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The current world-wide energetic situation implies in researches about new resources and technologies capable
of producing biofuels, such as the peanut processing residues. To design operations associated to bioethanol pro-
cessing, understanding material properties, as density and rheology, is necessary. In this study, peanut shells
were firstly chemically characterized, showing 37.1% cellulose, 33.4% hemicellulose and 15.0% lignin. Aqueous
acid suspensions of powdered peanut shell were prepared and their physical properties were determined.
Rheological parameters and density could be correlated with solid content and temperature by exponential
and quadratic equations, respectively,while pH did not present significant effect on these parameters. Dilute sus-
pensions showedNewtonian behavior, but at concentration above 8% (w/w) of solids, a non-Newtonian behavior
was observed, showing yield stress and shear thinning. By evaluating the relative viscosity behaviorwith increas-
ing solids concentration, Farris effect was also evidenced in suspensions above 8% of solids due to the presence of
fine particles. Such result indicates the possibility of processing peanut shells for biofuel production in solids con-
centration higher than 10%, without a significant influence on viscosity.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Nowadays, with the high exploitation of fossil fuels, one of the big-
gest environmental worries is the fuel supply [1]. It has influenced
many studies to bring new technologies and renewable sources to pro-
duce energy, mainly from lignocellulosic materials. Biomass is themore
suitable and available source able to produce biofuels, as bioethanol and
biodiesel in a short time [2,3].

Agro-industrial residues, wood and some urban residues are the
examples of biomass, with a drymatter composed of cellulose, hemicel-
lulose and lignin. Agro-industrial wastes are an interesting biomass
source due to its low cost and abundance in agriculture producing coun-
tries as Brazil [4].

Currently in Brazil, peanut processing can generate more than
90 thousand tons of waste, considering the average shell/grain ratio of
30% [5] and an annual production, of around 320,000 tons in 2014 [6].
Thus, its polymeric composition of fermentable material is attractive
to develop new treatments and processes. The peanut shells, currently
used as fertilizers and fodder in poultry farms, could be used as rawma-
terial in bioethanol conversion/preparation processing after physical,
chemical, biological or even combined pretreatments.

The major step of bioethanol production consists into the breakdown
of hemicellulose and the crystalline structure from the cellulose for sugars
chini).
release, which will be fermented into ethanol and later distilled. All these
steps generally occur in stirred bioreactors using acid medium [7–9].

A correct understanding of the material properties, as density and
rheology, is necessary to design cost-effective treatment processes
[10] during fermentation and handling agro-industrial residues. Rheol-
ogy is also used to understand the product's structural behavior [11],
besides its importance on designing pipes and process equipment.

Rheological/structural behavior depends on a number of factors, in-
cluding chemical composition, particle size and shape, surface effects
and/or additives presence. These factors are generally heterogeneous
in biomass suspensions, once particles vary in terms of composition,
size and shape [12]. The flow characteristics of suspensions can be de-
fined both by the continuous or dispersed phase, and even by the influ-
ence of one in another [13]. Considering that the combination of these
facts makes unique the properties of each suspension, the need of pub-
lished physical properties data of such systems is emphasized.

So, this study intended to characterize and evaluate the rheological
behavior and density of acid suspensions of peanut shell powder in dif-
ferent conditions of biomass concentration, temperature and pH.

2. Materials and methods

2.1. Peanut shell preparation

Cleaned and dried peanut (Arachis hypogaea L.) shells were obtained
from Agro-industrial Cooperative — COPLANA (Jaboticabal, São Paulo,
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Brazil). Using a knifemill MA380 (Marconi, Piracicaba, Brazil), the shells
were milled and separated by Tyler sieves (mesh 12 and 24) to obtain a
particle size distribution between 1397 and 701 μm.

2.2. Chemical characterization

Analysis of moisture, dry matter, cellulose, hemicelullose, lignin and
total sugars were done aiming the characterization of the peanut shell.
Moisture and drymatterwere determined by a vacuumoven, according
to AOAC 926.12 method [14].

Cellulose, hemicellulose and lignin contentwere determined using a
method on reflux extraction with neutral detergent or acid detergent
solutions for 90 min [15,16]. Filtrate was washed with hot distilled
water and ethanol, then oven-dried until constant weight. The percent-
age of each washing represents the neutral detergent fibers (NDF) and
acid detergent fibers (ADF). To determinate the lignin amount, sulfuric
acid (72% w/w) was added to the samples under magnetic stirring at
20 °C every hour, during 3 h. After washing with hot distilled water
until a sulfuric acid concentration of 3% (w/w), the filtration residue
(lignin) was dried and weighed. The difference between NDF and ADF
indicates the hemicellulose content, and subtracting the lignin percent-
age from ADF results in the cellulose content.

Total sugars contentwas determined from the acid hydrolyzed sam-
ples of NDF and ADF, by high-performance liquid chromatography
(HPLC) according to the AOAC 982.14 method [14]. Hydrolyzed sample
was centrifuged at 1850×g for 2min at 20 °C. After removing the super-
natant, sugars were extracted into 50% ethanol, passed through a Sep-
Pak® C18 cartridge (Waters Associates, Milford, MA, USA) and then
filtered through a 0.45 mm nylon disk. Separation and quantification
were carried out on a μbondapak-NH2 column (30 cm × 3.9 mm i.d.,
Waters, Milford, MA, USA) and a refractive index (IR) detector, using
CH3CN and H2O (80:20 v:v) as mobile phase. Concentrations were
calculated based on prepared external standards.

