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Abstract
In situ extraction or “milking” of microalgae is a promising approach to reduce downstream costs in order to produce low-
value substances such as lipids from microalgae in an economical way. Due to its ability to secrete high amounts of long-
chain hydrocarbons to an extracellular matrix, the green microalga Botryococcus braunii is suitable for the process of in situ 
extraction as the cost intensive steps of harvesting, dewatering, and cell disruption could be omitted. Based on a previous 
study investigating various B. braunii strains in terms of growth, lipid accumulation, and solvent compatibility, the B. braunii 
strains Showa and Bot22 (both B race) were identified as potential candidates for the process of in situ extraction. In order to 
prove the suitability of these two strains for the process of in situ extraction, this study first determined the optimal extraction 
time using short-term in situ extraction over 7 days at different starting biomass concentrations of 1.5 and 2.5 g  L−1. Further-
more, both strains were treated applying the optimal extraction time in long-term in situ extractions for 30 days to confirm 
the results from the short-term extractions. The results indicate a strain-dependent optimal extraction time of 300 min  day−1 
for strain Showa and 200 min  day−1 for strain Bot22. During long-term in situ extraction for 30 days, hydrocarbon produc-
tivity was 16.99 mg  L−1  day−1 (10.53 mg  gDW

−1  day−1) for strain Showa and 14.53 mg  L−1  day−1 (10.48 mg  gDW
−1  day−1) 

for strain Bot22. Furthermore, a direct correlation between hydrocarbon productivity achieved by in situ extraction and the 
hydrocarbon concentration in the biomass of the respective strain could be established. It could be shown that the considera-
tion of the effective extraction time and the phase boundary area is required to calculate an extraction system independent 
value for the comparison of different extraction setups.
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Introduction

The in situ extraction or “milking” of microalgae offers 
a promising approach to reduce the downstream costs of 
producing low-value products such as lipids from microal-
gae (Hejazi and Wijffels 2004; Borowitzka and Moheimani 
2013; Griehl et al. 2015; Chaudry et al. 2018; Jackson et al. 
2020; Kleinert and Griehl 2021). In the in situ extraction 
process, the microalgae culture suspension is extracted 
directly during the cultivation, eliminating the cost and 
energy intensive steps of harvesting, dewatering, and cell 

disruption, which account for 50 to 80% of the total costs 
of the classical process chain (Acién et al. 2012; Khoo 
et al. 2020). Ideally, the culture suspension remains alive 
(non-destructive), can produce new product, and could be 
extracted multiple times like the daily “milking of a cow” 
(Moheimani et al. 2014; Griehl et al. 2015; Bhadana and 
Tyagi 2019; Jackson et al. 2019). Therefore, microalgal 
cells must synthesize substances that are actively secreted 
to the surrounding medium or an extracellular matrix around 
the cells. During in situ extraction, these extracellular sub-
stances were extracted from the culture by passing the cul-
ture suspension through a solvent or vice versa (Hejazi and 
Wijffels 2004; Griehl et al. 2015; Jackson et al. 2017).

A suitable microalga for the process of in situ extraction 
is Botryococcus braunii. This colony-forming green alga 
produces high amounts of long-chain hydrocarbons that are 
secreted into an extracellular matrix around the cells up to 
a concentration of 86% of the total dry weight (Borowitzka 
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2018). Among the described B. braunii races A, B, L, and S 
(Kawachi et al. 2012), which differ in the chemical structure 
of extracellular hydrocarbons, the species of the B race that 
produce botryococcenes and methylsqualenes are of par-
ticular interest for biofuel production (Borowitzka 2018). 
Besides the active secretion of long-chain hydrocarbons, 
another advantage of B. braunii is the growth-associated 
production of these hydrocarbons (Kojima and Zhang 1999; 
Baba et al. 2012; Melis 2013) which is caused by the spe-
cific carbon partitioning during photosynthesis. In contrast 
to other plants, B. braunii utilizes 45% of the assimilated 
 CO2 during photosynthesis for the synthesis of hydrocarbons 
and 45% for biomass production resulting in a high lipid 
content and a low growth rate (Melis 2013), making this 
alga unsuitable for classical treatment (Griehl et al. 2015; 
Jackson et al. 2017).

Due to these strain-specific properties, most research 
focusing on non-destructive in  situ extraction during 
cultivation is conducted using B. braunii and only a few 
other microalgae have been investigated with regard to 
in situ extraction (Kleinert and Griehl 2021). Currently, 
two process methods are used for the in situ extraction of B. 
braunii. Firstly, systems based on the principle of a mixer-
settler, in which the culture suspension is mixed with the 
solvent by stirring in the same system (Choi et al. 2013; 
Moheimani et al. 2013, 2014; Jackson et al. 2019), and 
secondly, column extractors, in which the culture suspension 
flows through an extraction column filled with solvent (An 
et al. 2004; Zhang et al. 2013; Griehl et al. 2015; Mehta 
et al. 2019), have been used. As both principles generally 
belong to the category of liquid-liquid extractions, the phase 
transition of the long-chain hydrocarbons from the culture 
suspension to the solvent is influenced by the dispersion of 
the culture suspension in the solvent using either a stirrer 
(mixer-settler) or a nozzle (column extractor). The aim of 
dispersion is thus to generate the highest possible phase 
interface and the longest possible effective extraction 
time (Räbiger et al. 2010; Schlüter 2018). For the in situ 
extraction of long-chain hydrocarbons from B. braunii, 
solvents such as n-hexane, n-heptane, or n-dodecane with 
a non-polar character are required (Moheimani et al. 2014; 
Griehl et al. 2015; Jackson et al. 2017). Since these solvents 
exert a negative influence on the vitality of the B. braunii 
cells and the cells are to be kept alive for repeated extraction, 
a compromise between the extraction efficiency of the 
hydrocarbons and cell vitality must be found for the in situ 
extraction of this alga (Moheimani et al. 2014).

