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Abstract: This work explores the use of chitosan as an adsorbent of common chlorinated 
organics in waste water, namely 4-chlorophenol and tetrachloroethylene. We use both isothermal 
adsorption equilibrium and dynamic adsorption experiments to describe the phenomena of 
adsorption at pH 4, 5, 6, 7 and 9. Results show that 4-chlorophenol is adsorbed the greatest at pH 
6 while tetrachloroethylene is adsorbed the greatest at pH 4. The Langmuir constant b values 
range from 0.00003 to 0.00012 and 0.00001 to 0.00007 for 4-chlorophenol and 
tetrachloroethylene, respectively, and overall it appeared that the binding energy of 
4-chlorophenol to chitosan is higher than that of tetrachloroethylene. Dynamic adsorption 
experiments show that the adsorption of 4-chlorophenol on chitosan follows a second order 
process while tetrachloroethylene follows a first order process, where the external mass transport 
coefficient of 4-chlorophenol and tetrachloroethylene ranged from 0.081 - 0.755 and 0.009 - 
0.285, respectively. Additionally, the internal pore diffusion rate of 4-chlorophenol inside the 
micropores of chitosan is shown to be approximately 2.5 times that of tetrachloroethylene. 
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1. Introduction 
 

The most commonly observed chlorinated 
organics in wastewater include 
4-chlorophenol, trichloroethylene and 
tetrachloroethylene. In particular, 
4-chlorophenol finds its way into 
wastewater through its use as a compound in 
the manufacture of pesticides, bactericides, 
wood preservatives and agricultural 
chemicals such as 2, 4-D and 2, 4, 5-T [1]. 
Similarly, trichloroethylene and 
tetrachloroethylene are used in many 

industries for their unique properties 
including solvent power, low flammability, 
chemical stability, low boiling point and 
high vapor pressure. Typical applications 
include dry-cleaning and degreasing, 
cleaning of metal parts and electronic 
components, cold cleaning, fumigants, paint 
strippers and textiles [2-4]. Consequently, 
inappropriate disposal or treatment of these 
chemicals can easily cause source water 
contamination. 
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Adsorption of organic contaminants on a 
variety of materials is frequently used in 
water treatment technologies. Examples of 
these adsorbents include chitosan [5], fly ash 
[6], and agricultural waste (olive kernel and 
corn cobs) [7]. All of which have proven to 
be very successful in water treatment due to 
their high adsorption capacity and 
environmental compatibility. 

Chitosan (Figure 1, bottom) is a β-1, 
4-linked polysaccharide that is obtained by 
partial deacetylation of chitin (Figure 1, top), 
a biopolymer which is the second most 
abundant natural polymer and exists widely 
in the shells of crustaceans and insects [8]. It 
is chitosan’s abundance, non-toxicity, 
bio-compatibility, and bio-decomposability, 
in addition to its strength and porous 
structure, which make it ideal as an 
environmental remediation material. 
Furthermore, its chemical functional groups, 
-OH and -NH2 (Figure 1, bottom), make it 
an ideal absorbent in the treatment of 
wastewater [9-10]. At low pH’s the primary 
amines (-NH2) are protonated and positively 
charged, and chitosan behaves as a 
water-soluble cationic polyelectrolyte. 

However, at pH’s higher than pKa  6.3 the 
amines are deprotonated and chitosan 
becomes insoluble with gel forming 
characteristics [11]. In environmental 
engineering, chitosan has been used in 
removing heavy metals in wastewater [12] 
and the treatment of dyes [13-16]. In 
particular, chitosan has been found to adsorb 
approximately 1,940 to 1,945 g kg-1 of an 
anionic dye under acidic conditions as well 
as effectively removing up to 99% of the 
dyes chromaticity [10]. The adsorption 
mechanism has been described by a 
pseudo-second order dynamic model [15, 
17-19]. However, very little to date has been 
reported on the adsorption mechanism of 
chlorinated organic contaminants on 
chitosan and it is here we present this work. 
Chitosan was investigated as an adsorbent 
for 4-chlorophenol and tetrachloroethylene 
and a series of isothermal adsorption 
equilibrium and dynamic adsorption 
experiments were carried out at various 
concentrations and pH’s. In addition, the 
related adsorption equilibrium and dynamic 
adsorption parameters were obtained. 

