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In recent years, heavy metals and other organic compound pollution has increased and
become a considerable global problem due to its direct impacts on the aquatic ecosystem.
This study is aimed to see how efficient the poultry manure-derived biochar is in removing
chromium (VI) and methyl orange simultaneously from the aqueous solutions through
adsorption. Chromium present in the form of reactive ions such as HCrO,~ and Cr,0,°~ at
pH 2-6 values and in stable form, CrO,~ at alkaline pH. In this study, biochar was
synthesized by the slow pyrolysis of feedstock in a muffle furnace at 550°C temperature
with 2 mm particle size. This study provided the biochar with Sger 16.0921 m?/g rough
stomata-like pores with a volume of 0.0074 cm?/g, pore diameter 1.84 nm, aromatic
groups, and structural diversity. A batch adsorption experiment was conducted to
investigate the adsorption efficiency, and mechanism was elucidated by fitting isotherm
and kinetic models and result analysis along with the thermodynamics. From the linear
Langmuir fit results the maximum adsorption capacity (Qmax) of biochar reached up to 20.8
and 19.09mg g~ for MO and Cr, respectively. Different operational factors like reaction
time, pollutant initial concentration, effect of temperature, and sorbent material dose were
studied at pH 4 and initial concentration of 100 mg/L using 2 g of the adsorbent dose. The
linear Langmuir well fitted with the experimental data having R? value of 0.99 and 0.99 for
MO and Cr, respectively. From the obtained results, the highest adsorption efficiency
reached 88.80% and 90.231% for MO and Cr, respectively.From kinetics study, non-linear
pseudo-second-order (PSO) model are highly fitted with the obtained data with R of 0.97
and 0.974 for MO and Cr, respectively. The result analysis revealed that HCrO,~ and
Cr,0,2 ions compete with the SO5~ to attach on the surface of the sorbent which leads to
competitive adsorption of Cr (VI) and MO onto BC. Thermodynamic study presents that the
change in Gibbs free energy AG® is negative, indicates that the whole process was
favorable and completed. The adsorption process was monolayer physisorption,
irreversible, and endothermic. Hence, it can be said that this material is environmental
friendly and an economical sorbent for high adsorption efficiency.
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INTRODUCTION

Around the globe, water pollution has increased due to the
organic and inorganic pollutant disposal. Wastewater is a
worldwide and fundamental issue because it has direct effects
on the aquatic ecosystems and is being increased at a higher ratio
due to overpopulation (Cosgrove and Loucks, 2015). It comes
from many sources like agriculture and industry; most of the
elements in the water come from industries such as textile,
pesticides, and fertilizers that are washed from crops and
farms (Mateo-Sagasta et al, 2017). Dyes are considered as
highly toxic as they may pose negative threats to the biota and
human health. Methyl orange (MO) and many other dyes are
widely used in the textile, paper, printing, culinary, and
pharmaceutical sectors. Dyes have been digested and
converted into aromatic amines by intestinal bacteria (Ismail
et al, 2019; Jawad et al, 2019) cause, high toxicity
(carcinogenicity and teratogenicity), and make stable complex
aromatic molecular structure (Wang et al., 2015). Chromium
(Cr) is a trace metal that may be found in most natural settings; it
has two oxidation states as trivalent chromium (Cr (IIT)) and
hexavalent (Cr (VI)); the former is an important micronutrient
(Shang et al., 2014). Hexavalent chromium (Cr (VI)) is the most
prevalent oxidized form of Cr and is considered as water soluble;
it produces highly reactive oxyanions (Mishra and Bharagava,
2016), which cause toxicity to biological cells. Cr (III), on the
other hand, is known to generate very stable and insoluble OH™
precipitates and is hence considered chemically inert. Hexavalent
chromium exists in the ionic form of HCrO,~ and Cr,0,>” at pH
values 2-6 and is instable and reactive, whereas in alkaline pH, it
exists in the form of CrO, and is stable. The Cr (VI)
concentration in the environment is frequently caused by
anthropogenic activity. Many industries dispose chromium
into the water resources, especially released during polishing,
tanning, metal plating, and other processes (Jaishankar et al.,
2014).

Wastewater treatment processes mainly include the adsorption
processes (Li et al, 2016), photocatalysis (Yang et al, 2014),
membrane separation, and biological and chemical oxidation
(Donkadokula et al, 2020). Although many techniques and
methods has been devised and are used to treat MO and Cr
individually (Lu et al, 2016), only few studies have focused on
the synergistic removal of MO and Cr due to their diverse
physicochemical properties. Although, mechanism chemistry for
synergistic removal has been reported previously (Gholami et al,,
2020; Qiu et al,, 2020), among all, the adsorption is still preferred
because of its simplicity, low cost, and efficacy (Karimi-Maleh et al.,
2021). So far, many commercial sorbent materials for dyes and heavy
metal removal are available such as activated carbon and zeolite
material, but this research still has lower adsorption efficiency results,
secondary pollution production, higher production cost, and instable
chemical nature which pose a serious challenge for the removal of Cr
(VD) and MO (Kyzas et al, 2015; Jung et al, 2016). Recently,
hexavalent chromium and other pollutant adsorption has been
studied and interpreted as there is a competitive adsorption
process occurring as Cr (VI) compete with other pollutants for
adsorption on material surfaces (Cheng et al., 2021).

