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The accessibility of pure water is crucial for various human activities and is increasingly in demand

due to the growing global population. Among the water-polluting substances, heavy metals are
considered significant environmental threats regardless of the low concentrations, owing to their
non-biodegradable, highly persistent and toxic features. Adsorption stands as a proficient method for
the remediation of heavy metals in debt of its flexibility, reversibility, ability to produce high-quality
treated water, and the potential to regenerate the adsorbent. Adsorption can be achieved using
inorganic and organic adsorbents, using batch adsorption technique as well as the fixed-bed column
approach. The current investigation entailing a continuous adsorption approach in a fixed-bed column
was accomplished to appraise the Chromium [Cr(VI)] adsorption efficiency of three different adsorbent
materials (Activated charcoal, Sawdust, and Rice husk). The study also sought to understand the
impact of various operational parameters (flow rate, bed height and inflow metal concentration) on

Cr (VI) adsorption by breakthrough curve analysis for optimizing the different column parameters
required for a given heavy metal adsorption on a particular adsorbent. Activated charcoal used in the
columns adsorbed elevated concentrations of Cr (V1) from chromium-spiked water. The proficiency

of the employed adsorbents concerning the removal of Cr (V1) was in the order as follows: Activated
charcoal > Rice husk > Sawdust. Analysis of the breakthrough curves revealed that lower inflow

metal concentration, reduced inflow rate, and greater bed height of the material resulted in longer
breakthrough times, indicating the ability to treat larger volumes of water before saturation. The
breakthrough time for adsorption of Cr (V1) on sawdust ranged from 5.93 min to 11.85 min, while

for rice husk and activated charcoal, it ranged from 6.13 min to 12.04 min and 11.02-21.06 min,
respectively, under varying operational parameters. The optimal operational parameters aimed at
maximum Cr (VI) removal from an aqueous solution containing 30 mg L™ chromium are to maintain a
bed depth of 30 cm with a solution flow rate of 30 ml min'.. The per cent removal of the chromium onto
sawdust, rice husk, and activated carbon varied from 31.19 to 52.96%, 31.07-56.56%, and 37.71-
66.32%, respectively, under varying operational parameters. Although Activated charcoal adsorbs
higher Cr (VI) than the other two adsorbents, lower cost and easy availability of Sawdust and Rice husk
can be recommended for the adsorption of Cr (VI) under the specified operational parameters in this
column study. Furthermore, the study found that the derived R2=0.9476 demonstrated that the Yoon-
Nelson model best described the Cr (VI) adsorption following the fixed-bed column system.
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Globally, the number of anthropogenic activities has multiplied, placing enormous pressure on the planet’s
natural resources. The availability of high-quality water, whether for drinking or agriculture, is a foremost
concern for the entire globe. The extensive generation of wastewater has strained humanity apart from the
preponderance of limited water supplies, triggered by drought as well as resource misuse. A wide array of water
pollutants, organic as well as inorganic, makes the water unsuitable for human consumption and agricultural use.
The inorganic pollutants represent the most menacing of them, given in view of their tremendous toxicity and
non-degradable nature. Heavy metals, which are hazardous or deadly even at low concentrations, make up the
majority of inorganic contaminants. Natural elements with a density at least five times larger than that of water
and a high atomic weight (>20) constitute the heavy metal class. In response to various anthropogenic activities,
heavy metals, including lead, mercury, tin, arsenic, cadmium, and selenium, are delivered to the surroundings
and slowly accumulate in the nearby water and soil'~®. Unregulated human activity contaminates fresh water
supplies, which has an impact on the overall ecosystem. In general, heavy metals possess an exceptional
propensity to accumulate in the food chain as well as the human body and exhibit a strenuous disintegration
in the natural surroundings®®. The World Health Organization has put forward certain limits to the prevalence
of heavy metal ions in drinking water as follows: Lead (50 pg L™!), Cadmium (5 pug L™!), Chromium (50 pg
L1, Zinc (5000 pg L™1), Copper (1500 pg L~!), Cobalt (10 pg L™!), and Nickel (100 pg L1)°. Chromium (Cr)
is widely utilized in the electroplating, leather tanning, metal polishing, nuclear power plant, dying, textile,
and photographic sectors. The most prevalent stable forms of Cr range from oxidation levels of 2 to +6, where
trivalent and hexavalent comprise the most stable states”®. Cr (VI) can bio-accumulate in the human body and
trigger several health issues. This encompasses conditions distressing the kidneys, skin, gastrointestinal tract,
and nervous system, along with various malignancies in the lungs, testicles, throat, kidneys, bladder, thyroid,
and bones’. While Cr (III)- a cofactor is needed for insulin action and is demanded in minute quantities for the
metabolism of natural lipids and proteins!®-". Hexavalent chromium is a category I occupational carcinogen
in alignment with the 2018 International Agency for Research on Cancer study'*'>. Significant amounts of
Chromium are discharged into the soil, air, as well as groundwater through metallurgy, chemical and refractory
industries, which eventually perturb human as well as ecosystem health®. The maximum allowable limit for Cr
(VI) prevalence in drinking water is framed at 0.05 mg L™!, while for industrial effluents the limit resides at 0.1 mg
L% Therefore, to ensure a healthy environment, it is imperative to eliminate heavy metals like Cr from wastewater
as well as potable water streams. Membrane filtration, Electrocoagulation, reverse osmosis, precipitation, ion
exchange, evaporation, advanced oxidation and adsorption can effectively eliminate the heavy metal ions
from wastewater. Given its efficiency, affordability, and green credentials, adsorption is regarded as the prime
intervention for decontaminating water'®-!?. Concerning the heavy metal removal, a range of locally accessible
resources might be employed. Because of the affordable, cost-effective, and regenerable characteristics, low-cost
adsorbents entailing natural biomaterials, agricultural wastes, in conjunction with industrial by-products, are
acknowledged to encourage the removal of heavy metals®. Various interventions assist the interplay between
adsorbate-adsorbent molecules in an adsorption system. Such interventions encompass continuous fixed-bed,
continuous fluidized bed, continuous moving- bed and pulsed bed techniques. The employment of fixed bed
columns presents significant advantages for the exclusion of various contaminants, particularly heavy metals,
from natural as well as synthetic solutions. This method is not only effective but also practically applicable
in addressing such contamination issues. Different adsorbents, bed height of the adsorbent, inflow metal
concentration, and flow rate comprise a few of the operational characteristics that influence the heavy metal
adsorption process. To determine if various adsorption systems for the treatment of heavy metals in aqueous
systems are applicable, the impacts of these operational factors are assessed in column research. Breakthrough
curves illustrate the concentration of a contaminant in the effluent over time in a fixed-bed column and are
employed to appraise the efficacy of fixed-bed adsorption systems?*?!. The pattern of a breakthrough curve
follows an S-pattern and is influenced by the type of treated waste water?>?>. Models encompassing Adam-
Bohart, Yoon-Nelson, Bed Depth/Service Time, and Thomas & Clark are engaged to compute and appraise
the breakthrough behaviour in the adsorption of heavy metals. Although numerous studies have explored the
proficiency of low-cost adsorbents for heavy metal remediation, most of them have focused on batch adsorption
systems, which do not reflect the dynamics of real-time wastewater treatment. The data from the batch adsorption
study does not furnish a clear picture of scaling up the process and cannot be directly extrapolated to project
the behaviour of a fixed-bed column. On the other hand, the fixed-bed column approach is known to treat
wastewater with enormous pollutant loads and possesses a potential for scale-up at an industrial level?*. Given
this, the current study was conducted to appraise the comparative performance of these low-cost adsorbents
under identical fixed-bed column conditions, particularly against a standard like activated charcoal.

