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ABSTRACT: This study reports for the first time the adsorption
capacity of a novel adsorbent Croton bonplandianus Baill. biochar.
Its adsorption capacity was further enhanced by loading magnetic
composites on it, which makes it an efficient medium for the
adsorption of dyes. Two azo dyes, Basic Brown 1 (BB,) and Basic
Orange 2 (BO,), were studied for their effective adsorption from
aqueous media. A comprehensive characterization was performed
by using scanning electron microscopy (SEM) and Fourier
transform infrared spectroscopy (FTIR) to study the properties
of Fe,0;-loaded C. bonplandianus Baill. biochar (FO-CBPBB). A
series of batch experiments were conducted to optimize various Electrostatic interaction

parameters (pH, contact time, adsorbent amount, initial BB, and

BO, concentrations, and temperature) for the maximum adsorption of BB, and BO, on the FO-CBPBB adsorbent. The percentage
of BB, and BO, dyes that adsorb to FO-CBPBB under the best experimental circumstances (pH of solution 7, contact time 80 min,
temperature of solution 40 °C, initial BB, and BO, dye concentrations 80 mg L', and adsorbent dose 1 g L™') was 93 and 95%,
respectively. The best adsorption of BB, and BO, was accomplished by optimizing the effects of several factors, including the starting
dye concentration, contact time, and temperature, based on the central composite design. The Freundlich and Langmuir isotherm
models were used to examine the equilibrium data. The Langmuir isotherm with the greatest adsorption capacity and R* value
effectively captured the experimental results. When kinetic parameters were investigated, it was found that pseudo-second-order was
appropriate, reflecting the fact that the dye—adsorbent interaction was the rate-controlling factor in this study. The sorption process
was endothermic and spontaneous, as shown by the thermodynamic variables. Based on the interaction between the adsorbent and
azo dyes, it was concluded that the adsorption process was electrostatic in nature. Adsorbents that have been synthesized can
effectively remove azo dyes from wastewater. Excellent regeneration efficiency was exhibited by FO-CBPBB, which makes it an eco-
friendly and cost-effective alternative to other costly techniques applied for water purification.

Electrostatic interaction

Magnetic Biochar

Bl INTRODUCTION before it is released into the environment, BB, and BO, must
Socioeconomic development has been positively impacted by be adsorbed. To remove BB, and BO, as well as other colors,
industrial operations, such as the manufacture of paint, textiles, numerous techniques including coagulation, oxidation, bio-
printing, petrochemicals, and cosmetics. However, a significant logical, and physicochemical procedures have been devel-
portion of the contamination of water bodies is caused by the oped.*™"*

discharge of wastewater enriched with organic compounds Nevertheless, low-cost techniques for eliminating BB, BO,,
from various industrial activities.'”* Due to their hazardous and other dyes from aquatic environments can be created and

properties and high volume, the wastewater generated during
the textile production process has resulted in significant
contamination.” Dyes are highly toxic and colored and are the
principal pollutant in the effluent from the textile industry.’
The great resilience of residual dyes to light, heat, and
oxidative chemicals makes it challenging for them to break
down in textile effluent. Popular azo dyes with negative effects
on both human health and living things include Basic Brown 1
(BB,) and Basic Orange 2 (BO,).” To purify wastewater

used. Adsorption holds the most potential among these
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Figure 1. FTIR of (a) virgin Fe;O,-impregnated C. bonplandianus biochar FO-CBPBB, (b) BB,-loaded FO-CBPBB, and (c) BO,-loaded FO-

CBPBB.

methods because of its simplicity, low cost, and lack of toxicity.
Although it is a common and commercially available
adsorbent, activated carbon is expensive."””' Recent inves-
tigations on the adsorption capacity of different contaminants
from an aqueous solution have used biosorbents made from
several types of biomass.'® Several techniques have been used
to modify biosorbents to increase their adsorption capacity.
Due to their effective adsorption capacity, magnetic nano-
particles have become a favorable substitute in biosorbent
modification.'”"® These adsorbents are simple to synthesize,
economically affordable, and eco-friendly. Furthermore,
mixtures produced by adsorption techniques can be easily
removed from them.'”*° However, the greatest obstacle in
employing these magnetic nanoparticles is their high cost when
used. Therefore, these products can be used in conjunction
with biochar to address this problem. Croton bonplandianus
Baill,, a well-liked plant in Southeast Asia and the subcontinent,
has expanded in size significantly. C. bonplandianus is a weed
that grows in rice or sugar cane fields, abandoned railway
tracks, and broad open ravines.” This plant is indigenous to
Bangladesh, South America, South Western Brazil, North
Argentina, South Bolivia, Paraguay, India, and Pakistan. It has
mostly been utilized as a medication for various health-related
conditions. Parts of Africa and India, among other places, use
C. bonplandianus in traditional medicine. It is thought to offer
therapeutic benefits for treating ailments like diarrhea,
dysentery, and skin disorders.””

