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Abstract

The biosorption capability of royal poinciana pod-derived biosorbent was investigated for the removal of hexavalent chro-
mium from synthetic wastewater. Scanning electron microscopy, X-ray diffraction, and Fourier transform infrared spectros-
copy were used to examine the morphology and other properties of the biochar prepared by pyrolysis at 350 °C. Operational
parameters such as pH, biochar dose, interaction time, and starting metal ion concentration were tuned. A maximum metal
removal efficiency of 93% was achieved at pH 6.0. Optimization investigations for experiments have also been conducted
using response surface methodology which included three parameters by applying Box-Behnken design with 10.48 of model
F-value and 0.93 of R? value (coefficient of determination). The kinetic theories and isotherm models of Cr (VI) ion adsorp-
tion have also been established. Pseudo-second-order model foretells the kinetics with 0.97 R? value. The Temkin isotherm
and Dubinin-Radushkevitch provided the best-fit isotherms to explain adsorption phenomenon. This study suggests that royal
poinciana pod-derived biochar may be used as an efficient, low-cost, and eco-friendly wastewater treatment bioadsorbent.
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1 Introduction

Chromium compounds are extensively employed in vari-
ous industries such as electroplating, metal extraction,
magnetic tapes, paint, dyes, tannery, chemical production,
semiconductor, and others [1]. The major source of chro-
mium pollution is effluent from these plants. Chromium (VI)
compounds are of major disquiet due to their high water
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solubility and mobility [2]. Chromate and dichromate are
the most stablein nature, movable, and poisonous types of
Cr (VI). Nausea, diarrhea, liver and kidney damage, rashes,
internal bleeding, and respiratory difficulties are all symp-
toms of Cr (VI) poisoning [3]. Inhalation can result in acute
poisoning, nasal septum irritation and ulceration, and res-
piratory sensitization (asthma) [4]. Contact with the skin
can cause chronic intoxication, burn injuries, and delay the
remedial of wounds and scrapes. This can progress to per-
foration and severe chronic allergic side effects if not treated
quickly. Exposure to the eyes may result in long-term harm
[5]. The necessity for low-cost technologies that can be used
under local settings was highlighted by the chromium water
pollution.

Various removal techniques like chemical precipitation,
ion exchange, membrane and ultra-separation, sedimen-
tation, adsorption, and other methods in the removing of
chromium from water have all been reported [6—8]. Chemi-
cal precipitation has long been the most common method.
The addition of a basic causes chromium hydroxide to pre-
cipitate, however this technique creates sludge. Without
retrieving the metal, it transforms the water pollution prob-
lem into a solid waste disposal concern [9]. Although ion
exchange is a good option, it has higher operational cost.
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Other drawbacks of these technologies include high capital
and operating expenses, time consumption, careful process
stages, hazardous sludge by-products, and high-tech upkeep
[10].

In the case of chromium remediation, adsorption is the
generally enticing technique [11, 12]. The utilization of
various adsorbents such as red mud, coal, nanomaterials,
industrial waste, biomass, and activated sludge-derived
biosorbents for selective adsorption has piqued the inter-
est of researchers [13]. Numerous different new adsorbents
may not be applied economically in the context of industrial
scale and may necessitate significant amounts of energy and
reagents in their preparation. As a result, higher costs and
severe environmental consequences are found [14]. There-
fore, developing environmentally acceptable, low-cost, and
highly efficient adsorbents are a main concern. Recently,
researchers have been working on producing these optimized
cost-based adsorption for the decontamination of hazardous
heavy metals from water such as Cr [15, 16].

