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a b s t r a c t
As the accumulation of antibiotics has led to increasingly serious environmental pollution prob-
lems, many studies have revealed that the adsorption method can be used to efficiently and easily 
remove residual antibiotics in water with low cost and high efficiency. Chitin being a biosorbent has 
recently received attention as a new type of adsorption material. The tetracycline (TC) adsorption 
by chitin was studied through characterization and analysis of chitin and as a function of solu-
tion pH, adsorbent dosage, temperature and initial TC concentration. The highest TC adsorption 
capacity was determined as 7.08 mg/g for initial TC concentration of 80 mg/L at pH 7 and 55°C. The 
adsorption process obeyed the pseudo-second-order kinetic model and Freundlich and Dubinin–
Radushkevich adsorption isotherm models. TC adsorption onto chitin was also endothermic and 
spontaneous. The adsorption of TC by chitin was primarily controlled by physical adsorption and 
chemical adsorption including pore filling, hydrogen bonding and weak electrostatic interaction.
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1. Introduction

Antibiotics in human and animal therapy and aqua-
culture have been increasingly used worldwide in the 
recent years either to prevent or treat microbial infections 
[1,2]. The common usage of antibiotics has become a seri-
ous problem due to negative influences such as acute and 
chronic toxicity, influence on aquatic organisms, obliter-
ation of native microbial population, and enhancement of 
antibiotic-resistant genes [3]. Tetracycline (TC) contami-
nates the soil and surface and groundwater through leach-
ing or runoff when released into the environment [4]. The 
concentration of TC could reach to µg/L and mg/L in nat-
ural water and in medical wastewater, respectively [5,6]. 
The toxicological effects of TC and the environmental 
behavior in aquatic environment have been evaluated in 
previous studies. Jiao et al. [7] reported that the toxicity of 
TC photoinhibition of Vibrio fischeri and photodegradation 

products were more toxic than the parent compounds [7]. 
In another study, it was determined that a binary mix-
ture of TC and 7-aminocephalosporin caused antagonistic 
toxicity on green algae Selenastrum capricornutum [8]. The 
presence of TC in water at high concentrations may cause 
gastrointestinal irritation, vomiting, diarrhea, and renal 
failure. Because TC is absorbed into bones, it may form a 
stable calcium complex in bone, causing a decrease in bone 
growth rate. TC has also toxic effects on the developing  
fetus [4].

TCs are amphoteric owing to the entity of dimethyl-
amino group, phenolic diketone group and tricarbonyl-
amide group [1]. Since they are not completely metabo-
lized by humans and animals, the majority are excreted via 
urine and feces as unchanged parent compounds [2,3]. Due 
to the antibacterial characteristics, it is difficult to remove 
TC completely through biological treatment [9,10]. Several 
researchers investigated the removal of TC antibiotics by 
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various treatment technologies such as ozonation [11], 
photo-Fenton process [12], photo-electro-Fenton [13], elec-
trocoagulation [14] and adsorption [15]. However, most 
of them are expensive due to their high maintenance and 
process cost [16].

In comparison to these techniques, adsorption is con-
sidered as an eminent treatment approach to deal with 
the containing-TC wastewater owing to its easy operation, 
low cost and high removal efficiency and various adsor-
bents such as activated carbon [10,17], biochar [18,19], 
single- and multi-walled carbon nanotubes [20], graphene 
oxide [3], goethite [21], microscale zero-valent iron [22], 
kaolinite [1], palygorskite [23], modified magnetic ben-
tonite [24], N-doped hollow carbon [25] have been used. 
Moreover, the adsorption method becomes an attractive 
alternative treatment when the adsorbent such as chitin, chi-
tosan, clays, zeolites, peat soils, fly ashes and coals is low-
cost and readily available [26,27]. Among them, chitin has 
attracted considerable attention for removing of hazardous 
contaminants from water due to its sorption capacity and 
more eco-friendly characteristics [28–30].

Chitin is a biopolymer and a non-toxic polysaccharide 
which makes it biodegradable [27]. It is also the second 
most abundant natural polymer in the world [31] which 
is generally attained from wastes consisting of fundamen-
tally shells of crab, shrimp, prawn and krill in the seafood 
processing industries [32]. Research into the removal and 
adsorption mechanism for antibiotic by chitin is rarely 
involved at present. Żółtowska-Aksamitowska et al. [33] 
studied the use of chitin modified with kraft lignin as an 
effective sorbent of ibuprofen and acetaminophen. The sur-
face modification of chitin using kraft lignin results in a 
material with a surface rich in functional groups, making it 
a more effective sorbent of hydrophobic impurities in com-
parison with the precursors.

Based on the above background, we explored the 
removal performance and adsorption behavior and mecha-
nism of chitin for TC for the first time. In this study, chitin 
was characterized and analyzed by scanning electron micros-
copy (SEM), Fourier-transform infrared spectroscopy (FTIR) 
and Brunauer–Emmett–Teller (BET) to explore the change 
in the material before and after adsorption process. At the 
same time, the influence of parameters including tempera-
ture, solution pH, chitin dosage and initial TC concentration 
on the adsorption performance was studied. The adsorption 

mechanism was analyzed through kinetics and isotherm 
model fitting, combined with characterization analysis 
before and after adsorption.

