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ABSTRACT 
This work focuses on the exploration of the potential of glutaraldehyde cross-linked chitosan beads (GCLCBs) to 

remove methylene blue (MB) from aqueous solutions using bench-scale fixed bed columns. The biosorbent, 

GCLCB was prepared using glutaraldehyde as the croos-linking agents and characterized by SEM and FTIR. A 

down-flow bench-scale fixed-bed column packed with GCLCBs were designed for column studies. The effects of 

adsorbent bed height (1, 2 and 3 cm), inlet flow rate (5, 10 and 15 mL/min) and initial MB concentration (10, 12 

and 15 mg/L) on the column performance were analyzed using breakthrough curves. The maximum adsorption 

capacity (225.47 mg/g) of MB was observed at 3 cm bed height, inlet flow rate of 5 mL/min and at initial MB 

concentration of 12 mg/L. The breakthrough curves were further analyzed using three common kinetic models 

namely the Thomas, Yoon – Nelson, and Adams - Bohart models to determine the column adsorption kinetic 

parameters. Thomas model showed that the value of equilibrium adsorbate uptake (q°) increased with increasing 

all three process parameters. Yoon – Nelson model showed that the time required for achieving 50% adsorbate 

breakthrough, τ agreed well with the experimental data (τexp 50%) in the entire column system. The results of the 

kinetic models revealed that both the Thomas and Yoon – Nelson models were fitted well with the experimental 

data. 

      

INTRODUCTION  
Many dyes are organic compounds and which are widely used in industries such as the textile, food, pulp mill, 

paper, pharmaceutical, printing, photographic, leather, electroplating plastics,[1] etc.  Different varieties of 

synthetic dyes are available in the market in all over the world [1,2,3] and the total annual global colorant 

production is 800,000 tons of which approximately 15% of the used dyes are released into the environment 

through wastes by various industrial sources [4].  Dye-containing waste effluent is a big threat not only to the 

environment, but also to human life as most of these are toxic, mutagenic, or carcinogenic [5]. Therefore, 

economical removal of dyes from wastewater has become a significant issue and an environmental challenge in 

nowadays. Various physical, chemical and biological treatment methods including ion exchange, chemical 

precipitation, coagulation, adsorption, flocculation, reverse osmosis, advanced oxidation, ozonation, membrane 

filtration, photocatalytic degradation, liquid–liquid extraction, biological degradation, etc have been widely used 

for the treatment of dye-bearing wastewater [6,7]. Unfortunately, most of these processes have significant major 

drawbacks such as high cost, incomplete removal, high-energy requirements, generation of toxic sludge, etc. [6] 

Even though dye and pigment adsorption onto activated carbon, has proven to be one of the most effective 

treatment methodologies for removal of dyes from waste effluents, high production cost of activated carbon limit 

its use as an adsorbent for the removal of pollutants [7,8, 9]. Therefore, the research on use of biodegradable, non-

toxic, readily available natural polymers as cost- effective adsorbents has intensified in recent years. The dye 

adsorption capabilities of natural material such as pine cone [8], Moringa oleifera seeds [10], leaves of Nymphya 

[11] rice husk[12], jack fruit leaf powder[13], coconut shell [14] like plant based materials were previously 

investigated. But one of the drawbacks of use of these material as adsorbents is their unavailability in all 

geographical areas [15]. In addition, potential of using several other natural materials such as peat, wood chips, 

cucurbituril chitosan as adsorbents have also been investigated [6].  

