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Abstract

Aloe vera (Aloe barbadensis Miller) is employed as a food supplement containing

mucopolysaccharides which contribute to a healthy diet. Aloe vera mucilage is usually

obtained through an evaporation process. An alternative process to preserve polysac-

charide properties is ultrafiltration (UF), which impedes degradation of the compound

by temperature. This work analyses the effect of the UF process on the mechanical

and rheological properties of Aloe vera considering the following variables: tempera-

ture (T), input feeding rate (V), and transmembrane pressure (ΔPTM). The permeate

flux varies according to the operating conditions exhibiting non-Newtonian effects.

The determination of the mass transfer coefficient is based on the analogy of trans-

port phenomena (heat transfer to mass transfer) in non-Newtonian fluids to obtain

the permeate flux. The results show that when the mucilage is fed as a diluted shear-

thinning fluid, the UF efficiency is positively affected. To describe the rheological

behavior of the concentrated mucilage, the power law and the Bautista-Manero-Puig

(BMP) models are used and compared. Results suggest that the BMP model repre-

sents better the experimental data of permeate flux as a function of filtrate concen-

tration with respect to the experimentally measured permeate flux.

Practical Applications

Currently, the use of Aloe vera mucilage as encapsulating agents, thickeners, emulsi-

fiers, and wall materials is highly appreciated by the food and pharmaceutical indus-

try. This research shows that the concentrate obtained from Aloe vera mucilage by

ultrafiltration (UF) preserves its rheological properties, unlike other thermal pro-

cesses. Results represent an interesting and promising alternative to estimate the
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properties of Aloe vera using more realistic rheological models with promising appli-

cations in the food and pharmaceutical industry. The Aloe vera mucilage increases

the health benefits using the mucilage in different concentrations in different indus-

trial processes.

K E YWORD S

Aloe vera mucilage, modeling, permeate flux, rheology, ultra-filtration

1 | INTRODUCTION

Aloe vera (Aloe barbadensis Miller) mucilage is a natural plant used as a

nutritional supplement for its anti-inflammatory and analgesic proper-

ties in treating burns and alleviating pain caused by rheumatoid arthri-

tis. Aloe vera mucilage is considered a potential source of

hydrocolloids that can provide nutritional additives in the production

of nutraceutical products (Cervantes et al., 2014; Rodríguez-Rodríguez

et al., 2010). The usual commercial presentation of Aloe vera is as a

diluted-form mucilage (Cervantes et al., 2014; Rodríguez-Rodríguez

et al., 2010; Vega et al., 2005) containing 99% water and only 1.0%

solids. It is composed of at least four different partial acetylated gluco-

mannans, which differ in their glucose to mannose ratio and acetyl

content. Aloe vera mucilage composition comprises D-glucose and

D-mannose with 24% of uronic acid (Femenia et al., 1999; Femenia

et al., 2003). The Aloe vera mucilage contains 55.2 mg of polysaccha-

rides per 100 mL. The approximate total mass of polysaccharides is

13% (788 mg/L) (Cervantes et al., 2014; Cheryan, 1986; Femenia

et al., 1999; Femenia et al., 2003; Pizzichini, 1995; Rodríguez-

Rodríguez et al., 2010 and Vega et al., 2005).

The mucopolysaccharides are important elements of Aloe vera

mucilage. Femenia et al. (1999) reported that the polysaccharides are

contained in the parenchyma (i.e., the typical cellular tissue that is soft

and succulent, found mainly in leaves) of the Aloe vera plant. The

main and bioactive carbohydrate in Aloe vera is acemannan which is

rich in mannose and glucose, that is, high molecular weight polysac-

charides. These polysaccharides vary in size and do not form real

aqueous solutions; in fact, they form colloidal emulsions that decom-

pose via hydrolysis reactions in the cellular matrix of the Aloe vera

plant. These bioactive polysaccharides have been reported to possess

antibacterial, antiviral, antifungal, and antiparasitic properties that

enhance the response of the human immune system to some diseases

when consumed in appropriate quantities (Femenia et al., 1999,

Femenia et al., 2003). Due to the high-water activity of the Aloe vera

mucilage (aw > 0.90), its shelf-life period lasts 3–4 days at room tem-

perature. Increasing the life span is required for industrial processing

and applications (Cervantes et al., 2014; Rodríguez-Rodríguez

et al., 2010).

