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Abstract: Biochar is considered to be the most promising substrate for the preparation of environmen-
tally functional materials. The modification of bamboo char can significantly improve the removal
rate of toxic ions from wastewater; however, there are few reports that focus on the radiation grafting
method. Here, glyceride methacrylate (GMA) is successfully grafted onto bamboo char through elec-
tron beam radiation, followed by amination using the existing epoxide group in diethyltriamine, and
finally, treated with hydrochloric acid to obtain protonated diethyltriamine-functionalized bamboo
char (CDGBC). The results of IR, TG, XRD, and SEM prove the successful fabrication of a CDGBC
biosorbent. The results show that the solution pH has a great effect on the adsorption capacity, and
a maximum adsorption capacity of 169.13 mg/g is obtained at pH = 2 for Cr(VI). In addition, the
adsorption behavior of Cr(VI) onto CDGBC is demonstrated to obey the pseudo-second-order kinetic
and Freundlich isotherm models, and thermodynamic analysis exhibits that Cr(VI) adsorption is
an endothermic spontaneous process. A possible adsorption mechanism based on the electrostatic
interaction, reduction, and surface complexation is proposed, according to the obtained results.
This work confirms that radiation-induced grafting modification can effectively transform biochar
into a high-performance adsorbent for Cr(VI) removal, offering a new approach to synthesizing an
efficient biosorbent.

Keywords: bamboo char; radiation-induced grafting; Cr(VI); adsorption; mechanism

1. Introduction

In recent years, heavy metal pollution caused by industrial and agricultural activity has
attracted extensive attention. Compared with organic pollutants, inorganic pollutants are
easy to enrich and difficult to eliminate, because inorganic pollutants cannot be decomposed
naturally and can exist in other forms in the environment [1]. Among the toxic heavy metals,
chromium is considered to be one of the most toxic metals due to its extensive utilization in
the field of painting and leather. Chromium ions not only lead to significant environmental
pollution but also result in irreversible harm to the human body [2]. Chromium usually
exists in the form of Cr(VI) and Cr(IlI). However, Cr(VI) is generally more toxic than Cr(III),
and even a very small amount of Cr(VI) can cause serious harm to the human body [3].
Therefore, to minimize the risks of contamination caused by excessive Cr(VI), it is urgent to
reduce the concentration of Cr(VI) in industrial wastewater before discharge.

At present, various Cr(VI) wastewater treatment methods have been employed to
eliminate Cr(VI) from wastewater, including chemical precipitation, reduction, ion ex-
change, membrane separation, and adsorption methods [4]. Among these approaches,
adsorption has been widely considered for its advantages such as simplicity, efficiency,
and environmental protection. Over the past few decades, a series of Cr(VI) adsorption
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materials, including activated carbon, biomass, synthetic polymer resin, and clay minerals
have been developed [5]. The biomass derived from low-cost agricultural and forestry
wastes has gained significant attention in the field of wastewater treatment due to its
environmental sustainability and cost-effectiveness [1,6].

Recently, bamboo char (BC) has attracted increasing research attention due to its stable
physicochemical properties and large surface area, and it has been widely employed to
remove hazardous contamination [7,8]. Its adsorption performance not only relies on the
porous structure of the biochar, but also depends on the surface physical and chemical
properties, such as cavity and heteroatom-containing functional groups [9-11]. To further
improve the adsorption performance towards heavy metal ions and dyes of pure BC,
surface modification based on doping and grafting is necessary [12-14].

To date, many BC-based biosorbents have been developed for wastewater treatment.
For example, Ca-based magnetic BC was synthesized and used for Pb(II) ion removal, and a
maximum adsorption capacity of 475.58 mg/g was obtained [15]. The proposed adsorption
mechanism revealed that the usefulness of Ca-based magnetic bamboo-derived hydrochar
for Pb(Il) removal was due to electrostatic attraction, ion exchange, complexation, and
reduction. Copper-modified BC was fabricated via the method of impregnation, and used
for the removal of 15 toxic metals from industrial wastewater [16]. The obtained results
showed that most ions in the mixture could reach equilibrium within 3 h, and a high
removal efficiency was observed for Cd, Pb, As, and Cr. Ni doping BC was also reported by
Wang and co-workers [17], and used for the adsorption of Pb(II). A much higher adsorption
capacity of Pb(Il) was observed for Ni-BC (142.7 mg/g) than that of pure BC (25 mg/g),
which can be ascribed to the improved surface properties given by Ni-doping. To further
improve the adsorption capacity of pure BC towards Cr(VI) [18], hydrothermal pyrolysis of
bamboo sawdust was conducted with ZnCl, or AICl3. The pore volume and surface area
were improved dramatically after being modified with ZnCl, and AICl;3, and the highest
adsorption capacity was increased by 3.4 and 2.8 times, respectively.