To the best of the researcher’s knowledge, there is no study
that has already been done on utilizing Fe;O,-loaded C.
bonplandianus biochar to remove BB, and BO,. To treat BB,
and BO, from an aqueous solution, this work created a novel
adsorbent by altering the bonplandianus bail biochar with
Fe;0,. The adsorption capacity of biochar can be improved by
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adding nanomaterials to the mixture. Structures, morphology,
and chemical linkages were all examined appropriately. To
assess the effectiveness of the novel adsorbent, the outcomes of
adsorption isotherms and kinetics were recorded. Hence, the
purposes of this study were to manufacture magnetic Fe;O,
nanoparticle-loaded C. bonplandianus biochar and to evaluate
the ability of the Fe;O, nanoparticle-loaded C. bonplandianus
biochar to adsorb BB, and BO, from aqueous solutions. Batch
adsorption tests were carried out in a variety of operational
settings (initial pH values, contact times, adsorbent dosages,
temperature, and initial BB, and BO, concentrations). The
evaluation of the adsorption processes also included the use of
adsorption isotherms and kinetics. Previous research on the
adsorption of dyes focused on the impact of certain variables
while holding the other constants. This method, nevertheless,
does not capture the overall impact of all of the factors. To
obtain the ideal levels, this method is time-consuming and
needs more tests and products, which might lead to
complications in the experiment. By jointly optimizing the
process parameters using a statistical experimental design, such
as the response surface methodology (RSM), these constraints
could be alleviated. In this regard, the initial BB, and BO,
concentration (Ci), contact time, and temperature were among
the numerous parameters that were optimized using central
composite design (CCD) in conjunction with RSM.

Bl RESULTS AND DISCUSSION

Characterization of Adsorbent. SEM and FTIR were
used to characterize the adsorbent with regard to surface
topography and composition. Figure 1 displays the FTIR
spectra of the virgin MBC, the BB,-loaded MBC, and the BO,-
loaded MBC. The FTIR spectra of the sorbent, which were

obtained in the wavenumber range of 4000—550 cm™, are
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Figure 2. Scanning electron micrographs of MBC (a) before dye adsorption, (b) after BB, dye adsorption, and (c) after BO, dye adsorption.

presented in Figure 1 below. These spectra demonstrate the
principal functional groups present in the MBC, BB-loaded
MBC, and BO,-loaded MBC. Here, broad band in the range of
3100—3600 cm ™" is found to be possible due to the existence
of the OH and N—H groups. Since the breadth of the —OH
group band in this region indicates the existence of hydrogen
bonds in these compounds, this is caused by the stretching
vibration of the —OH hydroxyl functional groups, comprising
hydrogen bonds.”® The C—H band can be seen in the range of
2500—-3000 cm™".** The 1550—1750 cm ™" bands indicated the
presence of carboxylic groups on FO-CBPBB by indicating
C=O0. The Fe—O of iron oxide is what causes the peak to
appear at 572 cm™' in the MBC spectrum. Indirectly, this
demonstrated that Fe;O, was present in the MBC.” The peaks
in the range of 900—1000 cm™" are bending vibrations of the
C=C.® The CH bending vibration demonstrated stable
binding and was significant in the adsorption process. After
adsorption, the existence of the C=C stretching vibration
caused the intensity of the spectra to increase. The removal
efficiency of BB, and BO, was impacted by the hydroxyl and
carboxylic groups. In comparison to the spectrum of virgin
MBC, BB,-loaded MBC underwent some alterations in some
bands. The Fe—O peak at 572 cm™ is shifted in the BB;-
loaded MBC’s spectrum. This shift of the peak in the case of
loaded biochar is due to the dye—adsorbent interaction. When
dyes are loaded on the magnetic adsorbent, these interact with
the iron functional groups present on the surface, and this
developed interaction causes a change in the position of the
peak. This shift is a confirmation of a strong interaction
between iron-loaded biochar and dye molecules. Overall, the
variations seen between the MBC, BB,-loaded MBC, and BO,-
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loaded MBC FTIR spectra are indicative of their various
functional groups. For example, C—O—C is in charge of Fe;0,
loading onto BC to create MBC and functional groups like the
aromatic C=C and C=0; —OH, —CH,;, and —-CH=CH,
are in charge of BB, and BO, adsorptions onto MBC.

Before and after the adsorption process, the SEM micro-
graph of C. bonplandianus biochar impregnated with Fe;O, was
captured at different resolutions. It was discovered that the
FO-morphology CBPBBs before adsorption (Figure 2a)
differed from the FO-morphology CBPBBs after BB, and
BO, adsorptions (Figure 2b,c). The Fe;O,impregnated C.
bonplandianus biochar has a rough and porous surface (Figure
2a). Because of the chemical modification of the surface, the
Fe;O,-impregnated C. bonplandianus biochar may be seen to
have a rough surface following adsorption with BB, and BO,.
In contrast to a smooth surface, the sorbent’s rough,
protruding surface makes it feasible for a multilayer and
intensive adsorption to take place. There were different sizes of
these cavities as clear in the SEM images, which are responsible
for the attachment of dye molecules and functional groups on
the surface to enhance the adsorption process.”” The SEM
findings are consistent with the provided data.

BET Analysis. The Brunauer—Emmett—Teller (BET)
method is used to calculate the surface area and pore size of
the adsorbent by measuring the adsorption and desorption
capacities of the N, gas as shown in Figure 3. N, isotherm
shows a pore size distribution curve with a 15.4 cm® ¢! pore
diameter of 5.1 nm, and pore volume was found to be 0.005
cm® g7, A type (IV) hysteresis loop (as per the TUPAC
classification) can be seen in the case of MBC in Figure 3,
which is characteristic of mesoporous adsorbents. In this case,

https://doi.org/10.1021/acsomega.3c05321
ACS Omega 2024, 9, 4300-4316


https://pubs.acs.org/doi/10.1021/acsomega.3c05321?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05321?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05321?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05321?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
120 - . . F'_ Point of Zero Charge Determination
N, Adsorption-Desorption Isotherm 4 o ° ge De atio ‘

@100 1 0.020 4 —=— Pore Diameter Vs. Pore Volume

o~

5 80 - ,‘\’g’oms 24

o EO.D10<

[} 3

g 604 = T |

[] § 000 2 0

& <

7}

3 40 - l

0 0.000 4 ‘ ' ‘ ' ' ' pH(PZC)=6-5

E 20 - 0 10 20 30 40 50 -2

2 Pore Diameter (nm)

o

> 04

-4
-20 -
T T T T T 1
T T T T T T 2 4 6 8 10 12
0.0 0.2 0.4 0.6 0.8 1.0
PH,

Relative Pressure (p/po)

Figure 3. N, adsorption—desorption curve for pore size determi-
nation.

the adsorption volume quickly increases at low relative
pressures due to contact of the adsorbate molecules with the
higher energetic section followed by the interaction with the
less energetic section. Moreover, it also shows the potential for
multilayer adsorption of the adsorbate on the adsorbent. The
mesoporous nature, elevation in the surface area, and reduction
in the pore size in MBC make it a potential biomaterial for BB,
and NO, dye adsorptions.