 

Chitosan, (poly-2-amino-2-deoxy-β-(1, 4)-D-glucopyranose) is derived from Chitin (poly-2-acetamide-2-deoxy-

β-(1, 4)-D-glucopyranose) which is the second most abundant biopolymer in nature after cellulose [15]. Chitin is 

https://en.wikipedia.org/wiki/Organic_compound


  
[Amarasooriya* 6(9): September, 2019]                                                                  ISSN 2349-4506 
  Impact Factor: 3.799 

Global Journal of Engineering Science and Research Management 

http: //  www.gjesrm.com        © Global Journal of Engineering Science and Research Management 

 [33] 

found in exoskeleton of crustaceans, marine arthropods, some seaweed and yeasts [16]. One of the value added 

product of chitin is chitosan and which can be produced by deacetylation of chitin. Chitosan being a bio-polymer 

is readily available, biodegradable, nontoxic[16,17] and it has a wide variety of applications[18] in different fields 

such as pharmaceuticals [19,20,21], food [22,23], cosmetics [24], biotechnology [25], paper[26] agriculture [27], 

etc. As chitosan has ability to adsorb different pollutants, it is widely used in   wastewater treatment industries to 

remove heavy metal ions [28], dyes [16], fluoride [29, 30], phosphate [9] like anions, sediment particles [31, 32] 

etc., from the wastewaters.  Many pollutants become bound by physical and/or chemical interactions because 

chitosan has ability to form hydrogen bonds, Van der Waals forces and coordination bonds (chelation) with the 

pollutants depending on the pH of the solution. Nevertheless, chitosan has poor chemical stability in acidic 

solutions. Also, chitosan may aggregate in solution and which will reduce its sorption ability. Hence, its 

application is limited and chitosan needs to be modified to improve its chemical stability and adsorption 

capabilities [9]. For this purpose, chitosan has been both physically and chemically modified to alter its properties 

to suit various applications. The adsorption performance of chitosan flakes (raw chitosan) can be enhanced by 

physically modifying it to form membranes [16,33], beads [16,34,35] ,films[16], nano particles [36,37],  fibers 

[28,38],  hollow fibers [39] and sponge honey comb [40] etc. Chitosan is chemically modified to improve the 

adsorption capacity by introducing relevant functional groups to enhance the chemisorption and to increase the 

chemical stability. Methods of chemical modification include crosslinking [16], grafting [16], and surface 

impregnation of chitosan [16]. 

 

In this study, physically modified chitosan beads were chemically modified using glutaraldehyde as the cross-

linking agent to produce glutaraldehyde cross-linked chitosan beads (GCLCBs) for the removal of model cationic 

dye methylene blue (MB) (figure 1). Here, the cross-linking agent; Glutaraldehyde (figure 2) introduces 

intermolecular bridges between chitosan macromolecules which may lead to the enhancement of the chemical 

stability, mechanical strength and adsorption capacity of chitosan.   

 

 

 

 

 

 

 

 

 

 

The aim of this study was to investigate the potential of physically and chemically modified chitosan, GCLCBs 

to remove MB from aqueous solutions using bench-scale fixed bed columns under different column processing 

conditions, and analyze the corresponding breakthrough curves using the Thomas, Yoon – Nelson and Adams–

Bohart mathematical kinetic models to determine the column adsorption kinetic parameters. 

 

MATERIALS AND METHODS 
Medical grade chitosan was purchased from PT, Biotecsurindo, Cireban, West java, Indonesia (Average molecular 

weight = 191000 g/mol, deacetylation percentage = 80- 85%, purity = 95 %, solubility = over 99 % in 1 % acetic 

acid). Glutaraldehyde (80 wt%, MW=100.12) was used as the cross-linking agent. Methylene blue, MB (RIEDEL-

DE HAENAG-Germany, MW=319.86 g/mol was selected as the model cationic dye for the adsorption studies. 

All other chemicals used were analytical grade. Deionized water was used to prepare all solutions. 

 

Preparation of glutaraldehyde cross-linked chitosan beads (GCLCBs)  

Chitosan solution (3% w/v) was prepared by dissolving chitosan in acetic acid (2.0 % v/v). Next, the chitosan 

solution was added from a pipette, drop by drop into a NaOH (0.50 M) bath to form chitosan beads. The chitosan 

beads were soaked in NaOH solution (0.50 M) for 24 hours and rinsed with distilled water to adjust the pH to 7.  

The prepared chitosan wet beads were cross-linked by soaking the beads in glutaraldehyde solution (80 wt %) for 

48 hours and then glutaraldehyde cross-linked chitosan beads (GCLCB) were washed with deionized water to 

remove any free glutaraldehyde and beads were then soaked in deionized water until further use.  

