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Abstract: The performance of chitosan in flocculating kaolin suspensions was investigated. A real-
time suspended solid (SS) concentration measuring method was applied. The influence of pH was
examined from 2.0 to 13.0. The optimal pH value for low-grade (100 mg/L), middle-grade (500 mg/L),
and high-grade (1000 mg/L) kaolin suspension samples was 8.0. The optimal dosage of chitosan for
the three grades of kaolin suspensions was 5.0 mg/L, regardless of the initial SS concentration. An
orthogonal array test was performed to determine the optimal hydraulic conditions. Range analysis
and variance analysis showed that all four considered factors significantly influenced the flocculation
performance of chitosan in the following order: paddle rotation speed in the mixing period > paddle
rotation speed in the flocculating period > mixing period time > flocculating period time. Intermittent
agitation tests were also performed, showing that alternating agitation and settling enhanced the
flocculation performance of chitosan.

Keywords: chitosan; kaolin suspension; flocculation performance; orthogonal array test; hydraulic
conditions; intermittent agitation

1. Introduction

The combined use of inorganic salts and organic polymers is common in municipal
water production [1]. In recent years, this traditional treatment method has been disputed
due to its potential risks to public health and application difficulties. Aluminum salts
(e.g., polyaluminum chloride (PAC) and polyaluminum sulfate), for example, produce Al3+

residues, which have been reported to increase the incidence of Alzheimer’s disease [2,3]
and production of sludge [4]. Ferric salts can stain equipment and are difficult to dissolve.
Their solutions are corrosive, and ferric ions may react with organics to form soluble ferrous
ions [5]. Polyacrylamide (PAM), a frequently used organic polymeric flocculant, has been
found to be able to release neurotoxic acrylamide monomers [6,7]. As a result, natural
biopolymers and their derivatives [8–11], as better substitutes for conventional flocculants,
have received increasing attention because they are nontoxic, widely available, inexpensive,
and effective for removing impurities in water. Chitosan is one such material [12,13].
Chitosan is a deacetylated derivative of chitin, which is the second most abundant natural
biopolymer in the world. Chitin is a natural polysaccharide of major importance and can
be widely exploited from marine organisms [14] (such as crabs and shrimp), fungi [15],
and insects [16]. Chitin turns into chitosan when the deacetylation degree (DD) is over
50% [17], and then becomes soluble in water [18].

Chitosan has been proven to be effective for removing a wide range of contaminants
in water [19–23]. Tran et al. [24] used chitosan, as a by-product in the process of producing
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chitin from shrimp scraps, to flocculate contaminants in wastewater during the process.
Compared with the conventional flocculation applying PAC or PAM, chitosan achieved
much better removal efficiency than use of PAC alone and showed comparable efficiency
with PAM or the combined use of PAC and PAM. Lee [25] et al. found that chitosan was
not suitable for removing dissolved solids when treating palm oil mill effluent. However,
chitosan was highly recommended for treating wastewater where the pollutant was mostly
composed of suspended solids. Chen [26] et al. investigated flocculation efficiency and the
role played by chitosan in the process of coagulating water from the Yellow River reservoir.
The results showed that a small quantity of chitosan remarkably increased the removal
efficiency and enlarged the floc size. Many factors affect the flocculation efficiency of
chitosan. Generally, these factors can be categorized into two types: structural factors (e.g.,
DD and molecular weight (MW)) and environmental factors [12] (e.g., pH, temperature,
ionic strength of the solution, and dose). Optimal application conditions of chitosan
should be carefully selected, otherwise the best effectiveness may not be achieved [27].
Kaolin and bentonite suspensions are commonly used as raw water proxies to assess the
removal efficiency of suspended inorganic solids [28–32]. There are two indexes commonly
used to quantitatively characterize water quality variations before and after flocculation:
suspended solid (SS) concentration and turbidity [33,34]. SS concentration is capable of
directly reflecting SS quantities, although it is slow and complicated to measure. In contrast,
turbidity, a parameter describing the reduction in water clarity due to the presence of
suspended matter, has been more widely used as an index in such reports. Compared with
the suspended solid concentration, turbidity is much easier to measure. The disadvantage
of turbidity is that it cannot directly reflect the SS amount and is easily influenced by
objective conditions [35,36]. In addition, conventional SS concentration and turbidity
measuring methods merely measure the parameters before and after flocculation. When
we want to study the SS concentration variation during the whole process of flocculation,
we have to withdraw samples with pipettes at certain flocculating times [32]. This calls for
great numbers of trials and a lack of efficiency. Recently, Fujisaki [37] proposed a novel SS
concentration measurement method that was able to monitor, in real time, changes in SS
quantities. The method was proven to be effective in his study. Subsequently, this method
was applied to evaluate the flocculation performance of chitosan in kaolin suspensions [38].
The influence of some environmental factors, including dose and initial SS concentration,
was investigated. Continuous variations in SS concentration in the process of flocculation
were intuitively shown. However, further investigations with regard to the influence of pH
and the optimal selection of hydraulic conditions were not reported. It should be noted
that he also conducted investigations on intermittent agitation. The results showed that
the flocculation performance was improved during intermittent agitation.