Point of Zero Charge (PZC). The point of zero charge is
considered to be the value of pH at which the adsorbent
surface bears zero charges. It was determined by the method of
salt addition. In this regard, a range of pH from 2 to 11 was
selected to check the PZC. Ten flasks with 50 mL of 0.1 M
NaOH solution in each were taken. The pH level of these
solutions was adjusted by using a solution of 0.1 M HCl in the
range from 2 to 11. In all of these flasks, 0.1 g of adsorbent was
added and fitted for agitation for 24 h at 30 °C. After a fixed
time interval, each solution was filtered and the final pH was
measured

ApH = initial pH — final pH

A plot of ApH versus pH is given in Figure 4, which gives
the point of zero charge for the adsorbent. Below, this pH
adsorbent contains a positive charge on its surface, and above
this value, a negative charge dominates at the surface of the
adsorbent. In the present study, PZC was obtained at 6.5 pH;
above this level of pH, these composites bear a negative charge
and show electrostatic attraction for the positively charged dye
molecules. Results of pH change also depict that the adsorbent
shows the efficient removal at a higher range of pH.

Effect of Various Parameters on Dye Adsorption by
Fe;0,-Impregnated C. bonplandianus Biochar. Dye
Concentration. Dye concentration has a significant influence
on the adsorption capacity of an adsorbent. With varying dye
concentrations (20—100 mg L"), 0.5 g of FO-CBPBB was
reported to remove BB, and BO, dyes. At a dye concentration
of 80 mg L™/, a significant removal efficiency of the dye was
observed (Figure S). The fact that the BB, and BO, dye
removal efliciencies were high at high concentrations may be
due to more dye molecules interacting with the active sites on
the FO-CBPBB. The saturation of FO-active CBPBB’s spaces,
a decrease in the number of adsorbent sites that are vacant, or
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Figure 4. Point of zero charge (PZC) determined for composites.

an increase in the electrostatic force that repels dye solution
from FO-surface CBPBBs could all contribute to a reduction in
the adsorption capacity when dye concentration is further
increased.

Contact Time. An essential component that is crucial to the
kinetics of the adsorption process is the exposure time of the
FO-CBPBB and dye interaction. The increase in the contact
time improved the color clearance percentage (Figure S). The
elimination of BB, and BO, dyes was more noticeable in the
earlier stages of the method compared to that of the final stage,
which may be related to the availability of free sites on the
Fe;0,-impregnated C. bonplandianus biochar. It was thought
that the adsorption process reached equilibrium after 80 min
because there had been no further appreciable change in the
adsorption capacity. To determine equilibrium time, the effect
of exposure time on BB, and BO, removal efficiencies was
estimated. After 80 min, BB, and BO, dye adsorptions of 93
and 95%, respectively, were noted for 80 mg L™' BB, and BO,
dye. The adsorption process’ equilibrium period of 80 min was
chosen since there was no substantial increase in dye
adsorption after that point.

pH. The value of pH is a key factor in the dye’s ability to
adhere to FO-CBPBB. The pH value had an impact on the
level of ionization, the surface charge of the adsorbent, and the
kind of dye solution.”*’ Electrostatic interactions among the
functional groups on the FO-CBPBB surface and the dye
solution are controlled by pH. The shift in the pH value from 3
to 12 was used to investigate the impact of pH on the
elimination of BB, and BO, dyes from an aqueous solution. At
pH value 7, FO-CBPBB indicated maximum adsorption of
95% of the 80 mg L™ of BB, dye and 93% of the 80 mg L™" of
BO, dye (Figure S). BB, and BO, elimination was reported to
be increased with increasing pH value up to 7 or 8, with a
further increase in pH value, and there was no significant
increase in BB, and BO, elimination. At a low pH value, the
surface of the adsorbent is positively charged due to
protonated functional groups present on its surface. This
positively charged surface develops electrostatic forces with the
negatively charged dyes and adsorption potential increases. At
the basic pH range, the surface of the adsorbent bears a
negative charge so the adsorption potential decreases.

Adsorbent Dose. Adsorption capacity may be impacted by
the amount of adsorbent. As FO-CBPBB was boosted from 0.5
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Table 1. Isotherm Constants for Basic Brown 1 (BB,) and Basic Orange 2 (BO,) Dye Adsorption by Fe;O,-Impregnated C.

bonplandianus Biochar

isotherm equation
Langmuir C/q, = 1/9 K + C/q,,
Freundlich In g, =In K + (1/n)ln C,

dye parameters value
4w (mg/g) 0.320238
BB, Ky, (L/mg) —1.36819
R? 0.55757
BO, 9 (mg/g) 0.034131
Ky (L/mg) —0.00503
R? 0.82415
1/n 1.98564
BB, Kp (mg/g) 0.10940
R? 0.9012
BO, 1/n 25.02735
Kg (mg/g) 0.15035
R? 0.95432

to 2.0 g, Basic Brown 1 and Basic Orange 2 dye adsorption
were increased from 80 to 93% and 82 to 95%, respectively.
Due to the increased surface area and functional groups
available for adsorption, the active sites make it easier for BB,
and BO, to attach to adsorption sites, and a higher dye
removal efficiency was found with a higher biochar quantity.
Using 1.0 g of FO-CBPBB, the highest percentage of BB, and
BO, dye removal was observed. There was no further
significant increase in the removal efficiency after 1.0 g of
adsorbent (Figure S).