Biochar is a potential green ingredient whose sorption
characteristics have been investigated for the remediation
of pollutants in water [17, 18] such as chromium and other
heavy metal ions. Biochar is a carbon-rich substance made
by thermo-chemically converting biomass and carbonaceous
materials [19]. Biochar has a greater surface area and poros-
ity, as well as a more pronounced structure [20]. Because of
its increased surface area and intensely aromatized surface
with diverse functional groups, biochar has excellent adsorp-
tion properties [21]. As a low-cost and cost-effective tech-
nique to remove various pollutants, biochar is increasingly
replacing activated carbon [22]. Carbon-based substances,
including such wood, shell, and coal, were indeed prohibi-
tively costly to use as raw material for industrial biochar
synthesis, particularly since these materials are usually not
locally available [23, 24]. Other biomass wastes were heat
treated (process called pyrolysis) to produce comparative
lower cost biochars [25-27]. Rapeseed stem [28] and Melia
azedarach wood [29] have been pyrolyzed into biochar, and
both have a good effect on pollutant removal. Das et al. [26]
used crop, weed, and tree biomass to convert into biochar
for HMs removal (Cd, Pb, Ni, Zn, Cu, As). Mokrzycki et al.
[30] applied freshwater hornwort and macroalga to produce
biochars in the removal of Cr ions. Biochars become more
appealing, while easily accessible waste biomass materials
will be used as a raw material. To find more effective and
economical adsorbents, our research groups are increasingly
focusing on the adsorption characteristics of biochars pro-
duced from regionally accessible royal poinciana (Delonix
regia) pods (RPP).

In this work, the pyrolytic production of RPP pods medi-
ated bioadsorbent at lower temperatures lacking surface
functionalization was studied for the remediation of Cr
(VD) metal ions from synthetic wastewater. Various process
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variables like as adsorbent quantity, pH, initial Cr (VI) metal
ion concentration, and interaction duration were examined
during the investigation. Furthermore, Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD),
scanning electron spectroscopy (SEM), and inductively
coupled plasma optical emission spectrometry (ICP-OES)
were used to characterize biochar. In addition, several iso-
therms and theories for kinetics investigation were employed
to describe the phenomena. Furthermore, response surface
approach was used toward construct trials.

2 Experimental
2.1 Synthesis of biochar

Royal poinciana pods were collected from the campus of
BIT Mesra Ranchi, Jharkhand, India, and cleaned with tap
water to eliminate sand particles and other contaminants.
After washing, the pods are dried in an oven for 48 h at a
temperature of 60 °C. The dried pods are ready to be crushed
and ground into powder form. The powder was stored in a
sheave shaker, and all particles of similar size were sepa-
rated. The larger particles were crushed again to obtain the
smallest particle size. The powder sample was calcined (KF-
1001 muffle furnace, Tempstar, India) at 350 °C for 3 h after
all of the particles were of similar size.

2.2 Batch adsorption experiments

A self-fabricated experimental apparatus was used for batch
adsorption evaluation. The experimental setup comprises
of a continuous magnetic stirrer (300 rpm) and a 100-mL
beaker as a reactor. Synthetic wastewater was prepared
by hexavalent chromium standard solution of 0.001 g/
mL. This standard was obtained from AccuStandard, Inc.
Chromium-containing aqueous solutions were kept in this
reactor with initial concentration range from 0.8 to 2.5 ppm.
The adsorption tests were also carried out by varying the
bioadsorbent dose from 20 to 80 mg. The tests were carried
out for 120 min in order to optimize bioadsorbent dosage,
solution pH, and heavy metal content in the aqueous solu-
tion. All experiments were performed at room temperature
(303 K). Sample was taken at various time intervals. Filtra-
tion was done, and the remained chromium concentration
was detected using ICP-OES, and the percentage removal
efficiency was calculated. The equilibrium behavior of chro-
mium to study the kinetics for bioadsorbent system was ana-
lyzed at optimizes conditions. The adsorption capacity of
Cr (VI) by RPP biochar (g,) was estimated using Eq. 1, and
adsorption removal efficiency by RPP biochar (E %) of Cr
(VI) was estimated using Eq. 2, respectively:
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where the volume of the solution is denoted by V (in L) and
the weight of the biochar is denoted by W (in g).

2.3 Characterization

The FE-SEM image was captured on a Sigma-300 (Ametek)
field emission scanning electron microscope. The prepared
RPP adsorbent’s Fourier transform infrared (FTIR) spectrum
was obtained in the 400-4000 cm™ range using a Shimadzu
(Prestige 21, Japan). An X-ray diffraction (XRD) pattern
was produced for phase identification using a Rigaku, Smart
Lab 9 kW diffractometer (Japan), using Cu-K_ radiation at
voltage of 40 kV and current of 40 mA. The Cr(VI) ion
concentration and metals presented in biochar were per-
formed using a Perkin Elmer Optical 2100 DV ICP-OES
spectrometer.

