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Algae have a variety of uses, including pharmaceutical and cosmetic products, and as a potential energy source as
a feedstock for biodiesel, bioethanol and biogas. To optimize the commercial production and use of algal biomass,
production facilities have to be specifically designed to handle the source materials and subsequent products.
This requires a knowledge of their thermophysical properties. To that end, density, viscosity, and heat capacity
of the marine microalgae Nannochloropsis salinawere determined experimentally at atmospheric pressure and
as a function of temperature and total solid (TS) content. Correlation analyses show a relationship between ex-
perimental data, temperature, and total solid content for each of the investigated thermophysical properties.
Thus, equations were developed allowing the calculation of these properties as a function of temperature and
TS content.
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1. Introduction

Algae are found in a variety of pharmaceutical, cosmetic, and food
products [1]. Currently, there are efforts to provide energy from algal
biomass in the form of biodiesel, bioethanol, biogas, hydrogen, and syn-
thetic gas due to its advantages over fossil fuels and other energy crops
[2]. For example, the use of algal biomass as a renewable and sustainable
energy source results in reduced greenhouse gas emissions relative to
fossil fuels. Moreover, the cultivation of algae does not require arable
lands and, therefore, does not compete with edible crops [3]. Finally,
algae have higher growth rates than terrestrial plants allowing for the
continuous harvesting of biomass throughout the whole year [4].

During cultivation, harvesting, and downstream processing, algal
biomass can be classified as a complex suspension. It consists of a liquid
water phase and a solid phase that includes polymers derived from bio-
logical organisms, dispersed algal cells, dissolved salts, and insoluble
solids [5,6]. However, the relative concentrations of the liquid and
solid phases change during the processing of algal biomass. Prior to har-
vesting, the water content of algae is usually higher than 99% by mass,
even in cultivation systemswith high cell densities [7]. Harvesting tech-
niques are classified as either primary or secondary. Primary harvesting
systems incorporate sedimentation and flotation technologies which
separate the algal cells from their growth media resulting in an algal
nd Technology. Not subject to
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slurry with a total solid (TS) content between 0.5% and 6% [7]. Further
thickening is achieved by secondary harvesting, which utilizes technol-
ogies like a centrifuge or a belt press and leads to a TS content between
10% and 20% depending on the intended final application [7]. In general,
the cultivation of most microalgae species requires temperatures be-
tween 293 K and 303 K [4,8]. Since commonly used harvestingmethods
do not require heating or cooling of the algal biomass, the harvesting is
also done at ambient temperatures.

To optimize the commercial production and use of algal biomass,
production and downstream processing facilities have to be specifically
designed to handle the source materials and subsequent products. For
instance, microalgae-based energy production requires multiple pro-
cessing steps (e.g., dewatering, drying, pumping, etc.); substance specif-
ic design and dimensioning of the equipment involved at each of these
steps (e.g., pumps, mixers, heat exchangers, etc.) is necessary to in-
crease processing efficiency [3,6,8]. This requires a knowledge of
thermophysical properties such as density, viscosity, and heat capacity.
However, such data are rarely found in the relevant literature on algal
biomass. Regarding density, most studies deal with the optical or cell
density of algae, which is different from the volumetric mass density.
The situation is improved regarding the rheological behavior of algal
biomass, which includes viscosity. Several studies have shown a depen-
dence of the viscosity on both the temperature and the TS content of
algal biomass for microalgae species such as Chlorella sp. [6,9],
Nannochloropsis sp. [5] and Chaetoceros muelleri [10], among others. Ad-
ditionally, a change from Newtonian to non-Newtonian fluid behavior
with increasing TS content has been observed for algal slurries (e.g.
[11–13]). However, none of these studies present an equation to allow
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for the calculation of viscosity as a function of temperature and TS con-
tent. Previously, Schneider and Gerber [14] presented a correlation
equation for the viscosity of untreated, thermally-pretreated and
digested Nannochloropsis salina biomass over a limited TS content
range as a function of temperature. Correlation equations to calculate
the density or heat capacity of algal biomass as a function of tempera-
ture and TS content are not available in the relevant literature.

The main objective of this study was to develop correlation equa-
tions to allow for the calculation of density, viscosity and heat capacity
as a function of temperature and TS content for the full technically rele-
vant TS content range. To that end, these properties were determined
experimentally at atmospheric pressure (∼83 kPa in Boulder, CO) and
as a function of temperature and TS content for the marine microalgae
Nannochloropsis salina (N. salina), which is a commonly used algae spe-
cies, especially in the production of biodiesel, fish feed and pharmaceu-
ticals due to its high growth rates and lipid productivity [15]. The
experimental data, as well as the resulting correlation equations are
presented herein.