2. Materials and methods

2.1. Chemicals

Tetracycline hydrochloride, C22H24N2O8·HCI, was pur-
chased from Applichem and used without further purifi-
cation. The structure is given in Fig. 1a. Acetonitrile with 
HPLC grade was purchased from Merck. Ethanol, H2SO4 
and NaOH were purchased from Sigma-Aldrich.

2.2. Adsorbent

Chitin was from crushed crab shells and purchased 
from Sigma Chemicals Co. The molecular formula of chi-
tin is (C8H13O5N)n and its molecular structure is shown in 
Fig. 1b. It was sieved to separate the material into differ-
ent particle size ranges before using in the experiments. 
The particle sizes of 297–841 µm (in the size of −20 + 50 
mesh) could be chosen for adsorption experiments.

2.3. Adsorption studies

The TC stock solution of 200 mg/L was daily prepared 
to avoid degradation caused by oxygen and light. The con-
centrations of prepared TC solutions varied in the range of 
10 and 80 mg/L. The initial pH of TC solutions was adjusted 
by diluted H2SO4 or NaOH solution prior to addition of 
chitin. All working solutions were prepared with distilled 
water.

The batch experiments were conducted using Erlenmeyer 
flasks of 250 mL containing 100 mL of TC solutions in an 
orbital shaker incubator (Gallenkamp) at 150 rpm. 5 mL 
samples were withdrawn at particular time intervals after 
adding chitin for TC analysis. The samples were centri-
fuged at 1,500 rpm for 2 min and then the supernatant was 
filtered through 0.22 µm membrane syringe filter.

The effects of some variables including solution pH, ini-
tial TC concentration, chitin amount and temperature on 
adsorption process were examined. To detect the influence 
of solution pH on TC adsorption onto chitin, solution pH 
was investigated by varying between pH 3 and pH 9. The 
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Fig. 1. Molecular structure of tetracycline (a) and chitin (b).
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influence of chitin amount was evaluated by varying the 
amount of chitin in the range of 1 and 10 g/L while the effect 
of temperature on TC adsorption onto chitin was conducted 
at 25°C, 40°C and 55°C. The initial TC concentration ranged 
from 10 to 80 mg/L. All experiments were undertaken in 
duplicate and the average results were considered.

2.4. Removal efficiency and adsorption capacity

TC removal efficiency was calculated according to Eq. (1):

TC removal %( ) =
−( )

×
C C
C

t0

0

100  (1)

where C0 is the initial concentration of TC in liquid (mg/L) 
and Ct is the concentration of TC in liquid at any time (mg/L).

The adsorbed TC amount at equilibrium per unit mass 
of chitin, qe (mg/g), was obtained from Eq. (2) whereas the 
adsorbed TC amount at any time per unit mass of chitin, 
qt (mg/g), was determined according to Eq. (3):

q
C C V
me

e=
−( )0  (2)

q
C C V
mt

t=
−( )0  (3)

where Ce is the equilibrium concentration of TC in liquid 
(mg/L), V is the volume of TC solution (L), and m is the 
amount of chitin (g).

2.5. Methods of analysis

The concentration of TC in the filtrate was deter-
mined by using high-performance liquid chromatogra-
phy (HPLC, Shimadzu SIL-20AHT) using an AllureBiPh 
column (5 µm, 150 mm × 4.6 mm). The mixture of 20 mM 
ammonium dihydrogen-phosphate (pH 2.5) and acetoni-
trile (20/80, v/v) was used as mobile phase. The flow rate 
was set at 1.2 mL/min and injection volume of 100 µL was 
used. TC was analyzed by a diode array detector at 269 nm. 
The retention time was determined as 4 min. The solution 
pH was determined using a pH meter (Orion 3 STAR).

The surface structure of chitin before and after TC 
adsorption was determined by scanning electron microscopy 
(Jeol-JSM-7001F). The FTIR spectra of chitin were recorded 
with a FTIR spectrometer (ATI Unicam Mattson 1000) by 
averaging 16 scans in the range of 400–4,000 cm–1. The BET 
surface area was performed using nitrogen adsorption 
method by an Autosorb IQ2 Surface Area Analyzer.

2.6. Adsorption isotherms

Adsorption isotherm study was conducted on Langmuir, 
Freundlich and Dubinin–Radushkevich isotherms. The 
Langmuir equation based on monolayer adsorption 
onto homogeneous surface of adsorbent is expressed as [34]:

q
q K C
K Ce
L e

L e

=
+
max

1
 (4)

where KL is the Langmuir constant related to the adsorption 
energy (L/mg) and qmax is the maximum adsorption capacity 
(mg/g). The linear form of Eq. (4) becomes as follows:

C
q

C
q K q

e

e

e

L

= +
max max

1  (5)

Langmuir parameters can also be utilized to deter-
mine whether the adsorption is favorable. To define this, 
separation factor (RL), a significant parameter in Langmuir 
isotherm, must be determined. It is defined by Eq. (6) [35]:

R
K CL
L

=
+
1

1 0

 (6)

where RL value demonstrates the characteristic of adsorp-
tion process to be irreversible (RL = 0), favorable (0 < RL < 1), 
linear (RL = 1) or unfavorable (RL > 1) [35].