Figure 2 – The structure of Glutaraldehyde, 
the cross-linking agent 

Figure 1 – The structure of Methylene Blue 
(MB) 
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Preparation of methylene blue (MB) solutions 

A stock solution of MB at a concentration of 1000 mg/L was prepared by dissolving 0.1 g of dye in deionized 

water and it was diluted to prepare the solutions with required concentrations for the experiment. 

 

Characterization of the adsorbent, GCLCB 

The surface morphology of GCLCBs was analyzed before and after adsorption of MB by Scanning Electron 

Microscopy (VEGA3 SEM, TESCAN). Fourier Transformation Infrared (FTIR) spectra of chitosan, GCLCBs 

and MB adsorbed GCLCBs were obtained by FTIR Spectroscopy (Bruker, Alpha-T, Germany) using Attenuated 

Total Reflection (ATR) method. 

 

Fixed-bed column adsorption studies 

Column adsorption studies were conducted by designing a column as shown in figure 3. A glass column with 25.5 

cm in height and 5 cm in internal diameter was packed with the prepared adsorbent, GCLCB to desired height and 

it was operated under down flow at room temperature. 

 

 
Figure 3: Schematic diagram of the design column 

 

To determine the effect of bed height, inlet flow rate, and initial MB concentration on column adsorption 

performance, laboratory scale column adsorption studies were first conducted. The effect of initial bed height on 

MB adsorption was examined by changing the bed height (1 cm, 2 cm and 3 cm of GCLCB) with 10 mg/L initial 

dye concentration, and 5 mL/min inlet flow rate at room temperature (30 ± 2 0C). The effect of flow rate on MB 

adsorption was studied by changing the flow rate (5, 10, 15 mL/min) with 3 cm bed height, and 10 mg/L initial 

dye concentration at room temperature (30 ± 2 0C). The effect of initial adsorbate concentration on MB adsorption 

was investigated by varying the initial MB concentration (10, 12 and 15 mg/L) with 3 cm bed height of the 

adsorbent, and 5 mL/min flow rate  at room temperature (30 ± 2 0C). The effluent leaving the bottom of the column 

was collected at regular time intervals and MB concentration of the effluent was determined by measuring the 

absorbance at 665.0 nm using a UV-Visible Spectrophotometer (Agilent Technologies, Cary 60).   

 

Modeling of the breakthrough curves 

The column performance was examined by assessing the corresponding breakthrough curves (BTC), which were 

obtained from the plot of C/Co versus time t, where C and Co are the outlet MB dye and initial MB inlet 

concentrations in mg/L, respectively. The breakthrough time (tb), time required for full bed exhaustion (tt), 

experimental uptake capacity (qe(exp)), length of used bed height(Hb) and length of unused bed (HUNB) were 

determined at each column operating conditions. Based on the results the best conditions for MB removal by the 

designed column was determined. Further, the obtained experimental BTCs under various column processing 

conditions were fitted with three common kinetic models namely the Thomas model, Yoon – Nelson model and   

Adams – Bohart model to determine the fixed-bed column adsorption kinetic parameters important in designing 

large-scale columns in water purification systems. 
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Statistical analysis 

All experiments were carried out in duplicates and results were reported as mean ± standard deviation. MATLAB 

software was used to find the area of breakthrough curves.  

 

RESULTS AND DISCUSSION 
Preparation and characterization of GCLCB   

Figure 4, (a) and (b) shows the prepared chitosan beads (CB) and GCLCB respectively. GCLCB were spherical 

in shape with mean diameter of 4.00±0.02 mm.  

 

 
(a)                                                                                    (b) 

Figure 4: (a) Chitosan beads and (b) GCLCB 

 

As the adsorption of GCLCB depends on the porosity and the surface functional   groups of the adsorbent, surface 

morphology of the adsorbent was examined by SEM and it was further characterized by FTIR.  