2. Material and methods

2.1. Algal biomass

Biomass from the marine microalga N. salina was obtained from
BlueBioTech GmbH (Büsum, Germany).1 The algae culture was grown
in a greenhouse in an airlift reactor at 296 to 298 K and a pH of 8.3 in
standard F medium at a salinity concentration of 32 ppt. Algal sludge
was harvested via continuous centrifuge. The supernatant of the centri-
fugation process was used to resuspend the biomass to the desired con-
centration (TS content of ~23%). Two external laboratories were
enlisted to help further characterize the undiluted algal sample. Organic
composition (raw protein, raw fat, raw ash, raw fiber, raw carbohy-
drate) was determined by Warren Analytical Laboratory (Greeley, CO,
USA)1 via a proximate, or Weender, system analysis [16]. Elemental
composition (C, H, N, S, O) was analyzed by Midwest Microlab LLC (In-
dianapolis, IN, USA)1. In their analysis, C, H, N, and S were determined
analytically and O was calculated assuming those five elements
accounted for 100% of the organic composition.

Samples of various TS content were prepared by diluting the algal
biomass with appropriate aliquots of distilled water. No changes in
the cell walls were observed as a result of these dilutions (see
Supporting Information). The TS content of each sample was analyzed
according to DIN EN 12880 [17] with each determination being per-
formed in triplicate. Specifically, 7.605 ± 1.412 g of sample were
weighed out into crucibles using an analytical balance (weighing
range: 110 g; readability: 0.001 g; linearity: 0.002 g; repeatability:
0.001 g). The samples were dried in an oven at 378.15 K for about
12h; the reported TS content represents the amount of solids remaining
after drying.

Particularly for the density measurements, samples needed to be
free of gas bubbles to obtain reliable results. Therefore, all samples
were degassed prior to use with multiple cycles of freezing, evacuating
the vapor space over the frozen sample, and thawing. In between mea-
surements, the sampleswere kept cold by storing them in a refrigerator.

Measurements were made at temperatures ranging from an overall
minimum of ~293 K to an overall maximum of ~333 K. Since most rel-
evant technical applications dealing with the cultivation, harvesting
and downstream processing of algal biomass operate at ambient condi-
tions, ambient temperature was used as the lower limit. The upper limit
was chosen to make sure that the investigated properties were not
1 Certain trade names are identified only to adequately describe materials and experi-
mental procedures. This does not constitute a recommendation or endorsement of these
products by the National Institute of Standards and Technology, nor does it imply that
the products are necessarily the best available for the purpose.
influenced by a change in cell structure, agglomeration of cells, or cell
wall damage due to the heating of the samples during experiments
(see Supporting Information for additional information).
2.2. Density measurements

A commercial density and sound speed analyzer was used to mea-
sure the density in 5 K steps over the temperature range from
293.15 K to 333.15 K and at ambient pressure (∼83 kPa). Typically, den-
sity and speed of sound are measured simultaneously with this instru-
ment but for this work only density was measured; the use of a
special inlet adapter made it possible to bypass the sound speed cell
and inject sample directly into the density cell. In this instrument, den-
sity is measured with a vibrating tube densimeter that is housed in a
thermostated copper block whose temperature is controlled via ther-
moelectric Peltier elements and a Pt-100 resistance thermometer.
Prior to use, the instrument was calibrated with deionized water and
air; toluene standard reference material (SRM) 211d was used to vali-
date the performance of the calibrated instrument. At least three tem-
perature scans were performed for each concentration with fresh
sample injected into the instrument prior to each measurement run.
In between samples, the density cell was carefully cleaned to avoid
cross-contamination; cleanliness was verified with measurements of
water at 293.15 K, otherwise known as awater check. Additional details
on the apparatus and experimental procedures can be found in Fortin
[18], Laesecke et al. [19], and Fortin et al. [20].
2.3. Viscosity measurements

A falling-needle rheometer was used to measure the viscosity of the
algal biomass. It was developed by Yamamoto and coworkers to mea-
sure the rheological properties of fresh human blood without anticoag-
ulant [21,22] and belongs to the class of falling ball and cylinder
viscometers [23–25]. It can be used for Newtonian as well as non-New-
tonian fluids. The apparatus, its function, and a schematic of the set up
were described in detail by Yamamoto et al. [21] and Burger et al. [26].
Thus, only a brief description will be given here.

The rheometer consists of two vertical cylinders. The inner cylinder
isfilledwith the sample and is placed concentricallywithin anouter cyl-
inder. The space between the two cylinders is filled with circulating
temperature-controlled water to regulate the sample temperature. To
determine the fluid viscosity, a slender hollow cylinder with hemi-
spherical ends (the needle) is dropped through the sample. To ensure
that the longitudinal axes of the fluid vessel and the needle are parallel
to the gravity vector and to guide the needle to the center of the fluid
sample, a needle inlet and a launcher are located at the top of the
inner cylinder. The time it takes for the needle to pass between two
magnetic sensors located in the middle section of the cylinders is mea-
sured automatically and recorded electronically by a programmable
controller. From the elapsed time, the fall velocity can be calculated
and then used to determine shear rate, shear stress, and hence the vis-
cosity of the fluid via a flow analysis. Details on the mathematical
models used and the flow analysis can be found in Burger et al. [26]
and Yamamoto et al. [21].

