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Graphical abstract 

 

Abstract 

Hazardous metal chromium is used extensively in many 
different industrial processes and is commonly found in 
industrial effluents. Hazardous pollutants such inorganic 
anions, metal ions, synthetic xenobiotics, and others have 
contaminated ground and surface waters in India and 
other parts of the world as a result of continued industrial 
expansion and agricultural development. This study uses 
betel seed powder and a fixed bed reactor (FBR) 
technology running at room temperature to extract 
chromium (VI+) from a synthetic water environment. The 
fixed-bed research included significant experiments such 
as the development of breakthrough curves (including the 
effects of starting Cr (VI+) concentration, BSF size, and 
flow rate) and bed-depth service time (BDST) approach. 
Betel Seed Powder was used as a biosorbent to remove Cr 
(VI+) from aqueous solution. The effects of several 
variables, including bed height (2.5, 5.5, and 7.5 cm), flow 
rate of 40, 60, and 100 ml/min, were investigated at an 
influent pH of 6.5. It was shown that as bed depth, flow 
velocity, and starting concentration rose, so did the 
exhaustion time. The biosorptive capacity of betel seed 
powder in fixed bed reactor tests was approximately 8–9 
times higher than that of betel seed powder in continuous 
stirred batch reactor study. For the removal of Cr (VI+) by 
BSF, the BDST method achieved a higher bed efficiency of 

98.9% and was ideal. The biosorptive ability of BSP was 
found to be highly correlated with the initial Cr (VI+) 
concentration (No = 0.089Co). 

Keywords: Chromium (VI+), betel seed powder, column 
bed study, service time in bed, biosorption volume 

1. Introduction 

The modelling results demonstrated that the film-
diffusion based model was adequate for fitting the lab-
scale data as well as for modelling the large-lab 
breakthrough curves of Cr (VI) elimination using both 
uncoated and coated biomass. In recent years, many 
biological and physiochemical methods have been utilised 
to remove Cr (VI+) from water, including reverse osmosis, 
ion exchange, electrodialysis, and others. Because of the 
slower reduction rate, complicated methods, and 
expensive alleged operations, researchers were still keen 
to discover a solution. Heavy metals in wastewater still 
constitute a significant difficulty for selecting the optimal 
technology for treating industrial and urban effluents in 
wastewater treatment plants. Hexavalent chromium, Cr 
(VI), is a very dangerous chemical due to its high solubility, 
mobility, and oxidation potential as well as its 
bioavailability. It finds heavy metals and offers 
information on their content and level of toxicity in the 
water Environmental pollution caused by both organised 
and unstructured industrial expansion, poor effluent 
treatment due to ignorance and subpar treatment 
facilities, and environmental contamination pose a serious 
threat to global health today (Gokulan R. et al., 2022). 
Chromium (VI) is ranked 16th on the Agency for Toxic 
Substances and Disease Registry's priority list (ATSDR) 
(Zhike Wang Cunling et al., 2013). 

Fixed bed reactors have substantially higher heat 
exchange efficiency than fixed beds and better 
temperature control due to turbulent gas flow and quick 
circulation. Despite being widely used across a wide range 
of sectors, traditional fluidized beds have a number of 
disadvantages (Blanco C et al., 2021). Slugging, bubbling, 
elutriation, and channelling have a major detrimental 
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effect on the effectiveness and quality of large and deep 
gas-solid fluidized beds when gas velocities are higher 
than the minimum fluidization velocity. Fluidized bed 
reactors offer a much higher efficiency in heat exchange, 
compared to fixed beds, and better temperature control, 
due to the turbulent gas flow and rapid circulation. The 
removal efficiency of Chromium ions increases, while 
treating the effluent with adsorbent like betal seeds etc 
One of these physical methods, adsorption, is mainly 
employed to remediate wastewater. Matching the 
activated carbon or charcoal's pore size to the size of the 
gas molecule you want to adsorb is the first step in 
increasing efficiency. More so than pore size or adsorption 
efficiency, the choice between a powder and granular 
product relies on the application or usage (such as batch 
vs column mode). Granular and powder kinetics, however, 
will be very different, with powdered carbon having far 
better kinetics than granular. Granular activated carbon, 
on the other hand, may frequently be regenerate whereas 
powdered activated carbon cannot. Matching the carbon 
pore size to the size of the gas molecule you want to 
adsorb is the first step in increasing efficiency.  

