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Phenolic recovery from agricultural byproducts has been highlighted due to their health-promoting bioactivities.
However, uncontrolled discard of residues after extraction process would induce environmental pollution and
bioresource waste. In this study, biorefining of phenolic-rich rapeseed meal (RSM) and its defatted sample
(dRSM) was attempted by holistic utilization of phenolic extract and residue separately. Phenolic removal could
significantly improve residues’ Cr(VI) adsorption capacities by about 21%, which presented extended physical
surface and more released functional groups. Moreover, simulating raw material by remixing 3% separated
phenolic extracts or main component sinapic acid therein with corresponding residues further improved about
12% adsorption efficiencies. These indicated that the different present forms of phenolics had opposite effects on
Cr(VI) removal. While natural conjugational form inhibited hosts’ biosorption, free form had enhanced functions
for either extract or residue. Four optimal adsorption parameters (pH, adsorbent dosage, contact time and initial
Cr(VI) concentration), three kinetic (pseudo-first order, pseudo-second order and intra-particle diffusion) models
and two isotherms (Langmuir and Freundlich) were used to reveal the adsorption process. The maximum Cr(VI)
adsorption capacity on residues could reach about 100 mg/g, which was superior to that of most biosorbents
derived from agricultural byproducts, even some biochar. Together with the residues’ advantages with ever-
lasting capacity after 3 adsorption-desorption cycles and excellent abilities for adsorbing multiple co-existed
metal ions (Cr(VI), Cd(II), Cu(Il), Pb(II), Ni(Il) and Zn(II)), phenolic recovery was first proved to be a new
and sustainable strategy for modifying biosorbents from agricultural byproducts with zero waste.

1. Introduction functions, mainly due to their antioxidant and antimicrobial bio-

activities, including (i) relieving oxidation of cellular molecules such as

Rapeseed is the second most widely produced oil crops in the world
(Hu et al., 2022). Rapeseed meal (RSM), as its dominant byproduct after
oil extraction, mainly composes of protein, lignin, cellulose and hemi-
cellulose (Di Lena et al., 2021; Morosanu et al., 2019), which is similar to
the major constituents of lignocellulose (Ravindran and Jaiswal, 2016).
Due to the abundant content of phenolic compounds, rapeseed
byproducts have been widely used as raw materials for extraction. These
phenolic extracts from rapeseed byproducts possess a variety of

DNA, lipids and proteins (Pohl et al., 2018), (ii) improving microbial and
oxidative stability of nutritional ingredients (Kim and Lee, 2017), and
(iii) hepatoprotective, neuroprotective, anti-obesity, anticarcinogenic
and antimutagenic properties (Hussain et al., 2019; Li and Guo, 2016;
Nandasiri et al., 2019; Quinn et al., 2017; Yates et al., 2019). However, a
largely overlooked challenge associated with phenolic recovery from
agricultural byproducts is how to deal with the residual wastes after
extraction process. Uncontrolled discard of these residues would not
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only induce environmental pollution but also cause bioresource waste.

It has been reported that rapeseed waste could be reused for
sequential biosorption of lead (II) and Rb19 dye pollutants (Morosanu
et al., 2019). Moreover, biochar produced by pyrolysis of rapeseed cake
was characterized with a high affinity for copper (II) and zinc (II) and a
relatively low affinity for arsenic (III) (Mazurek et al., 2021), suggesting
that rapeseed byproducts have the potential to remove many heavy
metal ion pollutants. Hexavalent chromium (Cr(VI)), mainly discharged
from industries working on electroplating, smelting, dyeing, leather,
battery manufacturing, mining operations and chemical manufacturing
(Dong et al., 2021; Mallik et al., 2022; Qiu et al., 2020; Suksabye and
Thiravetyan, 2012), is classified as the number one carcinogenic, tera-
togenic and mutagenic agent (Orooji et al., 2021). Its toxicity can cause
lung cancer and other human diseases including damage to brain, liver
and kidney (Chen et al., 2019; Nahar et al., 2018). Therefore, it is
necessary to remove Cr(VI) from wastewater stream before being
released into the environment. However, whether RSM and its residue
after extraction process are able to directly adsorb Cr(VI) is still an open
question.

Another point worth considering is whether phenolic removal would
affect the adsorption properties of RSM. Phenolics, which are considered
as major plant secondary metabolites, are much richer in rapeseed than
in other oil crop seeds (He et al., 2022). Because of most phenolics
remaining in byproducts after oil extraction, their interactions with
proteins not only result in unpleasant color, bitter taste and poor di-
gestibility, but also diminish antioxidant capacity (Alu’datt et al., 2017;
Hernandez-Jabalera et al., 2015; Zhu et al., 2018). Our previous study
demonstrated that phenolic compounds in RSM could hamper protein
feedstock for the microbial production of iturin A (Wang et al., 2021).
Moreover, covalent and non-covalent interactions between phenolics
and polysaccharides exert great impacts on each accessibility and
bioactivity (Alu’'datt et al., 2017; Hernandez-Jabalera et al., 2015; Zhu
et al., 2018). However, there is still no report about the effect of phe-
nolics on other characteristics of rapeseed byproducts, including heavy
metal adsorption.

