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Introduction 
Environmental pollution is a worldwide observable fact because 
of its unpleasant assets on the ecosystem and uncovered materials 
[1,2]. Huge extent of waste matter is discharged into the water 
bodies [1,3-5]. Synthetic dyes from textile, pharmaceutical, food, 
leather, and paint industries are consistently being released into 
water bodies [6]. Dyed wastewater from industrial processes 
pose civic and ecological risks such as aesthetic pollution due to 
their colour [7]. Most synthetic dyes, which are predominantly 
non-biodegradable and contain functional groups, are extremely 
toxic. Certain dyes within this category possess carcinogenic 
properties and can lead to skin and eye irritation as well [8]. 
These toxic dyes if not seperated from water bodies can generate 
a hazardous problem for mankind. Hence, these synthetic dyes 
must be removed from water bodies [9].

Dye wastewater treatment has utilized various biological, physical, 
and chemical techniques. These techniques encompass anaerobic/
aerobic treatment, coagulation/flocculation, oxidation/ozonation, 
membrane separation, and adsorption [10-16]. Adsorption is 
widely considered an effective technique for the decontamination 
of industrial discharges. Adsorption is favored primarily due to its 
cost-effectiveness in terms of design, land space, and operating 
expenses, as well as its superior efficiency when compared to 
alternative methods [17]. The adsorption technique does not leave 
behind by-products, the adsorbent can easily be separated from 
water, and are exceptionally effective for the removal of dyes [18-
22]. The effectiveness of the adsorption process primarily relies 

on factors like the adsorbent’s microporous structure, surface 
area, surface reactivity, and adsorption capacity, in addition to 
the operational conditions.

Silica gel, activated carbon, zeolite, and alumina are popularly 
employed in the adsorption process to eliminate impurities such 
as metal ions, toxic organic compounds, and harmful dyestuffs. 
[4,5,23-25]. Activated carbon is the most commonly used 
adsorbent for the adsorption of wastewater pollutants. Activated 
carbon is often favoured due to its high attraction for pollutants in 
wastewater, majorly because of its high surface area, microporous 
structure, high adsorption capacity, and high degree of surface 
reactivity.

In the adsorption system, there are several techniques through 
which the contact between the adsorbate and adsorbent primarily 
takes place, including batch processing, continuous moving 
bed, continuous fixed bed (up flow or down flow), continuous 
fluidized bed, and pulsed bed. [26,27]. Besides batch and fixed 
bed adsorption treatment, the remaining methods have certain 
disadvantages like requirement of large area, high cost, need 
for higher amount of adsorbent, feed channelling, pre-required 
adsorbent storage and non-uniform residence time [28]. 

Biochar, produced through the pyrolysis of biomaterials, is a 
promising adsorbent with a significant internal surface area and 
microporosity. It finds utility as an adsorbent in the separation and 
purification of gases, liquids, and colloidal solids [29-31]. In the 
literature, there have been reports of various studies conducted 
on the pyrolysis of paper sludge [32,33]. These studies aim to 
derive valuable products like biochar, biofuels, and adsorbents. 
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ABSTRACT
The study aimed to investigate the performance of a fixed bed column using magnetic biochar as an adsorbent for synthetic dye wastewater treatment. The 
magnetic biochar was synthesized by pyrolyzing paper mill sludge at 350 ℃ and modified with iron oxide nanoparticles to enhance its magnetic properties. 
The adsorption capacity of the magnetic biochar was evaluated using methylene blue (MB) dye in wastewater. In present study the fixed bed column 
adsorption was conducted using MBC to treat MB wastewater. A fixed bed column setup was utilized in the experiments, maintaining a continuous flow 
rate of 15 mL/min at various bed height (i.e. 2.5, 5 & 7cm). Breakthrough & exhaustion capacity for each three different bed height at constant flow rate was 
also carried out. The Yoon-Nelson and Thomas kinetics models were also used in order to understand the dynamic performance of the fixed bed column. 
the respectively. The results shows that Yoon-Nelson model fitted best for the experimental data approximately R2 value of 0.96 against Thomas model R2 
value of 0.95. Hence, it can be concluded that fixed bed column with MBC performed best with higher bed height & adsorption process is limited by film 
& pore diffusion.
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Researchers have utilized the resulting char from paper sludge 
pyrolysis as an adsorbent for applications in water treatment 
[34,35]. The adsorbents achieved from paper sludge have 
been used in the adsorption of metals, dyes, and organics from 
effluent [36]. Recently, magnetic biochar (i.e., modified biochar) 
adsorbents have been synthesized to enable easy recovery after 
the use [37-39] and used for adsorption of anionic contaminants 
such as Cr (VI), phosphate, and As (V) [40-42].

