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Abstract: The unregulated discharge of synthetic dyes from various anthropogenic and industrial
activities has resulted in the contamination of different environmental compartments. These dyes
can contaminate water bodies, soil, and even the air, resulting in many environmental and health
issues. True colors may persist for long periods, thereby affecting the aesthetics and ecology of
dye-contaminated areas. Furthermore, they pose potential risks to aquatic life and human health
through the ingestion or absorption of dye-contaminated water or food. Acid orange 7 (AO7) is a
synthetic azo dye used in the textile, tanning, food, pharmaceutical, paint, electronics, cosmetics, and
paper and pulp industries. AO7 can have various human health implications, such as dermatitis,
nausea, severe headache, respiratory tract irritation, and bone marrow depletion, due to its high
toxicity, mutagenicity, and carcinogenicity. Efforts to regulate and mitigate dye pollution (AO7) are
crucial for environmental sustainability and public health. Therefore, this study aimed to remove
AO7 from water using sustainable biochar. This objective was accomplished by pyrolyzing dried
Napier grass at 700 ◦C to develop affordable and sustainable Napier grass biochar (NGBC700). The
developed biochar was characterized for its surface morphology, surface functional groups, surface
area, and elemental composition. The yield, moisture content, and ash content of the NGBC700
were approximately 31%, 6%, and 21%, respectively. The NGBC700’s BET (Brunauer–Emmett–Teller)
surface area was 108 m2 g−1. Batch sorption studies were carried out at different pH levels (2–10),
biochar dosages (1, 2, 3, and 4 g L−1), and AO7 concentrations (10, 20, and 30 mg L−1). The kinetic
data were better fitted to the pseudo-second-order (PSO) equation (R2 = 0.964–0.997) than the pseudo-
first-order (PFO) equation (R2 = 0.789–0.988). The Freundlich isotherm equation (R2 = 0.965–0.994)
fitted the sorption equilibrium data better than the Langmuir equation (R2 = 0.788–0.987), suggesting
AO7 sorption on heterogenous NGBC700. The maximum monolayer AO7 adsorption capacities of the
NGBC700 were 14.3, 12.7, and 8.4 mg g−1 at 10, 25, and 40 ◦C, respectively. The column AO7 sorption
capacity was 4.4 mg g−1. Fixed-bed AO7 sorption data were fitted to the Thomas and Yoon–Nelson
column models. The NGBC700 efficiently removed AO7 from locally available dye-laden wastewater.
NGBC700 was regenerated using different NaOH concentrations. Possible interactions contributing
to AO7 sorption on NGBC700 include hydrogen bonding, electrostatic interactions, and π–π electron
donor–acceptor attractions. The estimated total preparation cost of NGBC700 was US$ 6.02 kg−1.
The developed sustainable NGBC700 is potentially cost-effective and environmentally friendly, and it
utilizes waste (Napier grass) to eliminate fatal AO7 dye from aqueous media.

Keywords: elephant grass; lignocellulosic waste; pyrolysis; biochar; batch sorption; fixed-bed study;
acid orange 7 (AO7)

1. Introduction

Synthetic dyes in water systems pose a severe environmental threat due to their
persistence, mutagenicity, carcinogenicity and toxicity. They subsequently harm aquatic
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ecosystems and human well-being [1,2]. High concentrations of dyes obstruct sunlight
transmission in receiving water systems and radically reduce their reoxygenation capacities,
disrupting the photosynthesis and respiration of aquatic flora and fauna [3]. A dye concen-
tration of even less than 1 mg L−1 in water is visible and undesirable, marking the dye as
an “aesthetically unacceptable contaminant’ [4]. Fish inhabiting dye-contaminated water
bioaccumulate dyes, which accumulate through the food chain and eventually reach human
beings [5]. Dye toxicity may lead to dysfunction of the reproductive system, kidneys, liver,
brain, and central nervous system [6]. Even the degradation products of dyes are highly
toxic, carcinogenic, and mutagenic [7].

Dye-containing wastewater from various industries including the textile, paint,
paper and pulp, cosmetics, plastic, chemical, pharmaceutical, and tanning industries is
usually discharged into natural streams after inadequate treatment. The textile industry
is a grossly polluting industry that generates a very high volume of dye-containing
wastewater which is characterized by a high biological oxygen demand (BOD), chemical
oxygen demand (COD), pH, pollutant load, total dissolved solids (TDS) content, and
suspended solids content [8,9]. The Indian textile industry alone consumes ~830 billion
L/year of water and discharges ~640 billion L/year of dye-containing wastewater [10].
A global annual loss of ~280,000 tons of unfixed dyes into effluents has been reported
due to inefficient dyeing processes within the textile industry [11]. More than 50% of
these unfixed dyes are azo dyes [12]. They are identified by a functional group (−N=N−)
that links two identical or different alkyl or aryl radicals which can be symmetrical,
asymmetrical, or non-azo [13]. They act as colorants and contain chemical groups that can
establish covalent bonds with textile substrates [14]. Acid orange 7 (AO7) is an acidic azo
dye frequently used to dye silk, wool, paper products, leather, and washing agents. [15].
Other commercial applications of AO7 include its use as a wood preservative, food
dye, hair dye, ink, and acid–base indicator [16]. Long-term exposure to AO7 can cause
nausea, severe headache, bone marrow depletion, and irritation of the skin, eye, mucous
membranes, and respiratory tract [17,18]. The degradation products of AO7, including
2-naphthol, 1,4-benzoquinone, and 1-amino-2-naphthol, are considered more toxic than
the parent compound [19]. Aromatic amine (1-amino-2-naphthol), one of the reductive
degradation products of AO7, is a highly water-soluble, toxic, and carcinogenic compound
which can induce cell mutation, methemoglobinemia, and bladder tumors [20]. AO7 is a
significant water contaminant/pollutant due to its sizeable commercial production (due
to its various commercial applications) and indiscriminate discharge into water bodies
without proper treatment.

Advanced oxidation processes [21–23], electrochemical oxidation [24,25], membrane
filtration [26,27], coagulation–flocculation [28], biological treatment [29], and adsorp-
tion [30,31] have been explored for AO7 removal. Adsorption is preferred for dye removal
over other methods because of its simpler design, ease of handling, excellent removal effi-
ciency, economic feasibility, and absence of secondary contamination [32]. Batch, semicon-
tinuous, and continuous sorption modes are available in adsorption systems [33]. Activated
carbons [34–36], metal–organic frameworks [37], red mud and clay [38], biosorbents [39,40],
fly ash [41], nanoparticles [42,43], chitosan [44], industrial by-products [45], polymers [46],
and biochar [47–49] have been used for AO7 removal. AO7 has been removed from water
using biochar/modified biochar prepared from 40% phosphoric acid-treated lemon peel
(pyrolyzed at 500 ◦C for 1 h) [47], red mud with shaddock peel (pyrolyzed at 300–800 ◦C
for 2 h with a 10 ◦C min−1 heating rate) [48], and Cucumis sativus peel (pyrolyzed at 500 ◦C
with a 10 ◦C min−1 ramp rate for 3 h) [49]. Biochar is a low-cost alternative to commer-
cially available activated carbon, nanomaterial, and MOFs [50]. It is a carbonaceous solid
obtained from the pyrolysis of lignocellulosic waste/biomass in an oxygen-limited environ-
ment [51]. Biochar can be prepared from feedstocks including agricultural waste, forestry
waste, food waste, municipal waste, and invasive plants. This also provides solutions to
environmental problems related to solid waste management. Biochar is preferred over
other adsorbents due to its low cost, sustainability, high porosity, good sorption capacity,
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fast kinetics, moderate to high surface area, and ease of regeneration [52–54]. Typically, the
sorption of organic compounds tends to increase as the pyrolysis temperature of biochar
rises [50]. Therefore, in this study, biochar was prepared at a high temperature (700 ◦C)
to treat AO7. Napier grass, also known as elephant grass or Uganda grass, is an invasive
grass species which can compete with and outgrow the natural vegetation in any region,
even under water stress conditions, thus harming the biodiversity of the region [55–57]. It
has a yearly production capacity of ~45 T of dry material/ha [56]. Given its rapid growth,
low disease risk, and capacity to flourish in a variety of soil types, even with lower inputs
of nitrogen fertilizer, it may be a promising source of biochar feedstock [56–58]. With
30 tons per hectare of production, it may produce ~1.2 GT of charcoal and 2 GT of bio-oils
annually [56,59]. Thus, it was chosen as a precursor for biochar production.

The present study offers a solid foundation for further research into the application
of Napier grass biochar (NGBC700) by utilizing it as an adsorbent to remediate AO7-dye-
contaminated water. The Napier grass biochar was used without any additional physical
or chemical treatment at a near-neutral pH (~6.5). This study was performed in both
batch and column modes. The effects of pH, initial dye concentration, adsorbent dose,
and temperature were studied for AO7 sorption on NGBC700. Possible AO7 sorption
interactions on NGBC700 were also established. The NGBC700 preparation cost was
estimated using a simple analysis and compared with commercial activated carbon to
justify its economic feasibility. To prevent any pollution that may arise from the activities
of local dyers, the NGBC700 was used to remediate AO7 from locally available dye-
laden wastewater. Further, continuous AO7 sorption onto NGBC700 was carried out in
a downflow fixed-bed adsorber, and the obtained data were fitted to Thomas and Yoon–
Nelson fixed-bed models. These column parameters will be helpful in establishing large
treatment plants for treating textile wastewater rich in AO7 using NGBC700. Finally, the
NGBC700 was regenerated and reused for three adsorption–desorption cycles.

