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A B S T R A C T

This study involves the experimental evaluation of flocculation systems for aluminium oxide particles using a
semi-natural flocculant, kraft lignin-acrylic acid (KL-AA) polymer, with sophisticated tools, such as focused beam
reflectance measurement and vertical scanner analyzer. A novel statistical framework was also developed to
model the experimental results, which led to a more in-depth analysis of shape and size of flocs in heterogeneous
suspensions. The mathematical modeling of the generated results revealed that the polymer induced generally
larger flocs with three different size regimes. The weak interaction of KL-AA and the particles generated the
largest but loosely structured flocs (with the greatest deviation from a spherical shape) at pH 3. These flocs could
not be recovered after de-flocculation/re-flocculation, they had the slowest settling performance and they made
sediment with the lowest concentration at pH 3. The charge interaction and bridging mechanisms generated
flocs with the largest recoverable size after de-flocculation/re-flocculation at pH 6. The generated flocs became
more compact and spherical as pH increased in the system. Interestingly, with increasing salinity of the system,
the polymer induced larger flocs with a less compact structure. The flocs seemed to be slightly stronger at higher
salinity, they settled in faster pace, and they made more compact sediments.

1. Introduction

Flocculation plays an important role in solid–liquid separation
processes used in different industries for applications such as sedi-
mentation, thickening, flotation, and filtration. Flocculants are also
used heavily in mineral processing, water treatment and sludge dewa-
tering [58,60]. In recent years, different flocculants, especially syn-
thetic polymers, have been developed and applied to promote the set-
tling of the colloidal particles in suspension systems [3]. It was reported
that polyacrylamide (PAM) and its derivatives are widely used as
flocculants [4,45]. However, the high cost and non-biodegradability of
PAM have led to growing interests in developing environmentally
friendly flocculants [35].

Lignin is an abundant natural product that is commercially pro-
duced as a waste in conventional pulping processes, such as the well-
known kraft process. Lignin has a three-dimensional aromatic complex
structure with several functional groups, such as carboxyl, hydroxyl,
methoxy, and aldehyde [7]. To generate large anionic lignin-based
polymers, some studies have focused on the polymerization of lignin
with acrylate monomers [38,14,53,49,37,61]. In our previous work, for

example, kraft lignin (KL) was modified with acrylic acid (AA) in an
acidic aqueous suspension system to produce a kraft lignin-acrylic acid
(KL-AA) polymer with a high molecular weight and anionicity, and the
polymer appeared to be a promising candidate for flocculating particles
in suspension systems [24,32,33]. The previous studies showed pro-
mising flocculation performance of KL-AA for different systems
[23,54;17]. The present work is the continuation of those studies to
understand the fundamentals of the flocculation performance and floc
properties of KL-AA as promising flocculant for an aluminium oxide-
based suspension.

In flocculation systems, the performance of flocs is significantly
affected by the molecular weight, charge density and dosage of the
polymers as well as the size of suspended particles, the ionic strength
and pH of the suspension [59]. Since the floc characteristics have a
pronounced influence on the dewatering processes, studies have fo-
cused on establishing a relationship between the characteristics and
performance of flocculants with respect to the settling and dewatering
behavior of the induced flocs in colloidal systems [41,40,20,44]. In the
past, it was reported that adjusting the pH of the suspension had a
significant effect on the floc size, strength, and structure, which
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impacted the efficiency of solid/liquid separation systems greatly [48].
For example, Rattanakawin and Hogg [48] reported that the flocs
produced via the coagulation of aluminium oxide particles were the
largest for a solution at pH 8.6. Other solution acidities led to smaller
flocs due to the electrostatic repulsion force developed between the
particles [48]. Cao et al. [8] reported that flocs formed with the addi-
tion of poly-ferric chloride (PFC) in the treatment of water were larger
at a neutral pH than other pH.

Additionally, the strength of flocs was reported to decrease with
reducing pH. In one study, intensifying the shear rates increased floc’s
compactness and decreased its recovery capability for a solution at pH
4. At natural and alkaline conditions, flocs were observed to have an
improved re-growth capability [8]. Tambo and Hozumi [50] reported
that the settling rate of particles was augmented with floc strength.
According to Francois [19], an increase in the number of particles
forming the flocs would decrease the bonding strength and stability of
the aggregates. It has also been reported that floc strength was inversely
related to flocs size [50], reflecting that larger flocs would be subjected
to more breakdown under shear forces since the probability of posses-
sing weaker bonds in the floc structure would increase [57]. Further-
more, larger-sized flocs have a more porous structure which increases
the vulnerability of the flocs to breakage [57].