The use of membrane technology in the UF processes of such

polysaccharides offers the sensorial attributes of the natural products

with no thermal treatment that may decompose the product. The UF

process reduces the use of chemical additives, avoiding strong varia-

tions in temperature and degradation of fluid components

(Muller, 1982; Nakao et al., 1979). This process employs a semi-

permeable membrane with a pressure gradient at both sides of the

membrane to separate high molecular weight particles, allowing the

diffusion of small molecules through the membrane pores

(i.e., “permeate” or “filtrate”).
The flux is the rate at which the fluid passes through the mem-

brane area and a concentrate product is obtained at the end of the

process (Chou et al., 1991; Mears, 1976). UF processes are used to

separate dissolved solutes ranging from 0.002 to 0.2 microns in size,

corresponding to molecular weights of 50–300,000 Da (Charcosset &

Choplin, 1996; Chou et al., 1991; Mears, 1976), which is lies range of

the polysaccharides contained in Aloe vera mucilage.

2 | MASS TRANSFER IN THE MEMBRANE
CONCENTRATION POLARIZATION LAYER

Ultrafiltration modeling involves mass-transfer coefficient correlations

to characterize the mass transfer process through a membrane. In ultra-

filtration processes, the permeate flow through the membrane is given

by the following equation (Cui et al., 2010; Lim & Mohammad, 2012):

J¼ΔP
α e

, ð1Þ

where J is the permeate flux (m/s), α is a specific resistance of the

membrane (Pa s/m2), e is the membrane thickness (m), and ΔP is the

membrane differential pressure (Pa). Since α is proportional to the vis-

cosity in laminar flow, J can be rewritten as:

J¼ΔP
ηRt

, ð2Þ

where η is the fluid viscosity (Pa s) and Rt is the total filtration resis-

tance (m�1).

Considering that the increase in solute concentration near the

membrane reduces the effective transmembrane pressure by increas-

ing the osmotic pressure (i.e., concentration polarization), equation (2)

becomes:

J¼ΔP�ΔΠ
ηRt

, ð3Þ
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If membrane fouling is considered, the flux is represented as a

series of resistances:

J¼ ΔP�ΔΠ
η RmþRcpþRgð Þ , ð4Þ

where Rm is the hydraulic resistance of the pristine membrane, Rcp is

the concentration polarization resistance and Rg is the gel layer

resistance.

Usually, in the UF process, a gel is generated on the membrane

surface which concentration increases with time. This concentration

effect is called polarization, representing a constant decrease in per-

meate flow with time. When this permeates flow significantly

decreases, it renders the whole operation unprofitable (Lim &

Mohammad, 2012; Cui & Muralidhara, 2010).

To obtain the concentration profile, the flux of solute (mass trans-

fer) due to both convection and diffusion (making an analogy to heat

flow) through the boundary layer is equal to the flux of solute in the

permeate:

Jcþ
DJ

dc
dx

¼ Jc2, ð5Þ

Equation (5) is integrated with boundary conditions c = cw at

x = 0 and c = cb at x = δ, the thickness of the boundary layer. The

term D/δ is the mass transfer coefficient kc:

ln
cw�c2
cb�c2

¼ Jδ
D
¼ J
kc

ð6Þ

For the case of complete rejection of the solute (c2 = 0),

Equation (6) becomes

J¼ kcln
cw
cb

: ð7Þ

Due to concentration polarization, the permeate flux is a non-

linear function of ΔP and a trial-and-error solution is needed to calcu-

late J for a given ΔP. However, when complete rejection of the solute

holds and there is no gel strength, Δp can be obtained for a given

J directly using Equation (7) to obtain c and the osmotic pressure data

to obtain ΔΠ, which adds to the term (ΔP�ΔΠ) in Equation (4) to

give ΔP.

UF processes are commonly carried out under tangential flow

conditions, yielding adequate product volumes for various flow condi-

tions. In the conventional filtering process, the flow direction is nor-

mal to the surface and clogging occurs faster than in the tangential

flow filtration (ultrafiltration) (Chou et al., 1991; Mears, 1976).