2. Materials and Methods
2.1. Reagents and Apparatus

AO7 (AR, molar mass = 350.32 g mol−1), hydrochloric acid (HCl), and sodium hy-
droxide (NaOH) were procured from Sigma-Aldrich chemical pvt. limited, India. Sodium
chloride (NaCl) was purchased from Qualigens, India. HCl and NaOH were used to
maintain the pH of solutions, and NaCl was utilized to determine the pH at point zero
charge (pHpzc). The wavelength at maximum absorbance (λmax) for AO7, i.e., 485 nm,
was chosen using UV–visible spectrophotometry (PerkinElmer, Shelton, CT, USA). The
chemical structure and properties of AO7 are mentioned in Table 1.

Table 1. Chemical structure and properties of acid orange 7.

Properties Acid Orange 7 (AO7)

Chemical structure
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Empirical formula C16H11N2NaO4S

Solubility (in water) 116 g L−1 at 30 ◦C
IUPAC name Sodium 4-[(2E)-2-(2-oxonaphthalen-1-ylidene)hydrazinyl]benzenesulfonate
Molar mass 350.32 g mol−1

CAS No. 633-96-5
Generic name Acid orange 7 (C. I. 15510)

Class Azo dye (anionic)
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2.2. Development of NGBC700

Napier grass was collected from a farm in Mohammad Pur near the bank of the
Yamuna River, Delhi (28◦48′17.2′′ N 77◦11′12.0′′ E), India. It was cleaned and sun-dried.
The sun-dried Napier grass was cut into pieces and oven-dried at 80 ◦C for 8 h (Figure 1).
The dried Napier grass was pyrolyzed for 1 h at 700 ◦C (heating rate = 10 ◦C min−1)
in a muffle furnace. The biochar produced was ground and sieved to a particle size of
52–100 B.S.S. mesh (300–150 µm). The sieved biochar was washed several times with
distilled water to remove soluble organics and ash until no wash-water absorbance peak
was observed in the visible spectrum range. The biochar was then oven-dried at 90 ◦C for
8 h; afterwards, it was packed in an airtight container and labeled NGBC700.
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2.3. Characterization of NGBC700

The biochar yield (%) was estimated using Equation (1). The pHpzc of the NGBC700
was determined by the method described earlier, using a Thermo-Scientific Orion 5 Star
(Beverly, MA, USA) pH meter [60]. The ash content of the biochar was estimated using
the ASTM-D1762-84 thermogravimetric method [61]. The NGBC700’s metal contents were
determined through the wet digestion method by dissolving ash into aqua regia using
ICP-OES (Agilent 5100, Mulgrave, Victoria, Australia). The biochar’s total percentages
of C, H, N, and S contents were determined using an Elementar Vario EL Cube CHNS
analyzer (Langenselbold, Germany). The oxygen (%) content was estimated by subtracting
the (%) contents of the above elements from 100%, as shown in Equation (2). The elemental
composition of the NGBC700’s surface was estimated (down to a 2 µm depth) using an
EDX analysis. A Bruker EDX system (Berlin, Germany) equipped with a Zeiss EVO40 SEM
system (Cambridge, United Kingdom) was used to perform an energy-dispersive X-ray
analysis. Different characteristics of the biochar, such as its surface morphology, surface
area, pore structure, surface functional groups, total pore volume, and pore radius, were
determined using various instruments, as mentioned in Table S1.

Biochar yield (%) =
Mass of biochar (Mbc)

Mass of biomass (Mbm)
× 100 (1)

O (%) = 100 (%)− C (%)− H (%)− N (%)− S (%)− Ash (%) (2)

2.4. Batch Sorption Studies

An acid orange 7 stock solution (1000 mg L−1) was prepared using double-distilled
water (DDW). This stock solution was used to prepare fresh AO7 solutions for batch and
column sorption experiments. The effect of pH on the sorption of AO7 onto NGBC700
was examined at pH values of 2, 4, 6, 8, and 10 (NGBC700 dose: 2 g L−1; AO7: 10 mg L−1;
temp.: 25 ◦C). The adsorbate/adsorbent suspensions were taken in a container and properly
mixed using a water bath incubator shaker at 25 ◦C for 24 h. A pH of 6.5 and an agitation
speed of 100 rpm were chosen for all sorption studies. The sorption experiments were
performed in duplicates, and mean values along with standard deviations are reported.
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The AO7 percent removal and sorption capacity (mg g−1) on NGBC700 were calculated
using Equations (3) and (4), respectively.

Removal (%) =
(C0 − Ce)

C0
× 100 (3)

Sorption capacity (qe) =
(C0 − Ce)V

M
(4)

where Co

(
mg L−1

)
is the initial AO7 concentration and Ce (mg L−1) is the equilibrium

AO7 concentration. V (L) is the AO7 solution volume, and M (g) is the mass of biochar
used in the experiment.

Sorption kinetics were determined at different biochar doses (1, 2, 3, and 4 g L−1) and
AO7 concentrations (10, 20, and 30 mg L−1) for time intervals [(5 min, 15 min, 30 min,
45 min, 1 h, 2 h, 4 h, 6 h, 8 h, 16 h, 24 h, and 48 h)] at 25 ◦C.

Non-linear pseudo-first-order (PFO) [62] and pseudo-second-order (PSO) [63] kinetic
equations were applied to the sorption kinetic data, as shown in Equations (5) and (6),
respectively.

qt = qe

(
1 − e−k1t

)
(5)

qt =
q2

e k2t
1 + qtk2t

(6)

where k1

(
h−1

)
and k2

(
g mg−1 h−1

)
are the PFO and PSO kinetic equations’ rate con-

stants, respectively. qe and qt (mg g−1) are the adsorption capacities at equilibrium and at
time t (h), respectively.

Sorption isotherm studies were conducted in a 10–250 mg L−1 AO7 concentration
range at 10, 25, and 40 ◦C. The AO7 solution pH, NGBC700 particle size, and dose for
the isotherm study were 6.5, 52–100 BSS, and 2 g L−1, respectively. Non-linear Langmuir
(Equation (7)) and Freundlich (Equation (8)) isotherm models were fitted on the sorption
equilibrium data. The adsorption of molecules on a perfectly uniform surface is suitable for
the Langmuir isotherm model, which implies a single layer of coverage of the adsorbate on
the adsorbent [64]. On the other hand, the Freundlich isotherm is more versatile and can be
applied to situations in which adsorption occurs on heterogeneous surfaces and involves
multilayer sorption [65].

qe =
Q◦bCe

1 + bCe
(7)

qe = KFC
1
n
e (8)

where qe and Q◦ are the equilibrium and monolayer adsorption capacity
(
mg g−1),

b
(

L mg−1
)

is the Langmuir equilibrium constant, Ce (mg L−1) is the equilibrium AO7 con-

centration, KF
(
mg g−1) is the Freundlich sorption constant, n is the Freundlich exponent,

and 1/n is a measure of the adsorption intensity.

2.5. NGBC700 Regeneration

It is very important to select an appropriate eluent for desorption and regeneration
of an adsorbent [66]. AO7 desorption was initially carried out with 0.1 N NaOH, 0.1 N
HCl, 0.1 N NaCl and 10% EtOH. Based on the preliminary studies, NaOH was finally
selected for dye desorption studies. Moreover, desorption of adsorbed AO7 on NGBC700
was performed using NaOH solutions of varying concentrations: 0.01, 0.05, 0.1, 0.5, and
1 N. In summary, 0.1 g of NGBC700 was added to 50 mL of an aqueous AO7 solution
(conc. = 20 mg L−1; pH = 6.5). The mixture was then agitated at 100 rpm in a water bath
incubator shaker at 25 ◦C for 24 h. Then, the spent NGBC700 was filtered and kept in the
oven to dry for 6 h at 95 ◦C. The dried NGBC700 was cooled and then agitated with 50 mL
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of a desorbing agent for 24 h, filtered, and washed with DDW. The filtered NGBC700 was
oven-dried for 6 h at 95 ◦C and left to cool at room temperature. Adsorption-desorption
studies were carried out for up to three cycles to assess its reusability potential. The AO7
concentration was quantified after each sorption cycle via UV–vis spectroscopy.

2.6. Column Study

In industrial applications involving the removal of contaminants, fixed-bed stud-
ies are crucial and necessary [33,67,68]. It is simple to apply design parameters from
fixed-bed-column studies to large-scale commercial applications [33,67,68]. A schematic
representation and actual picture of the column setup, along with the ideal breakthrough
curve, are given in Figure S1. A fixed-bed study was performed by utilizing a 45 cm long
glass column (2 cm internal dia.). As a column support, glass wool was used to run the
fixed-bed column in the downflow mode under gravity [67,68]. A slurry comprising 4 g
of Napier grass biochar (NGBC700) was prepared using lukewarm double-distilled water
(DDW). An NGBC700 fixed bed (bed depth = 11 cm) was formed by adding the biochar
slurry to a glass wool-supported fixed-bed column. Initially, 20 mg L−1 of AO7 at a pH of
6.5 was introduced into the column at room temperature (~27 ◦C). The eluent was collected
at fixed time intervals, and the AO7 was measured using a UV–visible spectrophotometer
at a λmax of 485 nm [35,36].