The Freundlich model based on the multilayer sorption 
on heterogeneous surfaces is an empirical equation, assum-
ing that binding sites are not equal and/or independent. 
It is defined by the following equation [36]:

q K Ce F e
n= 1/  (7)

where KF and n are Freundlich constants which indicate 
adsorption capacity and adsorption intensity, respectively. 
The linearized form of Eq. (7) is:

ln ln lnq K
n

Ce F e= +
1  (8)

Dubinin–Radushkevich isotherm model is generally 
employed to describe the mechanism of adsorption and 
designate the nature of adsorption as physical or chemi-
cal based on the free mean sorption energy [37]. Dubinin–
Radushkevich isotherm model [38] is represented as:

q q ee
K= −

DR
DRε2  (9)

where qe is the mole amount of TC adsorbed on per unit 
weight of chitin (mol/g), qDR is the theoretical isotherm satu-
ration capacity (mol/g), KDR is the isotherm constant related to 
the adsorption energy (mol2/J2), and ε is the Polanyi potential 
related to equilibrium, which can be calculated by Eq. (10):

ε = +






RT

Ce
ln 1 1  (10)

where R is the universal gas constant (8.314 J/mol/K), T is 
the temperature (K) and Ce is the equilibrium concentration 
of TC in liquid (mol/L).

The linear form of Eq. (9) is given as:

ln lnq q Ke = −DR DRε2  (11)

The mean adsorption energy (E) can be computed using 
Eq. (12):
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E
K

=
1

2 DR

 (12)

The mean adsorption energy gives an idea about type 
of adsorption: physical or chemical. If the mean adsorp-
tion energy value is lower than 8 kJ/mol, the adsorption 
is assumed to be physical nature while it is assumed to be 
chemical adsorption for values between 8 and 16 kJ/mol [17].

2.7. Adsorption kinetics

In this study, various kinetic models including pseudo- 
first-order, pseudo-second-order, intraparticle diffusion and 
Elovich kinetic models were used to find out the possible 
mechanism for TC adsorption.

The pseudo-first-order kinetic model known as the 
Lagergren model [39] is expressed as follows:

dq
dt

k q qt
e t= −( )1  (13)

where k1 is the rate constant of pseudo-first-order model 
(1/min). The linearized form of Eq. (13) becomes as follows:

log logq q q
k

te t e−( ) = − 1

2 303.
 (14)

The pseudo-second-order model proposed by Ho and 
McKay [40] is expressed as follows:

dq
dt

k q qt
e t= −( )2

2
 (15)

where k2 is the rate constant of pseudo-second-order model 
(g/mg/min). The linearized form of Eq. (15) becomes as 
follows:

t
q k q q

t
t e e

= +
1 1

2
2  (16)

Intraparticle diffusion equation, developed by Weber 
and Morris [41] is expressed with the following relationship:

q k t Ct i= +id
0 5.  (17)

where kid and Ci represent the intraparticle diffusion rate 
constant (mg/g/min1/2) and a constant giving information 
about the boundary layer thickness (mg/g), respectively.

The Elovich model is valid for systems with heteroge-
neous surface and it is suitable and applicable for chemisorp-
tion kinetics [42]. The linearized form of the Elovich 
model is expressed with the following relationship:

q tt = +
1 1
β β

αβln ln  (18)

where α is the initial adsorption rate (mg/g/min) and b is 
the constant related to the extent of surface coverage and 
the activation energy for chemisorption (g/mg).

In order to further verify the best-fit kinetic model of 
adsorption, the normalized standard deviation (SD) for 
the kinetic models was assessed by using Eq. (19).
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exp cal
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∑
−









−
100

1

2
q q
q

N

e e

e  (19)

where qe,exp and qe,cal (mg/g) are the experimental and cal-
culated equilibrium adsorption capacities, respectively 
and N is the number of data points.

2.8. Adsorption thermodynamics

As known, thermodynamic parameters give informa-
tion about the suitability and spontaneous nature of the 
process. To determine the nature of adsorption process for 
TC adsorption onto chitin, the thermodynamic parameters 
including the changes in Gibbs free energy (ΔG°), standard 
enthalpy (ΔH°) and entropy (ΔS°) were calculated using 
Eqs. (20) and (21):

∆G RT K° = − ln  (20)

lnK S
R

H
RTL =

°
−

°∆ ∆  (21)

where ΔG° is kJ/mol, ΔS° is kJ/mol/K, ΔH° is kJ/mol and KL 
is the equilibrium constant (the Langmuir constant). ΔH° 
and ΔS° could be determined from the slope and intercept 
of lnKL vs. 1/T plot, respectively [43].

