalgae con-
vert carbon dioxide and other nutrients into biological mol-
ecules such as lipids, proteins, sugars, and pigments [1]. 
Thus, microalgae are widely used in the production of feed, 
food, fine nutraceuticals, and pharmaceutical products and in 
environmental remediation applications [2]. In recent years, 
studies on biofuel production using microalgal biomass have 
attracted much interest due to the numerous notable advan-
tages of microalgae, such as their much higher biomass pro-
ductivity than terrestrial plants, high lipid content (up to 
20–50% of triacylglycerol), short growth period, and less 
or no requirement for arable land [3]. Biomass is currently 
the most widespread form of renewable energy, which could 
bring about positive impacts on economic, environmental, 
and health. Biomass from microalgae is considered as an 
ideal feedstock for the third-generation biodiesel, as it is not 

 * Ming Duan 
 duanming@ihb.ac.cn

 * Xuezhi Zhang 
 zhangxuezhi@ihb.ac.cn

1 Institute of Hydrobiology, Chinese Academy of Sciences, 
Wuhan 430072, China

/ Published online: 26 October 2021

BioEnergy Research (2022) 15:320–333

http://orcid.org/0000-0001-8634-9374
http://crossmark.crossref.org/dialog/?doi=10.1007/s12155-021-10343-8&domain=pdf


in competition with food crops, along with the advantage of 
considerably areal biomass yield compared to land crops. 
The development of microalgal biomass could be regarded 
as an efficient means to meet some of the main Sustain-
able Development Goals (SDGs) set by the United Nations 
General Assembly in 2015 for the year 2030, in particular, 
Affordable and Clean Energy [4].

Generally, microalgae production processes involve cul-
tivation, harvesting, drying, extraction, and transformation 
stages. However, almost 60% of the total energy consumed 
in microalgal production is the drying process, which is 
necessary to avoid spoilage and facilitate transportation and 
storage [5]. Thus, after the microalgal biomass is harvested, 
the microalgal slurry (5–15% solid content) must be dried 
rapidly up to 90–95% (solid content) [6]. Moreover, to avoid 
affecting the subsequent biomass biorefineries, the drying 
process should ensure the quality of biomass in addition 
to the rapid reduction of moisture content [5], which may 
contribute to the overall sustainability of microalgal multi-
product production and accelerate the commercialization of 
microalgae-based bioproducts [7].

Currently, the common drying methods are rotary drying, 
freeze drying, flash drying, solar drying, convective drying 
vacuum shelf drying, and spray drying [5]. Among these 
methods, spray drying has become a very popular method 
for microalgal biomass drying. Spray drying has several 
advantages: flexible and continuous operation, fast drying 
speed, high throughput and yield, but more importantly, 
inexpensive operation [8]. Additionally, spray drying also 
presents excellent properties of protection, stabilization, sol-
ubility and controlled release of bioactive compounds, and is 
suitable for polysaccharides, lipids, and proteins, especially 
heat-sensitive ingredients [8, 9]. Generally, spray drying has 
advantages over freeze drying in terms of drying speed, con-
tinuous operation, and economic cost for the extraction of 
microalgae active components [10, 11]. Thus, spray drying 
has been widely used for different microalgal species, such 
as Spirulina [12], Chlorella [13], and Dunaliella [14] at the 
production scale and Nannochloropsis [15] at the labora-
tory scale.

Liu [16] found that the yield and moisture content of 
Chlorella powder and Chrysophyte powder were signifi-
cantly affected by the inlet temperature and feed concen-
tration during the spray drying process. Castejon et al.[9] 
reported that spray drying had little effect on the omega-3 
lipids extracted from Nannochloropsis gaditana (no signifi-
cant difference was observed at the 5% level). Palabiyik et al. 
[15] investigated chlorophyll-a and total carotenoid quanti-
ties of spray-dried Isochrysis galbana and Nannochloropsis 
oculata biomass at different inlet temperatures (150–200 °C) 
and found that higher pigment contents were obtained at 
170 °C and 180 °C for I. galbana and N. oculate, respec-
tively. Leach el al. [17] applied spray drying technology to 

dry Dunaliella salina to produce a β-carotene-rich powder; 
they indicated that a lower outlet temperature yielded higher 
carotenoid recoveries and that microencapsulation would 
significantly increase the storage stability. Foo et al. [18] 
successfully extracted fucoxanthin from Chaetoceros cal-
citrans using spray drying, and the produced fucoxanthin 
microcapsule showed good bioactivity. Loch-Neckel et al. 
[19] found that the extraction of dry biomass extracts from 
Haematococcus pluvialis using spray drying was especially 
promising for the production of raw pharmaceutical mate-
rials, with high total carotenoid values, and they did not 
observe a significant loss of antioxidant activity. Lin and 
Huang [11] compared the microstructures of spray-dried 
and freeze-dried microalgal powders and found that the total 
chlorophyll content was higher in the spray-dried powders 
than in freeze-dried Chiarella powders, and no coliforms 
were found in the spray-dried powders, though they ranged 
from  102 to  103 cells per gram in the freeze-dried powders.

