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Abstract

The current study evaluates the efficiency of a biosorbent produced from Areca
catechu waste (ACW) for removing chromium(VI) from both synthetic and indus-

trial water in a packed column system. ACW was initially activated with phosphoric
acid (H,PO,) and thereafter carbonized to make phosphoric acid activated Areca
catechu waste (PACW), where active sites were generated for the biosorption of
chromium(VI) ions from the aqueous phase. Biosorption performance of PACW was
measured under various operational conditions, where an equilibrium column capac-
ity of 12.03+0.08 mg/g was achieved at a continuous fluid flow rate of 2.33 mL/min.
Furthermore, the experimental data were analyzed utilizing the linear and nonlinear
forms of the Thomas, the Adams-Bohart, and the Yoon-Nelson models to evaluate
the various column parameters. The column capacities from linear and nonlinear
Thomas models were determined to be 11.74+0.16 and 12.31+0.16 mg/g, respec-
tively. A study on industrial wastewater obtained from the carpet dyeing industry
located in Jorpati, Kathmandu, Nepal, which contained 2.30 mg/L of chromium(V1),
indicated that PACW could successfully reduce the chromium(VI) to 0.10mg/L,
meeting the water regulatory standard as specified by the World Health Organization.
Therefore, the PACW investigated in this study demonstrates significant potential

for the removal of trace amounts of chromium from contaminated water in a packed
column setting.

1. Introduction

Water is one of the most vital components of human civilization, yet accessing unpol-
luted water has become a global worry in recent times [1]. Numerous pollutants and
potentially hazardous substances can be found in water [2], among which chromium
is the most dangerous [3]. The natural erosion of chromium-rich rocks and mineral
deposits often contributes to chromium pollution, whereas human-induced chromium
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pollution arises from various activities, particularly from metal polishing, leather tan-
ning, electroplating, and chromate preparation [4].

The common oxidation states of chromium in aqueous solution are chromium(lll)
and chromium(VI). However, the chromium(VI) state is significantly more unsafe
than the chromium(lll) state due to its carcinogenic and toxic behavior [1,5,6]. Con-
sequently, the WHO has recommended a limit of no more than 0.05mg/L of chromi-
um(VI) in drinking water [7]. There are various chromium(VI) removal methods that
have been utilized over the decades, which include ion exchange [8], electrodeposi-
tion [9—-11], chemical precipitation [12], and adsorption [13]. However, when dealing
with wastewater containing trace concentrations, these techniques contain draw-
backs such as incomplete removal, the necessity for advanced facilities, environmen-
tal challenges, and they are costly and inefficient [14,15]. Conversely, biosorption has
emerged as a viable alternative for treating wastewater containing chromium(VI) ions
from the aqueous phase [16].

Several plant-based materials [17—22] have been investigated over the past few
decades, which have demonstrated potential in batch systems for removing chromi-
um(VI) ions from water. These biomaterials contain phenols, carboxylic acids, and
esters as polyfunctional groups; however, these functional groups are ineffective at
biosorbing the metal ions due to their crystalline polymeric structure, hydrogen bond-
ing, and hydrophobic nature [23]. Therefore, a certain methodology that may alter the
surface of these biosorbents through either physical or chemical activation is neces-
sary for improving their biosorption ability [24].

Among the surface activation techniques, pyrolysis is one of the widely used
methods, which generates a carbonaceous compound from the biomaterial, in which
the material is heated in an oxygen deficient atmosphere to start thermochemical
breakdown, removing the inactive components from the material [25]. These syn-
thesized carbonaceous compounds may contain an enhanced surface area and
microporosity [26] besides the bioactive groups that can bind heavy metals such as
chromium [27,28].

The biomaterials can also undergo multiple treatment techniques [29-31], but
surface treatment with certain chemicals or chemical activation is found to be more
effective [32].

In the chemical activation methods, generally, the biomass is treated with com-
pounds like acids [33,34], bases [31], or salts [35]; however, the activation with acids
is determined to be more effective since it has shown to create greater surface areas,
microporosity, and functional groups [36], which is considered more favorable for the
biosorption of various metals from the water [37].

Quite a few researchers have evaluated the chromium(VI) removal efficiency of
various lignocellulosic materials obtained from the biological waste in the fixed bed
column [38-53]. Some researchers have previously utilized multiple parts of the A.
catechu plant [54-59]. However, to the best of our knowledge, Areca catechu waste,
specially its sheath, has not been explored as a biosorbent until now, which offers a
huge possibility in the removal of metals like chromium from water. A. catechu waste
highly comprises cellulose (57.3%), hemicellulose (13.3%), and lignin (22%) [60],
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which have different polyfunctional groups that, during the heat activation with H,PO, can potentially undergo functional
group and surface changes, providing active sites favorable for the efficient biosorption of chromium(VI). Moreover, A.
catechu has been grown in very high amounts in Nepal. During the refining of A. catechu, a large volume of garbage is
produced, which is normally dumped or biodegraded. As a result, the management of such a cast-off material to manu-
facture useful substances to remove toxic elements offers a viable alternative for A. catechu cultivators in elevating their
financial position and also for the fineness of the ecosystem. Therefore, the authors intended to synthesize biosorbent
from the readily available biological waste material by activating the A. catechu sheath with the acid, in which the process
does not produce any secondary sludge and does not involve any chemicals other than the acid itself. Consequently, the
goal of this research was to create a possibly low-cost, efficient, and biodegradable polymer capable of removing hazard-
ous metals like chromium from the aqueous phase.

In the previous study, a biosorbent was developed by charring A. catechu waste (ACW) with concentrated H,SO, to
synthesize charred betel nut waste (CBNW) [24]. Although the CBNW successfully removed chromium(VI) from aque-
ous medium, there was a partial dissolution of this biosorbent in alkaline environments that led to the degradation of the
available active sites for the biosorption of chromium(VI) ions. Thus, it was intended to form a biosorbent from the same
biomass that could have greater biosorption efficiency and robustness than the biosorbent synthesized before. Moreover,
the prior investigations have shown that the treatment of the biomass with phosphoric acid can change the surface struc-
ture of the material, which can highly improve its biosorption abilities [51,61].

Hence, in the previous investigation, the authors prepared a biosorbent from the ACW after its treatment with ortho
phosphoric acid, followed by its thermal activation to develop phosphoric acid activated A. catechu waste (PACW), which
was used to examine its chromium(VI) removal efficacy in batch mode [62]. From the investigation, it was discovered
that the chromium(VI) uptake efficacy of PACW was substantially higher than that of CBNW [24], which was due to the
increase in roughness or porosity on the PACW surface and the formation of an open-ring structure. Such a structure and
functional groups are more suitable for the active participation in the biosorptive removal of chromium(VI) ions from the
aqueous phase.

Nevertheless, the batch equilibrium experiments are not always transferable to a dynamically packed fixed bed column,
where equilibrium is hardly reached owing to inadequate time of contact [63]. Hence, to operate a full scale biosorption
system, a dynamically packed column is thought to be more appropriate for the removal of pollutants from wastewater.
As a result, the authors aimed to continue the work with PACW to investigate the feasibility of water polluted with chromi-
um(VI) ions in a fixed bed setting.

In this investigation, the surface modification of PACW was established by several spectroscopic methods, along with
the Brunauer-Emmett-Teller (BET) and zeta potential analyzer. The effectiveness of the chromium(VI) removal was sub-
sequently evaluated using simulated as well as industrially polluted water. The effects of various operating parameters like
pH, fluid flow rate, influent chromium(VI) concentration, and bed height were systematically examined, whereas the design
parameters were determined by dynamic modeling using the Thomas, the Adams-Bohart, the Yoon-Nelson, and the Bed
Depth Service Time (BDST) model.