The primary objective of the current work was to study the effects of
suspension pH and salinity on the performance of KL-AA polymer when
it was used as a flocculant for aluminium oxide suspension. Prior stu-
dies have indicated that mathematical modeling could be used as a
powerful tool to correlate factors affecting flocculation [52]. The
mathematical models used in this work are used to quantify the influ-
ences of parameters, such as solution pH, salinity and mixing intensity,
on the flocculation. These factors affect the dynamics of floc formation,
flocs size, dewatering, and compressibility [52]. In particular, this work
studies the kinetics of flocculation through first-order modeling of the
system response to determine gain and time constant. A probabilistic
mathematical model was also used to estimate the heterogeneity of floc
shape as a form of shape analysis for the flocs. A non-invasive analysis
technique, focused beam reflectance measurement (FBRM), was used to
study the impact of agitation speed on the median floc size. A vertical
scan analyzer was also utilized to study the flocculation and settling
process of the KL-AA aluminium oxide systems in non-stirring condi-
tions. The main novelty of this work was the mathematical modeling of
floc structures and flocculation systems on the experimental results
obtained for a newly developed lignin-based flocculant in aluminium
oxide systems.

2. Materials and methods

2.1. Materials

Al2O3 particles were purchased from Beta Diamond Products Inc.,
Yorba Linda, CA, and were used for the preparation of the test sus-
pension. The KL-AA polymers were prepared from acrylic acid (AA) and
softwood kraft lignin (KL). A KL sample was provided by FPInnovations
from its pilot plant in Thunder Bay, ON, Canada. In our experiments,
the analytical grades of the following chemicals were purchased from
Sigma-Aldrich and used without further purification: acrylic acid (AA),
NaCl, poly diallyl dimethyl ammonium chloride (PDADMAC,
100–200 kg/mol), sodium azide NaN3 (99.5%), NaNO3, D2O, tri-
methylsilyl propanoic acid (TSP) as internal standard, HCl (0.1 M),
NaOH (97%), and H2SO4 (98%). Dialysis membrane (cut off of 1000 g/
mol) was obtained from Spectrum company.

2.2. Polymerization and characterization of KL-AA

The polymerization of KL and AA was conducted, as explained in
the supplementary material. Also, the charge density, molecular
weight, carboxylate group and structure of KL-AA were

comprehensively analyzed using advanced tools. The details of these
investigations are provided in the supplementary material.

2.3. Zeta potential analysis

The zeta potential of aluminium oxide suspensions containing KL-
AA was measured by an electrophoresis technique using a zeta potential
analyzer (NanoBrook Omni, Brookhaven Instruments) following a
previous work’s methodology [31]. Different dosages of KL-AA and
aluminium oxide suspensions were mixed to generate aluminium
oxide/KL-AA systems at various ratios. After placing in a water bath
(150 rpm, 30 °C, 1 h duration), the suspension samples were diluted
with a 1 mM KCl solution before the zeta potential analysis. This ex-
periment was repeated at pH 3, 6 and 9.

2.4. Flocculation analysis

2.4.1. Analysis under mixing conditions
The flocculation process of aluminium oxide particles and KL-AA, as

well as the produced floc properties, were analyzed by a focused beam
reflectance measurement (FBRM, Mettler-Toledo E25). The FBRM with
a diameter of 25 mm was used for the analysis via scanning a highly
focused beam at a fixed speed (2 m/s) across a particle in suspensions.
In this analysis, the chord length of particles, which is the distance
between the two edges of particles, was measured by a multiplying
duration of reflectance from particles by the optical rotating speed of
the laser scanner [18]. In this work, the focal point was set to be
−20 μm [6] and scan intervals were set at 10 s. In this set of experi-
ments, the FBRM probe was immersed in 200 g of suspension (25 g/L,
pH 6 and NaCl concentrations of 0 mM, 10 mM, and 100 mM). The
FBRM equipment was calibrated with standard polyvinyl alcohol par-
ticles provided by the FBRM manufacturer.

Trials were carried out to study the effect of KL-AA type and dosage
on the size and floc properties. In this set of experiments, consecutive
dosages of KL-AA were added when the signal of the FBRM was stable.
While stirring aluminium oxide suspension (25 g/L, pH 6) at 300 rpm,
the first dosage of KL-AA (0.2 mg/g) was added and the addition was
continued to 20 mg/g of KL-AA in the system. To investigate the effect
of shear forces on flocculation, the analysis was conducted with 200 g
of aluminium oxide suspension (25 g/L), at pH of 3, 6 and 9, and NaCl
concentrations of 0, 10, 100 mM. First, the aluminium oxide suspension
was stirred at 300 rpm for 200 s. Then, KL-AA in its optimal dosage was
introduced and allowed the flocs to form for a period of 400 s at
300 rpm. Then, stirring intensity was increased to 600 rpm for 200 s to
study the de-flocculation. Finally, the stirring intensity was reduced to
300 rpm to re-flocculate the broken flocs in the suspension.