A breakthrough curve analysis was used to assess the dynamic behavior of the fixed-
bed column [33,67,69]. Breakthrough curves for the fixed-bed study under the given
experimental conditions were generated by plotting Ct/Co against time [33,67,69]. Here, Ct
represents the adsorbate concentration in the effluent and Co represents the adsorbate con-
centration in the initial inlet. In this study, breakthrough and exhaustion were considered
to occur at Ct/Co values of 0.1 and 0.9, respectively.

The column’s performance was monitored using a breakthrough curve, employing
Weber’s mass transfer model [33,67]. Several fixed-bed sorption parameters were calculated
using Equations (9)–(14).

tx =
Vx

Fm
(9)

tδ =
Vx − Vb

Fm
(10)

f = 1 − tf
tδ

(11)

% Saturation =
D − δ(f)

D
× 100 (12)

EBCT =
Bed Volume (mL)

flow rate
(

mL
min

) (13)

Adsorbent usage rate
(g

L

)
=

Weight of adsorbent in column (g)
Volume of effleuent at breakthrough (L)

(14)

Further, the column’s adsorption capacity was determined using total area under
the breakthrough curve (Ac) (Figure S1) obtained for AO7 sorption on NGBC700 [70,71].
Therefore, calculating the integral area under the breakthrough curve between Cads (C0–Ct)
and time (t) yielded the quantity of AO7 adsorbed (Equation (15)).

Ac =
∫ t=ttotal

t=0
Cadsdt (15)

By replacing AC in Equation (16), the overall adsorbed AO7 (Qtotal) can be computed.

Qtotal =
QAc
1000

=
Q

1000

∫ t=ttotal

t=0
(C0 − Ct)∗dt (16)
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where Q denotes the total inflow rate represented in “mL min−1”.
The maximum AO7 column adsorption capacity was determined using the Equation (17).

qexp

(
mg
g

)
=

Qtotal
m

(17)

where m (g) represents the quantity of NGBC700 utilized within the column.

2.6.1. Thomas Model

The Thomas model is widely used fixed-bed sorption model. This model is based on
the pseudo-second-order kinetic and Langmuir isotherm equations [33,69,72]. Equation (18)
represents the linear form of the Thomas model [33,69,73].

ln
[(

C0

Ct

)
− 1

]
=

(
KTH.qmax.m

Q

)
− KTHC0t (18)

where Ct (mg L−1) represents the effluent concentration at time t, Co stands for the initial in-
fluent concentration, t (min) denotes the sampling time, KTH (mL min−1 mg−1) signifies the
Thomas rate constant, m (g) indicates the amount of NGBC700 in the column, qmax (mg g−1)
represents the maximum adsorbate concentration in the solid phase, and Q (mL min−1)
denotes the influent flow rate. Additionally, qmax and KTH were determined from the
intercept

(
KTH.qmax.m

Q

)
and slope (KTH.qmax) of the linear plot between ln

[(
C0
Ct

− 1
)]

and
“t” [33,69].

2.6.2. Yoon–Nelson Model

The Yoon–Nelson model is a simple fixed-bed adsorption model [69,74]. The linear
form of the Yoon–Nelson model is expressed in Equation (19) [33,69].

ln
[(

Ct

C0 − Ct

)
− 1

]
= KYN(t − τ) (19)

where Co (mg L−1) represents the influent AO7 conc., and Ct (mg L−1) signifies the effluent
concentration at a specific time. KYN denotes the rate constant (min−1), τ is the time
required for 50% adsorbate breakthrough to occur (min), and t represents the time of
breakthrough (min). KYN and τ were determined using the slope and intercept obtained by
plotting the natural logarithm of (Ct/C0–Ct) against time [33,69].

2.7. NGBC700 Preparation Cost

In order to treat water/wastewater on a commercial scale, estimating the adsorbent
preparation cost is essential [68,75,76]. In low- and middle-income nations, the absorbent
cost becomes particularly crucial for widespread acceptability [68]. The NGBC700 cost
analysis considered several steps, such as Napier grass collection and transportation, size
reduction, pyrolysis, subsequent biochar size reduction, washing, and the final oven-drying
process. Possible cost estimation was performed using a modified methodology previously
developed and employed by other researchers (Equation (20)) [68,75,76].

COSTBC = COSTP + COSTPro + COSTA/M + COSTPy + COSTOTHER (20)

where COSTBC is the total cost of preparing the NGBC700, COSTP is the precursor procure-
ment cost, COSTPro is the precursor processing cost (including size reduction and drying),
COSTA/M is the precursor activation or modification cost, COSTPy is the pyrolysis and
post-processing cost (comprising electricity, washing, and drying costs), and COSTOTHER
includes miscellaneous costs and a 10% offset for any biochar loss experienced during
the entire process. In this study, COSTA/M remained zero since there were no activa-
tion/modification steps involved in preparing the NGBC700. All costs were calculated
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2.8. NGBC700 Application in Actual Dye Wastewater Treatment

An experimental treatment of AO7-spiked dye wastewater was carried out in order
to assess the NGBC700’s actual dye-wastewater treatment capability. Two dye-bearing
wastewater samples were collected from a local dyer near Vasant Square Mall (28◦31′31.3′′ N
77◦09′20.7′′ E), New Delhi, India. The wastewater generated from the dyer is directly
disposed of into the public sewer lines. The samples were collected in pre-cleaned 2 L
polyethylene bottles. The dark red-colored sample was labeled “Sample R” while the
dark blue-colored sample was labeled “Sample B”. Physicochemical parameters includ-
ing pH, EC, TDS, hardness, alkalinity, chloride, and sulfate contents were determined
before and after the dye-wastewater treatment following the APHA guidelines. Both dye-
wastewater samples were spiked with ~25 mg L−1 of AO7. Additionally, 50 mL of each AO7-
spiked dye wastewater sample was treated with NGBC700 (adsorbent dose = 3.0 gL−1;
equilibrium time = 24 h) at 25 ◦C.

3. Results and Discussion
3.1. NGBC700 Characterization

The NGBC700’s physicochemical properties are summarized in Table 2. The yield,
moisture, and ash content of the NGBC700 are ~31%, ~6%, and ~21%, respectively. The
carbon and oxygen contents of the NGBC700 are 62.8% and 30.5%, respectively. The BET
surface area, pore radius, and total pore volume of the NGBC700 are 108 m2g−1, 19.13 Å,
and 0.16 cm3g−1, respectively. The metal oxide contents (mg g−1) in the ash of NGBC700
are also reported in Table 2. The pHpzc of NGBC700 was estimated to be 8.9 (Figure S2).
The biochar has a net positively charged surface at the dye solution’s pH < 8.9.

Table 2. The proximate, ultimate, and metal contents of NGBC700.

Property/Element Values

Yield (%) ~31
Ash (%) ~21

Moisture (%) ~6
Surface Area (SBET, m2 g−1) 108
Total pore volume (cm3 g−1) 0.16

Pore radius (Å) 19.13
Carbon (%) 62.8

Hydrogen (%) 1.94
Nitrogen (%) 4.20

Sulfur (%) 0.51
Oxygen (%) 30.5

MgO (mg g−1) 16.97
CaO (mg g−1) 46.25
K2O (mg g−1) 15.43

Al2O3 (mg g−1) 1.18
Fe2O3 (mg g−1) 1.17
MnO2 (mg g−1) 0.22

SEM images revealed that the surface morphology of the biochar closely resembles a
honeycomb structure marked by interwoven cylindrical pores alongside larger holes, as
shown in Figure 2A,B [77]. The canal-like surface morphology of the NGBC700 contributes
to its porosity. The lack of well-defined crystalline structures in TEM images confirms the
amorphous nature of the biochar (Figure 2C,D). The graphitic carbon layer can be seen at
the bottom left edge of Figure 2C.
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Figure 2. SEM images of NGBC700 at different magnifications: (A) 500x and (B) 3000x. TEM images
of NGBC700 at different magnifications: (C) 50,000x and (D) 600,000x.

Figure 3 presents the SEM-EDX elemental maps and spectra of the NGBC700. The
presence of carbon (43.8%), calcium (0.73%), magnesium (0.15%), potassium (0.30%), silicon
(1%), and oxygen (54%) were observed after the SEM-EDX spectral analysis. The elemental
results of the SEM-EDX analysis may vary from the bulk elemental composition results
since they only revealed the surface (up to 2–3 µm) elemental content of the NGBC700 [68].
The color-coded elemental maps reveal their distribution on the NGBC700 surface.
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Figure 3. SEM-EDX spectra and mapping of NGBC700.

The FTIR spectra of NGBC700 and AO7-laden NGBC700 are shown in Figure 4.
The minor peaks at 871 cm−1 and 1398 cm−1 are due to calcite in the biochar [78,79].
The C-O/C-O-C stretching frequency corresponds to 1035 cm−1 [80]. In the AO7-laden
NGBC700, a slight shift in the 1035 cm−1 peak was reported, which may indicate the
involvement of C-O/C-O-C groups in adsorption. The peak at 1554 cm−1 is assigned to
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aromatic C=C stretching [81–83]. The peak at 2885 cm−1 is due to aliphatic C-H bond
stretching vibration [84]. The prominent peaks observed within the infrared spectral range
of 3925–3500 cm−1 are ascribed to the stretching vibrations of –OH groups [85,86].
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Figure 4. FTIR spectra of NGBC700 and AO7-laden NGBC700.