There are two opposite opinions about the function of phenolics in
RSM regarding Cr(VI) adsorption. (i) The phenolic groups in green waste
with high phenolic content have positive effects on heavy metal ion
adsorption. After adsorbed, Cr(VI) can be then reduced and detoxified to
Cr(IlI) through the phenolic aromatic ring which acts as an electron
donor (Kuppusamy et al., 2015). Therefore, if phenolics in RSM are
extracted, the adsorption capacity of residues would be reduced. (ii) In
natural agricultural byproducts, mutual interactions between phenolics
and other components always inhibit each function: the conjugational
forms not only suppress phenolics’ functional activity, but also restrain
the porous structure, specific surface area and surface active chelating
sites of other components (Alu'datt et al., 2017; Hernandez-Jabalera
etal., 2015; Zhu et al., 2018). From this point of view, phenolic removal
from RSM might be a feasible strategy to improve the adsorption ca-
pacity of residues.

In this study, from RSM and its defatted sample (dRSM), two
phenolic extracts (RSM-E and dRSM-E) and two residues (RSM-R and
dRSM-R) were produced. To understand how Cr(VI) adsorption is
affected by phenolics in agricultural byproducts, the removal perfor-
mances of Cr(VI) with different raw materials and corresponding resi-
dues were comparatively analyzed. Their surface morphology and
structural characteristics were identified by SEM and FTIR. Moreover,
individual and combined influences of phenolic extract and residue were
also explored to shed light on the role of phenolics with either conju-
gational or free form during Cr(VI) removal process. Because the
phenolic extracts can be used to exploit innovative functional products
for the cosmetic, food, feed, pharmaceutical and nutraceutical sectors
(Hussain et al., 2019; Kim and Lee, 2017; Li and Guo, 2016; Nandasiri
etal., 2019; Pohl et al., 2018; Quinn et al., 2017; Yates et al., 2019), and
therefore contribute towards the development of zero waste biorefinery,
we also investigated the optimal conditions, the adsorption kinetics and
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isotherms for Cr(VI) adsorption with residues, respectively. In order to
further expand the application value of biosorbents derived from rape-
seed byproducts, the regenerability and the adsorption affinity for other
heavy metal ions besides Cr(VI) were also assessed.

2. Materials and methods
2.1. Materials and chemicals

RSM used in the experiments were kindly supplied by the Oil Crops
Research Institute (OCRI) of the Chinese Academy of Agricultural Sci-
ences (CAAS) (Wuhan, China), then dried at 60 °C to constant weight,
and grounded through 40 mesh sieve. Then partial RSM was defatted
with hexane in a solid-liquid ratio of 1:3 (w/v, g/mL) at room tem-
perature. After ultrasound for 40 min, precipitations were collected by
filtration with gauze. The above steps were repeated three times. To
remove the residual hexane, extracted samples were air-dried overnight
in the laboratory hood. The final defatted material from RSM was
designated as dRSM. Chemicals such as KyCry07, NiCly, CuCly, ZnCly,
CdCl,, and PbCl;, were of analytical grade (Sinopharm Group Chemical
Reagent Co. Ltd, Shanghai, China). Sinapic acid (SA) and melanin (ME)
was purchased from Sigma (Germany).

2.2. Phenolic extraction and residue production

Phenolics were extracted according to a reported method (Wang
et al., 2021) with some modifications. In this study, RSM and dRSM were
mixed with 54% ethanol solution containing 1 mol/L HCI at a ratio of
1:10 (w/v). The mixture was shaken at 150 rpm at 55 °C for 1.5 h,
followed by centrifugation at 4000 rpm for 20 min. The obtained su-
pernatant was poured on an AB-8 macroporous resin (HaoJu resin
Technology Co. Ltd., Tianjin, China) and then eluted with a standard
70% ethanol solution. The ethanolic fractions were dried with a vacuum
evaporator and the phenolic extracts derived from RSM and dRSM were
designated as RSM-E and dRSM-E, respectively. Moreover, the corre-
sponding residues were dried in the oven at 60 °C and designated as
RSM-R and dRSM-R, respectively.

2.3. Characterization

Fourier transform infrared (FTIR) spectra were detected on a
TENSOR 27 spectrophotometer (BRUKER, Germany)) using KBr pellets
in the range from 4000 to 400 cm™' under a resolution of 2 cm™! at
ambient temperature (Di Lena et al., 2021; Feng et al., 2021). The sur-
face morphology of all adsorbents was characterized by a Scanning
Electron Microscope (HITACHI U8010, HITACHI, Japan). The total
phenolic content was determined using the Folin—Ciocalteu assay, ac-
cording to the method described previously by Quinn et al. (2017).