2.4 Modeling and kinetics of adsorption
equilibrium

The different isotherms models were used to model equi-
librium relationship between ¢, and Cr (VI) concentrations.
The linear version of the Langmuir isotherm is as follows
[31]:

C_ 1 G

— = + —
4e  Gubo  qm )

where g denotes adsorption capacity, m denotes maximum, e
denotes equilibrium, and b, denotes the Langmuir isotherm
constant (in L/mg). Langmuir parameters can be derived
from linear plot of Eq. 3.

The Freundlich isotherm’s linearized equation can be
written as [32]:

1
Ing, = InK,; + =InC
ng, nf nne (4)

where K, denotes the Freundlich constant and n denotes het-
erogeneous character. The linear plot of Eq. 4 was used to
derive the constants of this isotherm.
The Temkin (Eq. 5) and D-R isotherm’s (Eq. 6) linearized
equation can be written as [33]:
RT RT

q, = EanT + Elncg (5)

temperature of solution. Where s is the theoretical isotherm
saturation, 4 (in mol%.k™' J72) is the isotherm constant. Equa-
tion 7 will be used to calculate the Polanyi potential (¢).

1
e =RT( + a) (7)
The D-R model distinguishes between physical and chem-
ical adsorption by calculating the E (kJ.mol™) free energy,
necessary to eject an adsorbed species particle from its posi-
tion at the binding site of adsorption to infinity. E can be
calculated by using Eq. 8.

1
E=|— ®)
V2P
Various theories are present to postulate adsorption’s
kinetics and rate-determining steps; the pseudo-first-order
(PFO) and second-order (PSO) rate theories are the most

common [34]. The liner form of PFO rate model is written
as follows:

k
log(q, = 4,) =logq, + 531 ©)

The linearized PSO rate expression is as follows:

t 1 t

_— = 4 —
4 ¢k, q. 10)

Two additional kinetics models were also used to deter-
mine the kinetic mechanism. The equation for intra-particle
diffusion (IPD) theory is as follows [35]:

q, = tO.S-kipd + C (1 1)

The following Eq. 12 represents the Elovich theory [36]:

1 1
q, = —log(ap) + —logt 12
whereas Kj,; (mg. ¢! min™") referred to the IPD rate con-
stant, a denotes to adsorption and constant  denotes to pro-
cesses of desorption.

2.5 Experimental design

In the current investigation, RPP has been used for prepar-
ing the biochar for the removal of heavy metal (chromium)
from wastewater. The experiments were designed using the
statistical analysis software Design Expert 6.0.8 to optimize
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constraint and achieve the highest removal percentage under
optimal conditions. For the current study, the three param-
eters, initial metal ion concentration, bioadsorbent dose, and
pH, were taken into account. A total number of 17 experi-
ments for the different conditions parameters (initial metal
ion concentration: 1, 1.5, and 2 ppm; adsorbent dose: 40, 60,
and 80 mg; and pH: 3, 6, and 9) have been performed, and
the results are put into the statistical analysis. Non-linear
regression analysis was used by the statistical analysis pro-
gram to fit a polynomial having second-order.

3 Results and discussion
3.1 Adsorbent characterization
3.1.1 Fourier transform infrared (FTIR) analysis

The functional groups contained in the RPP biochar were
identified using FTIR spectra. The observed functional
groupings are depicted in Fig. 1. Because of the well-built
bonding of hydrogen linked with lignin, cellulose, and pec-
tin, a broad absorption edges for O—H stretching vibration
of lignin, hemicellulose, and cellulose were observed in the
3000-3400 cm™! range. Stretching of alkyle groups (C—H)
has been connected to peaks found in the 3000-2700 cm™
range. The band observed at 2320 cm™! is associated with
the aliphatic C-O groups or C=C asymmetric stretching of
hemicellulose. Peaks at 1580 cm™" are ascribed to stretching
of C=0. This stretching may be due to ester, ketoens, alde-
hydes, and hemicellulose. The bands found with 1580 cm™!
are associated to aromatic skeletal starch of C=C in aromat-
ics (phenol group). The 1455 and 1405 cm™' are obviously
related to aromatic skeleton, C—H stretching, and ester C=C.
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The presence of lignin and fatty acids along with hemicel-
lulose or cellulose may be responsible for these observed
bands. The 1115 cm™! band in RPP is assigned to the aro-
matic ring’s C—O—C stretching vibration of aromatic rings
related to lignin. The aromatic C—H plane bending vibra-
tion causes the 1045 and 995 cm™! peak. The peak for alk-
enes (lignin) was observed at 869 cm™'. An additional peak
at 620 cm™! is found in OH groups, which is attributed to
O-H stretching [37-39]. Functional groups such as phenol,
hydroxyl, and carboxyl are essential in pollutant adsorption
via cation and anion exchange as reported in the literature
[40]. The presence of functional groups such as carboxylic,
phenolic, and lactonic groups on the surface of biochar helps
explain its high adsorption capacity [41].