The XRD pattern of the NGBC700 is shown in Figure 5. A broad hump, peaking in the
2θ region of ~24◦, is due to the amorphous carbon present in the NGBC700 with a (002)
reflection plane [85]. A sharp peak at 2θ = ~26.52◦ (d = 3.323 Å) and a small peak at 49.86◦

(d = 1.781 Å) are attributed to the mineral quartz (SiO2) with corresponding (011) and
(112) crystal planes, respectively [79,87,88]. The sharp peaks around 2θ = ~22.94 (d = 3.852),
29.26◦ (d = 3.037), 31.44 (d = 2.825), 35.8 (d = 2.493), 39.26◦ (d = 2.252), 43.04◦ (d = 2.082),
47.28◦ (d=1.936), 48.32◦ (d = 1.897), 57.16◦ (d = 1.608), and 60.62◦ (d = 1.541) reveal the
presence of calcite in the NGBC700 with crystal planes at (012), (104), (006), (110), (113),
(202), (024), (116), (122), and (214), respectively, as per JCPDS card no. 05–0586 and JCPDS
card No. 47–1743 [50,89]. The dominance of calcite and quartz in the NGBC700 was also
supported by SEM-EDX mapping and spectral data.
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3.2. Batch Study
3.2.1. Effect of Solution pH

The effect of the initial solutions’ pH on the sorption of AO7 onto the biochar is
given in Figure 6. The pHpzc of the prepared NGBC700 is ~8.9. On the other hand,
the two pKa values of the AO7 molecules are 1 for the −SO3H group and 11 for the
naphthalene group [90,91]. For aqueous solutions with pH values between 1 and 11, AO7
exists in a negatively charged monoprotonated form [90,91]. Due to electrostatic attraction
between the anionic dye molecules and the NGBC700 surface, a lower pH (pH < ~8.9)
promotes AO7 adsorption by NGBC700 [90]. The removal efficiencies of AO7 on NGBC700
slightly decrease with an increase in solution pH. Similar results for AO7 sorption on
other sorbents were also reported [42,48,92]. Removal efficiencies of 98.9%, 84.3%, 82.9%,
81.2%, and 76.6% were obtained at pH values of 2, 4, 6, 8, and 10, respectively. The highest
removal efficiency (98.9%) was recorded at an initial pH of 2. The availability of significant
H+/H3O+ ions at the adsorbent surface at a very low pH (pH = 2) facilitates the electrostatic
attraction between AO7 molecules (SO−

3 group) and the H+/H3O+-charged adsorbent’s
surface [42,90,92]. However, no significant difference in the removal of AO7 on NGBC700
at initial pH values of 4 (84.3%), 6 (82.9%), and 8 (81.2%) was observed. At a pH of 10,
the AO7 removal efficiency was the lowest due to electrostatic repulsions between anionic
AO7 molecules and the net negatively charged NGBC700 surface (pHpzc = ~8.9) [42,92].
Given that wastewater typically falls within a pH range of 6–10, a pH of 6.5 was selected
for further kinetic and equilibrium studies [93].
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3.2.2. AO7 Sorption Interactions

Spectroscopic analyses were employed to propose sorption interactions between the
AO7 and NGBC700 surfaces. During the NGBC700 preparation, Ca2+ and Mg2+ salts
(Table 2) were converted into CaO, Ca(OH)2, CaCO3, MgO, and Mg(OH)2. Thus, inside
and at the surface, these basic inorganics exist and contribute to pushing the surface to
become more basic, while phenolic, carboxylic groups are acidic. Acid orange 7 in water is
mostly ionized to AO7 − SO−

3 , and this can interact with Mg(OH)2, MgO, CaO, Ca(OH)2,

and carbonate. This can give Ca2+ and -OSO2-AO7 sites. Ca2+ and Mg2+
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organic group is present, it lowers the solubility of these salts. Such salts can form on the
surfaces of the CaCO3 and MgO in the NGBC700. This is true over most of the pH range,
but as the pH increases, the following reaction may take place.
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This agrees with some drop in the removal percentage versus pH, as can be seen in
Figure 6.

Additionally, AO7 primarily exists in azo and hydrazone tautomeric forms (Scheme 1).
In an aqueous solution, the hydrazone form dominates [94]. AO7 has two pKa values
(pKa1 = 1 for the −SO3H group and pKa2 = 11 for the naphthalene group) [90,91]. From
pH values of 1 to ~11, AO7 exists in a negatively charged monoprotonated form [90,91].
AO7 will be negatively charged at pH > 11, (Scheme 2). The NGBC700 has a pHpzc of ~8.9.
Thus, the NGBC700 surfaces are net positively charged at pH < 8.9, while they become net
negative > pH 8.9.

Processes 2024, 12, x FOR PEER REVIEW 13 of 28 
 

 

 
Scheme 1. AO7 tautomeric forms in an aqueous solution, adopted with permission from Ref. [95]. 
Copyright 2003, Elsevier. 

 
Scheme 2. Acid orange 7 speciation in aqueous media, adopted with permission from Ref. [96]. 
Copyright 2020, Elsevier. 

The anionic AO7 species is electrostatically attracted toward the protonated 
NGBC700 surfaces, leading to high adsorption in the acidic solution (Figure 6). The posi-
tively charged NGBC700 surface promoted anionic AO7 adsorption at pH < pHpzc. A 
proton was also lost by the AO7 molecule when the pH was raised above 10, making it 
more difficult to connect to the negatively charged NGBC700. Furthermore, the AO7 mol-
ecule undergoes increased tautomerization with a rise in the solution pH [97]. Scheme 1 
illustrates how intramolecular proton transfer from the hydroxyl group to one of the ni-
trogen atoms in the azo group may occur. In aqueous solutions at relatively higher pH 
levels, the hydrazine tautomer emerges as the predominant AO7 form. In this tautomer, 
the ketal group may reduce the sorption capacity due to its weaker interaction with the 
NGBC700 versus the azo tautomer as it lacks hydrogen bonding at the oxygen atom of the 
substrate [97]. 

An anionic AO7 can form hydrogen bonds with carbonyl, hydroxyl, ether, phenolic, 
and quinoid/keto groups that are present on the NGBC700. H-bonding between anionic 
AO7 and protonated and neutral NGBC700 surfaces can exist at pH < 8.9 (Scheme 3). The 

Scheme 1. AO7 tautomeric forms in an aqueous solution, adopted with permission from Ref. [95].
Copyright 2003, Elsevier.

Processes 2024, 12, x FOR PEER REVIEW 13 of 28 
 

 

 
Scheme 1. AO7 tautomeric forms in an aqueous solution, adopted with permission from Ref. [95]. 
Copyright 2003, Elsevier. 

 
Scheme 2. Acid orange 7 speciation in aqueous media, adopted with permission from Ref. [96]. 
Copyright 2020, Elsevier. 

The anionic AO7 species is electrostatically attracted toward the protonated 
NGBC700 surfaces, leading to high adsorption in the acidic solution (Figure 6). The posi-
tively charged NGBC700 surface promoted anionic AO7 adsorption at pH < pHpzc. A 
proton was also lost by the AO7 molecule when the pH was raised above 10, making it 
more difficult to connect to the negatively charged NGBC700. Furthermore, the AO7 mol-
ecule undergoes increased tautomerization with a rise in the solution pH [97]. Scheme 1 
illustrates how intramolecular proton transfer from the hydroxyl group to one of the ni-
trogen atoms in the azo group may occur. In aqueous solutions at relatively higher pH 
levels, the hydrazine tautomer emerges as the predominant AO7 form. In this tautomer, 
the ketal group may reduce the sorption capacity due to its weaker interaction with the 
NGBC700 versus the azo tautomer as it lacks hydrogen bonding at the oxygen atom of the 
substrate [97]. 

An anionic AO7 can form hydrogen bonds with carbonyl, hydroxyl, ether, phenolic, 
and quinoid/keto groups that are present on the NGBC700. H-bonding between anionic 
AO7 and protonated and neutral NGBC700 surfaces can exist at pH < 8.9 (Scheme 3). The 

Scheme 2. Acid orange 7 speciation in aqueous media, adopted with permission from Ref. [96].
Copyright 2020, Elsevier.



Processes 2024, 12, 1115 13 of 27

The anionic AO7 species is electrostatically attracted toward the protonated NGBC700
surfaces, leading to high adsorption in the acidic solution (Figure 6). The positively charged
NGBC700 surface promoted anionic AO7 adsorption at pH < pHpzc. A proton was also
lost by the AO7 molecule when the pH was raised above 10, making it more difficult to
connect to the negatively charged NGBC700. Furthermore, the AO7 molecule undergoes
increased tautomerization with a rise in the solution pH [97]. Scheme 1 illustrates how
intramolecular proton transfer from the hydroxyl group to one of the nitrogen atoms in the
azo group may occur. In aqueous solutions at relatively higher pH levels, the hydrazine
tautomer emerges as the predominant AO7 form. In this tautomer, the ketal group may
reduce the sorption capacity due to its weaker interaction with the NGBC700 versus the
azo tautomer as it lacks hydrogen bonding at the oxygen atom of the substrate [97].