2.3. Zeta (ζ) potential

The zeta (ζ) potential of the suspensions of powdered peanut shells
was determined using a Zetasizer Nano ZS equipment (Malvern Instru-
ments, Worcestershire, UK). Suspensions containing 0.01% (w/w) of
powdered peanut shells were previously prepared at different pH (3.0,
4.0, 5.0, 6.0 and 7.0) using 0.05% (w/w) H2SO4 solutions. Each sample
was transferred to the cuvettes for zeta potential measurements,
which were done in triplicate.

2.4. Particles size distribution

Particle size distribution of the peanut powder, separated by Tyler
sieves mesh 12 and 24, was evaluated by laser diffraction (LD) using a
Mastersizer S model MAM 5005 (Malvern Instruments Ltd., UK), with
distilled water as dispersing medium. Each sample was evaluated in 6
replicates. Diameter of samples was represented as the volumeweight-
edmean diameter (D4,3), defined by Eq. (1) and surface weightedmean
diameter (D3,2), defined by Eq. (2). Polydispersity was evaluated
according to span value, given in Eq. (3).

D4;3 ¼
X

ni � d4iX
ni � d3i

ð1Þ

D3;2 ¼
X

ni � d3iX
ni � d2i

ð2Þ

span ¼ D9;0−D1;0

D5;0
ð3Þ
where, ni is the number of particles with di diameter, D1,0, D5,0 and D9,0

are diameters at 10%, 50% and 90% cumulative volume, respectively.

2.5. Optical microscopy (OM)

Particle morphology was analyzed through optical microscopy
(OM). Using microscope slides and glass cover slips, particles were
observed at 10, 40 and 100× magnification using a Carl Zeiss Model
Axio Scope A.1 (Zeiss, Germany). Images were also evaluated using
the public domain software Image J v1.36b. The pixel-scale values
were converted into microns by a scaling factor and the group of parti-
cles present in the captured images were measured. The length (L) and
the width (w) were the dimensions determined for the fibers, and the
aspect ratio (ar) was calculated by ar = L/w.

2.6. Rheological measurements

Suspensions were prepared with different solids content: 0, 2; 4; 6;
8; 10 and 12% (w/w) using an analytical balance (model AUX220,
Shimadzu, Japan). Solutions with varying pH (3.0; 4.0; 5.0; 6.0 and
7.0) were used for dispersing the suspensions. These solutions were
prepared and stabilized for 3 days with distilled water and diluted sul-
furic acid (H2SO4) at 0.05%. The suspensions were prepared and insert
immediately into the equipment.

Rheological measurements were done in a AR-G2 rheometer (TA
Instruments, USA) with SPC (Starch Pasting Cell) geometry to avoid
the particles sedimentation. Samples of approximately 28 cm3 were re-
quired in each run and shear rate ramps were set from 0 to 260.5 s−1 in
steady flow. Sample temperature (1, 10, 20, 30, 40, 50 and 60 °C) was
controlled by the equipment bath. Shear stress data were extracted by
data acquisition system Universal Analysis 2000 version 4.7 (TA Instru-
ments, USA).

Chlorobenzene was the standard substance in calibration. The
measurements in Table 1 did not present significant difference
(pvalue N 0.050) with the ones published in literature [17], indicating
that the equipment is properly calibrated.

2.7. Density analysis

Density (ρ, kg/m3)was determined for the same suspensionsused in
rheological determination. Analyses were carried out in a volumetric
standard picnometer DIN ISSO 3507 (Brand, Wertheim, Germany),
equipped with a lid and a graduated thermometer with sensibility of
0.1 °C. Sample temperature was changed and stabilized using a thermo-
static bathMA-159 (Marconi, São Paulo, Brazil). For eachmeasurement,
the picnometerwas calibratedwith distilledwater according to the pro-
cedures described in ASTM-D1480 [18].

Experimental measurements were done in triplicate, using a 50 mL
picnometer and an analytical balance with 0.0001 g of precision
(model AUX220, Shimadzu, Japan).

2.8. Data modeling

Rheograms were plotted, obtaining shear stress as function of shear
rate. Rheological behavior was evaluated using flow models with 1 to
3 parameters (Eqs. (4)–(7b)) and their adjusted correlation
coefficient (R2). Newton (1 parameter), Bingham and Power Law (2
parameters) and Herschel–Bulkley model (3 parameters) are repre-
sented by Eqs. (4)–(7b), respectively. Whereas τ (Pa) is shear stress
(Pa), _γ(1/s) is shear rate, k (Pa.sn) is the consistency coefficient, n (di-
mensionless) is the flow behavior index, τ0 (Pa) is the initial yield stress
to start the flow, μ (Pa.s) is Newtonian viscosity, ηB (Pa.s) is plastic vis-
cosity and ηapp (Pa.s) is apparent viscosity at a fixed shear rate [11,19].

τ ¼ μ _γ ð4Þ



Table 1
Viscosity validation using chlorobenzene as standard substance.

Standard substance Temperature Viscosity (cP) Confidence interval (95%) pvalue

°C Literaturea Experimentalb

Chlorobenzene C6H5Cl
0 1.058 1.056 ± 0.0104 (1.049; 1.063) 0.596

25 0.753 0.751 ± 0.0071 (0.746; 0.755) 0.377
50 0.575 0.578 ± 0.0060 (0.574; 0.582) 0.087

a Data from Lide (1993).
b Mean ± standard deviation for eleven experimental data.

Table 2
Chemical composition of peanut shells.