Simple, affordable, and ecologically responsible is 
biosorption. Numerous adsorbents, such as activated 
carbon, chitosan, polymeric resins, and other clay-based 
adsorbents, are used for the adsorption of organic 
pollutants (Gokulan R et al, 2021). One that can be made 
at low temperatures (600 °C) is the low-cost adsorbent. 
Mass yield falls as production temperature rises, and mass 
efficiency values in the range of 50% are recommended. 
Larger values are not very important because a specific 
surface on the order of 600 m2/g will be sufficient. The 
same holds true for active carbon. Furthermore, if the raw 
material is free (as is the case with food waste), the cost 
price may be greatly decreased Each strategy has benefits 
and drawbacks. For instance, membrane filtration is 
thought to be relatively costly but also highly effective in 
removing heavy metal ions without the need for 
additional room. Although coagulation is said to be a 
cheap process, it uses a lot of chemicals. Because it is so 
easy to use, adsorption is thought to be one of the most 
practical and efficient ways to remove pollutants from 
wastewater effluents. 

Details about the pollutants, treatments, applications, and 
processes are taken into account. One of the heavy metals 
with practical applications is chromium (VI+), which is 
utilised in the production of stainless steel, metallurgy, 
the creation of batteries and super alloys, and 
electroplating (Sharma Mona et al., 2011). In other words, 

as the depth of the reactor grows, so does the removal 
efficiency of the heavy metal concentration, or vice versa. 
The depth parameters are directly related to the removal 
efficiency of the impurities in the reactor. While the 
effluent is being treated with an adsorbent, the 
effectiveness of heavy metal removal rises. Using a 
dynamic technique that would enable industrial-scale 
treatment, column biosorption experiments were carried 
out to enhance the generation of cleaner effluents and to 
better understand the fundamental processes involved in 
the removal process (Vivek Sivakumar et al., 2022). When 
compared to efficiency without the pretreatment, the 
reactor's efficiency rises by 28.1%. 

The theoretical breakthrough curve generation, the bed-
depth service time (BDST) approach, the empty bed 
contact time (EBCT) model implementation, the 
assessment of movement mass-transfer zone (MTZ) 
through multiple ports in FBR, and the generation of 
breakthrough curves were all a part of the fixed-bed 
studies. By modifying the cuts and gradients throughout 
the height of the column, the geometry is changed to 
enhance flow rate (speed). Recent research have 
optimised bed height.  

2. Materials and methods 

2.1. Biosorbent 

Areca Catechu, often known as betel seed from a far-off 
field, betel seeds are harvested, dried, and then 
powdered after the seed coat has been removed. These 
powdered seeds are cleaned to eliminate any impurities 
before being sieved to a certain size. Future studies will 
employ the purified seed powder, which is kept in an 
airtight container as the biosorbents. After being 
repeatedly washed in clean water to remove debris and 
dust, the betel seeds were collected and air-dried for 
seven days. The sample, which had previously been air-
dried, was subsequently dried in an oven at 75 °C for 24 
hours to prevent cell denaturing (Selvakumar et al., 2022). 
The oven-dried sample was ground to a fine powder using 
a grinding machine. It was sieved through many sieves 
with mesh sizes ranging from 95 to 450 m to get 
microscopic particles, and it was then put in desiccators 
for subsequent usage (Chan et al., 1991). Without the 
requirement for extra chemical processing, Cr (VI+) was 
removed using this material (Bhattacharya et al., 2019).  
The physiochemical properties of betel seeds are 
displayed in Table 1. 

