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Abstract

Chitosan derived from waste shrimp shells was experimentally evaluated to treat reactive dye (red
24) in aqueous solution. The research was conducted using one-factor-at-a-time experiment design (i.e.,
pH, reaction time, agitation speeds, initial dye, and chitosan concentration) to investigate dye removal
efficiencies by reducing colour and COD parameters. The results obtained by performing Jar-tests indicated
that prepared chitosan successfully removed the reactive dye in aqueous solution. In particular, 99.5% of
colour and 72.7% COD removal efficiencies were recorded under neutral conditions (pH 7) with chitosan
dosage 80 mg/L and agitation speed 60 rpm in 30 min. Fourier transform infrared spectra (FTIR) of the
chitosan, dye, and formed sludge were also investigated to elucidate the removal mechanism of the dye
by chitosan. These indicated the potential of using chitosan as a “green” coagulant to reduce pollutants of
textile wastewater. Moreover, three-layer feed-forward artificial neural network (ANN) models were applied
to model the coagulation processes with the determination coefficient (R2) 0.986 and the root mean square
error (RMSE) 2.951 between predicted and observed outputs. The ANN models were analysed with the
connection weight method, neural interpretation diagram, and 3D/contour plots to study the influences of
operation factors — both individually and combined — on both colour removal and COD removal process.
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Introduction

The textile industry has a long tradition in Vietnam of
contributing $15 billion US to the economy in 2013. How-
ever, the dyeing process of the textile industry releases a
large amount of high organic-polluted, intensely coloured
wastewater into the environment [1]. Without suitable
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treatment, the wastewater would destroy the natural water
environment.

Although most dyeing wastewater treatment plants use
biological treatment processes to remove most BOD and
some COD parts, colour in textile wastewater which usu-
ally comes from dyestuff (the residual pollutant in dyeing
wastewater) cannot be completely removed in such proc-
esses due to its ability to resist biodegradation [2, 3]. There-
fore, some techniques such as coagulation, adsorption, or
advanced oxidation must be added to the biological proc-
esses to remove the residual colour in the wastewater.
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Among the techniques mentioned above, coagulation
seems to be an effective method to remove remaining dye
from textile wastewater. The techniques have been suc-
cessfully used for dye removal of some kind of textile
wastewaters over many years [4]. However, the tradition-
al coagulation process using common coagulants such as
alum, ferric chloride, poly aluminium chloride, polyacry-
lamide, polydiallyl-dimethyl-ammonium chloride, poly-
acrylic-acid-coacrylamide, etc. seems produce a huge vol-
ume of toxic sludge and soluble metal-based or soluble
organic polymer-based coagulants that could be a possible
link to human cancer or aquatic organisms’ harms [5].

Recent studies have focused on a new generation of
coagulant — natural based coagulants that are very effec-
tive at removing pollutants from many wastewater sourc-
es while the coagulants are easily biodegradable and pro-
duce low-toxicity sludge [6, 7]. One of the most popular
natural-based coagulants is chitosan, a waste product of
shrimp processing that seems to be an effective low-cost
coagulant because chitosan usually contains an amount of
free amine and hydroxyl groups that could be strongly re-
active with pollutant particles [8, 9].

Besides the choice of removal techniques, model-
ling its process is also a critical task. A lot of reports have
tried to model the mechanisms involved in the coagula-
tion processes and some of the models are adequate for
explaining the phenomenological mechanisms. However,
their modelling processes require rich knowledge of coag-
ulation mechanisms and complicated mathematical proce-
dures, without a high coefficient of determination [10-12].
In this way, there is a need for a fast and reliable model-
ling method to determine the relationships between vari-
ables in complex coagulation processes. Recently, numer-
ous researchers have shown that artificial neural networks
(ANNSs) have been demonstrated to be robust and excellent
tools for modeling water treatment processes [13]. This
method enables us to understand what happens in a process
without actually simulating the physical and chemical laws
governing the system [7]. Therefore, we have chosen ANN
to model the up-scalingly complex coagulation of textile

wastewater. To the best of our knowledge, there has been
no research on neural network modelling related to coagu-
lation of textile wastewater by chitosan reported so far.