3.1.2 XRD studies

Figure 2 shows the XRD patterns biochar derived from RPP
biomass pyrolyzed at 350 °C for 3 h. A number of amor-
phous and the crystalline phase were observed. The absence
of a crystalline cellulose XRD pattern is due to pyrolysis.
This observation also lends support to the biomass conver-
sion into biochar. Observed wider peak at 24° ascribed to
better layer congruence. This peak is associated to mono-
clinic cellulose [42, 43]. This is most likely similar to the
tiny graphite structures. Because of the matching orienta-
tion of carbon coating plane, this configuration, known as a
turbo-stratic, would have a 2D ordering. This apparent rise
in biochar has been documented in several investigations
[44, 45]. Peaks at 28.4° correspond to cristobalite (Ct). Pla-
gioclase (PI) is associated with other peaks discovered at
29.4° and 30.9°. The xrd peak at 36°, 40.6°, and 43.3° cor-
responds to calcite (Cc). Furthermore, the peaks at 31.8° and

Intensity (a.u.)

T T
10 20 30 40 50 60
2 theeta (degree)

Fig. 1 FTIR spectra of royal poinciana (RP) pods-derived biochar
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Fig.2 XRD pattern of royal poinciana (RP) pods-derived biochar
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Fig.3 FE-SEM image of royal poinciana (RP) pods-derived biochar

48.4° correspond to quartz (Qz). Minerals are responsible
for these peaks seen in biochar. These peaks are because of
the alkaline oxyhydroxides generated during biochar syn-
thesis [45].

3.1.3 SEM studies and ICP analysis

The morphological study of royal poinciana pods (RPP)
after 3 h of pyrolysis at 350 °C was performed using FE-
SEM. Figure 3 depicts a micrograph of the bioadsorbent.
The biosorbent derived from the RPP had heterogeneous
structure. The biosorbents show a non-uniform morphol-
ogy. Other investigations have come up with similar results.
Adeniyi et al. [46] used elephant grass to make biochar.
They observed a plate-like structure with a wrinkled surface.
Viswanthan and coworkers [47] reported fibrous-like struc-
tures with long ridges in biochar generated from Phragmites
karka, which resembled a pattern of parallel lines. Prior to

calcination, ICP analysis of biomass revealed the presence of
magnesium, iron, calcium, copper, zinc, manganese, nickel,
and cobalt elements.

3.2 Statistical analysis

The chromium removal efficiency has been evaluated, and
the data have been submitted to the DOE for descriptive
statistics. The descriptive statistics results are presented
here. The optimization research is primarily concerned with
increasing the percentage of chromium removal from syn-
thetic wastewater. To demonstrate the relevance of process
parameters for percentage removal, all parameters were eval-
uated. and a second-order polynomial was fitted, as shown
in Eq. 13. In the instance of RP pods adsorbent, Eq. 13 con-
nects the % removal to all independent factors such as pH,
adsorbent dosages, and chromium concentration (Fig. 4):

%removal =+ 51.25 + 2.416pH + 0.681CD
+15.25C — 0.194pH? — 0.005CD?
—4.0C* - 0.0041pH x CD
—0.167pHX C-0.05x CD x C (13)
To maximize the removal %, the model equation employed
three independent parameters: chromium concentration (C),
adsorbent doses (CD), and pH. According to the ANOVA, the

model F-value is 10.48, and the R? value is 0.93 with added
precision 8.37, indicating that the model is relevant.