2.9. Desorption and recycle studies of chitin

The desorption experiments were performed using 
several desorbing agents, including the water, methanol, 
ethanol, 50% water/50% methanol, 50% water/50% etha-
nol, 0.01 M HCl and 0.01 M NaOH as eluents. Initially, 
after adsorption of TC by chitin was achieved using 
TC concentration of 20 mg/L at initial solution pH of 
7 and chitin dosage of 5 g/L, the adsorbed amount was 
calculated. Then, the TC-loaded chitin was separated from 
liquid phase by centrifugation. In order to remove the 
unadsorbed fraction of the TC molecules onto chitin, the 
chitin separated from the liquid was washed with distilled 
water and dried for 15 h at 50°C. Then, 0.25 g of TC-loaded 
chitin was added to 50 mL of the desorbing agents and 
the mixture was shaken in an orbital shaker for 2 h. After 
this process, the samples were centrifuged at 1,500 rpm 
for 2 min and filtered through 0.22-µm membrane syringe 
filter to determine TC concentration by HPLC. The per-
centage of TC desorbed from the chitin was calculated 
using formula as presented. In addition, multiple recy-
cle study containing adsorption and desorption was also 
conducted using water, 0.01 M NaOH and 0.01 M HCl as 
desorbing agents. The spent adsorbents after each cycle 
were treated with these desorbing agents, followed by 
thorough washing with distilled and then used for the 
next cycle. This adsorption–desorption cycle was repeated 
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four times. The desorption capacity of TC (qdesorption, mg/g) 
was calculated according to Eq. (22):

q
V C
mdesorption

des=
⋅

 (22)

where qdesorption is the amount of TC desorbed from 1 g of sat-
urated chitin (mg/g), Cdes is the concentration of TC in the 
desorption solution (mg/L), V is the volume of eluent solu-
tion (L) and m is the mass of the TC-saturated chitin (g).

The desorption efficiency (%) of TC was calculated using 
Eq. (23):

Desorption efficiency desorption

adsorption

%( ) =








 ×

q
q

100  (23)

3. Results and discussion

3.1. Characteristics of chitin

The SEM images belonging to chitin before and after 
TC adsorption are shown in Fig. 2. As seen from SEM 

images, the chitin displayed different surface charac-
teristics. Before TC adsorption, the chitin surface shows 
porous and heterogeneous structure and the pores had 
random distribution throughout the surface. After adsorp-
tion of TC, the surface of the chitin appeared to be rough 
in nature. This may be due to the formation of TC-chitin 
complex. Energy-dispersive x-ray of chitin before and after 
adsorption with TC was analyzed. As seen in Fig. 2a and 
b, the elemental analysis of the chitin is shown that C and 
O are main constituents and after adsorption, the contents 
of C and O increased which is evident the tetracycline 
adsorption. The copper was potentially impurities from 
the sieves while the gold resulted from the analysis used in 
energy-dispersive X-ray spectroscopy.

The chemical structure and functional group infor-
mation for adsorbents can be analyzed from the FTIR 
spectra. The FTIR spectra of chitin before and after TC 
adsorption are given in Fig. 3. There was a wide absorption 
peak observed at 3,423 cm–1 for chitin, mainly assigned to 
the –OH stretching vibration [44]. In the spectra of chitin, 
the peak observed at around 3,140 cm–1 corresponds to the 
N–H stretching vibration. Moreover, the peaks at 2,927 and 

Fig. 2. FTIR spectra of chitin (a) before and (b) after TC adsorption.
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1,384 cm–1 were related to the C–H stretching and the C–H 
bending vibrations, respectively. The band at 1,384 cm–1 can 
be assigned to –CH3 deformation modes of the N-acetyl 
group. The peak that indicates the C–N stretching vibra-
tion appeared at 1,268 cm–1. The band at 1,113 cm–1 can 
be assigned to C–O and C–C stretching modes of COH 
and COC in the pyranose ring. The band at 897 cm–1 can 
be ascribed to the C–O stretching of glycosidic bond [28]. 
Similar peaks for chitin were also recorded in other stud-
ies [28,45,46]. The changes in the FTIR spectra of the chi-
tin occurred after TC adsorption. A clear shift in peak 
from 3,423 to 3,439 cm–1, corresponding to the stretching 
vibrations of the O–H was observed. Moreover, the differ-
ences in the intensity of peaks were also observed. These 
results can be related to interaction between chitin and TC.

The BET surface area, the pore volume and the pore  
diameter of chitin was determined as 6.667 m2/g, 0.02506 
cm3/g and 17.962 nm, respectively. The length, width, and 
thickness of TC molecules are 1.41, 0.46 and 0.81 nm, respec-
tively [47]. It was clear that chitin had a range of pore sizes 
for the adsorption of TC molecules.