Batch adsorption studies give an important data and parameter 
on the removal of adsorbate, while column adsorption provide 
information on adsorption study with different of adsorbent used 
[43,44]. The limited experiment from the batch study can give 
the important information on the parameter used for modified in 
industry scale by fixed bed column [45,46]. In comparison to batch 
adsorption, continuous column is more advantageous as it is easy 
to operate, faster adsorption process and simplicity of scale up 
process [47]. The application of fixed bed adsorption is extensively 
employed in the purification of liquid mixtures, including those 
derived from industrial wastewater [48]. In recent studies, this 
technique has been investigated for the efficient removal of heavy 
metal effluents on a large scale [49].

Materials and Methods 
Preparation of Adsorbent 
Iron composites were incorporated into biochar (BC) through 
co-precipitation, using a 1:2 proportion of 3.66 gm FeSO4.7H2O 
and 6.66 gm FeCl3.6H2O distributed in 200 ml of distilled water. 
The mixture was stirred continuously for 1 hour to obtain Fe+2 
and Fe+3. The pH was regulated to 10~11 by adding 1 N NaOH 
solution drop wise, followed by the addition of 10 gm of biochar. 
The subsequent suspension was stirred using a magnetic stirrer 
for 1 hour at 40 °C and left overnight to settle. Afterward, the 
suspension was dried for 2 hours at 105 °C.

Preparation of Adsorbate
Methylene blue is used to prepare synthetic dye wastewater which 
has similar characteristics of dye wastewater generating from dye 
industry. A 5000 mg/L methylene blue stock solution is prepared 
by dissolving 5 gm of methylene blue dye into 1000 mL distilled 
water.

Table 1: Characterization of Synthetic Wastewater
Parameters Results

pH 6.88
TDS 3250 mg/L

Conductivity 1168 µs
COD 2412 mg/L

Fixed-Bed Adsorption Experiment
A fied bed column was fabricated to carry out continuous column 
experiments. The column length was 50 cm and diameter 3 cm. 
The diagram of the column adsorption system is shown in Figure 
1. The synthetic dye wastewater was pumped into the column with 
the help of an aquarium pump as shown in Figure 1.

   2.5 cm bed height       5.0 cm bed height     7.0 cm bed height

Figure 1: Fixed Bed Column Experimental Set up with Different 
Bed Heights (2.5, 5 & 7 cm)

A flow regulator was used to regulate the flow rate, ensuring 
controlled movement. To prevent the loss of adsorbent during 
continuous operation, the magnetic biochar adsorbent was placed 
in the column with glass wool at the bottom. To examine the shape 
of the breakthrough curves under different operating conditions, 
samples were collected at 2-hour intervals until the adsorbents 
reached to exhaustion. The column study was conducted with 
variables bed heights of 2.5 cm, 5 cm, and 7 cm at constant flow 
rate of 15 mL/min.

Theory of Breakthrough Curve
The performance analysis of the fixed-bed column was conducted 
by assessing the dynamic behaviour through Breakthrough curves. 
The crucial factors for evaluating the column’s performance 
were the breakthrough time (tb) and the characteristics of the 
curves. To examine the fixed-bed column’s efficiency under 
different experimental conditions (including initial inlet dye 
concentration, Inlet Flow rate, pH of feed solution, and bed 
height), the breakthrough curve was generated by plotting the 
ratio of Ct (adsorbate concentration in the effluent) to C0 (initial 
inlet adsorbate concentration) against time.The breakthrough 
curve can be used to determine important parameters such as the 
breakthrough time, the adsorption capacity of the adsorbent, and 
the rate of adsorption. The breakthrough curve typically has an 
S-shaped or sigmoidal shape, with a rapid rise in concentration at 
the beginning of the curve. The shape of the breakthrough curve 
depends on the following parameters;
1. The properties of the adsorbent and the adsorbate, 
2. The operating conditions of the column such as flow rate and 

concentration of the adsorbate in the feed stream

A well-designed adsorption system should have a breakthrough 
curve that is steep and narrow, indicating efficient adsorption with 
a high capacity and rapid rate.