Materials and methods

The primary purpose of the current investigation was to ascertain the chromium adsorption behaviour using
various adsorbents and to determine the fundamental characteristics that may facilitate the design of a column
adsorption system for the treatment of chromium wastewater. A column study was conducted to comprehend
the Cr (VI) adsorption behaviour from synthetic water utilising various adsorbents.
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Generation of synthetic Cr-infused wastewater (adsorbate)

The preparation of the synthetic stock solution of Cr (VI) was done by dissolving a desired amount of potassium
dichromate in distilled water and its subsequent dilution to 1000 ml with double-distilled water to attain 30 and
60 mg L™! solution. The concentration of metal ions in the solution was appraised with the respective calibration
curve. The Cr (VI) calibration curve was generated using six working standard solutions that were prepared
from dilution of the corresponding stock solution. These working solutions were engaged for calibrating the
Atomic Absorption Spectrophotometer. The resultant pot of absorbance against Cr (VI) ion concentration was
engaged to build the standard curve. The acquired outlet samples from the column were analyzed at 357.9 nm
wavelength using an Atomic Absorption Spectrophotometer [ISO 9174:1998(en)].

Processing of adsorptive materials

In this experiment, three adsorbent substances, rice husk, sawdust, and activated charcoal, were used. Commercial
activated charcoal L.R grade was employed for the current study. Sawdust was acquired from a nearby joinery
mill, while rice husk was procured from a local agricultural farm at the Faculty of Agriculture, Skuast-Kashmir,
Wadura Sopore. The acquired adsorbents were first washed with tap water, followed by washing with distilled
water to destitute them of any soluble contaminants. The cleaned adsorbent materials were oven-dried at 70°C
for 24 h until constant weight and were pulverized into small particles using grinding mill. The ground adsorbent
material was sieved through a 300-micron sieve for homogenization of the adsorbent material. The processed
adsorbents were stored in air-tight polyethene for further laboratory analysis.