Our current study attempted to evaluate the dye-
removal capacity of chitosan through colour and COD
removal efficiencies using the Jar-test experiment based
on five selected parameters, including pH, agitation
speed, initial dye concentration (IDC), chitosan dosage,
and reaction time. Another attempt is to develop a neural
network model that effectively investigates the relationship
between the parameters and the dye removal efficiencies
of the coagulation process.

Experimental Procedures
Materials
Chitosan Stock

Waste shrimp shells were collected in Ho Chi Minh
city, Vietnam, from a local restaurant supplier in August
2014. The preparation of chitosan from these waste shells
was prepared according to Luyen [14], and the obtained
chitosan was used for the experiment without any purifi-
cation.

The stock solution of chitosan was prepared by
dissolving 2 g of chitosan in 100 ml of 1% HCI acid
solution (20000 mg/L). Then this solution was diluted
to the desired mass concentrations (from 100 mg/L to
350 mg/L) before being used.

Reactive Dye Stock

The commercial Reactive Red 24 (Suncion Red P-2B)
was supplied by Oh-Young (a Korean company). The dye
was directly used without purification and its characteris-
tics are given in Fig. 1.

One gram of the dye was directly diluted in 1,000 mL
distilled hot water at pH 11 for an hour to get a dye stock
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Fig. 1. Chemical structure and spectral properties of Reactive red 24 [3].
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Table 1. Experimental steps, evaluated factors, and ranges of
values for the dye-removing test.

Experimental Factor Range
Steps of values
1 pH 3-12
2 Agitation speed (rpm) 30- 120
3 Reaction time (min) 15-60
4 Chitosan dosage (mg/L) 20-120
5 Initial dye concentration (mg/L) | 30-140

solution of 1,000 mg/L in “hydrolyzed” form. Other dye
concentrations, varying between 10 and 140 mg/L, were
obtained by diluting this stock.

Decolourization Experiments

Coagulation studies were conducted using a Jar-test
apparatus (Stuart flocculator, SW6) based on the tradi-
tional methods described by Ndabigengesere [15], with
five factors and their value ranges shown in Table 1 at the
initial conditions for the coagulation treatment: chitosan
dosage of 100 mg/L, initial dye concentrations (IDC) of
50 mg/L, time (t) of 30 min, and agitation speed (A) of
60 rpm. This study was designed based on a one-factor-at-
a-time experiment carried out by varying one factor while
keeping other variables constant.

Artificial Neural Network Model

A three-layer feed-forward back-propagation network
(Fig. 2) was chosen to model the relationship of COD and
colour removal efficiencies to five independent variables
shown in Table 1. The number of neurons in the hidden
layer varied from two to 17 determine the optimal topol-
ogy of the network. Each topology was repeated 10 times
to avoid random correlation due to random initialization
of the weights and bias. This network was trained with ex-
perimental data using the Bayesian regulation algorithm

Input layer

Initial dye concentration @

pH

Bi(H)

Chitosan dosage

Fig. 2. The three-layer feed-forward neural network.

Hidden layer

(trainbr). The experimental data were randomly divided
into two groups, i.e., 80% in the training set and 20% in the
test set. Artificial neural network (ANN) toolbox of Mat-
lab 7.6 mathematical software for Windows was used for
training and testing the network on a Pentium Intel core i3,
3.7 GHz computer. To determine the performance of the
ANN model, the root of mean square error (RMSE) and
the coefficient of determination (R*) were used. RMSE
represents the errors associated with the model and should
be calculated as:

| :
A
Nia 0

R? represents the degree of correlation between the meas-
ured and predicted values and can be computed as:

ﬁl (di - yi)2
ZN, (yi - ;)z

@

R*=1-

...where N is the number of input samples; y, and d, are
the observed (actual) value and the desired value obtained
from the ANN model correspondent with the i input, re-
spectively; and y and d are their averages, respectively.
The relative importance of the input variables was also
determined according to the connection weight method
(Eq. 3) and illustrated by the neural interpretation diagram

[16].