 
Figure 1. Structural formula of chitin and chitosan 
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2. Material and methods 
 

Commercially available chitosan was 
provided by Cheng-Li Corporation and is 
the deacetylated form (90%) of chitin 
extracted from shrimp shells and has a 
specific surface area of 10.3 m2 g-1. Chitosan 
powder with diameters in the range of 100 
to 120 mesh were selected using an 
appropriate sieve. The target pollutants were 
4-chlorophenol (Fluka,  98%) and 
tetrachloroethylene (J.T. Baker,  99%). 
Reagents used for adjusting the pH of the 
target pollutants were 0.05 M sulfuric acid 
(PEF, 97%) and 0.5 M sodium hydroxide 
(RDH, 98%). Hexane (J.T, Baker, 95%) was 
used as an extracting agent. The extraction 
procedures were referred to Wang, 1997.  
For the treatment of chitosan at pH 4, 5, 6, 7 
and 9 aqueous solutions of 0.01 M acetic 
acid (RDH, 99.8%) and 0.5 M sodium 
hydroxide (RDH, 98%) were used, 
respectively. 
 
2.1. Treatment of chitosan at various pH’s 
 

Chitosan (1 g) was added to deionized 
water (100 mL) and the pH’s of the 
suspension were controlled through the 
addition of either 0.01 M acetic acid or 0.5 
M sodium hydroxide to pH’s of 4, 5, 6, 7 or 
9. The suspensions were then left for 4.5 h 
with constant stirring at room temperature. 
After 4.5 h the suspension was filtered off 
under vacuum and the chitosan washed with 
deionized water and then dried in a 
desiccator. 
 
2.2. Specific surface area of chitosan 
 

A Micromeritics Instrument Corporation 
ASAP 2020 analyzer was used to measure 
the specific surface area and pore size of the 
dried chitosan after treatment at pH 4, 5, 6, 7 
and 9 at 77 K using N2 as the adsorption and 
desorption gas. Each measurement was 
repeated three times. 

2.3. CP-MAS 13C nuclear magnetic 
resonance (NMR) spectroscopy 

 
Samples of pristine chitosan and chitosan 

that had been previously treated at pH 
4,5,6,7 and 9 (0.5~1.0 g) were added into a 
NMR tube for analysis, with an inner 
diameter of 10 mm and a height of 4 cm. A 
CP-MAS 13C NMR spectrometer (Bruker 
MSL-2000 NMR) was used to measure the 
types of carbon in the chitosan after 
treatment at different pH’s. The spectrum 
frequency range of the spectrometer was 
50.33 MHz with a delay time of 1 ms, a 
cycle time of 1 s and a magic angle speed of 
3.5 kHz. The chemical shift (ppm) can be 
divided into 5 regions; 0-50 ppm (alkyl 
carbon), 50-90 ppm (hydrocarbons such as 
alcohol, ether or fat), 90-110 ppm (aldehyde 
carbon), 110-160 ppm (aromatic carbon) and 
160-190 ppm (carboxyl carbon) [20]. These 
zones were subsequently integrated in order 
to find the percentages of the respective 
carbon types in each sample. 
 
2.4. Batch isothermal adsorption 

equilibrium experiments 
 

For batch isothermal adsorption 
equilibrium experiments solutions of 
4-chlorophenol were made up in water to 
concentrations of 0.04 Cs, 0.06 Cs, 0.08 Cs, 
0.1 Cs, 0.2 Cs, 0.3 Cs, 0.4 Cs, 0.5 Cs, where 
Cs is the saturated solubility of 
4-chlorophenol in water (Cs = 27,000 mg 
L-1). Similarly, solutions of 
tetrachloroethylene were made up in water 
to concentrations of 0.05 Cs, 0.1 Cs, 0.2 Cs, 
0.3 Cs, 0.4 Cs, 0.5 Cs, 0.6 Cs, 0.7 Cs, 0.8 Cs, 
where Cs is the saturated solubility of 
tetrachloroethylene in water (Cs = 150 mg 
L-1). All solution pH’s were controlled 
through the addition of either 0.05 M 
sulfuric acid or 0.5 M sodium hydroxide to 
pH’s of 4, 5, 6, 7 and 9. 