To generate a variety of shear rates and shear stresses, several
needles with varying densities were used. The density of each needle
is determined by the mass of an enclosed metal sinker that is fixed at
the bottomof each needle cylinder. For each TS concentration, fivemea-
surement runswere carried out at each temperature and for each run at
least eight needles were dropped. Measurements were made over the
temperature range from 293.15 K to 323.15 K and at ambient pressure
(~83 kPa). For these measurements, a thermocouple (estimated uncer-
tainty 0.25 K) was used to measure the sample temperature before and
after each measurement run.
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2.4. Heat capacity measurements

A commercial modulated differential scanning calorimeter (MDSC)
was used to measure the isobaric heat capacity of the algae samples.
In conventional DSC, the difference in heat flow between a sample
and an inert reference is measured as a function of time and tempera-
ture while both are subjected to a controlled environment. What is dif-
ferent with MDSC is the heating profile applied; in DSC, a simple linear
profile is utilized, but in MDSC, a sinusoidal modulation is overlaid on
the conventional linear heating ramp. The net effect is equivalent to
performing two experiments simultaneously, one experiment at the av-
erage linear heating rate and a second at an instantaneous sinusoidal
heating rate. In addition, while it is only possible to measure total heat
flow with conventional DSC, with MDSC it is possible to separate total
heat flow into its two components: one that is a function of the sample's
heat capacity and rate of temperature change (the heat capacity or “re-
versing” component) and one that is a function of the absolute temper-
ature and time (the kinetic or “nonreversing” component). The
combined net effect of these two advantages is a simpler, more precise
measurement of heat capacity with MDSC compared to conventional
DSC. Additional details regardingMDSC theory can be found in Reading
et al. [27] and Wunderlich et al. [28]. In this work, measurement runs
were performed from 278.15 K to 338.15 K using an underlying heating
rate of 3 K·min−1 and modulated conditions of ±1 K every 120 s. The
sample cell was continuously purged with a 50 mL·min−1 flow of dry
nitrogen.

Determination of accurate heat capacities with both DSC and MDSC
requires calibration of temperature, heat flow, and heat capacity. Tem-
perature and heat flow are calibrated via measurements of materials
with known transition temperatures and heats; in this work,
adamantane, indium, and tin were used. Indium SRM 2232 and tin
SRM 2220 were obtained from the National Institute of Standards and
Technology (NIST) and corresponding reference melting temperatures
and heats of fusion were obtained from their respective certificates
[29,30]. Adamantane was not available as a certified reference material.
The adamantane sample used was obtained from Sigma-Aldrich with a
stated purity of N99%. Our own analysis by gas chromatography/mass
spectrometry indicated a purity of N99.95%. The adamantane was used
without further purification, and reference values for the temperature
and heat of transition for the first order solid-solid transition were
taken from Westrum [31]. Heat capacity was calibrated by measuring
sapphire (Al2O3) under the same experimental conditions as were
used for the algae samples and comparing measured specific heat ca-
pacities to literature values [32]. Temperature and heatflow calibrations
were performed prior to start of algae measurements, and the calibra-
tionwas validated daily via a single indiummeasurement. Heat capacity
calibrations were performed before and after every algae sample run;
an overall average of the thirty-five separate sapphire calibration runs
Table 1
Averaged total solid (TS) content (±standard deviation) of themeasured samples and the
results of organic and elemental composition analyses of Nannochloropsis salina.

TS content of the measured samples % of FMa 20.33 ± 0.02 9.62 ± 0.01
17.74 ± 0.03 7.88 ± 0.03
15.98 ± 0.02 5.33 ± 0.03
13.44 ± 0.02 2.92 ± 0.00
10.95 ± 0.01 1.42 ± 0.01

Crude protein % of TS 24.53
Crude fat % of TS 42.60
Crude fiber % of TS 1.56
Nfe % of TS 18.18
Crude ash % of TS 13.13
C % of TS 55.11
H % of TS 7.63
N % of TS 6.02
S % of TS 0.33
O % of TS 17.78

a FM= fresh matter.
was used to calculate the temperature-dependent calibration constant
to apply to each algae sample.

All calibration and algae samples were encapsulated in hermetically
sealed aluminum pans. An empty sealed pan served as the reference. At
least three pans were prepared for each measured TS concentration.
Algae sample masses ranged from 4.21 mg to 21.67 mg; multiple
masses were measured to check for any evidence of mass dependence,
which would indicate a significant contribution from the vapor phase.
Pans were weighed before and after measurements to check for sample
loss; mass changes of N0.3% would require data to be discarded. No
samples had to be discarded as a result of sample loss in this work.
Each pan was measured in triplicate, resulting in a total of at least
nine measurement runs for each TS concentration measured.

3. Results and discussion

3.1. Sample composition

The TS content of the samplesmeasured in this work can be found in
Table 1. TS contents range between 1.42 ± 0.01% and 20.33 ± 0.02%,
which are commonly found TS contents in practice. There, the specific
TS content of algae biomass mostly depends on the particular harvest-
ing process used; an overview can be found in Christenson and Sims
[33].

