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Recsived: 6 October 2018 Currently, lignin of black liquor is incinerated to generate energy in pulp mills; but it has potential to
’ . be valorized through different modification methods. In this work, kraft lignin (KL) was polymerized

Accepted: 14 January 2019 - with 2-[(methacryloyloxy) ethyl] trimethylammonium chloride (DMC) to produce cationic water soluble
Published online: 25 February 2019  : polymers. After producing five polymers with different molecular weights and charge densities, their
© flocculation efficiency in kaolin suspensions was investigated. The adsorption, zeta potential and
. flocculation results confirmed that the polymer with the highest charge density and molecular weight
. (KLD5) was a more effective flocculant than other polymers. The structure and size of flocs formed
. from the interaction of kaolin with KLD were determined by a focused beam reflectance measurement

(FBRM). The sedimentation studies, conducted under gravitational (by vertical scan analyzer) and
. centrifugal force (by Lumisizer analytical centrifuge), revealed that KLD5 was very effective in
. flocculating kaolin particles.

: Wastewater effluent contains a wide range of inorganic and organic matters (e.g., heavy metals, suspended par-
© ticles, and aromatic molecules) imposing environmental pollutions'?. Flocculation processes have been used for
- treating wastewater for decades. Since most naturally occurring colloids are predominantly negatively charged,
- the addition of cationic polymers is an effective alternative to isolate suspended particles from wastewater
. effluents™,

Synthetic organic polymers, such as cationic polyacrylamide (PAM) and poly diallyldimethylammonium
chloride (PDADMAC), have been extensively applied as flocculants in wastewater treatment of mineral process-
ing and papermaking operations®=®. These polymers were reported to form large and strong flocs with acceptable
settling performance, which affords their effective removal'. Despite their wide range of applications, they are
non-biodegradable, expensive and sometime cause health hazards"'’.

: Recently, a considerable attention has been paid to the production of environmentally friendly polymers due
© to their biodegradability and renewability'!. Natural polymers, such as starch, chitosan, and cellulose, have been
. widely applied as flocculants in wastewater treatments'?. In addition, cationic polysaccharides, such as chitosan'?,
© cellulose!*!', and starch were produced and used as flocculants in different wastewater effluents!®-18. These pol-
. ymers have been highly demanded in industrial applications, albeit their uses in food formulations. Despite the
© vast production of lignin as an aromatic polymer, it is still recognized as an under-utilized product of the pulping
© industry. In the past, the copolymerization of lignin and cationic monomers were comprehensively discussed**-2!,
- but the use of polymerized lignin with (2-methacryloyloxyethyl) trimethyl ammonium chloride (DMC) as a floc-
. culant for kaolin suspension has not been reported, which was the first objective of this work.

: When flocculants adsorb on particles, they change the physicochemical properties of the particles, which leads
. to their agglomeration following altered mechanisms”*?2. Numerous investigations have demonstrated that the
- flocs formed through bridging of particles can be settled readily?*~*’, while flocs formed via charge neutralization
. and patching are more difficult to sediment”***%, As it is unclear how lignin-based polymers would agglomerate
: particles, the second purpose of this paper was to investigate how the charge density and molecular weight of
: lignin-DMC polymers impact the formation and settling of agglomerated flocs.

The kaolin suspension has been used as a representative of colloidal systems for decades because its surface
characteristics are well-understood to allow investigations on flocculation and sedimentation processes®*-*. The
surface of kaolin particles is heterogeneous consisting of positive charges at the edges and negative charges on
the basal face, and the interaction of these charges with surrounding environment promotes the aggregation of
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Conditions KL KLD1 KLD2 KLD3 KLD4 KLD5
DMC, mol — 0.009 0.009 0.014 0.019 0.024
KL, mol — 0.027 0.016 0.011 0.011 0.022
pH — 3 4 5 3 4
Temperature, °C — 80 90 90 70 80
Time, h — 4 5 4 5 3
Experimental charge density, meq/g | —0.2 0.74 1.52 2.5 2.93 3.66
Theoretical charge density, meq/g 0.021 0.70 1.47 241 2.86 3.60
Nitrogen, wt.% 0.03 0.98 2.05 3.40 3.97 5.05
Grafting ratio, wt.% — 17.0 43.7 101.8 143.3 298.7
Solubility, wt.% 5 39 40 42 56 66
M,, g/mol 17,800 30,300 50,700 81,900 109,100 162,600
M,, g/mol 5,100 22,700 35,400 56,200 70,600 96,200
M,/M, 3.49 1.33 1.43 1.46 1.54 1.69

Table 1. Reaction conditions and properties of KL and KLDs.

particles®’. The results generated in this work will facilitate the analysis on the actual wastewater effluents, which
is the objective of our future work.

In this study, kraft lignin-based polymers were produced via free radical polymerization of DMC and lignin.
The flocculation behavior of the polymers (KLD) with different molecular weights and charge densities was inves-
tigated in a kaolin suspension for the first time. This paper presents the correlations developed between the prop-
erties of lignin-based polymers and their flocculation performance and settlement under different conditions
using advanced tools. The objective of this work was to investigate how the charge density and molecular weight
of lignin-DMC polymers would impact its flocculation performance. However, the flocculation mechanism and
its impact on settling the agglomerated flocs will be studied in our future work.

Results and Discussion

Polymerization. The polymerization of kraft lignin and DMC was performed following a free radicle polym-
erization mechanism as explained in our previous work®. In the reaction mixture, potassium per sulfate gener-
ated two sulfite radical anions by thermal decomposition (Figure Sla). The sulfite radicals attacked the hydroxyl
group (OH) of KL to form phenoxy radicles. These phenoxy radicals then reacted with double bonds of DMC to
have them engaged in the polymerization reaction to produce KLD polymers (Figure S1b). On the other hand,
sulfate radicals could initiate the homopolymerization of DMC to produce homopolymers (PDMC) as a by-prod-
uct (Figure Slc).

Properties of KLD. The reaction conditions and properties of KLD polymers produced via free radical
polymerization of KL and DMC are listed in Table 1. The phenolic hydroxyl group and carboxylate group con-
tents of KL were 1.72 mmol/g and 1.01 mmol/g, respectively®®. Under the experimental conditions studied, the
polymers with varying charge densities and molecular weights were synthesized. It is evident that the nitrogen
content, charge density, and molecular weight increased, confirming the grafting of DMC onto lignin backbone®.
The grafting ratio of DMC to lignin ranged from 17% to 198.7% for the KLD polymers. The results also indi-
cated that varied DMC amounts were responsible for different nitrogen contents, charge densities, and molecular
weights of KLD polymers, which were closely related to their flocculation performance. In addition, the cationic
charge densities of five KLDs were theoretically calculated from their nitrogen content, since 1 mol of quaternary
ammonium group contained 1 meq charge density. The theoretical charge densities were close to experimental
values listed in Table 1. The reaction of KL and DMC was described in our previous work?>.