2.4.2. De-flocculation and re-flocculation indices
De-flocculation and re-flocculation indices are used to study the

stability of flocs under increased shear forces and the affinity of flocs to
re-grow after decreasing shear forces. Eqs. (1) and (2) provide the
means for determining the de-flocculation and re-flocculation indices,
respectively:

= −
−

×DI x x
x x

(%) 100%4 3

3 1 (1)

= −
−

×RI x x
x x

(%) 100%5 4

3 1 (2)

where x1 is the stable median chord length before polymer addition, x3
is the stable median chord length after polymer addition and before
increasing shear forces, x4 is the minimum of the stable median chord
length subjected to shear forces, and x5 is the maximum of the stable
median chord length after decreasing shear forces [42]. FBRM analysis
was used to examine the median chord lengths of the systems for use in
Eqs. (1) and (2).
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2.4.3. Estimation of floc shape via probabilistic modeling
The shape of flocs formed during aggregation processes may be

described via knowledge of a characteristic length (such as chord
length) and knowledge of a fractal dimension, which relates the char-
acteristic length of a particle to an aspect of its geometry (i.e., peri-
meter, surface area, or volume) [11]. The fractal dimension is necessary
to correlate characteristic length with shape; knowing merely the
characteristic length does not necessarily provide information con-
cerning the two- or three-dimensional shape the characteristic length is
derived from. For example, one cannot determine if a shape is spherical
or cylindrical if merely provided a diameter. The process of determining
the shape of flocculant particles and aggregate flocs is complicated
since stirring conditions result in simultaneous breakage and re-floc-
culation processes, thus more than one size and shape of flocs may be
observed in the system and these shapes change overtime. A mathe-
matical approach may facilitate the study of complex heterogeneous
systems by classifying suspended particles into a finite number of
identical particle regimes (i.e., clusters), in which the particles indicate
relatively more tractable behavior for the purpose of shape analysis.
This simplification is more manageable than a potentially infinite
variety of shapes and will provide an indication of the number of
clusters a suspended particle’s shape falls under, providing information
concerning the uniformity of shapes.

The following model estimates cumulative chord length distribution
as a function of the shape clusters for a flocculation system. The number
of shape clusters are altered such that the probabilistic model fits the
experimental chord length distributions. The process of fitting a theo-
retical probability distribution to an empirical distribution involves
reducing the difference between each such that the theoretical dis-
tribution mimics the empirical data. A measure of how different a given
probability distribution is from a reference distribution is indicated
through the Kullback-Leibler divergence [34]. In this study, by mini-
mizing ̂D p p( | )KL (the Kullback-Leibler divergence), one can find a
vector = ⋯p pp [ , , ]m

T
1 of probabilities such that the theoretical prob-

ability distribution fits the empirical chord length distribution provided
by the FBRM analysis.

First, a time-indexed sequence is assumed +x{ }t t
t τ
0
0 a time frame,

whose chord length quantities the recorded ones by FBRM at n given
time points. In this frame, ∈ +t t t τ[ , ]0 0 where τ > 0 denotes the total
duration of the experiment. The main goal of the shape analysis is to
employ the provided time frame to identify a set of attributes that can
effectively characterize the particle geometrics. In practice, however,
one does not usually have access to the complete +x{ }t t

t τ
0
0 for n mea-

surements. This is mainly due to the existence of a large volume of
records gathered by FBRM, whose process would require the develop-
ment of specific methodologies to overcome the memory-related lim-
itations [10]. For this reason, it is often more practical to deal with
various summary statistics of the measurements rather than employing
their actual values +x{ }t t

t τ
0
0 .

Among different summary statistics provided by FBRM, the fre-
quency distribution of measurements has found a wide range of appli-
cations. This frequency distribution, which is also referred to as chord
length distribution (CLD), could be seen as a histogram, which counts
the number of observations that fall into the predefined disjoint chord
length bin categories of length. In this case, it is assumed that each
chord length result belongs to one and only one of the following m
disjoint chord length channel of:

b b( , ],0 1

b b( , ],1 2

⋮

−b b( , ],j j1

⋮

−b b( , ]m m1

where −bj 1 and bj denote left and right boundaries of the jth channel. The
probability that exactly zj measurements of FBRM fall into −b b( , ]j j1 for
all ∈ ⋯j m{1, 2, , } is given by the following multinomial distribution
(Eq. (3)) [48]:
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where the vector = ⋯z zZ [ , , ]T
m1 is the total count of particles of rea-

lizations of the random variable of ⋯Z Z, , m1 that satisfy the relation-
ship of Eq. (3a):

∑ =
=

z n
j

m

j
1 (3a)

and the term pj denotes the probability that outcomes of the random
experiment would belong to interval −b b( , ]j j1 for every = ∈ ⋯j m{1, 2, , }
such that equation (3b) is true: ∑ == p 1j

m
j1

∑ =
=

p 1
j

m

j
1 (3b)