3.3 Chromium adsorption
3.3.1 Effect of contact time on chromium removal

The impact of contact time on Cr (VI) elimination was inves-
tigated for up to 120 min. (Figs. 4 and 5). The rate of metal

Fig.4 RSM respone curve
including effect of different
parameters initial concentration
of metal ions, biochar dose,and
pH of solution on % Cr(VI)
removal using royal poinciana
(RP) pods-derived biochar
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Fig. 5 Effect of contact time on Cr(VI) removal using royal poinciana
(RP) pods-derived biochar adsorbent, pH =6, adsorbent dose 0.8 g/L

ion biosorption by RPP biochar was quicker in the begin-
ning and remained constant until reaching equilibrium (50%
removal within 1 h). In a 70-min adsorption experiment,
equilibrium was established. This suggests that the bind-
ing sites on the biochar either are saturated further than the
steady state or that the leftover unoccupied receptors on the
biochar are thorny to fill due to repulsion between both the
solutes of the solid and solution. Metal ion sorption on the
adsorbate is determined by the availability of binding sites
and their electrostatic interaction [48, 49].
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~
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3.3.2 Effect of pH

Figures 4 and 6 depict the Cr (VI) removal efficiency of
RPP biochar at various pH levels. The results demonstrate
that at pH levels ranging from 3 to 6, the Cr (VI) removal
efficiencies remained high, and the Cr (VI) in acidic and
neutral solutions could be effectively removed. The removal
efficiencies of Cr (VI) reduced when the pH rose to alka-
line conditions (80.4% at pH 11). As a result, it was postu-
lated that acidic conditions may be more suitable for Cr(VI)
removal by RPP biochar. At pH 6.0, the greatest adsorption
of Cr (VI) species was found on biochar adsorbent (91.3%).
Cr (VI) exists in numerous stable forms, including Cro?-,
HCrOi_, Cr203_, and HCrZO%_. Furthermore, chromium
ion concentration and pH influence the comparative preva-
lence of a particular complex. Because of surface group’s
ionization, biochar is positively charged at acidic pH. The
dichromate ions in sorbates, on the other hand, are nega-
tive, as a result electrostatic interaction in between sites of
biochar and the sorbate [50]. Therefore, at acidic pH, it leads
to enhanced adsorption. As the value of pH rises toward the
alkaline range, the biosorbent deprotonates, and its capacity
of adsorption diminishes. As a result, all future investiga-
tions were conducted at pH 6.0. Similar findings on other
adsorbents have been reported, previously [51, 52]. Ahmadi
et al. (2016) stated [53] that at pH 8.1, the increase of com-
petition with more OH ions hindered the movement of Cr
(VI) ions towards biochar. These findings suggest that elec-
trostatic interaction is more significant in Cr (VI) adsorption
in an acidic solution, whereas ion exchange is more relevant
in an alkaline solution.

874

%
=
1

% Adsorption efficiency, E
-]
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78 L] L\ )
0.0 0.4 0.8 12 1.6 2.0
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Fig.6 Effect of pH on Cr(VI) removal using royal poinciana (RP)
pods-derived biochar adsorbent, adsorbent dose 0.8 g/L.
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Fig.7 Effect of adsorbent dose on Cr(VI)
C;=0.8 ppm

removal, pH=6,
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3.3.3 Effect of biochar dose

The adsorbent dose is regarded as an important parameter
that can influence the adsorption process [54]. Figures 4 and
7 depict the findings of Cr (VI) adsorption by RPP biochar at
various dosages. The removal efficiency improved when the
adsorbent dose was increased. Adsorption removal efficiency
improved from 84.6 to 85.9% when the biochar dose was
raised from 0.4 to 0.8 g/L. The biochar adsorption efficiency
of removal decreased significantly at 1.2 g/L. and 1.6 g/L of
adsorbent, reaching 80.6%. As a result, the biochar dose of
0.8 g/L was chosen for the adsorption tests. The decline can
be attributed to the splitting phenomena of the concentration
gradient [55].

3.3.4 Effect of Cr (VI) initial concentration

The removal efficiency increased from 81.8 to 91.3% as the
Cr (VD) ion content increased from 0.8 to 2 mg/L (Figs. 4
and 8). Following that, the rise in Cr (VI) removal efficiency
decreased when the concentration of Cr (VI) content kept
at 2 and 2.5 mg/L. This reduction in removal effectiveness
might be ascribed to the biochar’s restricted limited count
of active sites for binding. While concentration of metal
Cr (VI) ions was increased, saturation level of the biochar
surface adsorption capacity was achieved and therefore not
capable to remove any more Cr (VI), resulting in a reduction
in Cr(VI) migration in transportation to the biochar surface
from the solution [56]. Furthermore, when the Cr (VI) con-
tent rose, a new layer (adsorbed Cr ions) developed on the
biochar surface. This reduced the effectiveness of biochar
removal even further and hampered the combination of Cr
(VI) with biochar [57].