An anionic AO7 can form hydrogen bonds with carbonyl, hydroxyl, ether, phenolic,
and quinoid/keto groups that are present on the NGBC700. H-bonding between anionic
AO7 and protonated and neutral NGBC700 surfaces can exist at pH < 8.9 (Scheme 3). The
electrostatic attraction between protonated NGBC700 surfaces and negatively charged AO7
is possible at a very low pH (Scheme 4). The electrostatic repulsions between negatively
charged NGBC700 surfaces with mono-anionic and di-anionic AO7 (Scheme 5) occur when
pH = 8.9–11 and >11, respectively. The electron-deficient aromatic portions of the AO7
molecule could result in π donor–acceptor interactions with π electron-rich phenoxide
groups of NGBC700 (Scheme 6). ?? 3–6 list only a handful of the many enticing interactions
that exist between AO7 and NGBC700. Over a wide range of pH values, much more could
be offered.
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3.2.3. Effect of NGBC700 Doses on AO7 Sorption Kinetics

The dye removal performance of different doses of the NGBC700 over different time
intervals is shown in Figure 7A. At an initial 10 mg L−1 AO7 conc., the percent dye removal
was enhanced from 60.2 to 89.9% when the biochar dose was raised from 1 to 2 g L−1 at
25 ◦C after 24 h, respectively. The AO7 adsorption rate increased rapidly up to the first 8 h
and then rose very slowly for the next 48 h. The reason for this trend may be attributed to
the fact that the sites available for adsorption on the biochar’s surface decrease owing to
interactions between the AO7 and the NGBC700’s surface [33,92,98]. However, a further
increase in biochar dose from 3 to 4 g L−1, does not significantly increase the percent dye
removal. The equilibrium time for the sorption of AO7 onto the biochar was ~10 h. Thus,
all sorption experiments were carried out at an optimum biochar dose of 2 g L−1. An
equilibrium sorption time of 24 h was taken to ensure the complete exhaustion of biochar.
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Figure 7. Sorption kinetic data fittings for (A) different NGBC700 doses on AO7 removal efficiencies
and (B) different initial AO7 concentrations on dye removal efficiencies. Experimental data are
represented by points, while dotted and solid lines represent PFO and PSO kinetic equation fittings
to experimental data, respectively [particle size = 52–100 BSS; pH = 6.5; biochar dose = 2 g L−1; initial
AO7 concentration = 10 mg L−1; agitation speed = 100 rpm; temp. = 25 ◦C].

The sorption kinetic data were fitted to the PFO and the PSO (Figure 7A) kinetic
equations. All rate constants obtained from the fittings of data to the PFO and the PSO
equations are summarized in Table 3. The sorption kinetic data fitted the PSO equation
more accurately (R2 = 0.969–0.997) vs. the PFO equation (R2 = 0.789–0.988). The higher
correlation coefficients for the PSO explain that the sorption of AO7 onto the NGBC700 was
a function of the dye concentration and biochar quantity, and the reaction was influenced by
the abundance of the biochar’s surface-active sites [33,92]. The better fitting of the sorption
data onto the PSO indicated that chemical sorption is the rate-limiting step in the sorption
of AO7 onto the biochar [99]. The AO7 percentage removal values from the experimental
data are much closer to those obtained using the PSO equation vs. the PFO equation. The
pseudo-second-order rate constant at the optimized dose is 0.21 g mg−1 h−1.

Table 3. AO7 sorption kinetic data.

Biochar Dose
(g L−1)

Calculated
qe (%)

PFO PSO

qe
(%)

k1
(h−1) R2 qe

(%)
k2

(g mg−1 h−1) R2

1 61.7 54.2 0.80 0.918 59.4 0.20 0.983
2 91.8 82.1 0.82 0.964 91.2 0.21 0.994
3 94.8 90.2 0.86 0.789 93.7 0.63 0.969
4 95.6 92.4 2.29 0.988 94.5 1.7 0.997

Dye conc. (mg L−1)
10 91.7 82.2 0.82 0.964 91.2 0.21 0.994
20 55.1 51.3 1.11 0.915 54.9 0.27 0.968
30 47.6 45.4 0.63 0.806 48.3 0.17 0.964

3.2.4. Effect of Initial Dye Concentration on Sorption Kinetics

The effects of the initial dye concentration on sorption kinetics are shown in Figure 7B.
The percent dye removal decreased (91.8% → 55.1% → 47.6%) with increased initial dye
concentrations (10 mg L−1 → 20 mg L−1 → 30 mg L−1) at 48 h. The percent AO7 removal
rate increased rapidly during the first 8 h. After 8 h, the removal rate (%) rose very slowly
owing to the lesser availability of adsorption sites due to greater site occupancy by dye
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molecules during the initial hours [33,92]. In this case, the equilibrium time for the sorption
of AO7 onto NGBC700 is ~12 h.

The sorption kinetic data were also fitted to the PFO and the PSO (Figure 7B) ki-
netic equations. All parameters obtained after the kinetic equation fittings are summa-
rized in Table 3. Again, the PSO (R2 = 0.964–0.994) equation was preferred over the PFO
(R2 = 0.806–0.964) equation. The better fitting of kinetic sorption to the PSO revealed that
chemical sorption is the rate-limiting step [99,100].

3.2.5. Sorption Isotherm Study

Equilibrium studies for the sorption of AO7 onto the NGBC700 were performed at
10, 25, and 40 ◦C (Figure 8). Experimental isotherm data were fitted to the Langmuir
and Freundlich isotherm models. The different parameters of the Langmuir and Fre-
undlich isotherm models for AO7 sorption onto the NGBC700 are tabulated in Table 4. The
monolayer Langmuir capacities for AO7 sorption on the NGBC700 were 14.3, 12.7, and
8.4 mg g−1 at 10, 25, and 40 ◦C, respectively. This reduction in sorption capacity with an
increase in temperature suggests an exothermic nature of AO7 sorption on NGBC700.

Processes 2024, 12, x FOR PEER REVIEW 18 of 28 
 

 

molecules during the initial hours [33,92]. In this case, the equilibrium time for the sorp-
tion of AO7 onto NGBC700 is ~12 h. 

The sorption kinetic data were also fitted to the PFO and the PSO (Figure 7B) kinetic 
equations. All parameters obtained after the kinetic equation fittings are summarized in 
Table 3. Again, the PSO (R2 = 0.964–0.994) equation was preferred over the PFO (R2 = 0.806–
0.964) equation. The better fitting of kinetic sorption to the PSO revealed that chemical 
sorption is the rate-limiting step [99,100]. 

3.2.5. Sorption Isotherm Study 
Equilibrium studies for the sorption of AO7 onto the NGBC700 were performed at 

10, 25, and 40 °C (Figure 8). Experimental isotherm data were fitted to the Langmuir and 
Freundlich isotherm models. The different parameters of the Langmuir and Freundlich 
isotherm models for AO7 sorption onto the NGBC700 are tabulated in Table 4. The mon-
olayer Langmuir capacities for AO7 sorption on the NGBC700 were 14.3, 12.7, and 8.4 mg gିଵ at 10, 25, and 40 °C, respectively. This reduction in sorption capacity with an in-
crease in temperature suggests an exothermic nature of AO7 sorption on NGBC700. 

The AO7 sorption equilibrium data fit the Freundlich equation (R2 = 0.965–0.994) bet-
ter than the Langmuir equation (R2 = 0.788–0.987). This observation was further supported 
by smaller reduced χ2 value obtained from the Freundlich isotherm (reduced χ2 = 4.4–8) 
compared to the Langmuir isotherm (reduced χ2 = 10–139) at 10, 25, and 40 °C. The better 
fitting of the AO7 sorption data to the Freundlich isotherm suggests multilayer AO7 sorp-
tion on the heterogeneous surface of the NGBC700 [33,67]. Furthermore, the distribution 
of active sites on the NGBC700 is non-uniform, and interactions between these active sites 
and AO7 have differential affinities based on adsorption heat [101]. Such interactions are 
typically obtained for the adsorption of organic compounds onto activated carbon or a 
similar adsorbent [101]. 

 
Figure 8. AO7 sorption equilibrium data fitting to the Freundlich and Langmuir isotherm models. 
Experimental data are represented by points, while dotted and solid lines represent Langmuir and 
Freundlich isotherms fitting to experimental data, respectively [particle size = 52–100 BSS; pH = 6.5; 
NGBC700 dose = 2 g Lି ଵ; agitation speed = 100 rpm; temperature = 10, 25, and 40 °C]. 

  

Figure 8. AO7 sorption equilibrium data fitting to the Freundlich and Langmuir isotherm models.
Experimental data are represented by points, while dotted and solid lines represent Langmuir and
Freundlich isotherms fitting to experimental data, respectively [particle size = 52–100 BSS; pH = 6.5;
NGBC700 dose = 2 g L−1; agitation speed = 100 rpm; temperature = 10, 25, and 40 ◦C].

Table 4. Isotherm parameters for AO7 sorption onto NGBC700 at 10, 25, and 40 ◦C.

Isotherm Model Parameters
Temperature

10 ◦C 25 ◦C 40 ◦C

Langmuir

Q◦ (mg g−1) 14.3 12.7 8.4
b (L mg−1) 0.12 0.11 0.77

R2 0.987 0.788 0.831
Reduced χ2 10 139 32

Freundlich

KF (mg g−1) 2.65 3.36 4.75
n 2.98 3.68 7.69

R2 0.994 0.987 0.965
Reduced χ2 4.4 8 6.7

The AO7 sorption equilibrium data fit the Freundlich equation (R2 = 0.965–0.994) better
than the Langmuir equation (R2 = 0.788–0.987). This observation was further supported
by smaller reduced χ2 value obtained from the Freundlich isotherm (reduced χ2 = 4.4–8)
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compared to the Langmuir isotherm (reduced χ2 = 10–139) at 10, 25, and 40 ◦C. The
better fitting of the AO7 sorption data to the Freundlich isotherm suggests multilayer
AO7 sorption on the heterogeneous surface of the NGBC700 [33,67]. Furthermore, the
distribution of active sites on the NGBC700 is non-uniform, and interactions between
these active sites and AO7 have differential affinities based on adsorption heat [101]. Such
interactions are typically obtained for the adsorption of organic compounds onto activated
carbon or a similar adsorbent [101].