2.4. Adsorption experiments

Adsorption experiments were conducted in a series of 125 mL conical
flasks with 30 mL Cr(VI) solution. These conical flasks were incubated at
room temperature in a constant temperature shaker at 150 rpm. Unless
otherwise noted, the usual adsorption conditions were pH 2.0, 0.15 g/
30 mL adsorbent dosage, 300 min contact time and 100 mg/L initial Cr
(VI) concentration. Effects of key parameters including pH (2.0, 3.0, 4.0,
5.0, 6.0, 7.0), adsorbent dosage (0.05, 0.10, 0.15, 0.20, 0.25, 0.30 g/ 30
mL), contact time (30, 60, 120, 180, 240, 300, 360, 420, 480 min) and
initial Cr(VI) concentration (100 to 1000 mg/L) were systematically
investigated. The Cr(VI) concentrations were quantified using a 1,5-
diphenylcarbazide colorimetric method (Dong et al., 2021). All
adsorption experiments were operated at least in triplicate.
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2.5. Adsorption kinetic studies

Based on the relationship between contact time and adsorption ca-
pacity (ge), the kinetics of adsorption of Cr(VI) was described by the
pseudo-first order, pseudo-second order and intra-particle diffusion
models (Balasubramanian et al., 2020; Chen et al., 2021; Quyen et al.,
2021).

The equation of the pseudo-first order kinetic model is given by:

In(q. — q;) = Ing, — kit (€D)

where g, is the adsorption capacity of the metal ion at the equilibrium
(mg/g), q; is the adsorption capacity of the metal ion at t time, kj is the
rate constant of the pseudo-first order kinetic model (min™).

The pseudo-second order kinetic equation can be written as follows:

t 1 t
N (&)
a4 kg q.
where k; is the rate constant of the pseudo-second order kinetic model
(ge mg e min1).

The intra-particle diffusion equation is as follows:

q: = k}lo's +C 3

where k; is the rate constant of intra-particle diffuse model (mge g~ 'e
min~"%), C is associated to the boundary layer thickness.

2.6. Adsorption isotherms

The relationship between the initial metal concentration and the
capacity of adsorbent can be described by the adsorption isotherm. In
this paper, the adsorption isotherm models of Langmuir and Freundlich
were used to evaluate the equilibrium data (Balasubramanian et al.,
2020; Chen et al., 2021; Quyen et al., 2021).

Langmuir isotherm model is as follows:

_ qm kL Ce

T +k.C, “

9qe

where g is the adsorption capacity of the metal ion at the equilibrium
(mg/g), qm is the monolayer sorption capacity of the adsorbent (mg/g),
C, is the equilibrium Cr(VI) concentration in the solution (mg/L), k;, is
the constant of Langmuir (L/mg).

Freundlich isotherm model can be written as follows:

g = kpC" (5)
where kp is Freundlich constant ((mge g’l)(mg- L’l)'“), n is adsorption
intensity.

2.7. Regeneration test

The adsorbents after adsorbing Cr(VI) were desorbed with 0.1 M
NaOH solution. Referring to the method described by Shan et al. (2020),
the specific operation was as follows: 0.15 g of adsorbents after
adsorbing Cr(VI) were placed in 30 mL of 0.1 M NaOH solution, and
shaken at 150 rpm for 3 h at room temperature. The desorbed adsor-
bents were dried after being washed with deionized water to neutrality,
and then used for the regeneration experiment with 100 mg/L Cr(VI)
solution. The above steps were repeated until four adsorp-
tion-desorption cycles were completed.

2.8. Effect of co-existing ions on adsorption

A cationic pollution system is prepared from KCr207, NiCl,, CuCly,
ZnCl,, CdCl; and PbCl; so that the initial concentrations of Cr(VI), Ni(II),
Cu(Il), Zn(II), Cd(II) and Pb(II) ions were 100 mg/L. The other adsorp-
tion conditions were pH 2.0, 0.15 g/ 30 mL adsorbent dosage and 300
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min contact time. Amounts of Cr(VI), Ni(II), Cu(II), Zn(II), Cd(II) and Pb
(II) ions in the solution after the adsorption reaction were measured
using ICP-OES (ICAP PRO, Thermo Fisher, USA).

3. Results and discussion

3.1. Improvement of Cr(VI) adsorption on rapeseed byproducts by
phenolic extraction

Whether defatted or not, RSM and dRSM showed strong adsorption
capacity for Cr(VI), which has not yet been reported in the literature.
When the adsorbent dosage was 0.05 g/ 30 mL, the Cr(VI) adsorption
amounts reached 30.36 and 30.13 mg/g with RSM and dRSM, and the
corresponding efficiencies were 50.60% and 50.22%, respectively. An
interesting phenomenon was that the phenolic extraction process could
increase Cr(VI) adsorption on residues. Compared with the original
materials, the Cr(VI) removal efficiencies were increased by 1.22— and
1.19-fold with RSM-R and dRSM-R, respectively (Fig. 1). Although the
defatted process did not improve the adsorption affinity for Cr(VI), the
phenolic extraction might be regarded as a general and effective strategy
to modify the Cr(VI) adsorption of phenolic-rich agricultural byprod-
ucts. This new modification accompanied phenolic recovery is consis-
tent with the concept of biorefinery. Compared with other modification,
such as pyrolysis or chemical modification, this strategy possesses ad-
vantages including low-cost and zero-waste, which can create a new
direction for the integrated valorization of rapeseed byproducts with
simultaneous recovery of phenolics and improvement of residues’ Cr(VI)
adsorption.