 

Table 1. Physiochemical characteristics of betel seeds 

S.No. Parameter Result References 

1 pH range 3.12 APHA(2005)-4500 

2 Weight loss after washing with 1 litre of distilled water 3 % APHA (2005) – 5220B 

3 Bulk density, kg/m3 0.49-0.55 Ravidaran et. al., 2022 

4 Moisture content 60 % APHA (2005) – 2540F 

5 Specific gravity 1.27 APHA (2005) – 2710 D 

6 Nitrogen 2.4-7.1 % Chan et. al., 1991 

7 Porosity 0.21-0.36 % Lowry’s method 

8 Phosphorus 0.04-0.007 % Anthrone method 
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2.2. Reagents 

A stock solution with a concentration of 1000 mg/L Cr (VI) 
was made by dissolving 2.82 g of K2Cr2O7 in 1000 mL of 
double-distilled water. To get the required 
concentrations, the stock standard solution was 
sequentially diluted. All of the aqueous solutions were 
created using double-distilled water. The Cr (VI) content 
was examined in distilled water (Dabrowski et al., 2004). 
The distilled water was found to have an electrical 
conductivity of 2.76 S/cm, an average pH of 6.54, and a 
density of 981 kg/m3. The initial pH was modified using 
0.1 M soda (NaOH) and Hydrochloric acid (HCl) solutions. 

2.3. Study of Cr (VI+) 

Diphenylcarbazide, a complicated compound, and an 
excellent quartz cuvette with a route length of 10 mm and 
a maximum wavelength of 540 nm were utilised in the 
experiment. A spectrophotometric calculation was made 
to determine the amount of residual chromium (VI+) ions 
present in the effluent. It is feasible to measure the 
concentration of chromium (VI+) in water using 
spectrophotometry, Diphenylcarbazide as the reagent, 
and a maximum wavelength of 540 nm at pH 1 
(Thangavelu et al., 2022). All organic material was 
destroyed by acid digestion, and biological and organic 
materials were removed; only the remaining inorganic 
material needed to be taken into account for potential 
interference. The results of the experiment showed that 
Cr could be detected using 0.0015% Diphenylcarbazide 
(VI+). According to all of the research, the experimental 
error was determined to be between 3 and 5% (Forstner 
et al., 1979). Using soil samples that have undergone an 
H2O2-treatment, desorption studies are also conducted to 
determine how organic matter affects desorption. It has 
been demonstrated that reducing organic matter 
considerably increases the amount of desorption 
(Ravidaran et al., 2022). 

2.4. Column studies 

On a column, hexavalent chromium biosorption tests 
were carried out at ideal pH 2.5, bed height, flow velocity, 
and initial chromium concentration (Rengaraj et al., 2001). 
Calculating the breakthrough time requires the 
breakthrough curve to be present. To compute the 
breakthrough time, the breakthrough curve must be 
determined. We may do this by running a column with an 
arbitrary diameter and length and then calculating the 
actual capacity and length of the equilibrium section. The 
diameter and length can be recalculated using these 
parameters. In order to do this, we can run a column with 
any diameter and length to determine the real capacity 
and length of the equilibrium section. The diameter and 
length may be recalculated using those factors. The glass 
fixed-bed column was 20 cm tall with an inside diameter 
of 1 cm. Using different starting adsorbent concentrations 
(10, 20, 40, and 60 mg/l) and sorbent bed heights (6, 12, 
and 18 cm, respectively), column research was conducted 
at 30°C and pH 2.5. The flow rate through the column was 
set at 50, 80, or 100 mL/min. Effluent samples were 

regularly collected to determine the level of hexavalent 
chromium in the solutions (Manoj et al., 2022). The level 
of concentration changes with time in a fixed-bed column 
investigation. Fixed-bed studies are used to determine the 
bed biosorption capacity, which is distinct from the 
biosorption capacity determined by batch experiments 
and isotherm plots. The starting doses are often 
determined by doing batch tests. In some circumstances, 
the concentration of the raw effluents will be taken into 
account when determining the ideal value. 