Thus, spray drying technology can rapidly reduce the 
water content of microalgae biomass and protect the bio-
active components, which indicates that this method could 
become the preferred drying technology for microalgae pro-
duction. However, there is still a lack of systematic research 
on the influence of spray drying conditions on changes 
in biochemical composition, especially for Scenedesmus 
acuminatus biomass (Table 1), which may hinder the under-
standing of the biological activity and quality of microalgal 
powder after spray drying and thus affect the quality of sub-
sequent microalgae products.

The objective of this study was to determine the influ-
ence of the inlet temperature and initial solid content of the 
spray drying process on the moisture content and drying 
yield. The contents of CHNS, lipids, carbohydrates, pro-
teins, starch, fatty acids, and pigments under various drying 
conditions were contrasted to characterize the quality and 
bioactivity of the dried product, revealing the responsive-
ness of the biochemical composition of the products dur-
ing the process of spray drying. The results may serve as 
a reference for the selection of drying method, utilization 
of the nutritional components in Scenedesmus acuminatus, 
and selection of biochemical parameters for spray drying 
performance evaluation.

Materials and Methods

Solvents and Reagents

Organic solvents (acetone, methanol, chloroform, dimethyl 
sulfoxide, diethyl ether, hexane, etc.) from Merck (Germany) 
were used. Chemicals for the culture media preparation 
 (NaNO3,  K2HPO4,  Na2CO3,  MgSO4·7H2O,  CaCl2·2H2O, 
etc.) were purchased from Sinopharm Chemical Reagent 
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Co., Ltd. (China). Four pigment standards—lutein, zeax-
anthin, chlorophyll b, and chlorophyll a—and one fatty acid 
methyl ester (FAME) standard mixture were purchased from 
Sigma-Aldrich (USA).

Microalgal cultivation and harvesting

S. acuminatus (GT-2, State Development & Investment 
Corp., China) was grown in tubular photobioreactors with a 
5-cm light path and a culture volume of 13  m3. A modified 
BG-11 culture medium with a reduced nitrogen concentra-
tion of 16 mg  L−1  NO3

−-N was used to enhance lipid accu-
mulation. The daily maximum solar light intensity inside 
the greenhouse was approximately 1200 μmol  m−2  s−1, as 
measured with a light meter (LI-250A, Lincoln, USA). The 
average culture temperature was approximately 25 °C. Dur-
ing cultivation, air enriched with 2–4 L  min−1 pure  CO2 was 
provided intermittently to maintain the pH between 6.5 and 
7.0. The concentration of S. acuminatus was initially 0.2 g 
 L−1 of dry weight and reached 1 g  L−1 within 13 days.

The S. acuminatus suspension was harvested by a mem-
brane filtration unit with a filtration area of 180  m2, and the 
microalgal suspension was condensed to a 30 g  L−1 slurry. 
Following centrifugation at 7600 × g with a disc stack cen-
trifuge, 160 g  L−1 S. acuminatus paste was collected, which 
was used as the raw material for the spray drying experi-
ment. S. acuminatus suspensions with different concentra-
tions of 80 g  L−1, 120 g  L−1, and 160 g  L−1 were obtained by 
dilution of the centrifuge-collected paste with the centrifuga-
tion supernatant. The viscosities of the S. acuminatus sus-
pensions of different concentrations were tested using a vis-
cometer (NDJ-9S, Shanghai Pingxuan Scientific Instrument 
Co., Ltd., China), as shown in Figure S1. To understand how 
the drying process affects the quality of the dried powder, 
a control group was dried to form a powder using a freeze 
dryer (FreeZone 10 L, Labconco Corp., USA) at − 50 °C and 
0.021 MPa for 72 h.

Spray Drying Experiment

The spray drying experiment was conducted with a labo-
ratory-scale mini-spray dryer (B-290, Buchi, Switzerland) 
equipped with an air compressor (WSC 22140B, Huifeng, 
China). A fixed feed flow rate of 8 mL  min−1 was used, and 
the atomizing air velocity was 473 L  h−1. Therefore, the 
average residence time of microalgal cells in the chamber 
was 1.23 s according to the operating manual. Two key fac-
tors affecting the spray drying performance, the inlet tem-
perature (120 °C, 170 °C, and 220 °C) and solid content (8%, 
12%, and 16%), were evaluated for their influence on the 
drying performance and changes in the biochemical com-
position of the spray-dried S. acuminatus.