This study aims to investigate the flocculation performance of chitosan in kaolin
suspensions with a novel SS concentration measurement method. The influence of environ-
mental factors such as pH, dose, hydraulic conditions, and intermittent agitation, will be
evaluated and optimized.

2. Experiment
2.1. Materials

Chitosan properties should be properly selected [32]. As suggested in previous reports,
the enhancement of DD and MW leveled off when DD was over 80% or MW was over 1.0 ×
105 g/mol. Therefore, we selected a chitosan agent (purchased from Fujifilm Wako Trading
Corporation, Guangzhou, China) with DD = 88.5% and MW = 8.44 × 105 g/mol in this
study. Kaolin was obtained from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China).
The ignition loss was 13.2%, and the main constituents were 47.1% SiO2, 38.1% Al2O3,
0.54% Fe2O3, 0.12% CaO, 0.14% MgO, 0.37% K2O, 0.12% Na2O, 0.15% TiO2, and 0.11%
P2O5. Hydrochloric acid (36.0 w/w%, analytical reagent grade) and sodium hydroxide
(analytical reagent grade) were also bought from Sinopharm Chemical Reagent Co., Ltd.
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(Beijing, China) to prepare the hydrochloric acid solution and NaOH solution. The other
chemicals, which were of analytical reagent grade, were purchased from the same company.

The 1 w/w% HCL solution was prepared by adding 27 mL of hydrochloric acid
solution to 973 mL of demineralized water. The 0.1 M HCL solution was prepared by
diluting 1.73 mL of 36.0 w/w% hydrochloric acid solution in 200 mL demineralized water.
The 0.1 M NaOH solution was prepared by dissolving 0.8 g sodium hydroxide into 200 mL
demineralized water. All the solutions were stirred with a glass rod for about 10 min to
mix evenly.

All the materials were used as received unless otherwise specified.

2.2. Preparation of Kaolin Suspension

Kaolin suspension samples (100 mg/L, 500 mg/L, and 1000 mg/L) were used in this
study. The preparation method was as follows. Firstly, 20.0 g of kaolin powder were added
to 2.0 L demineralized water (DW) in a jar. Secondly, the mixture of kaolin powder and
DW was stirred with a YSJ-500 laboratory disperser (purchased from Shanghai Yile Elec-
tromechanical Equipment Co., Ltd., Shanghai, China) at 1000 rpm for 0.5 h. Subsequently,
the stirring speed was decreased to 500 rpm, and the stock solution was kept for test use.
The kaolin suspension was diluted with DW as necessary to obtain the SS concentrations
required for the experiments. All suspensions were prepared immediately before each
set of experiments. The initial SS concentrations of the kaolin suspensions included three
grades: low-grade (100 mg/L), middle-grade (500 mg/L), and high-grade (1000 mg/L).

2.3. Preparation of Chitosan Flocculant

Chitosan is easier to dissolve in acidic solutions than in neutral water [39]. Therefore,
1 g chitosan was dissolved in 1 w/w% hydrochloric acid solution (1 L), and the solution
was continuously stirred with an 85-2 constant-temperature magnetic stirrer (purchased
from Changzhou Ronghua Instrument Manufacturing Co., Ltd., Changzhou, China) for
2 h. The solution then stood for 12 h before being used.

