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Abstract: We proposed a simple, energy-efficient and environmental friendly method to extract green crude oil 
from microalgae by using dimethyl ether (DME). In this study, this method was tested on several species of 
natural blue-green microalgae. Consequently, the green crude was successfully directly extracted from high-
moisture microalgae (78.2–93.4 % water content) with an extraction rate ranging from 9.9 to 40.1 % of the dry 
weight of the microalgae. The extraction yield of total green crude on these species by liquefied DME was 
compared to the widely-used Bligh-Dyer’s method. The DME method almost achieved an extraction capacity 
approximately equivalent to the Bligh-Dyer’s method. Furthermore, the dewatering properties of the proposed 
method on several species of wet microalgae, and the extraction efficiency were also investigated.  
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1. Introduction 
Fossil fuel depletion and global warming issues have strongly motivated research on fuel 
production from biomass such as corps, animal fat, and micro algae [1]. Among these options, 
microalgae have attracted significant attention as a new generation biofuel resource [2]. 
Compared with terrestrial plants, microalgae have a high oil content and growth rate; mass 
algal cultivation can be performed on unexploited lands using systems supplied with nutrients, 
thus avoiding competition for limited arable lands [3]. 
 
In general, all type of microalgae biosynthesize oleic compositions. The oleic contents of 
many natural microalgae were approximately 20–50% of dry weight [3, 4]. The overall 
process related to microalgae biofuel include: species selection, microalgae cultivation, 
recovery of biofuel (the so-called green crude), and biofuel refining. Methods of microalgae 
cultivation have been widely studied [5, 6]. Green crude is basically recovered from 
microalgae by solvent extraction.  
 
In the conventional process, the recovery of green crude from microalgae generally requires 
multiple solid-liquid separation steps. These processes involve drying, cell wall disruption, 
and solvent extraction; on a laboratory scale [7]. The extraction of green crude is usually 
performed with toxic organic solvents such as hexane, chloroform, and methanol, meaning 
these processes are highly energy-intensive and environmentally damaging [7]. In the lab-
scale, green crude extraction with hexane normally carried out by soxhlet at 70 °C for 18 
hours [4]. This long time of extraction and heating is drawback in the hexane extraction 
method. The most rapid and effective conventional extraction method for green crude is the 
Bligh-Dyer’s method [8], which uses drying, cell disruption, solvent (chloroform-methanol) 
extraction, and evaporation of the solvent. This method has been indispensable and standard, 
not only for green crude extraction from micro algae but also the quantification of the crude 
oil from biological materials [9–11].  
In the previous study, we proposed a simpler green crude recovery method, which combined 
drying, cell wall disruption, solvent extraction, and solvent evaporation in a single step [12]. 
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By using liquefied dimethyl ether (DME) as an extractant, green crude was extracted directly 
from high-moisture natural microalgae without drying and cell wall disruption. This method 
was conceptualized from our previously established low-energy dewatering [13–16] and 
deoiling method [17–19], based on the following DME characteristics, namely (i) high 
affinity with oil and partial miscibility in water (ii) lower boiling point and stable pressure at 
normal temperature (iii) harmless and naturally decomposable [20, 21]. 
 
In the conventional method, the latent heat, sensible heat of water is lost since water should be 
evaporated in the pretreatment. The calorific value required for heating 1 g of water from 
20°C to 100°C and for evaporating water at 100°C is 2,590 Jg–1. Here, the initial moisture 
content of the micloalgae slurry is assumed to be 90.0% [12]. Therefore, the weight of water 
was 9 times of the dry weight of the micloalgae. Green crude content in micloalgae is also 
assumed to be 20% as we will describe later. In the green crude weight basis, theoretical heat 
loss is 2,590 × 9 / 0.2 = 116,550 Jg–1. Moreover, the calorific value required for heating 1 g of 
chloroform-methanol mixture from 20°C to its boiling point (approximate 63°C) and for 
evaporating extraction solvent at 63°C is around 700 Jg–1. This is assumed from average 
latent heat of chloroform (247 Jg–1) and methanol (1,155 Jg–1). Here, the final green crude oil 
concentration in the chloroform-methanol mixture is 3.3% which estimated from current 
study in the case of green crude content was 20%. Therefore, the weight of chloroform-
methanol mixture was 29.3 times of the green crude weight. Therefore, the theoretical heat 
loss for evaporating the chloroform-methanol mixture is 700×29.3 = 20,510 Jg–1. In addition, 
the energy consumed for cell disruption is unidentified and must be large. Therefore, the total 
required energy is roughly 137,060 Jg–1 and plus the unidentified part for cell disruption.  
 