Chemical composition Resultsc

Moisture (w·w−1, w. b.) 11.0 ± 0.1
Dry matter (w·w−1, w. b.) 89.0 ± 0.1
Cellulosea (w·w−1, d.b.) 37.1 ± 1.0
Hemicellulosea (w·w−1, d.b.) 33.4 ± 0.6
Lignina (w·w−1, d.b.) 15.0 ± 0.3
Total sugarsb (g·L−1) 65.1 ± 1.6

a Determined from dry matter.
b Determined from NDF and ADF content.
c Mean and standard deviation of the triplicate.
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τ ¼ τ0 þ ηB _γ ð5aÞ

ηapp ¼ τ0
_γ
þ ηB ð5bÞ

τ ¼ k _γn ð6aÞ

ηapp ¼ k _γn−1 ð6bÞ

τ ¼ τ0 þ k _γn ð7aÞ

ηapp ¼ τ0
_γ
þ k _γn−1 ð7bÞ

A usual manner to correlate the rheological parameters with solid
content and temperature was proposed by Rao [20]. The author recom-
mends exponential equations to fit data, due to their good representa-
tiveness. The following exponential models (Eqs. (8) and (9)) have
the adjusted parameters A, B, C and D, and XS as the solid content
(% m/m), T as the temperature (°C) and R as the gas universal constant
(8.314 J/mol K).

μ;ηapp; k;n ¼ Aþ B exp
C

R T þ 273:15ð Þ
� �

XD
S ð8Þ

μ;ηapp; k;n ¼ A exp BXS þ CX2
S þ

D
R T þ 273:15ð Þ

� �
ð9Þ

For suspensions, it is common to use the values of relative viscosity
(ηrel) as function of the volume fraction of solids, which is given by a re-
lation between the suspension (ηs) and dispersant (ηd) viscosity [21].

In the case of density, data were fitted to polynomial models of sec-
ond degree simultaneously for concentration of solids and temperature.

3. Results and discussion

3.1. Chemical characterization

The chemical composition of peanut shell is displayed in Table 2. The
obtained composition of drymatter resembles to other studied lignocel-
lulosic materials, as almonds shells, sugarcane bagasse and rice straw
[22], and even for some results presented by Castro & Pereira-Jr. [4]
for peanut shells. Total sugars indicate the maximum potential of
conversion from lignocellulose compounds such as cellulose and
hemicellulose.

3.2. Zeta potential

Zeta potential or surface charge ofmaterials is strongly influenced by
pH, since it determines the degree of protonation of functional groups in
thematerial surface [23]. Fig. 1 shows zeta potential of peanut shells as a
function of pH.

Among the pH values evaluated, increasing pH from 3 to 6 resulted
in a significant deviation on zeta-potential value, with smaller influence
between pH 6 and 7. If zeta potential values are near to zero, it is
expected more interactions between particles, since there are no elec-
trostatic repulsion between them. Similar behavior was also observed
for suspensions of cellulose fibers of banana waste [24]. The addition
of cationic compounds, such as H+, on negatively charged products
may cause aggregation in different ways. The main mechanism is the
charge screening, which reduces the zeta potential magnitude and the
electrostatic repulsion between molecules, such as cellulose [25].
3.3. Particles size distribution

Volume particles size distribution showed a high polydispersity
(span 1.886), probably due to the great amount of small size (between
3 and 12 μm) particles and some particles with larger sizes. Results
showed that 10% of particles (D1,0) are smaller than 105.62 μm while
10% of particles show larger sizes than 948.03 μm (D9,0), reflecting the
high polydispersity even though amonomodal particle size distribution
of powdered peanut shell (PPS) was observed by volume and number
distribution (Fig. 2).

A significant difference between the peaks from Fig. 2a and b can be
observed. Such difference is attributed to the fact that the larger parti-
cles represent a higher volume fraction, while smaller particles
(~5 μm) represent the higher number fraction, once a great amount of
small particles is necessary to occupy the same volume as a single big
particle.

The mean volume weighted diameter (D4,3) was 492.68 μm, while
the surface weighted diameter (D3,2) was 178.46 μm. In the presence
of high content of fine particles, D3,2 would give lower values than
D4,3, as observed for soybean extract [26] and the PPS evaluated in the
present work. As D3,2 is defined as the diameter of a sphere with the
same volume/surface ratio [27], fine particles seem to have volume
lower than the representative sphere when compared to its surface.
Since this analysis consists to verify the light scattering pattern of a spe-
cific particle's volume, it is useful to compare the fraction of each size
particles range present in the powder. Results indicated that most of
the particles showed a diameter of around 6 μm (mode).
3.4. Optical microcopy (OM)

Particles were observed through images obtained by optical micros-
copy (Fig. 3), showing particles with unlike size (high polydispersity)



Fig. 1. Zeta potential of suspensions of powdered peanut shell (PPS) at different pH values.
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and irregular shape. The morphology was typical of cellulosic material
and their average aspect ratio (ar) was 1.86 ± 0.72.

3.5. Flow behavior

Fitting values of the 3-parameter non-linear regression, Herschel–
Bulkley equation, are presented in Table 3. Fitting parameters show the
rheological behavior as function of concentration, pH and temperature.

The rheological characteristics were very well-fitted to Herschel–
Bulkley equation, with R2 N 0.999. Suspensions with solids concentra-
tion up to 8% showed flow behavior index close to 1 and τ0 close to
zero, indicating Newtonian behavior as the dispersant solutions (0% of
solids). Since flow behavior index is very close to the unit and there is
no residual stress (τ0 ≈ 0) for almost all cases, it brings the Herschel–
Bulkley into Newton's equation. Probably, up to 8% of PPS the particles
do not show significant interactions between them to induce a change
in rheological behavior, predominating the dispersant properties.