Batch isothermal adsorption experiments 
were then performed at pH’s 4, 6, 7 and 9 
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for 4-chorophenol and 4, 5, 6, 7 and 9 for 
tetrachloroethylene. Chitosan (0.5 g) and 
target pollutant solutions (12.5 mL) were 
added to a glass tube and placed on a shaker 
(Deng Yug) for 48 h. The sample was then 
centrifuged (Hettich Zentrifugen EBA 12) at 
3000 rpm for 10 min and the clear upper 
solution (1 mL) was then removed and 
added to hexane (10 mL). This mixture was 
then centrifuged for 10 min after which the 
upper hexane layer containing the extracted 
organochlorines was removed and placed 
into a gas chromatography instrument with 

an electronic detector (GC/ECD; Varian 
CP3800). Isothermal adsorption equilibrium 
profiles were calculated from this data. 
 
2.5. Dynamic adsorption experiments 
 

In order to perform dynamic adsorption 
experiments a mixing/agitator set-up (Figure 
2(A)) and continuous flow fixed bed (Figure 
2(B)) were used. Solutions of 
4-chlorophenol (500 mg L-1) and 
tetrachloroethylene (80 mg L-1) at pH’s of 4, 
5, 6, 7 and 9 were used. 

 

 
Figure 2. (A) Dynamic adsorption mixing/agitator set-up and (B) continuous flow fixed bed for adsorption 

of chlorinated organic pollutants on chitosan 
 
2.5.1. Batch dynamic contact time 

experiments 
 

Each experiment required chitosan (50 g) 
and a volume of each concentration of the 
target pollutant (2.7 L) to be loaded into a 
mixing/agitator tank. The mixing/agitation 
tank (Figure 2(A)) was constructed with a 
diameter and height of 15 cm and within the 
tank body eight baffles were installed on the 
peripherals with even spacing. The agitator 
vane was made of Teflon with a diameter of 
8 cm. A variable speed motor (Ika-Werke) 

was used to drive the vane at 300 rpm and 
an isothermal compact refrigerated 
circulating bath (Julabo F30-C) was used to 
maintain the solution temperature at 303 K. 
At various time intervals, starting at t = 0, 
samples (5 mL) were removed and extracted 
in hexane as per section 2.4 and then 
analyzed using GC/ECD. 
 
2.5.2. Continuous flow fixed bed 

experiments 
 

The fixed bed consisted of a glass tube 
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with an inner diameter of 2 cm (Figure 2(B)) 
a plug of glass wool was used to prevent the 
chitosan from coming out of the tube. An 
evenly distributed bed of chitosan (14 g) 
was added to the glass tube at a height of 
approximately 13.5 cm. Each of the target 
pollutant concentrations and various pH’s 
were flowed up through the bed using a 
quantitative motor (Cole-Parmer 7524-40) at 
an input flow rate of 2 mL min-1. At various 
time intervals, starting at t = 0, samples (0.5 
mL) were removed and extracted in hexane 
as per section 2.4 and then analyzed using 
GC/ECD. 
 
3. Results and discussion 
 
3.1. Characterization of chitosan after 

treatment at different pH’s 
 

Chitosan is highly affected by the pH of 
the environment this in turn leads to the 
change in its properties such as specific 
surface area and average pore size 
distribution. Here we discuss how these 
changes were monitored using specific 
surface area analysis, pore size analysis and 
CP-MAS 13C NMR spectroscopy. 
 
3.1.1. Specific surface area and pore size 

analysis 
 

The specific surface area and average 
pore size distribution of chitosan after 
treatment at different pH’s (from 4 to 9) 
were measured which distributed around 
10.3 - 19.7 m2 g-1 and 67.5 - 69.1 Å, 
respectively. At pH 4 chitosan has the largest 
average specific surface area and average 
pore size, at 19.7 m2 g-1 and 69.1 Å, 
respectively. This larger specific area with 
low pH has previously been reported to be 
due to the gradual dissolution of the chitosan 
to a protonated water-soluble cationic 
polyelectrolyte, especially at pH’s lower 
than 5.5 [18]. At pH 9 the chitosan is in the 
gel state with a minimum specific surface 

area of 10.5 m2 g-1, however the average 
pore size remains unchanged at 69.1 Å. 
 