Adsorption of KLD on kaolin.  Figure 1 shows the adsorption behavior of KL or KLD on the surface of
kaolin particles as a function of polymer dosage at pH 7. The adsorption increased as the charge density and
molecular weight raised. This phenomenon may be attributed to electrostatic interaction between cationic KLD
and negatively charged clay particles®. Previous studies demonstrated that the adsorption of cationic polymers
increased with increasing their charge density*>*’. Wang and coworkers® articulated that an increase in the
charge density of cationic xylan from 1.8 to 2.4 meq/g enhanced the adsorption of cationic polymer from 3.1 to
4.6 mg/g onto kaolin particles at a 16 mg/L of polymer dosage. In another study, with increasing the concentration
of cationic starch from 30 to 260 g/L in a clay suspension, the adsorption of cationic starch on the clay surface
increased from 2 to 18 mg/g*!. KL had a limited adsorption on kaolin particles.

Dynamic flocculation.  Figure 2 demonstrates the relative turbidity of kaolin suspensions as a function of
their zeta potential. It is seen that, by raising the dosage of KLD, the zeta potential became more positive, and the
maximum zeta was obtained for KLD5. Also, the relative turbidity of the suspension was reduced as the dosage
increased, and the minimum relative turbidity was obtained for KLD5. It is noticed that when KLD1 and KLD2
were added to the clay suspension, the relative turbidity of the suspension was gradually decreased, and their zeta
potential became close to neutrality. These results may provide evidence that the flocculation probably occurred
via charge neutralization mechanism. For KLD3, KLD4 and KLD5, the relative turbidity of the suspension
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Figure 1. Adsorption of KL and KLD on kaolin particle as a function of polymer dosage, conducted under the
conditions of pH 7, 25°C, 1 h and 0.4 g/L clay concentration.
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Figure 2. Effect of zeta potential on the relative turbidity of kaolin suspensions, conducted under the
conditions of pH 7, 1h, 25°C, and 0.4 g/L of kaolin concentration.

decreased when the zeta potential of kaolin particles became more positive, indicating that both charge neutral-
ization and bridging mechanisms probably involved in the flocculation process. Interestingly, the results con-
firmed that the charge density and molecular weight of KLD are critical factors in altering the zeta potential and
relative turbidity of the suspension, and these changes are attributed to the adsorption of KLDs on clay particles.

Based on the results obtained from the adsorption analysis (Fig. 1), and the charge density of KLDs, it was
possible to calculate the total charges introduced on the surface of kaolin particles after KLD adsorption. Figure 3
showed the influence of charges, which was introduced to the particles via adsorbing KLD, on the relative tur-
bidity of the suspensions. As observed, KLD5 introduced more charges onto kaolin particles as compared to the
other KLDs, and hence they reduced the relative turbidity more significantly (Fig. 3). These findings confirmed
that the relative turbidity of clay suspension was strongly affected by the amount of KLD adsorbed and the total
charges introduced on kaolin particles. Among the cationic polyacrylamides that Ariffin and coworkers*? studied
in the flocculation of palm oil mill effluent, the flocculant with the molecular weight of 1.5 x 10°g/mol was the
most effective one in turbidity removal.

Floc size measurement. The size distribution of flocculated kaolin particles was shown in Fig. 4 for two dif-
ferent dosages of 8 and 32 mg/g KLD in clay suspension. The addition of KLD to the kaolin suspension widened
the size distribution of particles in the suspension, while reducing their counts. These results were in conformity
with those discovered by Thapa et al.}, where high molecular weight and charge density polyacrylamide poly-
mers were more effective than the low charged and low molecular weight ones in reducing the particle’s counts in
sludge flocculation process. The results also confirmed that KLD5 widened the size distribution (and reduced the
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Figure 3. Effect of total charges introduced to particles on the relative turbidity of kaolin suspensions,
conducted under the conditions of pH 7, 1h, 25°C and 0.4 g/L of clay concentration.
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Figure 4. Chord length distribution of flocs formed at dosage of (a) 8 mg/g and (b) 32 mg/g conducted under
the conditions of pH 7, 25°C and 0.4 g/L of kaolin concentration.

counts of flocs) more greatly than did other KLDs. The dosage of KLDs did not change the size of the flocs formed
via treating with KLD1 and KLD2, but other KLDs increased the chord length at a higher dosage. In particular,
the average chord length of KLD5 was 53 um at 8 mg/g dosage, while that was 65 um at 32 mg/g dosage. These

SCIENTIFICREPORTS| (2019) 9:2672 | https://doi.org/10.1038/s41598-019-39135-z 4


https://doi.org/10.1038/s41598-019-39135-z

www.nature.com/scientificreports/

—o—Kaolin

—&—KLD5-8 mg/g

—o—KLD5-32 mg/g

Volume fraction, %

0.01 0.1 1 10 100 1000
dh,um

Figure 5. The floc size distribution of kaolin particles in the presence and absence of KLD at dosage of 8 and
32mg/g, conducted under the conditions of pH 7, 25°C and 0.4 g/L of kaolin concentration.

results confirmed that higher molecular weight KLDs enhanced the flocculation efficiency and thus aggregation
of the clay suspension**>.

Flocculation of kaolin under non-stirring conditions.  As KLD5 was more effective than other KLD,
the analysis on non-stirring conditions was performed using only this polymer. The volume fraction of flocs in
the suspension was plotted as a function of their hydrodynamic diameter (d,) in Fig. 5. As observed, the floccu-
lation of kaolin particles by KLD increased the average size of flocs. The particle size of kaolin was 4.7 pm without
using polymers. The floc size of KLD5 grew to 16.85 and 19.12 um at 8 and 32 mg/g dosages, respectively. These
results are consistent with those presented in Fig. 4. It was claimed that the floc size would increase by raising the
polymer’s charge density and molecular weight®. In addition, these results indicated that increasing the KLDs
dosage enhanced the floc growth as well*.