= (3)

...where W is the connection weight value and the

superscripts “4” “J” and “O” represent the input, hidden,
and output neurons, respectively.

Output layer
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Fig. 3. FTIR spectra of (a) Chitosan, (b) the sludge from chitosan and dye, and (c) pure dye [19].

Analytical Determinations

The Fourier transform infrared (FTIR) spectra of chi-
tosan and the dye and sludge formed in the coagulation
process were analyzed using a Shimadzu FTIR 8400S
spectrophotometer in the range between 4000 cm™ and
400 cm! using potassium bromide (KBr) pellets. The de-
gree of deacetylation (%) of prepared chitosan was calcu-
lated based on FTIR spectra according to the Brugnerotto
equation [17].

Colour removal efficiency was determined by the per-
cent decrease of maximum absorption (at wavelength 534
nm with an UV-VIS Hach DR 5000 spectrophotometer)
in the coagulation process of dye solutions that had been
settled after 30 min. Chemical oxygen demand (COD)
values of the sample before and after coagulation remov-
al efficiency were determined by the percent decrease of
maximum absorption (at wavelength 534 nm with an UV-
VIS Hach DR 5000 spectrophotometer) in the coagulation
process of dye solutions that had settled after 30 min.
COD values of the sample before and after coagulation

OH

Fig. 4. The hypothetic interaction of chitosan and reactive red
24 [8].

were determined according to the Standard Methods for
the Examination of Water and Wastewater [18]. The pH
value was determined using a digital pH meter model
744, Metrohm Ltd. (Switzerland). Each analysis was car-
ried out in duplicate and the results presented here are the
average of both =+ standard deviations.

Results and Discussion
FTIR Studies

The FTIR spectra of chitosan, dried sludge in the form
of coagulation, and the dye are shown in Figs 3 (a, b, ).

The spectrum of pure chitosan in Fig. 3a shows a
broad band at 3,442 cm™!, which is due to the OH and NH,
stretching. The bands at 2,920 and 2,877 cm™! correspond
to CH, bending in pyranose ring. While the peak at
1,649 cm™ can be assigned to C = O stretching (amide
I) in the acetamide group (O = C-NHR), the band at
1,596 cm™ can be assigned to the NH bending (amide IT)
(NH,). The vibrations of OH and CH in the ring of chitosan
are also indicated at 1,425 and 1,323 cm’'. The band at
1,159 cm is associated with—-C—O—C in glycosidic linkage,
while the peaks 1,076 and 1,029 cm™ are associated with
C-O stretching in acetamide. The saccharide structure
apprears at 898 cm’!. Similar to the chitosan IR spectral,
most functional groups on pure dye are revealed in Fig.
3c. The band at 3,460 cmin the spectrum corresponds
to OH and NH, stretching. Peaks at 3,066 and 848 cm™
can be assigned to the stretching and bending of the Aryl
group, while these peaks at 2,958, 2,923, and 2,852 cm’!
can be assigned to CH, bending. The C = C stretching
appears at 1,620, 1,583, and 1,492 cm’!, while the N =N
stretching appears at the absorption peak about 1,540 cm..
For IR absorption in the fingerprint region (below
1,500 cm™), the complex band at around 1,420, 1,326,
1,296, and 1,049 cm™ is due to the stretching of sulphonate
(R-SO;) groups. Other peaks at 981, 767, and 622 cm™
correspond to the bending of aromatic compounds and
Chlorine.
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Fig. 5. Influence of pH on removal efficiencies for the dye using
chitosan (IDC 50 mg/L, 15 min, and 60 rpm).