To further characterize the microalgal biomass, its organic and ele-
mental composition were analyzed. The results of the analyses are pre-
sented in Table 1. All reported values for the organic and elemental
composition arewithin the same order ofmagnitude as results reported
for other batches ofN. salinabiomass provided by the samemanufactur-
er [14,34]. Thus, it seems reasonable to assume that the thermophysical
property results reported herein are representative of other batches of
the same microalgae species. However, the applicability to other
microalgae species needs to be experimentally tested and verified.

3.2. Density

Table S2.1 in the Supporting Information summarizes the results of
density measurements including corresponding expanded uncer-
tainties. Reported density values are averages of replicate measure-
ments. To determine the expanded uncertainty, UðρÞ, for each average
density, ðρÞ, a detailed uncertainty analysis was carried out. The com-
bined standard uncertainty, uðρÞ, is defined as follows:

u �ρð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n
s2ρ þ u2 cð Þ þ u2 γð Þ þ u2 tð Þ

r
ð1Þ

where sρ is the standard deviation of the average of n values; u(c) is the
uncertainty contribution from the instrument calibration estimated
from pre- and post-measurement water runs, u(γ) is the uncertainty
contribution from the instrument resolution, and u(t) is the contribu-
tion due to the uncertainty in the measured temperature. Once uðρÞ
has been calculated, the Welch-Satterthwaite approximation [35] can
be used to calculate the effective degrees of freedom, (df), which are
used to determine the appropriate coverage factor, k(df), from a t-distri-
bution for a 95% confidence level. UðρÞ is than calculated as

U ρð Þ ¼ k dfð Þ � u ρð Þ: ð2Þ

Additional details regarding the uncertainty analysis can be found in
Fortin [18] and Fortin et al. [20]. Overall, expanded uncertainties range
between 0.66 kg·m−3 and 0.72 kg·m−3 (0.064% to 0.070%).

As can be seen in Fig. 1a, the density of the algal biomass depends on
temperature and TS content. Specifically, the density increases almost
linearly with increasing TS content but decreases with increasing tem-
perature. It is unclear why the densities at 15.81% and 17.96% TS are
so close together.



Fig. 1. Density results: a) averaged experimental results ðρÞ for measured TS concentrations plotted as a function of temperature (T) and water density calculated using the IAPWS-95
formulation of Wagner and Pruss [39] and, b) percent deviations for experimental data relative to densities calculated using Eq. (3).
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No equation relating algal biomass density to temperature and TS
content could be found in the literature. In contrast, equations based
on these parameters are available for liquid foods like fruit purees,
juices, or milk (e.g. [36–38]). In most cases, a simple polynomial equa-
tion yields sufficient results. However, only the amount of soluble solids
is typically considered instead of the TS content, which also includes in-
soluble solids. Furthermore, those equations do not account for the fact
that the samples are essentiallywater at a TS concentration of 0%. Fortu-
nately, this can be remedied since Wagner and Pruss [39] have pub-
lished an accurate fundamental equation of state that can easily be
used to calculate the density of water at any temperature of interest.
Taking the above points into consideration, a numerically stable but ac-
curate polynomial approach was chosen here, which resulted in an em-
pirical equation to calculate thedensity ofN. salinabiomass as a function
of temperature and TS content:

ρ T; TSð Þ ¼ ρH2O Tð Þ þ aρ � Tbρ � cρ � TS
100

� �dρ

þ eρ � TS
100

� � f ρ
 !

ð3Þ

where ρ is the density in kg·m−3, T is the temperature in K, TS is the
total solid content in %, and ρΗ2Ο(T) is the density of water in kg·m−3

and at a temperature T in K and at atmospheric pressure calculated
with the IAPWS-95 formulation by Wagner and Pruss [39]. Using this
equation structure, the density for a TS content of 0% is equivalent to
the density of pure water. For the adjustment of the equation parame-
ters, the weighted sum of squares was reduced by a Newton-Raphson
method. During the fitting procedure it was important to not only re-
produce the experimental data as well as possible but also for the equa-
tion to maintain a reasonable physical behavior.

The experimental data in Table S2.1 (see Supporting Information)
were fit with Eq. (3); the resulting coefficients (aρ, bρ, cρ, dρ, eρ and fρ)
can be found in Table 2. The resulting relative deviations between ex-
perimental and calculated densities are presented in Fig. 1b, 95% of
the data are found in the range between −0.14% and 0.12%.

No systematic trends are observed in the deviations shown in Fig. 1b.
To further investigate the robustness of Eq. (3), its extrapolation behav-
ior is plotted for a TS content range from 0% to 30% (Supporting Infor-
mation, Fig. S3.1a) and for a temperature range from 274 K to 365 K
(Supporting Information, Fig. S3.1b). It is clear from both figures that
the equation exhibits normal trends without any unusual variations.
3.3. Viscosity

Based on the measured needle fall velocities, shear stress (τ), shear
rate ( _γ), and viscosity (η) were calculated according to themodel of Ya-
mamoto et al. [21]. The model assumes that the analyzed fluid is New-
tonian. For Newtonian fluids, the constitutive equation

τ ¼ η � _γ ð4Þ

is used to calculate the viscosity. For non-Newtonian fluids the values
calculated by Eq. (4) represent apparent or effective viscosities (ηeff).