Fixed-bed column experiment

Column adsorption investigation was conducted in a PVC pipe of 24” length and 4” diameter. The adsorptive
materials of known weight were packed in the respective columns up to a height of 15 cm and 30 cm. Each bed of
the adsorbent was packed on the lower and upper ends of the pipe with 2.5 cm of glass wool to enhance the flow
distribution and to obstruct the adsorbent loss. The solution of metal ions possessing an initial concentration of
30 and 60 mg L™! of Cr (VI) ions was delivered through the column. The solution flow rate of 30 and 40 ml min™"
was maintained by providing a stop cork at the lower end of a fixed-bed column (Fig. 1). Aqueous solutions
comprising Cr (VI) metal ions were permitted to run for a total duration of 90 min, and the effluent samples
were collected at regular intervals of 10 min from the column outlet. The effluent Cr (VI) ion concentration was
then analyzed with an atomic absorption spectrophotometer (AAS). The experimentation was accomplished at
room temperature in three replicates, and the average data were utilised to plot the effluent Cr ion breakthrough
curves.

Breakthrough curve analysis

A breakthrough curve demonstrates a plot of the proportion of effluent metal concentration to influent metal
concentration in the sample over a time period from the commencement of flow and was employed to characterize
the performance of the employed fixed-bed column (Fig. 2). In the current study, the breakthrough time was
acquired after the effluent concentration attained up to 5% of its initial value. Furthermore, the bed height,
inflow metal concentration, adsorptive material, and flow rate were all taken into account while determining
the biosorption breakthrough curves. The determination of total metal ion adsorbed (in mg) by the column was
appraised by calculating the area under the plot of the metal ion concentration using numerical integration as:

t=total
QA Q
q= = C, —Cy)dt
1000 1000 J ,_, ©, )
Inflow metal
concentrations:
30 mg/Itr
A 60 mg/itr
E Bed Heights: Sawdus'l
E 15cm Activated charcoal
= 30cm Rick husk

Flow rates:

30 mi/min
40mi/min

J

Fig. 1. Schematic representation of a fixed-bed column experiment.
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Fig. 2. Breakthrough curve profile.

Where Q stands for solution flow rate (ml min~!); C, implies influent concentration (mg LY C, denotes effluent
concentration at time t; while A illustrates the area underneath the breakthrough curve starting from time 0 to
time t.

The appraisal of total metal ions delivered to the column (M, ) was carried out using the equation:
Co Qt
Miotar = total
rotal 1000

The percent removal of Cr (VI) ions was computed using the formula:

Total Removal (%) = ;{207“” x 100
total

The assessment of the mass transfer zone (MTZ-cm) was executed as:

MTZ — (ttotal _tb) % 7

ttotal

Modelling of column adsorption

Data gathered during practical laboratory work can help design full-scale adsorption columns. The projection
of the breakthrough plot or the concentration-time plot for the effluent is necessary for the proficient design of
a column adsorption system. Numerous mathematical models have been created to characterise the efficacy of a
fixed-bed column and to upscale it to an industrial extent. Thomas, Adam-Bohart and Yoon-Nelson models were
engaged to elucidate the dynamic behaviour of the columns in the current research effort.

Adams-Bohart Model: This model is backed by the assumption that the adsorption rate is directly
proportional to adsorption capacity as well as the leftover concentration, Bohart and Adams?’. The mathematical
representation is given as:

Ci

Z
C—OzeprABCot— KABNOF

Where C, represents the left-over metal concentration as a function of time; K, , represents the kinetic constant
(1/mg min), N_ denotes saturation concentration (mg L71); Z illustrates the bed height of a fixed-bed column,
and F represents superficial velocity (cm min™").

Yoon-Nelson Model: The model relies on the fact that the rate at which the adsorption probability drops for
every adsorbate particle entails a direct relation to the likelihood of adsorbate breakthrough on the adsorbent
surface, as well as adsorbate adsorption Yoon and Nelson?®. The equation is represented as:

C
ﬁ :eXp(KYNt—TKYN)

Where Ky, denotes the Yoon-Nelson rate (min~') and 1 represents the time required for 50% breakthrough
(min).
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Fig. 3. Breakthrough plots of chromium adsorption using various materials at bed height 15 cm, flow rate
30 ml/min and inflow metal concentration of 30 mg/litre.
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Fig. 4. Breakthrough profile of chromium adsorption using distinct adsorptive materials at bed height 15 cm,
flow rate 40 ml/min and inflow metal concentration of 30 mg/litre.