Mathematical Kinetic Modeling of Column Experiment 
The Yoon-Nelson and Thomas models are widely recognized 
models used in the modeling of continuous flow column reactors. 
These models were employed to analyze the dynamics of the 
methylene blue dye adsorption process in fixed-bed column 
configuration and make predictions regarding the breakthrough 
curves.
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The Thomas model equation can be written as follows:

                                                                             .........(I)

Where,
kTh is Thomas kinetic constant (mL/min mg)
t is sample time (min)
Q is flow rate (mL/min) 
qe   is adsorption capacity of column 
C0  is are inlet concentrations (mg/L) 
Ct is outlet concentration (mg/L)

The Yoon-Nelson model equation can be written as follows:

                                                                         .........(II)

The values of τ (time for 50% breakthrough) and KYN (model 
constant) (L/min) were calculated using Equation (II)

Where,
  KYN is the Yoon-Nelson rate constant (h− 1),
τ represents the time (h) required for 50 % adsorbate breakthrough,
t is sample time (min)
C0  is are inlet concentrations (mg/L)
Ct is outlet concentration (mg/L)

Results and Discussion
Fixed Bed Column Behaviour
The fixed bed column study was carried out with methylene 
blue dye wastewater of 5000 mg/L at 15 mL/min flow rate with 
three bed heights of 2.5 cm, 5 cm and 7 cm respectively. The 
breakthrough curve for varying bed heights is expressed in Figure 
2. It is observed that with the increase of bed height from 2.5 to 7 
cm this causes an increase in breakthrough as well as exhaustion 
time. The rise in bed height and magnetic biochar leads to an 
increase in available adsorption sites, possibly explaining the 
reason behind this phenomenon. Additionally, the longer retention 
time of the effluent as it takes more time to reach the outlet results 
in an expansion of the total volume of treated effluent. The possible 
explanation for this phenomenon could be that a lower bed height 
affects the mass transfer process through axial dispersion, leading 
to a decrease in adsorbate diffusion. These findings suggest that 
a greater bed height holds the ability to effectively treat larger 
quantities of wastewater for extended durations. A similar trend 
was observed, where increasing the bed height resulted in longer 
exhaustion times and an increased total volume of treated effluent.

Figure 2: Effect of Bed Heights (2.5, 5 & 7 cm) on Fixed Bed 
Column Efficiency

Column Performance Breakthrough Point of Column Bed
The critical moment in a fixed bed column occurs when the ratio 
between the concentration of the substance at the inlet and outlet 
increases from 0.05 to 0.9. At the breakthrough time, which 
happens when the ratio reaches 0.5, the adsorption capacity is 
determined. It is important to note that the column can continue 
operating until the ratio reaches 0.9, and the exhaustion time is 
determined when the concentration of the substance at the outlet 
is essentially identical to that at the inlet.

Table 2 includes different parameters of the fixed bed column at 
the breakthrough and exhaustion points as well as the column 
performance. At 2.5 cm bed height adsorption capacity of column 
was 2.4504 mg/gm, at 5 cm bed height adsorption capacity was 
3.7254 mg/gm and at 7 cm bed height adsorption capacity was 
5.5771 mg/gm.

Table 2: Evaluation of Column Performance, Breakthrough 
and Exhaustion Points at 2.5, 5 and 7cm Bed Height
Parameters Column bed height (cm) Unit

2.5 5 7
Adsorption 
capacity

2.4504 3.7254 5.5771 mg/gm

Breakthrough 
time

120 360 1800 min

Exhaustion 
time

1200 2640 4800 min

The reason behind this phenomenon may be attributed to several 
factors. Firstly, the increased height of the bed allows for the 
treatment of a larger water volume and promotes the enhancement 
of the adsorption process. Additionally, the enlarged bed provides 
more adsorption sites and longer retention time, further improving 
the treatment capacity. Conversely, a lower bed height leads to 
faster saturation due to a reduced number of active sites, resulting 
in a rapid breakthrough point. Consequently, the removal efficiency 
is also increased. It has also been observed that with a lower bed 
height, saturation occurs more quickly, leading to higher removal 
efficiency.