The characteristic features of chitosan and dye spec-
trum in this study are similar to previous reports [17, 20].
The spectrum of the sludge formed by chitosan and dye in
Fig. 3b shows that the dye was successfully removed by
chitosan. Most functional groups on dye such as: aromatic
(CH), diazo (N = N), amide (N = C, CH), and sulphonates
(R-SO,), etc., disappeared or were strongly diminished.
In addition, compared with chitosan spectra (Fig. 3a) the
sludge still retains some functional groups such as: amide
I, 11, and OH at 1,652, 1,429, and 1,400 cm™, respectively,
but they have lower intensity values of the band. These ob-
servations suggest that the reaction mechanism of chitosan
and dye is most likely caused by the formation of intermo-
lecular hydrogen bonds between the amino or hydroxyl
groups in chitosan and sulphonate or aromatic groups in
the dyes as described in the research of Blackburn [8].
Therefore, a proposed linking mechanism of the dye and
chitosan is illustrated in Fig. 4.

Coagulation Studies
The dye removal effects of the prepared chitosan were

studied by using a one-factor-at-a-time Jar-test experi-
ment. Herein, the influences of each factor shall be dis-

Olnitial pH

OFinal pH

— 10.72

5.05

Fig. 6. The change of pH of red 24 dye solution during the
coagulation process.

cussed in the order carried out in the actual experiments.

pH

It has been established that pH seems to be an impor-
tant parameter influencing the performance of the dye co-
agulation process [21-23]. To examine its effect, the sam-
ple was adjusted to the desired initial pH values (i.e. 3, 7,
9, 10, 11, and 12) using 0.5 N NaOH (or HCI) solutions.
Other factors were constant, i.e, chitosan dosage 60 mg/L,
time contact 15 min, agitation speed 60 rpm, and initial
dye concentration (IDC) 50 mg/L.

Fig. 5 shows a comparison between experimental val-
ues and predicted values of the dye removal efficiencies
(COD and colour removal) as a function of the initial pH
with five neurons in the hidden layer. From this plot, it
can be seen that obtained results from the proposed ANN
model are in good agreement with the experimental data.
The maximum removals of the dye at initial pH 7 were
91.7 and 78.8% for colour and COD removal efficiencies,
respectively.

The results were not as expected in pH around pH 5
[24]. The explanation may come from the possibility of a
pH change in the chitosan solution. As mentioned in the
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Fig. 7. The influence of: a) agitation speed (IDC 50 mg/L, 15 min, and initial pH 7) and b) reaction time (IDC 50 mg/L, 60 rpm, and initial

pH 7) on removal efficiencies of the dye using Chitosan.
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dye removal efficiencies.

experimental section, chitosan was dissolved in HCI sol-
vent (1%), which could change the pH of the dye solu-
tion. That means the real effect of pH should be final — not
initial — pH. The change of pH of the dye solution after
the treatment process could be presented in Fig. 6. So we
consider that this final pH value matches the ecarlier re-
search [24] about decolourization of Red 195 by chitosan
solution at pH 5. This result may be explained by the great
ability of intermolecular force formation between the =
electron system of the dyes and the hydroxyl and amino
groups in chitosan at final pH 5 (corresponding to initial
pH 7), as compared with other pH values.

Agitation Speed

In the Jar-test experiment, an appropriate agitation
speed will help contact between particles and coagulants
be more efficient and let the coagulation reach optimal ef-
ficiency easier. In this study, a range of agitation speeds
between 30 and 120 was selected. The results are illus-
trated in Fig. 7a, which shows the effect of agitation speed
on removal efficiencies (COD and colour) for the dye so-

lution.

At an agitation speed of 60 rpm, colour and COD re-
moval efficiencies were 91.6 and 77.8%, respectively,
which was accepted as the optimum agitation speed. The
removal efficiencies decreased by increasing agitation
speeds. This result is apparently similar to the agitation
speed recommended by Aziz [25]. So, this agitation speed
was chosen for subsequent experiments.