2. Materials and methods
2.1. Chemicals and reagents

All the chemicals and reagents used in this study were either AR (analytical reagent) or ACS grade and were not puri-
fied further before use. The sulphuric acid (H,SO,, 98%), potassium dichromate (K,Cr,O,,>99%), orthophosphoric acid

2°7

(H,PO,, 85%), sodium hydroxide (NaOH,>99%), sodium bicarbonate (NaHCO,,>99%), and buffer solutions were ana-
lytical grade chemicals and supplied from Fisher Scientific Pvt. Ltd., India. Analytical graded hydrochloric acid (HCI, 35%)
solution was provided by Merck Chemicals Company Pvt. Ltd, India, whereas diphenyl carbazide (C,,H,,N,O, 99%) was
provided by Loba Chemical Pvt. Ltd, India. A stock solution of chromium(VI) was prepared by dissolving 2.82 grams of
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K,Cr,O, in one liter of double distilled water to get a 1000 mg/L of it. The working solutions were prepared from the stock
solution by diluting the stock solution at the time of the experiment. Dilute solutions of HCl and NaOH (0.1M each) were
used to adjust the pH of the solution.

The laboratory work was conducted at the research laboratory of the Central Department of Chemistry, Institute of Sci-
ence and Technology, Tribhuvan University, Kirtipur, Kathmandu, Nepal, under the supervision of Assistant Professor Dr.
Hari Paudyal from the same department.

2.2. Preparation of biosorbent from A. catechu waste

In Nepal, ripe and mature nuts of A. catechu are generally harvested once a year in the spring season (April-May) and
are collected, processed, and stored by various A. catechu processing companies. The unhusked ripe seeds (Mangala
variety), which were naturally covered with the sheath, were collected directly from the A. catechu cultivator from Arjund-
hara, Jhapa, Nepal, after which the seeds were husked or peeled. The waste product thus obtained, which is abbreviated
as ACW here, was repeatedly cleaned with water and oven-dried, after which it was finely crushed and sieved to obtain
particles with a size smaller than 150 um. After this, chemical modification of ACW was conducted by following the meth-
ods as mentioned by Shrestha [32] with a slight modification, which is described as follows: 25 grams of ACW was treated
with H,PO, in a ratio of 1:1 (weight/weight). It was then allowed to settle in a crucible for a complete day. Afterward, the
product was placed into a silicon boat and then heated using a tube furnace for about 4 hours at 400 °C with a constant
supply of N, (100 mL/min) gas. During the process, the material was carbonized, where there was a removal of volatile
compounds from the material. To remove excess amounts or traces of phosphoric acid that could be present in the resi-
due, the carbonized product was immersed in a 1% NaHCO, solution to neutralize the excess acid. After getting a neutral
pH, the prepared material was cleansed with distilled water and then oven dried. The final product thus obtained, named
as phosphoric acid activated A. catechu waste (PACW), was finally ground into a fine powder. This product was employed
in a chromium(VI) biosorption process in a fixed column bed in continuous mode.

2.3. Characterization of biosorbents

The diffraction patterns of the dried powder of raw ACW and PACW were recorded using Cu K_ radiation of wavelength
0.15418 nm at 1degree per minute of scanning rate from 26 angles in between 5° and 80° by utilizing an X-ray diffractom-
eter (Rigaku Co., Japan). The FTIR (Fourier Transform Infrared Spectra) of the biosorbents before and after the biosorp-
tion were collected at a resolution of 2cm-' by using the spectrometer (SHIMADZU, Kyoto, Japan) in between 4000 and
500cm-. Also, the surface morphology of the biosorbents before and after chromium(VI) treatment was measured by uti-
lizing an SEM-EDX analyzer (JEOL JSM-6400F) at the 10kV acceleration voltage. The zeta potential of the biosorbent at
various pH levels was recorded to investigate the biosorbent surface charge by using a zeta potential analyzer (HORIBA
Scientific SZ-100).

Moreover, the Brunauer-Emmett-Teller (BET) surface area, as well as pore volumes, pore size distribution, micro-meso
pore area, and average pore diameter, were assessed using a BET analyzer employing a Quantachrome instrument
(Quantachrome NovaWin ©1994-2018, v11.05). The surface area was evaluated through N, gas sorption-desorption
within a relative pressure between 0.0068 and 0.9912 Pascal at 77.35K of temperature. The BET equation is generally
expressed as follows [64]:

1 _C—1<P)+ 1
\v4 &_1 VmC Po VmC
%] 0

Where V represents the volume of the gas which is biosorbed, V_ denotes the volume of N, gas biosorbed at standard
temperature and pressure (STP) to achieve monolayer sorption on the material, P_ and P indicate the saturated as well
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as partial vapor pressure of the biosorbed gas in equilibrium, respectively with the surface at 77.3K of temperature. Also,
C represents a constant associated with the enthalpy of the gas which is undergoing the biosorption, and P/P_ represents
the relative pressure.

2.4. Dynamic biosorption of chromium(VI) in packed column setting

The dynamic biosorption test was conducted in a glass column with 0.8 cm of inner diameter and 20 cm of total height.
PACW was soaked in deionized water at an optimum pH of 1 for 12 hours before packing. The soaked PACW was packed
according to the procedure described in Paudyal et al as follows [65]: At first, glass beads were inserted (3cm) into the
column, then the column was packed with a cotton layer (2cm) and then with the wetted PACW with no air bubbles. After
the homogenous packing of PACW, the biosorbent bed was covered by a cotton layer (2cm) followed by glass beads
(3cm) to prevent the floating of the PACW bed under the continuous flow of influent solution. The pH of the influent chro-
mium(VI) solution was adjusted by supplying a small amount of 0.5 M hydrochloric acid or sodium hydroxide solution. A
continuous flow of chromium(VI) solution at a predetermined fluid flow rate was maintained with the use of a peristaltic
pump (lwaki model, 100N). Afterward, the influential parameters (pH, chromium(VI) concentration, bed height, and fluid
flow rate) were evaluated as depicted in the flowsheet diagram (Fig 1).

After the column treatment, the discharged samples (the effluent) were gathered from the exit at predetermined time
gaps. The chromium(VI) ions in the solution pre- and post-column treatment were evaluated by developing a color through
the 1, 5-diphenylcarbazide method as described by Demiral et al [66] using the Beer-Lambert law [67]. The column was
run until the optimum capacity of the biosorbent was reached, which was characterized by the observation of the same

Grinding, drying & sieving

Areca catechu waste —

from Areca catechu
fruits

ACW Treatment with H3PO4

| 1

[ 4 hrs at 400 °C : ]

.| Tubular furnace ‘

Influent Cr(VI) solution WS ITRACR
Effluent solution ' Packing of column v
Chromium free | Connn p i_’ PACW
water l
Desorption with dilute NaOH solution ] {
B Characterization of
.- Regenerated PACW - PACW

Fig 1. Flowsheet diagram showing the synthesis of biosorbent, characterization & biosorption of chromium(Vl) ions.

https://doi.org/10.1371/journal.pwat.0000528.9001
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concentration of chromium(VI) in influent as well as effluent solutions; this condition is known as column saturation. After
the saturation, various column parameters such as mass transfer zone (At), column capacity, and effective volume (V)
were determined according to the following relations [66,68]:

(AY) =te -1y (2)

FA F t=total

Qtotal = 1000 = 1000 /g (Ci— Ce) at 3)
Verr = F X tiotal (4)
Qequ = QtotaliM (5)

Where t_ is the exhaustion time, whereas t, is the breakthrough time, F is the fluid flow rate of influent solution (mL/min),
and A (cm?) is the area under the breakthrough diagram. Also, V_. represents the effective volume treated, which is equal
to the product of total treated time (t__) and fluid flow rate (F), M is the dry weight of PACW (g) packed in a column, and
Qequ (Mg/q) is the equilibrium concentration of chromium(VI) biosorbed by the column per unit mass of PACW, which was
evaluated by dividing q,,, (total amount of chromium(VI) biosorbed onto the biosorbent bed in mg) by the mass of the

PACW as depicted by the equation(5) [40].