3.2. Influence of initial pH

The pH of adsorption medium is a significant param-
eter for adsorption process which affects not only the 
surface charge of the adsorbents but also the ionization 
forms of adsorptive molecule in the solution [48]. Hence, 
it was a significant data affecting the adsorption behav-
ior, the effect of initial pH on the adsorption of TC by 

(a)
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Fig. 3. SEM images and energy-dispersive X-ray spectra of chitin (a) before and (b) after TC adsorption.
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chitin was examined between 3 and 9. Fig. 4 shows the 
variation of TC removal according to the initial pH. From 
Fig. 4, the adsorption efficiency of chitin for TC first 
increased at pH from 3 to 7 and decreased at pH of 9. 
This could be interpreted by the electrostatic interaction 
between the TC and chitin in an aqueous solution with 
varying pH. The pKa values are 3.3, 7.7, and 9.7 for TC 
molecule [15,49]. Therefore, TC in aqueous solutions 
exists as cationic species (pH < 3.3), zwitter-ionic species 
(3.3 < pH < 7.7) and anionic species (7.7 > pH) [17]. On 
the other hand, the pHpzc of chitin is approximately 5.4–
7.2 [50–52]. Hence, chitin becomes positively charged at 
pH < pHpzc and negatively charged at pH > pHpzc. When 
the solution pH is below the pKa1 (3.3) value of TC, TC 
in the solution exists as cationic species, while the sur-
face of the adsorbent is positively charged, resulting in a 
strong electrostatic repulsion. Therefore, the low adsorp-
tion efficiency was inevitable at pH 3. However, at high 
pH values, as TC molecule is negatively charged, inter-
action between the adsorbent surface and TC molecules 
is weak and thus, diminishes the adsorption efficiency. 
On the other hand, TC is the form of the zwitter-ion 
at pH 7. Adsorption mechanism for TC adsorption in 
this condition can attribute surface complexation (e.g., 
H-bonding). In the H-bonding formation, the functional 
groups such as –CH3, –OH, –NH2 and N–H in the TC 
molecule in the binding of TC onto chitin may act as H 
acceptor interacting with the O-containing groups such 
as C=O in the surface by H-bonding [17]. Based on the 
above-discussion, the optimal solution pH value was 7.

3.3. Influence of chitin amount

The effect of chitin amount on TC adsorption is shown 
in Fig. 5. Obviously, TC adsorption performance increased 
with the increasing chitin amount up to 5 g/L and then 
reached a constant value. The adsorption efficiencies for TC 
by chitin were 13% and 60%, respectively, at a chitin dos-
age of 1 and 5 g/L. This significant adsorption efficiency 
improvement was mainly attributed to the interface contact 
area between the chitin and TC molecules being relatively 
due to more available active sites area by the increasing 
chitin dosage [53].

3.4. Influence of temperature

To evaluate the influence of temperature on the adsorp-
tion capacity of chitin, a series of experiments were con-
ducted with initial TC concentrations of 10–80 mg/L in 
the range of 25°C–55°C at 5 g/L chitin dosage and pH 7.  
As presented in Table 1, an increase in the temperature from 
25°C to 55°C led to an increase in the equilibrium sorption 
capacity from 1.20 to 1.36 mg/g and from 5.88 to 7.08 mg/g 
for chitin at the initial TC concentrations of 10 and 80 mg/L, 
respectively. Similar results were also obtained for TC 
adsorption efficiencies. For example, the adsorption effi-
ciencies were obtained to be 59.9%, 63.6% and 68.2% at 
the initial TC concentration of 10 mg/L for 25°C, 40°C and 
55°C, respectively (Table 1). The increase of the adsorption 
capacity and adsorption efficiency with the increase of 
the temperature could be related with the enlargement of 
pore size or increase in number of active sites on the adsor-
bent surface. This also demonstrated that the adsorption 
of TC onto chitin is an endothermic process. On the other 
hand, it could be also due to the decrease in the thickness 
of the boundary layer surrounding the sorbent with tem-
perature, thus the mass transfer resistance of adsorbate in 
the boundary layer decreases. This may also be a result 
of high mobility of the TC molecule with an increase in 
their kinetic energy, and the enhanced rate of intraparticle 
diffusion of sorbate with the rise of temperature [54].

3.5. Influence of initial TC concentration

The influence of the initial concentration of TC on the 
adsorption capacity by chitin is shown in Table 1. With ini-
tial TC concentrations ranging from 10–80 mg/L at 25°C, 
the adsorption capacity by chitin increased from 1.2 to 
5.88 mg/g. As the initial adsorbate concentration ensures a 
high driving force to overcome all mass transfer resistance 
between the aqueous and solid phases, a raise in the initial 
adsorbate concentration enhances the adsorption capacity 
[54]. Additionally, increasing initial adsorbate concentra-
tion increases the number of collisions between adsorbate 
and adsorbent [55]. As seen in Table 1, the equilibrium 
adsorption capacity of chitin enhanced with increasing ini-
tial TC concentration from 10 to 80 mg/L at all temperatures 
owing to the increase in the number of ions contending for 
existing binding sites on adsorbent. On the other hand, an 

Fig. 4. Effect of initial pH of the solution on adsorption of 
TC by chitin.

 

Fig. 5. Effect of chitin amount on the adsorption of TC by chitin.
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increase in TC concentration generally led to decreasing 
in TC adsorption efficiency. At temperature of 55°C, TC 
removal efficiency was 68.2% at the initial concentration 
of 10 mg/L while it was determined to be 44.2% at the ini-
tial concentration of 80 mg/L. This could be related with a 
great majority of adsorbate in the adsorption medium which 
can interact with the binding sites at lower concentrations. 
Moreover, the saturation of sorption sites occurred at higher 
TC concentrations.