The more concentrated suspensions (N10% w/w) showed
pseudoplasticity (minimum n value of 0.85) and a considerable increase
in initial yield stress (up to 3.54 Pa), which was also evidenced for slur-
ries by Chen et al. [28] and Lin et al. [29]. Considering that yield stress
represents the necessary initial energy to induce the flow, at higher
solids concentration, the particles are more misaligned and disorga-
nized, increasing τ0 values. Although the mechanism is unknown,
authors suggested that in highly concentrated suspensions, the break-
down of a three dimensional network structure along the increase of
shear rate promotes the release of interstitial water reducing on the
Fig. 2. Particles size distribution based on (a
apparent viscosity, which results in shear thinning behavior [30,31].
This effect was also verified in the different kind of suspensions such
as some fruit pulps as tomato [32] andmango [33], slurries of limestone
[34], nickel [35] and biomass of corn stover [36]. All of them were also
characterized as shear thinning fluids with yield stress.

3.6. Influence of pH on rheological parameters

In addition to the particle's physical characteristics, affinity with the
dispersant medium and the medium properties can hardly change the
suspensions rheology [37]. This effect could be evaluated from zeta po-
tential values, since a more pronounced particles aggregation are likely
to occur at pH in which neutral surface charge is observed. Thus, in
order to verify the pH influence on rheological parameters, a Tukey
test at 95% confidence interval was used between the samples with 2
and 12% of solids at different pH values. Means and standard deviation
can be seen in Table 4.

Even though zeta potential indicated a tendency to agglomeration at
more acidic pH values, rheological parameters did not show differences
at varying pH, confirming that pH solution did not affect the suspen-
sions rheology. The absence of significant differences could be attribut-
ed to the hydrodynamic forces, which seems to be more pronounced
than Brownian motion in systems with average particle size or aggre-
gates higher than 100 μm [38], which corresponded to the major frac-
tion of the particles (Fig. 2a), and of electrostatic interactions, that
would be favored by the acidic pH.

3.7. Solids concentration and temperature dependence

Since pH did not show the affect the rheological parameters, solids
concentration and temperature dependence on rheological parameters
was evaluated at an average pH value (5.0). Apparent viscosity at a
shear rate indicated for mixture process (10 s−1) [11] was analyzed
and showed a similar effect described by Mewis & Macosco [39]
(Fig. 4), where an increase on suspensions' viscosity was observed as
the solids concentration increased. Similar tendency was verified in
other studies involving cellulosic fiber as dispersed material [36,40,
41]. An exponential model (Eq. 8) was used to fit the apparent viscosity
data at 10 s−1 and resulted in Eq. (10).

ηapp;10s−1 Pa � sð Þ ¼ −0:0635þ 5:66

�10−5 exp
17346:89

R T þ 273:15ð Þ
� �

X1:51
S R2 ¼ 0:928

� �
:

ð10Þ
) volume and (b) number of particles.



Fig. 3. Optical microscopy of PPS at different magnifications: a) 10×; b) 40× and c, d and e) 100×.
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By analysis of variance (ANOVA) at 95% of confidence using
STATISTICA 10 (StatSoft, Tulsa, USA), apparent viscosity revealed a qua-
dratic dependence on temperature and linear dependence on solid con-
tent (all with pvalue b 0.05).
Table 3
Fitting parameters of Herschel–Bulkley equation for some suspensions.

[Biomass] (w/w)

2% 8%

pH 3.0 pH 5.0 pH 7.0 pH 3.0

1 °C τ0 0.0828 0.0897 0.0733 0.6337
k 0.2558 0.2545 0.2558 3.2755
n 1.0001 1.0009 0.9984 0.9955
R2 0.9999 0.9999 0.9999 0.9999

10 °C τ0 0.0595 0.0609 0.0650 0.7380
k 0.1599 0.1589 0.1580 1.9965
n 1.0002 1.0001 1.0009 1.0010
R2 0.9999 0.9999 0.9999 0.9999

20 °C τ0 0.0421 0.0468 0.0440 0.5833
k 0.1189 0.1177 0.1169 1.4708
n 0.9984 1.0006 1.0004 1.0013
R2 0.9999 0.9999 0.9999 0.9999

30 °C τ0 0.0354 0.0364 0.0370 0.5102
k 0.0959 0.0959 0.0959 1.1490
n 1.0003 1.0002 1.0001 1.0003
R2 0.9999 0.9999 0.9999 0.9999

40 °C τ0 0.0322 0.0272 0.0302 0.3756
k 0.0825 0.0836 0.0818 1.0279
n 1.0009 0.9984 1.0005 1.0013
R2 0.9999 0.9999 0.9999 0.9999

50 °C τ0 0.0249 0.0267 0.0223 0.2096
k 0.0749 0.0736 0.0745 0.9670
n 1.0001 1.0008 0.9985 0.9955
R2 0.9999 0.9999 0.9999 0.9999