The flow in the fixed-bed column was continuously 
maintained after the concentration of hexavalent 
chromium in the effluent and influent reached parity 
(Sapna et al., 2022). The separation characteristics are 
significantly influenced by particle size. As the diameter of 
the column is decreased or as the height of the bed is 
raised, the minimum flow velocity rises. These patterns 
demonstrate how wall size affects bed height and flow 
rate. The heavy metal content of the solution is relatively 
secondary data except for determining the overall 
concentration that can be mobilized.  

The effectiveness of the biosorption process dictates how 
quickly the process moves forward. Biosorption capacity is 
proportional to the concentration of adsorbate on the 
adsorbate surface. The more effective an adsorbent is in 
removing pollutants, the higher its biosorption capacity 
(measured in mg/g or mmol/g). The adsorption isotherm's 
form represents the affinity of the adsorbate for the 
adsorbent and sheds light on potential interactional 
mechanisms. Both of the observed isotherms fall into the 
category of L curves for liquid-solid adsorption systems. 
To establish the best biosorption conditions 
mathematically, the breakthrough curve of each metal 
must be determined in order to analyse the system's 
operation and dynamic reaction. 

2.5. Analytical techniques 

A colorimetric method was used to ascertain the samples' 
Cr (VI) content. The pink complex formed at 540 nm by 
1,5-diphenycarbazide and Cr (VI) was measured using a 
UV-visible spectrophotometer. It finds heavy metals and 
gives information on their content and toxicity in the 
water. controlling the feed temperature and the column 
bed temperature using small-scale columns and water 
baths. To regulate the temperature, heating tapes with a 
regulator can also be wrapped around the column. 

2.6. Column data analysis 

The fixed-bed column's effectiveness was shown by the 
breakthrough curves. A breakthrough's development 
period and the shape of the breakthrough curve play key 
roles in determining how well a sorption column functions 
and how it responds dynamically. Alkaline or acidic 
environment as well as temperature has the most 
important role in enhancing the sorption capacity of 
heavy metals. An essential component of the entire 
adsorption process is the adsorbent's point of zero 
charges (pzc). The surface charge is related to the zeta 
potential rather than the zero-point charge. If the zeta 
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potential is negative, the surface charge is positive, and 
vice versa. Because it enables you to alter the total 
surface charge density of the adsorbents opposite to that 
of the adsorbate, pH maintenance is essential to getting 
the maximum adsorption rate. The effluent concentration 
(Ct) from the column that reaches around 0.1% of the 
influent concentration (C0) is the breakthrough 
concentration. The shape of the sorption isotherm 
describes the affinity of the sorbate towards the 
adsorbent and provides insight into the possible 
mechanism of interaction. Both isotherms observed can 
be classified as L curves according to the classification for 
liquid-solid adsorption systems. When the effluent 
concentration hits 95%, that is when the "point of column 
exhaustion" occurs. For a certain bed depth, the 
breakthrough curve is often represented as Ct/C0 as a 
function of time or effluent volume. Running the column 
with illogical values will provide a general notion of how 
to set the parameters. The length and diameter of the 
fixed bed column will be optimised using the ground-
breaking analysis. 

Additionally, a variety of factors, such as flow velocity, size 
of the sorbent, sorbate concentration, isotherm type, 
temperature, pH, and others, affect each FBR system's 
breakpoint appearance. The kinetic energy of molecules 
rises with temperature due to the random motion of 
molecules in fluids and the increase in vibrations in solids. 
The random movement of molecules in fluids and the 
increase in vibrations in solids cause the kinetic energy of 
molecules to increase with temperature. This could result 
in increased collisions between the substances molecules 
and other surfaces. This can lead to more interactions 
between the molecules of the drug and other surfaces. 

For precise flow rate selection in several FBR experiments, 
effluent flow data for betel seeds of various diameters 
with a depth of 30 cm were employed.  The fixed beds' 
apparent or actual radial biosorption is improved by flow 
across the porous bed. Plastic pipe media will enhance the 
porosity of the media in the reactor by increasing the 
adsorbent's ability to cling to it. 