Currently, only a handful of strains among the B. braunii 
have been investigated for repeated non-destructive in situ 
extraction with variations in setups for the extraction 
process, solvents, extraction times, and extraction cycles 
(Kleinert and Griehl 2021). These variations in experimental 
setups and methods make it difficult to compare the 

respective studies and prevent the derivation of characteristic 
strain-specific parameters such as optimal extraction time 
for establishing an in situ extraction process. In this study, 
the two B. braunii strains Showa and Bot22 (B race) were 
to be evaluated for the in situ extraction process developed 
at Anhalt University of Applied Sciences (Griehl et  al. 
2015). Therefore, these two strains, identified as potential 
candidates for the in situ extraction procedure in a previous 
study (Kleinert and Griehl 2021), were characterized 
in terms of optimal extraction time for short-term in situ 
extractions by gradually increasing the daily extraction time 
while treating with the solvent n-hexane. By calculating the 
culture system independent extraction coefficient (AtEXT,eff), 
which is the product of effective extraction time and phase 
boundary area, the determined strain-specific optimal 
extraction time was applied to in  situ extractions over 
30 days to evaluate the long-term effect of the optimized 
extraction time. The aim of this study was to demonstrate 
the applicability of the in situ extraction process for the 
strains Showa and Bot22 previously identified as potential 
candidates. With regard to an easy transfer and scale-up of 
the in situ extraction process to other or larger cultivation 
and extraction systems, the calculation of the extraction 
coefficient (AtEXT,eff) is suitable as a key parameter.

Materials and methods

Microorganisms and growth conditions

The two Botryococcus braunii strains Showa and Bot22 were 
obtained from Shigeru Okada of the Faculty and Graduate 
School of Agriculture and Life Science of the University of 
Tokyo and Makoto M. Watanabe of the Algae Biomass and 
Energy System R&D Center of the University of Tsukuba, 
respectively. Both strains were maintained in BG11 medium 
(Rippka et al. 1979) in 1.5-L bubble columns with continu-
ous light at 100 µmol photons  m−2  s−1 (LED Panel, 80 W, 
6500 K, daylight), at a temperature of 26 °C and a gas flow 
rate of 1 vvm enriched with 1%  CO2 v/v before being used 
for in situ extraction.

Biomass determination

Biomass was determined gravimetrically in triplicate and 
described in terms of dry weight per culture volume (g  L−1). 
Biomass was measured by filtering the algal suspension 
through pre-weighed 24-mm glass fiber filters (VWR 693). 
Filters containing biomass were rinsed three times with 
ultrapure water to remove residual salts of the culture 
medium. Washed filters were dried at 104 °C for 12 h and 
stored in a desiccator for 30 min before being weighed.
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Extracellular hydrocarbon determination

Extracellular hydrocarbon content (amount of hydrocar-
bons kept in the colonies after filtration) was measured 
gravimetrically according to the method described in a 
previous study (Kleinert and Griehl 2021). The dried 
24-mm glass fiber filters (VWR 693) were transferred to 
40-mL glass vials, 3 mL n-hexane was added to the filter, 
and the glass vials were closed with a screw cap. After 
24 h at room temperature, the solvent was transferred 
to pre-weighed 20-mL glass vials by filtration through 
0.2-µm PTFE filters (Restek 13 mm syringe filter). The 
filter-containing 40-mL glass vials were rinsed twice 
more with 3 mL n-hexane. Supernatants were pooled and 
evaporated to dryness using a vacuum evaporator (Het-
tich Combi Dancer) at 39 °C and 300 rpm. The glass vials 
were weighed again to obtain the extracellular amount of 
hydrocarbon kept in the colonies after filtration.

Calculation of the extraction coefficient

The extraction coefficient AtEXT,eff (Eq. 1) was calculated 
as the product of the generated boundary area between 
culture suspension and solvent phase per liter culture 
volume AEXT,eff (Eq. 2) and the effective extraction time 
tEXT,eff (Eq. 3), i.e., the time each culture suspension drop-
let (droplet of culture suspension which contains several 
colonies of B. braunii and subsequently mentioned as 
particle) remains in contact with solvent. These equations 
are composed of the total extracted culture suspension 
volume ( VEXT ), the reactor volume ( VR ), and the culture 
suspension particle–related values of the particle retention 
time in the solvent phase ( tR,dP ), particle surface area ( AP ), 
particle volume ( VP ), and relative sinking velocity of the 
particle ( wr).

For the calculation of the culture particle–related val-
ues, the particle diameter ( dP ) is required. Considering a 
periodic formation of the primary particles at the outlet 
of the disperser, dP was calculated by iteratively solving 
Eq. 4 (Räbiger et al. 2010), where Fη is the viscous force 
(Eq. 5), FT is the inertial force (Eq. 6), Fσ is the surface 
tension force (Eq. 7), Δ� is the density difference between 

(1)AtEXT,eff = AEXT,efftEXT,eff

(2)AEXT,eff =
VEXTAP

VP

(3)tEXT,eff =
VEXT

VR

tR,dP

culture suspension and solvent, g is the gravitational force 
(g = 9.81 m  s−1), �K is the viscosity of the continuous 
(solvent) phase, VD is the flow rate of the dispersed (cul-
ture suspension) phase, �K is the density of the continuous 
(solvent) phase, dN is the diameter of the disperser outlet, 
and � is the surface tension of the culture suspension dis-
persed in the solvent.

With the iterative determined dP , the particle surface area 
( AP ) and the particle volume ( VP ) were calculated with Eq. 8 
and Eq. 9, respectively.

The relative sinking velocity of the culture suspension par-
ticle in the solvent ( wr ) was calculated with Eq. 10. There-
fore, the culture suspension particle–related Reynolds number 
( ReP ), the viscosity ( �K ), and the density ( �K ) of the continu-
ous (solvent) phase as well as the culture suspension particle 
diameter ( dP ) are required (Räbiger et al. 2010)

For the calculation of ReP , the Archimedes number Ar 
(Eq. 11) and the liquid key number KF,Δρ (Eq. 12) are required. 
From this, ReP was calculated as a function of droplet diameter 
using one of Eq. 13 (symmetrical, non-oscillating droplets), 
Eq. 14 (internally circulating droplets), or Eq. 15 (deformable 
droplets) (Räbiger et al. 2010).

(4)dP =
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Fη + FT + Fσ

Δ� ∗ g

)
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�

]
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With the relative sinking velocity wr , the retention time 
of the generated particles in the solvent ( tR,dP ) was calculated 
using Eq. 16, where hS is the height of the solvent in the extrac-
tion column.

The total volume of extracted culture suspension ( VEXT ) 
was calculated using Eq. 17, where tEXT is the daily applied 
extraction time.

The values used for the calculation of AtEXT,eff , AEXT,eff , 
and tEXT,eff for extraction time tEXT , which apply to both B. 