Fig. 2 shows the corresponding viscosities and effective viscosities as
a function of shear rate for 15.81% and 17.74% TS contents at 323.15 K.
Data are not shown for the other temperatures and TS contents since
the curves look similar to those shown for these two representative TS
contents. Flow curves (shear stress as a function of shear rate) of the
samples with TS contents up to 15.81% show that the shear stress line-
arly depends on the shear rate for the investigated temperatures, indi-
cating Newtonian behavior. Thus, the resulting viscosities are
independent of the shear rate (see Fig. 2) and can be averaged over
the whole shear rate range. Table S2.2 (see Supporting Information)
summarizes the averaged viscosities for the Newtonian behaving con-
centrations, as well as their corresponding expanded uncertainties. Ex-
panded uncertainties were calculated in a manner analogous to that
previously described for density (Section 3.2). The combined standard
uncertainty for viscosity incorporates the standard deviation of the av-
erage of nmeasurements, as well as uncertainty contributions associat-
ed with the calibration of the falling needle rheometer, the needle
density, the sample density and the temperature. For the calculation
of the expanded uncertainty UðηÞ , a coverage factor k(df) = 2 was
used. Overall, the expanded uncertainties for the samples showing
Newtonian behavior range between 0.07 mPa·s and 0.92 mPa·s
(5.79% to 6.13%).

For TS contents of 17.74% and 20.33%, the resultingflow curves show
a non-linear dependence of shear stress on shear rate. Furthermore, the
effective viscosity decreases with increasing shear rate (Fig. 2). This is
indicative of non-Newtonian, shear-thinning behavior. The averaged
shear rates, averaged effective viscosities, and corresponding expanded
uncertainties are summarized in Table S2.3 (see Supporting Informa-
tion) for the two TS concentrations exhibiting this non-Newtonian be-
havior. The expanded uncertainties were calculated using the same
approach and the same coverage factor as was previously described



Fig. 2. Evidence of distinct of flow regimes: viscosity (η) and effective viscosity (ηeff) as a
function of shear rate ð _γÞ for 15.81% and 17.74% TS content, respectively, at a
temperature of 323.15 K. The dashed lines represent the trend lines of each data set.
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for the samples exhibitingNewtonian behavior. Here, the expanded un-
certainties range between 0.87mPa·s and 1.81mPa·s (5.78% to 6.43%).

Fig. 3a shows the averaged viscosities for algae samples exhibiting
Newtonian behavior as a function of TS content and temperature. The
viscosity of water was calculated at experimental temperatures and at-
mospheric pressure using the IAPWS formulation of Huber et al. [40]
and the results are shown in Fig. 3a for comparison. Fig. 3b shows the ef-
fective viscosities as a function of shear rate and temperature for 17.74%
and 20.33% TS content. It is clear from Fig. 3a and b that the viscosity in-
creases with increasing TS content and decreases with increasing tem-
perature. According to Barnes [41], an increasing concentration of the
dispersed phase results in an increase in the viscosity of a suspension
due to the irreversible dissipation of mechanical energy caused by the
divergence of the streamlines around the particles in the suspension.
Thus, a higher total solid content with its greater concentration of
algae cells and polymeric substances results in an increase in viscosity.

The decrease in viscosity with increasing temperature is more con-
sistent than the dependency on TS content. For example, for the 9.62%
TS content sample, a temperature rise of 10 K from 303.15 K to
313.15 K leads to a decrease in viscosity of approximately 13% (3.841
to 3.344 mPa·s). Another 10 K rise results in another decrease of ap-
proximately 13% (3.340 to 2.887mPa·s). The same temperature depen-
dence is observed for the non-Newtonian samples.

In contrast, Fig. 3a clearly shows that the viscosity increases non-lin-
early with increasing TS content. For instance, an increase of approxi-
mately 50% of the TS content (from 5.33% to 7.88%) leads to an
increase in viscosity of approximately 40% (2.465 to 3.430 mPa·s),
whereas an increase of approximately 100% of the TS content (from
5.33% to 10.95%) results in a viscosity increase of almost 145% (2.456
to 6.035 mPa·s).