2.4. Jar Test

A conventional jar test was used for flocculation experiments. Flocculation was carried
out on a six-spindle multiple stirrer unit with 75 mm × 25 mm rectangular stainless-steel
paddles. The six-spindle multiple stirrer, purchased from Wuhan Hengling Technology Co.,
Ltd. (Wuhan, China), was used herein to obtain precise control of paddle rotation speed,
dosing time, and paddle rotation time. In fact, only one paddle was used in each trial.
All experiments were carried out at laboratory scale at room temperature (approximately
24 ◦C). The pH values of the suspensions for all trials were adjusted to the desired values
by titration with 0.1 M HCl or NaOH. The flocculation test was divided into three periods:
a mixing period, flocculation period, and settling period. In the beginning of the mixing
period, the required volume of chitosan solution was dosed to each suspension and mixed
at a specified paddle rotation speed (RS1) for a certain time (T1). In the flocculation period,
the paddle rotation speed decreased to a lower level, i.e., RS2, for another time T2. In
this study, RS1, T1, RS2, and T2 were 150 rpm, 5 min, 50 rpm, and 15 min, respectively, if
not otherwise specified. However, the default settling period time after flocculation was
30 min.

The performance of the chitosan flocculants was assessed using the percent removal
of SS (PR), as depicted in Equation (1).

PR (%) =
c0 − c

c0
× 100% (1)

where c0 is the initial SS concentration and c is the SS concentration at time t.
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2.5. Measurement of SS Concentration

Fujisaki [37,38] reported a novel testing method for evaluating SS concentrations
in suspension and verified its effectiveness. The system comprised a settling jar, fiber
amplifier, digital multimeter, direct current (DC) power supply, computer, and attachment
devices. A schematic of the setup of the components is illustrated in Figure 1. The
power supply was connected to the fiber amplifier and provided 18 V DC power. The
laser transmitter and receiver of the fiber amplifier were fixed at the two sides of the
settling cylinder with attachment devices. The laser emitted by the laser transmitter first
penetrated the settling jar and decayed because of scattering and adsorption by SS. The
decayed laser signal was subsequently received by a laser receiver. The intensity of the
laser received was translated into a voltage and shown on a digital multimeter (DMM).
The voltage from the laser receiver was negatively correlated with the SS concentration.
A high SS concentration results in low transmittance and thus corresponds to a small
voltage value. In contrast, a low SS concentration corresponds to a large voltage value. For
a certain SS system, e.g., a kaolin suspension, a one-to-one correspondence between SS
concentration and voltage can be built. The SS concentration can be confirmed by looking
up the one-to-one correspondence. In this study, kaolin suspension concentration was
divided into 3 sections, which were 0–100 mg/L, 100–1000 mg/L and 1000–2000 mg/L.
Standard kaolin suspensions used for calibrating the one-to-one correspondence of voltage
and concentration were prepared for every 20 mg/L for the 0–100 mg/L section and for
every 200 mg/L for the latter two sections. Each of the measurement for the standard
kaolin suspensions was repeated five times and the mean was used for the subsequent
calculations.
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Figure 1. Schematic of real-time measuring setup.

3. Results and Discussion
3.1. Calibration Curve

Figure 2 shows the voltages measured for kaolin suspensions with different SS con-
centrations. A large SS concentration resulted in low water transmittance. As a result,
the laser received by the receiver of the fiber amplifier became weak. Then, the voltage
translated from the laser signal became small. In contrast, a small SS concentration led to
a large voltage. Depending on the results measured above, linear and quadratic fitting
were used to depict of the correlation between voltage and SS concentration. As shown in
Figure 2, the R2 values of linear fitting in Sections 2 and 3 were slightly smaller than those
of quadratic fitting. Quadratic fitting performed much better than linear fitting in Section 1.
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Therefore, quadratic fitting was used to draw calibration curve in this study. The quadratic
fitting results are shown in Equation (2), where x is the voltage measured and y is the SS
concentration obtained from the calibration curve.