The impact of KLD on the transmission (%) of kaolin suspensions is shown in Fig. 6. In the absence of KLD,
the transmission of kaolin particles was the lowest (5.67%) of all studied systems. After adding KLD, the particles
in the kaolin sample started to settle, which made a clear and transparent layer on top of the sample, and this
increased the transmission of the samples. The increase in the transmission was more obvious for 32 mg/g dosage
than for 8 mg/g dosage (Fig. 6). For example, the addition of KLD5 exhibited large sedimentation with fastest
transmission increase to 35.20% and 62.91% at 8 and 32 mg/g of dosages, respectively. This improved settling
behavior of kaolin suspension may largely be attributed to the higher adsorption of KLD5 onto clay particles as
well as its higher charge density and molecular weight (Fig. 1).

The settling velocity and the compactness of sediments after 1h of settling in the absence and presence of KLD
are listed in Table 2. The settling velocity is inversely related to the compactness of KLD. The smaller the settling
velocity, the larger the compactness would be. Kaolin particles had the highest sediment compactness (42.76 g/L)
and the lowest settling velocity (15.3 mm/h). At a 8 mg/g dosage, the sediment compactness decreased from
42.76 g/L to 37.73 and 14.18 g/L; whereas, the settling velocity increased from 17.2 to 130.7 mm/h for KLD1 and
KLD5, respectively. A similar trend was observed for 32 mg/g dosage, but generally the compactness was smaller
and settling velocity was faster. These results confirmed that the compactness of the settled flocs decreased with
increasing the molecular weight of KLD. High molecular weight KLDs bridged the kaolin particles to form large
porous flocs containing water that reduced its compactness. The formation of loose flocs via bridging mechanism
is well documented in the flocculation of cement, kaolin, and hematite in the past®#”3. The faster settling velocity
of KLD5 (173.4mm/h) confirmed that the flocs of higher molecular weight KLD were larger than those of lower
molecular weight ones (Figs 4 and 5)°.

Size of suspended flocs. The hydrodynamic diameter of suspended kaolin particles was determined in the
absence and presence of KLD in Fig. 7. The d; ; was approximately 0.19 um for the suspended kaolin particles. For
the samples treated with KLDs, the dy, ; was insignificantly different from that of kaolin particles, indicating that
the size of suspended particles did not remarkably change after treating with KLD, and the formed large flocs were
probably settled. On the other hand, there was a slight increase in the size of the suspended particles as the size of
KLD increased in the system. These outcomes comply with the experimental results presented in Fig. 5. As these
larger flocs were loosely bound with KLD, they had a relatively low compactness, which led to their suspension
along with smaller flocs.

Sedimentation behavior under accelerated gravitation. The sedimentation velocities of KLDs at
various RCFs are summarized in Fig. 8 for two dosages of 8 and 32 mg/g KLD in kaolin suspension. Generally,
flocculants agglomerated particles and thus there was a change from a monodisperse to polydisperse system®. As
can be seen, the trend of sedimentation velocity was similar for all of the KLD at 8 mg/g and 32 mg/g dosages, but
amore dramatic increase in sedimentation velocity was observed for the KLD5 than other KLDs with accelerating
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Figure 6. Transmission intensity of kaolin suspension (top layer) at the dosage of (a) 8 mg/g and (b) 32mg/g, as
a function of time, conducted under the conditions of 0.4 g/L clay at pH 7,25°C and 1h.

Dosage (mg/g) 8 32 8 32 8 32 8 32 8 32
Sediment 4276 3773 [3501 |3399 [3078 |2619 |2059 |1815 |1393 |14.18 |10.85
compactness (g/L)

Settling velocity 15.3 17.2 18.6 324 37.4 533 752 88.4 1205|1307 | 1734
(mm/h)

Table 2. Settling velocity and compactness of settled flocs after settling in 1 h of experiment.

centrifugation. These results are in agreement with the results obtained in Table 2. The higher settling rate of
KLD-induced flocs could be due to their orientation in parallel to the centrifugal direction at a high RCF*"*.
Because of the polydispersity of the flocs, the flow resistance of KLD/kaolin particles was different from that of
a spherical particle. Thus, the drag force experienced by the flocs was smaller and the settling velocity became
faster when flocs were oriented parallel to the flow field. Similar phenomena were reported by Chang and Liao®!
in measuring the sedimentation velocities of titanium oxide (TiO,) nanoparticle under centrifugal forces. These
results indicated that the KLD made flocs in the suspension did not settle uniformly under altered centrifugal
forces. This study also confirmed that the rate of floc sedimentation in a kaolin suspension mainly depended on
the particle size and density.

The volume-weighted particle size distribution of the flocs was identified by analyzing the time evolution of
the transmission at a fixed position and the results are shown in Fig. 9. In the absence of KLD, kaolin particle
size in stable dispersion was 4.7 um. The addition of KLD led to the formation of larger particles that could settle
faster, which are in good agreement with data reported in Figs 5 and 8. As observed, the particle size increased
from KLD1 to KLD5 by increasing the centrifugal force. Claverie and coworkers®® reported that the particle size
of silica dispersions increased with polymer concentration as well as polymer molecular weight.
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Figure 7. The size of suspended particles in the presence and absence of KLD conducted under the conditions
of0.4g/L clay at pH 7,25°C and 1 h.
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Figure 8. Sedimentation velocity of the KLD in kaolin suspension at the dosage of (a) 8 mg/g and (b) 32mg/g
as a function of RCF values conducted under the conditions of 0.4 g/L clay at 25°C, pH 7 and 5 min.

Conclusions. The efficiency of KLD5 was higher than other KLDs in flocculating kaolin particles due to
its higher adsorption as well as its charge density and molecular weight. The relative turbidity of the suspen-
sion dropped more quickly, and its zeta potential increased more dramatically with KLD5 than other KLD as
it adsorbed more than other KLDs on kaolin particles. The sedimentation studies under gravitational force
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Figure 9. Particle size distributions obtained via centrifugation analysis in the presence or absence of KLDs at
the dosage of (a) 8 mg/g (b) 32 mg/g as a function of RCF values; under the conditions of 0.4 g/L clay at 25 °C,
pH 7, and 20 min.

demonstrated that the compactness of KLD flocs decreased, while the settling velocity increased progressively
with increasing concentration as well as the charge density and molecular weight of KLD. By increasing the cen-
trifugal force, the size of the flocs and the settling velocity were increased regardless of the KLD properties. Also,
the sedimentation velocities of KLD5 induced flocs were 184 mm/h and 244 mm/h, while its floc size increased to
10.98 pm and 13.69 um at 8 and 32 mg/g of dosages, respectively. Addition of KLD resulted in change from mon-
odisperse to polydisperse settling due to agglomeration/flocculation of kaolin particles by KLD.