Previous studies have reported the effect of the rheological prop-

erties of non-Newtonian fluids in ultrafiltration processes

(Aimar, 1987; Mondal et al., 2016; Pritchard, 1990), revealing that

fluids with shear-thinning behavior (viscosity decreasing with shear

rate) cause increasing mass transfer rates as compared with those of

Newtonian fluids (constant viscosity). An important factor to consider

is the change in permeate viscosity with concentration which, in the

case of shear thinning fluids, has been reported to shift the viscosity

curve in the y direction when plotted versus the shear rate but main-

taining the slope of the curve (Aimar, 1987; Pritchard, 1990; Mondal

et al., 2016). Studies on the UF process in non-Newtonian fluids using

a highly viscous fluid and a shear-thinning liquid permeate have

reported that UF process feeds with low content of concentrated

pseudoplastic solutions at high shear led to a more permeated flow

mass, since highly concentrated pseudoplastic solutions tend to

decrease feeding speeds when the flux is varied.

The main objective of this work is the analysis of the influence of

the mucilage rheological properties on the UF process, employing

more adequate rheological models for the complex flow occurring in

the ultrafiltration model to better understanding and higher accuracy

in the prediction of the permeate flux. Theoretical predictions of the

permeate flux consistent with the experimental values of an inelastic

shear-thinning non-Newtonian fluid (i.e., Aloe vera mucilage) facilitates

the design and optimization of UF equipment of concentrated Aloe

vera mucilage with applications in the chemical and food industries.

The Bautista-Manero-Puig (BMP) model (Bautista et al., 1999) is

employed to describe the UF process (Charcosset & Choplin, 1996).

This model adequately describes the nonlinear behavior of complex

fluids considering structure parameters. It consists of the upper con-

vective Maxwell Equation (8a) and a kinetic equation that describes

the structural change induced by the flow:

τþδ r,tð Þr
τ

¼ 2D

φ r,tð Þ , ð8aÞ

dφ
dt

¼1
λ
φ0�φð ÞþK φ∞�φð Þτ :D, ð8bÞ

where φ is the fluidity (� η�1, inverse viscosity), φ0 and φ∞ are the fluid-

ities at small and high shear rates, respectively; λ is a structural relaxa-

tion time and K can be interpreted as a kinetic constant for the

breakage of the structure [21]. r
τ is the upper convective derivative of

the stress tensor, δ ¼ G0φð Þ�1
h i

is the structure-dependent relaxation

time and G0 is the instantaneous relaxation modulus.

Permeate flux predictions of the UF process using the power law

and BMP models are compared. These models predict a shear-

thinning viscosity with a slope which remains constant when the vis-

cosity increases (concentration changes). In addition, the BMP model

describes shear thinning phenomena including a viscosity plateau at

low and high shear rates (Constant viscosity behavior), whereas the

power law model only describes the shear thinning region. Pritchard

(1990) proposed an expression for a mass transfer coefficient, which

incorporates the effect of pseudoplasticity based on the integration of

the model proposed by Field:

k¼ 3D2

4L

 !1=3
3nbþ1
4nb

8u
d

� �B

mb

1=nb

mw
1=nw Þ0:13 ,

 
ð9aÞ

where nb, nw, mb, and mw represent the flow index (n) and consistency

(m) at the center (b) and walls (w) of the pipe, and B is the exponent of

the axial velocity term:
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B¼2nb=3 nbþnwð Þ: ð9bÞ

Such formulation assumes laminar flow conditions, with no slip at

the walls. The shear rate depends only on the shear stress, using

cross-flow membrane filtration models. This equation describes the

increase in the laminar flow mass transfer coefficient with xanthan

concentration (Charcosset & Choplin, 1996). However, this correlation

is not suitable in the case where Kw is quite different to Kb, and it is

valid only when the pseudoplasticity indices nb and nw are equal.