(13)ReP =
1

18
Ar for Ar ≤ 1.83K

0,275

F,Δρ

(14)ReP = K
0.15

F,Δρ

(

Ar
0.523

K
−0.1435
F,Δρ

− 0.75

)

for 1.83 K0.275

F,Δρ
≤ Ar ≤ 372.9 K0.275

F,Δρ

(15)
ReP = K0.15

F,Δρ

(

4.18 Ar0.281K−0.0773
F,Δρ

− 0.75
)

for Ar ≥ 372.9 K0.275
F,Δρ

(16)tR,dP =
wr

hS

(17)VEXT = V̇DtEXT

braunii strains examined in this study, are shown in Table 1. 
For a better understanding of the calculation, an example is 
given in the supplementary material (ESM 1).

Experimental design

To determine the strain-dependent optimal extraction time 
of the B. braunii strains Showa and Bot22, short-term 
in situ extractions were carried out in extraction systems 
consisting of a 3-L bubble column cultivation system with 
an extraction column attached (Fig. 1) (Griehl et al. 2015). 
Experiments were conducted over 7 days with daily extrac-
tion times of 50, 100, 150, 200, 250, 300, and 350 min for 
each strain using the solvent n-hexane. The biomass con-
centration in the culture suspension was adjusted to 1.5 or 
2.5 g  L−1 before the start of the short-term experiment. The 
culture suspension was illuminated with continuous light 
at 100 µmol photons  m−2  s−1 (LED Panel, 80 W, 6500 K, 
daylight), maintained at a temperature of 26 °C, and a gas 
flow rate of 1 vvm enriched with 1%  CO2 v/v was applied. 
Culture biomass concentration, nutrient concentration, and 
extracted hydrocarbons were analyzed daily. Nutrients in 
terms of nitrogen and phosphorus were supplemented daily 

Table 1  Parameters for the 
calculation of the extraction 
coefficient AtEXT,eff based on the 
extraction time investigated

tEXT [min] 50 100 150 200 250 300 350

�K(n-hexane) [Pas] 0.00032
V̇D(culture) [L min−1/m3 

s-1]
0.11811/1.9685E−6

�K(n-hexane) [kg m-3] 660
dN(disperser diameter) [m] 0.005
�D(culture) [kg m-3] 997
Δρ(culture/n-hexane) [kg m-3] 337
�(culture/n-hexane) [N m-1] 0.05038
dP(iterative calculated) [mm] 7.879
VR(reactor volume) [L] 3
hS(solvent height) [m] 0.2
tEXT ,eff [s] 2.15 4.30 6.45 8.61 10.76 12.91 15.06
AEXT ,eff [m2 L−1

Susp
] 5.996 11.992 17.989 23.985 29.981 35.977 41.973

AtEXT ,eff [m2s L−1
Susp

] 12.90 51.61 116.12 206.44 322.56 464.49 631.22

Fig. 1  Schematic illustration 
of the in situ extraction process 
based on Griehl et al. (2015) 
(left) and photograph of the 
in situ extraction apparatuses at 
Anhalt University of Applied 
Sciences (right)
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according to the initial BG11-media (Rippka et al. 1979) 
concentration before starting the in situ extraction. Each 
experiment was performed with three biological replicates.

To evaluate the determined optimal extraction time, 
long-term in situ extractions with the two B. braunii strains 
Showa and Bot22 were carried out over 30 days with daily 
extraction under the optimal extraction time with the same 
extraction setup as described in the short-term experiments. 
External hydrocarbon concentration in the biomass was 
determined daily to investigate extraction-related effects on 
culture behavior. Each experiment was carried out with three 
biological replicates.

Statistical analysis

Statistical analyses were performed using OriginPro 2021 
with one-way ANOVA to determine differences between 
strains (p < 0.05). For pairwise comparison of strains, the 
Holm-Sidak method was applied with p < 0.05. Results were 
expressed as mean ± standard deviation.

Results

Optimization of extraction time in short‑term in situ 
extraction

The results of the short-term in situ extractions to investigate 
the optimal extraction time for the B. braunii strains Showa 
and Bot22 (Fig. 2) are displayed in Figs. 3 and 4, and sum-
marized in terms of average biomass productivity, as well 
as daily volumetric and biomass-associated hydrocarbon 
productivity in Table 2. Under increasing extraction time 
with increasing increments of 50 min  day−1 in the range 
of 50 to 350 min  day−1, an increase in biomass concentra-
tion was observed for strain Showa during the 7 days of 
the in situ extraction experiment up to an extraction time 
of 250 min  day−1, while biomass growth was observed for 

strain Bot22 until an extraction time of 150 min  day−1 was 
reached (Fig. 3). At a daily extraction time of 300 min for 
strain Showa and 200 min for strain Bot22, a stagnation of 
the biomass concentration with minor fluctuations around 
the respective starting point of biomass concentration in the 
culture suspension was observed. With a further increase of 
the extraction time to 350 min  day−1 for strain Showa and to 
250 min  day−1 for strain Bot22, a decrease of the biomass 
concentration in the culture suspension could be seen. When 
investigating the effect of the starting biomass concentration 
of the culture suspension, an identical trend was observed for 
the development of the biomass concentration of the culture 
suspension when varying the starting biomass concentra-
tion from 1.5 to 2.5 g  L−1. For both strains and both start-
ing biomass concentrations, the increase in culture density 
decreased with increasing daily extraction time.

Comparing the average biomass productivity of strain 
Showa during the short-term in situ extraction experiments 
for both starting biomass concentrations, a positive bio-
mass productivity was measured up to an extraction time 
of 200 min   day−1. In the range of 50 to 150 min  day−1, 
no significant differences in biomass productivity were 
detected (ANOVA, F35,41 = 155.01, p < 0.05/Holm-Sidak, 
t ≤ −1.89, p > 0.05). For the extraction times of 250 and 
300  min   day−1, an average biomass productivity rang-
ing from −0.002 ± 0.006 to 0.023 ± 0.008 g   L−1   day−1 
(cDW,Start  =  1.5  g   L−1) and −0.011  ±  0.021 to 
0.042  ±  0.021  g   L−1   day−1 (cDW,Start  =  2.5  g   L−1) was 
observed. No significant differences were observed 
between the two extraction times (250 and 300 min  day−1) 
(ANOVA, F35,41 = 155.01, p < 0.05/Holm-Sidak, t = −2.45, 
p > 0.05). Increasing the extraction time to 350 min  day−1 
resulted in a negative average biomass productivity of 
−0.106 ± 0.022 g   L−1   day−1 (cDW,Start = 1.5 g   L−1) and 
−0.110 ± 0.026 g  L−1  day−1 (cDW,Start = 2.5 g  L−1) for both 
starting biomass concentrations. Positive average biomass 
productivity was measured for strain Bot22 at extraction 
times of 50, 100, and 150 min  day−1 for both starting biomass 