Materials and Methods

Materials. Softwood kraft lignin was generated via LignoForce™ technology at FPInnovations’ Thunder Bay
(ON) facility®. 2-[(methacryloyloxy) ethyl] trimethylammonium chloride (DMC) (80% in water), potassium per-
sulfate (K,S,04) (analytical grades) and kaolin were supplied by Sigma-Aldrich. Polydiallyldimethylammonium
chloride (PDADMAC) with the molecular weight (M,,) of 100,000-200,000 g/mol was purchased from Sigma
Aldrich. Potassium polyvinyl sulfate (PVSK) with a M, of 100,000-200,000 g/mol (97.7% esterified) was pur-
chased from Wako Pure Chem. Ltd. Japan. All chemicals were applied without further purification. Moreover,
ethanol (95 vol. %) was received from Fisher Scientific company. Silicon oil and tetrafluoroethylene were received
from formulation and used as standard chemicals for transmission and backscattering detectors of a vertical scan
analyzer, respectively.

Lignin-DMC production and purification. Kraft lignin-DMC polymers were synthesized in 250 mL
three-neck glass flasks under the reaction conditions illustrated in Table 1. After the reactions, the flasks were
submerged in cold tap water for 20 min. Then, ethanol (80 vol. % in water) was mixed with the reaction media to
precipitate the lignin-based polymers from the systems®*’. After a 10-min centrifugation at 3500 rpm, the pre-
cipitated copolymer (KL-DMC) was collected and the homopolymer (PDMC) and unreacted monomers (DMC)
present in the supernatant were removed from the suspensions. The collected precipitates were then mixed with
ethanol (80 vol.%) for 5 min. The mixtures were centrifuged again, and this process was repeated 3 times, where
the final product is considered lignin polymer, KLD. Subsequently, the precipitated KLD polymers were mixed
with 200 mL of deionized water, while adjusting the pH of the solution to 7.0 & 0.2 prior to use. The solubility,
charge density, molecular weight and elemental components of KLD were determined as explained in our previ-
ous work®”*%,

Particle size analysis. The hydrodynamic diameter of kaolin particles and flocs of KLD/kaolin was meas-
ured by a particle size analyzer, MasterSizer 2000 (Malvern Instruments). In this study, 1 g of clay suspension
(20 g/L) was mixed with 50 mL of distilled water or 50 mL of KL or KLD solution so that KL or KLD dosage in
the system remained at 8 and 32 mg/g dosages (based on kaolin). The system was stirred at 300 rpm and room
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temperature for 2 h to make the samples ready for particle size analysis. The measurement was conducted at the
wavelength of 633 nm with red laser light. The mean value of hydrodynamic size, dy,, of the samples was deter-
mined as the average median value of three parallel measurements.

Adsorption studies.  For studying the adsorption of KL or KLD on clay particles, KL or KLD was mixed with
50 mL of kaolin (clay) suspensions (0.4 g/L) to make 1 to 128 mg/g dosage of KL or KLD in clay suspensions. The
suspensions were stirred at 300 rpm for 1 h at room temperature. Afterward, the suspensions were centrifuged for
15 min at 3500 rpm and then the concentrations of the KLD remained in the supernatants were determined by a
UV/Vis spectrophotometer (Genesys 10S UV/vis, Thermo FisherScientific, USA) at the wavelength of 205 nm.
The impact of pH was also studied on the adsorption of KLD on clay particles. The pH of the kaolin suspensions
(ranging 2 to 12) was adjusted with 0.1 M NaOH solution or H,SO, prior to adsorption experiments, and the steps
indicated above were followed accordingly.

Zeta potential analysis. A NanoBrook Zeta PALS (Brookhaven Instruments Corp, USA) was used for
zeta potential analysis of clay suspensions. The pH adjustment of the suspensions was carried out using 0.1 M
NaOH or H,SO,. The clay samples (1 g at 20 g/L concentration) with or without the polymers were mixed with
50 mL of distilled water and stirred under the same conditions stated in the adsorption studies section, then their
zeta potential was measured in a 1.0 m M KCI*. All the measurements were carried out at room temperature at a
constant electric field (8.4 V/cm).

Flocculation analysis. The relative turbidity of the suspension was determined using a photometric dis-
persion analyzer (PDA 3000, Rank Brothers Ltd) that was attached to a dynamic drainage jar (DDJ) fitted with a
200-mesh screen®>*¢. Herein, 500 mL of distilled water was first added to the DDJ and transported from the DDJ
to the PDA through a 3 mm plastic tube (Tygon, R-3603) until a steady flow rate of 20 mL/min was achieved.
Then, 10mL of a 20 g/L clay suspension was added into the DDJ at 300 rpm. The relative turbidity of the suspen-
sions containing polymers was investigated as explained by Wang et al.¥”.

Focused beam reflectance measurement. The change in the size of kaolin and KLD/kaolin flocs was
assessed in a real-time scenario by a focused beam reflectance measurement (FBRM, Mettler-Toledo E25). The
chord length distribution of particles in the suspension was determined over the range of 1 and 1000 um using
IC-FBRM software*’. 500 mL of distilled water was mixed with 10mL of a 20 g/L clay suspension at 300 rpm. This
experiment was repeated for the suspensions containing KLD with the dosages of 8 mg/g and 32 mg/g (based on
dried weight of clay particles)¥.

Gravitational sedimentation analysis. The sedimentation performance of kaolin particles under
non-stirring conditions in the absence or presence of KLD were assessed by a vertical scan analyzer, Turbiscan
(Lab Expert, Formulaction). In this analysis, different dosages of KLD were added to the kaolin suspension. After
stirring at 300 rpm for 2 min, 20 mL of suspensions were added to the cylindrical glass cells for further analysis.
Electro luminescent diode light at 880 nm scanned the cell from bottom to top at a 40 um height interval. The
scanning process was conducted every 25 s and the experiment lasted for 1 h*.

Particles of different sizes produced by KLD would settle at different rates when flocculated. This settlement
would clear the top part of the suspension. The variations in transmission and backscattering data, collected from
the top and bottom parts of the sample after settling for 1 h, were considered for evaluating the efficiency of KLD
in flocculating kaolin suspensions.

The hydrodynamic diameter of the suspended particles in the system (d; ;) was determined by the transmis-
sion data from the top layer and the mean volume fraction of particles after settling for 1h based on Lambert-Beer
law (equations (1) and (2)).

—2r.