Reaction Time

The impact of reaction time on the efficiencies of dye
removal was studied by varying time from 15 to 60 min is
shown in Fig 7b.

It can be seen that change of reaction time has a
minor influence on dye removal efficiencies. Initially,
the efficiencies increase together with reaction time
until reaction time reached 30 min. From 30 min on,
efficiencies slowly decrease because the formed floc. starts
to restabilize. Thus, chitosan interacts less with the dye
[26]. So the suitable reaction time for the next experiments
is 30 min.
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Fig. 9. Influence of the number of hidden neurons on RMSE errors and R-square value.
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Table 2. Observed and predictive values by ANN of chitosan coagulation for dye removal.
A T % Decolourization % COD removal
Run No. *IDC (mg/L) pH . C,. (mg/L)
(tpm) | (min) chitosan Observed | Predicted | Observed | Predicted

1 50 5.01 60 15 60 40.8 41.2 222 23.1

2 50 7.05 60 15 60 91.7 89.8 59.3 56.2

3 50 9.04 60 15 60 47.0 45.6 40.7 42.1

4 50 9.95 60 15 60 14.8 15.7 315 30.2

5 50 10.92 60 15 60 15.6 16.7 28.7 32.6

6 50 11.64 60 15 60 29.3 28.2 41.7 38.6

7 50 7.00 30 15 60 83.7 83.1 435 44.4

8 50 7.00 45 15 60 85.1 86.7 50.6 51.3

9 50 7.00 60 15 60 91.6 88.8 58.8 55.2

10 50 7.10 75 15 60 89.0 91.1 56.9 58.0

11 50 7.00 90 15 60 87.0 89.0 48.7 55.3

12 50 7.00 120 15 60 84.0 83.6 39.1 39.3

13 50 6.95 60 15 60 91.9 88.8 58.3 55.2

14 50 7.00 60 30 60 922 90.2 62.0 65.8

15 50 7.06 60 45 60 93.5 92.7 57.4 58.9

16 50 7.04 60 60 60 89.9 90.2 54.6 54.2

17 50 7.08 60 30 20 332 34.4 36.1 32.8

18 50 7.04 60 30 40 60.3 59.0 453 49.6

19 50 7.07 60 30 60 93.3 82.7 62.2 65.3

20 50 7.09 60 30 80 98.2 99.1 66.8 66.9
21 50 7.04 60 30 100 95.7 94.3 21.6 24.9
22 50 7.08 60 30 120 94.8 95.8 16.4 14.9
23 30 7.00 60 30 80 99.5 100.1 72.2 69.2
24 50 7.10 60 30 80 98.3 99.1 67.4 66.9
25 80 7.00 60 30 80 96.7 91.9 59.7 60.1
26 100 7.10 60 30 80 76.5 81.8 54.6 52.9
27 120 7.00 60 30 80 75.6 74.0 46.3 46.5
28 140 6.90 60 30 80 66.7 65.7 36.0 39.7

*C : chitosan dosage, IDC: initial dye concentration, T: reaction time and A: agitation speed

chitosan

Chitosan Dosage

Together with pH, coagulant dosage also plays a rele-
vant role. To investigate the effects of chitosan amount on
dye removal, a series of experiments were performed for a
wide range of chitosan dosages of 20-120 mg/L.

Fig. 8a shows that the removal efficiencies significant-
ly gain with the increase of chitosan dosage, provided that
it is not overdosed (> 80 mg/L). Continuing to increase
chitosan dosage in the overdosing range while colour re-
moval is nearly stable causes COD removal to drop. These
behaviors can be explained by the ineffectiveness of the

overdosed chitosan, i.e., the appropriate dosage of chi-
tosan can cause the dye particles to aggregate (destabiliza-
tion) and settle, so that chitosan-dye bridging occurs [8].
And when the chitosan dosage in the solution exceeds an
optimal threshold, there will not be enough bare dye parti-
cles with unoccupied surface available for the attachment
of hydroxyl or amino group of chitosan [27]. Moreover,
because of the COD in chitosan solution, the excessive
chitosan itself makes COD value increase after chitosan
is overdosed, hence the drop of COD removal. So those
optimal chitosan dosages of 80 mg/L were chosen for the
next series of experiments.
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Fig. 10. Comparison between ANN-model predictions and
experimental values of the outputs.