3.6. Modeling of adsorption equilibrium

Various adsorption isotherm models can be used to 
investigate how the interaction between adsorbate and 
adsorbent can employ and to provide information about 
the capacity of adsorbent, and also to understand the 
mechanism of adsorption [35]. In this study, Langmuir, 
Freundlich, and Dubinin–Radushkevich for modeling of 
the adsorption data were examined. Initial TC concen-
trations were altered from 10 to 80 mg/L while the chi-
tin amount was kept constant (5 g/L) at 25°C, 40°C and 
55°C in order to determine the equilibrium isotherms. 
The isotherm parameters and regression coefficients (R2) 
determined from the linear plot of Langmuir (Ce/qe vs. Ce) 
(Fig. 6a), Freundlich (lnqe vs. lnCe) (Fig. 6b), and Dubinin–
Radushkevich isotherm (lnqe vs e2) (Fig. 6c) of TC adsorp-
tion onto chitin were listed in Table 2. The maximum 
adsorption capacity of TC onto chitin determined from the 
Langmuir model was obtained as 8.84, 8.93 and 10.91 mg/g 
at 25°C, 40°C and 55°C, respectively. For adsorption of TC 
by chitin, the highest KL value at the studied temperatures 
was obtained to be 0.0402 L/mg at 55°C. As seen in Table 2,  
qmax and KL values increased with raising temperature. 
The values of RL by using Eq. (6) were in the ranges of 
0.746–0.237 (Fig. 7). These results demonstrated that the 
chitin is favorable for adsorption of TC in the concentra-
tion and temperature studied. Additionally, the KF values 
determined from Freundlich isotherm model was grad-
ually increased from 0.507 to 0.660 with the temperature 
rising. As seen in Table 2, n values were greater than 1, 
it can be inferred the adsorption process was favorable.

The adsorption energy was calculated as 10.0, 11.2 and 
11.2 kJ/mol at temperatures of 25°C, 40°C and 55°C, respec-
tively by applying Dubinin–Radushkevich isotherm model. 
The magnitudes of E were between 8 and 16 kJ/mol, which 
indicate that the adsorption process of TC onto chitin could 
be chemical adsorption. Although the regression coeffi-
cients (R2 ≥ 0.95) of three equations (Langmuir, Freundlich 

Table 1
The equilibrium uptake capacities and adsorption yields obtained at different initial concentrations and temperature

C0 (mg/L) 25°C 40°C 55°C

qe (mg/g) Adsorption (%) qe (mg/g) Adsorption (%) qe (mg/g) Adsorption (%)

10 1.20 59.9 1.27 63.6 1.36 68.2
20 2.05 51.4 2.16 54.0 2.39 59.9
40 3.74 46.7 3.76 47.1 4.60 57.5
60 4.58 38.2 4.84 40.3 5.87 49.0
80 5.88 36.8 6.12 38.2 7.08 44.2

 

 

 

Fig. 6. Linear plot of isotherm models for TC adsorption by chitin 
(a) Langmuir, (b) Freundlich and (c) Dubinin–Radushkevich 
isotherms.
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and Dubinin–Radushkevich) are quite well obtained, it is 
obvious from Table 2 that the Freundlich and Dubinin–
Radushkevich isotherm models exhibited best fit to the 
adsorption data than Langmuir model. From these results, 
it is seen that TC was adsorbed onto chitin as multilayer 
adsorption on heterogeneous surface. SEM results also 
showed that the chitin has heterogeneous surface.

3.7. Modeling of adsorption kinetics

To investigate the adsorption behavior of TC in the 
adsorption process, four kinetic models including the 
pseudo-first-order, the pseudo-second-order, the intra-
particle diffusion and the Elovich models have been used 
to fit the data. The pseudo-first-order model was based 
on the hypothesis that the adsorption rate was positively 
correlated with adsorption sites, while the pseudo-second- 
order model assumes that the adsorption rate was deter-
mined by the square of adsorption sites on the surface of 
adsorbents [56].

The plots of linearized form of the pseudo-first-order and 
the pseudo-second-order models are shown in Fig. 8a and 
b, respectively. The k1 and qe values of the pseudo-first-or-
der model were found from the plot of log(qe – qt) vs. t while 
the k2 and qe values of the pseudo-second-order model 
were determined from the plot of t/q vs. t. The k1, k2, qe and 
regression coefficients (R2) calculated from these models are 
given in Table 3. The regression coefficient for the pseudo- 
first-order kinetic model obtained at 55°C was very low.