Fig. 2  Microscopic images of 
the two examined B. braunii 
strains Showa (left) and Bot22 
(right)
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concentrations. Comparable to strain Showa, no significant 
differences were observed between the determined biomass 
productivity and the respective extraction times of 50, 100, 
and 150 min   day−1 (ANOVA, F25,29 = 56.43, p < 0.05/
Holm-Sidak, t ≥ −1.82, p > 0.05). An average biomass 
productivity around zero with 0.007 ± 0.009 g  L−1  day−1 
(cDW,Start = 1.5 g   L−1) and −0.008 ± 0.027 g   L−1   day−1 
(cDW,Start = 2.5 g  L−1) was measured for strain Bot22 at an 
extraction time of 200 min  day−1. Further increase in extrac-
tion time resulted in a significant negative average biomass 
productivity (ANOVA, F25,29 = 56.43, p < 0.05/Holm-Sidak, 
t ≥ −6.05, p < 0.05). The optimal extraction time, at which 
the average biomass productivity approached zero, varied 
between the strains investigated. While an extraction time 
of 300 min  day−1 was determined for the strain Showa, an 
extraction time of 200 min  day−1 is optimal for strain Bot22.

Considering the hydrocarbon productivity during 
the short-term in situ extraction experiments in correla-
tion with the respective extraction time, an increase in 
hydrocarbon productivity with increasing extraction 
time was observed for both strains and starting bio-
mass concentrations. At the strain-dependent optimum 
extraction time of 300 min  day−1 for strain Showa and 
at 200 min  day−1 for strain Bot22, an average volumet-
ric hydrocarbon productivity of 16.185  ±  1.202 and 
16.750 ± 2.318 mg  L−1  day−1, respectively, was measured 
in the experiments with a starting biomass concentration 

of 1.5 g  L−1. For the starting biomass concentration of 
2.5 g   L−1, there was a significantly higher volumetric 
hydrocarbon productivity of 26.102 ± 2.675 mg  L−1  day−1 
for strain Showa (ANOVA, F12,13 = 68.59, p < 0.05) and of 
25.701 ± 1.378 mg  L−1  day−1 for strain Bot22 (ANOVA, 
F12,13 = 162.44, p < 0.05) compared to the values measured 
at a starting biomass concentration of 1.5 g  L−1. Based on 
the biomass in the cultivation system at the strain-depend-
ent optimal extraction time, a biomass-associated hydro-
carbon productivity of 10.632 ± 0.759  mgDW

−1  day−1 at 
cDW,Start = 1.5 g  L−1 and 10.655 ± 1.171  mgDW

−1  day−1 
at cDW,Start = 2.5 g   L−1 was achieved for strain Showa. 
For strain Bot22 and the optimum extraction time 
of 200  min   day−1, biomass-associated hydrocarbon 
productivities of 10.479  ±  1.294   mgDW

−1   day−1 at 
cDW,Start = 1.5 g  L−1 and 10.813 ± 0.579  mgDW

−1  day−1 at 
cDW,Start = 2.5 g  L−1 were obtained. No significant differ-
ences were measured in hydrocarbon productivity between 
both strains and both starting biomass concentrations when 
the strain-dependent optimal extraction time was applied 
(ANOVA, F24,27 = 0.0055, p = 0.941).

Long‑term in situ extraction under optimal 
extraction time

The results for the long-term in situ extraction of the two 
B. braunii strains Showa and Bot22 over 30 days under the 
respective strain-dependent optimal extraction time of 300 

Fig. 3  Growth curves of the two 
investigated B. braunii strains 
Showa (left) and Bot22 (right) 
during a 7-day short-term in situ 
extraction with daily extraction 
times of 50, 100, 150, 200, 250, 
300, and 350 min at a starting 
biomass concentration of 1.5 
g  L−1 (top) and 2.5 g  L−1 (bot-
tom). Values represent mean ± 
SD (n = 3)
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and 200 min  day−1 are displayed in Fig. 5 and summarized 
in Table 3. Figure 5A refers to the biomass concentration 
in the culture system over the experimental duration of 30 
days, which fluctuated around the starting biomass concen-
tration of 1.5 g  L−1 (Showa: average biomass concentra-
tion 1.619 ± 0.238 g  L−1, maximum 1.968 ± 0.019 g  L−1, 
minimum 1.164  ±  0.027  g   L−1; Bot22: average bio-
mass concentration 1.538  ±  0.135  g   L−1, maximum 
1.793 ± 0.005 g   L−1, minimum 1.355 ± 0.025 g   L−1). 
No significant difference was found in the average bio-
mass concentration (ANOVA, F58,59 = 2.516, p = 0.118). 
Comparing the average biomass productivity (Fig. 5B) 
as 0.005  ±  0.103  g   L−1   day−1 for strain Showa and 
0.001 ± 0.094 g  L−1  day−1 for strain Bot22, which was 
around zero for both strains, no significant differences 
were found between the strains (ANOVA, F58,59 = 0.054, 
p = 0.817). The maximum and minimum daily biomass 
productivity for strain Showa was 0.187  ±  0.006 and 
−0.185 ± 0.009 g   L−1   day−1, respectively, in the same 

range as that of strain Bot22 with 0.182  ±  0.004 and 
−0.182 ± 0.009 g  L−1  day−1, respectively.

Looking at the concentration of extracellular hydro-
carbons in the biomass (Fig.  5C), strong fluctuations 
were measured during the extraction period of 30 days. 
The average concentration of extracellular hydrocar-
bons in the biomass of strain Showa with 0.538 ± 0.098 
g  gDW

−1 was significantly higher than that of strain Bot22 
with 0.417 ± 0.141 g  gDW

−1 (ANOVA, F58,59 = 14.626, 
p < 0.05). While the maximum concentration of extra-
cellular hydrocarbons was in the same range with 
0.708 ± 0.041 g  gDW

−1 (Showa) and 0.667 ± 0.024 g  gDW
−1 

(Bot22) (deviation of 6%), the difference in the mini-
mum detected hydrocarbon concentration was rela-
tively high with 0.322  ±  0.040  g   gDW

−1 (Showa) and 
0.183 ± 0.060 g  gDW

−1 (Bot22) (deviation of 43%).
A significant difference was observed between the 

two B. braunii strains Showa and Bot22 (Fig.  5D  and 
Table 3) in terms of volumetric (ANOVA, F58,59 = 7.148, 