3.2. Characterization of biosorbents derived by phenolic extraction

In order to compare the surface morphology of the biosorbents
before and after phenolic extraction, Scanning Electron Micrograph
(SEM) analysis was performed on two raw materials (RSM and dRSM)
and two residues (RSM-R and dRSM-R). As shown in Fig. 2A-2D, a
common structural feature of RSM and its derivatives was a stable
honeycomb porous skeleton, which was not destroyed by either the
defatted or the phenolic extraction process. However, the pores were
filled with components such as proteins, fats and phenolics so that the
surface of RSM was basically free of pores. Fats can increase the non-
covalent adhesion of different components, while phenolics can
interact covalently or non-covalently with other components including
peptides and polysaccharides (Alu’datt et al., 2017; Hernandez-Jabalera
et al., 2015; Zhu et al., 2018). Therefore, individual process of defatted
or phenolic extraction could expose some pores. The main difference

754

=)
=
L

P
n
L

W
[}
il

Removal of Cr(VI) (%)

—
n
il

RSM RSM-R dRSM dRSM-R

Fig. 1. Effect of phenolic extraction from rapeseed byproducts on Cr(VI)
removal efficiencies.



P. Liu et al.

was that the former could make the cleaner and smoother surface of the
honeycomb porous structure with smaller pore size, while the latter
resulted in a looser structure with many particles adhered on the surface
(both inside and outside the pores). Furthermore, the combination of
both methods resulted in the clean exposure of nearly all pores.
Comparing the results from Fig. 1 and Fig. 2A-2D, we concluded that
the highly porous structure produced by the defatted process had no
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significant influence on improving the Cr(VI) adsorption capacity of
corresponding samples (dARSM vs RSM, dRSM-R vs RSM-R). However, it
has been reported that the increase in porosity could enhance the con-
tact area between adsorbent and heavy metals, which was beneficial to
adsorption (Mallik et al., 2022). Therefore, we speculated that the
defatted process might simultaneously cause another detrimental effect
on Cr(VI) adsorption, which offset the above benefit. The most likely
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Fig. 2. Characterization of biosorbents derived by phenolic extraction. SEM image of RSM (A), dRSM (B), RSM-R (C) and dRSM-R (D); (E) FTIR spectra of RSM,

dRSM, RSM-R and dRSM-R.
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reason is that particles with adsorption-promoting groups (especially N-
containing functional groups) (Chen et al., 2021; Leng et al., 2020;
Mazurek et al., 2021; Mallik et al., 2022; Zhao et al., 2021), adhered on
skeleton surface, were eluted by the defatted process. In addition,
phenolic extraction could greatly improve residues’ affinity for Cr(VI),
which might be mainly caused by the release of adsorption-promoting
functional groups shielded by phenolics with the conjugational form
rather than a physical change in structure (Alu’'datt et al., 2017;
Hernandez-Jabalera et al., 2015; Zhu et al., 2018). Although this cannot
be demonstrated in the experimental results of SEM, it is consistent with

Waste Management 165 (2023) 70-81

the report by Zhang et al. (2019), and suggests that the surface
adsorption-promoting groups play a more crucial role than the pore
morphology in the heavy metals adsorption.

In order to investigate the possible adsorption mechanism of RSM
and its derivatives for Cr(VI), FTIR analysis was performed (Fig. 2E). The
wider peak at around 3300 cm ! accords with the O-H bonds, which can
be ascribed to the polysaccharides, cellulose (Di Lena et al., 2021) and/
or phenolics (Thakur and Nanda, 2019). Symmetric and asymmetric
stretching modes of CH, are found at 2855 cm ™! and 2925 cm ™!, which
are mainly attributed to the hydrocarbon chains such as those of fatty
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acids (Filipowiak et al., 2021), whose peak intensity would decrease
through the defatted process. A new peak at 1739 em™! is associated
with the phenolic extraction process and corresponds to the C=0
stretching of the ester groups presented in the pectins, lignin, fatty acids
and their glyceride derivatives. The peak intensity of the N-H groups
greatly increases and shifts from 1543 cm ™! to 1522 ecm™! (RSM-R and
dRSM-R) due to the phenolic extraction process. Although the region
from 1500 cm ™! to 1000 cm ™! is informative, it is hard to analyze due to
its complexity. Therein, the aromatic C-C bond at 1413 cm™! is asso-
ciated with phenolics.

3.3. Influences of phenolics with the free form on Cr(VI) adsorption
capacity

Naturally extracted phenolics have been recognized as an effective
and potential material in wastewater treatment by chelating and
reducing various heavy metal ions (Kuppusamy et al., 2015). However,
phenolics existed in rapeseed byproducts and their derivatives seemed
to hinder Cr(VI) adsorption rather than promoting it in this study. In
order to understand the causes of this phenomenon, the role of phenolic
extracts on Cr(VI) adsorption was determined. As shown in Fig. 3A, both
phenolic extracts (RSM-E and dRSM-E) possessed the ability to adsorb Cr
(VI) with positive concentration dependence. This similar trend was
correlated with the total phenolic contents (TPC) in both extracts
(Fig. 3B).