Via optimization of Eq. (4), the number of clusters underlying the
frequency distribution of the measured chord lengths and the para-
meters governing each cluster can be obtained (Eq. (4)):
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∑ = = ⋯
=

π i κs. t 1 1, 2, , ;
i

κ

i
1

∊ = ⋯π i κ[0, 1] 1, 2, , ;i

∊ ∞ = ⋯ε i κ(1, ) 1, 2, , ;i

∊ ∞ = ⋯δ i κ(0, ) 1, 2, , .i

wherep is a vector of probabilities, ̂p is the observed proportion of
measured counts by FBRM, m is the number of disjoint chord length
channel, κ denotes the number of underlying clusters, π is the observed
proportion of each cluster, ε is elongation and δ is semi-axis of a prolate
spheroid. The constraint of the model described by Eq. (3) is linear and
its objective function is a non-linear, which is differentiable in

< <x ε δ0 i i except at finite number of points where =x δi for
= ⋯i κ1, 2, , .

To analyze the theoretical number of shape clusters through the
fitting of Eq. (4) to experimental FBRM chord length-count distribu-
tions, experiments were conducted at pH of 3, 6, and 9 and in NaCl
concentrations of 0 and 100 mM at a stirring speed of 300 rpm. A code
was generated in Python script for the model. The number of clusters
was altered to further minimize the Kullback-Leibler divergence (Eq.
(3)) until the lowest divergence was obtained. The cluster condition
producing the lowest Kullback-Leibler divergence between the theore-
tical and experimental distributions was considered to be the most
correct and therefore the estimative of the heterogeneity in floc shapes.

2.5. Flocculation under non-stirring conditions

In this analysis, the flocculation and sedimentation behavior of
aluminium oxide particles under gravitational non-stirring (i.e., settling
with gravity) conditions in the absence or presence of KL-AA was stu-
died by a vertical scan analyzer, Turbiscan (Lab Expert, Formulaction).
Silicon standard with the transmission of 99.5% and Teflon standard
with the backscattering of 54.5%, which were supplied by the manu-
facturer, were used for instrument calibration.

In this set of experiments, KL-AA was added to the aluminium oxide
suspension (25 g/L) at the optimum dosage. Then, 20 mL of the
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suspensions were placed in a cylindrical glass cell of the instrument.
The cylindrical glass cell was scanned at each 40 μm intervals with
electro luminescent diode light at 880 nm [25]. The scanning was
performed every 25 s and the analysis lasted for 1 h.

To determine the overall effect of KL-AA addition on the stability of
Al2O3 suspension, the stability coefficient (TSI, Turbiscan Stability
Index) was determined for the suspensions. This indicator considers all
processes occurring in the suspension and the value of TSI is calculated
from their average values [15]:

=
∑ −

−
=TSI

α α
n
( )

1
i
n

i1
2

(5)

where αi is the average backscattering for each minute of measurement,
and n is the number of scans. In the flocculation analysis, the flocs,
which were produced by KL-AA, would settle at different rates. This
settlement would clear up the top part of the cell, while generating a
layer of sediment at the bottom of the cell. The transmission informa-
tion gathered from the top layer after settling for 1 h was used for
calculating the flocculation efficiency of KL-AA on aluminium oxide
suspension. The backscattering and transmission data was gathered as a
function of the height of the sample [39,27]. The backscattering data,
which was gathered from the bottom part of the cell, was considered for
evaluating the sediment thickness. The ratio of the mass to volume for
settled flocs after 1 h of settling analysis was used for determining the
compactness of the sediment. The concentrations of particles in the
sample, which were collected from supernatant parts of the sample
before and after adding KL-AA, was calculated while drying at 102 ˚C
overnight. The rate of sediment thickness growth (as a function of time)
can be used for determining the settling velocity of flocs.

3. Results and discussion

3.1. Zeta potential of suspension

The produced KL-AA had carboxylate group of 4.2 mmol/g, charge
density of −4.4 meq/g and molecular weight (Mw) of 2800 kg/mol.
The zeta potential is used to evaluate the strength of the electrostatic
forces of the suspensions [36]. Electrostatic neutralization plays an
important role in the interaction of particles and oppositely charged
polymers [9,41]. Fig. 1 shows the zeta potential of aluminium oxide
suspension as a function of the dosage of KL-AA in various pH of 3, 6
and 9. The zeta potential of the aluminium oxide suspensions without