Results and discussions
Performance of a fixed bed column for cr (VI) adsorption

A) Comparative performance of adsorbent materials

The impact of different adsorbent materials on chromium adsorption was appraised through breakthrough
curves at a particular set of other operational parameters and is illustrated in Figs. 3,4, 5,6, 7, 8,9 and 10. A slower
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Fig. 5. Breakthrough plots of chromium adsorption by various materials at bed height 30 cm, flow rate 30 ml/
min and inflow metal concentration of 30 mg/litre.
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Fig. 6. Breakthrough plots of chromium adsorption by different materials at bed height 30 cm, flow rate 40 ml/
min and inflow metal concentration of 30 mg/litre.

breakthrough time was observed for activated charcoal as compared to rice husk and sawdust, irrespective of the
breakthrough curves studied with changing operational parameters. The breakthrough time for adsorption of
Cr (VI) on sawdust ranged from 5.93 min to 11.85 min, while for Cr (VI) adsorption onto rice husk ranged from
6.13 min to 12.04 min under different operational conditions. Activated charcoal showed a later breakthrough
time and exhibited a range of 11.02-21.06 min under varying operational parameters (Table 1). The slower
breakthrough time of activated charcoal as compared to that of rice husk and saw dust indicates the higher
efficiency of activated charcoal in terms of the Cr (VI) metal adsorption under study. The percent removal of
the chromium onto sawdust, rice husk, and activated carbon varied from 31.19 to 52.96%, 31.07-56.56%, and
37.71-66.32%, respectively. The overall picture of the findings demonstrates a higher removal efficiency of Cr
(VI) onto activated carbon in contrast to other appraised adsorbents (Fig. 11). The order of efficiency of these
materials can be put as Activated Charcoal > Rice Husk > Sawdust. Activated carbon is recognized as a highly
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Fig. 7. Breakthrough profile of chromium adsorption by various materials at bed height 15 cm, flow rate
30 ml/min and inflow metal concentration of 60 mg/litre.
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Fig. 8. Breakthrough profile of chromium adsorption by different materials at bed height 15 cm, flow rate
40 ml/min and inflow metal concentration of 60 mg/litre.

proficient adsorbent in debt of its enormous surface area-to-volume ratio, enhanced durability, substantial
porosity, non-toxic nature, and chemical stability?”. A larger surface area generally means more adsorption sites,
which enhances the proficiency of activated carbon to adsorb molecules. However, the high cost involved in the
production and regeneration of exhausted commercial activated carbons, the adsorption of heavy metals using
commercial activated carbons is not economical for use in wastewater treatment in underdeveloped countries?.
Numerous studies have reported the use of carbon nanotubes, cellulose nanofibers, zeolites, agricultural as well
as industrial waste products, powdered or granular activated carbon and modified activated carbon as adsorbents
for heavy metal adsorption?®. A common adsorbent among them was activated carbon (AC), which has a high
capacity for adsorption because of its porous structure and surface chemical moieties. Additionally, because the
precursor, heating temperature, and activation technique may all be changed, AC was referred to as a flexible
adsorbent®. In addition, the activated carbon has been engaged to remove Cr, Cd, Cu, Ni, Hg, and Pb from
wastewater and demonstrated an adsorption capacity of 5.95 mg/g to 10.3 mg/g*'~%*. The edge of rice husk for

Scientific Reports |

(2025) 15:26876 | https://doi.org/10.1038/s41598-025-12076-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

on- Materials > +—
s Saw dust —
080- — Activated charcoal /

05- = Rice husk

0 0 X W o N 6 0 0 %
Time (minutes)

Fig. 9. Breakthrough plots of chromium adsorption using distinct adsorptive materials at bed height 30 cm,
flow rate 30 ml/min and inflow metal concentration of 60 mg/litre.
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Fig. 10. Breakthrough profiles of chromium adsorption with various adsorptive materials at bed height 30 cm,
flow rate 40 ml/min and inflow metal concentration of 60 mg/litre.

metal adsorption over sawdust might be attributed to its rich silica content, which constitutes about 75-90% of
its organic matter, enormous surface area, and chemical stability**%. The engagement of rice husk for adsorption
of Zn** and Pb?* ions revealed a maximum adsorption capacity of 19.617 and 0.6216 mg/g and percent removal
of 70% and 96.8% for Zn?* and Pb?*, respectively™.

B) Influence of inflow metal ion concentration

The impact of inflow metal concentration on Cr (VI) adsorption was appraised using breakthrough curves, as
depicted in (Figs. 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22 and 23), irrespective of changing other operational
parameters like Bed height, flow rate and adsorbent material. The results elucidated that the breakthrough
time was earlier for higher inflow metal concentration than for lower inflow metal concentration. Earlier
breakthrough time was observed for 60 mg L™! inflow metal concentration than the 30 mg L! inflow metal
concentration. The breakthrough time for Cr (VI) adsorption varied from 10.93 min to 11.27 min for sawdust,
11.19 min to 11.49 min for rice husk and from 13.60 min to 11.71 min for activated carbon with an increase in
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Adsorbent Z (cm) fnl:lmin“) (Cﬁ’.gL-l) t,-5% (min) | % Removal | Z, (cm)
15 30 30 10.93 37.40 13.18
30 30 30 15.93 42.78 28.02
15 40 30 10.69 31.19 13.22
15 40 60 10.89 32.61 13.19
Saw Dust 15 30 60 11.27 36.58 13.12
30 30 60 11.85 52.96 26.05
30 40 30 10.60 32.92 2647
30 40 60 10.85 31.89 26.38
15 30 30 13.60 53.66 12.73
30 30 30 21.06 58.34 2298
15 40 30 11.02 37.71 13.16
Activated Charcoal 15 40 60 11.30 38.83 13.12
15 30 60 11.71 41.22 13.05
30 30 60 12.51 66.32 25.83
30 40 30 11.63 40.79 26.12
30 40 60 11.24 42.14 26.25
15 30 30 11.19 42.01 13.14
30 30 30 11.46 50.93 26.18
15 40 30 10.80 31.07 13.20
Rice Husk 15 40 60 6.76 39.31 13.87
15 30 60 11.49 40.19 13.09
30 30 60 12.04 56.56 25.99
30 40 30 6.13 35.51 27.96
30 40 60 10.99 34.21 26.34