The observed transition from Newtonian behavior at lower concen-
trations to non-Newtonian, shear-thinning behavior at higher concen-
trations has been observed in other studies on the rheological
behavior of different microalgae suspensions. For example, Zhang et
al. [9] and Santos et al. [6] investigated the fluid behavior of Chlorella
sp. suspensions and observed a similar change in rheological behavior
with algae concentration. Similar results have also been observed for
suspensions of Nannochloris sp. [5], Haematococcus lacustris [11],
Scenedesmus obliquus [12], Chaetoceros muelleri [10], Chlorella
pyrenoidosa [42], and Chlorella vulgaris [13]. However, in most of these
cases, the effect occurred atmuch lower concentrations thanwhat is ob-
served in this work. In addition to the rheological behavior, Souliès et al.
[13] also used microscopy to investigate the distribution and size of
microalgae cells in the Chlorella vulgaris suspensions and found that
no clusters of cells (or solids) could be observed at low concentrations.
However, they observed that with increasing concentration the larger
cells tended to group together and started to form cell aggregates, or
flocs. Consequently, they attributed the observed shear-thinning behav-
ior to the formation of flocs at certain cell concentrations. Similar results
were previously reported by Adesanya et al. [12] for suspensions of
Scenedesmus obliquus. They concluded thatflocs formed as a result of in-
termolecular forces of attraction (e.g., van derWaals forces) and caused
shear-thinning behavior at higher concentrations.

Although studies reporting rheological behavior and viscosity de-
pendence on temperature and TS content exist in the literature (e.g.
[5,12]) equations allowing for the calculation of viscosity based on
Table 2
Coefficients ai, bi, ci, di, ei and fi for Eqs. (3), (5), (6), (8), (9), (11) and (12).

i ai bi ci

ρ 6939.24 −0.61026 −35.75
η 0.03104 −0.63028 6.05
k 0.93837 0.35426 3.20
n −0.02109 125.198 0.50
cp −10,937.47 100,317.1 −408,166.81
those parameters donot. Only equations for the thermophysical proper-
ties of liquid foods are available. For example, Gabas et al. [38] and
Fernández-Martín [43] report equations for the calculation of the vis-
cosity of different milks. Gabas et al. [38] used an Arrhenius-type equa-
tion to describe the temperature dependence and extended it to include
the dependence on TS content. The resulting exponential equation led
to deviations of approximately 7.76% between experimental and calcu-
lated values for Newtonian samples. Fernández-Martín [43] constructed
a logarithmic function with a polynomial dependence on temperature
and TS content, which led to deviations within 5%. The author further
reports that at 0% TS content the equation showed good agreement
with the viscosity values for pure water. However, neither of the
above equations explicitly account for the viscosity of water at 0% TS
content, which can be readily done using the IAPWS formulation of
Huber et al. [40]. Here, a numerically stable but accurate exponential ap-
proach was chosen. Empirical equations have been developed to calcu-
late the viscosity of N. salina biomass as a function of temperature and
TS content, which incorporate the viscosity of water at 0% TS content.
Separate equations were developed for each of the two observed rheo-
logical regions. For the Newtonian region with TS contents up to 15.81%
the following equations are used:

η T ; TSð Þ ¼ ηH2O Tð Þ � exp fη TSð Þ � Teη
� � ð5Þ

with

fη TSð Þ ¼ aη � TS
100

� �
þ bη � TS

100

� �2

þ cη � TS
100

� �3

þ dη � TS
100

� �4

ð6Þ

andwhere η is the viscosity inmPa·s, T is the temperature in K, TS is the
total solid content in %, and ηΗ2Ο(T) is the viscosity of water in mPa·s
calculated for temperature T and atmospheric pressure using the
IAPWS formulation of Huber et al. [40].

The experimental data in Table S2.2 (see Supporting Information)
were fit with Eqs. (5) and (6) using the same approach as mentioned
in Section 3.2; the resulting coefficients aη, bη, cη, dη and eη are found
di ei fi

89 4.89120 1.13287 1.01803
938 −18.0001 1.28583 –
530 810.170 −4.79170 –
000 0.85769 16,437.0 –

312,572.3 −1.29592 –



Fig. 3.Viscosity results: a) averaged viscositiesðηÞ for algae samples exhibitingNewtonianflowbehavior as a function of temperature and TS content, andwater viscosities calculatedusing
the IAPWS formulation of Huber et al. [40] (shown for comparison), b) effective viscosities (ηeff) for 17.74% (open symbols) and 20.33% (filled symbols) TS content samples at various
temperatures and as a function of shear rate ð _γÞ , and c) percent deviations between experimental and calculated viscosities and effective viscosities using Eqs. (5) and (7),
respectively, at various temperatures and as a function of TS content.
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in Table 2. The relative deviations between experimental and calculated
viscosities are presented in Fig. 3c; for all TS contents up to 15.81%, 95%
of the data fall between ±5.8%. The largest deviations occur at the low-
est TS content (1.42%), whereas the deviations are within ±2% for TS
contents N10%.

The extrapolation behavior of Eq. (5) is plotted for TS contents from
0% to 16% and for temperatures from 274 K to 365 K in Fig. S3.1c and
S3.1d in the Supporting Information, respectively. As was the case for
density, it is clear from these plots that the equation exhibits normal
trends without any unusual variations indicating that it is valid over
the entire measurement range.