Analytical Methods

The moisture content, CHNS, total lipids, carbohydrates, 
protein, starch and FAMEs, pigment, morphology, particle 
size distribution, and thermal stability of S. acuminatus 
biomass after spray drying were analyzed to investigate the 
effect of the spray drying process on the quality of microal-
gal biomass. These analytic methods were as follows.

Moisture Content

The moisture content in the spray-dried biomass was ana-
lyzed gravimetrically using a heat-generating halogen ana-
lyzer (MB35, Ohaus, Switzerland). Approximately 1.0 g of 
the biomass was loaded onto an aluminum plate, and the 
temperature inside the weight chamber was increased to 
105 °C. The measurement was completed when the weight 
reading stabilized, and the scale was accurate to 0.001 g. The 
results were expressed as the weight percent (w  w−1) [20].

CHNS Analysis

The CHNS content in the spray-dried S. acuminatus bio-
mass was determined using a CHNS/O analyzer (PE2400II, 
PerkinElmer Inc., USA) operated at a combustion tempera-
ture of 975 °C and a reduction temperature of 500 °C. The 
loaded samples (2–7 mg) were weighed with an autobalance 
(AD-6000, Perkin Elmer Inc., USA), which was accurate to 
0.1 μg.

Total Lipids, Carbohydrates, Protein, Starch, and FAMEs

Carbohydrates were measured by a phenol–sulfuric acid 
method [21]. The protein content was analyzed using the 
Bradford method [22], which consisted of measurement of 
the A595 of the samples and standards against a reagent 
blank and then comparison to a standard curve for quan-
titation. The starch content was quantified using an assay 
kit [23] (STA20, Sigma-Aldrich) based on the catalytic 
hydrolysis of starch into glucose by α-amylase and amylo-
glucosidase, which involved measurement of the A540 using 
an ultraviolet spectrophotometer (Hach DR6000, USA) and 
calculation of the starch content according to the equation 
%Starch = (△ATEST)(900)/(△ASTD) (mg sample).

The total lipids were measured using a gravimetric 
method [24] after lipid extraction from the biomass using an 
accelerated solvent extraction system (Dionex 350, Thermo 
Fisher Scientific, CA, USA). Solvent A (methanol:DMSO, 
9:1) and solvent B (hexane:diethyl ether, 1:1) were used to 
extract the total lipids. The results were expressed as a per-
centage: total lipid weight/algal weight (w  w−1).

FAMEs produced from S. acuminatus oil were quanti-
fied using gas chromatography-mass spectrometry (GC–MS) 
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(7890B-5977A, Agilent) with flame ionization detection. 
The GC column was a silica capillary column (HP-88 col-
umn; 60 m × 0.25 mm × 0.2 μm). All standards and sam-
ples were injected in split mode (split/column flow ratio of 
20:1). The injection temperature was 250 °C. The initial 
oven temperature of 50 °C was held for 2 min, increased at 
a rate of 25 °C  min−1 to 175 °C, held for 5 min, increased at 
7 °C  min−1 to 210 °C, held for 2 min, increased at 2 °C  min−1 
to 230 °C, and held for 1 min. The mass spectrometer was 
operated in electron impact (EI) mode at 70 eV over a scan 
range of m/z 50–650. The injected sample volume was 1.0 
μL [25].

Pigment Extraction and Analysis

Spray-dried S. acuminatus powder was extracted using the 
same Dionex 350 solvent extraction system. A total of 50 mg 
of algal biomass was extracted with 5 mL of extraction sol-
vent at 1500 psi and 100 °C for 3 min. The preheating time 
was set to 5 min, and the static cycle included two cycles 
and three methanol extractions. The flush volume at the end 
of the extraction was 45% of the cell volume, and the purge 
time was set to 30 s. After extraction, the pigment solutions 
were collected in a 50-mL brown volumetric flask.

The extracted pigments were determined using high-per-
formance liquid chromatography (HPLC) (Waters Alliance 
e2695, Waters, USA). A Waters Spherisorb C18 column 
(250 × 5 mm, 4.6 μm) was installed. The pigment-extracted 
solution was subjected to HPLC analysis. The pigments were 
separated using a solvent mixture of 0.1 M Tris–HCl with 
a pH of 8.0, pure acetonitrile, methanol, and ethyl acetate 
[26]. The flow rate was maintained at 1.2 mL  min−1, and the 
sample injection volume was 10 μL.