Temperature. The effects of Basic Brown 1 and Basic
Orange 2 dyes on FO-CBPBB were examined at temperatures
of 20, 30, 40, and 50 °C. At 40 °C, BB, and BO, dyes showed
93 and 95% adsorptions, respectively. At 40 °C, the maximum
removal efficiency of BB, and BO, was noted (Figure S). The
transfer process and the adsorption kinetics of dyes are both
impacted by the temperature, which is a significant parameter.
Due to the increased availability of sites on the surface, the
removal efficiency of BB, and BO, later increased at high
temperatures. The adsorption process was endothermic,
according to the results.

Adsorption Isotherm. The adsorption isotherm showed
that at a constant temperature, BB, and BO, molecules
dispersed between the liquid and solid states in equilibrium.
The isotherm model offers important details regarding the
sorption mechanism, surface properties, and FO-CBPBB
capability. By using Langmuir and Freundlich models, the
isotherm results of BB, and BO, dye sorption on FO-CBPBB
were examined (Table 1 and Figure 6). The Freundlich model
states that adsorption happens at nonuniform surfaces, in
contrast to the Langmuir isotherm model’s premise that
monolayer adsorption occurs at homogeneous active sites on
the adsorbent structure.””*' The Freundlich isotherm
displayed the best-fit model in this experiment because it
had a higher correlation coefficient (R* = 0.95) than Langmuir.
By different factors, it can be demonstrated that C.
bonplandianus biochar treated with Fe;O, has nonuniform
surfaces on which BB, and BO, dyes adsorb.

Here, K; is the Freundlich adsorption constant, which
describes the adsorption capacity of any sample on the surface
of the adsorbent. Similarly, 1/n describes the adsorption
intensity of the adsorption system. An increasing value of K
and 1/#n is an indicator of a better adsorption efficiency for a
particular adsorbent. Similarly, in the Langmuir adsorption
isotherm, K is the Langmuir adsorption constant, which
describes the binding energy of a molecule with adsorbent. A
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negative value of K is an indicator of the fact that adding a
high amount of adsorbent mass will not favor the adsorption
process. While g, is the maximum adsorption capacity in mg/g
of the adsorbent.

Adsorption Kinetic Models. Information about adsorp-
tion effectiveness and reaction direction can be found in kinetic
research. To confirm the adsorption of BB, and BO, dyes by
FO-CBPBB, kinetic models were applied. For the pseudo-first-
and second-order models of the BB, and BO, dyes, the
coefficient of determination (R*) was, respectively, 0.64, 0.54,
and 0.99, 0.989. The pseudo-second-order kinetic model was
found to be successfully applied to the present work with a
strong correlation coefficient value (Table 2 and Figure 7).
According to this model, attractive forces developed between
the adsorbent and dye molecule are rate-limiting steps in the
adsorption process.””>® Results showed that the uptake
between the BB, and BO, molecules and the FO-CBPBB
surface influenced the sorption process. The BB, and BO, dye
adsorptions by FO-CBPBB indicated that the pseudo-second-
order model was best-fitted with a high R value.

Thermodynamic Analysis. The change in free energy
(G), enthalpy (H), and entropy (S) was examined for BB; and
BO, adsorptions on C. bonplandianus biochar that had been
impregnated with Fe;O,

G’ =-2303RT logK; and K, =q/C,

AG® = AH® — TAS®

AH® and AS° values were determined. At 20, 30, 40, and 50
C, sorption tests were performed (Table 3 and Figure 8). The
positive value of “AG®” at various temperatures indicated that
the sorption of the BB, and BO, dyes on FO-CBPBB was
nonspontaneous and endothermic. The endothermic nature of
the process was proven by the positive values of AH (49.4 k]
mol™!) and AH° (59.07 k] mol™!) for BB, and BO,,
respectively.”* The increase in the solid-state adsorbate content
was indicated by the positive values of AS® (157.3 J K™!
mol™!) and AS° (190.3 J K™! mol™).** In sorption, increased
impermanence near the confluence of solid and liquid was
observed. The adsorption process’s unpredictability and
stability are both reflected in the positive value of AS®*°
The endothermic process was compatible with our findings
recorded in isotherm tests, and the results showed that BB,
and BO, dye adsorptions on FO-CBPBB were nonsponta-
neous.
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Figure 6. (a) Freundlich isotherm for BB, dye adsorption by FO-CBPBB on the initial concentration 20—100 ppm, (b) Freundlich isotherm for
BO, dye adsorption by FO-CBPBB on the initial concentration 20—100 ppm, (c) Langmuir isotherm for BB, dye adsorption by FO-CBPBB on the
initial concentration 20—100 ppm, (d) Langmuir isotherm for BO, dye adsorption by FO—CBPBB on the initial concentration 20—100 ppm, and

(e) graph between Q, and C, for BB,.