The observed effluent flows ranged from 91 to 218 
millilitres per minute (for 0.32 mm size) and from 221 to 
324 millilitres per minute (for 0.32 mm size) (for 0.6 mm 
size). An appropriate movement rate of 60 ml/min was 
established for the sorption of Cr (IV+) by varied sizes in 
FBR because the discharge flow rate was sharp even at a 
30 cm depth of the size of the sorbent (0.13 mm). 
Biosorption capacity is related to concentration of sorbate 
on the sorbate surface, and the efficiency determines 
progress of biosorption process. The higher the 
biosorption capacity of the sorbent, the higher its 
efficiency for removing pollutants 

3. Result and discussion 

3.1. Removal of Cr (VI+) using fixed bed column 

The right concentrations of Cr (VI+) effluents were 
synthesised. Four columns with diameters of 5 cm and 
heights of 100 cm were employed in a laboratory setting 

for column operation. The formula below is used to 
determine the heavy metal's capability for biosorption; 

q= (Ci-Ce/m) * v,  

where Ci= initial concentration Ce= concentration at 
equilibrium (mg/L), v=volume (L), m= mass (g) 

A sand filter was positioned at the bottom of the column 
before charging the material in the bed, and the packing 
material was charged above it (Balaji et al., 2022). 
Langmuir, Yoon-Nelson, (BDST), Thomas, Elovich equation, 
the pseudo-first-order equation, and the pseudo-second-
order equation are a few that are used to support their 
findings models. Kinetic modelling is a technique that may 
be utilised while evaluating novel adsorbents. Sips, 
Dubinin raduskevich, and Freundlich may all be utilised for 
equilibrium modelling. 

Gravity was used to let the sewage flow through the bed. 
The flow was controlled by a needle valve. At the bottom, 
a collection of the treated effluent was made for analysis. 

3.2. Bed enactment with a diverse initial concentration 

In Figure 1, it was shown that the contact time (at 1.7% 
saturation level) is inversely related to the initial Cr (VI+) 
concentration. The biosorptive capacity (from service 
length and beginning Cr (VI+) concentration) fluctuates, as 
demonstrated by the graph. As the starting Cr (VI+) 
concentration increased (Figure 1), the service duration 
was shortened, and as a result, the biosorptive capacity 
increased linearly. This may be explained by the governing 
mass-exchange condition, which stipulates that the focus 
slope, the area opposing the mass transition, and the 
mass-transfer coefficient all affect the mass-transfer 
motion.  The sorption isotherm's form describes the 
affinity of the sorbate for the adsorbent and sheds light 
on potential interactional mechanisms. The categorization 
for liquid-solid adsorption systems allows for the 
classification of both observable isotherms as L curves. 
The depth parameters determine how well impurities are 
removed from the reactor, therefore as the depth of the 
reactor increases, so does the removal efficiency of heavy 
metal concentration, or vice versa. 

 

Figure 1. Performance of BED column for different initial - 

concentrations of Cr6+ 

A larger attention tendency is correlated with greater 
initial fixation. As a result, this important mass exchange 
driving force causes bed limit to advance more quickly 
than bed administration time. Additionally, a relationship 
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between Cr (VI+) starting concentration (C0) and 
biosorptive capacity (N0) was found and is shown in Eq. 1. 