y =


0.0262 − 0.84x + 4.95 3.94V < x ≤ 5.72V
−0.038x2 + 0.046x + 1.98 5.72V < x ≤ 7.63V
1.032x2 − 16.51x + 65.96 7.63V < x ≤ 7.79V

(2)
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3.2. Influence of pH on SS Decantation

Chitosan flocculants were added to kaolin suspensions at a dosage of 5 mg/L, which
was reported as optimal in a previous study by Li et al. [31]. The test range of pH was from
2.0 to 13.0. As shown in Figure 3, the maximal removal percentage for all three grades
occurred at pH = 8.0. At this point, 88.7% of the SS was removed in the low-grade sample, in
contrast to 92.1% and 96.3% in the middle-grade and high-grade samples, respectively. The
percentage removal deteriorated when either increasing or decreasing the pH of the kaolin
suspensions. For example, the percentage removal decreased to 79.4%, 58.7%, and 44.3%,
respectively, when the pH decreased to 2.0. Chitosan flocculates contaminants in water by
the mechanism of charge neutralization and bridging [28]. The former is determined by
the protonation percentage of amino groups on the molecular chain, while the latter relies
on the long-chain conformation of chitosan [12]. The protonation percentage of amino
groups positively correlates to the acidity of solutions. The more acidic the solution is, the
higher the electropositivity that chitosan possesses. The surface charge of kaolin is strongly
dependent on pH [40]. Kaolin is constructed of octahedral layers of alumina and tetrahedral
layers of silica [41], which alternate in a 1:1 ratio. As depicted in the report by Gupta [40],
the silica tetrahedral face of kaolin is negatively charged at pH > 4.0, whereas the alumina
octahedral face is positively charged at pH < 6.0 and negatively charged at pH > 8.0.
Generally, the overall surface charge of kaolin colloids is weakly negative or even positive
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in acidic solutions. The electronegativity reached a peak at pH = 8.0; however, further
increases in alkalinity attenuated the charge density. Therefore, the electrostatic attraction
between chitosan and kaolin colloids was weak when the pH was low. The electrostatic
attraction even changed into repulsion when the acidity was strong enough (i.e., pH <
4.0). Therefore, chitosan appeared to be inefficient for flocculating kaolin suspensions in
acidic environments and performed worst at pH = 2.0. The strong electronegativity at pH
= 8.0 explained why chitosan performed best. High alkalinity is harmful to the existence
of chitosan, as the long chain can be broken into short molecular groups. In chitosan
flocculants, fracture of the long chain conformation dramatically deteriorates the bridging
effect, which dominates the chitosan flocculation process [28,30,32].
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Figure 3. Influence of pH on the percent removal of SS in kaolin suspension samples with different
initial concentrations. The error bars represent range of the observed values.

Figure 4 presents the SS concentration variation curve during the flocculation of
high-grade kaolin suspensions at differing pH values. The mean deviations of the SS
concentration values observed were within 5% of the means. Acidic suspensions required
a much shorter time (10 min) to settle as compared to alkaline suspensions (approximately
20 min). An explanation is that the weakening of the bridging effect caused by the breaking
of chitosan chains decreased the floc size and thereby reduced the settling speed. The
settling time did not decrease substantially owing to the presence of sweeping floccula-
tion [42]. The best flocculation efficiency was achieved at pH = 8.0. In this case, the system
settled 20 min after stirring, and the residual SS concentration was lower than 40.0 mg/L;
in other cases, the residual concentration was over 100.0 mg/L.
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3.3. Optimization of Chitosan Dosage

The “simple charge neutralization” theory [43] suggests that there is an optimal dosage
of flocculant in a flocculation system [44]. As depicted in Figure 5, the percentage removal
of SS dramatically increased with increasing chitosan dosage until the dosage was over
5.0 mg/L. The pH of the kaolin suspensions was 8.0. The efficiency for middle-grade
samples leveled off, while that of low-grade and high-grade samples decreased. When the
flocculants were added to the flocculation system at the optimal dosage, the suspended
colloids became destabilized and aggregated into large flocs. However, as the flocculant
dosage continued to increase and exceeded the optimal dosage, the colloids regained
charge and restabilized [45]. Consequently, the SS could not settle in the flocculation system.
Therefore, the optimal dosage is very important to optimize flocculant performance and
should be carefully determined. Usually, higher turbidity calls for a larger flocculant
dosage. However, the optimal dosages for low-grade, middle-grade, and high-grade kaolin
suspension samples differed little from one another. One explanation is that the bridging
effect plays the most significant role in the flocculation of chitosan. Additionally, chitosan
becomes slightly soluble at pH = 8.0 and can physically entrap small colloids from water.
This is the so-called sweeping flocculation mechanism.
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Figure 5. Variation in the percent removal of SS by different dosages of chitosan. The error bars
represent range of the observed values.