In addition, polyitaconate-functionalized BC was fabricated through free radical
polymerization and used for Pb(Il) adsorption [19]. The highest adsorption capacity for
Pb(Il) was 291.8 mg/g, and its adsorption behavior matched the pseudo-second-order
kinetics equations. A cation-functionalized BC was fabricated for Cr(VI) removal by firstly
grafting glyceride methacrylate (GMA) with the free radical initiator of benzoyl peroxide,
followed by the amination of diethylenetriamine and protonation of hydrochloric acid [20].
A high adsorption capacity of 424.09 mg/g was obtained for Cr(VI), with an initial Cr(VI)
concentration of 600 mg/g.

The modification of bamboo char can significantly improve the removal efficiency
of toxic metal ions from wastewater. Electron beam irradiation technology has received
increasing attention as an economical and environmentally sustainable alternative to tra-
ditional chemical treatment methods. This method is clean, solvent-free, time-saving,
eco-friendly, and operationally efficient. However, there are few reports that focus on the
radiation grafting modification of bamboo. Electron beam irradiation-induced grafting
has many advantages over traditional chemical initiation grafting, including no need for
initiators, a faster process, energy efficiency, environmental friendliness, safety, and wider
applications [21-23]. Therefore, a novel cation-functionalized bamboo char (BC) is fab-
ricated via the electron beam irradiation grafting method in this work. The BC is first
grafted with glycidyl methacrylate (GMA) through electron beam irradiation, and then,
chemically modified with diethylenetriamine (DGBC), and finally, protonated via treat-
ment with hydrochloric acid to obtain diethyltriamine-functionalized BC (CDGBC). The
modification of the BC can significantly improve its ability to remove Cr(VI) in wastewater.
At the same time, the fabricated CDGBC is determined via FTIR, SEM, TG, XRD, and Zeta
potential. The obtained CDGBC is used for the removal of Cr(VI) in various conditions,
such as different initial concentrations, pH levels, and adsorption times. In addition, the
adsorption kinetics, isothermal model, and adsorption thermodynamics are investigated,
and the possible mechanism of Cr(VI) adsorption is also proposed. This work reveals that
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the electron beam radiation grafting method is an efficient and environmentally friendly
approach to BC modification, and can be used for the enhanced trapping of toxic metal
ions in industrial wastewater.

2. Materials and Methods
2.1. Materials and Chemicals

Bamboo char was purchased from a local reagent company (Xianning, China). Gly-
cidyl methacrylate (GMA) and diphenylcarbazide were supplied by Aladdin Reagents
(Shanghai, China). Potassium dichromate, diethylenetriamine (DETA), ethanol, sodium
sulfate, hydrochloric acid, sodium hydroxide, and acetone were provided by Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China. The chemicals used were of analytical grade,
and ultra-pure water (18.25 M(2) was used throughout the study.

2.2. Preparation of CDGBC

The CDGBC was fabricated via electron beam irradiation grafting, which is schemati-
cally presented in Scheme 1. Firstly, alkali-activated BC was prepared through the following
method [24]: A total of 10 g bamboo char was mixed with 5 wt% NaOH solution for acti-
vation under magnetic stirring for 1 h at 25 °C. The char was washed with distilled water
several times until it reached a stable pH, and then, dried at 60 °C to a constant weight.
Secondly, 1.0 g activated BC was packaged in a polyethylene bag, 50 mL 30% (v/v) GMA
solution was added, and it was purged with nitrogen for 5 min. The sealed solid-liquid
mixture was irradiated using an electron accelerator (1 MeV, Wasik Associates, USA) at
room temperature, with a total adsorbed dose of 100 kGy and dose rate of 20 kGy/pass.
After the grafting reaction, the obtained GBC sample was washed with methanol and
deionized water to remove unreacted reagents, and then, dried at 50 °C for further use.
Thirdly, 0.2 g of GBC was suspended in a solution of 0.6 g DETA /10 mL ethanol, and the
mixture was reacted at 75 °C for 18 h. After filtration and washing with ethanol and water,
the product was dried in an oven at 50 °C for 3 h. The resulting product was referred to as
DGBC. Finally, the obtained DGBC was immersed in 50 mL 1 M HCl and stirred continu-
ously for 3 h [25]. The obtained samples were washed with water and dried overnight, and
were marked as CDGBC.
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Scheme 1. The synthesis of CDGBC.
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2.3. Characterization