Cr Adsorption Onto Poultry Manure Biochar

Therefore, the production of a material with higher adsorption
capacity, stable chemical nature, and economically and
environmentally friendly for the synergistic removal of Cr (VI)
and MO is urgently needed (Wang et al., 2020). Recently, biochar
has received special attention as adsorbents due to its
renewability, environmental friendliness, and low-cost and is
being extensively employed for the synergistic removal of
organic and inorganic pollutants from wastewaters. BC have
higher carbon contents and can be prepared by using the
standard pyrolysis method under anerobic conditions at a high
temperature. Since BC has large surface area, abundant functional
groups, and porous structure to adsorb organic pollutants on its
surface, it is, therefore, important to make biochar based on
pollutants’ relevancy for the protection of the environment (Kang
et al,, 2019). However, low binding capacity of the anionic and
cationic pollutants may affect their pragmatic use due to the
limited ion exchange capacity. Therefore, surface modification of
BC and new material biosorbents may open new horizons for the
efficient removal of MO and Cr (Premarathna et al., 2019).

In this study, biochar was prepared by the slow pyrolysis of
poultry manure at higher temperature and examined as an
effective sorbent for the synergistic removal of MO and Cr
(VD) from aqueous solutions. To evaluate the optimized
conditions, various experiments were conducted such as the
sorbent material dose, reaction time, pH, effect of temperature,
and pollutant initial concentration. The mechanism of the
adsorption process was investigated by fitting the isotherm
and kinetic models and analysis of experimental results. The
thermodynamics study was also performed to check the reaction
chemistry. It was hypothesized that by using this poultry manure-
derived biochar, the adsorption efficiency will be higher at
optimized conditions.

MATERIALS AND METHODS

Chemicals, Equipment, and Apparatus

High purity and analytical grade chemicals and reagents
(K,Cr,0;, NaOH, HCI, and ethanol), purchased from
Shalimar Scientific Store, Pakistan, were used in this study.
All glassware like conical flasks were washed with distilled
water before use, and an adsorption experiment was performed
using 500-ml Erlenmeyer conical flasks on the shaker (Orbi-
Shaker™) filled with 250 ml of solution; the pH of the working
solutions was adjusted using 0.1 M HCI/NaOH and measured
by using a pH multimeter (pHTestr®# Z-527831). The
concentrations of methyl orange and chromium were
calculated from the calibration curve using absorbance data
by UV-visible spectroscopy (Genesys 20 spectrophotometer)
at 540 and 460nm wavelengths wusing the 1.5-
diphenylcarbazide method.

Synthesis of the Adsorbent and

Characterization
Semi-dried poultry manure was collected from a poultry farm in
Rawalpindi, Pakistan. Poultry manure samples were semi-
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FIGURE 1 | Synthesis of the poultry manure biochar (PMB).
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decomposed in the botanical garden, University of Gujrat, Gujrat,
Pakistan. Afterward, the oven-dried samples were passed through
a sieve to produce a required particle size. The crushed material
was taken into alumina crucible, covered with an aluminum
sheet, then placed in a muffle furnace (Thermo Scientific™
FB1310M), was programed at 550°C for 3 h at a ramping rate
of 10°C/min, and then, the crucible was left to cool. The final
material was washed using ethanol and DI water, dried at 105°C
overnight. The obtained yield of biochar was packed in an airtight
plastic zip-lock bag and was later used in adsorption (Figure 1).
The prepared carbonaceous materials (poultry manure biochar)
were characterized by various advanced techniques. The
structural properties were analyzed by using a scanning
electron microscope (SEM; Hitachi S-3000N, Hitachi Scientific
Instruments, Tokyo, Japan, and surface functional groups) and
identified by Fourier transform infrared spectroscopy (Model:
FTIR Spectrum 100 PerkinElmer) at the spectral range of
4,000-400 cm™'. The Brunauer—Emmett—Teller (BET) surface
area and pore size of the prepared biochar were analyzed by
N, adsorption—desorption isotherms at 77K wusing a
Micromeritics (ASAP 2020; Norcross, GA, United States)
analyzer.