Response Surface Methodology for Dye Optimiza-
tion. Table 4 shows the experimental range and levels of
different variables for BB, and BO, dye adsorptions. Table 5
shows the expected and actual results for BB, and BO,
calculated by the central composite design. For the regression
and graphic analysis of the collected data, Minitab software was
employed. ANOVA is also used to assess the sum of squares,
mean squares, F-values, and p-values. The outcomes are
reorganized in Table 6 for BB, and Table 7 for BO,. A model
with a high F-value and a low p-value (<0.05) is regarded as
significant in statistics.”” In light of this, it can be said that the
coeflicients for the linear effects of all three factors— initial
concentration C; (X,), time (X,), and temperature (X;)—are
very significant for BB, (Table 6) and BO, (Table 7), all with
p-values of 0.05 or less.
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In RSM, the interaction effect of all parameters is well
described as compared with the individual effect of these
parameters (Figure 9). As one parameter affects the other,
their interaction properly defines the adsorption capacity of
dyes from an industrial effluent more properly. All factors were
found to be significant in the interaction effect, as a low value
for p was obtained. The correlation coefficient R* and adjusted
coefficient R*-adj are used to assess how well models fit
data.**?”

The response surface model is suitable for forecasting the
effectiveness of BB, elimination according to the high values of
R* = 091 and R*adj 0.88. The expected correlation
coefficient R* = 0.83 agrees with the adjusted correlation
coefficient. Additionally, Table 6’s F- and p-values demonstrate
the model’s statistical significance. The response surface model
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Table 2. Kinetic Variables for Basic Brown 1 (BB,) and Basic Orange 2 (BO,) Dye Adsorption on Fe;O,-Impregnated C.

bonplandianus Biochar

isotherm equation dye parameters value
pseudo-first-order In(q. — qo) = Inq.—kyt BB, k; (min~") —0.0003
q. (mg/g) 1.69443
R? 0.64507
BO, k, (min™") —0.00045
q. (mg/g) 231989
R 0.56228
pseudo-second-order t/q. = 1/kyq. + t/49. BB, K, (g/mg min) 0.03915
4. (mg/g) 7.30833
R? 0.99378
BO, K, (g/mg min) 0.030523
q. (mg/g) 7.689941
R? 0.98971
b .
y = -0.0242x + 0.527 1- (b) L;:’of’;s; + 0842
051 . R?=0.645 .
o4 = -
00+ - .
-0.54 g =14
3 . {
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Figure 7. (a) Pseudo-first-order model for BB, dye adsorption by FO-CBPBB on contact time 20—100 min. (b) Pseudo-first-order model for BO,
dye adsorption by FO-CBPBB on contact time 20—100 min. (c) Pseudo-second-order model for BB, dye adsorption by FO-CBPBB on contact
time 20—100 min. (d) Pseudo-second-order model for BO, dye adsorption by FO-CBPBB on contact time 20—100 min. (e) Graph between Qt
and time for BB,.
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Table 3. Thermodynamic Variables for Basic Brown 1 (BB,)
and Basic Orange 2 (BO,) Dye Adsorptions by Fe;O,-
Impregnated C. bonplandianus Biochar

Table 4. Levels of Different Variables and Experimental
Range for Basic Brown 1 (BB,) and Basic Orange 2 (BO,)
Dye Adsorptions

temperature A 0_1 AHO_1 _950 o variables symbol low level (—1) high level (+1)

dye <) (g i) Lyt ) initial concentration (ppm) X, 20 100
BB, 20 3247 49.386 157.326 time (min) X, 20 100

30 2.106 temperature (°C) X, 20 S0

40 —0.545

30 1088 adsorption (%) = —1.6 + 0.479X, + 0.788X, + 1.424X
BO, 20 3.247 59.0701 190.253 1 2 3

30 2.106 — 0.001810X; X X; — 0.002054X,

40 —-1.6702

50 ~1.795 X X, — 0.01187X; — 0.00229X, X X,

is also suitable, as evidenced by the high values of R* = 0.95,
R*adj = 0.91, and R*-pred = 0.86 for BO, (Table 7).

Residual Normal Probability Plot. The normal probability
plot between the actual and expected values of BB, (Figure 10)
and BO, (Figure 11) elimination demonstrates the model’s
accuracy. The normal distribution of the experimental data is
one of the key hypotheses for the statistical analysis of such
data.”” The typical likelihood of studentized residuals is
depicted in Figures 10 and 11. If the experimental data are
linear, the residual distribution will be normal.*' The
experimental points are regularly distributed, devoid of
outliers, and spaced along the normal line between them
(Figures 10 and 11).Regression equation for BB,

+ 0.00193X; X X; — 0.00452X, X X,
Regression equation for BO,

adsorption (%) = 67.8 — 0.285X; + 0.157X, + 041X,
+ 0.00109X, X X, — 0.00156X, X X,
— 0.0092X, X X; — 0.00038X, X X,
+ 0.00717X, X X; + 0.00524X, X X,

Process Optimization. The RSM model identified that the
maximum adsorption occurs around the following parameters:
dye concentration C; of 80 mg L™, contact period of 80 min,
and temperature of 40 °C. The maximum BB, and BO,
adsorptions from the aqueous solution by adsorption approach
93 and 95% under these best circumstances. To ensure that the