2.5. Statistical analysis

It is always necessary to identify the validity, precision, and accuracy of the evaluated data, for which the research
outcome should always be checked by using valid and well adopted statistical models. In the present context, various
parameters such as the x2 test, RSS, the residual sum of squares, TSS, the total sum of squares, and R?, the coefficient
of determination, were utilized. The mathematical expressions (equations 6—10) for these parameters are given below:

RSS = (Giequ —Yio)
=1 (6)

n
7SS = Z(qi,equ - Qequ,average)2
=1 (7)

RSS
R2 = —_——
! 7SS (8)

Alternatively,
n
Z(qi,equ - QI,o)2
=1

n

Z(qi,equ - ai,equ)z
=1 (9)

R? =1
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n (Qioqu—0i )2
X2 - Z i,equ i,0

T G (10)

Where i is the data number, Uprequ is the experimentally observed biosorption capacity, g; ., is the mean of the experi-
mentally observed biosorption capacity, and q,_ is the calculated amount of biosorbed ions from the most fitted models
in mg/g.

3. Results and discussion
3.1. Characterization of biosorbents

To validate the surface variations taking place before and after the chemical treatment of the biomaterial, it is generally
essential to employ advanced characterization instruments, as demonstrated in various studies conducted previously [69].
In this study, the authors utilized characterization tools including XRD to assess the roughness of the material's surface,
FTIR to identify the active functional groups involved in the biosorption process, SEM and EDX to analyze the elemental
compositions, and BET to determine the surface porosity.

3.1.1. Surface area analysis. The measurement of the surface area of the material is crucial in the biosorption
process, necessitating its examination [70]. As per the International Union of Pure and Applied Chemistry (IUPAC), the
materials are categorized into three groups: i) microporous with the pore diameter less than 2nm, ii) mesoporous with the
pore diameter from 2 to 50 nm, and iii) macroporous with the pore diameter greater than 50 nm [66,71]. Supplementary
figure 1 (S1 Fig) presents the results derived from the BET analysis using the Barrett-Joyner-Halenda (BJH) and
Dollimore-Heal (DH) methods for the pore size distribution. The corresponding major values and the overall data are listed
in S1 Table and S1 Data, respectively.

The figure shows that the biosorption-desorption plot (S1A Fig) is a type Il isotherm [72]. Also, it can be observed that
biosorption is faster at the lower value of relative pressure (0.0068-0.0585 Pa), which is attributed to the easily available
surface and direct contact of adsorbate and biosorbent, leading to a monolayer surface coverage and attaining a faster
equilibrium. Moreover, in the figure, a surface area ranging from 117.99 to 138.25 m?/g has been attained at a pore size
of 6.91 to 28.87nm (S1B Fig) and total pore volume (VT) = 0.169 cm?®g has been achieved at the pore size of less than
28.87nm (S1C Fig) showing that the material is mostly mesoporous. The cumulative volume distribution curve (S1D Fig)
and surface area distribution curve (S1E Fig) reveal significant peaks within the pore width of 1.80 to 9.83 nm, demonstrat-
ing the existence of both micro- and mesopores in the biosorbent. Also in the figure, the mesopore volume is 0.145cm?/g,
which is 85.79% of the total volume covered by the pores. In contrast, only 14.20% of the pores are covered by the micro-
pores. This indicated that the chemical treatment of the ACW successfully created micropores in a minor amount and
mesopores in a major amount. Furthermore, as can be seen in the isotherm figure (S1A Fig), as the pressure increases,
the biosorption increases drastically without attaining equilibrium. This often happens if there is a presence of mesopores
of greater surface area, where faster surface coverage is not possible, and also, there is always a chance of multilayered
biosorption of the adsorbate (N,) if there is a larger pore size and surface area.

3.1.2. Surface morphology and elemental analysis. The surface morphology of the biosorbent is considered to
change after chromium(VI) biosorption, so scanning electron micrographs of the ACW and PACW pre and post biosorption
were collected as depicted in Fig 2 [73,74]. As can be observed in Fig 2A, the SEM image of ACW possesses some
patches and irregular surface morphology, whereas in the SEM image of PACW (Fig 2B), the surface appears relatively
rough, which is presumed to be much more favorable for biosorption of the targeted metal ions.

Interestingly, in the case of chromium(VI) treated PACW (Fig 2C), the majority of channels and pores are found to be
filled, which is attributed to the effective biosorption of chromium(VI) on the PACW. A similar observation was noticed
by Rai et al using acid treated pomegranate peel [75]. Hence, these findings strongly supported the modifications in the
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Fig 2. SEM images of (A) native ACW, (B) PACW, and (C) PACW after chromium(VI) biosorption at 2000 times (2.00 k) magnification.
https://doi.org/10.1371/journal.pwat.0000528.9g002

surface of A. catechu waste during the treatment of the material with the acid and the chromium(VI) solution, which was
further verified by elemental analysis using EDX spectroscopy.

Fig 3 shows the elemental distribution and mapping of individual elements with different colors, together with EDX
spectra. The distribution of various elements on the surface of PACW pre (Fig 3A) and post chromium(VI)-PACW contact
(Fig 3B) in the packed column bed has been depicted by various colors inside the figures. The figure shows the heteroge-
neous distribution of elements on the surface of the PACW, as well as the chromium(VI)-treated PACW.

In the color mapping image (Fig 3A), it can be seen that carbon (C, red) and oxygen (O, light green) are major ele-
ments, whereas silicon (Si, blue) and phosphorus (P, orange) are in trace amounts. However, in Fig 3B, an additional
element, chromium (Cr, light orange), can be observed on the surface, which strongly suggests the biosorption of the
chromium(VI) ion onto the PACW. Moreover, in the energy distribution graph (Fig 3A), PACW shows intense peaks of
C and O at 0.28 and 0.52keV of binding energies, in addition to the minor peaks corresponding to Si and P at binding
energies of 1.73 and 2.01keV, respectively. This indicated that carbon and oxygen were present as the major elements in
PACW, which is attributed to the various polysaccharides of A. catechu waste, including cellulose, hemicellulose, lignin,
and protein. On the other hand, in Fig 3B, an entirely new peak equivalent to elemental chromium(Cr) can be seen at a
binding energy of 5.40keV. This finally confirmed that PACW effectively biosorbed chromium(V1) ions after the PACW-
Cr(VI) contact.
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Fig 3. EDX spectra with the elemental distribution of PACW (A) before and (B) after chromium(VI) biosorption.
https://doi.org/10.1371/journal.pwat.0000528.9003

3.1.3. Functional group changes and crystalline property. The FTIR spectra (S2 Data) of the ACW and PACW
(Fig 4A) were analyzed to determine any changes that might have occurred as a result of the phosphoric acid treatment,
which is thought to be beneficial in the biosorption of chromium(VI). The ACW, which initially revealed a broad peak at
3516.40cm™ due to the OH group, shifted slightly to 3402.43cm™" at PACW. Also, it was found that the peaks observed
at 2075.53, 1572.19, and 1853.59cm in the ACW disappeared in PACW, which is directly associated with the structural
changes of these groups due to the phosphoric acid treatment. Besides, a prominent peak at 1654.92cm™ demonstrated
the presence of C=0, a new functional group in the PACW [76], suggesting that the cellulose ring opening of the ACW
had occurred during its treatment with phosphoric acid, as demonstrated in S1 Scheme, step 1. Moreover, there were
new peaks at 1381.03 and 1251.80cm* attributed to OH and C-O groups, respectively, which suggested that the surface
of the ACW was significantly changed after its treatment with the acid. Also, after the treatment of the PACW bed with
the chromium(V1) solution, there was a change in the peak intensities, which signified the biosorption of chromium(V1),
as shown in S1 Scheme, step 3. A similar occurrence was recorded by Pant et al and Rai et al when they treated Areca
catechu nut leaf sheath and pomegranate peel individually with H,SO, [75,77].
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Fig 4. (A) FTIR spectra of ACW, PACW, and PACW after the treatment with chromium(VI) ions and (B) XRD pattern of ACW and PACW showing
the change of crystalline property during chemical modification.