60 °C τ0 0.0218 0.0236 0.0194 0.3398
k 0.0689 0.0686 0.0695 0.8413
n 1.0001 1.0009 0.9984 1.0026
R2 0.9999 0.9999 0.9999 0.9999
All Herschel–Bulkley parameters were plotted as function of solids
concentration and temperature (Fig. 5), allowing tofit separatedmodels
for initial yield stress (Eq. (11)), consistency coefficient (Eq. (12)) andflow
behavior index (Eq. (13)), for later use in processes design calculation.
10%

pH 5.0 pH 7.0 pH 3.0 pH 5.0 pH 7.0

1.3648 0.9521 3.0209 3.5440 3.0109
3.6082 2.9116 5.7265 5.6382 5.7338
1.0016 1.0013 0.8592 0.8604 0.8588
0.9999 0.9999 0.9999 0.9999 0.9999
0.9791 0.7259 1.7602 1.6998 1.7137
1.8379 1.9095 4.0616 4.0592 4.0831
1.0026 0.9955 0.8727 0.8731 0.8711
0.9999 0.9999 0.9999 0.9999 0.9999
0.5478 0.4848 1.5289 1.5200 1.5178
1.4435 1.3423 2.7265 2.7384 2.7288
1.0010 1.0007 0.8725 0.8712 0.8723
0.9999 0.9999 0.9999 0.9999 0.9999
0.4762 0.4113 0.9516 1.0097 0.9853
1.1753 1.1241 2.4821 2.4921 2.4973
1.0013 1.0010 0.8742 0.8737 0.8730
0.9999 0.9999 0.9999 0.9999 0.9999
0.3754 0.4144 0.8723 0.9067 0.7682
0.9997 0.9485 2.0392 2.0502 2.1015
1.0013 1.0026 0.8685 0.8675 0.8620
0.9999 0.9999 0.9999 0.9999 0.9999
0.3502 0.3121 0.5401 0.5239 0.4200
0.8975 0.8484 2.0618 2.0548 2.1169
1.0016 1.0013 0.8704 0.8705 0.8640
0.9999 0.9999 0.9999 0.9999 0.9999
0.2371 0.2978 0.5018 0.6648 0.4759
0.8819 0.8232 1.9071 1.8663 1.8927
0.9955 1.0016 0.8667 0.8700 0.8686
0.9999 0.9999 0.9999 0.9999 0.9999



Table 4
Means and standard deviation of Herschel–Bulkley parameters for the runs in triplicate at 2 and 12% of solids.

Biomass (% w/w) Rheological parameters T (°C) pH = 3 pH = 4 pH = 5 pH = 6 pH = 7

2

τ0 (mPa)

1 76.80 ± 11.06 a 85.16 ± 30.72 a 84.28 ± 4.91 a 89.50 ± 16.73 a 76.06 ± 5.48 a

10 67.88 ± 9.23 a 56.79 ± 6.91 a 63.07 ± 2.75 a 62.58 ± 3.07 a 62.11 ± 2.62 a

20 45.84 ± 4.17 a 44.01 ± 6.18 a 46.76 ± 0.46 a 45.51 ± 1.68 a 45.96 ± 2.11 a

30 37.43 ± 2.08 a 39.48 ± 9.14 a 36.58 ± 2.82 a 36.22 ± 1.92 a 37.87 ± 1.28 a

40 30.92 ± 1.22 a 33.23 ± 7.36 a 31.10 ± 3.53 a 28.83 ± 7.70 a 30.03 ± 2.80 a

50 21.67 ± 3.60 a 27.25 ± 4.57 a 29.71 ± 6.45 a 24.96 ± 3.68 a 23.52 ± 1.73 a

60 22.74 ± 2.13 a 24.57 ± 5.38 a 22.42 ± 1.16 a 22.48 ± 2.39 a 20.94 ± 2.28 a

k (mPa.sn)

1 257.45 ± 3.26 a 257.18 ± 6.55 a 255.29 ± 0.72 a 253.12 ± 2.36 a 253.80 ± 1.81 a

10 158.61 ± 1.41 a 160.72 ± 2.24 a 158.40 ± 0.50 a 158.38 ± 0.39 a 158.35 ± 0.29 a

20 117.96 ± 0.85 a 118.56 ± 1.71 a 117.74 ± 0.14 a 116.75 ± 0.12 a 16.75 ± 0.10 a

30 95.77 ± 0.07 a 89.35 ± 1.41 b 95.69 ± 0.26 a 95.67 ± 0.18 a 95.81 ± 0.10 a

40 82.58 ± 0.10 a 82.29 ± 1.09 a 82.90 ± 0.60 a 83.50 ± 1.93 a 82.03 ± 0.48 a

50 75.51 ± 1.34 a 73.47 ± 0.69 a,b 73.11 ± 0.98 b 73.71 ± 0.18 a,b 73.98 ± 0.46 a,b

60 68.74 ± 0.33 a 68.41 ± 0.79 a 68.79 ± 0.19 a 68.84 ± 0.14 a 68.92 ± 0.49 a

n (−)

1 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a

10 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a

20 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a

30 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a

40 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.01 a 1.00 ± 0.00 a

50 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a

60 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a 1.00 ± 0.00 a

12

τ0 (mPa)

1 3125.47 ± 72.12 a 3140.77 ± 61.47 a 2895.23 ± 582.46 a 2931.76 ± 598.53 a 3026.46 ± 208.40 a

10 1774.67 ± 63.65 a 1861.19 ± 175.73 a 1914.41 ± 166.73 a 1540.47 ± 364.99 a 1691.52 ± 149.52 a

20 1619.21 ± 124.14 a 1558.56 ± 13.01 a 1543.96 ± 265.46 a 1662.27 ± 112.85 a 1505.55 ± 93.55 a

30 1032.31 ± 60.71 a 1050.41 ± 26.48 a 938.79 ± 298.07 a 936.88 ± 297.43 a 1012.85 ± 145.41 a

40 937.44 ± 50.93 a 910.38 ± 3.40 a 972.08 ± 55.16 a 885.68 ± 251.72 a 881.98 ± 71.66 a

50 563.94 ± 31.89 a 575.04 ± 52.07 a 467.42 ± 204.92 a 648.81 ± 94.53 a 597.57 ± 45.48 a