 

SEM analysis 
Figure 5, (a) and (b) represent surface morphology of GCLCBs before and after adsorption of MB respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                      (b)  

Figure 5 – SEM micrographs of GCLCBs (a) before and (b) after adsorption of MB (Mag=10.00K) 

 

The SEM analysis revealed that GCLCBs have highly porous structures with irregular surface. The observed less 

porous, smooth surface of MB treated GCLCBs could be due to adsorbed bulky MB ions filling the pores that 

existed before adsorption studies. 
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FTIR analysis 

Figure 6 – FTIR spectra for (a) Chitosan (b) GCLCB (c) GCLCB after adsorption of MB 

 

Fig. 6 shows the FTIR spectra of (a) chitosan (b) GCLCB and (c) MB adsorbed GCLCB in the 750-4000 cm-1 

wavenumber range. The main bands of IR spectrum of chitosan include, a strong broad band at the wavenumber 

region 3250–3400 cm−1 which corresponds to N-H and O-H stretching vibrations and intra-molecular hydrogen 

bonds [41]. The bands appear at around 2926 cm-1 and 2865 cm-1 correspond to C-H symmetric stretching and C-

H asymmetric stretching respectively.  Bands at around 1652 cm-1 and 1591 cm−1 can be attributed to the C=O 

stretching of  N-acetyl groups [41] and N-H bending vibration of the primary amine [41].  As shown in Fig. 6 (b), 

chitosan after the modification to form GCLCB, the stretching vibration was shifted to lower wave number of 

3197 cm-1 which was originally appeared at around 3286 cm-1 corresponded to stretching of –O-H and –NH2 

groups indicating that the cross-linking by glutaraldehyde affects the normal vibration scheme of chitosan. In the 

spectrum of GCLCB, a band corresponds to -N-H bending vibrations of primary amine groups at 1591 cm-1 has 

disappeared. This may be shifted and overlapped by other bands after cross-linking. As shown in Fig. 6 (c), upon 

biding of MB,  the intensity of the bands in IR spectrum of   GCLCB, which correspond to –O-H and –NH2 

stretching vibrations were increased getting broaden and  shifted to a higher frequency suggesting that there may 

be interactions between MB ions and the functional groups (-O-H/N-H) in GCLC. As shown in figure 6 (c)  IR 

vibrational bands appeared at  1745 and 1639 cm-1  can be attributed to the =N+(CH3) group of MB and which 

indicate the presence of adsorbed MB on GCLCBs. Similar observation was reported in MB adsorbed chitosan 

clay composite [42].  

 

Continuous flow fixed-bed column adsorption studies  

MB adsorption performance of fixed-bed column packed with GCLCB under different column processing 

conditions (at different bed heights, inlet flow-rate and initial MB concentration) was analyzed using the 

breakthrough curves (BTCs).  

 

Breakthrough curves 

A schematic diagram of a typical breakthrough curve (BTC) is usually expressed in terms of ratio of outlet 

adsorbate concentration (C) to the inlet adsorbate concentration (C0) i.e. (C/C0) as a function of time, t. is shown 

in figure 7. 
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Figure 7: A schematic diagram of a typical breakthrough curve 

 

BTCs can be used to calculate important column parameters as follows; [8, 43] 

The unused bed height (HUNB) can be calculated as;  

HUNB = (1- tb/tt) HT                                                                                                                                      (1) 

Where, HT = Total bed height/cm, tt = Time required for full bed exhaustion/min,  

tb = Breakthrough time/min. The breakthrough point occurs when the 0.10 C/C0
 adsorbate’s concentration starts 

to leave the column.  

The used bed height (Hb) is given as; 

Hb = (tb/tt) Ht                                                                                                          (2) 

The total effluent volume (Veff) can be calculated as; 

Veff = Q tt                                                                                                                                                                     (3) 

Where, Q = Volume flow rate / mL/min 

The total adsorbed MB quantity (qtotal) in the column for a given adsorbate concentration and flow rate is given as;  

qtotal = QA/1000                                                                                                                (4) 

Where A = Area above the breakthrough curve 

The experimental adsorption capacity (mg g-1), qe(exp) =qtotal/X                                              (5) 

where X= dry weight of adsorbent(g) 

The total amount of MB dye sent to column (mtotal) can be calculated as; 

 mtotal = C0 Q t total /1000                                                                                                       (6) 

 

Column adsorption performance at various operating conditions 

Effect of bed height 

BTCs plotted at different bed heights (h) at constant MB inlet flow rate of 5 mL/min and initial MB inlet 

concentration of 10 mg/L and shown in figure 8 and parameters obtained from BTCs are tabulated in table 1.  