() (b)
06+ 104
Y=-0.7104.9X + 22.88
044 = Y =-0.59X + 18.92 R square = 0.84
R square = 0.92 s
024 L] 0.5
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Figure 8. (a) Effect of temperature (293—323 K) on BB, dye removal by FO-CBPBB, (b) effect of temperature (293—323 K) on BO, dye removal

by FO-CBPBB, and (c) graph between Q. and temperature for BB,.
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Table 5. Central Composite Design of Three Different Parameters with Experimental and Predicted Percentage Yield

initial conc. time temp. sorption experimental for  sorption predicted by RSM  sorption experimental for  sorption predicted by RSM
(ppm) X, (min) X, (°C) X, BB, (%) for BB, (%) BO, (%) for BO, (%)
60.00 60.00 35.00 78.50 82.15 88.75 86.16
36.21 83.78 43.91 87.47 89.85 92.40 90.30
60.00 20.00 35.00 85.86 86.10 83.10 84.70
60.00 60.00 35.00 79.11 82.15 79.50 86.10
83.80 36.20 26.08 81.85 83.50 90.10 89.20
36.20 36.20 43.90 83.62 84.10 88.60 89.50
20.00 100.0 50.00 82.50 81.81 84.20 83.10
100.00 60.00 35.00 84.23 86.85 88.70 90.80
20.00 100.0 20.00 79.25 76.40 82.50 80.20
60.00 60.00 20.00 61.25 63.54 74.50 76.50
36.20 83.80 26.08 79.25 81.30 89.25 88.80
60.00 100.0 35.00 87.95 89.35 89.25 88.85
60.00 60.00 50.00 92.58 90.40 93.80 91.70
83.80 83.80 26.08 86.25 84.30 95.70 96.90
36.200 36.20 26.08 81.25 83.30 83.20 81.18
83.78 83.78 43.91 93.75 91.50 96.60 94.80
83.78 36.20 4391 90.12 89.30 90.20 89.10
20.00 60.00 35.00 57.25 61.06 60.50 62.30
60.00 60.00 60.23 81.51 85.65 85.60 86.90
20.00 20.00 50.00 65.42 60.27 70.20 67.30
Table 6. Analysis of Variance of RSM for Basic Brown 1 (BB,)
source DF adjusted sum of square adjusted mean square F-value p-value R? R*adj R’-pre
model 9 3202.74 355.86 15.83 0.0001 91.44% 88.04% 83.31%
linear 3 2708.21 902.74 40.16 0.0001
X, 1 803.21 803.21 35.73 0.0001
X, 1 1314.88 1314.88 58.5 0.0001
X3 1 590.12 590.12 26.25 0.0001
XX, 1 120.87 120.87 5.38 0.0430
XX, 1 155.68 155.68 6.93 0.0250
X3X5 1 102.72 102.72 4.57 0.0500
XX, 1 107.75 107.75 4.79 0.0500
X, X3 1 10.72 10.720 0.48 0.5060
X,Xs 1 58.86 58.860 2.62 0.1370
error 10 224.77 22.480
lack of fit S 136.43 27.290 1.54 0.3230
pure error S 88.34 17.670
total 19 3427.52
Table 7. Analysis of Variance of RSM for Basic Orange 2 (BO,)
source DF adjusted sum of square adjusted mean square F-value P-value R? R*adj R’-pre
model 9 3102.74 385.86 16.83 0.0001 95.4% 91.2% 86.1%
linear 3 2809.21 802.4 36.16 0.0001
X 1 786.21 786.21 33.73 0.0001
X, 1 1214.8 1214.8 54.5 0.0001
X3 1 640.12 640.12 29.25 0.0001
XXy 1 140.70 140.70 8.38 0.0380
XX, 1 185.80 185.8 0 9.93 0.0220
X3X3 1 102.72 102.72 4.57 0.0580
XX, 1 115.50 115.75 5.7 0.0510
X X3 1 12.20 1220 0.55 0.5100
X, X5 1 65.60 65.6 0 3.62 0.1310
error 10 176.0 17.10
lack of fit S 39.00 7.000 1.1 0.2300
pure error S 136.2 27.30
total 19 686.4
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Figure 9. 3D surface plot of adsorption (%) of Basic Brown 1 (BB,) against (a) initial conc. and time, (b) temperature and initial conc., (c) time
and temperature and adsorption (%) of Basic Orange 2 (BO,) against (d) the initial conc. and time, (e) temperature and initial conc., and (f) time
and temperature.

Residual Plots for % Sorption

Normal Probability Plot Versus Fits
° 5.0 L o
[ ]
90
- _ 25 ® °
= g ° [ ]
8 50 o 00 ————————————————————— -~ s
s g " $
[-% [~ [}
25 [ ]
10- 2.5 , °
L4 °
. -5.0- °
-10 5 0 5 10 50 60 70 80 90
Residual Fitted Value
Histogram Versus Order

Frequency
Residual

T T T T T T T T

g
(=]

-4 -2 0 2 4 2 8 10 122 14 16 18 20
Residual Observation Order
Figure 10. Residual plots for the percent sorption of Basic Brown 1 (BB,).
model was adequate, the optimum parameters underwent shows that the proposed model is suitable for obtaining the

ideal values for the factors under study.

Regeneration Analysis. The recyclability of the adsorbent
is a crucial factor in determining the overall cost of the
supports the response surface optimization’s conclusion*” and adsorption process, which prevents secondary contamination.

experimental verification. The difference in percentage

between the actual and expected values is quite low, which
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Figure 11. Residual plots for the adsorption (%) of Basic Orange 2 (BO,).
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Regeneration is a crucial metric for assessing an adsorbent’s
effectiveness. Since the Basic Brown 1 and Basic Orange 2 dye
solutions include both positive and negative functional groups,
the desorption of dyes from the surface of the biochar requires
both basic and acidic conditions. In an acidic environment, the
dye molecules with negative functional groups connect to H*
in the solution, which then desorbs from the adsorbent surface.
The dye molecules with positive functional groups were also
adsorbed in basic media.*’ Thus, the dye-loaded adsorbent was
first washed with 1 N HCI in the current analysis to achieve
maximal recovery, and then the same biochar was washed with
1 N NaOH. As in batch experiments, a maximum of 92% BB,
and 95% BO, dye removal was seen with 80 mg L' of
adsorbate concentration and 1.0 g of adsorbent. This

4311

combination was selected for the regeneration analysis. As a
result, the regenerated adsorbent can be used again to absorb
the BB, and BO, dyes. After the desorption, the adsorbent was
recollected and dried in an oven at 70 °C. The adsorption
capacity of the recollected adsorbent was then determined, and
the results are shown in Figure 12. A decrease in adsorption
(%) was observed by the use of a recollected adsorbent due to
the presence of fewer adsorption sites on the adsorbent where
the adsorption of the dye molecules could not be reversed
during desorption treatment (Figure 12).