The intraparticle diffusion model assumes that the 
adsorption occurs via the diffusion of adsorbate molecules 

into the pores of adsorbent [10] and intraparticle diffu-
sion is the sole rate-controlling process [57]. The plots of 
qt vs. t0.5 (undisclosed data) deduced that the plots had 
multi-linearity. The first linear partition at the initial period 
is attributed to the diffusion of TC adsorbed on the exter-
nal surface of the chitin from the solution or the border 
layer diffusion of the solute molecules. The second linear 
partition being an indicator of the intraparticle diffusion 
shows the gradual layer adsorption stage. The third pla-
teau partition describes the final equilibrium stage repre-
senting the slowing down internal diffusion owing to the 
low TC concentration left in the solution. Linear plots of 
the second partition did not pass through the origin. This 
indicates that the border layer control had some steps, and 

Table 2
Isotherm parameters and regression coefficients of Langmuir, Freundlich, and Dubinin–Radushkevich isotherm models for adsorp-
tion of TC onto chitin

T (°C) Langmuir model Freundlich model Dubinin–Radushkevich model

qmax (mg/g) KL (L/mg) R2 KF n R2 qDR (mol/g) KDR (mol2/J2) E (kJ/mol) R2

25 8.84 0.0341 0.9587 0.507 1.601 0.9932 1.6 × 10–4 5 × 10–9 10.0 0.9941
40 8.93 0.0377 0.9583 0.583 1.667 0.9983 1.4 × 10–4 4 × 10–9 11.2 0.9969
55 10.91 0.0402 0.9786 0.660 1.561 0.9880 2.2 × 10–4 4 × 10–9 11.2 0.9910

Fig. 7. Variation of separation factor (RL) with initial TC 
concentration and temperature.

 

 
Fig. 8. Linear plot of kinetic models for TC by chitin (a) pseu-
do-first-order and (b) pseudo-second-order.
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it also shows that intraparticle diffusion was present, but 
was not the step solely controlling the rate [17,58]. The 
similar results showed that the intraparticle diffusion 
was involved, but is not the only rate-limiting step in the 
adsorption process of ibuprofen by modified chitin [33].

The intraparticle diffusion rate constants obtained from 
the slope of linear partition of the plots increased with the 
increase in temperature as shown in Table 3. The Elovich 
model suggests the heterogeneous chemisorption of the 
adsorbate onto the solid adsorbent [57]. α and b values 
and regression coefficients calculated from the plots of qt 
vs. ln(t) are also presented in Table 3. The values of regres-
sion coefficient of the pseudo-second-order model were the 
highest among the other models. The calculated qe values 
obtained from pseudo-second-order model agreed well with 
the experimental qe values. It should be emphasized that 
the pseudo-second-order kinetic model is a consequence 
of the cooperative effects of the adsorption steps: (i) mass 
transfer of adsorbate from solution to the boundary film; (ii) 
mass transfer of adsorbate from boundary film to surface 
or diffusion across the film surrounding the surface of the 
sorbent; (iii) diffusion in the pores of the sorbent: sorption 
or ion exchange of ions onto sites; and finally (iv) adsorp-
tion of adsorbate onto the sorbent surface [59]. Also, SD val-
ues were determined by Eq. (19) and it was found that SD 

value of pseudo-second-order kinetic (SD = 7.2) was lower 
than that of the pseudo-first-order model (SD = 43.5). The 
higher the value of R2 and the lower the value of SD, the bet-
ter the model fits the experimental data [33]. These results 
showed that the adsorption process can be described by 
the pseudo-second-order kinetic model.

3.8. Thermodynamic evaluation

The Gibbs free energy changes were calculated by using 
the equilibrium constants of Langmuir model. As seen 
from Table 4, all Gibbs free energy values were negative 
that show the adsorption was a spontaneous and favorable 
process. And the values of ΔG° were gradually decreased 
with the temperature increasing, which indicated that the 
higher temperature was beneficial to adsorption process. 
The standard enthalpy change of adsorption obtained 
from the lnKL vs. 1/T plot (Fig. 9) was found as 4.47 kJ/
mol. This positive ΔH° value indicates that TC adsorption 
process onto chitin has the endothermic nature. Moreover, 
the entropy change of adsorption was determined to be 
0.095 kJ/mol/K which demonstrates the affinity of chitin 
for TC and the increasing randomness at the solid-solu-
tion interface during adsorption process. Similar findings 
were reported by Liu et al. [25] using nitrogen rich hollow 
carbon spheres using as a sorbent of TC.

3.9. Insight into TC removal by chitin

3.9.1. Adsorption mechanism

The research of adsorption mechanism was beneficial to 
understand the adsorption process of TC onto chitin. Fig. 10 

Table 3
Kinetic parameters and regression coefficients of pseudo-first-order, pseudo-second-order, intraparticle diffusion and Elovich models 
for TC adsorption onto chitin

T (°C) qe,exp  
(mg/g)

First-order kinetic model Second-order kinetic model

k1 (1/min) qe,cal (mg/g) R2 k2 (g/mg/min) qe,cal (mg/g) R2

25 1.20 0.0249 0.73 0.919 0.0897 1.24 0.997
40 1.27 0.0320 0.79 0.892 0.0966 1.35 0.995
55 1.36 0.0302 0.97 0.445 0.0668 1.46 0.988

T (°C) Intraparticle diffusion model Elovich model

kid (mg/g/min0.5) Ci (mg/g) R2 α (mg/g/min) b (mg/g) R2

25 0.0534 0.593 0.953 2.600 6.734 0.954
40 0.0791 0.519 0.897 0.910 4.876 0.924
55 0.1364 0.228 0.984 0.395 3.761 0.869

Table 4
ΔG° values for adsorption of TC onto chitin at different 
temperatures

T (°C) KL (L/mg) ΔG° (kJ/mol)

25 0.0341 –23.85
40 0.0377 –25.31
55 0.0402 –26.70

Fig. 9. Plot of lnKL vs. 1/T.