Based on the pigment concentrations in S. acuminatus, 
six working standard solutions of the pigment were pre-
pared: 0, 0.001 mg  mL−1, 0.002 mg  mL−1, 0.005 mg  mL−1, 
0.01 mg  mL−1, and 0.02 mg  mL−1. Good linear relationships 
between the mass concentrations and the peak areas of the 
four pigment standards, i.e., lutein, zeaxanthin, chlorophyll 
b, and chlorophyll a, were observed at retention times of 
9.443 min, 9.700 min, 10.343 min, and 11.392 min, respec-
tively. The pigment contents in S. acuminatus were identi-
fied according to the retention times of the standards and 
quantified using the external standard method. The pigment 
chlorophyll a was detected at 664 nm, and the other pigments 
were detected at 445 nm using a diode array detector (2996, 
Waters, USA).

Morphology and Particle Size Distribution

The spray-dried powder was resuspended in water, and the 
morphology of the particles was examined using a micro-
scope (CX31, Olympus Corp., Japan). The particle size 

distribution of the initial cells and spray-dried powder of S. 
acuminatus was measured using a laser diffraction particle 
size analyzer (Mastersizer 3000, Malvern UK), and the par-
ticle size distribution of the initial S. acuminatus cells with 
an average size of 6.95 ± 0.11 μm is shown in Figure S2.

Thermogravimetric Analysis (TGA)

The thermal stability of S. acuminatus biomass was meas-
ured by TGA using a thermogravimetric analyzer (TG 209C, 
NETZSCH Gerätebau GmbH, Germany). Approximately 
26 mg of each sample was loaded into a 40 μL  Al2O3 cru-
cible for each measurement. The temperature inside the 
chamber was increased to 700 °C with a heating rate of 
10 °C  min−1 and a nitrogen gas flow rate of 50 mL  min−1.

Statistical Analysis

All experiments were carried out in triplicate. The results are 
reported as the average values ± standard deviations. One-
way analysis of variance (ANOVA) with a least significant 
difference (LSD) post hoc test was used to evaluate the sta-
tistical significance of the differences between the control 
and experimental groups. In all data analyses, a P value of 
0.05 was considered statistically significant.

Results and Discussion

Influence of the Spray Drying Conditions 
on the Moisture Content and Drying Yield

The influence of the spray drying conditions on the moisture 
content of the powder is shown in Fig. 1A. The moisture 
content decreased from 3.95 to 2.37% as the inlet tempera-
ture increased from 120 to 220 °C at an initial solid content 
of 16%. The same trend was obtained for initial solid con-
tents of 12% and 8%. In addition, an increase in the initial 
solid content from 8 to 16% led to a decrease in the moisture 
content from 3.97 to 3.22% at 170 °C. These results indi-
cated that the moisture content of the spray-dried product 
was closely associated with both the inlet temperature of 
the drying air and the solid content of the feed suspension. 
Specifically, a higher inlet temperature and a higher initial 
solid content were beneficial for obtaining microalgal pow-
der with higher solid content.

The outlet temperature and powder yield under different 
drying conditions are shown in Fig. 1B. With increasing inlet 
temperature, the outlet temperature increased significantly 
for all different treatments; however, the powder yield pre-
sented different trends of change. At an initial solid content 
of 8%, the yield of the microalgal powder increased rapidly 
from 65 to 92% when the inlet temperature was increased 
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from 120 to 220 °C, whereas at an initial solid content of 
16%, a high yield of 84% was maintained even at lower inlet 
temperatures. The water loading rate was relatively high at 
the lower initial solid content (8%), while the driving force 
was low at the lower inlet temperature (120 °C). As a result, 
S. acuminatus biomass cannot be fully dried at low inlet 
temperatures and initial solid contents, and thus, the yield 
was lower than those at higher inlet temperatures and higher 
initial solid contents.

The drying yield increased as the initial solid content in 
the feed and the inlet temperature also increased, and the 
highest dry mass production was obtained at an initial solid 
content of 16%, with a value of 76.8 g powder per hour at an 
inlet temperature of 220 °C. In general, increasing the initial 
solid content of the feed and increasing the inlet tempera-
ture are preferable over other procedural changes to obtain 
a higher yield [27]. The higher the initial solid content is, 
the more energy-efficient the spray drying process. How-
ever, according to Figure S1, the viscosity of the S. acumi-
natus suspension increased exponentially (R2 = 0.98) with 

increasing solid content, resulting in difficulty in spraying 
from the nozzle as the initial solid content exceeded 16%. 
In our recent study [28], the dewatering cost of membrane 
filtration increased by approximately 20% when an S. acumi-
natus suspension was concentrated from 8 to 16%. There-
fore, the drying performance of an S. acuminatus suspension 
with initial solid contents of 8% and 12% was also studied 
to explore the integration of the dewatering process with the 
spray drying process.