Fig. 4  Average biomass 
productivity (top), volumet-
ric productivity of extracted 
hydrocarbons (middle), and 
biomass-associated productiv-
ity of extracted hydrocarbons 
(bottom) of the two examined 
B. braunii strains Showa and 
Bot22 during a 7-day short-term 
in situ extraction with daily 
extraction times of 50, 100, 150, 
200, 250, 300, and 350 min at a 
starting biomass concentration 
of 1.5 g  L−1 (left) and 2.5 g  L−1 
(right). Values represent mean 
± SD (n = 3)
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p =0.010) and biomass-associated productivity (ANOVA, 
F58,59  =  7.131, p  =  0.010) of the extracted hydrocar-
bons during long-term in  situ extraction. The average 
volumetric hydrocarbon productivity of strain Showa 
(16.989 ± 3.241 mg  L−1  day−1) was 17% higher than that 
of strain Bot22 (14.526 ± 3.866 mg  L−1  day−1). This higher 
volumetric hydrocarbon productivity of strain Showa was 
also reflected in the biomass-associated hydrocarbon pro-
ductivity, which was also 13% higher than that of strain 
Bot22 over the 30 days of in  situ extraction. The total 
extracted hydrocarbon yield over 30 days of extraction was 
509.66 ± 95.61 mg  L−1 for strain Showa, a 17% higher value 
than for strain Bot22. On average, approximately 1% of the 
culture system biomass was extracted as hydrocarbons for 
both strains. Comparing the yield of extracted hydrocarbons 
associated with total biomass, 10% more hydrocarbons were 
extracted using strain Showa (31.48 ± 5.90%DW) than strain 
Bot22 (28.33 ± 7.41%DW).

If the daily volumetric- and biomass-associated hydro-
carbon productivity is put in relation to the respective con-
centration of extracellular hydrocarbons in the biomass 
(Fig. 6), a direct correlation was found for both strains. With 

increasing concentration of extracellular hydrocarbons in the 
biomass, the productivity of extracted hydrocarbons also 
increases during the process of in situ extraction.

Discussion

In addition to biological impact factors such as growth, 
hydrocarbon concentration, and solvent compatibility 
(Jackson et al. 2017, 2020; Kleinert and Griehl 2021), the 
process of in situ extraction or “milking” of B. braunii is 
mainly influenced by the effective extraction time, i.e., the 
time each culture suspension particle remains in contact 
with the solvent, and the phase boundary, the area between 
solvent and culture suspension created for the transfer of 
extracellular hydrocarbons (Räbiger et al. 2010). In the 
in situ extraction process used for this study by Griehl et al. 
(2015), the culture suspension is dispersed in the solvent-
containing extraction column by a nozzle. Depending on the 
applied volume flow, the solvent properties, and the diameter 
of the nozzle, a temporally determined amount of culture 
suspension particles (drops of culture suspension containing 

Table 2  Comparison of average biomass productivity, volumetric 
productivity of extracted hydrocarbons, and biomass-associated pro-
ductivity of extracted hydrocarbon during short-term in  situ extrac-

tion over 7 days of the B. braunii strains Showa and Bot22 at starting 
biomass concentrations of 1.5 g  L−1 and 2.5 g  L−1. Values represent 
mean ± SD (n = 3)

Strain tEXT [min]
AtEXT ,eff  
[m2s L−1]

cDW,Start = 1.5 g L−1 cDW,Start = 2.5 g L−1

PDW PHC,EXT PHC,EXT PDW PHC,EXT PHC,EXT

[g L−1day−1] [mg L−1day−1] [mg g −1
DW

day−1] [g L−1day−1] [mg L−1day−1] [mg g −1
DW

day−1]

Showa 50
14

0.149
± 0.009

1.422
± 0.531

0.690
± 0.252

0.167
± 0.010

2.275
± 0.344

0.752
± 0.151

100
55

0.130
±0.019

1.537
± 0.156

0.797
± 0.171

0.154
± 0.012

2.485
± 0.462

0.842
± 0.172

150
123

0.113
±0.012

2.614
± 0.566

1.408
± 0.220

0.123
± 0.007

4.305
± 0.576

1.473
± 0.257

200
218

0.025
±0.012

4.020
± 0.654

2.389
± 0.403

0.071
± 0.004

5.536
± 0.750

2.021
± 0.267

250
341

0.023
±0.009

11.232
± 1.105

6.922
± 0.627

0.043
± 0.012

18.881
± 1.765

6.969
± 0.565

300
491

−0.005
±0.004

16.185
± 1.202

10.632
± 0.759

−0.011
± 0.007

26.102
± 2.675

10.655
± 1.171

350
669

−0.106
±0.013

25.090
± 1.200

19.723
± 2.909

−0.109
± 0.017

53.171
± 2.955

24.397
± 2.131

Bot22 50
14

0.097
±0.016

4.702
± 0.534

2.438
± 0.444

0.129
± 0.011

6.917
± 0.756

2.448
± 0.268

100
55

0.064
±0.016

7.582
± 1.478

4.221
± 0.843

0.095
± 0.006

13.055
± 2.745

4.723
± 1.125

150
123

0.054
±0.014

11.426
± 1.969

6.918
± 0.972

0.065
± 0.009

18.912
± 3.310

6.943
± 1.073

200
218

0.008
±0.005

16.750
± 2.318

10.479
± 1.294

−0.008
± 0.005

25.701
± 1.378

10.813
± 0.579

250
341

−0.096
±0.014

29.114
± 4.500

19.952
± 1.277

−0.070
± 0.014

53.246
± 8.930

22.176
± 2.777
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several colonies of B. braunii) with a characteristic diameter 
was generated either by periodic particle formation or 
by jet disintegration in the solvent (Räbiger et al. 2010). 
Depending on the particle properties, the solvent height, and 
the total volume of extracted culture suspension, the culture 
suspension droplets pass through the solvent in a certain time 
(effective extraction time). Based on the particle dimensions 
and the solvent properties, a specific particle surface area is 
generated during the extraction time (effective extraction 
surface area). In addition to the extraction parameters 
described above, the extraction efficiency is also influenced 
by the physiological condition of the culture suspension. 
Since a negative influence on the physiological conditions 
of the culture suspension occurs with increasing contact 
time between the solvent and the culture suspension, a 
compromise between extraction efficiency and culture 
vitality must be found in order to continue the in  situ 