Table 1. Column parameters for cr (VI) adsorption onto different adsorbents.
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Fig. 11. Comparative performance of various adsorbents for Cr (VI) adsorption in a fixed-bed column.

inflow metal ion concentration from 30 mg/ltr to 60 mg L™! (Table 1). The percent removal exhibited a range
of 37.40-36.58%, 42.01-40.19%, and 53.66-41.22% for sawdust, rice husk, and activated carbon, respectively.
The observed difference might be accredited to the amplification in the influx concentration which creates a
stronger driving force and accelerates the mass transfer process. At elevated inflow metal concentration, the
number of metal ions drifting in the fixed-bed column at a given time increases. Consequently, the adsorption
attained a quick saturation, thereby directing to a shorter breakthrough as well as exhaustion time in response
to an escalation in Cr (VI) inflow concentration. A similar dependence has been put forward by Syeda et al.¥’.
A drop in inflow Cr (VI) concentration furnishes an extended breakthrough time. This might be because the
proportion of metal ions accessible for binding sites at low inflow concentrations is less which eventually results
in less metal adsorption®. Conclusively, it can be inferred that the adsorption of heavy metal decreases with
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Fig. 12. Breakthrough profile of chromium adsorption at varying inflow metal concentration adsorbed on
sawdust at bed height 15 cm and flow rate 30 ml/min.
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Fig. 13. Breakthrough plots of chromium adsorption at varying inflow metal concentration adsorbed on
sawdust at bed height 15 cm and flow rate 40 ml/min.

increasing the heavy metal concentration in this column study. The breakthrough time and saturation time
decrease with increasing concentration connoting adsorption is very fast, due to the large driving force produced
by the chromium concentration gradient between the liquid phase and the adsorbent surface. A large amount of
chromium ions in the system quickly depletes the active sites of the adsorbent, causing saturation on the column
in a short time*. Kapur and Mondal*’ examined the breakthrough curves at a 2 cm bed height while varying
the copper and nickel ion concentration from 10 mg L™! to 30 mg L™".Due to the presence of more adsorbate
molecules at high concentrations, the adsorbent rapidly became saturated. They concluded that when feed
concentrations are reduced, the column can perform excellently in terms of adsorption. Because there are more
metal ions present at greater concentrations, adsorption is less effective. However, it has been acknowledged that
a shorter breakthrough time is acquired under high inflow concentrations in contrast to lower concentrations*!.
The enhancement in adsorption capacity with a higher influent concentration of Cr (VI) using magnetite-
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Fig. 14. Breakthrough profile of chromium adsorption at varying inflow metal concentration adsorbed on saw
dust at bed height 30 cm and flow rate 30 ml/min.
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Fig. 15. Breakthrough curves of chromium adsorption at varying inflow metal concentration adsorbed on saw
dust at bed height 30 cm and flow rate 40 ml/min.

impregnated PVH is likely on account of increased driving force resulting from elevated inflow concentrations,
which eventually assists in compensating the mass transfer resistance Hasan et al.%2.

C) Impact of solution flow rate

The impact of solution flow rate on chromium adsorption using various adsorbents is demonstrated using
various breakthrough curves and is illustrated in Figs. 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34 and 35. Slower
breakthrough time was acknowledged for columns experiencing 30 ml min™! of solution flow rate as compared
to the columns receiving metal solution at a flow rate of 40 ml min~". These inferences are backed by the evidence
that with a surge in solution flow rate, the breakthrough point is attained rapidly illustrating a drop in the
breakthrough time. This is because the retention period for adsorbate to achieve the higher adsorption was less
compared to a higher flow rate. The breakthrough time for Cr (VI) adsorption onto sawdust, rice husk, and
activated charcoal varied from 10.93 to 10.69 min, 11.19-10.80 min and 13.60-11.02 min, respectively, with an
increase in solution flow rate. The percent removal of Cr (VI) decreased from 37.40 to 31.19% using sawdust,
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Fig. 16. Breakthrough profile of chromium adsorption at varying inflow metal concentration adsorbed on
activated charcoal at bed height 15 cm and flow rate 30 ml/min.
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Fig. 17. Breakthrough plots of chromium adsorption at varying inflow metal concentration adsorbed on
activated charcoal at bed height 15 cm and flow rate 40 ml/min.