3.2.6. NGBC700 Regeneration/AO7 Desorption

Adsorption treatment is more economical when the sorbent can be reused [66,67].
To determine the biochar’s technical, commercial, and recyclable viability, desorption
experiments were carried out (Figure 9). AO7 desorption was initially carried out with
0.1 N NaOH, 0.1 N HCl, 0.1 N NaCl, and 10% EtOH. (Figure 9A). Maximum AO7 removal
(~35%) was achieved using NaOH (0.1 N) vs. 0.1 N HCl (23%), 0.1 N NaCl (11%), and
10% ethanol (18%). Further, regeneration studies were performed for three adsorption–
desorption cycles using 0.01, 0.05, 0.1, 0.5, and 1 N NaOH (Figure 9B). No significant
differences in AO7 removal were seen when using 0.01, 0.05, and 0.1 N NaOH. The AO7
removal efficiencies of NGBC700 after the 0th, 1st, 2nd, and 3rd cycles were 56.5, ~35,
33.1, and, 29%, respectively, when treated with 0.1 N NaOH. The 0th cycle indicates that
no desorption was carried out. The 1st, 2nd, and 3rd cycles refer to AO7 adsorption
on NGBC700 after desorption of AO7 adsorbed during the previous 0th, 1st, and 2nd
cycles, respectively. Similar AO7 removal trends were obtained with 0.01 and 0.05 N
NaOH. With 0.5 N NaOH (0th cycle = 56.5%, 1st cycle = 47%, 2nd cycle = 44.3%, and
3rd cycle = 42.2%) and 1 N NaOH (0th cycle = 56.3%, 1st cycle = 50.1%, 2nd cycle = 48.7%,
and 3rd cycle = 47.5%), AO7 removal was higher in each cycle versus when using 0.01, 0.05,
and 0.1 N NaOH. Thus, 0.5 N NaOH was selected for further studies as the best eluent to
desorb AO7 from NGBC700.
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0.01, 0.05, 0.1 N, 0.5 N, and 1 N NaOH.

3.2.7. Acid Orange 7 Sorption Capacities on NGBC700 vis-à-vis Other Adsorbents

A comparison of the AO7 sorption capacities of the NGBC700 and other adsorbents is
summarized in Table 5. Different adsorbents prepared from tea residue, sorghum straw, rice
husk, activated carbon, lemon peel, pulp, and waste sludge were utilized to treat AO7. The
AO7 adsorption capacity per unit surface area of the NGBC700 was lower or comparable
to many other adsorbents. Adsorbents with a higher AO7 sorption capacity were mostly
modified (physical or chemical), whereas we used low-cost, pristine NGBC700.
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Table 5. Acid orange 7 sorption capacities on NGBC700 vs. other adsorbents.

Adsorbents
Surface

Area
(m2 g−1)

pH Temp.
(◦C)

Maximum
Adsorption

Capacity
(mg g−1)

Adsorption
Capacity per Unit

Surface Area
(mg m−2)

Reference

Napier grass biochar (NGBC700) 108 6.5
10 14.3 0.13 This

study25 12.7 0.12
40 8.4 0.08

NaOH-modified tea residue biochar 178 2 25 96.71 0.54 [102]

Fe–sorghum straw biochar 216.6 6
5 25.15 0.11

15 28.91 0.13 [96]
25 59.34 0.27

CaO/CeO2 composite 32.3 2 28 27.78 0.86 [103]
Sludge–rice husk biochar 29.18 6–7 25 42.12 1.45 [104]

Zeolitic imidazolate framework-8 978 6 25 80.47 0.08 [105]
Milk-vetch shrub activated carbon 565 7 25 99 0.18 [106]

Activated carbon fiber 842 - 30 230 0.27 [107]
Lemon peel biochar 194.7 2 - 225 1.15 [47]

Modified multi walled carbon nanotubes 1800 7 25 59.52 0.03 [108]
Cucumis sativa peel biochar NA 2 25 11.21 NA [49]
Granular activated carbon 704.23 3 30 665.9 0.94 [97]

Co-pyrolyzed shaddock peel and red mud 93.51 2.2 25 32 0.34 [48]
Activated carbon 878 6 25 109.05 0.12 [109]

Triethylenetatramine (TETA)-treated sulfonated mandarin biochar 5.98 2 25 312.5 52.25 [15]
Core–shell-structured NH2 functionalized UiO-66 magnetic composites 722.6 NA 25 48.12 0.06 [110]

Fe3O4-modified sewage sludge biochar prepared at 450 ◦C 127.98
2 25

110.27 0.86
[111]Fe3O4-modified sewage sludge biochar prepared at 700 ◦C 99.83 64.40 0.64

De-inked Pulp Waste Sludge Activated Carbon (DIPSAC) 1523.7 2
30 12.88 0.008

[112]40 12.33 0.008
50 12.23 0.008
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3.3. Column Study

The breakthrough curve plays a pivotal role in assessing column performance [33,67].
Table 6 summarizes the column parameters of AO7 sorption on the NGBC700 derived from
the breakthrough curve (Figure 10A). The column’s capacity for AO7 sorption (4.4 mg g−1)
was notably lower compared to values obtained from batch sorption studies (12.7 mg g−1)
performed at approximately the same temperature (~27 ◦C). This discrepancy can be largely
attributed to the brief contact time (EBCT = 7.85 min) between the adsorbent and adsorbate
in the column [67]. The breakthrough volume was 460 mL, with exhaustion occurring at
1665 mL. Furthermore, breakthrough was observed at 89 min, while exhaustion took place
at 367 min. The NGBC700 usage rate was 8.7 g L−1.

Table 6. Column parameters calculated for AO7 sorption on NGBC700.

Column Parameters Values

Weight of NGBC700 (g) 4
Bed volume (cm3) 34.54

EBCT (Empty bed contact time) (min) 7.85
NGBC700 usage rate (g L−1) 8.7
Column capacity (mg g−1) 4.4

Initial concentration (mg L−1) 20
Concentration at exhaustion point (Cx) (mg L−1) 18

Concentration at breakthrough point (Cb) (mg L−1) 2
Exhaustion volume (Vx) (mL) 1665

Breakthrough volume (Vb) (mL) 460
Total time to reach exhaustion point (tx) (min) 367

Total time to reach breakthrough (tb) (min) 89
Percent saturation (%) 73.5
Fractional capacity (f) 0.65

Primary adsorption zone (cm) 8.33

The continuous AO7 sorption data were fitted to Thomas and Yoon–Nelson mod-
els (Figure 10B,C). Table 7 provides the Yoon–Nelson and Thomas model parameters.
The experimental data moderately fit the Thomas (R2 = 0.76) and Yoon–Nelson models
(R2 = 0.76) for continuous AO7 sorption on NGBC700. The AO7 adsorption capacity ob-
tained using Thomas model (5.2 mg g−1) closely matched the experimental column capacity
(4.4 mg g−1), confirming the Thomas model’s applicability to the column data. Likewise,
the T0.5 calculated using the Yoon–Nelson model (239 min) was in close agreement with the
experimental value of 215 min (Table 7). These findings suggest the utility of these models
in designing columns for scale-up processes.

Table 7. Column model parameters for AO7 sorption on NGBC700.

Thomas Model Yoon–Nelson Model Experimental Data

KTH (mL/min.mg) qmax (mg g-1) R2 KYN (min−1) T0.5 (min) R2 qe-exp (mg g-1) T0.5–exp (min)
1.09 5.2 0.76 0.0216 239 0.76 4.4 215

3.4. Actual Dye Wastewater Treatment

Dye-based industries, especially small and medium-sized ones, dispose of their un-
treated wastewater in streams due to budgetary constraints [113]. NGBC700 was used to
completely remove AO7 from locally available dye wastewater. Dye wastewater physic-
ochemical parameters before and after contamination are given in Table S2. The AO7
removal efficiencies using the NGBC700 from sample R and sample B are given in Figure 11.
AO7 removal efficiencies of approximately 100% were achieved by the NGBC700 for the
AO7-spiked sample R and sample B. Thus, the developed NGBC700 has potential to be
used in the decolorization of AO7-laden dye wastewater.
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4. NGBC700 Preparation Cost

The NGBC700 preparation cost was calculated as per the equation given in Section 2.7.
Table S3 summarizes the NGBC700 preparation cost in US$ and

Processes 2024, 12, x FOR PEER REVIEW 8 of 28 
 

 

2.7. NGBC700 Preparation Cost 
In order to treat water/wastewater on a commercial scale, estimating the adsorbent 

preparation cost is essential [68,75,76]. In low- and middle-income nations, the absorbent 
cost becomes particularly crucial for widespread acceptability [68]. The NGBC700 cost 
analysis considered several steps, such as Napier grass collection and transportation, size 
reduction, pyrolysis, subsequent biochar size reduction, washing, and the final oven-dry-
ing process. Possible cost estimation was performed using a modified methodology pre-
viously developed and employed by other researchers (Equation (20)) [68,75,76]. COST୆େ = COST୔ + COST୔୰୭ + COST୅/୑ + COST୔୷ + COST୓୘ୌ୉ୖ (20)

where COSTBC is the total cost of preparing the NGBC700, COSTP is the precursor procure-
ment cost, COSTPro is the precursor processing cost (including size reduction and drying), 
COSTA/M is the precursor activation or modification cost, COSTPy is the pyrolysis and post-
processing cost (comprising electricity, washing, and drying costs), and COSTOTHER in-
cludes miscellaneous costs and a 10% offset for any biochar loss experienced during the 
entire process. In this study, COSTA/M remained zero since there were no activation/mod-
ification steps involved in preparing the NGBC700. All costs were calculated in Indian 
rupees (IN₹) and then converted to US dollars (US$) using the exchange rate of 1 US$ = 
IN₹ 83.11 as of 13 May 2024. Finally, the total cost was calculated and reported in US dol-
lars (US$) and Indian Rupees (IN₹) per kg of NGBC700. 