Fig. 5  Growth curve (A), daily 
biomass productivity (B), daily 
concentration of extracellular 
hydrocarbons in the biomass 
(C), and biomass-associated 
productivity of extracted 
hydrocarbons (D) of the two 
B. braunii strains Showa and 
Bot22 during a 30-day long-
term in situ extraction applying 
the strain-dependent optimal 
extraction time. Values repre-
sent mean ± SD (n = 3)

Table 3  Comparison of the extraction parameters determined for the 
two B. braunii strains Showa and Bot22 during 30-day long-term 
in  situ extractions applying the strain-dependent optimal extraction 
time. Values represent mean ± SD (n = 3)

Showa Bot22

cDW,Start [g L−1] 1.482 ± 0.012 1.547 ± 0.005
∅DW [g L−1] 1.619 ± 0.238 1.538 ± 0.135
PDW [g L−1day−1] 0.005 ± 0.103 0.001 ± 0.094
∅HC [gEHC g−1

DW
] 0.538 ± 0.098 0.417 ± 0.139

PHC,EXT [mgHC L−1day−1] 16.989 ± 3.241 14.526 ± 3.866
PHC,EXT [mgHC g−1

DW
day−1] 10.534 ± 1.544 9.338 ± 1.852

YHC,EXT [mgHC L−1] 509.66 ± 95.61 435.31 ± 114.03
YHC,EXT [%

∅DW
] 31.48 ± 5.90 28.33 ± 7.41
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extraction process as long as possible (Griehl et al. 2015). 
Indeed, as described in our previous study (Kleinert and 
Griehl 2021), only a few B. braunii strains have been 
investigated for the process of in  situ extraction with 
different procedural designs of the extraction process (Griehl 
et al. 2015; Jackson et al. 2017, 2020; Mehta et al. 2019). 
Accordingly, it was not possible to derive optimal extraction 
parameters for the in situ extraction of the two B. braunii 
strains Showa and Bot22 from the literature. In the absence 
of information on optimal extraction parameters, a consistent 
cross-strain design of the in situ extraction process was 
established in this study to determine the optimal strain-
dependent extraction time of the two promising B. braunii 
strains Showa and Bot22. While gradually increasing the 
extraction time, the optimal effective extraction time and 
phase boundary for the respective strain were determined 
based on the growth of the treated culture suspension. 
In our opinion, the point of optimal extraction time is 
reached when the biomass concentration in the culture 
system remains constant, where the growth of the culture 

just compensates the negative impact of the solvent (daily 
biomass productivity is nearly zero). Therefore, the daily 
increase or decrease in biomass (biomass productivity) was 
applied as an indicator for cell viability during this study. 
However, methods such as the biomass productivity (An 
et al. 2004) or the oxygen production (Frenz et al. 1989) as 
an indicator for cell vitality are only reflecting the whole 
culture. A more detailed method for determining the cell 
vitality which would include the single cells is seen in 
measuring the quantum yield of photosystem II with PAM-
fluorometry (Jackson et al. 2017) before and after solvent 
exposure. With view of a potential scale-up, where analytics 
has to be kept as simple as possible and for keeping the 
experiments during this study manageable, measurement of 
PAM-fluorometry was not considered for this study.

During the 7-day short-term experiments, an optimal 
extraction time at which the growth of the culture suspen-
sion just compensates for the negative influence of the sol-
vent was found to be 300 min  day−1 for strain Showa and 
200 min  day−1 for strain Bot22 for the two starting biomass 

Fig. 6  Correlation of biomass-
associated (top) and volumet-
ric (bottom) productivity of 
extracted hydrocarbons with the 
concentration of extracellular 
hydrocarbons in the biomass of 
the two B. braunii strains Showa 
and Bot22 during a 30-day 
long-term in situ extraction 
applying the strain-dependent 
optimal extraction time. Values 
represent mean ± SD (n = 3)
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concentrations of 1.5 and 2.5 g  L−1. These extraction times 
correspond to an extraction coefficient of 464  m2 s  LSusp

−1 
at an effective extraction time of 12.91 s  day−1 for strain 
Showa and 206  m2 s  LSusp

−1 at an effective extraction time 
of 8.61 s  day−1 for strain Bot22. In this study, a negative 
effect on cell viability was observed at extraction times 
> 8.607  s   day−1 by strain Bot22, whereas Mehta et  al. 
(2019) measured no negative effect on cell viability at effec-
tive extraction times of 84 and 276 s  day−1 for the same 
strain. This serious difference in the effective extraction 
time when using the same strain could be explained on the 
one hand by the solvent used and on the other hand by the 
phase boundary area generated. The biocompatibility of the 
solvent increases with higher logPOct values (Frenz et al. 
1989). Mehta et al. (2019) were using n-dodecane with a 
logPOct value of 6.1 for their extraction experiments, while 
n-hexane with a logPOct value of 4.0 was used in this study. 
Generally, solvents with a longer chain length such as n-hep-
tane, n-octane, or n-dodecane with increased logPOct values 
seem to be more biocompatible to B. braunii (Jackson et al. 
2017; Kleinert and Griehl 2021). Besides biocompatibility 
of the solvent, which has to be recovered after extraction, 
the boiling point of the solvent is influencing the econom-
ics of the in situ extraction process. Therefore, the solvent 
n-hexane is seen as the favored solvent with the best com-
promise between solvent recovery, extraction efficiency, and 
biocompatibility (Jackson et al. 2017). Taking into account 
the phase boundary area created by the in situ extraction 
of Mehta et al. (2019) puts the higher effective extraction 
time into perspective. Mehta et al. (2019) created a phase 
boundary of 0.0204  m2 with an effective extraction time of 
276 s  day−1, whereas in this study a phase boundary area of 
23.99  m2 was generated with an effective extraction time 
of 8.61 s   day−1. When calculating the extraction coeffi-
cient (AtEXT,eff) from these values, the value of Mehta et al. 
(2019) of 5.63  m2 s  LSusp

−1 was noticeably lower compared 
to 206  m2 s  LSusp

−1 in this study. Thus, the calculation of the 
extraction coefficient established in this study explains the 
better biocompatibility measured by Mehta et al. (2019). The 
results indicate that the simultaneous consideration of both 
factors (effective extraction time and phase boundary area) 
is important for the performance of the in situ extraction 
process. Nevertheless, the extraction coefficient determined 
during this study as optimal for the respective strain was cal-
culated based on static literature values such as the density, 
viscosity, or surface tension for the culture suspension and 
solvent (Table 1). On the one hand, this value’s underlying 
changes of physical nature and were influenced by tempera-
ture, which tried to be kept constant as possible during the 
experiments. On the other hand, these values might be influ-
enced by the culture such as a changing viscosity based on 
secreted extracellular polysaccharides reported for B. braunii 
(Díaz Bayona and Garcés 2014; García-Cubero et al. 2018). 