T, r)=Te T (1)
2d

I(d) o 6) = —2=

Be @ =300, )

where r; represents the internal radius of the measurement cell, 1 is photo mean free path, T is the transmittance
of continuous phase (i.e., water), and T is the transmittance of suspension (i.e., kaolin suspension)***. Therefore,
the transmission data collected by the instrument directly depended on the mean hydrodynamic diameter of the
suspended particles, d; ;, and their volume fraction, ¢,. This study helped develop a correlation between particles’
diameter and their volume fractions in the solution.

The compactness of the sediment was determined as the ratio of the mass to volume for the settled flocs after
1 h of settling. For this purpose, samples were collected (and dried at 105 °C overnight) from the top part of the
suspension before and after 1 h of treating the suspensions with KLD. In this analysis, the settling velocity of the
flocs was determined as the rate of sediment thickness grows with respect to time®.

Centrifugal sedimentation analysis. Sedimentation velocities of kaolin and KLD/kaolin flocs were
measured by an analytical centrifugation analyzer, Lumisizer (LUM GmbH, Germany)®'. In each measurement,
1 mL of a 0.4 g/L clay suspension was transferred into the cell of the instrument, centrifuged at different revo-
lutions (200, 400, 800, 1600, and 3200 rpm) for 20 min, and the transmission data was collected after every 5s.
Measurements were performed at 25 °C and a light factor of 1. This experiment was conducted for the suspen-
sions containing KLD/kaolin at the dosages of 8 mg/g and 32 mg/g based on dried weight of clay particles in the
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suspensions. Kaolin sample (0.4 g/L) was also used as a blank (without polymer). The relative centrifugal force
(RCF) was calculated using equation (3), where r is the radius of centrifuge in mm.

RCF =

2
[@] rx 118

3)

For each run at different RCF (6, 23, 94,375,1500 X g), the thickness of sedimentation layer in the cell was
plotted as a function of time, the slope of which led to the sedimentation velocity (mm/h) of the particles at an
RCE. By plotting the sedimentation velocity against RCE, an estimation of settling rate of KLD was identified.

Under the aforementioned experimental conditions, the size distribution of flocs was determined. The
volume-average diameters were measured by constant position analysis®?. In each measurement, three positions
(approximately 115.0 120.0, 125.0 mm) within the detection region (105-130 mm) were chosen to ensure that the
results of the analysis were representative for all measurements.

References

1. Pal, S., Ghorai, S., Dash, M. K., Ghosh, S. & Udayabhanu, G. Flocculation properties of polyacrylamide grafted carboxymethyl guar
gum (CMG-g-PAM) synthesized by conventional and microwave assisted method. J. Hazard. Mater. 115, 1580-1588 (2011).

2. Malekizadeh, A. & Schenk, P. M. High fux water purifcation using aluminium hydroxide hydrate gels. Sci. Rep. 7, 17437, https://doi.
0rg/10.1038/541598-017-17741-z (2017).

3. Guo, . et al. Fermentation and kinetics characteristics of a bioflocculant from potato starch wastewater and its application. Sci. Rep.
8, 3631, https://doi.org/10.1038/541598-018-21796-x (2018).

4. Petrak, D., Dietrich, S., Eckardt, G. & Kohler, M. Two-dimensional particle shape analysis from chord measurements to increase
accuracy of particle shape determination. Powder Technol. 3284, 25-31, https://doi.org/10.1016/j.powtec.2015.06.036 (2015).

5. Gonzalez-Gil, G. et al. NMR and MALDI-TOF MS based characterization of exopolysaccharides in anaerobic microbial aggregates
from full-scale reactors. Sci. Rep. 5, 14316, https://doi.org/10.1038/srep14316 (2015).

6. Zhu, Z., Li, T,, Lu, ., Wang, D. & Yao, C. Characterization of kaolin flocs formed by polyacrylamide as flocculation aids. Int. J. Miner.
Process. 9,94-99, https://doi.org/10.1016/j.minpro.2009.01.003 (2009).

7. Yu,J., Wang, D., Ge, X., Yan, M. & Yang, M. Flocculation of kaolin particles by two typical polyelectrolytes: A comparative study on
the kinetics and floc structures. Colloids Surf. A Physicochem. Eng. Asp. 290, 288-294, https://doi.org/10.1016/j.colsurfa.2006.05.040
(2006).

8. Yan, Y. D,, Glover, S. M., Jameson, G. J. & Biggs, S. The flocculation efficiency of polydisperse polymer flocculants. Int. J. Miner.
Process. 73, 161-175, https://doi.org/10.1016/S0301-7516(03)00071-1 (2004).

9. Solberg, D. & Wagberg, L. Adsorption and flocculation behavior of cationic polyacrylamide and colloidal silica. Colloids Surf. A.
Physicochem. Eng. Asp. 219, 161-172, https://doi.org/10.1016/50927-7757(03)00029-3 (2003).

10. Yang, R., Li, H., Huang, M., Yang, H. & Li, A. A review on chitosan-based flocculants and their applications in water treatment.
Water Res. 95, 59-89, https://doi.org/10.1016/j.watres.2016.02.068 (2016).

11. You, L., Lu, E, Li, D., Qiao, Z. & Yin, Y. Preparation and flocculation properties of cationic starch/chitosan crosslinking-copolymer.
J. Hazard. Mater. 172, 38-45, https://doi.org/10.1016/j.jhazmat.2009.06.120 (2009).

12. Tian, D. & Xie, H. Q. Synthesis and flocculation characteristics of konjac glucomannan-g-polyacrylamide. Polym. Bull. 61, 277-285,
https://doi.org/10.1007/500289-008-0950-6 (2008).

13. Wang, J. P, Chen, Y. Z., Yuan, S. J., Sheng, G. P. & Yu, H. Q. Synthesis and characterization of a novel cationic chitosan-based
flocculant with a high water-solubility for pulp mill wastewater treatment. Water Res. 43, 5267-5275, https://doi.org/10.1016/j.
watres.2009.08.040 (2009).

14. Gao, Y, Li, Q, Shi, Y. & Cha, R. Preparation and application of cationic modified cellulose fibrils as a papermaking additive. Int. J.
Polym. Sci. 2016, 6978434, https://doi.org/10.1155/2016/6978434 (2016).

15. Sirvio, J., Honka, A., Liimatainen, H. & Hormi, O. Synthesis of highly cationic water-soluble cellulose derivative and its potential as
novel biopolymeric flocculation agent. Carbohydr. Polym. 86, 266-270, https://doi.org/10.1016/j.carbpol.2011.04.046 (2011).