Besides TPC, the specific profile of the phenolic extract might be
another key factor to alter Cr(VI) adsorption capacity, which was pre-
viously reported to influence their antioxidant properties (Wang et al.,
2021). Sinapic acid (SA) was a main component in phenolic extracts
from rapeseed byproducts. Therefore, its Cr(VI) affinity was also
measured. As shown in Fig. 3C, SA could remove Cr(VI) from water and
the removal efficiency increased with the increase in concentration,
which might be related to its antioxidant property to reduce Cr(VI) into
Cr(III) (Kuppusamy et al., 2015).

With verification of the adsorption capacities of two phenolic ex-
tracts, another question arose: why did the original materials (RSM and
dRSM) containing abundant phenolic content possess weaker Cr(VI)
adsorption capacity than that of corresponding residues (RSM-R and
dRSM-R) by phenolic removal? This seems to be a paradox that “one plus
one is less than one”. Therefore, different concentrations of phenolic
extracts or SA were remixed with their corresponding residues to
simulate the natural composition of RSM or dRSM. Not surprisingly, as
the concentration of added phenolic extracts or SA increased, the mix-
tures showed an increase in their Cr(VI) adsorption capacities (Fig. 3D
and 3E). And more notably, the adsorption efficiencies were improved
by about 12% when the additive amount was 3%, which was close to the
extraction efficiency of phenolics. These indicated that the conjuga-
tional or free form of phenolics in the biosorbent played a crucial role in
Cr(VI) adsorption capacity. In the original materials, the majority of
phenolics existed in an conjugated form with other components, which
mutually shielded the Cr(VI) adsorption functional groups of different
components (Alu'datt et al., 2017; Hernandez-Jabalera et al., 2015; Zhu
et al., 2018). Through the extraction process, most phenolics were
recovered to the free form, which could release the Cr(VI) adsorption
capacity of both phenolics and residues. Although the Cr(VI) adsorption
capacity of the corresponding mixture was greater than that of any
single one (phenolic extract or residue), it was still less than the sum of
these two. And the gap between the Cr(VI) removal efficiency of the
corresponding mixture and the sum of these two would become bigger
with the increased concentration of supplements. In other words, “one
plus one is less than two”. This could be explained by partially separated
phenolics re-bonded to the residue by the increased contact and reaction
frequency with the increased concentration, which was consistent with
the report described simultaneous adsorption of Cr(VI) and phenolics by
biochar-based iron oxide composites in wastewater (Dong et al., 2021).

Taking SA as an example, the interaction mechanism of phenolics
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with proteins/cellulose, which were the major components in residues
in this study, was shown in Fig. 3F-3L. The non-covalent interactions
between SA and protein mainly included hydrophobic, electrostatic,
hydrogen bond and inter-molecular interaction (Fig. 3F) (Le Bourvellec
and Renard, 2010; Li et al., 2021). SA could also form quinones and
covalently interact with proteins (Fig. 3G) (Yang et al., 2021). The non-
covalent interactions between SA and cellulose mainly included hy-
drophobic interactions and hydrogen bonds (Fig. 3H), while they could
be also covalently linked by ester, ether and glycosidic bonds under
certain conditions (Fig. 3I) (Quiros-Sauceda et al., 2014). Taken
together, all these results further indicated that the interaction between
phenolics and components in the residue was an important factor
affecting Cr(VI) adsorption capacity.

3.4. Effects of various adsorption parameters on different biosorbents

Cr(VI) elimination by adsorption is affected by various parameters
such as pH, adsorbent dosage, contact time and initial Cr(VI) concen-
tration. In this study, Cr(VI) removal efficiencies were determined under
different conditions.

3.4.1. pH

Solution pH is important for the adsorption of different heavy metal
ions. pH variation influences the diffusion, functional groups’ charge
and linking properties of heavy metal ions on adsorbents (Zhang et al.,
2018). At the same time, the specification of heavy metal ions would
also be affected (Banerjee et al., 2018; Feng et al., 2021; Shi et al., 2020;
Suksabye and Thiravetyan, 2012). In this study, the function of pH
within the range of 2 to 7 on Cr(VI) adsorption capacity was explored
(Fig. 4A). A commonly observed trend was that the Cr(VI) adsorption
capacity of all biosorbents gradually decreased with the increase of pH.
Taking dRSM-R as an example, its Cr(VI) removal efficiency decreased
from 98.91% to 29.91%, when the pH value increased from 2 to 7.
However, under any different pH condition, the residues had a high
affinity for Cr(VI) compared to the original materials. Besides further
proving the improvement of Cr(VI) adsorption by phenolics removal, pH
2 was chosen as an appropriate condition for followed experiments.

3.4.2. Adsorbent dosage

As expected, increasing the amount of adsorbents led to a larger
surface area for adsorption, resulting in a higher removal efficiency
(Fig. 4B). When the dosage was 0.30 g/ 30 mL, all removal efficiencies
by these four biosorbents could reach higher than 99%. However, 0.15
g/ 30 mL might be a turning point, after which the increased rate of
removal efficiency slowed down with the further increase of adsorbent
dosage. Therefore, an adsorbent dosage of 0.15 g/ 30 mL was employed
in subsequent experiments from the perspective of comprehensive cost.
Similarly, the advantages of Cr(VI) adsorption caused by phenolic sep-
aration were also reflected in the optimizing dosage experiment.