https://doi.org/10.1371/journal.pwat.0000528.9004

It has been found in prior studies that the biosorbent with the amorphous surface favors biosorbing chromium(VI)
from the water more than the crystalline surface [24]. This is because, in the crystalline form, the polyfunctional
groups such as OH and COOH are tightly packed and exposed less to the chromium(VI) ion, due to which they are
ineffective. Generally, the crystallinity in the material is indicated by the peak intensity in the XRD analysis. Sharp,
clean, and intense peaks in the XRD indicate a crystalline nature, while wide and rough peaks represent the amor-
phous nature of the material. During the analysis, peaks were examined after the XRD data were corrected for
baseline using OriginLab 18-Pro software to identify the smooth peaks. As can be noticed in the figure (Fig 4B), ACW
shows a minor peak at 26 around 34.85degrees and a strong peak at 15.52 and 22.33 degrees, which correspond to
the crystallinity of the cellulose. However, in the PACW, the peaks, which correspond to the crystallinity, completely
disappear at all three places. In place of those peaks, broader peaks can be seen at 5.63 and between 11.89 and
16.37 degrees of 26. This finally demonstrated that the acid treatment of the ACW changed the crystallinity of the
ACW’s cellulose into an amorphous state, which is generally considered suitable for the binding of chromium(VI) ions
onto the material.
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3.2. Biosorption of chromium(VI) in a column of a fixed bed

3.2.1. Influence of pH and mechanism of chromium(VI) biosorption. The pH of the aqueous phase has been
considered one of the major controlling factors for the surface charge of the biosorbent and chromium(VI) biosorption.
Moreover, it is always crucial to examine the pH where the surface of the biosorbent has zero charge, since material with
positively charged surfaces has been found to improve the biosorption of oxonions such as chromium(VI) tremendously.
In this test, a zeta potential analyzer was used, which helps to evaluate the neutral point at the surface of PACW at the
optimal pH (pHpzc). Supplementary figure 2 (S2 Fig) demonstrates how PACW's surface charge was impacted by the
pH of the aqueous phase. Here, the pHpzc was evaluated to be 5.4. Below this pH, the PACW surface was found to
have positive charges. This phenomenon is attributed to the attachment of H* ions with the hydroxyl groups present in
the PACW (S1 Scheme, step 2). Fig 5A, which is called a breakthrough curve or breakthrough diagram, illustrates the
relationship between the ratio of outgoing and incoming concentration (C_/C) with treated time at different pHs.

The results showed that t, dropped from 180 min to 120 min while moving from pH 1-4 during the biosorption (Table 1).
Here, C, represents the influent concentration of chromium(VI) ions (mg/L), t . denotes the total time to achieve the
equilibrium (min), V_. represents the total volume treated (mL), t, represents the breakthrough time (min), t_ represents the
time of exhaustion (min), g, represents the total quantity of chromium(VI) biosorption (mg), Aequ denotes the equilibrium
biosorption capacity of PACW (mg/g), Z represents the height of the bed (cm), F represents the fluid flow rate (mL/min)

and At represents the zone of mass transfer (min).

The greatest t, was found at pH 1, and maximum biosorption of chromium(VI) occurred at this pH inside the packed
column. Actually, chromium(VI) mostly occurs in water as the HCrO,~ anion at this pH (1-4) value [75]. Also, PACW pro-
vided suitable complexing sites for the binding of HCrO," ions as depicted in S1 Scheme with a greater specific surface
area, which significantly enhanced the chromium(VI) biosorption. The equilibrium column capacities for chromium(V1)
ion at pH 1, 2, and 4 were determined to be 12.03+8.0 X 102, 5.84+3.5 X 102, and 4.36+3.5 X 102mg/g, respectively.
The increased biosorption capacity at pH 1 was due to the strongly positive surface of the PACW, which led to a strong
attraction between the PACW surface and the HCrO,™ ions. Finally, this resulted in a complexation reaction as depicted
in S1 Scheme, step 3, with the release of water molecules. On the other hand, as the pH was raised, the PACW surface
became less positive, demonstrating the deprotonation of the hydroxyl group, which eventually made the biosorption of
chromium(VI) anions unfavorable, hence resulting in the decrease in the biosorption capacity.

3.2.2. Impact of fluid flow rate of chromium(VI) solution. The influence of the speed or rate of the influent
chromium(VI) solution on the biosorption behavior of the PACW bed was examined at fluid flow rates of 2.33 and 3.33mL/
min, keeping pH (pH=1), bed depth or height (0.5¢cm), and chromium(VI) concentration (1.02mg/L) constant at room
temperature, and the data obtained are introduced in Fig 6A.

The result indicated that when the speed of fluid was increased from 2.33 to 3.33 mL/min, the breakthrough time (t,)
dropped from 180 to 60 minutes, and the chromium(VI) quantity biosorbed by the column reduced from 12.03+8.0 X 102
to 10.13+9.5 X 102 mg/g (Table 1). Here, the reduced fluid flow rate increased the time of exposure between chromi-
um(VI) ions and the PACW surface. However, at a greater fluid flow rate, the chromium(VI) ions, which were entering the
column, could not receive adequate time to interact with the surface of the PACW, which led to a faster breakthrough and
consequently resulted in reduced column capacity [15,78]. On the other hand, the t, decreased from 900 to 660 min after
increasing the fluid flow rate, which was because of the rise in the total chromium(VI) ions available for biosorption reac-
tion, due to which the saturation was achieved faster [79].

3.2.3. Impact of bed height for chromium(VI) biosorption. Fig 7A displays breakthrough plots for chromium(VI) ions on
the PACW at various bed depths/or heights. The PACW mass packed in a column for bed heights of 0.25, 0.50, and 0.75cm
were 50, 100, and 150 mg, respectively. As expected, it was found that the treated volume (V) of chromium(VI) solution, At,
t, and t, were increased with increasing the bed height. As the depth of the PACW bed was raised, the equilibrium column
capacity decreased, which was because the channeling effect was more prevalent in the case of the column at a greater
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Yoon-Nelson linear plot, (D) Adams-Bohart linear plot and, (E, F & G) nonlinear plots of Thomas as well as Yoon-Nelson and Adams-Bohart expressions
along with the experimental data (condition: fluid flow rate =2.33 mL/min, influent concentration of chromium(VI) ions=1.02mg/L, pH=1-4, and depth of
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https://doi.org/10.1371/journal.pwat.0000528.9005
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Table 1. Estimated column parameters for the biosorption of chromium(VI) in a column filled with PACW (S3 Data).

Para meters F (mL/min) | Z (cm) | M (mg) | pH | C, (mg/L) |t (min) |t (min) | At (min) |V . tow | Qi (MG) X 1072 9. (mg/g) X 102
(mL) (min)

Bed depth (2) 2.33 0.25 50 1 11.02 60 420 360 1118.40 | 480 |0.44+4.3 8.90+8.3
2.33 0.50 100 1 11.02 180 900 720 2097.00 /900 |1.20£7.5 12.03+8.0
2.33 0.75 150 1 11.02 240 960 720 2516.40 | 1080 |1.45+14.1 9.69+£9.0

Fluid flow rate (F) | 2.33 0.50 100 1 11.02 180 900 720 2097.00 1900 |1.20£7.5 12.03+8.0
3.33 0.50 100 1 11.02 60 660 600 2397.60 | 720 |1.01+£9.5 10.13£9.5

pH 2.33 0.50 100 1 11.02 180 900 720 2097.00 1900 |1.20%7.5 12.03+8.0
2.33 0.50 100 2 [1.02 120 480 360 1258.20 | 540 |0.58+3.7 5.84+3.5
2.33 0.50 100 4 [1.02 120 420 300 1118.40 | 480 |0.43%3.5 4.36+3.5

Cr(Vl) ions (C) 2.33 0.50 100 1 11.02 180 900 720 2097.00 1900 |1.20%7.5 12.03+8.0
2.33 0.50 100 1 1260 120 600 480 1677.60 | 720 |1.97+6.4 19.77+6.4
2.33 0.50 100 1 15.05 90 540 450 1537.80 | 660 |3.09+21.5 30.93+21.5

https://doi.org/10.1371/journal.pwat.0000528.t001

height, which dramatically reduced the contact between the PACW-active sites and chromium(VI) ion, resulting in lower
column capacity. The reduction in such a column capacity could be mitigated by expanding the diameter of the column.