3.1.2. CP-MAS 13C NMR analysis 
 

Figure 3(A-F) show the CP-MAS 13C 
NMR spectra of chitosan after treatment at 
different pH’s, wherein A, B, C, D, E and F 
represent pristine chitosan, pH 4, pH 5, pH 6, 
pH 7 and pH 9, respectively. The percentage 
carbon types within each sample were 
computed (not shown here). Overall, as 
expected, there is no noticeable change in 
the chemical make-up of the chitosan at 
varying pH other than it appears that the 
O-alkyl content is slightly higher at lower 
pH values. This could be due to the reduced 
steric hindrance of the CH2OH groups in the 
chitosan (Figure 1, bottom) in the more 
extended cationic polyelectrolyte form 
present at lower pH. 
 
3.2. Isothermal adsorption equilibrium 

experiments 
 

During the isothermal adsorption 
equilibrium experiments chitosan remains in 
the target pollutant solution for 48 h to reach 
equilibrium after which the equilibrium 
concentration Ce (mg L-1) of the target 
pollutant is then analyzed and the adsorption 
capacity qe (mg kg-1) is calculated using 
Equation 1. 

 

 
W

VCCq eo
e


          (1) 

Where eq is the amount of adsorbed target 
pollutant at equilibrium per unit chitosan 
(mg kg-1), oC is the initial concentration of 
the target pollutant solution (mg L-1), eC is 
the equilibrium concentration of the target 
pollutant solution (mg L-1), V is the volume 
of target pollutant solution (L) and W is the 
weight of chitosan (kg). 

Figure 4(A and B) show the isothermal 
equilibrium adsorption profiles of 
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4-chlorophenol and tetrachloroethylene, 
respectively, at different pH’s. These profiles 
correspond to a Langmuir isothermal 
equilibrium adsorption model (Equation 2) 
with R2 values of 0.898~0.907 and 
0.898~0.940 for 4-chlorophenol and 
tetrachloroethylene , respectively. 

 

e

e
e bC

QbCq



1

         (2) 

Where qe is the amount of adsorbed target 
pollutant at equilibrium per unit chitosan 
(mg kg-1), Q is the maximum amount of 
adsorbed target pollutant per unit chitosan 
(mg kg-1), Ce is the equilibrium 
concentration of the target pollutant solution 
(mg L-1) and b is the Langmuir constant. 

Figure 4(A) shows that the adsorption 
capacity of chitosan for 4-chlorophenol 
increases with increasing equilibrium 
concentration and that this adsorption 
capacity is effected by the pH such that the 
amount of 4-chlorophenol adsorbed 
increases in the order of pH 6> pH 4> pH 7> 
pH 9. Given that the pKa of chitosan’s amine 
groups is approximately 6.3 it is expected 
that there will be protonation of the amines 
(-NH3

+) [18], as well as water-solubility of 
this biopolymer at pH 6. Additionally, the 
degree of chitosan ionization decreases from 
1.0 to 0.5 as pH increases from 4.0 to 6.2 
[21]. This means that the amino groups 
become less charged as pH increases. As a 
result, it may be expected that there would 
be less bonding of the 4-chlorophenol at pH 
6 than pH 4. However, since the charge 
density of the chitosan molecule is reduced 
by almost 50% as the pH approaches 6.2 
from 4.5, the polymer chains become less 
extended with a smaller radius of gyration 
[22], and are still water soluble. This 
potentially results in a higher diffusion 
coefficient for chitosan chains at pH 6.2 and 
consequently binding more 4-chorophenol. 
Figure 4(B) shows the isothermal adsorption 

equilibrium profiles of tetrachloroethylene 
at different pH’s. Again the adsorption 
capacity of chitosan for the pollutant 
increases with increasing equilibrium 
concentration. However, this time the 
adsorption capacity is effected by the pH 
such that the amount of tetrachloroethylene 
adsorbed increases in the order of pH 4> pH 
5> pH 6> pH 7> pH 9. Here the reason that 
the tetrachloroethylene is not adsorbed the 
greatest at pH 6 is that in addition to 
water-solubility there is also hydrogen 
bonding of the target pollutant to the 
chitosan. Given that the dissociation 
constant (pKa) of 4-chlorophenol is 9.38 at 
25 °C [23] 4-chorophenol will be protonated 
and in its molecular state. The presence 
of –OH groups on the 4-chorophenol and 
the –OH groups on the chitosan further 
enables adsorption of the pollutant onto the 
chitosan through hydrogen bonding. This 
hydrogen bonding cannot occur with 
tetrachloroethylene. 