16. Li, H. et al. Flocculation of both kaolin and hematite suspensions using the starch-based flocculants and their floc properties. Ind.
Eng. Chem. Res. 54, 59-67, https://doi.org/10.1021/ie503606y (2015).

17. Wei, Y., Cheng, F. & Zheng, H. Synthesis and flocculating properties of cationic starch derivatives. Carbohydr. Polym. 74, 673-679,
https://doi.org/10.1016/j.carbpol.2008.04.026 (2008).

18. Pal, S., Mal, D. & Singh, R. P. N. Cationic starch: an effective flocculating agent. Carbohydr. Polym. 59, 417-423, https://doi.
org/10.1016/j.carbpol.2004.06.047 (2005).

19. Hasan, A. & Fatehi, P. Synthesis and characterization of lignin-poly(acrylamide)-poly(2-methacryloyloxyethyl) trimethyl
ammonium chloride copolymer. J. Appl. Polym. Sci. 135, 46338, https://doi.org/10.1002/app.46338 (2018).

20. Hasan, A. & Fatehi, P. Cationic kraft lignin-acrylamide as a flocculant for clay suspensions: 1. Molecular weight effect. Sep. Purif.
Technol. 207, 213-221, https://doi.org/10.1016/j.seppur.2018.06.047 (2018).

21. Hasan, A. & Fatehi, P. Cationic kraft lignin-acrylamide copolymer as a flocculant for clay suspensions: 2) Charge density effect. Sep.
Purif. Technol. 210, 963-972, https://doi.org/10.1016/j.seppur.2018.08.067 (2019).

22. Li, T., Zhu, Z., Wang, D., Yao, C. & Tang, H. Characterization of floc size, strength and structure under various coagulation
mechanisms. Powder Technol. 168, 104-110, https://doi.org/10.1016/j.powtec.2006.07.003 (2006).

23. Gregory, J. & Barany, S. Adsorption and flocculation by polymers and polymer mixtures. Adv. Colloid. Interface Sci. 169, 1-12,
https://doi.org/10.1016/j.cis.2011.06.004 (2011).

24. Abraham, T. et al. Polyelectrolyte-mediated interaction between similarly charged surfaces: role of divalent counter ions in tuning
surface forces. Langmuir 17, 8321-8327, https://doi.org/10.1021/1a011037f (2001).

25. Rapp, M. V. et al. Hydrophobic, electrostatic, and dynamic polymer forces at silicone surfaces modified with long-chain bolaform
surfactants. Small 11, 2058-2068, https://doi.org/10.1002/smll.201402229 (2015).

26. Johnson, M. et al. Characterization of multiple hindered settling regimes in aggregated mineral suspensions. Ind. Eng. Chem. Res.
55, 9983-9993, https://doi.org/10.1021/acs.iecr.6b02383 (2016).

27. Du, J., Morris, G., Pushkarova, R. A. & Smart, R. S. C. Effect of surface structure of kaolinite on aggregation, settling rate, and bed
density. Langmuir 26, 13227-13235, https://doi.org/10.1021/1a100088n (2010).

28. Gregory, J. Polymer adsorption and flocculation in sheared suspensions. Colloids Surf. 131, 231-253, https://doi.org/10.1016/0166-
6622(88)80196-3 (1988).

29. Wisniewska, M., Chibowski, S. & Urban, T. Investigation of the stability of an alumina suspension in the presence of ionic
polyacrylamid. Thin Solid Films 520, 6158-6164, https://doi.org/10.1016/j.ts£.2012.05.034 (2012).

30. Li, M., Wang, Y., Hou, X., Wan, X. & Xiao, H.-N. DMC-grafted cellulose as green-based flocculants for agglomerating fine kaolin
particles. Green Energy Environ. 3, 138-146, https://doi.org/10.1016/j.gee.2017.11.005 (2018).

SCIENTIFIC REPORTS |

(2019) 9:2672 | https://doi.org/10.1038/s41598-019-39135-z 10


https://doi.org/10.1038/s41598-019-39135-z
https://doi.org/10.1038/s41598-017-17741-z
https://doi.org/10.1038/s41598-017-17741-z
https://doi.org/10.1038/s41598-018-21796-x
https://doi.org/10.1016/j.powtec.2015.06.036
https://doi.org/10.1038/srep14316
https://doi.org/10.1016/j.minpro.2009.01.003
https://doi.org/10.1016/j.colsurfa.2006.05.040
https://doi.org/10.1016/S0301-7516(03)00071-1
https://doi.org/10.1016/S0927-7757(03)00029-3
https://doi.org/10.1016/j.watres.2016.02.068
https://doi.org/10.1016/j.jhazmat.2009.06.120
https://doi.org/10.1007/s00289-008-0950-6
https://doi.org/10.1016/j.watres.2009.08.040
https://doi.org/10.1016/j.watres.2009.08.040
https://doi.org/10.1155/2016/6978434
https://doi.org/10.1016/j.carbpol.2011.04.046
https://doi.org/10.1021/ie503606y
https://doi.org/10.1016/j.carbpol.2008.04.026
https://doi.org/10.1016/j.carbpol.2004.06.047
https://doi.org/10.1016/j.carbpol.2004.06.047
https://doi.org/10.1002/app.46338
https://doi.org/10.1016/j.seppur.2018.06.047
https://doi.org/10.1016/j.seppur.2018.08.067
https://doi.org/10.1016/j.powtec.2006.07.003
https://doi.org/10.1016/j.cis.2011.06.004
https://doi.org/10.1021/la011037f
https://doi.org/10.1002/smll.201402229
https://doi.org/10.1021/acs.iecr.6b02383
https://doi.org/10.1021/la100088n
https://doi.org/10.1016/0166-6622(88)80196-3
https://doi.org/10.1016/0166-6622(88)80196-3
https://doi.org/10.1016/j.tsf.2012.05.034
https://doi.org/10.1016/j.gee.2017.11.005

www.nature.com/scientificreports/

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Chen, Y, Liu, S. & Wang, G. A kinetic investigation of cationic starch adsorption and flocculation in kaolin suspension. Chem. Eng.
J. 133, 325-333, https://doi.org/10.1016/j.cej.2007.02.019 (2007).

Besra, L., Sengupta, D. K., Roy, S. K. & Ay, P. Influence of polymer adsorption and conformation on flocculation and dewatering of
kaolin suspension. Sep. Purif. Technol. 37, 231-246, https://doi.org/10.1016/j.seppur.2003.10.001 (2004).

Michaels, A. S. & Bolger, J. C. Settling rates and sediment volumes of flocculated kaolin suspensions. Ind. Eng. Chem. Fund. 1,24-33,
https://doi.org/10.1021/i160001a004 (1962).