60 543.12 ± 82.48 a 494.10 ± 3.98 a 523.05 ± 51.16 a 531.52 ± 29.46 a 565.02 ± 66.33 a

k (mPa.sn)

1 5941.65 ± 24.84 a 5933.67 ± 18.84 a 6005.47 ± 220.71 a 6001.84 ± 221.26 a 5994.65 ± 77.66 a

10 4242.28 ± 16.36 a 4225.14 ± 36.09 a 4194.92 ± 25.85 a 4315.14 ± 132.74 a 4271.24 ± 62.60 a

20 2838.21 ± 27.71 a 2848.99 ± 8.86 a 2860.49 ± 80.65 a 2812.53 ± 17.39 a 2867.97 ± 39.40 a

30 2597.80 ± 23.77 a 2595.05 ± 11.97 a 2636.20 ± 92.68 a 2640.54 ± 90.34 a 2616.05 ± 42.55 a

40 2132.17 ± 17.72 a 2140.70 ± 9.64 a 2127.84 ± 16.35 a 2158.40 ± 81.80 a 2142.58 ± 45.50 a

50 2157.88 ± 3.79 a 2134.98 ± 23.35 a 2184.27 ± 74.62 a 2130.89 ± 18.51 a 2144.49 ± 2.11 a

60 1957.22 ± 16.42 a 1968.02 ± 8.67 a 1955.21 ± 18.46 a 1956.85 ± 14.43 a 1950.18 ± 12.57 a

n (−)

1 0.86 ± 0.00 a 0.86 ± 0.00 a 0.86 ± 0.01 a 0.86 ± 0.01 a 0.86 ± 0.00 a

10 0.87 ± 0.00 a 0.87 ± 0.00 a 0.87 ± 0.00 a 0.87 ± 0.01 a 0.87 ± 0.00 a

20 0.87 ± 0.00 a 0.87 ± 0.00 a 0.87 ± 0.01 a 0.87 ± 0.00 a 0.87 ± 0.00 a

30 0.87 ± 0.00 a 0.87 ± 0.00 a 0.87 ± 0.01 a 0.87 ± 0.01 a 0.87 ± 0.00 a

40 0.87 ± 0.00 a 0.87 ± 0.00 a 0.87 ± 0.00 a 0.87 ± 0.01 a 0.87 ± 0.00 a

50 0.87 ± 0.00 a 0.87 ± 0.00 a 0.87 ± 0.01 a 0.87 ± 0.00 a 0.87 ± 0.00 a

60 0.87 ± 0.00 a 0.87 ± 0.00 a 0.87 ± 0.00 a 0.87 ± 0.00 a 0.87 ± 0.00 a

a,bLetters in the same line represent no significant difference at 95% of confidence interval by Tukey test.

Fig. 4. Apparent viscosity (at 10 s−1) as function of solids content (%) and temperature
(°C).
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The following fitted models with the respective R2 are:

τ0 Pað Þ ¼ −0:016þ 2:56� 10−7 exp
25126:29

R T þ 273:15ð Þ
� �

X2:18
S R2 ¼ 0:895

� �

ð11Þ

k Pa � snð Þ ¼ −0:063þ 3:81� 10−5 exp
17050:71

R T þ 273:15ð Þ
� �

X1:82
S R2 ¼ 0:930

� �

ð12Þ

n dimensionlessð Þ ¼ exp 0:01XS−0:002X2
S−

8:76
R 273:15ð Þ

� �
R2 ¼ 0:820

� �
:

ð13Þ

Consistency coefficient and yield stress have a second degree of de-
pendence on temperature and solids content. Higher temperature fa-
vored molecular movement, reducing the viscosity, consistency index
and the yield stress. However, the suspension solids increase leads to
spatial structures formation, hindering the motion and increasing the
resistance to the flow [42]. The effect of temperature on flow behavior
index was not evident as reported by other authors for biomass [43]
and petrochemical [44] slurries. On the other hand, the solid concentra-
tion is responsible by interfering quadratically on flow behavior index,
inducing shear thinning, probably due to particle–particle interactions.



Fig. 5. Initial yield stress (a), consistency coefficient (b) and flow behavior index
(c) dependence on temperature (°C) and solids content (%) at pH 5.0.

Fig. 6. Relative viscosity as function of PPS concentration at pH 5.0.
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Such strong solids effect was also observed by Qiu & Rao [45] for apple
purée suspension.

Evaluating the behavior of relative viscosity (ηS/ηd) as function of
solids concentration, up to 8% (w/w) of solids, an exponential tendency
was observed. However, at higher solids content, a significant deviation
on the slope was observed for all pH values. Data of others pH is not
shown, since this behavior followed the same pattern as presented in
Fig. 6 for pH 5.0.

Even though a pronounced increase of relative viscosity was expect-
ed at higher amount of particles, a decrease on the slope of the curve
was observed for solids content between 8 and 12% (w/w). In these
cases, the relative viscosity observed was hardly influenced by solids
content like at lower concentrations. One theory capable to explain
this deviation it is the effect described by Farris [46]. This author pro-
posed that fine particles can act like dispersant when inserted in a sus-
pension with larger particles, facilitating the flow of coarse particles.
Even though fines were also observed at lower solids concentration,
this behavior was pronounced only at higher concentrations, when
there is an increase on the particle–particle interactions. The particles
size distribution (in number of particles) reinforces this idea, once a
large number of particles (~86%) showed size below 10 μm, while 10%
showed size larger than 13.637 μm (Fig. 2a). By Fig. 6, it can be conclud-
ed that Farris effect is pronouncedwhen 10% of solids is reached. At this
concentration 8.6 g of fines and 1.4 g of coarse are encountered in 100 g
of suspension, establishing the beginning of Farris effect. The fines con-
centration reaches similar value as reported by Farris [46]when 10.7% of
fines were added into the original suspension.