3.4.3. Contact time

The results showed that the longer the contact time, the higher the
removal efficiency (Fig. 4C). However, the Cr(VI) adsorption increased
rapidly within the first 30 min. The removal efficiencies by RSM and
dRSM reached 77.12% and 76.35% at 30 min, while phenolic extraction
could further improve Cr(VI) removal efficiencies to 83.55% and
81.87% by corresponding residues (RSM-R and dRSM-R), respectively.
The removal ratios gradually reached equilibrium values at 300 min,
which enhanced to 95.06% by RSM and 94.75% by dRSM. Compared
with two original materials, their corresponding residues further
increased to higher than 98%. While the rapid first phase is reported to
correspond to surface-bound adsorption of heavy metal ions, the slow
second phase means the long-range diffusion into the adsorbent interior
pores (Swarnalatha and Ayoob, 2016). In general, at any contact time,
the residues were more effective than the materials before phenolic
extraction at eliminating Cr(VI).
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Fig. 4. Effects of various adsorption parameters on different biosorbents from rapeseed byproducts, including pH (A), adsorbent dosage (B), contact time (C) and

initial Cr(VI) concentration (D).

3.4.4. Initial Cr(VI) concentration

Fig. 4D showed the influence of initial Cr(VI) concentration on
removal efficiency. 0.15 g adsorbent and 30 mL solution were mixed
well under pH 2 and samples were withdrawn at 300 min. The highest
removal efficiency was achieved at a low initial Cr(VI) concentration,
and it decreased as the concentration increased. At low concentration,
Cr(VI) was adsorbed by specific adsorption sites. At higher concentra-
tions of heay metal ions, the adsorption process slowed down due to
adsorbent surface saturation, ultimately reaching an equilibrium state.
The affinity for Cr(VI) followed the order: dRSM-R (34.03%) > RSM-R
(33.71%) > RSM (27.35%) > dRSM (24.99%), when the initial Cr(VI)
concentration reached 1000 mg/L.

3.5. Adsorption kinetics

Adsorption kinetics, which depends upon the mass transfer process
as well as the physical and chemical properties of adsorbent, is a key for
predicting an adsorption program. In this study, the kinetic data were
examined by the pseudo-first order, pseudo-second order and intra-

Table 1

particle diffusion models. Fig. S1 show that the adsorption kinetics for
Cr(VI) ions on RSM and their derivatives was best depicted by the
pseudo-second-order model with higher correlation coefficients R>
(>0.99) and closer specific adsorption amount to the actual experi-
mental adsorption data. An interesting phenomenon was that R? of the
pseudo-first-order and pseudo-second-order model on corresponding
residues were slightly higher than that on two original materials
(Table 1). On the contrary, R2, which ranged from 0.96 to 0.83 on RSM
and its derivatives, would be decreased on adsorbents modified by
phenolic extraction, when the intra-particle diffusion model was
employed. The lower value of R for the intra-particle diffusion models
indicated that the Cr(VI) adsorption was a multi-step procedure,
including surface adsorption and interior diffusion (Halysh et al., 2018).
These indicated that phenolic removal from RSM and dRSM could
further expose the interior space for adsorption. Rather than intra-
particle diffusion, the rate-limiting step was chemisorption through
strong interaction and complexation between heavy metal ions and
functional groups of adsorbents during the adsorption process (Balasu-
bramanian et al., 2020; Quyen et al., 2021). However, the maximum

Parameters in the three kinetic models for Cr(VI) adsorption on RSM and its derivatives.

Sample name Qe,exp Pseudo-first-order Pseudo-second-order Intra-particle diffusion
(mg/g)
&8 Ge,cal (M/g) k1 R? Ge,cal k2 R? c ks R
(min~1) (g'mg 'min~1) (mg-g~'-min~*%)
(mg/g)
RSM 19.60 18.68 0.0516 0.9750 19.54 0.0053 0.9933 14.37 0.2580 0.9578
dRSM 19.55 18.59 0.0507 0.9749 19.47 0.0052 0.9934 14.22 0.2612 0.9567
RSM-R 20.11 19.60 0.0598 0.9927 20.24 0.0074 0.9995 16.49 0.1840 0.8335
dRSM-R 20.00 19.54 0.0569 0.9923 20.22 0.0067 0.9995 16.17 0.1984 0.8327
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adsorption capacities of residues were higher than that of original
materials.