3.2.4. Effect of influent chromium(VI) concentration. Fig 8A depicts the influence of the chromium(VI) concentration
on the biosorption capacity of PACW under constant pH, fluid flow rate, and height of the bed. The outcomes
demonstrated that when the concentration of the influent ions was raised from 1.02 to 5.05mg/L, the PACW bed saturated
earlier, with the t, dropping from 180 to 90 min (Table 1). Meanwhile, the column capacity increased from 12.03+8.0 X
102 to 30.93+£21.5 X 102 mg/g. This was because the higher concentrations of chromium(VI) offered an enhanced driving
force for biosorption due to the increase in concentration difference between the solution phase and the PACW interface,
which increased the number of available chromium(VI) ions for the biosorption, thereby increasing the equilibrium
column capacity [80—82]. This could also be explained based on an increased number of collisions between the PACW'’s
reactive sites and the chromium(VI) ions, in addition to the higher mass transfer, which resulted in a greater proportion
of biosorption [83]. Also, as the concentration of chromium(VI) ions was increased (5.05mg/L), the percentage removal
was 99.6 with the effluent chromium(VI1) of 0.018 mg/L. This value is slightly greater than the tolerance limit suggested
by the WHO. On the other hand, whenever the concentration was kept at a lower value (1.02mg/L), the saturation was
achieved more slowly, and the percentage removal was greater with the effluent chromium(VI) of 0.009mg/L (S4 Data).
This indicated that a lower influent chromium(V1) ion is more favorable for its effective removal from the aqueous phase in
a column bed packed with the PACW.

3.3. Modeling the breakthrough profile

In the column investigations performed by the numerous researchers over the past decades, several expressions have
been put forth for breakthrough curve analysis [84,85]. In this investigation, the Yoon-Nelson, the Adams-Bohart, the Bed
Depth Service Time (BDST), as well as the Thomas models, were applied to examine the biosorbent-adsorbate interaction
between the PACW and the chromium(VI) ions in the column bed [24]. The nonlinear forms of these models are generally
employed to assess the closeness of observed values to the models; however, the correlation between the examined
variables is complex, predicting the phenomena challenging. Conversely, in the linear representations of these models,
the relationship between the examined variables can be readily illustrated by a simple linear equation, from which various
column parameters are derived from the slope and intercept values [4]. Moreover, these models show how the chromi-
um(VI) uptake performance of the biosorbent occurs over time by analyzing the experimentally recorded breakthrough
curves, which are frequently utilized for the optimization of column parameters in continuous systems [65].
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3.3.1. Thomas model. The model that describes the continuous biosorption performance in packed columns was first
developed by Thomas in 1948 and has been extensively utilized to investigate the dynamics of adsorption in the column
of a continuous system [86]. It has been commonly used to assess the adsorbent-adsorbate interaction, adsorption
capacity, and rate constant, besides establishing other column parameters. Nonlinear as well as linear expressions of the
Thomas model are expressed as follows [87,88]:

c 1
Ci 1+exp (kTh q‘;:M - kThC,'t) (1)
in(Z-1) =k M kit

Ce F (12)

Here, M signifies the mass of the PACW in the column bed (g), C, and C_ are incoming and outgoing concentrations of
chromium(VI) ions in mg/L, k., signifies the Thomas rate constant in L/(mg min), and q, signifies the optimum column
capacity of the PACW bed for chromium(VI) ions in mg/g. Figures (5-8)B show the Thomas linear plots between In[(C/C )-
1] and t for different parameters using equation(12). Here, the plots yielded straight lines in each case with slopes of k,, C,
and intercept values of k7, q(;:M, from which k,, and q_ were computed. The values obtained are presented in Table 2.

The result from the linear modeling of the Thomas expression showed that while g, reduced from 11.74+0.16 to
10.76+0.17mg/g, k,, increased from 9.7 X 10°£1.1 X 10 to 11.6 X 10" L/(min mg) with increasing the fluid flow rate
from 2.33 to 3.33 mL/min. This is similar to the result obtained by Omitola et al [89]. The decrease in column capacity was
due to the decrease in the contact time for the influent chromium(VI) ions [15]. Moreover, a rise in influent chromium(VI)
ions from 1.02 to 5.05 mg/L resulted in an increase in q, from 11.74+0.16 to 33.61+0.16 mg/g and a decrease in k,, from
9.7 X10°+£1.1 X 10*t0 2.8 X 103+ 0.2 X 10** L/(min mg) [90]. This was because the increase in influent chromium(V1)
concentration increased the concentration gradient among the chromium(VI) ions in the aqueous phase and the column,
which ultimately created a driving force for the biosorption, thereby increasing the biosorption capacity [91]. Similar out-
comes were recorded by Aksu and Gonen while utilizing the activated sludge for the biosorption of phenol [92]. Thus, it
was concluded that a lower fluid flow rate, greater chromium(VI) concentration, moderate bed height (0.50 cm), and lower
pH could probably increase the biosorption capacity in the column [40].

Table 2. Thomas parameters estimated from linear fitting in a column filled with PACW at different conditions (S5 Data).

Estimated column parameters Thomas parameters
q, (mg/g) k., (L/mg min) R? X2

Cr(V1) ion (C) 1.02 11.74+0.16 9.7 X103£1.1 X 10 0.98 0.11+£5.7 X 1072
2.60 21.17+0.23 5.0X102+£1.2X 10 0.98 0.20+0.8 X 102
5.05 33.61+0.16 2.8X10°+£0.2 X 10 0.95 0.54+4.1 X102

Fluid flow rate (F) 2.33 11.74+0.16 9.7 X 103+£1.1 X 10 0.98 0.11+5.7 X 102
3.33 10.76+£0.17 11.6 X 10 0.96 0.32+2.1 X 102

Depth of bed (2Z) 0.25 9.88+0.16 17.6 X 10°%+8.7 X 10+ 0.97 0.29+3.4 X 102
0.50 11.74+0.16 9.7 X 103+£1.1 X 10 0.98 0.11+5.7 X 102
0.75 9.80+0.09 8.8 X10°+£0.7 X 10+ 0.98 0.15+4.9 X 102

pH of the solution 1 11.74+0.16 9.7 X 103£1.1 X 10 0.98 0.11+£5.7 X 102
2 5.94+0.26 16.0 X 10°+7.9 X 10* 0.98 0.14+1.6 X 102
4 4.27+0.16 16.5X 10°%+£3.2 X 10* 0.97 0.18+12.6 X 102

https://doi.org/10.1371/journal.pwat.0000528.t002
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Furthermore, from the analysis of the table, it was discovered that the biosorption capacities estimated from the linear
forms of the Thomas model were closer to the values determined experimentally in each of the cases, where the coeffi-
cients of determination (R?) were always greater than 0.95, with significantly lower values of X2 in all the cases.

Figures 5, 7 & 8(E, F & G) and Figs 6(E & F) (red line) demonstrate the nonlinear fitting of experimental values for
the variation of several parameters in a fixed bed during the chromium(VI) removal process. The outcomes of the non-
linear fitting data are shown in supplementary table 2 (S2 Table), which also shows an analogous trend to that in the
case of linear modeling. Here, the biosorption capacities are similar to the experimental values with the R?2>0.97 and
x2 values minimum [48] for all the conditions. This demonstrated that the Thomas model could precisely describe the
chemical interaction within the column bed filled with the PACW in a continuous system. This finally concluded that the
diffusion of chromium(VI) was not primarily happening during the chromium(VI) biosorption in the packed column bed
[3,80,92,93].