Konduri, M. K. & Fatehi, P. Dispersion of kaolin particles with carboxymethylated xylan. Appl. Clay Sci. 137, 183-191, https://doi.
org/10.1016/j.clay.2016.12.027 (2017). ™

Kouisni, L., Hindle, P. H., Maki, K. & Paleologou, M. The lignoforcesystem " : a new process for the production of high-quality
lignin from black liquor. J-For 2, 6-10 (2012).

He, W., Gao, W. & Fatehi, P. Oxidation of Kraft Lignin with Hydrogen Peroxide and its Application as a Dispersant for Kaolin
Suspensions. ACS Sustain. Chem. Eng. 5,10597-10605, https://pubs.acs.org/doi/abs/10.1021/acssuschemeng.7b02582 (2017).
Wang, S., Hou, Q., Kong, F. & Fatehi, P. Production of cationic xylan-METAC copolymer as a flocculant for textile industry.
Carbohydr. Polym. 124, 229-236, https://doi.org/10.1016/j.carbpol.2015.02.015 (2012).

Wang, S., Kong, E, Gao, W. & Fatehi, P. Novel process for generating cationic lignin based flocculant. Ind. Eng. Chem. Res. 57,
6595-6608, https://doi.org/10.1021/acs.iecr.7b05381 (2018).

Jahan, M. S,, Liu, Z., Wang, H., Saeed, A. & N, Y. Isolation and characterization of lignin from prehydrolysis liquor of kraft based
dissolving pulp production. Cell Chem. Technol. 46, 261-267 (2012).

Wang, S., Konduri, M. K. R., Hou, Q. & Fatehi, P. Cationic xylan-METAC copolymer as a flocculant for clay suspensions. RSC Adv.
6, 1-34, https://doi.org/10.1039/C6RA05223A (2016).

Yu, W,, Gregory, J. & Campos, L. The effect of additional coagulant on the re-growth of alum-kaolin flocs. Sep. Purif. Technol. 74,
305-309, https://doi.org/10.1016/j.seppur.2010.06.020 (2010).

Fatehi, P, Gao, W,, Sun, Y. & Dashtban, M. Acidification of prehydrolysis liquor and spent liquor of neutral sulfite semichemical
pulping process. Bioresour. Technol. 218, 518-525, https://doi.org/10.1016/j.biortech.2016.06.138 (2016).

He, W, Zhang, Y. & Fatehi, P. Sulfomethylated kraft lignin as a flocculant for cationic dye. Colloids Surf. A. 503, 19-27, https://doi.
org/10.1016/j.colsurfa.2016.05.009 (2016).

Mengual, O., Meunier, G., Cayré, I, Puech, K. & Snabre, P. TURBISCAN MA 2000: multiple light scattering measurement for
concentrated emulsion and suspension instability analysis. Talanta 50, 445-456, https://doi.org/10.1016/S0039-9140(99)00129-0
(1999).

Waite, T. D., Cleaver, J. K. & Beattie, J. K. Aggregation kinetics and fractal structure of v-alumina assemblages. J. Colloid Interface Sci.
241, 333-339, https://doi.org/10.1006/jcis.2001.7694 (2001).

Erramreddy, V. V., Tu, S. & Ghosh, S. Rheological reversibility and long-term stability of repulsive and attractive nanoemulsion gels.
RSC Adv. 7,47818-47832, https://doi.org/10.1039/C7RA09605D (2017).

Detloff, T., Sobisch, T. & Lerche, D. Particle size distribution by space or time dependent extinction profiles obtained by analytical
centrifugation (concentrated systems). Powder Technol. 174, 50-55, https://doi.org/10.1016/j.powtec.2006.10.021 (2007).

Sang, Y. & Xiao, H. Clay flocculation improved by cationic poly (vinyl alcohol)/anionic polymer dual-component system. J. Colloid
Interface Sci. 326, 420-425, https://doi.org/10.1016/j.jcis.2008.06.058 (2008).

Wickramasinghe, S., Wu, Y. & Han, B. Enhanced microfiltration of yeast by flocculation. Desalination 147, 25-30, https://doi.
org/10.1016/S0011-9164(02)00566-0 (2002).

Zhou, Y., Gan, Y., Wanless, E. ], Jameson, G. J. & Franks, G. V. Interaction forces between silica surfaces in aqueous solutions of
cationic polymeric flocculants: effect of polymer charge. Langmuir 24, 10920-10928, https://doi.org/10.1021/1a801109n (2008).
Ariffin, A,, Shatat, R. S. A,, Norulaini, A. R. N. & Omar, A. K. M. Synthetic polyelectrolytes of varying charge densities but similar
molar mass based on acrylamide and their applications on palm oil mill effluent treatment. Desalination 173, 201-208, https://doi.
org/10.1016/j.desal.2004.02.107 (2005).

Thapa, K. B., Qi, Y. & Hoadley, A. E Using FBRM to investigate the sewage sludge flocculation efficiency of cationic polyelectrolytes.
Water Sci. Technol. 59, 583-93, https://doi.org/10.2166/wst.2009.006 (2009).

Gao, B., Hahn, H. & Hoftmann, E. Evaluation of aluminum-silicate polymer composite as a coagulant for water treatment. Water
Res. 36, 3573-3581, https://doi.org/10.1016/S0043-1354(02)00054-4 (2002).

Wang, L., Zhang, Y. & Li, G. Behavior of polyamine fixing agents on agglomeration of dissolved and colloidal substances in
papermaking. BioResources 9, 472-481, https://doi.org/10.1016/j.ces.2005.11.013 (2014).

Zhou, Y. & Franks, G. V. Flocculation mechanism induced by cationic polymers investigated by light scattering. Langmuir 22,
6775-6786, https://doi.org/10.1021/1a060281+ (2006).

Gaudreault, R, Cesare, N. D,, van de Ven, T. G. M. & Weitz, D. A. Structure and strength of flocs of precipitated calcium carbonate
induced by various polymers used in papermaking. Ind. Eng. Chem. Res. 54, 6234-6246, https://doi.org/10.1021/acs.iecr.5b00818
(2015).

Negro, S., Sinchez, L. M., Fuente, E., Blanco, A. & Tijero, J. Polyacrylamide induced flocculation of a cement suspension. Chem. Eng.
Sci. 61, 2522-2532, https://doi.org/10.1016/j.ces.2005.11.013 (2006).