3.6. Adsorption isotherms

In order to build the most appropriate correlation between adsorbate
and adsorbent for the equilibrium data, Langmuir and Freundlich iso-
therms were used to evaluate the adjustable parameters (Swarnalatha
and Ayoob, 2016). While the Langmuir isotherm assumed a mono-layer
adsorption at specific homogeneous sites on the surface, the Freundlich
isotherm was suitable for multi-layer and heterogeneous surface
adsorption (Suksabye and Thiravetyan, 2012). In this study, both Cr(VI)
adsorption isotherms on biosorbents derived from RSM seemed to be
fitted well with the experimental data, according to the coefficient
correlations R, higher than 0.95 (Table 2). The applicability of these
two isotherms suggested that both mono-layer and multi-layer adsorp-
tion were possible (Fig. S2). However, a comparison between these two
isotherms demonstrated that the Freundlich model with higher R?
values fitted better than Langmuir model. Moreover, the values of 1/n,
ranged from 0.1 to 1.0 (Shan et al., 2020; Vazquez et al., 2009), sug-
gested the favorable adsorption of Cr(VI) on the RSM and its derivatives
surface. According to the Langmuir isotherm, the maximum adsorption
capacities of Cr(VI) on RSM, dRSM, RSM-R and dRSM-R were 71.45,
66.53, 95.45 and 102.09 mg/g. Obviously, the biosorbents modified by
phenolic extraction showed higher adsorption capacities, which were
superior to that of most biosorbents derived from agricultural byprod-
ucts, even some biochar (Table S1).

3.7. Evaluation of the regeneration performance and the adsorption
capacity for other heavy metals

The regeneration is one of the vital factors in assessing the adsor-
bent’s potential for commercial applications in terms of saved cost and
reduced environmental burden (Kekes et al., 2021). Since the Cr(VI)
adsorptions on RSM and its derivants were favorable at acidic condi-
tions, NaOH solution was selected as the desorption agent in this study.
The Cr(VI) removal efficiencies on four biosorbents at the equilibrium
form after each adsorption-desorption cycle were shown in Fig. 5A. The
influence on the adsorption capacities of residues by the first, second
and third cycle could almost be ignored. Because of the existence of a
large number of reversible sites, both biosorbents exhibited satisfactory
regeneration abilities and high reuse performances (Cherdchoo et al.,
2019). For RSM and dRSM with relatively higher protein content, the
gradual decreases of their adsorption capacities for Cr(VI) with the in-
crease of cycle times might be contributed to the decreased amount of
amine groups after the alkali desorption, which functioned as the elec-
tron donor for reducing Cr(VI) (Chen et al., 2021; Mazurek et al., 2021;
Mallik et al., 2022; Zhao et al., 2021). However, no matter in which
cycle, the residues after phenolic extraction showed greater adsorption
capacities than the original materials. After four batches of adsorp-
tion—desorption cycles, each biosorbent still retained high adsorption
efficiency exceeding 60%, which further declared the strong recycla-
bility of RSM and its derivatives for Cr(VI) adsorption.

Compared with other biosorbents, dRSM-R possessed the best

Table 2
Langmuir and Freundlich adsorption isotherm values for Cr(VI) on RSM and its
derivatives.

Sample Langmuir model Freundlich model

fame I ki(L/ R 1/n ke((mgeg D) R
(mg/g)  mg) (mgeL™)™)

RSM 71.45 0.0028 0.9719 0.4672 2.17 0.9974

dRSM 66.53 0.0031 0.9549  0.4455 2.41 0.9858

RSM-R 95.45 0.0026 0.9913  0.4914 2.39 0.9837

dRSM-R 102.09 0.0022 0.9735  0.5234 1.94 0.9826
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Adsorption evaluation for co-existed heavy metal ions on dRSM-R.

adsorption capacity and regenerability. Therefore, its adsorption char-
acteristics needed to be more deeply studied. Since Ni(II), Cu(II), Zn(Il),
Cd(II) and Pb(II) were the most common co-existed ions in the heavy
metal polluted soil and water (Rasool et al., 2022; Tauqeer et al., 2022;
Turan et al.,, 2018a, 2018b), their effects on dRSM-R for Cr(VI)
adsorption were investigated under polynary system. As shown in
Fig. 5B, under the same concentration of all metal ions, dRSM-R had an
obvious adsorption preference for Cr(VI). However, compared with the
high adsorption efficiency of 98.91% by dRSM-R in a single system, its
adsorption efficiency for Cr(VI) decreased to 76.92% in a polynary
system. This might be associated with the competition for the limited
functional sites. Moreover, according to the adsorption efficiency for
other metal ions, it was not difficult to find that Cd(II) (46.15%) had a
relatively higher affinity with dRSM-R, followed by Cu(II) (43.00%), Pb
(I) (37.63%), Ni(II) (30.60%) and Zn(II) (28.50%). The most important
point is that dRSM-R can adsorb a variety of heavy metal ions at the
same time, showing a wider range of applications and practical values
for wastewater treatment.