Adsorption Experiments

To study the adsorption efficiency, a series of batch experiments
were conducted using 250 ml of working solution in 500-ml
volume conical flasks at neutral pH except for analyzing the
effect of pH. The working solution was prepared by dissolving
methyl orange powder and K,Cr,0O; in deionized water. To
evaluate the effect of adsorbent dosage, (1-3 g) sorbent with
100 mg/L pollutant concentration working solution was shaken
in an orbital shaker at 125 rotations per minute agitation speed
for 120 min at room temperature. Following the same way, a
series of experiments were conducted using working solution
with pH of 4, 5, 5.5, 6, 6.5, 7, 7.5, 8, and 9 adjusted with 0.1 M
HCI/NaOH reagent to analyze its effect. For the time effect, the
mixture was withdrawn at the desired interval (0-180 min) and
afterward placed in centrifugation tubes at 1,000 rpm, and later,
the supernatant was filtered using a 0.45-um PVDF filter and
analyzed by UV-Vis spectroscopy for adsorption efficiency. To
investigate the effect of temperature, different experiments were

conducted at 298, 303, 313, and 323 K temperature and
analyzed for removal efficiency using 150 mg/L pollutant
concentration at neutral pH and 2g adsorbent dose for
120 min. In a similar mode, experiments were conducted
with a different initial concentration of pollutants from 10 to
300 mg/L. For the reusability test experiment, 1 g of BC with
pollutant loadings was mixed with 30 ml of the 0.1 M HCl/
NaOH reagent; after centrifugation, the solution was filtered,
and the concentration was analyzed in solution after
desorption.

The maximum adsorption capacity and efficiency used as
indicators for overall adsorption performance and removal
efficiency were calculated using Eq. 1 and the maximum
adsorption capacity qe (mg/g) from Eq. 2, where Ci and Ce
correspond to initial and final concentrations of pollutants (mg/
L), respectively. V indicates the working solution volume (L), and
m is the sorbent quantity.

(Ci-Ce)

%R = 100, (1)

(Ci—Ce) x V
e=———""-
q m

2

RESULTS AND DISCUSSION

Characterization
The surface structural properties of biochar have been
investigated by scanning electron microscopy, and it has a
rough surface with a scar-like heterogeneous structure
(Figures 2A-D). This scar-like surface of the poultry manure
biochar had a high porosity structure (Figure 2A), but the surface
of BC was uneven and char-deposited (Figures 2C,D). Moreover,
there are many large stomata-like pores and attachment sites on
the surface of BC (Figure 2D), which corresponds to high surface
area due to volatilization of organic matter in biomass. With the
increasing surface area, the adsorption capacity also increases (Jin
et al., 2018; Coleman et al., 2019).

The structure of the prepared biochar was analyzed by N,
adsorption isotherms. Sggr was calculated from N, adsorption at
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FIGURE 2 | SEM (Scanning electron microscopy) images of the prepared poultry manure biochar. (A) 5000, (B) 1000, (C) 500, (D) 100.
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77K wusing the Brunauer—-Emmett—Teller (BET) method.
However, the other physical properties such as pore volume
and pore size are listed in Table 1, indicating that poultry
manure-derived biochar has Sgpr 16.0921 mz/g and pore size
1.84 nm from the BET method. The plot of the adsorption
isotherm, pore volume distribution, and BET surface area are
given in Figure 3. The experimental results indicate that poultry
manure-derived biochar comprises micropores completely,
which means it has a microporous structure. The volatilization
of organic matter caused micropores in biochar. Generally,
particles with size <2nm diameter are microporous, 2-50 nm
range mesoporous, and >50 nm are known as macroporous
structures.

The surface structural properties and functional groups were
identified by Fourier transform infrared (FTIR) spectra. The
biochar is used as an adsorbent material for treating
wastewater as a high surface area and hole-like structure can
perform an essential role in surface adhesion of methyl orange
and chromium (Nguyen and Oh, 2019). The IR spectra of the
poultry manure-derived biochar are shown in Figure 4. The IR
spectra of PMB represent that it has diverse functional groups
across the different ranges of absorption peaks. The strong peak
between 3,500 and 3,300 cm™' appeared after adsorption was
assigned as the —OH group compared to before adsorption. The
C=C double bond referred to the absorption peak at 1,630 cm™"
after adsorption and the peak strength reduced at pyrolysis
temperature of 550°C compared to the previous study of Zolfi
Bhovariani et al. (2019) at a lower temperature biochar. The weak
peak was found at 1,406 cm™', which was changed to 1,412 cm™*
after adsorption assigned to —CH, based on the aldehyde group.

The strength of the peak was enhanced due to higher sorption of
pollutants. Moreover, the peak between 1,000 and 1,100 cm ™ was
known as the deformed C-O bond. The double conjugated bond
C=0 appeared at 1,650 and 1,500 cm™" (Mahamad et al., 2015).
The band at 870cm™ is C-H bond vibration in aromatic
compounds; this peak vanished after adsorption, and vibration
between 700 and 800 cm ™" has been assigned as the C-H bond in
hetero-aromatic compounds (Lustosa Filho et al., 2017; Daramy
et al,, 2020). A weak absorption peak between 450 and 700 cm ™"
corresponds to Si—-O-Si.