Changes in the Biochemical Composition 
of the Spray‑dried Biomass

The quality of dried microalgal biomass is also important 
because it affects the bioactivity of the main components 
and the feasibility of subsequent multiproduct applications. 
Therefore, changes in the biochemical composition, includ-
ing CHNS, total lipid, carbohydrate, protein and starch, and 
fatty acid compositions of the spray-dried biomass were 
investigated and compared with those of freeze-dried bio-
mass. The results are discussed as follows.

The CHNS Content

Microalgal cells mainly consist of carbon, hydrogen, nitro-
gen, and sulfur. The elemental composition of spray-dried 
S. acuminatus products at different inlet temperatures and 
initial solid contents is shown in Fig. 2. The C, H, N, and S 
contents of S. acuminatus in the freeze-dried biomass were 
46.1 ± 0.25, 6.15 ± 0.54, 1.74 ± 0.04, and 0.95 ± 0.06, respec-
tively. The C, H, N, and S contents in the spray-dried bio-
mass at different inlet temperatures and initial solid contents 
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varied over ranges of 43.8–45.6%, 5.06–5.62%, 1.81–2.47%, 
and 0.74–0.85%, respectively. These results were in accord 
with the literature, which shows that the carbon content of 
microalgal biomass ranges between 44.6 and 47.7%, and 
the nitrogen content ranges between 2.33 and 11.3% [29]. 
Additionally, no significant difference in the C, H, N, and S 
contents between the spray-dried samples and freeze-dried 
samples was observed, which demonstrated that spray dry-
ing under these conditions could achieve high-quality prod-
ucts. Hosseinizand et al. [30] also found that the contents of 
C, H, N, S, and O in dried Chlorella vulgaris biomass were 
almost constant with those obtained by freeze-drying as the 
temperature increased.

The Total Lipid, Carbohydrate, Protein, and Starch Contents

Table 2 lists the total lipid, carbohydrate, protein, and starch 
contents in the S. acuminatus biomass under different drying 
conditions. In the spray-dried biomass, the total lipid, carbo-
hydrate, and protein contents were 33.6 ± 1.18, 37.4 ± 0.81, 
and 5.72 ± 0.39, respectively, and these three components 
accounted for 72.8–79.9% of the total biomass. Starch and 
FAMEs accounted for 16.7% and 27.8% of the S. acuminatus 
dry weight, respectively. Therefore, the total lipid, carbo-
hydrate, protein, and starch contents, as well as the FAME 
contents, did not change obviously with different inlet tem-
peratures and initial solid contents during the spray dry-
ing process, and these biological components were similar 
to those obtained by freeze drying. These results indicated 
that spray drying did not change the composition of these 
biological components under the conditions investigated in 
this paper.

Ryckebosch et al. [31] also found that spray and freeze-
drying did not affect the total lipid content. However, Hos-
seinizand et al. [30] reported that carbohydrates and pro-
teins in convection-dried Chlorella significantly decreased 

as the temperature increased from 60 to 140 °C and were 
obviously lower than those in freeze-dried Chlorella. These 
results indicated that spray drying has an advantage over 
convection drying in terms of protecting the biochemical 
composition because spray drying took only a few seconds, 
while convection drying consumed hundreds of minutes.

The fatty acid composition

Knothe et al. [32] reported that the FAME content in fuel 
directly corresponds to the fatty acid composition of the bio-
mass feedstock, and the FAME content, in turn, determines 
the properties of the fuel. The FAMEs in S. acuminatus 
lipids mainly consisted of C18:1 (34.2%) and C16:0 (29.7%), 
and medium-chain fatty acids (≤ C18) were the predominant 
fatty acids in the biodiesel, as shown in Table 3. The results 
also showed that unsaturated fatty acids (UFAs) were the 
dominant components, comprising 68.1–68.7% of the total 
fatty acids in the biodiesel, and this result was similar to that 
obtained by Chen et al.[33]. Fuels rich in monounsaturated 
fatty acids (MUFAs) would have adequate cetane numbers 
(CNs), cold flow parameters, and viscosities [34], indicating 
that S. acuminatus is an ideal biodiesel feedstock.