Initial Dye Concentration (IDC)

Several experiments with different initial dye
concentrations (IDC) in the range of 30-140 mg/L were
conducted by keeping other parameters constant: optimal
pH (7), agitation speed (60 rpm), chitosan dosage (60
mg/L), and contact time (30 min). Fig. 8b presents
the monotonically decreasing trends of dye removal
percentage when IDC increases.

These decreases are due to the relatively fixed ratio be-
tween chitosan particles and removed dye particles. This
ratio is determined by the binding strength between the
two kinds of particles [28]. Here, the chitosan dosage is
fixed, thus the amount of removed particles was kept near-
ly unchanged to maintain the ratio, so as IDC decreases,

the amount of unremoved particles increases, leading to a
decrease of removal efficiencies.

Artificial Neural Network Model

After training networks with a number of hidden
neurons ranging from 2 to 17 (Fig. 9), the optimal
topology was determined to be a three-layer feed-forward
ANN with five input neurons that correspond to initial pH,
reaction time, agitation speed, gum dosage, and initial dye
concentration (IDC), five hidden neurons, and two output
neurons that correspond to colour and COD removal
efficiencies. The performance of the ANN model was
estimated by R? and RMSE values as follows.

Evaluation of ANN Model for the Dye
Removal Process

Table 2 and Fig. 10 shows a comparision between
experimental dye removal (colour and COD) values and
predicted values using the ANN model. Herein the figure
contains two lines: one is the perfect-fit Y = X (predicted
data = experimental data) and the other is the best fit
as indicated by a solid line with the liner equation Y =
0.966X + 1.869, correlation coefficent (R?) 0.986, and
RMSE 2.951. This high value of correlation coefficients
shows that the predicted outputs fit measured outputs very
well. This value is not exceptional, since the fitness of
models for dye processing in aquaeous solution is usually
high in previous research, e.g. Arabi [29] reached 0.950
for the prediction of vat Green 1 dye decolourization
by nano zero valent Iron, Sadri [10] reached 0.945 for
prediction of acid Red 119 decolourization by PAC, and
Taheri [30] reached 0.945 for the prediction of acid Black
172 decolourization by the electrocoagulation method
using alum electrode, even though they used a complex
mathematical method like response surface methodology,
which required statistical and experimental knowledge.

Table 3. Contribution of each input factor to output values on the chitosan coagulation process.

Process Output Factor Connection weight Rank Influence
Dye con. (1) -0.531 2 negative

pH (1) -0.678 1 negative

Deco"(’gi)zaﬁo” Agitation (1) 0.427 5 negative

1 Time (1,) 0.439 4 positive

Chitosan Ciosan 1) 0.525 3 positive
coagulation Dye con. (I,) -0.617 3 negative
pH (1) -0.937 2 negative

COD(g:r)noval Agitation (I,) -0.414 4 negative

’ Time (1,) 0.125 5 positive

Cioan (1) -3.708 1 negative

*Rank of the absolute values



Applying an Artificial Neural Network...

553

Initial dye concentration

®

&)

pH

Agitation speed

® ®

Reaction time

® ® ® ¢

®

Chitosan dosage

Fig. 11. Neural interpretation plot of red 24 coagulation using chitosan.

Therefore, the neural network modeling effectively
simulates and predicts the influential factors of the gum
coagulation process.

Interpretation of the ANN Model

Connection weights algorithms were used to determine
the influences of each factor on the outputs presented
in Table 3. To evaluate the accuracy of the algorithm, a
neural interpretation diagram was also plotted (Fig. 11).