3.8. Density evaluation

As verified for rheology, the Tukey test showed no significant differ-
ences for densities at different pH. Table 5 shows density values as func-
tion of solids concentration (0–12%w/w) and temperature (1–60 °C) at
different pH values.

Density was negatively influenced by temperature, while a rise in
solids content promoted an increase of density (Fig. 7). Temperature di-
minishes the interactive forces between molecules, dispersing them
from each other. As the solid content gets higher, density approximated
to values reported by Abdullah et al. [47] of 1250 kg/m3 for biochar slur-
ry at 20% (w/w) of solids.

ANOVA allowed asserting that both temperature and solids content
influence quadratically the values of density, resulting in a second order
polynomial model. The non-linear regression resulted in a R2 = 0.951:

ρ kg=m3� � ¼ 993:56þ 1:47XS þ 0:12X2
S þ 0:03T−0:0038T2: ð14Þ

A linear regression between the experimental versus predicted data
presented an angular coefficient of 0.98, very close to the unit, which
represents a good accuracy of the model.



Table 5
Density of acidic PPS suspensions at different temperature (°C) and concentration of biomass (%).

Biomass (% w/w) T (°C) Density of peanut shells in acid solutions (kg/m3)

pH = 3 pH = 4 pH = 5 pH = 6 pH = 7

0

1 998.1 ± 1.4 a 997.9 ± 0.8 a 996.6 ± 0.6 a 994.7 ± 4.1 a 993.4 ± 0.8 a

10 998.5 ± 1.8 a 997.7 ± 0.7 a 994.2 ± 2.1 a 994.4 ± 4.1 a 994.2 ± 3.4 a

20 998.1 ± 0.9 a 995.7 ± 1.0 a,b 995.5 ± 1.2 a,b 993.1 ± 4.0 a,b 991.9 ± 0.8 b

30 994.5 ± 1.9 a 991.3 ± 0.6 a 993.7 ± 1.6 a 993.6 ± 2.3 a 991.6 ± 0.2 a

40 993.6 ± 0.9 a 990.6 ± 0.6 b 990.3 ± 0.6 b 989.0 ± 0.2 b,c 988.5 ± 0.7 c

50 991.1 ± 0.6 a 987.0 ± 1.7 a 987.1 ± 1.6 a 985.3 ± 4.0 a 986.8 ± 3.1 a

60 986.0 ± 1.0 a 982.9 ± 3.4 a 984.7 ± 0.7 a 983.0 ± 0.9 a 982.7 ± 3.1 a

2

1 990.5 ± 3.7 a 995.4 ± 7.7 a 995.4 ± 3.4 a 990.8 ± 8.7 a 986.7 ± 9.9 a

10 992.2 ± 8.1 a 994.0 ± 1.8 a 995.0 ± 6.3 a 994.5 ± 6.0 a 993.5 ± 6.4 a

20 991.7 ± 1.8 a 994.3 ± 5.1 a 993.1 ± 3.0 a 992.7 ± 6.2 a 992.2 ± 13.7 a

30 997.6 ± 4.1 a 999.6 ± 7.2 a 987.5 ± 2.9 a 991.7 ± 2.9 a 986.9 ± 7.1 a

40 982.4 ± 1.9 a 988.8 ± 4.6 a 988.9 ± 4.1 a 987.9 ± 8.2 a 989.4 ± 12.1 a

50 984.9 ± 5.1 a 986.3 ± 4.1 a 984.4 ± 3.9 a 977.2 ± 6.3 a 986.1 ± 4.5 a

60 975.3 ± 4.3 a 981.1 ± 4.3 a 979.7 ± 3.9 a 977.0 ± 3.9 a 981.3 ± 4.6 a

4

1 1000.2 ± 3.7 a 1002.2 ± 7.7 a 1003.0 ± 3.4 a 994.0 ± 8.8 a 1001.5 ± 10.1 a

10 1002.7 ± 8.1 a 1003.0 ± 1.9 a 1001.8 ± 6.3 a 999.5 ± 6.0 a 1000.8 ± 6.4 a

20 1000.9 ± 1.8 a 1000.4 ± 5.1 a 996.8 ± 3.0 a 992.7 ± 6.2 a 996.3 ± 13.7 a

30 994.7 ± 4.1 a 998.6 ± 7.2 a 999.1 ± 2.9 a 998.1 ± 3.0 a 999.6 ± 7.2 a

40 994.7 ± 1.9 a 999.8 ± 4.6 a 995.8 ± 4.1 a 995.3 ± 8.2 a 997.0 ± 12.2 a

50 992.7 ± 5.1 a 985.5 ± 4.1 a 993.4 ± 4.0 a 988.5 ± 6.4 a 989.7 ± 4.5 a

60 987.1 ± 4.3 a 989.7 ± 4.4 a 989.6 ± 3.9 a 989.6 ± 4.0 a 993.3 ± 4.6 a

6

1 1011.9 ± 3.7 a 1005.0 ± 3.9 a 1009.1 ± 0.7 a 1004.8 ± 3.4 a 1006.0 ± 3.8 a

10 1010.3 ± 8.2 a 1009.0 ± 7.6 a 1009.0 ± 1.2 a 1000.4 ± 12.6 a 1006.5 ± 1.6 a

20 1001.9 ± 1.8 a 1007.5 ± 2.6 a 1007.3 ± 5.7 a 999.3 ± 7.8 a 1005.4 ± 4.6 a

30 1007.9 ± 4.1 a 998.3 ± 7.1 a 1003.1 ± 1.9 a 1006.7 ± 7.7 a 1004.3 ± 4.4 a