100

% Adsorption efficiency, E

0.8 .0 1.5 2.0 25
Initial Metal ion Cr(VI) concentration, ppm

Fig.8 Effect of initial metal Cr(VI) ion concentrations on Cr(VI)
removal, pH =6, adsorbent dose 0.8 g/L.

3.4 Isotherm modelling

The Temkin isotherm provided the best fit (R*=0.99) of all
isotherm models tested (Fig. 9). According to this model,
the heat adsorption of a solute in a layer decreases pro-
portionally with surface cover-up due to adsorbent metal
interactions, where metal adsorption is specified by a uni-
form binding affinity distribution. The existence of b, value
larger than zero suggests that the adsorption Cr (VI) metal
on RPP biochar process is likely to be exothermic [58]. As
a result, electrostatic association was one of the processes
involved in metal adsorption on biochar. The outcome was
consistent with the previous reported pH impact discussion.
The D-R isotherm (R*=0.98) presumes that biosorption is
a consequence of the porous property of the adsorbent. It
is primarily applied to distinguish physical and chemical
phenomenon-based adsorption. The calculated value of E
is 2.39 kJ. mol™! (Table 1) indicates the physical nature of
Cr (VI) biosorption on RPP biochar and the involvement of
Van-der Waals forces.

The Langmuir theory has assumption that monolayer
adsorption of metal ions happens at a specific amount of
homogeneous dispersion active sites over the surface of
adsorbent at equilibrium; moreover, those binding sites have
identical attraction for the sorbate. The Freundlich theory
has assumption that the biosorption phenomenon on a het-
erogeneous surface comes as a result of multi-layers with
varying affinity for the adsorbate. However, lower correla-
tion values were obtained for the Freundlich (R*>=0.97) and
Langmuir (R*=0.95) models than with the others, implying
that these models were not acceptable. Similar findings have
been seen in other studies in adsorption of pollutants on dif-
ferent biochars [59-61]. For Cr(VI) removal, Khalil et al.
[59] employed biochar made from tea waste and rice husk.
The adsorption isotherms were described using the Temkin
and D-R models. Amin et al. [60] reported on another study
that used biochar produced from orange peel to remove
Cd(I). For equilibrium data, the Temkin and D-R isotherm
models had the highest correlation factor. Meng and his
coworkers’ [61] research on wastewater treatment with bio-
char generated from cotton shell was well explained by the
Temkin model. According to calculations, the Langmuir
isotherm constant (R;) for RPP biochar is 0.2988 (Table 1).
It was postulated that the biochars’ surface adsorption of the
Cr metal ion was beneficial because R; was less than 1 [62].

3.5 Kinetic studies

Adsorption kinetics is the study to relate solute absorp-
tion rate at the phase boundaries. To evaluate the kinetics
of chromium adsorption, adsorption data from RPP bio-
char under optimum conditions were analyzed using PFO,
PDO, Elovich, and IPD kinetic models. Table 2 contains

@ Springer
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Fig.9 Isotherm study of
Cr(VI) removal on the biochar
adsorbent of royal poinciana e
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the value of kinetic parameters. Figure 10 depicts the lin-
earized form of all kinetics theories. In the PFO kinetic
model, the R? value for linear plot between log (g,~q) vs.
time is observed to 0.93 (Fig. 10a). The value of R? is
found to be 0.97 in the case of PSO kinetic theory. The

Table 1 Equilibrium parameters of Cr(VI) adsorption on the royal
poinciana pod-derived biochars (RPP)

Isotherm model Parameters Value
Langmuir q,, (mg.g™) 2.15
K; (L.mg™) 2.66
R, 0.215
R? 0.95
Freundlich Ky (L.mg’l) 33.113
1/n 1.63
R? 0.97
Temkin B, (J.mol™) 1360
K, (L.mg™) 12.12
R? 0.999
D-R q,, (mg.g™h 9.42
$ (mol> k2 9.39E-08
E, (kJ.mol™) 2.39
R? 0.98

PSO rate constant K, and adsorption capacity were calcu-
lated from the slope and intercept of plots drawn between
t/q, and t. These parameters are depicted in Table 2. PSO