Effect of Time

The contact time between the sorbent and adsorbate is a critical
parameter in the adsorption process to evaluate the capacity of
the prepared sorbent; it gives information about how much time
is needed for the maximum adsorption of the pollutant which can
help in developing wastewater treatment. To evaluate the time
effect, a series of experiments were conducted under different
times of contact (from 0-180 min), at same conditions of 2 g/L
adsorbent dose, neutral pH, and at room temperature in an
orbital shaker under 125 rpm of agitation speed. The results of
the contact time effect are shown in Figure 5D. The calculated
values of removal efficiency for MO and Cr were 85.48 % and
88.5%, respectively, and the adsorption capacities qe were 10.68
and 11.06 mgg ™' for MO and Cr, respectively. As the time
increased from 40 to 120 min, the removal rate increased
rapidly to maximum 85.48 % and 88.5% from 47.9 % and
48.35% for MO and Cr, respectively, and further contact did
not catalyze the efficiency. It is conferred that the removal
efficiency of methyl orange and chromium increased as the
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TABLE 1 | Physical characteristics of the poultry manure-derived biochar.

Cr Adsorption Onto Poultry Manure Biochar

2Sper PS (external) S mic %Total °Micropore 'BET pore 9BJH pore "DFT pore diameter(nm)
(m2/g) (m2/g) (m2/g) pore volume volume(cm3/g) diameter (nm) diameter (nm)
(cm3/g)
16.0921 15.0791 1.0130 0.007412 0.000345 1.84232 2.6 2.734
surface area from the BET method.
Pexternal surface area from the t-plot method.
°micropore surface area from the t-plot method.
Ytotal volume calculated from the N,-adsorbed amount at p/p = 0.25.
°micropore volume from the t-plot method.
'pore diameter from the BET method.
9pore diameter from the Barret-Joyner-Hanlenda (BJH) method.
”pore diameter from the DFT method.
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FIGURE 3 | N, adsorption isotherms. (A) Pore volume distribution (B) and BET surface area plot (C).
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FIGURE 4 | FTIR spectra of the poultry manure-derived biochar before
and after adsorption.

time of contact increased and then became stable reaching at
120 min to validate the results in the literature. Liu et al., (2020)
confirmed that the adsorption capacity of polyethyleneimine-
modified corncob biochar increased for removing MO and Cr

synergistically as the contact time increased. The adsorption
reached to an equilibrium stage when 120 min of contact time
passed, and the values of removal efficiencies were described
earlier. Upon elucidating the results, it was seen that maximum
sorption occurred rapidly in the first 120 min, and these data were
used for kinetic study, as discussed in the adsorption kinetics
section. Generally, it is known that increasing contact time have
an impact on getting high adsorption rate but up to a limit
because active sites on the surface of biochar become saturated,
and no further adhesive behavior was showed by the sorbent
(Coleman et al., 2019; Jang and Kan, 2019). Thus, based on the
experimental results, the optimum contact time for the conducted
study was 80 min for the maximum adsorption efficiency.

Effect of Adsorbent Dose

The quantity of the added dose of the sorbent has significant
effect on the adsorption capacity investigated and is shown in
Figure 5A. The removal of MO and Cr was seen to increase as the
sorbent dose increased. In the experimental work, adsorbent
dosages of 1, 1.5, 2, 2.5, and 3 g were used. The maximum
removal reached to 79.17 % and 74.54% for MO and Cr at
2.5 g. Increasing the dose further does not improve the removal,
while according to the results of Ghorbani-Khosrowshahi and
Behnajady (2016), by increasing the adsorbent dose to 0.4 g from
0.2 g, the adsorption rate also increased. The improvement in
removal referred to high attachment sites on the BC surface, and
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FIGURE 5 | Effect of operational parameters. (A) Adsorbent dose, (B) pH, (C) initial concentration, (D) time, and (E) temperature.

driving force initially caused diffusion of pollutants to the biochar
surface (Pan et al.,, 2016; Bardestani et al., 2019; Sun et al., 2019).
Adding more adsorbent did not improve the efficiency of MO and
Cr removal due to surface saturation between the adsorbed ions
and solution. On the basis of the obtained results, the optimized
dose of the sorbent was considered to be 2.5g. Other studies
conducted by Cheng et al,, (2021) confirmed that the efficiency
improved from 36.4 to 93.3% as the dose increased toward 4 g of
the sorbent.

Effect of pH

In Figure 5B, the pH effect on the efficiency of MO and Cr
removal is shown. A series of experiments conducted across the
range of 4.0-9.0 to delineate the pH dependence of the adsorption
process and other factors remain fixed. The results revealed that
the PMB adsorption efficiency was maximum at 88.80 % and
90.23% for MO and Cr, respectively, at the acidic pH. As it
becomes alkaline, the efficiency decreases to 39.88 % and 38.19%
at 9.0 pH, respectively, and the results by Dong et al., (2021)
showed that the capacity of adsorbent material reached the
maximum in acidic pH. This could be due to surface species
on the adsorbent surface. Therefore, the optimal pH for higher
results is found to be 4.0. The pH nature has a significant effect on
the functional groups of sorbent materials. The high efficiency at
the acidic pH may be described by the presence of H* ions and