Finally, this study focuses on the evaluation of the effect of the

mucilage concentration on the rheological properties of the filtrate

obtained from the UF process. The novelty of this work with respect

to those reported by Charcosset and Choplin (1996), on the UF pro-

cess with Xhantan and polyacrylamide, is to demonstrate the feasibil-

ity to concentrate the Aloe vera mucilage using UF while preserving

the structure and properties of the original compound, as revealed in

the rheological characteristics of the filtrate.

3 | EXPERIMENTAL

3.1 | Raw materials

Aloe vera leaves were collected from a semiarid region in Durango,

Mexico. The Aloe vera sword-like, 24–30 months old leaves have dimen-

sions of 2–3 cm thick, 10–12 cm wide, and 25–30 cm large, prior to

flourishing. The leaves have a smooth, soft, and flexible surface, with

sharp, slightly yellow spines at the edges oriented toward the apex. Bright

green leaves (with no visible spots) were taken from the same batch,

which had grown in semi-controlled conditions i.e., constant organic fer-

tilizer every 2 months and controlled drip irrigation every third day.

3.2 | Extracting the Aloe vera mucilage

After harvesting and cutting the Aloe vera plant leaves, they were

washed with water to remove dirt and stored at �4�C to prevent deg-

radation and facilitate later removal of mucilage. The removal was

done using a commercial extractor (Hamilton Beach® Health-Smart,

350 w of power and two speeds, Ciudad, México) and then the pulp

was centrifuged at 10000 rpm into a tabletop centrifuge (Heraeus

Labofuge, model 400/400 R, USA), and later the mucilage was col-

lected. Final pH (AOAC Technical 32,010-1984) (AOAC, Official

Methods of Analysis, 1990), Brix degrees (Refractometer, model RF-10

with CAT, USA) and humidity (OHAUS Thermobalance MB2000, USA)

measurements were 4.8%, 1.2%, and 89%, respectively. The mucilage

samples contained 99.6% undiluted mucilage. Sodium benzoate and

citric acid at 0.05% (w/v) were added as preservation agents.

3.3 | Ultrafiltration experiments

Figure 1 is an outline of the ultrafiltration unit used in this study.

Variables considered for the UF process were: temperature (T),

inlet feed rate (V), and transmembrane pressure (ΔPTM). Temperature

was maintained at 25�C. Feeding rate was controlled with a peristaltic

pump and input–output pressures were controlled through specific

valves. Filters employed included polysulfone hollow fibers (model

HIP30-43 DR4259-6ª3 Millipore). The UF unit dimensions have

25.4 cm width, 31.7 cm length, 26.6 cm height and 6.63 Kg weight.

Peristaltic pump with variable speed, reversible of 6–600 RPM, area

of 0.03 m2, filter length, 20.2 cm, water permeation rate (WPR), 0.07–

0.15 L/min, flow rate of 22–2000 mL/min. Controls on/off switch,

pump speed dial, pressure gage ranging 0–30 psi and pressure valve

outlet.

3.4 | Permeate flux preparation

The permeate flux was prepared with distilled water. The first step

considered a clean membrane to ensure the minimum flux resistance.

The second phase consisted of passing the Aloe vera fluid through the

UF unit to initiate the ultrafiltration process. After processing several

mucilage concentrations, the �Brix density and rheological behavior

were determined. Data collected allowed determining the flux through

the membrane in the ultrafiltration process via the mathematical

models.

3.5 | Rheological characterization and modeling of
Aloe vera mucilage

Rheological tests were performed in a controlled stress rheometer

(AR-G2, TA® Instruments of the New Castle, DE) equipped with the

plate and cone geometry. Simple shear tests were performed from _γ

=1 s�1 to _γ =300 s�1, flow curves were generated by plotting the

apparent viscosity η _γð Þ as a function of the shear rate _γ. Data were

described using the power law and BMP models (Cervantes

et al., 2014; Medina-Torres et al., 2016).

F IGURE 1 Ultrafiltration unit scheme used to concentrate the
mucilage solution.