42.01% - 31.07% using rice husk, and 53.66% — 37.71% using activated carbon, with an increase in flow rate from
30 ml/min to 40 ml/min (Table 1). At lower solution flow rates, the increased interaction period of metal ions
and the adsorbent surface enhances the adsorbent-adsorbate interplay, resulting in a slower breakthrough curve.
Moreover, the low solution flow rate translates to a higher intra-particle diffusion on account of extended contact
duration in the adsorption system®. In contrast, the higher solution flow rates connote a more metal solution
through the adsorbent and illustrate an amplified number of metal ions in contact with the surface which
ultimately results in a quicker interplay between the adsorbent-adsorbate system and an inadequate residence
time for the adsorption of metal ions*”. The elevated solution flow rates can cause the metal ion solution to exit
the bed prior to the arrival of equilibrium, therefore restricting the quantity of metal ions that can be effectively
adsorbed from the synthetic solution. With increase in solution flow rate, the external film diffusion mass
transfer resistance decreases which promotes quicker breakthrough time and bed saturation time. A lower flow
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Fig. 18. Breakthrough plots of chromium adsorption at varying inflow metal concentration adsorbed on
activated charcoal at bed height 30 cm and flow rate 30 ml/min.
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Fig. 19. Breakthrough profile of chromium adsorption at varying inflow metal concentration adsorbed on
activated charcoal at bed height 30 cm and flow rate 40 ml/min.

rate also encourages intra-particle diffusion due to longer contact time. These factors eventually resulted in
a higher removal efficiency at lower flow rates®’. Shanmugaprakash et al.* reported that with an increase in
solution flow rate, the breakthrough span declined, and the breakthrough followed considerably earlier with an
escalation in the solution flow rate. This might be accounted to prevalence of rapid mass transfer in response to
a higher flow rate, which in turn led to an increased removal of Cr (VI) ions across a unit bed height.

D) Impact of bed height

For studying the impact of the bed height on Cr (VI) adsorption, breakthrough curves were plotted forbed
depths of 15 and 30 cm separately for different operational parameters like solution flow rate and inflow metal
ion concentration, as presented in the Figures (36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47). The breakthrough
time for Cr (VI) adsorption onto sawdust, rice husk, and activated charcoal varied from 10.93 to 15.93 min,
11.19-11.46 min and 13.60-21.06 min, respectively, with an increase in bed height from 15 cm to 30 cm. The
percent removal of Cr (VI) increased from 37.40 to 42.78% using saw dust, 42.01-50.93% using rice husk,
and 53.66-58.34% using activated carbon, with an increase in bed height from 15 cm to 30 cm (Table 1). The
breakthrough curves indicated that the breakthrough time enhanced at elevated bed heights irrespective of other
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Fig. 20. Breakthrough profile of chromium adsorption at varying inflow metal concentrations adsorbed on
rice husk at bed height 15 cm and flow rate 30 ml/min.
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Fig. 21. Breakthrough plots of chromium adsorption at varying inflow metal concentrations adsorbed on rice
husk at bed height 15 cm and flow rate 40 ml/min.

operational parameters. The surge in bed heights results in an extended service time of the fixed-bed column.
The amplified service period with an escalation in bed depth might be accredited to the provision of a larger
surface area, the prevalence of enormous binding sites on the surface of adsorptive material and a longer time
for saturation by the metal ions. The prevalence of enormous adsorptive material results in a longer pathway for
the adsorption of metal ions. Consequently, the interplay of the metal-adsorbent system increases and thereby
promotes the delay in breakthrough as well as the saturation period of the fixed bed system*>*. These factors
direct to a higher adsorption capacity of a fixed-bed column at elevated bed heights with a delayed need for the
replacement of adsorbent material. The imprints of bed depth on the dynamic column efficacy were appraised
at an inflow Cr (VI) concentration of 100 mg L1, a solution pH of 1.16, possessing a solution flow rate of 5 ml
min~!. A taller bed height can also encourage a more uniform distribution and flow of the solution through the
adsorbent material and contribute to improving the overall functionality of the column. The assessment was
carried out at varied bed heights ranging from 1.2 cm to 3.2 cm*’. As the bed height increased, the slope of the
breakthrough plot marked a drop, leading to a larger mass transfer zone. The inferences concluded that with an
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Fig. 22. Breakthrough profile of chromium adsorption at varying inflow metal concentration adsorbed on rice
husk at bed height 30 cm and flow rate 30 ml/min.
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Fig. 23. Breakthrough plots of chromium adsorption at varying inflow metal concentration adsorbed on rice
husk at bed height 30 cm and flow rate 40 ml/min.

increase in bed depth from 1.2 to 33.2 cm, the exhaustion period of the column increased from 420 to 880 min.
In addition, an increment in effluent volume (2100 to 4400 mL) was observed with a surge in bed depth from
1.2 cm to 3.2 cm, owing to the prevalence of enhanced contact duration between Cr (VI) metal ions and the
magnetite-impregnated PVH.