KL-AA was +49, +30 and −5 mV at pH values of 3, 6, and 9, re-
spectively, which depicts that aluminium oxide suspensions at pH 3 and
6 were stable, but it was unstable at pH 9. The aggregation of alumi-
nium oxide particles in the absence of KL-AA is mostly controlled by
electrostatic repulsion between the particles, which is minimum at zero
zeta potential of aluminium oxide (pH = 8.6) [16]. Aluminium oxide
particles are negatively charged at pH 9, but the degree of the elec-
trostatic repulsive forces is low to cause complete stabilization. The
addition of KL-AA decreased the zeta potential of the suspension at all
pH values, and this trend is more evident at pH 6. The pKa of poly-
acrylic acid (PAA) was reported to be 4.5 [21]. Generally, associated
carboxyl group participates in hydrogen bonding below pKa value,
while the dissociated one is responsible for electrostatic interaction
when the pH exceeds the pKa value [21]. Under acidic conditions, as-
sociated carboxyl groups interact with aluminium oxide’s surface
through hydrogen bonding [21]. The slight reduction in the zeta po-
tential at pH 3 is due to the fact that the particles are cationically
charged but the carboxylate group of KL-AA are protonated with a
limited anionic charge minimally impacting the zeta potential. At pH 6,
the particles are still cationically charged, but the KL-AA are anionically
charged and their presence and consecutive dosage remarkably impacts
the zeta potential. At higher than isoelectric point (pH = 8.6), both
aluminium oxide particles and KL-AA are negatively changed and the
repulsion force in the system is enhanced gradually via adding KL-AA.

3.2. Flocculation under dynamic conditions

3.2.1. Impact of dosage on flocculation
Fig. 2 shows the median chord length of aluminium oxide particles

in the presence of KL-AA for solutions with varied pH. In this figure, the
peaks of chord length occurred when consecutive dosages (in the range
of 0.2–20 mg/g) of KL-AA were added to the suspensions. Hydro-dy-
namically induced shear is the main driving force for the flocculation
process in orthokinetic agglomeration of particles [43]. As flocculation
is a dynamic process, growing flocs are exposed to breakage whereas
the fragments of broken flocs experience re-aggregation until an equi-
librium is reached, which can be observed as a constant floc size over an
extended period of time [43]. When a flocculant is added to a sus-
pension, the floc growth rate is increased causing an increase in the
median chord length of flocs/particles. Irrespective to the fluctuation,
the results in Fig. 2 confirms that the addition of KL-AA generated
largest flocs (i.e., chord length of 85 µm) for the system at equilibrium
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Fig. 1. Effect of KL-AA dosage on the zeta potential of aluminium oxide suspension at pH values of 3, 6 and 9.
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at pH 6. Blanco and coworkers studied the flocculation behavior of
polyethyleneimine (PEI) in calcium carbonate suspension under shear
forces and observed that the variation in the height of peaks after each
polymer addition was large and the polymer induced flocs with smaller
sizes that were more stable [5].

In the case of KL-AA addition at pH 3 and 6, the height of the peaks
after each addition changed significantly. These results showed that the
addition of KL-AA at these pH values generated large flocs, but the flocs
broke after some time. As stated earlier, the large flocs are less stable
and can easily breakdown under shear forces; on the contrary, the
smaller particles possess more stability [5]. These results are well
supported by results from zeta potential studies at pH 3 and 6, as the
particles are cationically charged, but the KL-AA is anionically charged,
and the polymer and particles could interact via charge interaction. At
pH 9, KL-AA had a negligible effect in agglomerating particles, and it
generated flocs with the smaller chord length. At pH 9, both particles
and KL-AA are anionically charged (i.e., negative zeta potential in
Fig. 1), and they could only interact via hydrogen bonding.

3.2.2. Flocculation under differing shear forces
Fig. 3(a) compares the effect of pH on the flocculation of the sus-

pensions in the absence of salt. The results for the first 200 s corre-
sponded to the chord length of particles in the absence of polymer.
After adding KL-AA (stage 2), the polymer chains required time to
disperse through the suspension, which was functions of shear forces,
polymer solution viscosity and suspension concentration [52]. Then,
fast flocculation occurred, which resulted in bridging particles and in-
creasing in the chord length. However, after reaching a maximum, the
median chord length decreased to an equilibrium value. As stated
earlier, hydrodynamic forces originating from mixing started to break
the formed flocs and the broken flocs were not able to re-agglomerate
probably because of the reconfiguration of the polymers on the particle
surface as well as chain scission (i.e., losing bridging efficiency)
[43,52]. In stage 3 of Fig. 3, when the flocs were exposed to the high
shear rates of 600 rpm, the median chord length was steeply decreased,
especially for the systems with a relatively low pH. After shear rate
dropped to 300 rpm (stage 4), the flocs regrew.
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The results showed that the initial stable median chord length at pH
6 (after 600 s) is approximately 82% of the length obtained at pH 3. A
further increase in alkalinity to pH 9 results in an initial stable median
chord length that is merely 48% of that observed at pH 3. These results
are consistent with the results in Fig. 2, as each additional point im-
proved the chord length of flocs at pH 3 more dramatically than at pH
6. As stated earlier, the reason for this phenomenon is that at lower pH,
the -AlOH groups of aluminium oxide tend to convert to positively
charges of AlOH2+, which help its fast interaction with negatively
charged KL-AA. However, by increasing pH, the amount of negatively
charged -AlO is significant [41]. Moreover, it is well known that the
pKa of carboxylic acid is around 4.5 [16]. Therefore, increasing the pH
resulted in the deprotonation of carboxylic group of AA, which in-
creased the net negativity of the polymer. As a result, the formed ag-
gregates repelled each other at pH 9 and flocculation efficiency re-
duced.