4 of 10 MEDINA-TORRES ET AL.
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4 | RESULTS AND DISCUSSION

4.1 | Rheological properties

The viscosity curves of fresh mucilage as a function of shear rate under

UF processing conditions (T = 25�C; ΔP = 137.9 kPa, N = 160 rpm)

for the dilute and concentrated regimes (20% and 60%, respectively)

are summarized in Figure 2, curves for samples at higher (60%) and

lower (20%) concentration are shown. The slope of the curves does

not change with the concentration, in fact, concentrated and diluted

mucilage exhibit a same shear thinning behavior. Due to water removal,

viscosity of concentrated mucilage is higher than diluted mucilage;

however, the shear thinning behavior is not modified by the UF pro-

cesses (Table 1). In Figure 2, the continuous lines represent power law

predictions and dotted lines follow BMP predictions. The Power Law

predictions do not able represent the behavior at high shear rates, but

the BMP model follows experimental data in a more accurate way.

The power law model equation is (Medina-Torres et al., 2000;

Macosko, 1994; Bautista et al., 1999):

η¼ k _γ n�1ð Þ, ð10Þ

where m is the consistency index (Pa sn) and n is the shear-thinning

index. Similarly, under steady state, the BMP expression has the fol-

lowing form:

ηSS ¼
β _Υ

2
η0�1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�β _Υ

2
η0þ1

� �2
þ4β _Υ

2 η02

η∞

r

2β _Υ
2 η0
η∞

, ð11Þ

where β (Pa�1 s) or β =λk is a kinetic-structural parameter, i.e., the

product of the structural relaxation time (λ) and the kinetic constant

for rebuilding (k); η0 and η∞ are the viscosity at zero and high shear

rates, respectively.

The BMP model describes satisfactorily the experimental data

better than the power law predictions at high shear rates. According

to the results, the mucilage is a highly pseudoplastic fluid (n < 1) since

its viscosity changes rapidly with shear. Moreover, the consistency

indices are functions of concentration in the UF process. Data sug-

gests that UF does not modify the pseudoplastic character of the

mucilage, since the shear thinning index remains constant. The UF

process increases the consistency index of the mucilage in approxi-

mately 1000%. In general, the rheological behavior of the mucilage of

Aloe vera is similar to other food fluids, fruits, and nopal mucilage

(Opuntia ficus-indica), which are also pseudoplastic (Medina-Torres

et al., 2000). For example, nopal mucilage (Opuntia ficus-indica) has

values of n = 0.56 and m = 0.15 Pa sn at 3% (w/v), concentrated

tomato obtained by filtration has values of n = 0.59 and

m = 0.22 Pa sn and banana concentrate has values of n = 0.458 and

m = 6.51 Pa sn (Medina-Torres et al., 2000; Aimar, 1987;

Pritchard, 1990). The high pseudoplasticity level found in the muci-

lage influences strongly the UF process. The modeling of the ultrafil-

tration process with the BMP equations has not been previously

reported.

4.2 | Water permeation (AOAC)

Characterization of the membrane included permeate flux measure-

ments with distilled water, prior to the mucilage concentrate experi-

ments. Experimental data for the permeate flux with water were

taken at steady state. UF operating conditions are presented in

Figure 3. Data suggest that steady state is reached past the first 5 min

of the process initiation. The water permeate flux under steady state

is 144 L/h m2, which lies within the range given by the manufacturer

of 130–180 L/h m2.

4.3 | Aloe vera mucilage permeate

Experimental data under steady state of fresh mucilage under opera-

tion conditions such as those employed with pure water are shown in

F IGURE 2 Rheological parameters of
power law and BMP models of fresh
mucilage under UF processing conditions
(i.e., T = 25�C; ΔP=137.9 kPa,
N=160 rpm) at two concentrations:
concentrated (filled rectangles) and
diluted (hollow rectangles) mucilage
regimes.

MEDINA-TORRES ET AL. 5 of 10

 17454530, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jfpe.14416, W

iley O
nline L

ibrary on [13/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Figure 3, where concentrated (crosses and solid line) and non-

concentrated (hollow rectangles and dotted line) solutions, respec-

tively. Data suggest that steady-state was reached past the first 5 min

of process initiation. Although the value of the permeate flux (34.2 L /

h m2) greatly differs from that of water (144 L/h m2), this permeate

flux is still below the nominal value given by the manufacturer but

suitable for the UF process. The permeate flux as a function of the

mucilage concentration is presented in Figure 4, where an indirect

relation is found, that is, as the concentration increases, the permeate

flux decreases.