At a fixed feed rate of 8 mL  min−1, there were no sig-
nificant changes in the carbohydrate, protein, lipid, starch, 
or FAME contents when the inlet temperature ranged from 
120 to 220 °C, and the initial solid content varied from 8 
to 16% during spray drying. These results implied that this 
spray drying technique could be applied to S. acuminatus for 
the production of both biofuel and nutritional supplements.

Influence of Spray Drying Conditions 
on the Pigment Content

The chlorophyll a, chlorophyll b, lutein, and zeaxanthin con-
tents in spray-dried S. acuminatus under different drying 

Table 2  Influence of spray drying conditions on the content of total lipid, total carbohydrates, and protein

Carb, carbohydrate; ∑ (C + L + P), ∑ (carbohydrate + lipid + protein); FAMEs, fatty acid ethyl ester. Data shown as mean ± standard deviation 
(n = 3)

Content (%) Conditions Carb Lipid Protein ∑ (C + L + P) Starch FAMEs

Freeze-drying 3 days, − 50 ℃ 36.21 ± 2.04 33.07 ± 0 8.58 ± 0.25 77.86 ± 2.28 18.94 ± 1.82 27.35 ± 0.27
Spray drying 120 ℃, 16% 37.06 ± 1.7 35.36 ± 1.6 7.53 ± 0.11 79.95 ± 3.41 17.04 ± 0.83 28.52 ± 0.63

170 ℃, 16% 37.86 ± 0.28 34.24 ± 0.1 6.5 ± 0.4 78.6 ± 0.02 18.42 ± 0.32 28.66 ± 0.88
220 ℃, 16% 37.68 ± 0.42 34.65 ± 2.5 7.23 ± 0.32 79.56 ± 2.4 17.11 ± 0.34 27.77 ± 0.82
120 ℃, 12% 38.28 ± 0.8 33.56 ± 0.44 7.02 ± 0 78.86 ± 0.37 15.42 ± 1.68 28.34 ± 0.13
170 ℃, 12% 37.89 ± 0.48 34.73 ± 1.5 6.5 ± 0.15 79.12 ± 0.87 17 ± 1.35 27.21 ± 0.33
220 ℃, 12% 36.66 ± 1.07 33.67 ± 1.49 5.65 ± 0.11 75.98 ± 2.46 17.2 ± 0.74 27.42 ± 0.48
120 ℃, 8% 36.64 ± 0.66 33.69 ± 0.54 6.16 ± 0.06 76.49 ± 0.18 13.57 ± 0.36 27.72 ± 0.14
170 ℃, 8% 38.24 ± 1.89 32.14 ± 0.72 6.58 ± 0.08 76.96 ± 1.09 16.62 ± 1.17 27.21 ± 0.05
220 ℃, 8% 35.9 ± 1.72 30.64 ± 2.05 6.3 ± 0.24 72.84 ± 2.29 17.62 ± 0.24 27.18 ± 0.41
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conditions are shown in Fig. 3. At an initial solid content of 
16%, the chlorophyll-a content significantly decreased as the 
inlet temperature increased: from 1.24 at an inlet tempera-
ture of 120 to 0.74 mg  g−1 at 170 °C and then to 0.41 mg  g−1 
at 220 °C (Fig. 3A). Similar temperature-dependent trends 
of chlorophyll a were also observed at initial dry weights 
of 12% and 8%. Interestingly, at the same inlet tempera-
ture, chlorophyll a decreased with decreasing initial dry 
weight. The highest chlorophyll-a content (1.24 mg  g−1) was 
achieved at an inlet temperature of 120 °C and an initial 
solid content of 16%.

Chlorophyll b also decreased obviously as the inlet tem-
perature increased from 120 to 220 °C (Fig. 3B); however, 
the initial solid content did not have a significant effect on 
the chlorophyll b content. The trends of lutein with the inlet 
temperature for various initial solid contents were identical 

to that of chlorophyll a, but there was a smaller range of 
variation (Fig. 3C). Additionally, there were no significant 
changes in the zeaxanthin content under different drying 
conditions (Fig. 3D), potentially because zeaxanthin is 
somewhat resistant to changes in heat and light, but direct 
sunlight and high temperature applied for long periods nega-
tively impact its amenability to spray drying [35].