 

 
Figure 8: BTCs for adsorption of MB onto GCLCB at different bed heights, (initial MB concentration 10 

mg/L, 5 mL/min flow rate and temperature 30±2  ̊C) 
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Table 1; Parameters obtained from BTCs of packed-bed column for MB adsorption onto GCLCB at different 

bed heights 

 

According to the graphs, the slope and the shape of BTCs were varied as the bed height of the adsorbent was 

varied at constant inlet MB concentration of 10 mg/L and an inlet flow rate of 5 mL/min. tb was increased as the 

bed height was increased from 1 to 3 cm.  As bed height is increased, more adsorbent surface exposed to the 

adsorbate, providing more binding sites for MB adsorption. Hence, MB dye removal by the adsorbent also 

increases. Further, the experimental adsorption capacity qe(exp)) is also increased from 90.59 to 181.08 mg/g and 

used bed height (Hb) also increased from 0.21 to 0.92 cm as the bed height is increased.   

 

Effect of inlet flow rate 

The effect of inlet flow rate on MB adsorption performance of a column packed with GCLCBs was studied by 

varying flow rate as 5, 10 and 15 ml/min at initial inlet MB concentration of 10 mg/L, and bed height of 3 cm and 

the corresponding BTCs are depicted in figure 9. The parameters obtained from the BTCs are tabulated in table 

2.  

 

 

Figure 9 – BTCs for adsorption of MB onto GCLCB at different inlet flow rates 

(10 mg/L initial MB concentration, 3 cm bed height and temperature 30±2 ̊ C) 

 

Table 2; Parameters obtained from BTCs of packed-bed column for MB adsorption onto GCLCB at different 

flow rates 

 

As tabulated in table 2, tb was decreased from 130 to 70 min when increasing the flow rate from 5 to 15 ml/min. 

Therefore, the results revealed that the breakthrough occurred faster with higher flow rate and this may be due to 

the fact that increasing flow rate does not give sufficient time for adsorabte molecules to interact with the binding 
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1 35 410 165 80.50 74.28 90.59 0.79 0.21 

2 90 825 330 162.00 184.58 155.11 1.455 0.545 

3 130 1075 425 211.08 224.49 181.04 2.08 0.92 
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mtotal 

(mg) 

qtotal 

(mg) 
qe(exp) 
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HUNB 

(cm) 

Hb 

(cm) 

5 130 1075 425 211.08 224.49 181.04 2.08 0.92 

10 80 560 380 109.97 104.04 83.90 2.37 0.63 

15 70 475 350 93.27 77.68 62.65 2.40 0.60 
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sites of the adsorbents. Further, qe(exp) was also decreased with increasing inlet adsorbate flow rate. Similar type 

of results was reported in literature for different types of adsorbents [8, 44] 

 

Effect of initial MB concentration 

Similarly, the effect of initial inlet MB concentration on column performance was investigated by varying the 

initial MB concentration (Co) as 10, 12 and 15 mg/L and the corresponding BTCs, parameters obtained from 

BTCS are given in figure 10 and table 3 respectively.  

 

 
Figure 10 – BTCs for adsorption of MB onto GCLCB at different initial MB concentrations (5 mL/min flow 

rate, 3 cm bed height and temperature= 30±2 ̊ C) 

 

Table 3; Parameters obtained from BTCS of packed-bed column for MB adsorption onto GCLCB at different 

initial MB concentrations 

 

According to the results, tb value was decreased with increasing initial inlet MB concentration because available 

sites are quickly filled at higher MB concentration resulting in reduced tb. Similar type of observations were 

reported for adsorption studies in pinecone activated carbon, peanut husk and Mangoatana garcinia peel based 

granular activated carbon [8, 45, and 46].  