charge of the sorbent material, which have significant impact on
the electrostatic interaction of the sorbent material with the
pollutant molecule (Alshameri et al, 2014). The literature
reported that acidic pH between 2 and 6 Cr exists in the form
of HCrO4~ and Cr,0,%", which can be rapidly adsorbed onto the
BC surface by an electrostatic interaction because the solution has
H" ions; so it increases the attraction between the sorbent and
adsorbate material. Acidic pH causes protonation of the sorbent
surface functional groups which resulted in high electrostatic
interaction. At the alkaline pH conditions, deprotonation of the
surface functional groups occurs, which means that there is a
higher density of OH  ions, thereby indicating that higher
negative charges on the surface of the sorbent material might
affect the pollutant molecules to attach and induce competition of
adsorption for CrO4>". Moreover, it produces electrostatic
repulsion among similarly charged ions which resulted in
lower adsorption. The removal rate of Cr (VI) decreases as the
pH of a working solution becomes alkaline pH, as reported by
Dong et al,, (2017). The main redox reactions in the adsorption
mechanism are as follows:

Cr,02 + H,0 — 2HCrO;, 3)
HCrO, — CrO} +H", (4)
2CrO} +2H' —» Cr,0¥ + H,0, (5)
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Cr20% + 14H"+6e” — 2Cr’" +2H,0, (6)
CrO} +4H,0 +3e” — Cr(OH);+50H". (7)

Effect of Initial Concentration

The initial concentration of the working solution has significant
effect on the removal of MO and Cr, so a series of experiments
were conducted using 10-300 mg/L concentrations (Figure 5C).
According to the results, highest efficiency reached to 87.94% and
89.87% for MO and Cr, respectively, at 10 mg/L, and when the
concentration of 300 mg/L was used, the efficiency become low
reaching 50.034% and 50.45% for MO and Cer, respectively. These
results supported by the study of Ghorbani-Khosrowshahi and
Behnajady (2016) indicated that an increase in the initial
concentration impacted the adsorption efficiency to decrease.
These results could be described as at a low pollutant
concentration, there is a high surface area, and attachment
sites are present to attach the large number of molecules,
which resulted in high efficiency, while the efficiency decrease
as the pollutant concentration become high. This occur because
of the competition among molecules to attach on the restricted
surface of the sorbent material (Oh and Seo, 2016). Many
previous studies reported that the saturated pollutant
concentration caused reduction in the overall efficiency due to
the attachment competition on the sorbent material (Kang et al.,
2019).

Effect of Temperature

Figure 5E showed the effect of temperature on the adsorption of
MO and Cr. In this work, a series of experiments were conducted
at 298,303, 313, and 323 K temperature using the 150 mg/L initial
concentration and 2 g adsorbent dose at neutral pH for 120 min.
From the experimental results, increase in temperature improved
the removal efficiency. When the temperature increased from 298
to 323 K, the removal efficiency reached to 76.02% and 77.57%
from 56.47% and 56.05% for MO and Cr, respectively. These
results indicated that an increase in temperature of the adsorption
reaction may increase the kinetic energy of Cr,0,*” and SO;~
ions to the biochar’s affinity level, which leads to active
attachment of both the pollutants on the BC surface, and the
endothermic adsorption process occurred, and this description
can be supported by (Cheng et al., 2021).

Isotherms Study
Langmuir, Freundlich, and Tempkin models were plotted for
isotherm studies by Origin Pro 8.1 (Origin Lab, United States);
nonlinear (Eqs 8, 11, 13) and linear (Eqs 9, 12, 13) forms of
models are given in the following equations.

The Langmuir equation is as follows:

_ gmKCe

S i 8
¢ 1+ KLCe ( )
1 1 1 1
~ = —t— ©)
qe K;gmax Ce qgmax
1
Rl = ————. 10
L 1+ KL.CE ( )
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The Freundlich equation is as follows:

ge = K fCe'", (11)

1
Logqe = Log Kf + HLogCe. (12)

The Tempkin equation is as follows:

RT
= — T N 1
qe T InaTCe (13)
RT RT
qe = ﬁlnAT + (ﬁ)lnCe. (14)

In the aforementioned equations, ¢n.x indicates the
monolayer sorption capacity (mg/g), Langmuir constant K;,
(L/mg) describes the affinity of the adsorbent toward the
adsorbate, and Ry is the separation factor, while in the
Freundlich linear equation, Kf corresponds to the
Freundlich constant (mg/g or L/mg) which quantifies the
adsorption strength, n is the adsorption intensity
parameter, the Tempkin model has the AT binding
constant (L/g), bT indicates the Tempkin constant, and R
indicates the universal gas constant (8.314 J/mol/K) at T
temperature of 298 K.