In summary, with an increase in inlet temperature from 
120 to 220 °C, the total contents of pigments significantly 
decreased as a result of pigment degradation at high tem-
peratures, which was in accordance with the result reported 
by Leach et al. that β-carotene recovery of Dunaliella salina 
decreased as the inlet temperature increased from 200 to 
265 °C [17]. Palabiyik et al. [15] found that chlorophyll a 
and carotenoids of N. oculate increased first as the tempera-
ture increased from 150 to 180 °C and then decreased as the 
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temperature increased to 200 °C, while they were lowest at 
180 °C for I. galbana. These results may indicate that pig-
ments extracted from different microalgae present various 
thermal sensitivities. When the inlet temperature was main-
tained at 120 °C, the contents of all pigments except chloro-
phyll b decreased obviously with the reduction in the algal 
biomass from 16 to 8%. A possible reason for this result is 
that as the algal biomass in the raw material increases, more 
agglomeration of the product occurs, resulting in the protec-
tion of the pigments by the agglomerates. The results sug-
gested that when spray drying is used for microalgal-based 
pigment production, the pigment content might be a useful 
indicator for the optimization of the spray drying process 
at the industrial scale, and the pigments could be protected 
through the formation of large particles.

The particle size distributions of S. acuminatus pow-
der dried with different initial solid contents at 120 °C are 
shown in Fig. 4A. The fraction of large particles in the dried 
S. acuminatus powder increased obviously as the initial 

solid content increased. Specifically, aggregates formed 
more easily when the initial solid content was high dur-
ing the spray drying process due to the high viscosity of 
the sprayed slurry. This phenomenon may be similar to the 
artificial microencapsulation that occurs during the spray 
drying process; it is used to protect, transport, or control 
the release of active compounds [9]. Leach et al. [17] found 
that microencapsulation of β-carotene-rich powder produced 
from Dunaliella salina using spray drying technology would 
significantly increase the storage stability.

Figure 4B shows a microscopy image of spray-dried S. 
acuminatus powder at an initial dry weight of 16%. In addi-
tion to normal single S. acuminatus cells (5 μm), an increas-
ing number of aggregates (20–30 μm) were generated with 
increasing initial solid content, which agreed with other 
authors’ observations of microcapsules that were produced 
by spray drying and ranged up to 30 μm [9]. Studies have 
shown that artificial microcapsules can achieve high physical 
protection of bioactive compounds from degradation [18]. 

Fig. 4  Particle size of spray 
drying products (A) and micro-
scopic images of spray drying 
products (B)
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The SEM images of the spray-dried cells and the freeze-
dried S. acuminatus are shown in Fig. S3. The surface of 
the spray-dried cells looks smoother than that of the freeze-
dried, indicating that the shape of the cell is kept well during 
the spray drying process. This may be due to its fast process 
of several seconds, compared with the more than 24 h of 
drying due to the freeze-drying. It is unknown whether the 
permeabilities of cell walls after these drying methods are 
different or not, and whether this will affect the subsequent 
extraction of the bioproducts. More studies are needed to 
reveal the changes in cellular characteristics after different 
drying methods, which would benefit the development of 
the biorefinery process.

Under the same drying conditions, the increase in particle 
size of spray-dried products at the higher initial dry weight 
may be caused by the increased droplet size as a result of 
the higher viscosity [36]. The viscosities of S. acuminatus 
slurries with 8%, 12%, and 16% initial solid contents were 
3.83 cP, 10.2 cP, and 108.65 cP, respectively, which also 
indicated that the change in viscosity, rather than the initial 
solid content, affected the size distribution of S. acuminatus 
in the dried biomass. The shrinkage ratio decreased with 
increased viscosity, implying that the droplets produced by 
spraying slurries with higher initial solid contents and conse-
quently higher viscosity may form a crust at an earlier stage 
of drying because they were more easily saturated, prevent-
ing further shrinkage upon drying [37]. As a result, the deg-
radation of pigments inside the aggregates was reduced at 
higher initial solid contents, which contributed to the higher 
pigment content in the dried biomass.

Analysis of the Thermal Decomposition Process

The TGA and the rate of weight loss-derivative thermo-
gravimetry (DTG) curves of both the freeze-dried and 
spray-dried samples (16% solid content, dried at 220 °C) 
are shown in Fig. 5. The rate of temperature increase was 
set at 10 K  min−1 under a  N2 atmosphere. Three individual 
stages were distinguished during the combustion process 
[38]. The first stage extended from room temperature to 
150 °C and corresponded to the loss of moisture and highly 
volatile compounds [39], resulting in nearly 5% weight loss. 
The second stage extended from 150 to 485 °C and was 
attributed to the decomposition of most organic compounds 
[40], leading to approximately 14% solid residue formation. 
During the second stage, three strong peaks at approximately 
250.8 °C, 300.5 °C, and 385.6 °C were observed; these were 
attributed to the decomposition of lipids, carbohydrates, and 
proteins, respectively [41]. The third stage extended from 
485 to 700 °C, with the TGA curve decreasing slowly but 
the DTG curve remaining almost horizontal. The weight loss 
was much smaller than that observed in stage two, which 
could be a result of the continued decomposition of carbon 

through further breakage of C–C and C–H bonds [42]. Simi-
lar results for other microalgal species have been reported in 
the literature [43–46].