Comparison with Reported Work. Different methods
used for the adsorption of dye pollutants from aqueous media
are chemical oxidation, coagulation, reverse osmosis, photo-
degradation, aerobic degradation, and electrolytic extraction.
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The drawbacks of these methods are high operational costs,
large sludge production, and only expert handles. The
adsorption is easily operated, cost-effective to use, easily
available, free of explosive processes, environmentally safe,
easily available, efficient, and possibly recycled. Activated
carbon is capable of adsorbing various dyes but is quite
expensive. This problem is overcome by the use of biochar,
which is also carbon-rich but easy to obtain. Biochar could be
obtained from agricultural waste material, which is abundantly
grown along the roadside and easily available. The adsorption
capacity of biochar was increased by loading Fe;O, on biochar
(Figure Sa,b). Impregnation of nanoparticles, i.e.,, Fe;O,, on
biochar increases the number of active sites and surface area of
the adsorbent, which are the material characteristics respon-
sible for the difference in the performance of the adsorbent and
could be used to enhance the dye removal efficiency from
wastewater. The Fe;O,-loaded biochar shows 93 and 95%
removing efficiencies for BB, and BO, and an equilibrium
adsorption capacity of 74 and 76 mg g™, respectively. This
material leads to an advance in BB, and BO, dye adsorptions
and performs better than alternatives as given in Table 8.

Table 8. Comparison of Reported Data with the Present
Work

sorption (%) or
adsorption capacity

adsorbate adsorbents mg g~ reference
Basic magnetically modified 724 mg g 44
Brown 1 spent grain
(BB)) (Co, Ni),0,/AL,0, 92.4% 45
cocatalyst
Alcaligenes faecalis ZD02 88% 46
rubber wood sawdust 35 mgg! 47
present study 93% or 74 mg g~
Basic Escherichia coli’s bacterial 89.88% 48
Orange 2 strains
(8O, Zn,Al-layered double 42.5 mg g™’ 49
hydroxide prepared from
zinc ash
chitosan/Al,O;-HA 2326 mg g~ 50
composite beads
tin-pillared interlayer clay 80% 51
(Sn-PILC)
whey protein nanofibrils 93% S2

and nanoclay

present study 95% or 76 mg g~

Adsorption Mechanism. The adsorbent shows efficient
adsorption behavior toward the basic pH range as shown in
Figure 13. The adsorption looks electrostatic as adsorbents
bear a negative charge at high pH and the dyes used in this
study are azo dyes, which have a positive charge due to the
NH; functional group present on their surface. These opposite
charges develop attractive forces to attach dyes on the surface
of the adsorbent in an efficient way.

B CONCLUSIONS

The ability of BB, and BO, to adsorb onto the Fe;O,-modified
biochar made from C. bonplandianus was examined in this
work. It is unquestionably possible for C. bonplandianus
biochar (FO-CBPBB) to be an effective adsorbent for
removing BB, and BO, from aquatic settings. This work has
made it clear that BB, and BO, may adhere to FO-CBPBB at
pH 7 in the solution. At 80 min of contact time, 1 g L™' of
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adsorbent, 40 °C for the solution temperature, and 80 mg L™
of BB, and BO, at the beginning, the maximum removing
efficiencies of FO-CBPBB for BB; and BO, were 93 and 95%,
respectively. The adsorption equilibrium data were described
using pseudo-first-order and pseudo-second-order kinetic
models, as well as Freundlich and Langmuir isotherm models.
The finest models for describing the isothermal adsorption
equilibrium were those of Freundlich. Also, the findings of the
experiments demonstrate that the strong correlation coef-
ficients of the pseudo-second-order kinetic model suit the
kinetic data. The outcome of this work offers an efficient
technique for removing organic pollutants from water based on
an adsorbent made from agricultural waste. Overall, the study
found a promising substance for the adsorption of fundamental
dyes from wastewater, i.e., Fe;O,-modified biochar from the C.
bonplandianus.

B MATERIALS AND METHODS

Chemicals. C. bonplandianus Baill. was taken from the
Sargodha area of Pakistan and washed three times with distilled
water. Merck provided all of the chemicals, comprising FeCl,-
4H,0, FeCl;-6H,0, and an ammonia solution (25%)
(Darmstadt, Germany). Merck was used to acquire Basic
Brown 1 and Basic Orange 2. Table 9 illustrates the
characteristics of Basic Brown 1 and Basic Orange 2.

Preparing C. bonplandianus Biochar. The C. bonplan-
dianus powdered biomass was placed in lid crucibles and slowly
pyrolyzed for 2 h at 450 °C in the absence of oxygen to
produce biochar. The crucibles were then allowed to cool
while being kept at ambient temperature. The produced
biochar was identified as C. bonplandianus biochar (CBPBB).