The effect of salinity was tested to determine the impact on floc-
culation of KL-AA. Fig. 3(b) illustrates the results obtained for the KL-
AA polymer at pH 6 for three NaCl concentrations of 0, 10, and
100 mM. As the salinity of the solution increased, the stable median
chord length generally increased. This behavior is explained via the
principle of neutralization of particulate surface charges, which facil-
itates the agglomeration of particles [55]. The results illustrated in
Fig. 3(b) support the hypothesis that salinity can hinder the electro-
static repulsion force created between the particles and promote the
impact of KL-AA in flocculating the particles [28]. In saline systems, the
charges of polyelectrolytes, including KL-AA is screened. The lack of
charges on KL-AA would reduce the repulsion force generated between
the segments of KL-AA already adsorbed on the surface of the particles
promoting the interaction and flocculation of particles. In the same

vein, the lack of charges on aluminium oxide particle would promote
the coagulation of aluminium oxide particles in the presence of salts.

3.2.3. De-flocculation and re-flocculation indices
In Fig. 3, as stated earlier, the stirring was intensified through an

increase in impeller speed to 600 rpm (at ≅t 10 min, Fig. 3); this was
performed in order to induce de-flocculation. After the system achieved
a stable chord length, the stirring was lessened through a decrease in
impeller speed back to 300 rpm (at ≅t 13–15 min, Fig. 3). A decrease in
agitation intensity was performed to induce re-flocculation in the
system. Fig. 4 presents a comparison between de-flocculation and re-
flocculation indices (DI and RI , respectively) for varying solution pH
and salinity in the system. DI describes flocs’ resistance to breakage
with the onset of shear forces whilst RI describes flocs’ ability to re-
cover to the floc size with the reduction of shear forces after de-floc-
culation has occurred. Eqs. (1) and (2) were used to compute DI and RI ,
respectively, for various solution conditions, using the data of Fig. 3(a)
and 3(b). Fig. 4(a) presents the DI and RI results for the systems at
different pH in the absence of salt. DI are relatively similar regardless of
the solution pH when the system is devoid of salt. However, there is a
significant difference in the affinity of the flocs to recover their former
sizes when RI is examined. The more alkaline the solution, the higher
the re-flocculation index and the better the system recovers its original
median chord length (Fig. 4a). At pH 3, the flocs recover to a mere 10%
of their initial chord length at 300 rpm whilst at pH 9, the flocs recover
to ~72% of their initial chord length. The highest recovered chord
length occurred at pH 6, with a median chord length of approximately
35 μm. Although the greatest initial chord length (before inducing
breakage via increasing impeller speed to 600 rpm) was observed at pH
3 (acidic conditions), the recovery for pH 3 is notably the worst and due
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to the flocs’ smallest initial sizes (Fig. 3), the highest recovery occurred
at pH 9.

Fig. 4(b) presents the DI RIand results for KL-AA for the system at
pH 6 with varying salinity. In terms of DI , increased salinity appears to
hinder the de-flocculation process, resulting in lesser magnitudes of DI
with increasing NaCl concentration. The negative values for DI corre-
spond to a decrease in average stable chord length from the onset of
increased shear force. As concentration of NaCl increases, the flocs
exhibit a greater resistance to breakage. This implies the difference in
the structure of aggregates formed by the addition of various amounts
of salt. It was reported that the high concentration of salt can change
the configuration of polymer through reducing the thickness of the
diffuse layer around the particles leading to the formation of small and
compact aggregates [10]. Also, the compression of double layer re-
sulted in the reduction of energy barrier, which enhanced attractive van
der Waals forces [1]. Therefore, the compact formed flocs are more
resistance to the intense shear as a result of salt addition.RI , however, is
not significantly impacted as a result of changes in salinity, implying
that the broken flocs did not have a high tendency to re-flocculate at
high salinity, but the reason for this behavior is unknown to the authors
(Fig. 4).

For all tests, the re-flocculation index was less than 75%, with an
average recovery of ~45%. The de-flocculation index, however, was
significantly high for all tests, withDIof up to 95% and an average DI of
~83%. This high breakage tendency and somewhat poor recovery are
attributed to the limited bonding strength of KL-AA with particles [21].
Chaignon et al. reported that the flocs formed by bridging could not be
fully recovered [12]. When flocs are broken by shear forces, changes in

the configuration of the polymer chains may occur, which hinders the
re-flocculation rate [12].