All the values of the parameters of linear and nonlinear
fitting of isotherm models are shown in Table 2. The
Freundlich plot logCe vs. logqe, Langmuir plot 1/Ce vs. 1/
qe, and a plot of InCe against qe for the Tempkin isotherm
model and nonlinear fitting are given in Figures 6A-D,
respectively. The values of maximum adsorption capacity
(gmax) Ry and R?, calculated by the Langmuir model, are
presented in Table 2. The correlation coefficient (R?) of
MO and Cr from the linear Langmuir model was
considerably higher (R* > 0.99; 20.99) than that of both the
Freundlich (R? > 0.932; >0.935) and Tempkin models (R? >
0.97; >0.977). The coefficient value for the Freundlich
isotherm was less than the Tempkin model. According to
both the linear and nonlinear fitting, the best fit of the
Langmuir model indicated that monolayer physical sorption
occurred, and it better described the MO and Cr adsorption on
PMB (Figure 6B). When seen, the heterogeneity constant (1/
n) values from the Freundlich model were 0.564 and 0.536 for
MO and Cr, respectively (if 1/n = 1 means linear adsorption, 1/
n > 1 chemical sorption, and 1/n < 1 physical favorable
adsorption take place) (Zeng et al, 2019). Another
important parameter R; was calculated to evaluate using
Eq. 10; the adsorption efficiency and the value of separation
factor Ry were 0.177 and 0.139 for MO and Cr, respectively,
which meant that sorption is favorable (when R is 0, it
indicates irreversible, and when it is great than 0 and less
than 1, it means sorption is favorable, and when it is equal to
unity, it is the linear form of sorption). The pollutants being
adsorbed produces the monolayer on the surface of the sorbent
material, and it becomes limited. When all the attachment sites
are filled, no more adsorption occurred. The Langmuir model
fit best with the sorbent which has limited surface attachment
sites (Huang et al., 2016; Coleman et al., 2019). The maximum
adsorption capacities (gmax) derived from the linear fit
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TABLE 2 | Adsorption isotherm model parameters’ values.

Adsorbent Pollutant Linear fitting of isotherm models
PMB Langmuir Freundlich Tempkin
Omax K. R, R? Kf 1/n R? BT (J/mol) KT (L/mg) R?
(mg/q)
MO 20.8 0.046 0177 0.999 1.358 0.564 0.932 3.26 0.813 0.97
Cr 19.09 0.061 0.139 0.999 1.5625 0.536 0.935 3.12 1.019 0.977

Nonlinear fitting of isotherm models

Langmuir Freundlich Tempkin
Am (Mg/g) KL R? Kf 1/n R? BT (J/mol) KT(L/mg) R
MO 20.8 0.04 0.98 2.62 0.4 0.96 0.834 3.71 0.97
Cr 20.33 0.046 0.97 2.83 0.38 0.97 1.01 3.524 0.977
A 1.4 B0
1.2
0.8 4
1.0
0.6 4
0.8
L]
& 0.6+ . §' 0.4 )
o /- -
0.4 4 i .
g 0.2+ “
X MO J X MO
0.2+ £ Cr (V) Cr (VI)
o M Freundlich fit (MO) ood 7 | Langmuir fit (MO)
0.0 Freundlich fit (Cr) Langmuir fit (Cr)
00 05 10 15 20 25 00 02 0+ 08 08 10
logCe 1/Ce
C 2 MO D 20
184 Cr (V1) Oé 18 o ,%
------ Tempkin fit (MO) 16 :
16 Tempkin fit (Cr) i
14 4 14 4
124 ) 12 4
=)
‘g‘, 10 4 g 10 4 MO
= 2 g A Cr (V)
o 89 - - -Langmuir fit (MO)
6 - 6 4 ~ - -Langmuir fit (Cr)
oI e Freundlich fit (MO)
1 S Freundlich fit (Cr)
21 24 Tempkin fit (MO)
i 0 —— TempKin fit (Cr)
0 1 2 3 4 5 0 20 40 60 80 100 120 140 160
InCe Ce (mg/L)
FIGURE 6 | Adsorption isotherms. (A) Freundlich, (B) Langmuir, (C) Tempkin isotherm model, and (D) nonlinear isotherm models.

Langmuir model for MO and Cr were 20.8 and 19.09 mgg ™", Adsorption Kinetics
respectively, and the nonlinear fitting derived values are 20.8 ~ The adsorption kinetics of methyl orange (MO) and chromium
and 20.33 mg g™’ respectively. (VI) were analyzed by fitting the kinetic models and calculating
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the correlation coefficient R” values to check the higher fitting of
the model.
The linear and non-linear pseudo-first-order is as follows:

In(ge - qt) = In(K,ge) - K;t, (15)
qt = qe(1 - exp ™). (16)