In contrast, in the proposed method, the energy required to remove 1 g of water is 1,109 J [13, 
16]. As we will discuss later, extraction rate of green crude is faster than that of water. This 
implies that DME amount for extraction of green crude is less than that for removing of water. 
In other words, the required energy for extraction of green crude is less than water. Thus, the 
available calorific value for extraction of green crude oil from microalgae is less than 1,109 
×9 = 9,981 Jg–1. Therefore, the proposed method is more energy efficient than the 
conventional method from the perspective of energy balance.  
 
Considering both the need for sustainable energy and environmental concerns, this method 
was initially tested on a natural blue-green microalga (a species usually causing harmful algal 
blooms in human ecosystems) collected at Hirosawa Mere in Kyoto City, Japan [12]. By 
using dimethyl ether (293 K, 0.51 MPa) as an extractant, the green crude was successfully 
extracted from natural blue-green microalgae (91.0% water content) with a high extraction 
capacity of 40.1% of the dry weight of the microalgae. The extraction yield by liquefied DME 
was 99.7 %. The resulting green crude was further analyzed by GC-MS, and the result 
showed that the lipid substance was predominant chemical composition in the extracted green 
crude. The calorific value of the green crude was 45,790 J g–1. 
 
The practical application of this method will require fundamental research to evaluate its 
effectiveness for different types of algae. In this study, we investigate the extraction yield of 
green crude by liquefied DME on several natural blue-green microalgae and the results were 
compared to the Bligh-Dyer’s method. 
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2. Methodology 
2.1. Materials 
The samples were five selected species of microalgae and two mixed-species of microalgae as 
follows. (i, ii) Oscillatoria agardhii NIES-595 and NIES-1263, collected in Northern Ireland, 
and Germany, respectively. The water contents of both microalgae were 85.0 %. (iii, iv) 
Microcystis aeruginosa ONC and GSK, collected in the main Okinawa island, Japan. The 
water contents were 93.4 and 91.1 %, respectively. (v) Monoraphidium chlorophyta GK 12. 
The water content was 78.2 %. (vi) Mixed-species (mainly Cymbela) collected at Lake 
Kanogawa in Ozu City, Japan. The water content was 93.0 %. (vii) The same sample used in 
the previous study [12]. Mixed-species (mainly Microcystis) collected at Hirosawa Mere in 
Kyoto City, Japan. The water content was 91.0 %.  

 
2.2. Experimental apparatus and methods 
The experimental apparatus was the same as that described in the previous study [12]. Briefly, 
a vessel used for storing liquefied DME (volume: 100 cm3; TVS-1-100, Taiatsu Techno 
Corp., Saitama, Japan), a vessel as an extraction column (diameter, 11.6 mm; length, 190 mm; 
HPG-10-5, Taiatsu Techno Corp.) and a storage vessel for a mixture of DME, water and 
extracted crude oil (HPG-96-3, Taiatsu Techno Corp.) were connected in series. The 
microalgae sample was loaded into the lower half of the extraction column and the upper half 
was loaded with glass beads (of diameter between 0.71 and 0.99 mm; BZ-08, Asone Co., Inc., 
Osaka, Japan). Nitrogen gas (0.51 MPa) was supplied to flow through the extraction system. 
The DME flow rate was 10cm3 min–1, and the temperature was 293 K. The experiments were 
all performed three times independently and the data reported in this paper are the mean 
values with ± deviation. 
 