3.3. Estimation of floc shape via probabilistic model

In addition to size, floc shape influences the collision efficiency [30]
and settling velocity of the aggregated particles [22].

Analysis via the probabilistic model provides an inference of the
heterogeneity of floc shapes for the studied systems. The shape of
produced flocs influences the collision efficiency [30] and settling ve-
locity of the aggregated particles [22]. Fig. S1 presents a sample of the
results comparing the fit of the theoretical cumulative distribution
curves generated at each of the three heterogeneity scenarios tested: a
one-cluster regime (scenario A), a two-cluster regime (scenario B), and
a three-cluster regime (scenario C). Scenario A models the mixture as
being composed of one single cluster (i.e., regime), which assumes that
the suspended particles are homogeneous and identical. In other words,
the chord length was assumed to have only one single mode in the
probability distribution function. The two-regime system modeled in
scenario B assumes the suspension system contains both large-sized and
small-sized particles. Scenario C demonstrates the results for a three-
regime mixture model with particle sizes of three size categories. As
illustrated, the three-cluster regime (scenario C) yields a better fit be-
tween the experimental results and the model (Fig. S1).

Table 1 reports the results pertaining to the solutions of shape
heterogeneity analysis for flocculated aluminium oxide particles with
KL-AA after initial flocculation occurs (i.e., without inducing de-floc-
culation or re-flocculation). In this Table, δ is the semi-axis prolate
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spheroid, εis the elongation of the spheroid, andπ is the observed
proportion of each regime. The optimal parameters (δ , ε, π) governing
each regime can be obtained by solving Eq. (4) and minimizing

̂D (p| p)KL (KL-divergence). It is evident from Table 1 that the lowest
divergence occurs for regime 3; the empirical and theoretical cumula-
tive distributions of the three-regime model has the highest goodness of
fit in comparison with one and two regime models, hence it is best to
assume κ = 3 for modelling the system. The results included in Table 1
suggest that the particles had the largest size at pH 3 for all three size
categories of scenario C (large, medium, small = δ1, δ2, δ3). In addition
to the diameter of the three size categories for scenario C, the shapes of
the flocs must deviated from spheres for the probabilistic model to
agree with the experimental results (i.e., ε1, ε2, ε3 > 1). In Table 1, as
pH increases, the deviations from ε = 1 is lessened. It is worth men-
tioning that spherical particles are obtained when the elongation ε
approaches to one (for any prolate spheroid, ε > 1). For pH 3, the
results suggest that the shape of large-sized particles minimally deviate
from spheres as the maximum likelihood estimator for their elongation
is obtained to be 1.58. Also, the shapes of the small-sized and medium-
sized particles (δ = 12.10 μm and 98.51 μm, respectively) deviate
significantly from spheres since ε = 2.86 and 2.85 are substantially
greater than ε = 1. By increasing the pH from 3 to 9, the particles are
more likely to possess more spherical shapes since their corresponding
elongations decrease as indicated by the model. In fact, the system
shows a tendency to become more stable via particle coarsening and
spherodization. It is also worth mentioning that larger and spherical
particles have the least surface energy and hence the lower total free

Table 1
Heterogeneity of particle shape for KL-AA aluminium oxide suspension systems
at varying pH and salinity.

Parameter pH 3 pH 6 pH 9 NaCl 10 mM NaCl 100 mM

Scenario A: One-Cluster Regime
δ1 26.82 24.18 22.56 26.47 38.00
δ1 1.75 1.69 2.56 1.32 1.13
KL-divergence 0.02 0.03 0.01 0.04 0.005
Scenario B: Two-Cluster Regime
π1 0.49 0.72 0.42 0.51 0.32
π2 0.51 0.28 0.58 0.49 0.70
δ1 164.19 74.62 61.27 40.16 90.12
δ2 22.54 25.94 22.06 23.92 28.91
ε1 2.70 1.02 1.14 1.15 1.05
ε2 2.82 1.44 1.147 1.53 2.43
KL-divergence 0.076 0.003 0.002 0.03 0.09
Scenario C: Three-Cluster Regime
π1 0.18 0.32 0.29 0.36 0.13
π2 0.47 0.40 0.41 0.23 0.40
π3 0.41 0.27 0.31 0.40 0.48
δ1 383.14 243.31 193.53 256.40 321.06
δ2 98.51 40.75 52.53 71.33 147.10
δ3 12.10 11.45 12.51 14.39 31.47
ε1 1.58 1.16 1.04 1.94 1.99
ε2 2.85 2.77 2.28 2.89 2.94
ε3 2.86 1.66 1.57 1.79 2.65
KL-divergence 0.0003 0.0006 0.0021 0.00067 0.0004
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energy [47].
Table 1 also discloses the parameters for each scenario for the saline

systems. An increase in the concentration of salt necessitates an in-
crease in the size of all three bins for scenario C modelling (δ1, δ2, δ3;
Table 1). High salinity may neutralize the surface charges of particles
and therefore increase the agglomeration of particles [55], resulting in
a cumulative size distribution that encompasses relatively larger sized
particles. For the sample with no salt (0 mM NaCl, Table 1), the nu-
merical results suggest that the large-sized particles would have shapes
relatively closer to spheres since the maximum likelihood estimator for
their elongation is 1.16 (i.e., close to 1). Moreover, by increasing the
concentration of NaCl, the particles are predicted to possess less sphe-
rical shapes since their corresponding elongations increased.