An increased viscosity was not observed optically during 
all expedients in this study. However, a changing viscosity 
could not be excluded and has to be kept in mind, especially 
when it comes to longer extraction or culturing periods, 
as B. braunii continuously can release this polysaccharide 
(García-Cubero et al. 2018).

When comparing the optimal extraction time of the two 
strains Showa and Bot22, a lower optimal extraction time 
was observed for strain Bot22. Griehl et al. (2015) investi-
gated two A race strains (SAG 807-1 and CCAP 807/2) and 
one B race strain (SCCAP K-1761). They found no nega-
tive influence on cell viability with an effective extraction 
time of 36 s  day−1 for strain SAG 807-1, while an effective 
extraction time of 12 s  day−1 for strains CCAP 807/2 and 
SCCAP K-1761 led to a decrease in biomass concentration. 
Based on the limited information from the literature, no 
statement could be made about the effective extraction time. 
However, a significant influence on the solvent compatibility 
could be assumed due to the morphological characteristics 
of the respective B. braunii strain. The colony size of strain 
Showa was found to be smaller compared to that of strain 
Bot22 (ESM 2) and the cells in the colony are more densely 
arranged in strain Showa compared to Bot22 (Fig. 2). This 
compact arrangement of the cells in the colonies of strain 
Showa probably results in a higher resistance to negative 
environmental influences (Furuhashi et al. 2016b). This 
could explain the different optimal extraction times of the 
two strains, as well as a longer extraction time required for 
strain Showa, which consists of more compact colonies, to 
cause a negative effect of the solvent, compared to strain 
Bot22 with a looser colony structure. Furthermore, there 
is a possibility that small amounts of solvent remain in the 
space between the more loosely arranged cells (Furuhashi 
et al. 2016b). This would cause stainable damage to the cells, 
as n-hexane is able to damage the plasma membrane of the 
cells and thus penetrate into the cells (Kleinegris et al. 2011; 
Moheimani et al. 2013).

Considering the average hydrocarbon productiv-
ity at optimum extraction time and starting biomass 
concentration of 1.5  g   L−1, no major differences were 
observed between strain Showa with 16.19 mg  L−1  day−1 
(10.63  mg   gDW

−1   day−1) and strain Bot22 with 
16.75 mg  L−1  day−1 (10.48 mg  gDW

−1  day−1). Similar val-
ues were detected when inoculating with a biomass con-
centration of 2.5 g  L−1. However, due to the 66% increase 
in biomass in the system, a 60% increase in volumetric 
hydrocarbon productivity was observed for both strains 
Showa and Bot22 (approx. 26 mg   L−1   day−1). Irrespec-
tive of the starting biomass concentration, identical values 
were measured for the biomass-associated hydrocarbon 
productivity with approx. 11 mg  gDW

−1  day−1. Based on 
these results, the influence of the biomass concentration in 
the culture system on the biomass-associated hydrocarbon 
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productivity could be largely excluded. In contrast, volu-
metric hydrocarbon productivity is directly influenced by 
biomass concentration. Mehta et al. (2019) determined an 
average hydrocarbon productivity of 6.4 mg  L−1  day−1 and 
3.6 mg  gDW

-1  day−1 using strain Bot22 over 7 days and a 
similar experimental design with the solvent n-dodecane. As 
mentioned earlier, the extraction coefficient used by Mehta 
et al. (2019) is lower than the optimal extraction coefficient 
determined in this study, which would explain the higher 
hydrocarbon productivity achieved in this study. Moheimani 
et al. (2014) determined an average hydrocarbon productiv-
ity of 11.63 mg  L−1  day−1 with strain Bot22 over 70 days 
(14 extraction cycles) of in situ extraction using the solvent 
n-heptane. This value obtained by Moheimani et al. (2014) 
is difficult to compare with the values from this study as the 
in situ extraction procedure used in their study (mixing of 
culture suspension and solvent on an orbital shaker) is not 
comparable to the column extraction procedure used in our 
study. For strain Showa, no comparable studies are currently 
available in the literature. Comparing the two strains Showa 
and Bot22 with themselves, the identical hydrocarbon pro-
ductivity could be explained by the concentration of extra-
cellular hydrocarbons in the biomass. In our previous study 
(Kleinert and Griehl 2021), an almost identical extracellular 
hydrocarbon concentrations of 49.3% (Showa) and 51.6% 
(Bot22) was measured for both strains.

For a better significance of the results for the determination 
of the strain-dependent optimal extraction time, long-term 
in  situ extractions were carried out over 30  days under 
optimal extraction time and a starting biomass concentration 
of 1.5 g  L−1. The average biomass productivity over 30 days 
was 0.005  ±  0.103  g   L−1   day−1 for strain Showa and 
0.001 ± 0.094 g  L−1  dAay−1 for strain Bot22, close to zero 
for both strains and identical to those of the 7-day in situ 
extractions. These values support the previously achieved 
results that at optimal extraction coefficient, the growth of the 
culture suspension just compensates for the negative effects 
of the solvent. Furthermore, the stagnation of biomass in the 
culture system with simultaneous hydrocarbon extraction 
indicates the functioning of the in situ extraction process 
of B. braunii compared to the classical process chain, as no 
increase in biomass concentration is intended (Griehl et al. 
2015; Jackson et al. 2017).

For strain Showa, an almost identical average hydrocarbon 
productivity of 16.99 mg  L−1  day−1 (10.53 mg  gDW

−1  day−1) 
was achieved during the 30-day in situ extraction compared 
to the 7-day short-term extractions, whereas for strain Bot22, 
a reduced hydrocarbon productivity of 14.53 mg  L−1  day−1 
(10.48 mg  gDW

−1   day−1) was measured compared to the 
7-day extractions. Considering the average concentration 
of hydrocarbon in the biomass, this difference between the 
two strains could be explained. As displayed in Fig. 6, a 
direct correlation between hydrocarbon productivity and 

the concentration of external hydrocarbons in the biomass 
was found for both strains. With 0.417 ± 0.139 g  gDW

−1, a 
reduced average extracellular hydrocarbon concentration 
was measured for strain Bot22 compared to strain Showa 
(0.538 ± 0.098 g  gDW