The linear and nonlinear pseudo-second-order is as follows:

oLt (17)
ge Ky,ge? g€
Ky.qe*t
gt = 221 (18)
1+ K;.get

Generally, the pseudo-first-order (PFO) state, the initial stage
of the adsorption process, and the pseudo second-order model
(PSO) are applied for the understanding of the whole adsorption
process based on the adsorption capacity. The linear and
nonlinear forms of both the models are presented in Egs.
15-18. The plot fit of the nonlinear and linear pseudo-first-
order and pseudo-second-order models are given in Figures
7A-D. From the experimental data, the value of K; was acquired
from the slope method of the linear plot of In (ge-qt) vs. t, and the
values of K, and ge were determined by the slope of the linear plot
of t/qt vs. t. (Figures 7C,D). The nonlinear pseudo second-order
model is highly fitted with the experimental data with a high
correlation coefficient R” value of 0.97 and 0.974 for MO and Cr,
respectively, than PFO as compared to nonlinear fitting
(Figure 7D). The values of K, are 71.37 and 57.49 for MO
and Cr, respectively (Dhiman and Kondal, 2021). These fitting
results suggested that closed chemisorption occurs, which involve
electron sharing between the pollutant and biochar. All the
detailed values of other important parameters of the kinetic
models are presented in Table 3.

Thermodynamics Study

The reaction temperature has significant effect on the
adsorption efficiency. In this work, the adsorption
experiment was conducted in temperature from 298-323 K
and analyzed its effects on the adsorption process by
calculating the thermodynamic parameters like change in
Gibbs free energy change AG’, heat of enthalpy AH’, and
reaction entropy AS’ change. The values of all the
thermodynamic parameters are presented in Table 4, and the
Van’t Hoff plot is given in Figure 9. The Gibbs free energy
change was calculated using the Van’t Hoff Eq. 19

AG° = —RTInK,, (19)
Ci—Ce

Kc = s 20

c o (20)

Here, R represents the universal gas constant, T is the
temperature, and Kc is the thermodynamic equilibrium
constant (calculated using Eq. 20). Moreover, AH" and AS’ are
calculated from the slope method using Eq. 21.

ASe  AH°

K> -2
MRR T RT

1)
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All the values of AG” of both the pollutants are negative, which
indicate that the adsorption process was spontaneous and favorable
at higher temperature. The value of change in heat of enthalpy of the
adsorption reaction greater than 0 means the adsorption is
endothermic, and irreversible reaction occurred. These values
exceeding the range of physical adsorption heat values
(8.37-62.8 KJ/mol) correspond that chemical sorption occurs as
the hexavalent chromium reduced to trivalent chromium (Yu
et al, 2018). The values of AS" are also greater than 0, which
indicate that the arbitrary movement of ions occurred and the
freedom of degree of pollutants increased with temperature (Guo
et al, 2020). These results confirmed that the whole adsorption
process was endothermic and favorable at high temperature.

Adsorption Mechanism

In the literature, adsorption is a widely used method to treat dye
and heavy metals from the aqueous solution, isotherm, and
kinetic modeling being used primarily to investigate the
mechanism of adsorption. To delineate the adsorption
mechanism of MO and Cr onto the biochar isotherm, the
kinetic models were applied, and the important parameters
were calculated. Tables 2, 3 showed the values of all
important parameters. According to the experimental fitted
data, the mechanism followed the pseudo-second-order kinetic
model which corresponds to the adsorption of MO and Cr via the
chemisorption method, involving the covalent interactions
between the pollutant and surface functional groups (-OH,
—COOH, and C=0) because electrons were shared to Cr (VI)
for the reduction to Cr (III) form, whereas the Langmuir model
highly conform the data which indicate the physical sorption of
MO and Cr. From the results, optimum conditions for high
adsorption of both the pollutants was found to be acidic pH of 4.0
because of higher electrostatic attraction between the pollutant
and biochar surface. At an acidic condition, the surface charge
and protonation of the surface functional groups enhance the
adsorption capacity. The oxygen-containing functional groups
such as —OH and Si-O-Si provide electrons to hexavalent
chromium and reduce it to trivalent chromium ions, which
may be released into the working solution.

From the FTIR results, it can be seen that the presence of
oxygen-containing functional groups attracts more HCrO,4~
and Cr,O,>” compared to SO;~ of MO and electrostatic
affinity of HCrO,~ and Cr,0,%" toward functional groups,
which is higher (Mahamad et al., 2015). Guo et al., (2020)
reported that the reduction of hexavalent chromium to
trivalent chromium is an electron sharing process under
acidic conditions due to presence of hydroxyl and aromatic
functional groups. Thus, following this mechanism, a
following reduction path Eqs 22, 23 may occur.