Table 2 Kinetic parameters of Cr(VI) adsorption on royal poinciana
pod-derived biochars (RPP)

Kinetic model Parameters Value
Pseudo-first-order qo. cal (mg.g™) 1.27
k, (min™") 0.055
R? 0.93
Pseudo-second-order e, cal (ME. gh 1.58
k, (g/mg.min) 0.058
R 0.97
Intra-particle diffusion
Ist region ki (mg.g'min'?) 0.48
C, 1.39
R? 0.88
2nd region kyo (mg.g'min'?) 0.245
C, 0.0116
R 0.97
Elovich o 1.005
B 0.397
R? 0.93
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Fig. 10 Kinetic study of adsorp-

tion of Cr(VI) metal ions on

the biochar adsorbent of royal
poinciana (RP) pods (a) pseudo-
first-order, (b) pseudo-second-
order, (c¢) Elovich model, and
(d) intra-particle diffusion
model

T 0.0 T T T T T
5.0 0 2 4 6 8 10 12

hypothesis is well suited to describe the kinetics of Cr (VI)
adsorption onto biochar derived from RP pods.
Furthermore, the porous character of the biosorbent might
involve possible metal remediation by the many steps pro-
cess typically ruled by three separate mechanisms [63]: First,
transportation of metal from solution to the biosorbent sur-
face through film diffusion; second, diffusion of metal ions
inside the biosorbent pore surface area; and finally biosorp-
tion of metal ions inside biosorbent pores. Thus, experi-
mental kinetic data were analyzed using IPD kinetic theory
to foretell the adsorption process of metal Cr (VI) by RPP
biochar and to find the rate deciding step. The assumption
of this IPD is that if the intercept is O, that is, if the linear
plot of gt vs. *3 (Fig. 10d) passes through the (0,0) Car-
tesian coordinates, then IPD will be the sole rate-limiting
step. The plot for IPD theory did not pass through the (0,0)
Cartesian coordinates (origin), implying that the external
adsorption may control Cr (VI) remediation process on RPP
biochar [64]. The pattern of the IPD plot (Fig. 10d) indi-
cates multi-linear steps (three phases), showing that IPD is
not the only rate-limiting step, as the model assumes. Fur-
thermore, the first part represents surface adsorption (film
diffusion), which occurs when Cr(VI) diffuses through the
solution on the surface of RPP-derived biochar. The next
portion shows progressive sorption towards equilibrium. The
final uninterrupted plots showed the final equilibrium stage,
during which IPD was further decreased due to very low

metal ion concentrations left in the system. IPD graph for
metal Cr(VI) ion adsorption derived from Bermuda grass
shows similar multi-linearity [65]. Another research on the
removal of aqueous Cr(VI) by magnetic biochar derived
from Melia azedarach wood biomass found a multi-stage
linearity in the intra-particle diffusion plot [29]. The Elovich
model expresses the heterogeneous diffusion process, which
is regulated by the response rate with diffusion coefficient.
Correlation factor is low for Elovich theory, i.e., 0.92. There-
fore, no postulation can be made (Fig. 10c, Table 2).

FTIR spectrum data (Fig. 1) were utilized to better
understand the biosorption mechanism of Cr(VI) metal ion
removal on RPP produced biochar. As per the FTIR band,
the mainly functional groups discovered on RPP generated
biochar are —OH groups. This hypothesis proposed that
metal ions could be aligned to the —OH groups present on
the RPP surface.

4 Conclusion

In this paper, royal poinciana pods-derived biochars were
employed in the removal of Cr (VI) from aqueous solution.
Equilibrium was achieved within 70 min. Maximum 91.3%
removal efficiency for Cr (VI) was attained at the optimal
pH of 6.0. The pseudo-second-order model (R?>>0.97)
accurately characterized the Cr (VI) sorption process. The
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Temkin model (R?>0.99) and the Dubinin-Radushkevitch
model (R*>0.98) were used to described the sorption equi-
librium data. FTIR studies revealed that biochar has abun-
dant various functional groups including hydroxyl and other
oxygen-containing groups. XRD analysis indicated that cer-
tain beneficial additional types of minerals were present in
the biochar. Based on our findings, royal poinciana pods-
derived biochar might be a viable option for removing haz-
ardous Cr (VI) in wastewater treatment.
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