3.4. Optimization of Hydraulic Conditions

Hydraulic conditions [46] are also important for enhancing flocculation, as they can
influence both the mixing of agents and raw water and the collision frequency of flocs. A
high agitation intensity heightens the collision frequency. However, the intensity should
still be controlled in a certain range so that the flocs cannot be broken into small pieces again.
An L9 (34) orthogonal array design [47–50] based on jar tests was applied to determine the
optimal hydraulic conditions for the chitosan flocculants. High-grade samples were used.
As shown in Table 1, the hydraulic factors included paddle rotation speed in the mixing
period (RS1), the first period time (T1), the paddle rotation speed in the second period (RS2),
and the second period time (T2). They were labeled as factor A, factor B, factor C and factor
D in turn. The percent removal of SS concentration was used as the assessment indicator.
The dosage and pH used corresponded to the optimal conditions determined from the
previous results, which were 5.0 mg/L and 8.0, respectively. As indicated by the results in
Table 2, based on the comparison of different values, A2B2C3D3 was the best combination
in our study range. The subscript numbers represent the levels of factor.Further variance
analysis results are presented in Table 3. All four factors had a significant impact on the
final results. The ranking of the significance of each factor was A > C > D > B. The results
indicated that the paddle rotation speed in period 1 should be carefully determined, as the
efficiency of chitosan dramatically decreased when the speed was too fast or too slow.

Table 1. Factors and levels in the orthogonal array design.

Levels
Factors

Paddle Rotation
Speed in the

Mixing Period
(RS1)

Mixing Period
Time
(T1)

Paddle Rotation
Speed in the
Flocculation
Period (RS2)

Flocculation
Period Time

(T2)

A (rpm) B (min) C (rpm) D (min)

1 100 3 30 10
2 150 5 50 15
3 200 7 70 20
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Table 2. The L9 (34) orthogonal array test and range analysis for hydraulic conditions.

Test
Number

Factors Percent Removal of SS (%)

A B C D 1 2 Sum

1 1 1 1 1 85.83 85.31 171.14
2 1 2 2 2 86.52 86.14 172.66
3 1 3 3 3 87.56 88.30 175.86
4 2 1 2 3 97.46 97.51 194.97
5 2 2 3 1 98.54 98.66 197.20
6 2 3 1 2 98.22 98.12 196.34
7 3 1 3 2 87.92 87.74 175.66
8 3 2 1 3 88.63 88.54 177.17
9 3 3 2 1 85.43 85.11 170.54

K1j 519.66 541.77 544.65 538.88 1631.54
K2j 588.51 547.03 538.17 544.66
K3j 523.37 542.74 548.72 548.00

Range 68.85 5.26 10.55 9.12

Table 3. Variance analysis and significance assessment.

Source Sum of
Squares

Degrees of
Freedom

Mean
Square F-Value p-Value

A 499.85 2 249.93 3967.06 ** <0.0001
B 2.61 2 1.31 20.71 ** 0.0004
C 9.44 2 4.72 74.92 ** <0.0001
D 7.10 2 3.55 56.35 ** <0.0001

Error 0.57 9

Total 519.57 17
** Significant at 1%.