2.3. Total crude oil content  
The total crude oil content was determined using a widely-used gravimetric analysis based on 
Bligh-Dyer’s method [8]. Briefly, 1g of the dried microalgae was mixed and homogenized 
with chloroform-methanol (1:1 vol/vol). An equivalent volume of distilled water was added to 
the microalgae and chloroform-methanol mixtures. Subsequently, the mixtures were 
transferred into a separatory funnel and agitated for 5 minutes. The mixtures separated into 
double layers of water-methanol and chloroform phases. The green crude dissolved easily in 
the low-polar chloroform phase. The green crude in the chloroform layer was separated from 
the separatory funnel and the separated chloroform was evaporated under reduced pressure.  
 
3. Results and Discussion 
3.1. Extraction of green crude from several microalgae  
The extraction rate and yield of green crude on the blue-green microalgae by liquefied DME 
was examined. We would emphasize that the microalgae had high moisture and unbroken cell 
walls, in the extraction with sufficient liquefied DME. The extraction volumes achieved by 
liquefied DME and the Bligh-Dyer’s method were respectively shown in Fig. 1. White 
expresses the green crude extraction rate by liquefied DME on the dry weight of the 
microalgae. Black expresses the results of the Bligh-Dyer’s method. The superscript "a" 
represents the extraction yield of the DME extraction method relative to the Bligh-Dyer’s 
method. 
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Fig. 1. Green crude extraction rate and yields on several microalgae.  
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Fig. 2. Extraction of green crude from several microalgae by liquefied DME. 
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Both NIES-595 and NIES-1263 belong to Oscillatoria agardhii, but their extraction rates 
differ as 9.9 ± 1% and 14.0 ± 1%, respectively. Conversely, the extraction rates of ONC 11.0 
± 2% and GSK 12.0 ± 1.5 % are similar. The extraction rate of GK12 was 18.5 ± 2%. The 
extraction rate of the mixed-species of microalgae collected at Lake Kanogawa was 22.5 ± 
1 %. The extraction rate of Hirosawa Mere showed the highest extraction rate of 40.1 ± 2 %.  
 
The extraction yield of all species achieved more than 97.0 % of total crude oil as determined 
by the Bligh-Dyer’s method. This implies that the DME extraction method provides 
comparable results to the Bligh-Dyer’s method.  
 
The extraction efficiency of green crude by liquefied DME on these microalgae was shown in 
Fig. 2. For each of the samples, the liquefied DME amount was converted into a ratio of the 
DME amount relative to total green crude, since the total green crude amount differed. In 
general, solvent is reused until the green crude concentration in the solvent increases 
sufficiently, whereupon the usual solvent ratio may apparently be much smaller. On the other 
hand, in this study, the liquefied DME was not reused after extraction, hence the liquefied 
DME ratio must be large. 
 
The DME amounts required to reach equilibrium in the extraction of green crude in increasing 
order were Hirosawa < GK12 < NIES-1263 < Kanogawa < NIES-595 < ONC < GSK. This 
sequence almost corresponds with the total green crude amount.  
 
3.2. Dewatering from several microalgae 
The dewatering by liquefied DME on these microalgae was shown in Fig. 3. Since the water 
content also differed for each of the samples, the liquefied DME was converted into the ratio 
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Fig. 3. Dewatering of several microalgae by liquefied DME. 
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of the DME amount relative to initial water content. By increasing the amount of liquefied 
DME, the water was extracted from the high-moisture microalgae together with green crude. 
Moreover, no obvious difference was observed in the dewatering for all samples. While green 
crude is confined in the microalgae cell wall, most of water exist outside the microalgae cell 
wall. This make a difference between the green crude extraction and the dewatering. 
 
4. Conclusions 
This study confirmed the direct extraction of green crude from several high-moisture natural 
microalgae by using liquefied DME. Moreover, the extracted amount was almost equal to the 
Bligh-Dyer’s method. Here it is notable that conventional methods are unable to directly 
extract green crude from high-moisture microalgae, and the cell disruption must be carried out 
before solvent extraction. The other advantage of this method is the dewatering effect. This 
method has the potential to reuse the removed water as microalgae broth. The materials in the 
removed water will be examined from the perspective of the water shortage crisis. 
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