According to Table 3, the two factors of agitation
speed (I,) and reacion time (I,) are least influential on
both colour and COD removal processes. The strongly
influential factors have strengths pH (1)) > IDC (1)) >

hiosan 5) O colour removal (O1), and C (L) > pH
(I) > IDC (I,) on COD removal (O2) processes. Next, we
studied the influence of those three factors by analyzing
the connections between the three layers in the neural
network (I-H-O) shown in Fig. 12 together with the plots
of effects of each factor (Figs 4, 8).
— pH (1) has the most complicated influence. As shown

Colour removal (%)
3

Sag 0 ’ a &y *
age . ©
(mg/l,) e 2 . “\'\\\'A\

\9
o

Connection weight value >0

Connection weight value <0

@ Colour removal
@ COD removal

®

in Fig. 5, pH has a strongly positive effect at low
values, then strongly negative effect at mid-range
values, and slightly positive effect at high values.
Accordingly, Fig. 11 shows two positive influences via
H1 and H5 (for O,) or via H, and H, (for O,), and a
negative influence via H, (I,-H,-O , 1.-H,-O,).
= Cioan (o) has a mixture of posivtive and negative
influences. The positive effects clearly shown in Fig.
8a at low dosage rage are modeled by the connections
via H, for both O, and O,. The negative effects at
high dosage range are model by the conections via
H,, in which the negative effect on COD removal is
especially strong due to the strong H_-O, connection.
— IDC (I,) has almost all negative influences, which are
shown clearly in Fig. 10 and modeled by connections
via all four hidden neurons H, H,, H,, and H,. The
only positive connections via the H, model are the flat
shape of the plot in Fig. 8b at low IDC range.
The network model also shows the combined
influences of different factors, e.g. Fig. 12a and Fig. 12b
show combined influences of C and IDC on colour

chitosan

b)

o : X: 70
-t Y:30  X:70
- T R ' o ZT3.44 \;3&%1
N
o 30
O

Fig. 12. Response and contour plot of chitosan dosage vs. dye concentration on the removal of: a) colour and b) COD at 30 min, 60 rpm,

and initial pH 7.
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and COD removals, respectively. Looking at the contour
lines on those plots, we can clearly see how those factors
interact with each other to yield the final results. For
example, Fig. 12a shows that colour removal efficiency
is unchanged when both C_. and IDC increase, and
in order to improve efficiency, we must increase C,
while decreasing IDC. Fig 12a also shows that the
predicted 100% optimal efficiency is reached at C,
80 mg/L, IDC 30 mg/L. Fig 12b shows thatC ,, interacts
with IDC more complexly in COD removal, and that the
optimal efficiency of 73.4% is predicted to be reached
at C,, 70 mg/L, IDC 30 mg/L. Those two plots also
confirm that the chosen value C , 80 mg/L is approriate
because colour removal has a higher priority than COD
removal in our study.

Conclusions

Chitosan was proven to be an effective coagulant in
the removal of reactive vinyl sulfone dye red 24. The best
treatment efficiencies for colour and COD reached 99.5
and 72.2%, respectively, using a Jar-test experiment.

The properties of chitosan, the dye, and the sludge
form of dye and chitosan were also characterized by FTIR,
suggesting that the prepared chitosan had participated in a
complex way with the dye. This is evidence that chitosan
has the potential for reducing concentrations of reactive
dye in aqueous solution.

The three-layer feed-forward ANN implemented in
this study has simulated the coagulation process with
high precision shown by the determination coefficient
(R?) 0.986 and the root mean square error (RMSE) 2.951.
This ANN model not only showed the effects of each co-
agulation factor via sensitivity analysis methods (e.g., the
connection weight and neural interpretation diagram used
in this study), but also showed the combined influences
of different factors via 3D/contour plots. Via sensitivity
analysis, the three most influential factors were shown
to have strengths pH > IDC > C . on colour removal
and C,, ~ >pH >IDC on COD removal processes.
These results prove the applicability of ANN in coagula-
tion modeling and analysis.
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