4.4 | Rheological modeling of UF process

Rheological modeling of UF process of non-Newtonian fluids through

membranes is still incipient. Insight work is required to predict the

performance of a given membrane and fluids in terms of flux and

influencing variables (i.e., mass transfer coefficient, k; pressure drop,

ΔP; viscosity of filtrate, η; and membrane area, A). In particular,

reports in the literature have been devoted to the prediction of the

convective mass transfer coefficient, k. Many correlations have been

developed for heat transfer in non-Newtonian fluids

(e.g., Equation 9a) usually for conditions where Kw < Kb. Membrane

conditions involve the cases where Kw > Kb. Moreover, pseudoplastic

properties of a fluid may be independent of temperature and these

correlations only consider the case of the boundary layer having the

same degree of pseudoplasticity as the bulk fluid (Mondal

et al., 2016).

The model proposed by Charcosset and Choplin (1996) is based

on heat transfer analogies in pseudoplastic fluids, where viscosity

remains high in the pipe center and decreases toward the wall. The

flow of a pseudoplastic fluid in a tube is then characterized by an

almost plug flow in the central region surrounded by a low viscosity

fluid. Combining the Newtonian equivalent viscosity in the bulk and

the apparent wall viscosity at the membrane surface, the following

mass transfer coefficient expression is obtained:

k¼ 3D2

4L

 !1=3
3nbþ1
4nb

8u
d

� �B 3nwþ1
4nw

� �0:27 1�nwð Þ 3nbþ1
4nb

� �0:27nw mb

mw

� �0:27

,

ð12Þ

where nb, nw, mb, and mw represent the flow index (n) and consis-

tency (m) at the center (b) and walls (w) of the pipe; D is the diffusion

coefficient of the solute, u, L, and d, are ascribed to velocity, mem-

brane length, and the diameter of the tubular membrane, respectively.

B is the coefficient of the axial speed, given by:

TABLE 1 Rheological parameters for different rheological models of Aloe vera solutions.

Rheological model BMP PL

Parameter η0 (Pa s) η∞ (Pa s) β (Pa�1 s) Standard deviation σ k (Pa sn) n Standard deviation σ

Diluted Mucilage 0.32 0.001 0.047 0.02138 0.0429 0.07 0.0061

Concentrated Mucilage 3.7 0.003 0.040 0.05570 0.2225 0.07 0.3039

R2 Diluted mucilage Concentrated mucilage Diluted mucilage Concentrated mucilage

0.94216 0.9919 0.9671 0.9802

Adjusted R2 and the standard deviation of goodness-of-fit.

F IGURE 3 Permeate flux
measurements J (L/m2 h) with distilled
water (filled circles), and concentrated
(crosses and solid line) and non-
concentrated (hollow rectangles and
dotted line) of Aloe vera mucilage at
steady state as a function of operating
time (min) of UF processes.
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B¼1
3
þ0:27 nb�nwð Þ: ð13Þ

Exponent B varies from 0.6 in the Newtonian case to 0.33 in the

highly pseudoplastic case (i.e., when the flow index is small). Notice

that coefficient B decreases as the degree of pseudoplasticity

increases or the mucilage concentration increases. The convective

mass transfer coefficients were estimated using an appropriate algo-

rithm employing the different rheological models. The results of flux

prediction for power law and BMP models are shown in Table 2. The

absolute average error is reported for comparison between the power

law and BMP models. The BMP model shows a lower error in predict-

ing the permeate flux predictions at all mucilage concentrations.

Figure 5a,b depicts the axial speed exponent “B” and flow index

“n” as functions of mucilage concentration “Cb”. In general, both

parameters decrease as the mucilage concentration increases, indicat-

ing that the fluid becomes more pseudoplastic (n < <1) and thus with

lower coefficient of the axial speed “B”, reaching a limiting value of

0.33 in the case of highly concentrated mucilage. There is a notable

change in slope in Figure 5a,b at 40%, observed at a critical mucilage

concentration (i.e., semi-dilute to concentrated regime transition)

where particles in the solution interact with each other strongly and

thus the pseudoplasticity of the fluid does not decrease fast enough

as in the concentrated regime.