3.3.2. The Yoon-Nelson modeling. Yoon and Nelson developed a fundamental equation [94] for the description of
breakthrough data obtained from the biosorption of gases on activated carbon. It is a semi-empirical model, which helps
to minimize the errors of the Thomas model. According to this model, a detailed comprehension of the physicochemical
characteristics of materials is deemed unnecessary; and is based on the theory that each adsorbate molecule's rate of
decrease in adsorption potential is correlated with both the “probability of adsorption and the probability of breakthrough
on the adsorbent”. Generally, this model helps to estimate the column parameters, such as 50% saturation time and the
rate of biosorption. Linear (equation(13)) and nonlinear (equation(14)) forms of this model can be expressed as follows:

Ce _
In <C/—Ce> = kYNt—kYNT

(13)

Ce 1

Ci - 1+exp (kYNT—kYNt) (14)

Here, t represents the processing time (min), t represents the time needed for 50% saturation (min), whereas k,, denotes
the Yoon-Nelson rate constant in min-'. Figures (5-8)C depict the Yoon-Nelson linear plots of In (leece) versus t for various
pHs, fluid flow rates, biosorbent doses, and initial chromium(VI) concentrations. In the present investigation, equation(13)
always gave straight lines, where the k,,, and the t, for all the plots, were estimated from the slope and the intercept,
respectively. The calculated values are listed in Table 3.

It was evidenced from the table that, whenever the PACW amount was raised from 50mg to 150 mg, the T increased
proportionally from 3.43+0.06 to 10.25+0.11 hours, accompanied by a reduction in the k,,, values from 18.1+0.87
to 9.1+0.10min™". It was also revealed that, when the influent concentration of chromium(VI1) was dropped from 5.05
to 1.02mgl/L, the K, decreased from 14.2+0.17 to 10.1+0.24 min""; however, the T value increased from 4.74+0.03 to
8.06 £0.15 hours. This suggested that the increase in PACW amount and decline in the influent chromium(VI) concentra-
tion leads to the biosorption of chromium(VI) with the prolonged saturation time and lower k., values [95]. An analogous
trend was noticed whenever the fluid flow rate was decreased from 3.33 to 2.33 mL/min. This pointed out that there was
a mass transfer inside the column, which was due to the dispersion during the biosorption process at the lower effluent
concentration, higher biosorbent amount, and a lower fluid flow rate.

Moreover, while analyzing the experimental data by utilizing this model, it was noticed that the values of R? were at
least 0.95 if all the data were considered.

Also, in the nonlinear fitting of this model [green dashed line in the Figs 5, 7 & 8(E, F & G) and the Figs 6(E & F)], the
data obtained from the model closely fitted with the breakthrough curve of the experimental data with R?>0.97 for all the
process variables that were evaluated (S3 Table). This indicated that the linear as well as nonlinear forms of this model
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Table 3. Yoon-Nelson parameters estimated from linear fitting in a column filled with PACW at different conditions (S6 Data).

Estimated column parameters Yoon-Nelson parameters
X (hour) ky,/min R? X2

Cr(Vl)ion (C) 1.02 8.06+0.15 10.1£0.24 0.98 0.11+5.8 X 102
2.60 5.73+0.08 13.2+0.36 0.98 0.20+£0.8 X 1072
5.05 4.74+0.03 14.2+0.17 0.95 0.54+4.1 X 1072

Fluid flow rate (F) 2.33 8.06+0.15 10.1+£0.24 0.98 0.11+5.8 X 102
3.33 5.21+0.07 12.0+0.05 0.96 0.32+2.1 X 1072

Depth of bed (Z) 0.25 3.43+0.06 18.1+0.87 0.97 0.29+3.4 X 102
0.50 8.06+0.15 10.1£0.24 0.98 0.11+5.8 X 102
0.75 10.25+0.11 9.1+0.10 0.98 0.15+4.9 X 1072

pH of the solution 1 8.06+0.15 10.1£0.24 0.98 0.11+5.8 X 102
2 4.12+0.13 16.5+0.70 0.98 0.14+1.7 X 102
4 2.95+0.09 17.1+0.30 0.97 0.18+£12.7 X 102

https://doi.org/10.1371/journal.pwat.0000528.t003

were capable of describing the chromium(VI) removal process in the column bed adequately [96]. Thus, it was concluded
that the model was able to describe the rate of biosorption accurately.

3.3.3. Adams-Bohart model. Adams—Bohart equation is a mathematical expression which postulates that biosorption
is a slow process and is regulated by external mass transfer [97]. This model is extensively applied to estimate N , the
saturated biosorption ability, as well as k,;, the mass transfer rate constant [80]. Also, the model is typically applied to
examine the initial part of a breakthrough curve where C /C,<0.5 [40,98,99]. The following expressions are employed to
represent the linear as well as nonlinear equations of this model [97]:

In (Ce) = kABC,'t—kABNO£
Ci Uo (15)

@]

o 1

Ci exp (% - kABC,-t>

(16)

Here, N_ signifies the saturated biosorption capacity in mg/L, Z represents the height of the bed in cm, K, signifies the
mass transfer coefficient (L/(mg min)), C, and C_ represent the influent and the concentration of chromium(VI) (mg/L) at
time t (min), respectively, and U_ is the fluid flow rate or linear velocity in cm/min.

Figures (5-8)D display breakthrough curves fitting with the linear version of the Adams-Bohart expression, and the cal-
culated data of the variables designed by the model are presented in Table 4.

When all the experimental data were plotted against the linear form of the Adams-Bohart model, it showed a minimum
value of coefficient of determination (R2=0.62, Fig 8D) at the influent concentration of 5.05mg/L, whereas it exhibited a
maximum value of coefficient of determination (R?=0.89) at the influent concentration of 1.02mg/L. This suggested that
the model could not be considered suitable for the present condition and thus could be employed only at the earliest
stages of the experiment [15]. Also, as seen in the table, k, increased from 5.1 X 10°£1.1 X 10*t0 5.6 X 10°£1.1 X 10*
L/(min mg) with a rise in fluid flow rate from 2.33 to 3.33 mL/min, and reduced from 8.3 X 10°+5.2 X 10“to 5.1 X 10°+£0.6
X 10 L/(min mg) and from 5.1 X 103£1.1 X 10* to 1.1 X 102+ 0.1 X 10-* L/(min mg) with the rise in depth from 0.25 to
0.75cm and influent concentration from 1.02 to 5.05mg/L, respectively. This outcome is analogous to the results obtained
by Aksu and Gonen [92], signaling that the chromium(VI) biosorption was guided by external mass transfer [100,101].
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Table 4. Adams-Bohart parameters estimated from linear fitting in a column filled with PACW at different conditions (S7 Data).

Estimated column parameters Adams-Bohart parameters
N_ (mg/L) K,z (L/mg min) R? X2

Cr(Vl)ion (C) 1.02 7081.81+14.9 51X10°+1.1 X 10* 0.89 0.26+1.5 X102
2.60 13651.88+15.0 24X10°£0.1 X 10 0.76 0.75+0.8 X 102
5.05 25618.77+15.5 1.1 X10°%+0.1 X 10+ 0.62 1.10+1.0 X 102

Fluid flow rate (F) 2.33 7081.81+14.9 51X 103+£1.1 X10* 0.89 0.26+1.5 X 102
3.33 7556.94+21.8 56X10°3+£1.1 X 10* 0.74 0.75+1.3 X 1072

Depth of bed (Z) 0.25 7086.00+41.2 8.3X10°%+5.2X 10* 0.74 0.80+£31.2 X 102
0.50 7081.81+14.9 51X 103+£1.1 X10* 0.89 0.26+1.5 X 102
0.75 5595.40+17.4 51X 10°+£0.6 X 10 0.87 0.48+3.4 X 1072

pH of the solution 1 7081.81+£14.2 51X103£1.1 X 10* 0.89 0.26+1.5 X 102
2 4068.89+21.4 7.7X103+£2.1 X 10* 0.81 0.55+3.5 X 102
4 3669.70+6.8 56X 10°+£2.2 X 10* 0.82 0.21+£2.1 X102

https://doi.org/10.1371/journal.pwat.0000528.t004

Besides, when the experimental values were plotted with the nonlinear equation of the Adams-Bohart expression (S4
Table), as shown by the dotted blue line in the Figures 5, 7 & 8(E, F & G) and 6(E & F), the plots were extremely far from
the fitting with the observed data. This suggested that the Adams-Bohart model was inadequate to deduce the correlation
between the biosorbent and the chromium(VI) ions accurately [42].