2.8. NGBC700 Application in Actual Dye Wastewater Treatment 
An experimental treatment of AO7-spiked dye wastewater was carried out in order 

to assess the NGBC700’s actual dye-wastewater treatment capability. Two dye-bearing 
wastewater samples were collected from a local dyer near Vasant Square Mall (28°31′31.3″ 
N 77°09′20.7″ E), New Delhi, India. The wastewater generated from the dyer is directly 
disposed of into the public sewer lines. The samples were collected in pre-cleaned 2 L 
polyethylene bottles. The dark red-colored sample was labeled “Sample R” while the dark 
blue-colored sample was labeled “Sample B”. Physicochemical parameters including pH, 
EC, TDS, hardness, alkalinity, chloride, and sulfate contents were determined before and 
after the dye-wastewater treatment following the APHA guidelines. Both dye-wastewater 
samples were spiked with ~25 mg L-1 of AO7. Additionally, 50 mL of each AO7-spiked dye 
wastewater sample was treated with NGBC700 (adsorbent dose = 3.0 gL−1; equilibrium 
time = 24 h) at 25 °C. 

3. Results and Discussion 
3.1. NGBC700 Characterization 

The NGBC700’s physicochemical properties are summarized in Table 2. The yield, 
moisture, and ash content of the NGBC700 are ~31%, ~6%, and ~21%, respectively. The 
carbon and oxygen contents of the NGBC700 are 62.8% and 30.5%, respectively. The BET 
surface area, pore radius, and total pore volume of the NGBC700 are 108 mଶgିଵ, 19.13 Å, 
and 0.16 cmଷgିଵ, respectively. The metal oxide contents (mg gିଵ) in the ash of NGBC700 
are also reported in Table 2. The pHpzc of NGBC700 was estimated to be 8.9 (Figure S2). 
The biochar has a net positively charged surface at the dye solution’s pH ˂ 8.9. 

Table 2. The proximate, ultimate, and metal contents of NGBC700. 

Property/Element Values 
Yield (%) ~31 
Ash (%) ~21 

Moisture (%) ~6 
Surface Area (SBET, m2 g−1) 108 

Total pore volume (cm3 g−1) 0.16 

. The detailed costs of
biochar preparation, as per the equation, are given step-wise below:

COSTBC = US$ 1.62 + US$ 0.90 + US$ 0 + US$ 2.95 + US$ 0.55 = US$ 6.02 kg−1

• COSTP = Biomass collection cost (US$ 0.9; the biochar collection cost was calculated
based on an unskilled labor cost of ~600

Processes 2024, 12, x FOR PEER REVIEW 8 of 28 
 

 

2.7. NGBC700 Preparation Cost 
In order to treat water/wastewater on a commercial scale, estimating the adsorbent 

preparation cost is essential [68,75,76]. In low- and middle-income nations, the absorbent 
cost becomes particularly crucial for widespread acceptability [68]. The NGBC700 cost 
analysis considered several steps, such as Napier grass collection and transportation, size 
reduction, pyrolysis, subsequent biochar size reduction, washing, and the final oven-dry-
ing process. Possible cost estimation was performed using a modified methodology pre-
viously developed and employed by other researchers (Equation (20)) [68,75,76]. COST୆େ = COST୔ + COST୔୰୭ + COST୅/୑ + COST୔୷ + COST୓୘ୌ୉ୖ (20)

where COSTBC is the total cost of preparing the NGBC700, COSTP is the precursor procure-
ment cost, COSTPro is the precursor processing cost (including size reduction and drying), 
COSTA/M is the precursor activation or modification cost, COSTPy is the pyrolysis and post-
processing cost (comprising electricity, washing, and drying costs), and COSTOTHER in-
cludes miscellaneous costs and a 10% offset for any biochar loss experienced during the 
entire process. In this study, COSTA/M remained zero since there were no activation/mod-
ification steps involved in preparing the NGBC700. All costs were calculated in Indian 
rupees (IN₹) and then converted to US dollars (US$) using the exchange rate of 1 US$ = 
IN₹ 83.11 as of 13 May 2024. Finally, the total cost was calculated and reported in US dol-
lars (US$) and Indian Rupees (IN₹) per kg of NGBC700. 

2.8. NGBC700 Application in Actual Dye Wastewater Treatment 
An experimental treatment of AO7-spiked dye wastewater was carried out in order 

to assess the NGBC700’s actual dye-wastewater treatment capability. Two dye-bearing 
wastewater samples were collected from a local dyer near Vasant Square Mall (28°31′31.3″ 
N 77°09′20.7″ E), New Delhi, India. The wastewater generated from the dyer is directly 
disposed of into the public sewer lines. The samples were collected in pre-cleaned 2 L 
polyethylene bottles. The dark red-colored sample was labeled “Sample R” while the dark 
blue-colored sample was labeled “Sample B”. Physicochemical parameters including pH, 
EC, TDS, hardness, alkalinity, chloride, and sulfate contents were determined before and 
after the dye-wastewater treatment following the APHA guidelines. Both dye-wastewater 
samples were spiked with ~25 mg L-1 of AO7. Additionally, 50 mL of each AO7-spiked dye 
wastewater sample was treated with NGBC700 (adsorbent dose = 3.0 gL−1; equilibrium 
time = 24 h) at 25 °C. 

3. Results and Discussion 
3.1. NGBC700 Characterization 

The NGBC700’s physicochemical properties are summarized in Table 2. The yield, 
moisture, and ash content of the NGBC700 are ~31%, ~6%, and ~21%, respectively. The 
carbon and oxygen contents of the NGBC700 are 62.8% and 30.5%, respectively. The BET 
surface area, pore radius, and total pore volume of the NGBC700 are 108 mଶgିଵ, 19.13 Å, 
and 0.16 cmଷgିଵ, respectively. The metal oxide contents (mg gିଵ) in the ash of NGBC700 
are also reported in Table 2. The pHpzc of NGBC700 was estimated to be 8.9 (Figure S2). 
The biochar has a net positively charged surface at the dye solution’s pH ˂ 8.9. 

Table 2. The proximate, ultimate, and metal contents of NGBC700. 

Property/Element Values 
Yield (%) ~31 
Ash (%) ~21 

Moisture (%) ~6 
Surface Area (SBET, m2 g−1) 108 

Total pore volume (cm3 g−1) 0.16 

or US$ 7.21 for 8 h) + transportation cost
(US$ 0.72) = US$ 1.62 kg−1

• COSTPro = Precursor size reduction cost (US$ 0.9, calculated based on an unskilled
labor charge of ~600

Processes 2024, 12, x FOR PEER REVIEW 8 of 28 
 

 

2.7. NGBC700 Preparation Cost 
In order to treat water/wastewater on a commercial scale, estimating the adsorbent 

preparation cost is essential [68,75,76]. In low- and middle-income nations, the absorbent 
cost becomes particularly crucial for widespread acceptability [68]. The NGBC700 cost 
analysis considered several steps, such as Napier grass collection and transportation, size 
reduction, pyrolysis, subsequent biochar size reduction, washing, and the final oven-dry-
ing process. Possible cost estimation was performed using a modified methodology pre-
viously developed and employed by other researchers (Equation (20)) [68,75,76]. COST୆େ = COST୔ + COST୔୰୭ + COST୅/୑ + COST୔୷ + COST୓୘ୌ୉ୖ (20)

where COSTBC is the total cost of preparing the NGBC700, COSTP is the precursor procure-
ment cost, COSTPro is the precursor processing cost (including size reduction and drying), 
COSTA/M is the precursor activation or modification cost, COSTPy is the pyrolysis and post-
processing cost (comprising electricity, washing, and drying costs), and COSTOTHER in-
cludes miscellaneous costs and a 10% offset for any biochar loss experienced during the 
entire process. In this study, COSTA/M remained zero since there were no activation/mod-
ification steps involved in preparing the NGBC700. All costs were calculated in Indian 
rupees (IN₹) and then converted to US dollars (US$) using the exchange rate of 1 US$ = 
IN₹ 83.11 as of 13 May 2024. Finally, the total cost was calculated and reported in US dol-
lars (US$) and Indian Rupees (IN₹) per kg of NGBC700. 