Schneider and Gerber [14] previously reported an equation for un-
treated, thermally pretreated, and digested algal biomass exhibiting
non-Newtonian, shear-thinning behavior. They used the power-law
model (τ ¼ k � _γn), which is also known as the Ostwald-de Waele rela-
tionship. Thus,

ηeff ¼ k � _γn−1 ð7Þ

represents the effective viscosity ηeff as a function of the shear rate _γ, the
flow consistency index, k, in Pa·sn, and the dimensionless flow behavior
index, n. The following equations were developed to calculate the indi-
ces k and n as functions of temperature and TS content:

k T ; TSð Þ ¼ ak � bk �
TS
100

þ TS
100

� �ck� �
� dk �

T=K
1000

þ T=K
1000

� �ek� �

þ 1−
TS
100

� �
� ηH2O Tð Þ
mPa � s Pa � sn½ �

ð8Þ

and

n T; TSð Þ ¼ an � bn � TS
100

þ TS
100

� �cn� �
� dn � T=K1000

þ T=K
1000

� �en� �
þ 1 ð9Þ

In this study, the experimental data in Table S2.3 (see Supporting In-
formation) were fit with Eqs. (8) and (9) using the least-squares meth-
od. However, only the linearly dependent coefficients ak, bk, dk, an, bn
and dn were fit, while the previously determined values [14] for expo-
nents ck, ek, cn and en were retained. This was done to constrain the
equations since they were being fit to just two data sets. The resulting
coefficients are reported in Table 2. The relative deviations between
the experimental and calculated effective viscosities for the 17.74%
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and 20.44% TS content samples predominantly (95%) range between ±
5.6% (Fig. 3c). The deviations for all TS contents (Newtonian and non-
Newtonian) and temperatures are randomly distributed (Fig. 3c).

Finally, in Fig. S3.1e and S3.1f in the Supporting Information the ex-
trapolation behavior of Eq. (7), in combination with Eqs. (8) and (9), is
plotted as a function of shear rate over the range from 0 to 500 s−1. Spe-
cifically, Fig. S3.1e shows the extrapolation behavior at constant tem-
perature and increasing TS content, and Fig. S3.1f shows the
extrapolation behavior at constant TS content and increasing tempera-
ture. Both figures demonstrate that the equation exhibits normal trends
without any unusual variations.

3.4. Heat capacity

Table S2.4 in the Supporting Information summarizes the results of
isobaric heat capacity measurements including corresponding expand-
ed uncertainties. Reported heat capacity values are overall averages.
As was previously discussed, for each TS content at least three samples
were prepared and each of those sampleswasmeasured three times for
a total of at least nine measurement runs per TS content. For a given TS
content, replicate measurement results were averaged for each of the
three measured samples and then those averages were compared to
check for any evidence of mass-dependence; since no mass-depen-
dencewas observed, resultswere further averaged to give a single over-
all average as a function of temperature for each measured TS content.

Expanded uncertainties (UðcpÞ) were calculated in a manner analo-
gous to that previously described for density (Section 3.2). Here, the
combined standard uncertainty for a single replicate measurement of
a single sample mass can be expressed as

u cp
� � ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂cp
∂Kcp

� �2

u2 Kcp
� �þ ∂cp

∂m

� �2

u2 mð Þ þ ∂cp
∂cpm

� �2

u2 cpm
� �s

ð10Þ

where the first term is the contribution from the uncertainty associated
with the heat capacity calibration (Kcp), the second term is the contribu-
tion from the uncertainty in the sample mass (m), and the last term is
the uncertainty associated with the measured heat capacity signal pro-
duced by the instrument (cpm). The last term is a contribution of random
and systematic sources of error and includes contributions associated
with uncertainties in temperature and heat flow, among others. The
combined standard uncertainty for a single sample mass is then calcu-
lated using propagation of errors to combine uncertainties for the
three replicate runs. Finally, the combined standard uncertainty for
each TS content can then be calculated using propagation of errors to
combine uncertainties for each of the three measured masses. The
Welch-Satterthwaite approximation [35] is used to calculate the effec-
tive degrees of freedom at each step of the calculation, and the final
value is used to determine the appropriate coverage factor from a t-dis-
tribution for a 95% confidence level. Resulting expanded uncertainties (
UðcpÞ) and corresponding coverage factors (k(df)) are shown in Table
S2.4 (see Supporting Information). Overall, expanded uncertainties
range between 0.097 J·g−1·K−1 and 0.125 J·g−1·K−1 (2.6% to 3.1%).

It should be noted that the data presented in Table S2.4 represent a
subset of the collected measurement data. Although measurement
scans were performed from 278.15 K to 338.15 K, only data from the
stable portion of the heat flow curves at approximately 298 K to 327 K
are presented. Additionally, although data were collected at an approx-
imate rate of one point every 0.4 s, the data were further reduced to a
point every 1 K to make the amount of data presented in Table S2.4
more reasonable.