Modeling of column adsorption

Kinetic modelling is instrumental in explaining and assessing the column studies at laboratory scale and to
upscale it further for industrial applications. In present experimentation, the acquired observations were
subjected to Thomas, Bohart-Adams, and Yoon-Nelson models to anticipate the efficacy of a fixed-bed column
with different adsorptive materials. To describe the first phase of the breakthrough profile, experimental
observations were applied to the Adams-Bohart adsorption model. This method concentrated on estimating
distinctive characteristics from the Adams-Bohart model, encasing the maximal saturation capacity (N ), and
the kinetic constant (K, ;). The results revealed that the Thomas and Adam-Bohart models didn’t describe the
experimental data and as a result the model parameters of Yoon Nelson model are only presented in the current
study. The breakpoint curve is often described with the employment of the Yoon-Nelson Model. The adsorbent’s
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Fig. 24. Breakthrough profile of chromium adsorption at varying flow rates adsorbed on saw dust at bed
height 15 cm and inflow concentration 30 mg/liter.
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Fig. 25. Breakthrough plots of chromium adsorption at varying flow rates adsorbed on saw dust at bed height
15 cm and inflow concentration 60 mg/liter.

kind, physical qualities, or any other details are not necessary for this model, which is used specifically for
single-component systems. Following the employment of Yoon-Nelson model, the rate constant values-K,
and the time needed for 50% breakthrough-t were calculated and are shown in Table 2. The results showed that
as flow rate and inflow metal concentration increased, the 50% breakthrough time T marked a significant drop.
The 7 values increased whereas Ky, values declined as the bed volume increased. Under the current operational
parameters of this column study, the values of R? of the two studied models revealed that the Yoon-Nelson model
possessed higher R-squared values and described the data very well and was best in anticipating the fixed-bed
column performance for adsorption of Cr (VI) in contrast to the Adam-Bohart model Table 3.

Conclusion

The continuous fixed-bed approach furnishes the most practical application for remediation of metal ions from
the aqueous solutions. In current study, the column study for standardising the operational parameters for Cr
(VI) adsorption onto different adsorbents as revealed by breakthrough curves depicted that higher Cr (VI)
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Fig. 26. Breakthrough plots of chromium adsorption at varying flow rates adsorbed on saw dust at bed height
30 cm and inflow concentration 30 mg/liter.
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Fig. 27. Breakthrough profile of chromium adsorption at varying flow rates adsorbed on saw dust at bed
height 30 cm and inflow concentration 60 mg/liter.

adsorption can be achieved with activated charcoal as compared with Rice husk and sawdust at 30 cm bed
height with a solution flow rate of 30 ml min~! and Cr (VI) metal concentration of 30 mg 1. An increase in
the adsorption of Cr (VI) was observed with an increase in bed height while a drop in Cr (VI) adsorption
was observed with an increase in inflow metal concentration and solution flow rate. The results of the current
study revealed that among the evaluated adsorbents, activated charcoal exhibited highest Cr (VI) removal
efficiency, reaching upto 66.32%, followed by rice husk (55.56%) and sawdust (52.96%). The breakthrough time
varied between 11.02 and 21.06 min, 6.13-12.04 min, and 5.93-11.85 min for activated charcoal, rice husk, and
saw dust, respectively, illustrating a higher adsorption capacity and delayed saturation for activated charcoal.
Although activated carbon showed higher adsorption efficiency, considering the cost and easy availability of
Rice husk as the second most efficient adsorbent in this study, the rice husk is the better option for adsorption
of Cr (VI) from aqueous solutions. The acquired observations from the column experiment were evaluated with
various mathematical models encompassing the Bohart-Adam, and Yoon-Nelson models at varying column
parameters. The results demonstrated that the Yoon-Nelson model exhibited a higher predictive performance
for Cr (VI) adsorption in a fixed-bed column in contrast to the Adam-Bohart model. Conclusively, the current
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Fig. 28. Breakthrough profile of chromium adsorption at varying flow rates adsorbed on activated charcoal at
bed height 15 cm and inflow concentration 30 mg/liter.
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Fig. 29. Breakthrough plots of chromium adsorption at varying flow rates adsorbed on activated charcoal at
bed height 15 cm and inflow concentration 60 mg/liter.