2.8. NGBC700 Application in Actual Dye Wastewater Treatment 
An experimental treatment of AO7-spiked dye wastewater was carried out in order 

to assess the NGBC700’s actual dye-wastewater treatment capability. Two dye-bearing 
wastewater samples were collected from a local dyer near Vasant Square Mall (28°31′31.3″ 
N 77°09′20.7″ E), New Delhi, India. The wastewater generated from the dyer is directly 
disposed of into the public sewer lines. The samples were collected in pre-cleaned 2 L 
polyethylene bottles. The dark red-colored sample was labeled “Sample R” while the dark 
blue-colored sample was labeled “Sample B”. Physicochemical parameters including pH, 
EC, TDS, hardness, alkalinity, chloride, and sulfate contents were determined before and 
after the dye-wastewater treatment following the APHA guidelines. Both dye-wastewater 
samples were spiked with ~25 mg L-1 of AO7. Additionally, 50 mL of each AO7-spiked dye 
wastewater sample was treated with NGBC700 (adsorbent dose = 3.0 gL−1; equilibrium 
time = 24 h) at 25 °C. 

3. Results and Discussion 
3.1. NGBC700 Characterization 

The NGBC700’s physicochemical properties are summarized in Table 2. The yield, 
moisture, and ash content of the NGBC700 are ~31%, ~6%, and ~21%, respectively. The 
carbon and oxygen contents of the NGBC700 are 62.8% and 30.5%, respectively. The BET 
surface area, pore radius, and total pore volume of the NGBC700 are 108 mଶgିଵ, 19.13 Å, 
and 0.16 cmଷgିଵ, respectively. The metal oxide contents (mg gିଵ) in the ash of NGBC700 
are also reported in Table 2. The pHpzc of NGBC700 was estimated to be 8.9 (Figure S2). 
The biochar has a net positively charged surface at the dye solution’s pH ˂ 8.9. 

Table 2. The proximate, ultimate, and metal contents of NGBC700. 

Property/Element Values 
Yield (%) ~31 
Ash (%) ~21 

Moisture (%) ~6 
Surface Area (SBET, m2 g−1) 108 

Total pore volume (cm3 g−1) 0.16 

or US$ 7.21 for 8 h) + drying cost (US$ 0 as it was sun-dried)
= US$ 0.9 kg−1

• COSTA/M = US$ 0 kg−1 (as there was no activation/modification step)
• COSTPy = Pyrolysis cost (total furnace running time × power consumption per hour

× tariff rate) (US$ 0.92) + biochar size reduction cost (based on an unskilled labor
cost of ~600

Processes 2024, 12, x FOR PEER REVIEW 8 of 28 
 

 

2.7. NGBC700 Preparation Cost 
In order to treat water/wastewater on a commercial scale, estimating the adsorbent 

preparation cost is essential [68,75,76]. In low- and middle-income nations, the absorbent 
cost becomes particularly crucial for widespread acceptability [68]. The NGBC700 cost 
analysis considered several steps, such as Napier grass collection and transportation, size 
reduction, pyrolysis, subsequent biochar size reduction, washing, and the final oven-dry-
ing process. Possible cost estimation was performed using a modified methodology pre-
viously developed and employed by other researchers (Equation (20)) [68,75,76]. COST୆େ = COST୔ + COST୔୰୭ + COST୅/୑ + COST୔୷ + COST୓୘ୌ୉ୖ (20)

where COSTBC is the total cost of preparing the NGBC700, COSTP is the precursor procure-
ment cost, COSTPro is the precursor processing cost (including size reduction and drying), 
COSTA/M is the precursor activation or modification cost, COSTPy is the pyrolysis and post-
processing cost (comprising electricity, washing, and drying costs), and COSTOTHER in-
cludes miscellaneous costs and a 10% offset for any biochar loss experienced during the 
entire process. In this study, COSTA/M remained zero since there were no activation/mod-
ification steps involved in preparing the NGBC700. All costs were calculated in Indian 
rupees (IN₹) and then converted to US dollars (US$) using the exchange rate of 1 US$ = 
IN₹ 83.11 as of 13 May 2024. Finally, the total cost was calculated and reported in US dol-
lars (US$) and Indian Rupees (IN₹) per kg of NGBC700. 

2.8. NGBC700 Application in Actual Dye Wastewater Treatment 
An experimental treatment of AO7-spiked dye wastewater was carried out in order 

to assess the NGBC700’s actual dye-wastewater treatment capability. Two dye-bearing 
wastewater samples were collected from a local dyer near Vasant Square Mall (28°31′31.3″ 
N 77°09′20.7″ E), New Delhi, India. The wastewater generated from the dyer is directly 
disposed of into the public sewer lines. The samples were collected in pre-cleaned 2 L 
polyethylene bottles. The dark red-colored sample was labeled “Sample R” while the dark 
blue-colored sample was labeled “Sample B”. Physicochemical parameters including pH, 
EC, TDS, hardness, alkalinity, chloride, and sulfate contents were determined before and 
after the dye-wastewater treatment following the APHA guidelines. Both dye-wastewater 
samples were spiked with ~25 mg L-1 of AO7. Additionally, 50 mL of each AO7-spiked dye 
wastewater sample was treated with NGBC700 (adsorbent dose = 3.0 gL−1; equilibrium 
time = 24 h) at 25 °C. 

3. Results and Discussion 
3.1. NGBC700 Characterization 

The NGBC700’s physicochemical properties are summarized in Table 2. The yield, 
moisture, and ash content of the NGBC700 are ~31%, ~6%, and ~21%, respectively. The 
carbon and oxygen contents of the NGBC700 are 62.8% and 30.5%, respectively. The BET 
surface area, pore radius, and total pore volume of the NGBC700 are 108 mଶgିଵ, 19.13 Å, 
and 0.16 cmଷgିଵ, respectively. The metal oxide contents (mg gିଵ) in the ash of NGBC700 
are also reported in Table 2. The pHpzc of NGBC700 was estimated to be 8.9 (Figure S2). 
The biochar has a net positively charged surface at the dye solution’s pH ˂ 8.9. 

Table 2. The proximate, ultimate, and metal contents of NGBC700. 

Property/Element Values 
Yield (%) ~31 
Ash (%) ~21 

Moisture (%) ~6 
Surface Area (SBET, m2 g−1) 108 

Total pore volume (cm3 g−1) 0.16 

or US$ 7.21 for 8 h (US$ 0.9) + washing cost (US$ 0.36, based on
the consumption of water and the electricity tariff) + drying cost (US$ 0.77, based on
electricity consumption and the tariff) = US$ 2.95 kg−1

• COSTOTHER = 10% offset (including any mass lost during the entire process and waste
disposal) = US$ 0.55 kg−1

Large-scale production can further lower the overall NGBC700 cost because it utilizes
waste as a precursor and works on affordable production techniques [68,75,76]. In this
study, we estimated US$ 6.02 kg−1 of the NGBC700 to be the total preparation cost, which
is lower than commercial activated carbons (US$ 20–22 kg−1) [68].

5. Conclusions

This study demonstrates that Napier grass, which produces high biomass yields, can
be used to make an economical, efficient, and environmentally benign adsorption material.
NGBC700 was prepared using a muffle furnace after pyrolyzing Napier grass at 700 ◦C
(heating rate = 10 ◦C min−1) under limited oxygen conditions for 1 h. The NGBC700
had carbon, oxygen, and nitrogen contents of 62.8%, 30.5%, and 4.2%, respectively. SEM
images confirmed the porous nature of the NGBC700, which was further supported by
the BET surface area (108 m2 g−1). Surface functional groups including –OH, aromatic
C=C, and C-O/C-O-C were present on the NGBC700 surface and assisted in AO7 sorption.
AO7 sorption decreases with an increasing pH. All sorption studies were performed at
~6.5 pH. The equilibrium time for AO7 sorption on NGBC700 was approximately 10–12 h.
The PSO equation (R2 = 0.964–0.997) was better fitted to the kinetic data vs. the PFO
equation (R2 = 0.789–0.988). The Freundlich isotherm (R2 = 0.965 to 0.994) was better fitted
the sorption equilibrium data than the Langmuir isotherm (R2 = 0.788 to 0.987), implying
AO7 sorption on heterogeneous NGBC700. The Langmuir monolayer AO7 adsorption
capacity values on the NGBC700 were 14.3, 12.7, and 8.4 mg g−1 at 10, 25, and 40 ◦C,
respectively, suggesting an exothermic nature of sorption. The best AO7 desorption was
achieved for three adsorption–desorption cycles by NaOH. The column AO7 sorption
capacity was 4.4 mg g−1. Thomas and Yoon–Nelson column models were moderately fitted
(R2 = 0.76) for continuous AO7 sorption on the NGBC700. The approximate production
cost of NGBC700 was around US$ 6.02 kg−1, indicating it as an economical adsorbent. In
AO7-spiked (25 mg L−1) dye wastewaters obtained from local dyers, AO7 was completely
removed using the NGBC700 (3 g L−1). Electrostatic interactions along with H-bonding and
π–π interactions were responsible for AO7 sorption on NGBC700. Thus, low-cost NGBC700
can potentially be used for decontaminating toxic azo dyes from aqueous media. Hence, it
emerges as a sustainable treatment alternative for decontamination of dye wastewater.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pr12061115/s1, Table S1. Instruments used for NGBC700 characterization.
Table S2. Local dye wastewater physicochemical parameters before and after NGBC700 treatment.
Table S3. Cost estimation of NGBC700 preparation. Figure S1. Column study (A) schematic column
representation, (B) actual picture of the column setup, and (C) an ideal breakthrough curve. Figure
S2. NGBC700’s pHpzc determination.
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