Averaged isobaric heat capacities are plotted as a function of temper-
ature in Fig. 4a. Also shown in Fig. 4a is the heat capacity of water at at-
mospheric pressure calculated using the IAPWS-95 formulation of
Wagner and Pruss [39]. It can be seen that cp decreases irregularly
with increasing TS content. For instance, at a constant temperature of
313.13 K, a 2.5% increase of TS content from 5.33% to 7.87% results in a
decrease in heat capacity of −0.81%, whereas a comparable increase
in TS content from 10.95% to 13.44% leads to a decrease of −1.43%.

In contrast to what was observed for TS content, Fig. 4a shows a
smooth temperature dependence for the isobaric heat capacity of N. sa-
lina. The cp decreases to a minimum and then increases almost linearly
with temperature; this behavior can be attributed to the samples' aque-
ous content.Whereas theheat capacity ofmost other liquids rise contin-
uouslywith temperature, liquidwater has a shallowminimumbetween
303 K and 313 K [44] and the slope of the heat capacity changes from
weakly negative to weakly positive with increasing temperature. How-
ever, Fig. 4a also shows that this minimum gets slightly more distinct
with increasing TS content; at first glance, this seems counterintuitive.
But, the same behavior was observed in a study by Darros-Barbosa et
al. [45] that investigated the heat capacity of aqueous solutions of differ-
ent sugars and salts as a function of temperature andwater content. The
authors attributed the observed behavior to changes in the structural
composition of the samples at higher TS concentrations followed by dis-
solution. Thus, it is possible that the formation of flocs at higher TS con-
tents is responsible for this behavior.

Correlations relating specific heat capacity, temperature, and total
solid content are not available in the literature; once again, the only ex-
amples that could be found were for liquid foods. A good overview of
these equations is given by Magerramov [46]. In most cases, simple
polynomial equations were used and none of the equations accounted
for the heat capacity of water at a TS content of 0%. In accordance with
the equations found in the relevant literature, a numerically stable but
accurate polynomial approach was chosen here. The following empiri-
cal equationswere established to allow for the calculation of the isobaric
heat capacity of N. salina algal biomass as a function of temperature and
TS content:

cp T; TSð Þ ¼ cp;H2O Tð Þþ fcp TSð Þ � Tecp ð11Þ

with

f cp TSð Þ ¼ acp �
TS
100

� �
þ bcp �

TS
100

� �2

þ ccp �
TS
100

� �3

þ dcp �
TS
100

� �4

ð12Þ

where cp is the isobaric heat capacity in J·g−1·K−1, T is the temperature
in K, TS is the total solid content in %, and cp,H2O(T) is the isobaric heat
capacity of liquid water in J·g−1·K−1 at a given temperature and at at-
mospheric pressure. This last term was calculated using the IAPWS-95
formulation of Wagner and Pruss [39].

The experimental data were fit with Eqs. (11) and (12) and the
resulting coefficients acp, bcp, ccp, dcp and ecp can be found in Table 2.
Again, a Newton-Raphson method was used to reduce the weighted
sum of squares for the adjustment of the equation parameters. Fig. 4b
shows the relative deviations between experimental and calculated iso-
baric heat capacities. For clarity, deviations are shown for only select
temperatures (every 4 K), as well as the minimum and maximum ob-
served deviation at each TS content. Overall, 95% of the deviation data
range between −0.47% and 0.50%. Furthermore, Fig. 4b shows no sys-
tematic offset and deviations that are randomly distributed for all TS
contents and temperatures.

Finally, the extrapolation behavior of Eq. (11) is plotted for TS con-
tents from 0% to 30% and for temperatures from 278 K to 368 K in Fig.
S3.1g and S3.1h in the Supporting Information, respectively. The equa-
tion exhibits normal trends without any unusual variations.

4. Conclusion

Density, viscosity, and isobaric heat capacity of microalgae biomass
(Nannochloropsis salina) were experimentally investigated as a function
of temperature and TS content. While both density and viscosity in-
crease with increasing TS content and decreasing temperature, heat



Fig. 4. Isobaric specific heat capacity (cp) results: a) experimental results formeasured TS concentrations plotted as a function of temperature (T) and values for purewater calculatedusing
the IAPWS formulation of Wagner and Pruss [39], and b) percent deviations for experimental data relative to heat capacities calculated using Eq. (11). For a more complete picture,
deviations are shown in 2 to 4 K steps for the whole temperature range as well as the minimum and maximum deviation at each TS content.
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capacity decreases with increasing TS content and exhibits amore com-
plicated temperature dependence. Specifically, heat capacity initially
decreases slightly until a minimum is reached and then it increases
with increasing temperature. Equations were developed that allow for
the calculation of the investigated thermophysical properties as a func-
tion of temperature and TS content, thus providing a convenient way to
estimate thermophysical properties of N. salina algal biomass at differ-
ent conditions. Currently, the results of this work should be limited to
N. salina biomass. Onemight assume that these results can be extended
to other microalgae species that exhibit the same cell size and structure
and a comparable organic and elemental composition asN. salina. How-
ever, additional experiments are needed to verify whether or not the
equations presented herein can be applied to other microalgae species.
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