The outlet temperatures were below 130 °C, which is 
below the degradation temperatures of the nutritional ingre-
dients indicated by the TGA results. In addition, both freeze 
drying and spray drying produced almost the same TGA 
curve (Fig. 5), suggesting that spray drying had no notice-
able influence on the gravimetric curve of the dried biomass 
compared to freeze drying. As the temperature remained 
below the wet-bulb temperature of the drying gas until dry-
ing was almost complete [47], the spray drying conditions 
did not affect the quality of proteins, lipids, or carbohydrates, 
confirming previous conclusions.

Thus, spray drying can achieve the rapid drying of micro-
algal biomass and has no effect on the biological compo-
nents except the pigment, and the degradation of pigments 
would be alleviated by increasing the initial solid content of 
the microalgal suspension. Additionally, for biodiesel and 
feed production, higher inlet temperatures and relatively 
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Fig. 5  The TGA of products: freeze-drying (− 50 ℃ for 3  days, A) 
and spray drying (220 ℃ 16%, B)
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higher dry weight concentrations are recommended to obtain 
lipids, carbohydrates, and proteins in higher yields. How-
ever, for pigment production, reducing the inlet temperature 
and increasing the solid content during spray drying will 
yield high-quality pigment products. The concept of micro-
algae biorefineries of multiproduct microalgae systems has 
been proposed recently [7], Studying the influence of spray 
drying on the quality of biomass would be critical to sys-
tematically understand the effects of spray drying conditions 
on the biochemical composition of microalgae biomass, and 
thus contribute to the process development of advanced and 
sustainable microalgae biorefineries.

This study investigated the influence of spray drying 
conditions (inlet temperature and initial solid content) on 
the biochemical composition of Scenedesmus acuminatus 
biomass on an experimental scale, and the results were com-
pared with those of freeze drying. Effects on the extraction 
and biorefinery of active substances, bioactivity analysis for 
subsequent specific products, and a larger scale of valida-
tion are also required. Although spray drying is one of the 
most commonly used drying techniques for many micro-
algae genera, especially for heat-sensitive components and 
has been applied in practical production [48], future studies 
should also consider its economic and sustainability features 
in the entire microalgae production process [49, 50]. It needs 
to be mentioned that the parameters obtained in this study 
may need to be fine-tuned when using industrial-scale spray 
dryer as particle formation, as well as mass and heat trans-
fers inside the dryer are different.

Conclusions and Future Directions

This study investigated the influence of the inlet temperature 
and initial solid content of the spray drying process on the 
moisture content, drying yield, and biochemical composition 
of the products. The results showed that the moisture content 
and drying yield presented obvious differences under various 
spay drying conditions; specifically, the moisture content of 
the dried microalgal powder decreased with increasing inlet 
temperature and initial solid content, while the drying yield 
showed the opposite trend. The lowest moisture content of 
2.37% with a higher drying yield of 84% was achieved at an 
inlet temperature of 220 °C and an initial solid content of 
16%. A comparison of the biochemical composition with 
that obtained by freeze-drying demonstrated that there 
were almost no significant differences in the total lipids, 
carbohydrates, proteins, starch, and fatty acids in spray-
dried microalgal powder. However, the contents of chloro-
phyll a, chlorophyll b, and lutein decreased with increasing 
inlet temperature and increased as the initial solid content 
increased, which indicated that pigments were sensitive to 
the spray drying conditions. Pigment degradation could be 

alleviated by increasing the initial solid content, resulting 
from the protection of cell aggregates. TGA also suggested 
that spray drying did not affect the quality of proteins, lipids, 
and carbohydrates.

These results may help us to understand the response of 
the biochemical composition of microalgal biomass dur-
ing the process of spray drying; and provide a reference for 
the selection of drying methods, utilization of nutritional 
components in S. acuminatus, and selection of biochemi-
cal parameters for spray drying performance evaluation. 
For spray drying applied to microalgae to produce a specific 
product, effects of spray-dried biomass on the extraction and 
biorefinery of active substances, bioactivity analysis for sub-
sequent specific products, and a larger scale of validation are 
also required in future studies. Additionally, the economic 
and sustainability features of spray drying in the entire 
microalgae production process should be also considered.
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