3.5. Settling Time

Figure 6 shows the SS concentration variation in the settling period. The chitosan
dosage was 5.0 mg/L and the pH had been adjusted to 8.0. It took only 15 min for the flocs
to settle down in the high-grade sample, while it took 20 min and 25 min in the cases of
the middle-grade and low-grade samples, respectively. Although a high SS concentration
theoretically requires more charge to neutralize and thus calls for a higher chitosan dose,
SS particles can aggregate with neighboring particles by the charge-patching effect [51].
This is because positive and negative charges are unevenly distributed [52] on the surface
of kaolin particles and the electrostatic attraction forces among the particles allow them
to bind with each other. Additionally, the collision frequency in high-grade samples was
much higher than those in the other samples and hence enhanced the sweeping effect.
Sweeping played a more significant role in flocculating dense samples than sparse samples.
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Figure 6. Percent removal of SS in kaolin suspensions after different settling period times.

3.6. Influence of Intermittent Agitation

The influence of intermittent agitation on the flocculation performance of chitosan
was also investigated in this paper. As seen in the previous report by Fujisaki [38], SS
removal efficiency got higher and higher in the intermittent agitation. Therefore, the
intermittent agitation process was designed to include alternating agitation and settling
and to investigate the influence of paddle rotation speed and rotation interval. In this study,
the agitation time was equal to settling time. The pH of the kaolin suspension samples was
adjusted to 8.0, and the dosage of chitosan was 5 mg/L. The initial SS concentration of the
suspension samples was 500 mg/L.

Figure 7 shows the SS concentration variation with different paddle rotation speeds
during intermittent agitation. As illustrated, there was no obvious boundary between
agitation and settling when the paddle rotation speed was as low as 60 rpm. The SS
concentration gradually decreased to 28.0 mg/L in 100 min. Two reasons contributed to
the absence of a distinction. First, the SS collision frequency was low in the slowly agitated
suspension; hence, the flocs grew slowly, which resulted in slow sedimentation of the flocs.
Second, the agitation force was so weak that the settled flocs could not be stirred up, thus
enhancing the measured SS concentration. As the paddle rotation speed increased, the
growth of flocs became faster in the agitation period, and flocs settled faster in the settling
period. Sharp changes in SS concentration emerged at the boundary of the agitation period
and settling period. The bottom SS concentration during the settling period increased
as the number of iterations increased. This result indicated that repeated agitation and
settling significantly enhanced the floc settling speed and final percentage removal of SS.
The optimal paddle rotation speed was 100 rpm. When the speed reached as 120 rpm, the
floc breakage resulting from paddle rotation became more dominant than the collision
effect and thus deteriorated the SS removal effect.
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Figure 7. SS concentration variations with different paddle rotation speeds during intermittent
agitation.

Figure 8 shows the SS concentration variation with different agitation and settling
period times. The optimal paddle rotation speed obtained in the previous paragraph was
used. Three times were investigated. The results show that chitosan performed better
with longer agitation and settling periods. When the time was 4 min, the residual SS
concentration sharply fell to 1.49 mg/L during the settling period. The settling speed
increased as the number of iterations increased. In fact, the time had little effect on the final
percentage removal of SS if the settling period was long enough.
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Figure 8. SS concentration variations with different intervals between agitation during intermittent
agitation.

4. Conclusions

The flocculation performance of chitosan in kaolin suspensions was investigated in this
study. An experimental setup that was capable of real-time monitoring of SS concentration
was used to measure the kaolin concentration variations in the samples. The results showed
that chitosan performed best at pH = 8.0 for all three kinds of kaolin suspensions. The
optimal dosage of chitosan was 5.0 mg/L, regardless of the initial SS concentration. An
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orthogonal array test was carried out to determine the optimal hydraulic conditions. The
flocculation process was divided into mixing and flocculating periods. The paddle rotation
speed and time of the two periods were used as factors. The range analysis results showed
that the paddle rotation speed was the most important factor. Further variance analysis
showed that the significance of the four hydraulic factors ranked as follows: paddle rotation
speed in the mixing period > paddle rotation speed in the flocculation period > flocculation
period time > mixing period time. The SS concentration variation during the settling period
was subsequently investigated. The results showed that kaolin suspensions with high SS
concentrations required a short time to settle. The sweeping effect was more significant
in dense samples than in sparse samples. Iteration of agitation and settling enhanced the
flocculation performance of chitosan. When the paddle rotation speed was 100 rpm, the SS
removal efficiency was the best. Changing the agitation and settling period times did not
significantly affect the performance.
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