3.3.4. BDST model. It is a mathematical expression where the kinetic parameters in a fixed bed are determined from
the graphical plot of the bed depth (Z) as a function of breakthrough service time (t;). This mathematical expression has
been utilized frequently for the initial part of the breakthrough plots as well as to estimate the design parameters for the
biosorption column. The relationship expressed in equation(17) has been used to represent the BDST model [102,103].

tg = Z—- In{ — -1
BT CU,"  kepsrCi \Cs (17)

Here, the variables C, and C, denote the incoming and outgoing concentrations of chromium(VI) ions in the column
(mg/L), respectively, N_ stands for the biosorption potential or saturation capacity (mg/L), Z (cm) indicates the height of the
bed, whereas U_indicates the linear velocity (cm/min) within the fixed bed, and k. is the rate constant in L/(mg min). In
this study, a straight line plot was obtained when the experimental values of t; and the Z were plotted (Fig 9).

From the analysis, the k. for bed heights of 0.25, 0.50, and 0.75cm were evaluated to be 0.124, 0.149, and 0.196 L/
(mg min), respectively, whereas the value of the biosorption potential of chromium(VI) was calculated to be 1711.80 mg/L
with the coefficient of determination (R?) higher than 0.96 (S8 Data). These findings confirmed that the BDST model
appropriately represented the investigated biosorption system; thus, the model could be applied and considered to be
reliable in designing the column parameters, such as the depth of the bed, breakthrough time, volumetric flow rate, and
initial concentration [104].

3.4. Mechanism of biosorption

From the new peak evidenced at 1654.92cm corresponding to the C=0 stretching vibration on the FTIR spectroscope, it
was proved that there was a new functional group created due to the ring opening reaction that took place during the acid
treatment of ACW. Also, at the pH around 1, there were maximal HCrO, ions present in the aqueous solution [75] due to
which, there was a strong interaction between the HCrO,” anions and the PACW surface, which caused the biosorption

of these ions onto the PACW surface through a complexation reaction (S1 Scheme, step 3). Moreover, the data of EDX

PLOS Water | https://doi.org/10.1371/journal.pwat.0000528  April 2, 2026 20/30




T
0

S

S
Q
-+
(1]
-

240 |
220 -
£ 200
éwo y = 360x - 20
g R? = 0.9643
; 160 [
?140
°
€120}
3
100
5 00
80 -
60 - | |
40 1 3 E 1 i & k |
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Bed depth (cm)

Fig 9. BDST plot illustrating the correlation between the depth of the bed and breakthrough service time.
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analysis (Fig 3B) showed a peak at the binding energy of approximately 5.40keV corresponding to the elemental chro-
mium, which demonstrated that the chromium(VI) was successfully biosorbed onto the PACW.

In the isotherm plot of the BET analysis (S1A Fig), it was discovered that at the lower pressure (0.0068-0.0585 Pa), the
biosorption of N, gas on the surface of PACW was faster due to the easily available surface, which led to a monolayer sur-
face coverage attaining a faster equilibrium. Furthermore, the good fit of the Thomas model concluded that the phenomenon
was not diffusion controlled, whereas the better fitting of the Yoon-Nelson model established that the biosorbent-adsorbate
contact was primarily a mass transfer process among the adsorbate ions in the aqueous phase and the biosorbent.

3.5. Application of a packed column of PACW for the treatment of industrial effluent

A water sample was brought with permission from the Everest dyeing industry, a local carpet factory in Jorpati, Kath-
mandu, Nepal, to evaluate the true efficacy of the PACW to effectively treat the water containing chromium(VI). Various
types of woolen threads are dyed in this factory, which are used to create varieties of carpets in Nepal. First, as mentioned
here, the physicochemical properties of the water sample were calculated. [Chloride =90.94 mg/L, ammonia=5mg/L,
sulphate=30.16 mg/L, calcium=480.40mg/L, magnesium=380.40 mg/L, bicarbonate =280 mg/L, turbidity=60.33 NTU,
conductivity=270 yS/cm, total hardness=1560mg/L, and chromium(VI)=49.98 mg/L]. To make the study comparable with
the findings from the earlier study on the simulated water, the water was diluted to make 2.30 mg/L of chromium(VI) while
keeping the pH at 1. The procedure was then repeated as stated in section 2.4, and Fig 10 displays the breakthrough
profile. It can be seen in the figure that by using merely 100 mg, the PACW can effectively reduce the chromium(VI) from
2.30mg/L to 0.10 mg/L, which is the WHO requirement for effluent water. The maximum loading capacity (qequ) here is
12.00mg/g, which is somewhat less than that of the simulated water (q,,,=19.77+6.4 X 102 mg/g) at an influent concen-
tration of 2.60mg/L under identical conditions. One possible explanation for the lower Aequ value may be the interferences
brought on by the different ions present in the industrial effluent. This concluded that the PACW could effectively biosorb
and remove traces of chromium(VI) ions from industrially contaminated water, thereby upholding the water safety stan-
dard as recommended by the WHO.

3.6. Possibility of regeneration and recycling

It was observed in the batch experiment that over 93% of the biosorbed chromium(VI) was desorbed successfully by a 2
M NaOH solution, as shown in supplementary figure 3 (S3 Fig) [62]. Therefore, it is reasonable to think that the column
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Fig 10. Breakthrough diagram of industrial water. Condition: influent concentration of chromium(VI) or Cr(VI) = 2.30mg/L, fluid flow rate=2.33mL/
min, bed height=0.50cm, and pH=1.
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bed can be washed with a diluted NaOH solution to regenerate the spent biosorbent once the column experiment is
completed. The chromium(VI) can be recovered from the filtrate; however, the washed biosorbent can be reutilized after
reconditioning for the next round of column test by passing fresh chromium(VI) ions into the column.

3.7. Comparative analysis using alternative biosorbents

Table 5 demonstrates the comparison of chromium(VI) biosorption capacities of variously reported biosorbents in a col-
umn packed with the fixed bed with that of PACW, which was examined in this work.

In the table, it is evident that the chromium(VI) uptake capacity of the column is affected by the nature of the material
used, pH, fluid flow rate, depth of the column, and the initial concentration of the chromium(VI) ions. Also, it can be noticed
that the chromium(VI) uptake in the column is good at lower pH values. Moreover, it can be seen that the chromium(VI)
uptake capacity of PACW with 1.02mg/L of influent chromium(V1) ions is far greater than the activated charcoal [53], rice
husk [41], earth material [44], natural mineral [45], Swietenia mahagoni [51], Zeolite NaX [52] and Psidium guajava leaves
[105] at the bed height of just 0.5cm. Also, PACW shows greater biosorption capacity than the titanium oxide nanoparticle
[42] and the lime rock [44] with merely an influent concentration of 2.60mg/L. Moreover, PACW surpasses the biosorption
capacity of the waste acorn of Quercus ithanburensis, which is just 30.23 mg/g at 100 mg/L of influent concentration and
10cm of bed depth [39]. From this analysis, it was concluded that PACW had a great potential for reducing lower values
of chromium(VI) concentrations in contaminated water sources and, hence, could be considered a promising material to
remove chromium(VI) ions from a continuous system.