Table 2 shows that the breakthrough time and saturation time 
increased with bed height rising from 120 to 1200 min, 360 to 
2640 min, 1800 to 4800 min, respectively. Reducing the height 
of the bed decreases the mass of the bed, potentially leading to a 
smaller mass transfer zone and a slower diffusion rate of metal 
ions. In contrast, when comparing three different bed heights, the 
taller bed provides a larger mass transfer zone with an abundance 
of active sites. According to Table 2, a greater bed height broadens 
the mass transfer zone, leading to improved breakthrough and 
exhaustion times. As a result, a larger quantity of wastewater can 
be efficiently treated.

Mathematical Modeling of Breakthrough Behavior
Thomas Model
The paragraph explains that the process of mass transfer during 
adsorption is not only limited to chemical reactions and is affected 
by minimal diffusion resistance. In Figure 3, the Thomas model 
is presented, with the plot showing ln[(C0/Ct)-1] versus t, which 
allows for the determination of kTh and q0. The study’s regression 
coefficient, R2, indicates that the experimental data fits well when 
the height of the bed is increased. The values of kTh are -0.0025, 
-0.0026 & -0.2001 for bed height of 2.5, 5 & 7 cm respectively. 
For a bed height of 7 cm, the R2 value was 0.9767. This suggests 
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that as the bed height increases, the value of kTh decreases while 
q0 increases, which is consistent with previous findings. 

                                                 (a)

   (b)

(c)

Figure 3: Thomas Isotherm for Bed Height (a) 2.5, (b) 5 and 
(c) 7 cm

Yoon-Nelson Model
When the bed height is set at 2.5 cm, 5 cm & 7cmt he values of 
KYN and τ indicate that the 50% breakthrough time (τ) increases 
as the bed height increases, while the rate constant, KYN, remains 
constant. The longer 50% breakthrough time signifies that 
adsorption will persist for a longer duration due to the presence 

of a larger retention space. The regression coefficient, R2, indicates 
a good fit of the data set to the model (R2 ≥ 0.97). However, this 
model is more suitable for larger bed heights.

In Figure 4, the Yoon-Nelson model is presented, with the plot 
showing ln(Ct/Co-Ct) versus t, which allows for the determination 
of KYN. The values of Yoon-Nelson constant kYN are 0.568, 0.3116 
& 0.0017 for bed height of 2.5, 5 & 7 cm respectively. The values 
of τ for bed height of 2.5, 5 & 7 cm are 720, 1560 & 3000 min 
respectively.

(a)

(b)

(c)

Figure 4: Yoon-Nelson isotherm for bed height (a) 2.5, (b) 5 & 
(c) 7cm
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Conclusion 
This study was carried out to investigate the use of fixed bed 
adsorption column to treat methylene blue dye wastewater 
using a magnetic biochar synthesised from paper mill sludge. 
According to the isotherm studies, results reveal that the Yoon-
Nelson isotherm is the best model to illustrate the adsorption 
mechanism. The evaluation of fixed bed column performance 
involves numerous parameters, including flow rate, adsorbent 
quantity, and adsorbent particle size. The study findings indicate 
that increasing the adsorbent dose in the column improves the 
bed’s adsorbent capacity. Based on Thomas model results kTh 
(Thomas rate constant, mL/min mg) and qe (adsorption capacity, 
mg/gm) increases -0.0025, -0.0026 to -0.2001 & 2.4504, 3.7254 
to 5.5771 for bed height 2.5, 5 and 7 cm. For Yoon-Nelson model 
kYN (Yoon-Nelson rate constant, h− 1) and τ (50 % breakthrough 
time, min) is calculated 0.568, 0.3116 and 0.0017 & 120, 360 to 
1800 for adsorbent bed height 2.5, 5 and 7 cm respectively. Yoon-
Nelson model fitted best for the experimental data approximately 
R2 value of 0.96 against Thomas model R2 value of 0.95. Hence, 
it can be concluded that fixed bed column with MBC performed 
best with higher bed height & adsorption process is limited by 
film & pore diffusion.
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