study highlights the potential of agricultural waste materials for efficient removal of Chromium ions from the
wastewater, thereby, fostering the concept of circular economy and waste to wealth.
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Fig. 30. Breakthrough profile of chromium adsorption at varying flow rates adsorbed on activated charcoal at
bed height 30 cm and inflow concentration 30 mg/liter.
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Fig. 31. Breakthrough profile of chromium adsorption at varying flow rates adsorbed on activated charcoal at
bed height 30 cm and inflow concentration 60 mg/liter.
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Fig. 32. Breakthrough plots of chromium adsorption at varying flow rates adsorbed on rice husk at bed height
15 cm and inflow concentration 30 mg/liter.
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Fig. 33. Breakthrough profile of chromium adsorption at varying flow rates adsorbed on rice husk at bed
height 15 cm and inflow concentration 60 mg/liter.
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Fig. 34. Breakthrough profile of chromium adsorption at varying flow rates adsorbed on rice husk at bed
height 30 cm and inflow concentration 30 mg/liter.
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Fig. 35. Breakthrough plots of chromium adsorption at varying flow rates adsorbed on rice husk at bed height
30 cm and inflow concentration 60 mg/liter.
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Fig. 36. Breakthrough plots of chromium at varying bed heights adsorbed on saw dust at flow rate 30 ml/min
and inflow concentration 30 mg/litre.
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Fig. 37. Breakthrough profile of chromium at varying bed heights adsorbed on saw dust at flow rate 30 ml/min
and inflow concentration 60 mg/litre.
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Fig. 38. Breakthrough profile of chromium at varying bed heights adsorbed on saw dust at flow rate 40 ml/min
and inflow concentration 30 mg/litre.
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Fig. 39. Breakthrough profie of chromium at varying bed heights adsorbed on saw dust at flow rate 40 ml/min
and inflow concentration 60 mg/litre.
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Fig. 40. Breakthrough plots of chromium at varying bed heights adsorbed on activated charcoal at flow rate

30 ml/min and inflow concentration 30 mg/litre.
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Fig. 41. Breakthrough plots of chromium at varying bed heights adsorbed on activated charcoal at flow rate

30 ml/min and inflow concentration 60 mg/litre.
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Fig. 42. Breakthrough plots of chromium at varying bed heights adsorbed on activated charcoal at flow rate
40 ml/min and inflow concentration 30 mg/litre.
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Fig. 43. Breakthrough profile of chromium at varying bed heights adsorbed on activated charcoal at flow rate
40 ml/min and inflow concentration 60 mg/litre.
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Fig. 44. Breakthrough profile of chromium at varying bed heights adsorbed on rice husk at flow rate 30 ml/
min and inflow concentration 30 mg/litre.
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Fig. 45. Breakthrough profile of chromium at varying bed heights adsorbed on rice husk at flow rate 30 ml/
min and inflow concentration 60 mg/litre.
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Fig. 46. Breakthrough profile of chromium at varying bed heights adsorbed on rice husk at flow rate 40 ml/
min and inflow concentration 30 mg/litre.
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Fig. 47. Breakthrough plots of chromium at varying bed heights adsorbed on rice husk at flow rate 40 ml/min
and inflow concentration 60 mg/litre.

15 30 30 0.082 37.542 | 0.85 | 0.0086 |47.707 |0.95 |0.075 42.003 | 0.87
30 30 30 0.069 43.626 | 0.86 | 0.084 52.232 | 0.94 | 0.068 49.583 | 0.92
15 40 30 0.073 34.033 | 0.76 | 0.077 39.410 | 0.88 | 0.076 33.708 |0.78
15 40 60 0.086 35.656 | 0.80 | 0.073 42.642 | 0.78 | 0.066 43.687 | 0.69
15 30 60 0.074 41.484 |0.76 | 0.071 45.378 | 0.77 | 0.070 44.711 | 0.75
30 30 60 0.058 55.606 | 0.75 | 0.046 71.097 | 0.65 | 0.058 58.370 |0.77
30 40 30 0.069 35.816 |0.79 | 0.078 41.488 | 0.91 | 0.077 36.824 | 0.88
30 40 60 0.086 35.288 | 0.82 | 0.068 45794 | 0.72 | 0.077 38.411 |0.76

Table 2. Model parameters for cr (VI) adsorption onto different adsorbents.
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S.No | Adsorbent Metal Ion | Removal Efficiency/Adsorption Capacity | References
L. Groundnut Shell Chromium | 81.6% 18
2. Arachis hypogea husk Chromium | 2.355 mg/g ¥
Chromium | 56.40% 50
3. Cashew nutshell Manganese | 53.09%
4., Sea-fruit-shell biomass Cadmium | 76.86% sl
. Nickel 99.23% 52
5. Nanocomposite cellulose hydrogel Cadmium | 99.36%
6. Hybrid granular activated carbon Mercury 92.31% 53
7. Tire-derived activated carbon (TAC) Lead 114.26 mg/g 4
Cadmium | 95.6%
8. Diphenylamine coordinated cobalt complex (Co-DPA) | Lead 99.5% 55
Chromium | 99.5%
9. Acid-modified Rice Straw Cadmium | 91.84% 6
Activated Charcoal 58.34%
10. | Rice Husk Chromium | 50.93% Present Study
Sawdust 42.78%

Table 3. Comparison with other related studies.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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