 

Kinetic modelling of fixed-bed column breakthrough curves 

Various kinetic models namely Thomas, Yoon – Nelson and Adams – Bohart models have been used to analyze 

the breakthrough curves to describe the column performance, and to predict the behavior of the column, and also 

to determine the column kinetic parameters and adsorption capacity of the fixed-bed columns in different systems. 

[8, 43, 44, 47]  

 

Thomas model  

Thomas model assumes that the process follows Langmuir kinetics of adsorption–desorption with no axial 

dispersion, and the driving force follows second order reversible reaction kinetics (8, 43, 44, 47). The linearized 

form of the Thomas model is given as equation 7.  

ln (
𝐶𝑜

𝐶𝑖
− 1) = (

𝐾𝑇𝑞𝑜𝑚

𝑄
) − (

𝐾𝑇𝐶𝑜𝑉

𝑄
)                                                                                            (7) 

Where, 

  

Concenta

tions(C0) 

(mgL-1)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

tb 

(min) 

Veff 

(mL) 

tt 

(min) 

mtotal 

(mg) 

qtotal 

(mg) 

 

qe(exp) (mg/g) HUNB 

(cm) 

Hb 

(cm) 

10 130 1075 425 211.08 
224.49 

181.04 2.08 0.92 

12 115 1000 400 235.63 279.58 
225.47 

2.138 0.862 

15 100 950 380 279.80 207.28 167.16 2.21 0.79 
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KT- Thomas rate constant (mL/mg min) 

q0 – Maximum adsorption capacity (mg/g) 

m - The amount of adsorbent in the column (g) 

C0 –Inlet initial concentration (mg/L) 

C - Effluent MB concentration (mg/L) 

Q - Flow rate (mL/min)  

V - Effluent volume (ml)  

KT and q0 can be determined from the plot of ln [(Co/C) −1] vs. t at a given flow rate. 

 

Yoon–Nelson model   

Yoon-Nelson model is a simple model and it does not require any data related to the characteristics of adsorbate, 

the type of adsorbent and the physical properties of the adsorption bed (8,44). This model assumes that the rate of 

decrease in the probability of adsorption for each adsorbate molecule, is proportional to the probability of 

adsorbate adsorption and the probability of adsorbate breakthrough on the adsorbent (8,44). The linearized form 

of the Yoon-Nelson expression for a single component system is given as equation 8 (8,44,47). 

  𝑙𝑛 (
𝐶

𝐶𝑜−𝐶
) = 𝐾𝑡 − 𝐾𝜏                                                                                                                            (8) 

Where,  

K - Yoon and Nelson rate constant (min−1) 

Co -Inlet or initial concentration (mg/L) 

C   - MB concentration in the effluent (mg/L) 

 t    -Sampling time (min)  

 τ    -Time required for 50% adsorbate breakthrough (min) 

 K and τ can be determined from the slope and intercept respectively from the plot of ln [C/ (C0 −C)] vs. sampling 

time (t) 

 

Adams–Bohart model 

The Adam–Bohart model assumes that the adsorption rate is proportional to both the residual capacity of the 

adsorbent and the concentration of the adsorbing species. This model is used for the description of the initial part 

of the breakthrough curve (43, 44, 47). The linearized form of the Adam–Bohart equation is expressed as, 

ln (
𝐶

𝐶𝑜
) = 𝑘𝐶𝑜𝑡 −

𝑘𝑁𝑜𝑍

𝑈𝑜
                                                                                                      (9) 

Where, 

k = Adam–Bohart kinetic constant (L/mg min) 

No = Saturation concentration/maximum adsorption capacity (mg/L)  

Z = the bed depth of column (cm) 

Uo = Linear velocity (cm/min)  

Co -Inlet or initial concentration (mg/L) 

C   - MB concentration in the effluent (mg/L) 

k and No can be obtained from a plot of ln (C/Co) versus t.  