3.8. Further application and prospect

With the extraction process for agricultural byproducts, most
conjugational form phenolics would be converted into free form and
separated from residues, which could greatly improve their antioxidant
capacities (Alu’datt et al., 2017; Hernandez-Jabalera et al., 2015; Zhu
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et al., 2018). Moreover, chelation and reduction of heavy metal ions, as
well as antimicrobial and free radical scavenging abilities are all related
to antioxidant capacities. These improvements extend phenolic extracts’
uses in the cosmetic, food, feed and pharmaceutical areas. In this study,
we mainly highlighted additional advantages of phenolics with the free
form for water treatment as follows (Fig. 6):

(i) Besides Cr(VI), phenolics or phenolic extracts from agricultural
byproducts had been proved to be able to chelate various heavy
metals in wastewater, such as Ag(I), Ni(I), Cu(Il), Zn(II), Cd(II)
and Pb(II) (Kuppusamy et al., 2015; Nie et al., 2021). The prop-
erties to absorb different ions at the same time and cope with a
variety of complex and volatile environmental conditions are the
prerequisites for a mature environmental remediation product to
occupy the market.

(ii) When the water environment deteriorated, it is usually accom-
panied by the propagation of harmful microorganisms, which
causes further and bigger harm to human health. It has been re-
ported that phenolics extracted from rapeseed byproducts had
inhibitory effects on Gram-positive (Staphylococcus aureus and
Listeria monocytogenes) and Gram-negative bacteria (Escherichia
coli, Bacillus subtilis, and Pseudomonas fluorescens) (Tymczewska
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et al.,, 2021; Wang et al., 2021). Therefore, it will save a lot of
costs to kill pathogens by endowing adsorbents with antimicro-
bial characteristics obtained from phenolic extracts, which has
rarely been reported for environmental remediation (Feng et al.,
2021).

(iii) The phenolic compounds in rapeseed byproducts were reported
to be capable of scavenging free radicals and relieving oxidation
of cellular molecules, which is beneficial for human health
(Hussain et al., 2019; Kim and Lee, 2017; Li and Guo, 2016;
Nandasiri et al., 2019; Pohl et al., 2018; Quinn et al., 2017; Yates
et al., 2019). Therefore, when phenolics-treated water was used
for human drinks compared with existing ordinary water-filtering
media, the ventures of diseases, especially cancer, would be
reduced.

Taking all these advantages into consideration, the strategy for RSM
biorefining in this study can simultaneously improve the capacities of
residue and phenolic extract for heavy metal pollutant remediation with
economic management and minimization of wastes. Concomitantly,
there are several questions needed to be thoroughly solved. (i) Besides
RSM, can the biorefining strategy used in this study be applied to other
phenolic-rich agricultural byproducts? In other words, is the pattern of

of
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(Kuppusamy et al., 2015; Mazurek et al., 2021; Morosanu et al., 2019; Nie et al.,

2021), antimicrobial (Engels et al., 2012; Tymczewska et al., 2021; Wang et al., 2021) and free radical scavenging abilities (Pohl et al., 2018; Tymczewska et al.,

2021; Yates et al., 2019).
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modification through phenolic extraction a universal strategy for
improving biosorbents from agricultural byproducts? (ii) How to
extensively use residue and phenolic extract, including individual or
combined applications? For example, it has been reported that
combining biochar with other amendments can significantly reduce
heavy metal pollution in soil and further accumulation in plants causing
critical health issues in humans and animals (Naeem et al., 2021; Turan,
2019, 2020, 2021, 2022; Zubair et al., 2021). Whether biosorbents
modified by phenolic extraction can replace biochar for performing
similar functions needs further research. (iii) According to this study, the
main mechanism affecting the biosorption capacity of RSM is to change
the present state of phenolics therein. This led to another extended
thought about whether it is feasible to simplify the process to realize
phenolic state change just by pretreatment and then improve the
adsorption capacities of agricultural byproducts. In a word, this study
provides a solid foundation for the biorefining of agricultural byprod-
ucts and biosorbent improvement.

4. Conclusion

This research first exhibits the affirmative aspects of phenolic
extraction as a feasible strategy to improve RSM and dRSM’s affinity for
Cr(VI) by about 21%, and the maximum adsorption capacities on resi-
dues could reach about 100 mg/g. The separated phenolic extracts and
main component SA therein also demonstrated the ability to eliminate
Cr(VI) with positive concentration dependence. Moreover, simulating
raw material by remixing 3% separated phenolic extracts or SA with
corresponding residues further improved adsorption efficiency by about
12%. All these results revealed that changing the present forms of
phenolics could significantly influence agricultural byproducts’ function
on heavy metal adsorption. In the original agricultural materials, most
phenolics existed in a form conjugated with other components, which
mutually shielded the Cr(VI) adsorption functional groups of different
components. Through extraction process, most phenolics were recov-
ered to the free form, which could release the Cr(VI) adsorption capacity
of both phenolics and residues. The adsorption characteristics of residue
were explored emphatically by four optimal adsorption parameters,
three kinetic models and two isotherms. In addition, advantages of the
modified biosorbent derived from RSM with everlasting capacity after 3
adsorption—desorption cycles and excellent abilities for adsorbing mul-
tiple co-existed metal ions (Cr(VI), Cd(Il), Cu(Il), Pb(Il), Ni(II) and Zn
(ID) under polynary system further proved a wider range of application
and practical value for wastewater treatment. In conclusion, this study
not only creates a new strategy for modifying biosorbents from agri-
cultural byproducts, but also broadens the applications and manage-
ments of RSM means for heavy metal pollutant remediation with zero
waste.
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