This study is based on a more consistent description of the com-

plex rheology with respect to that predicted by the power law

description of Charcosset and Choplin (1996). Using the BMP model,

the following expression for kc is obtained (see Appendix S1):

kc ¼ 3D2

4L

 !1
3 8u

d

� �1
3 ηPN Cbð Þ

ηab Cwð Þ
� �0:27

, ð14Þ

where ηPN Cbð Þand ηab Cwð Þ are the Newtonian viscosity in the bulk

and the apparent wall viscosity at the membrane surface, respectively

(see Equation A).

UF process predictions of the two models are shown in Figure 6

(Permeate flux) and Figure 7 (mass transfer coefficient) as a function

of the mucilage concentration (%). The continuous line follows the

experimental points; the dashed line depicts power-law predictions,

and the dotted line follows predictions of the BMP model. Figure 6

shows that the BMP model represents the Permeate flux better than

the power law model specially at high mucilage concentration.

Finally, Figure 7 reports the prediction of the mass transfer coeffi-

cient as a function of mucilage concentration. Here, the need of more

complex rheological models is clear since the power law predicts an

increase in the mass transfer coefficient as concentration increases

which is clearly not the case. BMP model represents better the behav-

ior of the mass transfer coefficient that is independent of the mucilage

concentration. Table 3 shows the comparison of both models regard-

ing the mass transfer coefficient prediction. The BMP model describes

better the experiments of permeate flux of the mucilage with lower

absolute error than those using power law(see Tables 2 and 3).

F IGURE 4 Permeate flux as a
function of the mucilage
concentration (%).

TABLE 2 Results of permeate flux prediction employing the rheological parameters.

Concentration

Cb (%)

Exp. data, J

(l h�1 m�2)

Power law model,

J (l h�1 m�2)

Absolute
average

error (%)

Standard

deviation σ
BMP model, J

(l h�1 m�2)

Absolute
average

error (%)

Standard

deviation σ

20 33.94 34.14 26.41 11.79 38.30 15.98 15.14

40 16.97 20.21 18.09

60 6.23 9.93 7.25

Absolute average error of model prediction and the standard deviation of goodness-of-fit.
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F IGURE 5 (a) Prediction of the exponent B of the axial velocity term as a function of the mucilage concentration (� Brix). (b) Flow index (n) of
the power law model as functions of mucilage concentration “Cb” using the model of Charcosset and Choplin (1996).

F IGURE 6 Permeate flux prediction
for UF of Aloe vera mucilage (continuous
line follows the experimental points; the
dashed line depicts power law predictions,
and the dotted line follows predictions of

the BMP model).

F IGURE 7 Mass transfer coefficient
prediction for Aloe vera mucilage in the
UF process (Continuous line follows the
experimental points; the dashed line
depicts power law predictions, and the
dotted line follows predictions of the
BMP model).
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5 | CONCLUSIONS

Ultrafiltration processes in Aloe vera mucilage solutions produce a

change in the consistency index “β” by approximately 1000% upon

increasing concentration, preserving the shear thinning behavior. This

is an indication of small structural changes with moderate damage of

polysaccharides. Since high molecular weight compounds are highly

sensitive to shear and temperature, the UF process represents an

advantage in comparison to traditional concentration methods, pro-

ducing a higher quality mucilage.

Power law predictions of the permeate flux are good at low con-

centrations and those of the proposed model (BMP) are better along

the medium-high concentration range, where the rheological behavior

is more complex.

Experimental data for the ultrafiltration process are described

efficiently by the polarization model. Predictions of permeate flux in

complex fluids, namely, pseudoplastic fluids, are crucial to optimize

and better design of UF processes as alternatives to well-established

concentration methods (e.g., traditional filtration). In this context, pre-

dictions of the BMP model are highly suitable in the description of

real systems as the concentration of the mucilage increases, compared

with those of the traditional power law model.

This study represents an interesting and promising alternative to

estimate the permeate flow as a function of the concentration of Aloe

vera mucilage by using more realistic rheological models with promis-

ing applications in the food industry.
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