M.S. Tunç, Ö. Hanay / Desalination and Water Treatment 261 (2022) 308–321318

illustrated the possible adsorption mechanism for tetracy-
cline onto chitin. Firstly, TC is a tribasic acid, and its three 
acid dissociation constants are 3.3, 7.7, and 9.7. Therefore, 
TC will appear in different charged ion forms under differ-
ent pH environments. While, both chitin and TC are posi-
tively charged for pH < 3.3, for pH > 7.7, both are negatively 
charged. At this time, the adsorption effect between the two 
is weakened due to electrostatic repulsion [60]. As depicted 
in Fig. 4, it can be seen that the optimal pH value was pH 
7 for TC adsorption and TC is the form of the zwitterion 
under this condition. Hence, a weak electrostatic interactions 
can be occurred between TC molecule and adsorbent and 
at this stage, the adsorption both the two is more likely to 
involve an intermolecular interaction [49]. Furthermore, pHpzc 
of chitin was not directly related to the adsorption results,  
confirming that the electrostatic interaction force was not 
dominant in TC adsorption by chitin at pH: 7. Secondly, the 
oxygen-containing functional groups (hydroxyl, carbonyl, 
etc.) in chitin can participate in the TC adsorption process 
through hydrogen bonding during the adsorption process. 
By considering the FTIR results, there was a shift in some 
peaks and differences in the peak intensity. For example, 
before adsorption, the peaks observed at 3,423 and 1,613 cm–1 
were shifted to 3,439 and 1,626 cm–1 after adsorption. These 
observations confirm the interaction between chitin and TC. 
Lastly according the pore sizes of TC and chitin, pore fill-
ing can contribute the adsorption process. To sum up, the 
adsorption process of TC was determined by multiple reac-
tion mechanism including pore filling, hydrogen bonding 
and weak electrostatic attraction.

3.9.2. Desorption and recycle results of chitin

The reusability of an adsorbent plays an important role 
in practical application and greatly increases the attrac-
tiveness of its use. For this purpose, desorption and recy-
cle studies were also performed to evaluate reusability 
of chitin. The percentages of TC desorbed from chitin are 
shown in Fig. 11. The desorption percentages increased 

in the following order: ethanol < methanol < water/etha-
nol < water/methanol < water < 0.01 M NaOH < 0.01 M HCl. 
The highest desorption percentage was obtained by 0.01 M 
HCl (66.6%). The reusability of chitin was tested during 
consecutive adsorption–desorption cycle using desorbing 
agents that include water, 0.01 M NaOH and 0.01 M HCl 
as eluent. The adsorption efficiencies of chitin after each 
adsorption–desorption cycle are shown in Fig. 12. The orig-
inal adsorption efficiency of chitin for TC was 51.4%. When 
water, 0.01 M NaOH and 0.01 M HCl as desorbing agents 
were used, the TC adsorption efficiency decreased to 21%, 
27% and 1%, respectively after the four cycles. The possible 
reasons for this may be the morphological alteration and 
the degradation of the active sites, with consecutive cycles. 
Some amount of TC does not desorb during the desorption 
cycles, with each cycle such molecules tend to block the 
activate sites, making them unavailable for the consecutive  
cycles [61].

Among the studied desorbing agents, 0.01 M HCl was 
efficient for desorbing TC from the chitin. However, TC 
adsorption by chitin regenerated using 0.01 M HCl was 

Fig. 10. The possible adsorption mechanism for tetracycline onto chitin.

Fig. 11. Desorption efficiency of TC from chitin depending on 
the desorbing agents.
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not achieved. This may be due to the deterioration of some 
functional structures of chitin by treatment of HCl and los-
ing the adsorption capacity. Especially, this phenomenon 
may be a result of the hydrolysis reaction. There are some 
studies stating that chitin hydrolyzes under concentrated 
acidic conditions [62,63]. It has been concluded that acidic 
washing solutions are not suitable for the regeneration of 
the chitin.

4. Conclusions

Combining the characterization results and the results 
from the adsorption experiments, we concluded that weak 
electrostatic attraction, hydrogen bonds and pore filling 
involved in the adsorption mechanisms. The adsorption 
capacity of chitin was affected by initial pH, temperature 
and initial TC concentrations. Although chitin has low 
sorption capacity of TC, it does not preclude its use as an 
effective sorbent. Because there was no need to adjust pH 
value after adsorption process since the optimum pH was 
found to be 7 for TC adsorption by chitin. The adsorption 
of TC onto chitin fitted well to Freundlich isotherm while 
the adsorption kinetic of TC removal by chitin followed 
the pseudo-second-order model. The intraparticle diffu-
sion model suggests that intraparticle diffusion is not the 
only rate controlling step. The negative value of ΔG° indi-
cates that adsorption process has spontaneous nature. 
The positive value of ΔH° shows that adsorption process 
is endothermic. Recyclability studies verified the loss in 
adsorption efficiency of chitin towards TC after consecu-
tive cycles. In the further study, some methods to modify 
the chitin surface structure should be explored to improve 
the adsorption capacity of chitin.
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