In this study, the breakthrough curves obtained under different column processing conditions were analyzed with 

the mathematical models of Thomas, Yoon- Nelson and Adams–Bohart kinetic models. 

 

Breakthrough curve analysis by the Thomas model at different bed heights, inlet flow rates and initial MB 

concentrations  
Thomas plots at different bed heights, flow rates and initial concentrations are shown in figure 11, 12 and 13 

respectively and kinetic parameters obtained from these models under the given conditions are shown in table 4.  
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Figure 11 – Thomas plots for the adsorption of MB onto GCLCB at different bed heights (initial MB dye 

concentration 10 mg/L, inlet flow rate 5 mg/L and temperature 30±2 ̊ C) 

 

Figure 12 – Thomas plots for the adsorption of MB onto GCLCB at different flow rates (10 mg/L initial MB 

concentration, 3 cm bed height and temperature 30±2 ̊ C) 

 
Figure 13 – Thomas plots for the adsorption of MB onto GCLCB at different initial concentrations (5 

mL/min flow rate, 3 cm bed height and temperature 30±2 ̊ C) 
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Table 4– Thomas kinetic model parameters at different conditions 

Condition   Thomas kinetic model parameters   

KT (mLmin-1mg-1)  q° (mg/g)  R2  

Bed height (cm)  1 3.970  3.38  0.8740  

2  2.930  4.04  0.9920  

3  1.950  4.13  0.9643  

Flow rate (mL/min)  5  1.950  4.13  0.9643  

10  2.290  6.67  0.9195  

15  2.170  8.60  0.9375  

Initial MB concentration  

(mg/L)  

10  1.950  4.13  0.9643  

12  1.625  4.90  0.9561  

15  1.253  5.71  0.9277  

 

According to the results as tabulated in table 4, values of maximum adsorption capacity, q0 (mg/g) increased with 

increasing bed-height from 1 cm – 3 cm.  But Thomas rate constant, decreased with increasing bed-height. Hence, 

the highest bed height is shown the better column performance. Similarly, as the initial dye concentration increases 

q° also increases, but k decreases. Both the rate constant, k and q° increased with increasing the flow rate. As the 

regression coefficient values, R2, determined by the Thomas model are higher it can be concluded that the validity 

of the Thomas model for the studied column system.  

 

 

Breakthrough curve analysis by the Yoon –Nelson model at different bed heights, inlet flow rates and initial 

MB concentrations  

The experimental data were fitted with Yoon Nelson model to investigate the breakthrough characteristics of 

adsorption of MB onto the adsorbent. Yoon –Nelson plots at different bed heights, flow rates and initial 

concentrations are shown in figure 14, 15 and 16 respectively and kinetic parameters obtained from this model 

are shown in table 5. 

 
Figure 14 – Yoon –Nelson plots for the adsorption of MB onto GCLCB at different bed heights (initial MB 

dye concentration 10 mg/L, inlet flow rate 5 mg/L and temperature 30±2 ̊ C). 
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Figure 15 – Yoon –Nelson plots for the adsorption of MB onto GCLCB at different flow rates (10 mg/L initial 

MB concentration, 3 cm bed height and temperature 30±2  ̊C) 

 

 
Figure 16 – Yoon –Nelson plots for the adsorption of MB onto GCLCB at different initial concentrations (5 

mL/min flow rate, 3 cm bed height and temperature 30±2 ̊ C) 

 

Table 5– Yoon – Nelson kinetic model parameters 

condition  

 

 Yoon – Nelson kinetic model parameters  

K(min-1)  τ  

(min)  

τ  

experiment  

(min)  

R2  

Bed height(cm)  1  0.0353  85.79  69  0.874  

2  0.0293  179.55  183  0.992  

3 0.0195  271.18  281  0.9643  

Flow rate(mL/min)  5  0.0195  271.18  281  0.9643  

10  0.0229  218.76  228  0.9195  

15  0.0217  188.09  195  0.9375  

Initial concentration  

(mg/L)  

10  0.0195  271.18  281  0.9643  

12  0.0195  268.03  280  0.9561  

15  0.203  235.64  265  0.9277  
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According to the results, τ value (the time required for 50% breakthrough) increases with the increment of bed 

height and decreases with the increment of flow rate and initial dye concentration. The predicted values of  τ  

agreed quite well with the experimental data (τ experimental). Therefore, it is clear that Yoon –Nelson model 

fitted well with this column study and further, higher R2 values support it.  