Growney, D. J. et al. Determination of effective particle density for sterically stabilized carbon black particles: effect of diblock
copolymer stabilizer composition. Langmuir 31, 8764-8773, https://doi.org/10.1021/acs.langmuir.5b01651 (2015).

Lerche, D. Dispersion stability and particle characterization by sedimentation kinetics in a centrifugal field. J. Disp. Sci. Technol. 23,
699-709, https://doi.org/10.1081/DIS-120015373 (2002).

Detloff, T. & Lerche, D. Centrifugal separation in tube and disc geometries: experiments and theoretical models. Acta Mech. 201,
83-94, https://doi.org/10.1007/s00707-008-0074-y (2008).

Chang, C. W. & Liao, Y. C. Accelerated sedimentation velocity assessment for nanowires stabilized in a non-Newtonian fluid.
Langmuir 32, 13620-13626, https://doi.org/10.1021/acs.Jangmuir.6b03602 (2016).

Claverie, A. L., Schwarz, S., Steinbach, C., Vargas, S. M. P. & Genest, S. Combination of natural and thermosensitive polymers in
flocculation of fine silica dispersions. Int. J. Carbohydr. Chem. 2013, 242684, https://doi.org/10.1155/2013/242684 (2013).

Acknowledgements
The authors would like to thank NSERC, Canada, Canada Research Chairs, Canada Foundation for Innovation,
Ontario Research Fund and norther Ontario Heritage Fund corporation programs for supporting this research.

Author Contributions
A. Hasan conducted all experiments, analyzed data and prepared the manuscript. P. Fatehi was the supervisor of
A. Hasan leading this research project.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-39135-z.

Competing Interests: The authors declare no competing interests.

SCIENTIFIC REPORTS |

(2019) 9:2672 | https://doi.org/10.1038/s41598-019-39135-z 11


https://doi.org/10.1038/s41598-019-39135-z
https://doi.org/10.1016/j.cej.2007.02.019
https://doi.org/10.1016/j.seppur.2003.10.001
https://doi.org/10.1021/i160001a004
https://doi.org/10.1016/j.clay.2016.12.027
https://doi.org/10.1016/j.clay.2016.12.027
https://pubs.acs.org/doi/abs/10.1021/acssuschemeng.7b02582
https://doi.org/10.1016/j.carbpol.2015.02.015
https://doi.org/10.1021/acs.iecr.7b05381
https://doi.org/10.1039/C6RA05223A
https://doi.org/10.1016/j.seppur.2010.06.020
https://doi.org/10.1016/j.biortech.2016.06.138
https://doi.org/10.1016/j.colsurfa.2016.05.009
https://doi.org/10.1016/j.colsurfa.2016.05.009
https://doi.org/10.1016/S0039-9140(99)00129-0
https://doi.org/10.1006/jcis.2001.7694
https://doi.org/10.1039/C7RA09605D
https://doi.org/10.1016/j.powtec.2006.10.021
https://doi.org/10.1016/j.jcis.2008.06.058
https://doi.org/10.1016/S0011-9164(02)00566-0
https://doi.org/10.1016/S0011-9164(02)00566-0
https://doi.org/10.1021/la801109n
https://doi.org/10.1016/j.desal.2004.02.107
https://doi.org/10.1016/j.desal.2004.02.107
https://doi.org/10.2166/wst.2009.006
https://doi.org/10.1016/S0043-1354(02)00054-4
https://doi.org/10.1016/j.ces.2005.11.013
https://doi.org/10.1021/la060281+
https://doi.org/10.1021/acs.iecr.5b00818
https://doi.org/10.1016/j.ces.2005.11.013
https://doi.org/10.1021/acs.langmuir.5b01651
https://doi.org/10.1081/DIS-120015373
https://doi.org/10.1007/s00707-008-0074-y
https://doi.org/10.1021/acs.langmuir.6b03602
https://doi.org/10.1155/2013/242684
https://doi.org/10.1038/s41598-019-39135-z

www.nature.com/scientificreports/

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
Cam | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:2672 | https://doi.org/10.1038/s41598-019-39135-z 12


https://doi.org/10.1038/s41598-019-39135-z
http://creativecommons.org/licenses/by/4.0/

	Flocculation of kaolin particles with cationic lignin polymers

	Results and Discussion

	Polymerization. 
	Properties of KLD. 
	Adsorption of KLD on kaolin. 
	Dynamic flocculation. 
	Floc size measurement. 
	Flocculation of kaolin under non-stirring conditions. 
	Size of suspended flocs. 
	Sedimentation behavior under accelerated gravitation. 
	Conclusions. 

	Materials and Methods

	Materials. 
	Lignin-DMC production and purification. 
	Particle size analysis. 
	Adsorption studies. 
	Zeta potential analysis. 
	Flocculation analysis. 
	Focused beam reflectance measurement. 
	Gravitational sedimentation analysis. 
	Centrifugal sedimentation analysis. 

	Acknowledgements

	Figure 1 Adsorption of KL and KLD on kaolin particle as a function of polymer dosage, conducted under the conditions of pH 7, 25 °C, 1 h and 0.
	Figure 2 Effect of zeta potential on the relative turbidity of kaolin suspensions, conducted under the conditions of pH 7, 1 h, 25 °C, and 0.
	Figure 3 Effect of total charges introduced to particles on the relative turbidity of kaolin suspensions, conducted under the conditions of pH 7, 1 h, 25 °C and 0.
	Figure 4 Chord length distribution of flocs formed at dosage of (a) 8 mg/g and (b) 32 mg/g conducted under the conditions of pH 7, 25 °C and 0.
	Figure 5 The floc size distribution of kaolin particles in the presence and absence of KLD at dosage of 8 and 32 mg/g, conducted under the conditions of pH 7, 25 °C and 0.
	Figure 6 Transmission intensity of kaolin suspension (top layer) at the dosage of (a) 8 mg/g and (b) 32 mg/g, as a function of time, conducted under the conditions of 0.
	Figure 7 The size of suspended particles in the presence and absence of KLD conducted under the conditions of 0.
	Figure 8 Sedimentation velocity of the KLD in kaolin suspension at the dosage of (a) 8 mg/g and (b) 32 mg/g as a function of RCF values conducted under the conditions of 0.
	Figure 9 Particle size distributions obtained via centrifugation analysis in the presence or absence of KLDs at the dosage of (a) 8 mg/g (b) 32 mg/g as a function of RCF values under the conditions of 0.
	Table 1 Reaction conditions and properties of KL and KLDs.
	Table 2 Settling velocity and compactness of settled flocs after settling in 1 h of experiment.