40 1005.9 ± 2.3 a 1004.2 ± 2.5 a 1002.8 ± 3.2 a 1002.8 ± 13.4 a 1002.8 ± 5.7 a

50 1002.0 ± 1.4 a 992.4 ± 6.8 a 999.5 ± 7.0 a 992.7 ± 6.4 a 995.4 ± 3.6 a

60 998.4 ± 2.8 a 995.6 ± 2.6 a 993.5 ± 7.5 a 988.7 ± 6.5 a 992.0 ± 3.2 a

8

1 1019.8 ± 4.4 a 1018.1 ± 5.1 a 1005.2 ± 17.2 a 1017.9 ± 2.8 a 1016.7 ± 5.7 a

10 1010.8 ± 11.9 a 1017.4 ± 2.0 a 1017.1 ± 5.7 a 1016.7 ± 5.4 a 1017.1 ± 1.7 a

20 1017.5 ± 5.2 a 1010.1 ± 7.8 a 1016.3 ± 5.3 a 1009.5 ± 5.0 a 1015.3 ± 0.4 a

30 1016.3 ± 3.7 a 1013.9 ± 0.9 a 1013.8 ± 6.9 a 1013.6 ± 1.6 a 1007.6 ± 5.0 a

40 1012.5 ± 11.8 a 1011.3 ± 4.9 a 1010.6 ± 1.1 a 1011.2 ± 0.8 a 1010.6 ± 0.2 a

50 1010.1 ± 3.1 a 1008.7 ± 4.3 a 1007.2 ± 3.3 a 1008.1 ± 4.2 a 1007.9 ± 0.9 a

60 1006.2 ± 1.9 a 1003.3 ± 7.0 a 1003.2 ± 2.6 a 1004.3 ± 8.0 a 1003.6 ± 1.4 a

10

1 1022 ± 3.8 a 1022.6 ± 7.9 a 1020.5 ± 3.5 a 1017.6 ± 9.0 a 1015.4 ± 10.2 a

10 1022.7 ± 8.4 a 1022.3 ± 1.9 a 1016.9 ± 6.4 a 1017.1 ± 6.1 a 1016.8 ± 6.6 a

20 1022.7 ± 1.8 a 1019.8 ± 5.2 a 1019.4 ± 3.1 a 1015.7 ± 6.4 a 1013.8 ± 14.0 a

30 1018.0 ± 4.2 a 1013.7 ± 7.3 a 1017.6 ± 3.0 a 1017.5 ± 3.0 a 1014.2 ± 7.3 a

40 1018.0 ± 2.0 a 1014.1 ± 4.7 a 1013.8 ± 4.2 a 1011.6 ± 8.4 a 1010.9 ± 12.3 a

50 1016.1 ± 5.3 a 1010.4 ± 4.2 a 1010.6 ± 4.0 a 1007.9 ± 6.5 a 1010.2 ± 4.6 a

60 1010.4 ± 4.5 a 1006.3 ± 4.5 a 1009.3 ± 4.0 a 1006.5 ± 4.1 a 1006.1 ± 4.7 a

12

1 1036.5 ± 3.6 a 1030.7 ± 7.9 a 1028.6 ± 7.7 a 1025.6 ± 6.2 a 1023.4 ± 10.3 a

10 1031.3 ± 8.6 a 1030.4 ± 1.9 a 1024.9 ± 8.9 a 1025.1 ± 6.6 a 1024.8 ± 6.6 a

20 1033.1 ± 1.3 a 1027.8 ± 5.3 a 1027.4 ± 4.0 a 1023.6 ± 6.4 a 1021.7 ± 13.6 a

30 1030.4 ± 1.8 a 1021.6 ± 7.4 a 1025.6 ± 7.2 a 1025.5 ± 8.4 a 1022.2 ± 6.0 a

40 1030.2 ± 2.3 a 1022.1 ± 4.7 a 1021.8 ± 8.2 a 1019.6 ± 6.2 a 1018.8 ± 9.1 a

50 1025.7 ± 4.5 a 1018.3 ± 4.2 a 1018.6 ± 4.1 a 1015.8 ± 6.4 a 1018.1 ± 4.7 a

60 1023.1 ± 2.5 a 1012.5 ± 6.2 a 1017.2 ± 4.0 a 1014.5 ± 4.1 a 1014.1 ± 5.1 a

a,b,cLetters in the same line represent no significant difference at 95% of confidence interval by Tukey test.

Fig. 7. Fitted surface of density values at pH 5.0 (left) and predicted values from the polynomial model versus the observed ones (right).
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4. Conclusions

The rheological properties and density of acidic suspensions of pow-
der peanut shell were determined as function of solids concentration
and temperature. A Newtonian behavior was found for suspensions up
to 8% (w/w) of solids, and above this value, non-Newtonian characteris-
tics were verified, including shear thinning and residual yield stress. In
addition, the more concentrated suspensions seemed to be influenced
by Farris effect, due to the large number of fine particles present in the
material. At higher solids content, shear thinning was accompanied by
increase in initial yield stress, consistency coefficient and density. As
the pH did not present significant effects neither in rheological parame-
ters nor in density, these properties could be represented solely as a
function of temperature and solids concentration by the proposed
models. These models are useful and will enable a basis for equipment
and processes designing, mainly in those involving the lignocellulose
conversion into biofuels.
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