3.8. Economic feasibility and scaling of biosorbent column

It was observed that PACW could effectively perform in a small scale continuous column operation when utilized in a
modeled solution. For bed heights of 0.25cm, 0.50cm, and 0.75cm, a total of 8, 15, and 18 hours, respectively, were
adequate if a fluid flow rate of 140 mL/h (3.36 L/day) was maintained. Therefore, PACW with a medium-sized pilot scale
column (100 L capacity) and its treatment with real contaminated water could constitute the next-phase research. Once
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Table 5. A comparative study of equilibrium column capacity for chromium(VI) evaluated for different biosorbents, with PACW.

S.N. Adsorbent pH F (mL/min) Z (cm) C, (mg/L) d,., (mg/g) References
1 Activated charcoal (Sapindus trifoliate L.) 7.2 0.5 15 10 1.71 [53]

2 Hydrotalcite derived adsorbent 6 1 - 50 36.4 [38]

3 Waste acorn of Quercus ithanburensis 2 5 10 100 30.23 [39]

4 Modified corn stalk 4.9 15 1.4 200 67.45 [40]

5 Rice husk 2 30 10 20 11.04 [41]

6 Titanium(IV) oxide nanoparticle 2 1 4 32 12.94 [42]

7 Tea factory waste 2 10 10 50 27.67 [43]

8 Herbal waste based biochar (BC) 2 3 2 20 20.00 [3]

9 Lime rock for tannery wastewater 2 2.5 5 150 12.70 [44]

10 Earth material (gravel particle) 4 2.5 5 150 2.30 [44]

1" Mexicalcite (natural mineral) 7 2 4 75 4.96 [45]

12 Rice bran 2 20 15 30 19.81 [46]

13 Sago bark 3 4 6 1000 35.82 [47]

14 Almond shell 3.7 3 7 67.5 21.92 [48]

15 Activated neem bark 2 10 -- 100 35.08 [49]

16 Rice husk ash 2.5 5 2.5 150 73.30 [50]

17 H,PO, modified Swietenia mahagoni 2 5 9 50 10.82 [51]

18 H,SO, modified Swietenia mahagoni 2 5 9 50 9.08 [51]

19 Zeolite NaX 4 13.75 15.24 10 5.66 [52]

20 Psidium guajava leaves - 40 10 20 8.72 105]

21 PACW at pH 1 1 2.33 0.50 1.02 12.03 This study
22 PACW at pH 2 2 2.33 0.50 1.02 5.84 This study
23 PACW at pH 4 4 2.33 0.50 1.02 4.36 This study
24 PACW at F =3.33mL/min 1 3.33 0.50 1.02 10.13 This study
25 PACW at Z=0.25 cm 1 2.33 0.25 1.02 8.90 This study
26 PACW at Z=0.75 cm 1 2.33 0.75 1.02 9.69 This study
27 PACW at Cr(VI) = 2.6 mg/L 1 2.33 0.50 2.60 19.77 This study
28 PACW at Cr(VI) = 5.05mg/L 1 2.33 0.50 5.05 30.93 This study

https://doi.org/10.1371/journal.pwat.0000528.t005

the chromium(VI) biosorption system is successfully scaled up in a pilot plant, it could be implemented in a large indus-
trial scale PACW column to remove chromium(VI) ions from contaminated water. To evaluate the practical viability of the
investigated system, an economic assessment was necessary. In the present work, the authors utilized the waste biomass
of A. catechu as a feed material, which required minimal chemical input. From the process, it was found that NRs. 300
were sufficient to synthesize 1 kilogram of biosorbent from the ACW. This included all the major expenses such as raw
ACW (5 NRs/kg), orthophosphoric acid (NRs. 500/L), and electricity (NRs. 12/kWh). Also, it was observed that the opera-
tional costs and usage of other chemicals, such as HCl and NaOH solutions, were very low, due to which, cost evaluation
was not essential. Hence, it was concluded that the overall treatment cost for chromium(VI) contaminated water could be
reduced by employing PACW as a packing material in a column of a fixed bed setting.

4. Conclusion

This work developed a novel biosorbent from A. catechu waste by H,PO, activation, followed by carbonization to get
PACW for chromium(VI) treatment from an aqueous solution. The records of the FTIR spectroscope supported the ring
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opening reaction of the ACW and shift of wavenumber in the FTIR spectroscope after the treatment with the chromium(VI)
supported the binding of chromium(VI) onto the PACW. Also, a new peak due to chromium(VI) discovered in the EDX
analysis revealed that it was efficiently biosorbed onto the PACW through a complexation reaction. During the test, differ-
ent column parameters were examined, from which it was found that the biosorption performance was maximum at pH 1.
At the influent concentration of 1.02mg/L and a column depth of 0.50 cm, the chromium(VI) removal efficacy was maxi-
mum and determined to be 12.03+8.0 X 102 mg/g, consequently fulfilling the WHO’s standard of upper limit (0.05mg/L)
for the drinkable water. With raising the fluid flow rate from 2.33 to 3.33mL/min, the column capacity decreased from
12.03+8.0 X 102 to 10.13+£9.5 X 102 mg/g from the water, and the equilibrium reached faster. Contrarily, by elevating
the influent concentration from 1.02 to 5.05mg/L, the equilibrium column capacity increased from 12.03+8.0 X 102 to
30.93+21.5 X 102 mg/g, but the removal efficiency was less, and the water quality standard could not meet the level as
recommended by the WHO. Hence, the low concentration of influent chromium(VI), the moderate depth of the column,
and the lower pH and fluid flow rate offered better results in the packed column bed.

Four mathematical expressions were utilized to explain the experimental breakthrough curves, where the experimen-
tal data were better explained by the Thomas, the Yoon-Nelson, and the BDST models, with R? values more than 0.95
in each condition. The highest biosorption capacity derived from the Thomas linear model was 33.61+0.16 mg/g, which
was closer to the experimental result. Additionally, through the use of 100 mg of PACW, it was able to successfully bio-
sorb 12.00mg/g of chromium(VI) from the effluent and was able to reduce its amount to 0.10 mg/L, satisfying the WHO's
requirement for industrial runoffs. Therefore, PACW could be regarded as an appropriate biosorbing material to remove
chromium(VI) from columns packed in a fixed bed due to its moderate biosorption ability, as compared to the majority of
biosorbents considered in this paper.
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$1 Fig. Results obtained from the BET analysis (A) biosorption-desorption isotherm of N, at 77.35K, (B) surface
area, (C) volume occupied by pores ranging from 0 to 50 nm, (D) pore volume distribution & (E) pore surface area
distribution curves.
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S1 Scheme. Synthetic route of PACW from ACW. Step 1: synthesis of PACW; step 2: protonation of PACW at low pH;
step 3: complexation of chromium(VI) ion, and desorption of chromium(VI) to regenerate the PACW
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S2 Fig. Zeta potential versus pH plot to determine the pH_,. of PACW.
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S3 Fig. % Desorption of chromium(VI) from chromium(VI) loaded PACW with various concentrations of NaOH
solution.
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$1 Table. Surface properties of PACW obtained from BET analysis. Here, S__. (m?/g) represents a total surface area
from the BET equation, S__ (m?/g) denotes the surface area of the micropores, S___ (m?g) represents the surface area
of the mesopores calculated by subtracting the S from the S, S_, (m?/q) is the external surface area, V,_ (cm®g)

is the total volume occupied by the micro and mesopores, V . (cm?g) is the volume occupied by the micropores, V
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S2 Table. Thomas nonlinear fitting. Here, Z denotes the height of the bed (cm), F represents the fluid speed (mL/min),
C, signifies the initial chromium(VI) concentration (mg/L), q, denotes the Thomas adsorption capacity mg/g), k., represents
the Thomas constant (L/mg min), X2 denotes the reduced chi-square, and R? is the coefficient of determination.
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S3 Table. Yoon-Nelson nonlinear fitting. Here, k,, represents the Yoon-Nelson constant (min™'), and X denotes the time
(min) required to breakthrough 50% of the material (PACW).
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$4 Table. Adams-Bohart nonlinear fitting. Here, k,, denotes the Adams-Bohart constant (mL/(min mg)), and N_ rep-
resents the saturated adsorption capacity (mg/L) derived from the Adams-Bohart model.
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