 0.09 o oN C=  (1) 

3.3. Bed performance with particle size 

In an FBR operation, the biosorbent size significantly 
affects the bed porosity as well as the flow rate. As can be 
shown, the amenity time (at 1.8% capacity) decreases as 
the geometric mean particle size rises (Reynolds et al., 
1996). Because the experimental Reynolds number (Re) 
varied between 0.41 and 1.29 (with Wadell constant, = 
0.7, = 985 kg/m3, v = 1.15x10-3 m/s, particle sizes 0.32, 
0.6, and 1 mm, and = 0.113x10-3 Ns/2) the Wilson and 
Geankoplis correlation model (for Re between 0.0026 and 
65) can be used to explain the effect of particle size on Cr 
(VI+) removal in FBR. According to the model, 

( )2/3 1.09 / €d eJ xR −=  
(2) 

Where Jd is the dimensionless mass-transfer factor and € 
is either the bed void fraction or bed porosity 
(dimensionless). Jd values from Equation 2 range from 
2.12 (for a size of 0.32 mm) to 0.941 (for a size of 1 mm). 
Typically, batch tests will be utilised to identify the 
starting doses. In some circumstances, the concentration 
of the raw effluents will be taken into account to 
determine the best value. Controlling the temperature of 
the feed and the column bed with a small scale column 
and a water bath, heating tapes with regulators wrapped 
around the column can also be used to adjust the 
temperature. The relevant Jd values will somewhat rise as 
the bed porosity drops with a reduction in betel seed size, 
increasing the bed capacity of the betel seeds, even if the 
actual bed porosity was not available or evaluated. 

3.4. Bed performance with flow rate on breakthrough 
curves 

An unsteady-state condition develops when a solution is 
passed through a stationary sorber because the sorbent 
continuously absorbs more and more sorbate. The easiest 
method is to divide the volumetric flow rate (m3/min) by 
the fixed bed's cross-sectional area (m2). The sorption 
zone that is in equilibrium with the influent concentration 
moves downward as the solution flows downhill through 
the bed, continuing the flow. Figures 2–4 show that the 
period for BSP breakthrough and fatigue reduces with 
flow rate. As shown in Figures 2–4, the breakthrough 
point was achieved at flow rates of 40, 60, and 100 
ml/min in 75, 68, and 54 minutes, respectively. The times 
to exhaustion were, respectively, 270, 220, and 280 
minutes. An essential aspect of column operation and 
design in FBR research is the evaluation of the 
breakthrough curve, which is the plot of fractional sorbate 
concentration at any time t with regard to C0 vs. service 
time or contact time t. 

 

Figure 2. Breakthrough curves for diverse bed depths-40ml/min 

movement rate 

 

Figure 3. Breakthrough curves for changed bed depths- 

60ml/min movement rate 

 

Figure 4. Breakthrough curves for various bed depths at a flow 

rate of 100 ml/min 

3.5. Performance with bed height on Breakthrough 
Curves: 

In order to assess column performance, the bed height 
was changed between 6 and 42 cm while maintaining a 
constant flow rate and starting concentration. Calculating 
the breakthrough time requires the breakthrough curve to 
be present. In order to do this, we can run a column with 
any diameter and length to determine the real capacity 
and length of the equilibrium section. The diameter and 
length can be recalculated using those factors. The 
breakthrough curves at various bed height values are 
shown in Figure 5. Higher BDST values and bed heights 
were shown to enhance equilibrium capacity, removal 
percentage, and effluent volume. Figure 6 displays the 
effectiveness of the removal % of Cr6+ ions. 
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Figure 5. Bed depth Vs service time 

 

Figure 6. Overall Efficiency vs Absorbance 

4. Conclusion 

In a continuous experiment, as the bed height rose from 
2.2 to 6.5 cm, the removal % and time to breakthrough 
increased; the greatest adsorption capacity was attained 
at 6.5 cm. When the flow rate was decreased from 100 to 
40 mL/min, it took longer to reach the breakthrough; 
however, this time could be cut in half by increasing the 
concentration of the Cr (VI+) solution at the input. The 
biosorption model's strong match to the BDST was 
confirmed by the experimental data. The behaviour of Cr 
(VI+) biosorption in a continuous fixed-bed column system 
containing Cr (VI+) may thus be assessed using a model of 
this kind. During four cycles of regeneration research, it is 
necessary to investigate the operation and the dynamic 
response of the system in order to determine the 
breakthrough curve of each metal. The amount of 
biosorption was detected in subsequent cycles, revealing 
the distinct potential for re-utilization. 
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