−1) during the 30-day in situ extraction, 
explaining the reduced hydrocarbon productivity. According 
to Chaudry et al. (2018) and Jackson et al. (2020), increasing 
the extracellular hydrocarbon concentration is a key factor 
in increasing the economics of the in situ extraction process. 
The reason for the comparatively low extracellular hydrocar-
bon concentration of approx. 42%DW for strain Bot22 during 
the 30-day extraction could have many causes. For exam-
ple, the cultivation conditions of the preculture could have 
a lasting influence on the behavior of a microalgal culture 
under investigation (Kojima and Zhang 1999). Furthermore, 
small changes in culture conditions such as nutrient concen-
tration could lead to morphological changes in B. braunii 
colonies (Tanoi et al. 2014; Furuhashi et al. 2016a), which 
in turn affects the concentration of extracellular hydrocar-
bons. During the experiments in this study, great care was 
taken to keep cultivation and extraction parameters constant. 
However, manual control of most of the process parameters 
and thus a change in the initial values during the duration 
of the experiments could not be fully excluded. To exclude 
a methodical error for extracellular hydrocarbon determi-
nation (see “Materials and methods”), where the culture 
suspension was filtered through glass fiber filters and extra-
cellular hydrocarbons might washed out like residual salts 
and polysaccharides, the filtrates of one set of the biological 
replicates (n = 30) from the 30-day extraction experiment 
of Showa and Bot22 (initially stored as backup at −20 °C) 
were analyzed in terms of extractable lipids. Therefore, the 
method described in ESM 3 was used. For strain Showa, a 
washed out hydrocarbon content of 1.23 mg  L−1 (n = 30) 
and for Bot22 of 1.37 mg  L−1 (n = 30) was measured. These 
values correspond to 0.15% (Showa) and 0.21% (Bot22) of 
the average hydrocarbon content determined in the biomass. 
Therewith a washing out of hydrocarbons trough filtration 
could also be excluded.

Comparing the hydrocarbon productivity achieved in 
this study with other publications (Table 4), a hydrocar-
bon productivity for strain Bot22 of 11.63 mg  L−1  day−1 
was published by Moheimani et al. (2014). Compared 
to the A race strains, the hydrocarbon productivity of 
the B race strains investigated in this study and in the 
literature is noticeably higher. Moheimani et al. (2013) 
achieved a hydrocarbon productivity between 3 and 
7 mg  gDW

−1   day−1 with the A race strain CCAP 807/2 
during a 7-day in situ extraction and Griehl et al. (2015) 
measured an average hydrocarbon productivity of 
1.3 mg  gDW

−1  day−1 during a 30-day in situ extraction 
with the A race strain SAG 807-1. The high concentra-
tion of extracellular hydrocarbons (up to 86%DW) as well 
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as the higher hydrocarbon productivities achieved dem-
onstrates the higher suitability of the B race strains for 
the process of in situ extraction (Borowitzka 2018). A 
comparison of the results for in situ extraction of strains 
Showa and Bot22 with the literature is given in Table 4.

In conclusion, the B. braunii strains Showa and Bot22, 
which were identified in our previous study during batch 
cultivation experiments (Kleinert and Griehl 2021) as 
potential candidates for the process of in situ extraction, 
also proved to be suitable during the real in situ extraction 
experiments. By determining the strain-dependent optimal 
extraction time, a successful long-term in situ extraction 
over 30 days was realized for both strains. It was shown 
that a characterization of the in situ extraction requires the 
consideration of the effective extraction time and the real-
ized phase boundary surface of culture suspension and sol-
vent. With the calculation of the extraction coefficient, both 
values were combined to form a characteristic extraction 
value, which is suitable for transferring the obtained results 
to other extraction systems and setups. Furthermore, the 
extracellular hydrocarbon concentration in the biomass was 
identified as a critical parameter for the process of in situ 

extraction. For further investigations and a precise consid-
eration of the process economics, the in situ extraction pro-
cess of the B. braunii strains Showa and Bot22 is planned 
to be scaled up to a higher culture volume and the culture 
conditions optimized with regard to a higher growth rate 
and higher hydrocarbon concentration in the biomass.
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Table 4  Comparison of the results for in situ extraction determined during this study with the experiments out of literature

Strain (race) Solvent Type of extraction Duration Extraction cycles Hydrocarbon recovery Reference

UTEX
572 (A)

n-Octane Column extraction with two bubble 
columns

4 days 4 cycles 57% of total lipids An et al. 2004

CCAP
807/2 (A)

n-Heptane Mixer-settler with Erlenmeyer 
flasks

7 days 4 cycles 3–7 mg  gDW
−1  day−1 Moheimani et al. 2013

n-Hexane Column extraction 5 days 5 cycles 8.7 mg  gDW
−1  day−1

5.5 mg  L−1  day−1
Griehl et al. 2015

SAG
807-1 (A)

n-Hexane Column extraction 5 days 5 cycles 1.2–2.7 mg  gDW
−1  day−1

2.5–4.4 mg  L−1  day−1
Griehl et al. 2015

n-Hexane Column extraction 40 days 30 cycles 1.3 mg  gDW
−1  day−1

2.7 mg  L−1  day−1
Griehl et al. 2015

FACHB
357 (N/A)

Tetradecane Column extraction with membrane 
for spouting the solvent in the 
culture

4 days 4 cycles 50% of total lipids Zhang 2013

Bot22 (B) n-Heptane Mixer-settler with Erlenmeyer 
flasks

70 days 16 cycles 12 mg  L−1  day−1 Moheimani et al. 2014

n-Heptane Mixer-settler with Erlenmeyer 
flasks

15 days 3 cycles 7–29 mg  gDW
−1  day−1

9.5–43 mg  L−1  day−1
Jackson et al. 2019

n-Dodecane Mixer-settler with shake flasks 7 days Continuous con-
tact to solvent

2.8 mg  gDW
−1  day−1

4.7 mg  L−1  day−1
Mehta et al. 2019

n-Dodecane Column extraction 7 days 7 cycles 3.6 mg  gDW
−1  day−1

6.4 mg  L−1  day−1
Mehta et al. 2019

n-Hexane Column extraction 30 days 30 cycles 9.3 mg  gDW
−1  day−1

14.5 mg  L−1  day−1
This study

Showa (B) n-Hexane Column extraction 30 days 30 cycles 10.5 mg  gDW
−1  day−1

16.9 mg  L−1  day−1
This study

SCCAP
1761 (B)

n-Hexane Column extraction 5 days 5 cycles 32–59 mg  gDW
−1  day−1

26–33 mg  L−1  day−1
Griehl et al. 2015
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