The Langmuir isothermal equilibrium 
adsorption model parameters of 
4-chlorophenol and tetrachloroethylene on 
chitosan are calculated. The Langmuir 
constant b values range from 0.00003 to 
0.00012 and 0.00001 to 0.00007 for 
4-chlorophenol and tetrachloroethylene, 
respectively. The b values represent the 
binding energy of adsorption and these 
increase with increasing binding energy of 
adsorption. Thus for 4-chlorophenol the 
binding energy increases from pH 9 to pH 6 
but then decreases at pH 4. Clearly the 
adsorption binding energies are lower for 
tetracholorethylene on chitosan than 
4-chlorophenol. 
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Figure 3. CP-MAS 13C NMR spectra of chitosan after treatment at different pH’s, wherein A, B, C, D, E 

and F represent pristine chitosan, pH 4, pH 5, pH 6, pH 7 and pH 9, respectively 
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Figure 4. Isothermal adsorption profiles of (A) 4-chlorophenol and (B) tetrachloroethylene on chitosan at 
different pH’s. 

 
3.3. Dynamic adsorption experiments 
 

Based on the dynamic adsorption results 
(Figure 5(A and B)) the dynamic 
phenomena of 4-chlorophenol and 
tetrachloroethylene adsorption on chitosan 
were investigated. This involved studying 
the reaction order of adsorption (Figure 6), 
external mass transport coefficients of the 
external surface and the diffusion rates 
within the pores (Figure 7). 
 
3.3.1. Order of reaction 
 
3.3.1.1. First-order reaction 
 

A first order reaction rate is one in which 
the reaction rate is proportional to the 
concentration of the target pollutant in 
solution, and is given by Equation 3 [24]. 

 

ktCC ot  lnln          (3) 
Where Ct is the target pollutant 
concentration per unit volume (mg L-1), Co 
is the initial pollutant concentration (mg L-1), 
k is the reaction rate constant (min-1), t is the 

time (min). If the data of the adsorption 
experiments follows a first order reaction 
then a plot of lnCt versus t will result in a 
linear regression line with a slope k. 
 
3.3.1.2. Second-order reaction 
 

A second order reaction rate is one in 
which the reaction rate is proportional to 
square of the concentration of the target 
pollutant in solution, and is given by 
Equation 4. 
 

kt
CC ot


11

         (4) 

Thus if the adsorption data follows a second 
order reaction then a plot of 1 / Ct versus t 
will result in a linear regression line with a 
slope of k. Profiles of the dynamic 
adsorption of 4-chlorophenol and 
tetrachloroethylene versus time are shown in 
Figure 5(A and B). The reduction in 
concentration for both 4-chorophenol and 
tetrachloroethylene shows an exponential 
decay at all pH’s. For 4-chlorophenol the 
adsorption occurs most rapidly over the first 
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60 min to 80 min with the adsorption at pH 
7 and pH 9 being the fastest (Figure 5(B)). 
After 80 min the adsorption remains 
constant at all pH’s which indicates the 
binding sites on the chitosan are fully 
saturated with the 4-chlorophenol after this 
time. For tetrachloroethylene the adsorption 
onto chitosan is much quicker and occurs 
within the first 20 min at all pH’s after 
which the chitosan binding sites are 
saturated (Figure 5(B)). We summarized the 
rate constants k and R2 of the regression 
fitting for both a first and second order 
reaction (not shown here). From the R2 
values we can predict that the adsorption of 
4-chlorophenol is most likely a second order 
reaction. Furthermore, for the adsorption of 
4-chlorophenol on chitosan the fastest 
reaction rate is that at pH 6 (3.699 x 10-5 L 
mol-1 min-1) and follows a second order 
process while for tetrachloroethylene the 
fastest reaction rate occurs pH 4 (0.066 
min-1) and follows a first order process. 
 