R - OH} + HCrO, — R - OH,CrO;+ H", (22)

HCrOj + 3¢ +7H" — Cr’* + 4H,0. (23)

After the adsorption process, a peak appeared at 3,310 and
870 cm ™', while the peak 2,104 cm™" slightly shifted to 2,108 and

1,406 cm™! to 1,412, 1,018 to 1,016cm !, and 706 cm™ to
650 cm ™", respectively.
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FIGURE 7 | Kinetic adsorption models. (A) NLPFO, (B) NLPSO, (C) LPFO, and (D) LPSO.
TABLE 3 | Pseudo-first-order and pseudo-second-order kinetic model parameter values.
Adsorbent *LPFO LPSO
PMB
de (mg/g) K R? de (mg/g) qe” (mg/g) Kz R?
MO 11.53 -3.67E-05 0.788 11.95 142.87 68.72 0.951
Cr 11.65 —-3.89E-05 0.798 12.33 152.33 75.55 0.952
*NLPFO NLPSO
de (mg/g) K R? de (mg/g) qe? (mg/g) Kz R?
MO 10.91 0.0217 0.98 13.80 190.44 0.00154 0.97
Cr 11.27 0.0216 0.98 14.26 203.34 0.00151 0.974
* LPFO and LPSO = Linear pseudofirst-order and linear pseudo-second-order
**NLPFO and NLPSO = Nonlinear pseudofirst-order and nonlinear pseudo-second-order
TABLE 4 | Thermodynamic parameters of pollutants onto the poultry manure-derived biochar.
Adsorbent Pollutant Temp. (K) Ke —-AG" (KJmol™) AH’ (KLmol™) AS® (JK 'mol™) R?
PMB MO 298 0.260 0.645 26.98 92.67 0.945
303 0.481 1.214
313 0.674 1.755
323 1.154 3.099
Cr 298 0.243 0.603 30.32 103.75 0.960
303 0.492 1.240
313 0.730 1.901
323 1.240 3.332
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Reusability of an adsorbent is an important property as the prepared
sorbent proved high adsorption efficiency for MO and Cr
simultaneously. The desorption efficiency of the two reagents is
shown in Figure 8A, in which 0.1 M NaOH had a higher efficiency
than 0.1 M HCI, which reached up to 63.095 % and 71.037% for MO
and Cr, respectively. Hence, 0.1 M NaOH was used as the desorbing
agent, and the BC was reused for adsorption again. Figure 8B
showed the number of reusability cycles of the poultry manure
biochar after being desorbed using 0.1 M HCI, for the removal of
MO and Cr using 100 ml of solution. The biochar was reused for
three cycles after desorption. The efficiency of the sorbent decreased
by 6.5%, 7.59%, and 23.3% for MO and 5.9%, 16%, and 22.75%, for
Cr, respectively after the 1st, 2™, and 3rd cycle compared to the
adsorption efficiency before the desorption experiment, while in the
study of Liu et al,, (2020), the efficiency of the adsorbent decreased
up to 3% after reuse. These results proved the good reusability of the
prepared poultry manure-derived sorbent. The desorption efficiency
was calculated according to Eq. 23.

VaixC
(Va x d)><100

%Desorption = (C—C) .

In the aforementioned equation, Vd indicates the desorbing
agent volume (ml), Cd is the concentration of the pollutant after
desorption (mg/L), and Ci and Ce are the initial and final
concentrations of the pollutant after adsorption (mg/L),
respectively.

CONCLUSION

This study provided the BC with a higher specific surface area,
diverse aromatic groups, and structural roughness. The specific
surface area 16.09 m*/g, porosity 0.0074 cm®/g, pore diameter
1.84 nm, and aromaticity of BC were all positively associated
with the adsorption efficiency. The unavailability of active sites
on the BC surface might partially justify all-time low adsorption
capacity. The poultry manure biochar arises as a good adsorbent in
MO and Cr removal as the percentage of removal is more than
88.80% and 90.23%, respectively, at 100 mg/L initial concentration
and pH 4. Different operational parameters that affect the
adsorption capacity were investigated, such as the effect of time,

1.4
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A A Cr(Vl)

A = - - Linear fit (MO)
< —— Linear fit (Cr)

1.2 1
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1T

FIGURE 9 | Van't Hoff plot for the calculation of thermodynamics parameters.

dose, pH, and pollutant initial concentration. Upon observing the
results, the adsorption efficiency decreased with the increase in the
initial concentration. As the concentration increased from 10 mg/L
to 300 mg/L, the efficiency decreased from 87.94% and 89.87% to
50.03 % and 50.45% for MO and Cr, respectively. With the
increasing contact time, the efficiency of MO and Cr increased
more than 85% and 88% up to 120 min and reached to a limit after
the efficiency decreased. The Langmuir model highly fitted with the
experimental data, and R” values of the Langmuir model were 0.999
and 0.999 for MO and Cr, respectively. The fitting results of the
adsorption kinetics revealed that pseudo-second-order best fitted
to data with R’ values of 0.94 and 0974 for MO and Cr,
respectively. The surface functional groups attracted the HCrO4~
and Cr,0,> ions than MO which resulted in the competitive
adsorption onto the biochar surface. The change in Gibbs free
energy is negative, which indicates that the adsorption process was
favorable, spontaneous, and complete. The other thermodynamic
parameters AH® and AS’ are positive, which correspond toward the
reaction and is endothermic. Hence, the poultry manure-derived
biochar is a potential candidate for removing MO and Cr
simultaneously from aqueous solutions.
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