 

Breakthrough curve analysis by the Adams – Bohart model at different bed heights, inlet flow rates and 

initial MB concentrations  

Adams-Bohart plots at different bed heights, flow rates and initial MB concentrations are shown in figure 17,18 

and 19 respectively and Adams – Bohart kinetic parameters; Bohart kinetic constant (k) and the saturation 

concentration (N⁰) are shown in table 6. 

 
Figure 17– Adams – Bohart plot for the adsorption of MB onto GCLCB at different bed heights (initial MB 

dye concentration 10 mg/L, inlet flow rate 5 mg/L and temperature 30±2 ̊C). 

 

 
Figure 18 - Adams – Bohart plot for the adsorption of MB onto GCLCB at different flow rates (10 mg/L 

initial MB concentration, 3 cm bed height and temperature 30±2 ̊ C) 

 

 
Figure 19 - Adams – Bohart plot for the adsorption of MB onto GCLCB at different initial concentrations (5 

mL/min flow rate, 3 cm bed height and temperature 30±2 ̊ C) 
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Table 6– Adams - Bohart kinetic parameters 

condition   Adams - Bohart kinetic parameters  

 

k  

(Lmg-1min-1)  

N0  

(mg/ L)  

R2  

Bed height(cm)  1 1.09×10-3  1883.47  0.8057  

2 9.10×10-4  1761.71  0.7561  

3 7.90×10-4  1617.67  0.9198  

Flow rate(mL/min)  5  7.90×10-4  1617.67  0.9198  

10  8.50×10-4  2931.46  0..8817  

15  7.80×10-4  4045.33  0.9205  

Initial  

concentration(mg/L)  

10  7.90×10-4  1617.67  0.9198  

12  7.08×10-4  2050.37  0.9561  

15  5.20×10-4  2579.96  0.9561  

 

The values of k and N0 decrease as the bed height increases but values of k decreases and N0 increases with the 

increment of the initial MB concentration. A clear correlation is not observed between the flow rate and the values 

of k but N0 increases as the flow rate increases. According to Table 6 as the R2 values are lower than R2 values 

obtained in Thomas and Yoon- Nelson models, it can be concluded that the lack of applicability of Adams - Bohart 

model for the studied column system.  

 

CONCLUSION 
Commercially available chitosan flakes were physically modified to CB. CBs were further chemically modified 

to GCLCB by using glutaraldehyde as the cross-linking agent. SEM and FTIR analyses were conducted for the 

characterization of chitosan beads and its GCLCB. The SEM analysis revealed that GCLCBs have highly porous 

structures with irregular surfaces. The effects of bed height, initial MB concentration and flow rate on the 

performance of fixed-bed column at 30 ± 2 0C were analyzed using BTCs. The highest experimental MB 

adsorption capacity of 225.47 mg/g was obtained at 3 cm bed height, 5 mL/min inlet flow rate and 12 mg/L of 

initial MB concentration. The breakthrough curves (BTCs) were analysed using three kinetic models, namely 

Thomas model, Yoon –Nelson model, and Adams – Bohart model. The application of Thomas model showed that 

the value of q° increased with increasing all three parameters, bed height, initial dye concentration and inlet flow 

rate. Yoon – Nelson model showed that the time required achieving 50% adsorbate breakthrough, τ fitted well 

with the experimental data (τ 50%) in the entire column system. Adams- Bohart model showed that N⁰ is increased 

with increasing initial dye concentration and flow rate and decreased with increasing bed height. Both the Thomas 

model, and Yoon –Nelson model showed good agreement with the experimental data.  Further, the results revealed 

that the physically and chemically modified chitosan, GCLCB can be used as a natural adsorbent for the removal 

of MB from wastewater.   
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