Preparation of Magnetic Fe;0, Nanoparticle C.
bonplandianus Biochar. Fe;O, magnetic nanoparticles
loaded on C. bonplandianus biochar (FO-CBPBB) were
synthesized by a chemical reaction in different steps, including
suspension, mixing, agitation, precipitation, filtration, and
heating. Initially, 150 mL of deionized water was added to a
solution containing FeCl;-6H,0, FeCl,-4H,0 (molar propor-
tion: 2:1), and CBPBB at a mass ratio of 1:1, and the mixture
was constantly swirled to ensure thorough mixing. Following
that, the pH was increased to 10—11 by gradually adding 0.1 M
NaOH solution. The suspension was stirred on an orbital
shaker for 1 h and held at room temperature for 12 h. After
that, it underwent filtration, washing with distilled water and
ethanol, and then dried in an oven at 100 °C for 12 h. The
name FO-CBPBB (Fe;O,-loaded C. bonplandianus biochar)
was given to this nanomaterial-loaded biochar. The scheme of
synthesis of the adsorbent is given in Figure 14.

Preparation of Dye Stock Solution. Basic Brown 1 and
Basic Orange 2 were purchased from Merck. Sterilized double-
deionized water was used to create Basic Brown 1 dye (1000
mg L7') and Basic Orange 2 dye (1000 mg L") stock
solutions, which were then utilized to create various
concentrations, such as 20, 40, 60, 80, and 100 ppm. The
UV—vis spectrophotometer was used to test the dye’s
adsorption.

Characterization of Fe;O,-Impregnated C. bonplan-
dianus Biochar. Functional groups present on C. bonplandia-
nus biochar impregnated with Fe;O, before and after Basic
Brown 1 dye and Basic Orange 2 azo dye adsorptions were
examined by Fourier transform infrared spectroscopy in
wavenumber (400—4000 cm™') using the KBr pellet
technique. Scanning electron microscopy (SEM) was utilized

https://doi.org/10.1021/acsomega.3c05321
ACS Omega 2024, 9, 4300-4316


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Adsorption mechanism

Electrostatic interaction

+
NH3
Magnetic Biochar
+
NH3
Electrostatic interaction
Figure 13. Adsorption mechanism of dyes on the surface of the adsorbent.
Table 9. Description of Dyes Used as Sorbates and Their Characteristics
Dye chemical Molecular Molecular Dye type Max. adsorption Solubility Molecular
name Formula weight (nm) structure
Basicbrown1 C18H20CI2N8  419.31 Cationic 457 Soluble in water :g:
N NH, Hy
av it
NkN Nay
Basicorange 2 C12H13CIN4 248.71 Cationic 449 Soluble in water

HCI
NH,
N,
HoN N

((b) Dred kaves

() Raw laves

(c)Cosed e
Croton bonplandianus Baill

Fe;0, loaded biochar

Figure 14. Scheme of synthesis for the Fe,O;-loaded biochar.

Biochar

———— -
FeCl, 6H20
FeCl,.4H20

oyt

to study the outer surfaces of Fe;O,-impregnated C.
bonplandianus biochar (FO-CBPBB) before and after Basic
Brown 1 dye and Basic Orange 2 azo dye adsorptions.
Batch Adsorption Experiments. To assess the FO-
CBPBB adsorbent’s ability to bind to BB, and BO, dyes,
adsorption tests were performed using the batch method.
Various experimental variables were examined to determine
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their effects on BB, and BO, adsorptions, including initial BB,
and BO, dye concentrations (20—100 mg L"), pH (3—12),
contact period (20—100 min), FO-CBPBB adsorbent concen-
tration (0.5—2.0 g), and solution temperature (20—50 °C). A
shaker stirred the contained flasks at 120 rpm. Sodium
hydroxide (0.1 M) and hydrochloric acid (0.1 M) were
employed to adjust the pH of the solution. Whatman No. 1
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filter paper was then used to filter the solutions. Using UV—vis
spectroscopy at the ideal wavelengths of 457 and 449 nm
(corresponding to the greatest adsorption capacity), the
remaining BB, and BO, dyes in the filtered solutions were
examined. Equation 1 was used to compute the adsorption
capacity of the adsorbent FO-CBPB for BB, and BO, dyes.
Equation 2 was used in the calculations to assess the efficiency
of removing the BB, and BO, dyes

q, = (C;— C) X V/m (1)

R, (%) or adsorption (%) = (C, — C,)/C, X 100% (2)
where m is the mass of the FO-CBPBB adsorbent (g), V is the
dye solution’s volume, C, is the initial dye concentration (mg
L"), C, is the residual dye concentration after adsorption (mg
L"), and g, is the amount of dye adsorbed by the adsorbent
(mg g7").

Adsorption Isotherms, Kinetics, and Thermodynam-
ics. Adsorption isotherms can be used to explain the
adsorption phenomena that occur on an adsorbent’s surface.
To analyze the experimental results for this study, Freundlich
and Langmuir adsorption isotherms were used. Similar to this,
kinetic studies were also carried out, followed by the
application of pseudo-first- and second-order kinetics to the
data, and the investigation of thermodynamic parameters was
also carried out.

Response Surface Methodology (RSM). RSM is a series
of statistical and mathematical approaches for analyzing and
assessing the interaction effect of various variables obtained
from the fit of empirical models to the experimental data.” In
this study, the three different variables i.e., starting
concentration of BB, and BO,, contact time, and temperature,
were all evaluated, utilizing the RSM under the CCD
technique. To assess how much the adsorption yield amounts
would affect the optimization process, these variables were set
at two levels. The independent variables have a low (1) and
high (+1) level and are coded in the range (1, +1). There are
20 experimental runs for three variables.”

Statistical Analysis. To determine the level of significance
of a 5fgictor, the analysis of variance (ANOVA) approach is
used.”
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