3.3.2. External mass transport coefficient 
 

The mass transport of an adsorbate (target 
pollutant) on the external surface of an 
adsorption material (chitosan) is given by 
Equation 5 [9]: 
 

 
ms

t

C
C

Sk
dt

d
o

t










0

        (5) 

Where Ct is the target pollutant 
concentration per unit volume (mg L-1), Co 
is the initial target pollutant concentration 
per unit volume (mg L-1), ks is the mass 
transport coefficient of the external surface 
(m s-1), sm is the maximal particulate 
external surface area of the target pollutant 
per unit volume (m2 L-1). A plot of Ct /Co 
versus t (min) results in a linear regression 
line by then using a forward differential the 
first order derivative value at t = 0 can be 
calculated and the ksSm value can be 
obtained. The Sm values can be obtained 

from Equation 6 (the particulate external 
surface area of target pollutant in solution). 
 

pp

m
m d

M
S


6

          (6) 

Where Mm is the mass of target pollutant per 
unit solution (kg m-3), dp is the average 
particulate size (μm), ρp is the volume 
density of the chitosan (kg m-3). Once Sm 
has been established this is then substituted 
into Equation 5 and ks (mass transport 
coefficient of external surface) is calculated. 

From Figure 6(A and B), where Ct /Co is 
plotted versus t (min) for the dynamic 
adsorption of 4-chlorophenol and 
tetrachloroethylene, respectively, the mass 
transport coefficient of the external surface 
can be calculated. Typical ks values in 
literature on the mass transport of dyes with 
chitosan are around 1.374×10-5 m s-1 [9]. 
The values reported in this work are much 
higher ranging from 0.081 m s-1 to 0.755 m 
s-1 for 4-chlorophenol and 0.009 m s-1 to 
0.285 m s-1 for tetrachloroethylene with no 
apparent trend in the mass transport of either 
pollutant at different pH’s. We account for 
this increased mass transport as a result of 
the lower molecular weights of 
4-chlorophenol (128.56 g mol-1) and 
tetrachloroethylene (165.9 g mol-1) 
compared to those of the dyes used in 
previous studies (350.3~622.6 g mol-1) [25]. 
 
3.3.3. Diffusion rate parameter within 

the pore 
 

When the concentration gradient diffuses 
in a single direction along the x-axis the 
basic differential equation of Fick’s second 
law which is set to individual boundary 
conditions is often very complicated to solve. 
Thus Equation 7 is often used [13]. 

2
1

tkq dt
          (7) 

Where t1/2 (min) is the square root of time 
and used to describe the pore diffusion 
behavior inside the chitosan particulate, qe is
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the amount of adsorbed target pollutant per 
unit chitosan mass (mg kg-1) and kd is the 
diffusion constant within the chitosan 
particulate (mg kg-1 min-1/2). By plotting qt 
versus t1/2 the linear regression line gives 
rise to a slope dk . This kd value can then be 
used to assess the internal diffusion behavior 
of the target pollutant within the chitosan. 

Figure 7(A and B) show the breakthrough 
profiles of 4-chlorophenol and 
tetrachloroethylene, respectively on chitosan 
at different pH’s. These plots can be divided 
into 3 regions of interest. (1) the momentary 
adsorption step (kp, 1) which arises from the 
chitosan external surface and some of the 
surfaces of the macropores. This diffusion 
behaviour is very rapid and therefore cannot 
be calculated accurately. (2) is the 
asymptotic adsorption step (kp, 2) in which 
the target pollutant undergoes internal 
diffusion within the macropores of the 
chitosan. (3) is the equilibrium step (kp, 3) 
and this is mainly based on the internal 
diffusion of the target pollutant within the 
microporous chitosan structure. 