3.4. Flocculation under non-stirring conditions

Fig. 5(a) shows the Turbiscan Stability Index (TSI) value of the
aluminium oxide suspension as a function of time under non-stirring
condition. The greater the value of TSI at a given time, the poorer the
stability of the system would be. In terms of blank samples, the results
depicted that aluminium oxide suspension was more unstable at pH 9,
this pH being close to the solution’s isoelectric point (zeta potential of
−5 mV, Fig. 1). As shown in Fig. 5(a), adding KL-AA to the system
destabilized the system in general, facilitating settling of particles. The
addition of KL-AA to the system at pH 3 resulted in the least instability
for the aluminium oxide suspension system, whilst the greatest in-
stability occurs at pH 9. Fig. 5(b) shows the TSI value of the aluminium
oxide suspension as a function of time under the non-stirring condition
for samples at different salt concentrations. It is evident that an increase
in the salinity for the system results in increasing instability for the
system. These results are consistent with literature reports [29] sup-
porting the concept that increasing the salt concentration improves the
settling of particles.

The settling velocity and the compactness of sediments after 60 min
of settling are compared in Table 2. The settling velocity is described as
the growth rate of sediment thickness [26,51]). Blank aluminium oxide
suspensions experienced slower settling velocities than did the KL-AA
containing systems at pH 3 (Table 2) due to their high zeta potential
(Fig. 1). Also, the alkaline condition (pH 9) resulted in the highest
settling velocity (~281 mm/h), which may be related to their shape
(Table 1). Flocs with more spherical shapes settle faster in general [26].
In terms of sediment concentration, the blank systems exhibited the
highest sediment concentrations; and the addition of KL-AA decreased
the sediment concentration at all pH (Table 2). These results also
confirm that the weak flocs at pH 3 generated sediment with lowest
concentration and higher porosity. These results may suggest that these
large flocs risk entraining water. Vajihinejad and Soares [52] claimed
that polyacrylamide (PAM) based flocculants could generate a loose
precipitate and gel- like structure that capture water [52].

Table 2 also presents the settling velocities and sediment con-
centrations for the KL-AA aluminum oxide solution as a function of

salinity. In terms of settling velocity, the addition of salt to the KL-AA
aluminium oxide solution increased settling velocities (Table 2), which
is in good agreement with the results reported by Ji et al. [29]. The
addition of salt serves to decrease the intramolecular electrostatic re-
pulsion force between negatively charged particles, which allows for
larger flocculated particles with a higher settling velocity [46]. Also,
the suspension without salt (0 mM NaCl) had the lowest sediment
concentration (~50 g/L), with the addition of salt increasing the con-
centration of the sediment.

4. Conclusions

The results showed that the decrease in zeta potential was most
pronounced at pH 6. The interaction of KL-AA with particles generated
the largest flocs at pH 3. However, the flocs could not be recovered after
de-flocculation/re-flocculation, as the interaction of KL-AA and the
particles were weak at this pH. These flocs generated sediment with
lowest concentration. At pH 6, the charge interaction and bridging
generated the largest flocs. These flocs had stronger tendency to recover
their sizes after re-flocculation. At pH 9, due to limited interaction
(primarily due to hydrogen bonding), small but recoverable flocs were
mainly generated, which led to sediment with the highest concentra-
tion. A numerical heterogeneity study concerning particle size and
shapes reveals that a three-cluster particle regime best reproduced the
experimental chord length distributions for all experiments. Increasing
pH reduced the particle diameter and elongation providing evidence for
the generation of more compact and spherical shape particles.

Also, the median chord length increased as a result of increasing
salinity. Concentrating salinity resulted in an increase in particle dia-
meter and elongation (or deviation from spherical clusters). The flocs
seem to be slightly stronger at higher salinity. The salt seems to increase
the concentration of sediment, even though the sediments had generally
very low concentrations. TSI results also confirmed increased instability
and higher settling rate at higher pH and salinity. Overall, this work
showed mathematically and experimentally how a novel biobased
flocculant, KL-AA, could function in altered environments (i.e., pH and
salt concentration). As pH and salt are two important parameters of
industrial effluents, this work would depict the potential performance
of KL-AA in industrial effluents.
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