For 4-chlorophenol (Figure 7(A)), the kp, 
1 occurs within the first 5 min (t1/2 = 2.24); 
kp, 2 occurs between 5 to 60 min (t1/2 = 2.24 
to 7.75) and kp, 3 occurs between 60 to 300 
min (t1/2 = 7.75 to 17.32). However, for 
tetrachloroethylene kp, 1 again occurs in the 
first 5 min (t1/2 = 2.24); kp, 2 occurs over a 
slightly shorter time between 5 to 20 min 
(t1/2 = 2.24 to 4.47) and kp, 3 occurs again 
slightly shorter between 20 to 60 min (t1/2 = 
4.47 to 7.75). This data suggests that 
4-chlorophenol has a faster diffusion rate 
within the chitosan pores than 
tetrachloroethylene. From Figure 7(A and B) 
the kp, 2 and kp, 3 for both 4-chlorophenol 
and tetrachloroethylene were calculated. It is 
noticed that kp, 2 of 4-chlorophenol has a 
diffusion rate 2.5 times faster than that of 
tetrachloroethylene, presumably due to its 
lower molecular weight. 
 

3.4. Continuous flow fixed bed 
experiments 

 
To calculate the target pollutant 

adsorption capacity of a continuous flow 
chitosan fixed bed Equation 8 was used 
(Larry, 1982) [26]. 
 

 BEo VVCS max          (8) 
Where Smax is the maximum adsorption 
amount of a fixed bed (mg g-1), Co: the 
initial concentration of the target pollutant 
per unit volume (mg L-1) and VE－VB is the 
processed wastewater volume (mL) between 
penetration and saturation. 
The Smax calculated from Equation 8 for the 
amount of 4-chlorophenol and 
tetrachloroethylene adsorbed on a chitosan 
fixed bed at different pH’s. At pH 6 
4-chlorophenol has the maximum adsorption 
on chitosan at 1,415 mg kg-1 while 
tetrachloroethylene has a maximum 
adsorption amount of 524 mg kg-1 at pH 4. 
This corroborates well with the results from 
the isothermal adsorption equilibrium 
experiment Figure 5(A) suggesting again 
that the protonated chitosan is more 
effective at removing 4-chorophenol than 
tetrachloroethylene. 
 
4. Conclusions 
 
Here we describe the adsorption of 
4-chlorophenol and tetrachloroethylene on 
chitosan at pH 4, 5, 6, 7, and 9. Our findings 
show that chitosan has a higher specific 
surface at pH 4 (19.7 m2/g) which decreases 
down to 10.5 m2/g at pH 9 while the pore 
size remains essentially the same. By using 
13CP-MAS NMR spectroscopy, here is little 
change in the functional groups with pH a 
slight increase in the O-alkyl groups at low 
pH may indicate that the extended form of 
the protonated cationic electrolyte is present 
at these lower pH’s.
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Figure 5. Dynamic adsorption profiles of (A) 4-chlorophenol and (B) tetrachloroethylene on chitosan at 

different pH’s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Profiles of internal pore diffusion speed (qt) and the square root of time (t1/2) for the adsorption of 

(A) 4-chlorophenol and (B) tetrachloroethylene on chitosan at different pH’s 
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Figure 7. The breakthrough profiles of (A) 4-chlorophenol and (B) tetrachloroethylene on chitosan at 

different pH’s 
 

We show that the amount of 
4-chlorophenol adsorbed onto chitosan at 
different pH’s decreased in the order of pH 
6> pH 4> pH 7> pH 9, which could be 
attributed to a combination of both hydrogen 
bonding of the protonated 4-chlorophenol 
and the smaller radius of gyration of 
chitosan at pH 6. Furthermore we found that 
the adsorption amount of 
tetrachloroethylene by chitosan at different 
pH’s was pH 4> pH 5> pH 6> pH 7> pH 9. 
Here there is no hydrogen bonding between 
tetrachloroethylene and the chitosan and 
thus the order is different than for 
4-chlorophenol. Dynamic adsorption 
experiments show that the reaction order of 
the adsorption of 4-chlorophenol on chitosan 
follows a second order reaction (R2 value 
0.901 ~ 0.982) while tetrachloroethylene 
follows a first order reaction (R2 value 0.811 
~ 0.944), where the external mass transport 
coefficient of 4-chlorophenol and 
tetrachloroethylene ranged from 0.081 - 
0.755 and 0.009 - 0.285, respectively. 
Additionally, the internal pore diffusion rate 

of 4-chlorophenol is shown to be 
approximately 2.5 times that of 
tetrachloroethylene. 
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