FT-IR was measured via a NICOLET 5700 spectrometer (Thermo Fisher Nicolet,
Waltham, MA, SUSA). The thermal stability of the sample was characterized using a
TG 209 F3 thermogravimetric analyzer under a N, atmosphere, with a heating rate of
10 °C/min between ambient temperature and 700 °C (NETZSCH, Waldkraiburg, Germany).
The morphology and microstructure were evaluated using a VEGA-3 SBH scanning elec-
tron microscope (Tescan, Brno, Czech Republic). Surface charges of DFBC were observed
using a Zetasizer Nano Z590 device (Malvern, UK). X-ray powder diffraction (XRD) was
observed using a LabX XRD6100 (Shimadzu, Kyoto, Japan). The samples were irradiated
using an electron accelerator (1 MeV, Wasik Associates, Dracut, MA, USA)

2.4. Batch Adsorption of Cr(VI)

The adsorption performance of CDGBC was evaluated via batch experiments in
duplicate. At each run, 20 mg of the prepared CDGBC was added to 20 mL of solution in a
50 mL transparent glass bottle, and then, agitated on a thermostatic oscillator shaken at a
rate of 180 rpm at a certain temperature; for the kinetics study, the temperature was 298.15 K,
and for the isothermal study, the temperatures were 298.15 K, 308.15 K, and 318.15 K.

The pH value of the Cr(VI) solution was adjusted by 0.1 M NaOH or 0.1 M HCl, when
exploring the effect of pH value on the adsorption performance of CDGBC, with an initial
Cr(VI) concentration of 300 mg/L at 298.15 K.

After each Cr(VI) adsorption experiment, a 0.45 um polypropylene syringe filter was
used for membrane separation to collect filtrate. The Cr(VI) concentration was tested
with diphenylcarbazide using a UV-vis spectrophotometer (UV1901), at a wavelength
of 540 nm. For the adsorption kinetic experiment, the residual chromium solution was
collected at variable time intervals within 480 min. For the adsorption isotherm test,
residual Cr(VI) solution with different initial concentrations was collected at equilibrium
time at different temperatures.

The capacity of adsorption (Q, mg/g), and removal efficiency (R, %) were calculated
using Equations (1)—(3) [23,25]:

Q — (CO - CE)V (1)
m
— CO -G )
R= o * 100% 2
m

where Cy (mg/L) is the initial concentration of Cr(VI); Ce (mg/L) is the equilibrium
concentration of Cr(VI); C; (mg/L) is the concentration of Cr(VI) at time t; V (mL) is the
volume of the solution; and m (g) is the mass of the CDGBC.

3. Results and Discussion
3.1. Structure Analysis

The FTIR spectra of the obtained BC, GBC, DGBC, and CDGBC in Figure 1 demonstrate
the successful grafting of GMA, amination, and the protonation of BC. For the spectra
of pure BC (Figure 1a), characteristic peaks at 3685 cm~! (O-H stretching), 2982 cm ™!
(-CHj3 stretching), 2354 em™! (accumulate C=C stretching or C=C), and 1079 cm~! (C-O
deformation vibration) are observed [26]. New peaks at 850, 908, and 1160 cm~ 1 attributed
to epoxide groups at 1721 cm~! (C=0 stretching) are observed in Figure 1b, indicating that
GMA was successfully grafted to the BC [22]. For the spectra of DGBC (Figure 1c), the
characteristic peaks for the epoxide groups almost disappear, which can be ascribed to the
reaction with DETA. In addition, new peaks at 1064 cm ™! (C-N stretching vibration), and
3745 cm~! (N-H stretching vibration) appear, indicating that DETA was successfully reacted
with GBC [22,23]. After the protonation of amine (Figure 1d), the peak intensity of the
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nitrogen-containing group decreases obviously, indicating the protonation of amine [20,25].
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Figure 1. FTIR spectra of (a) BC; (b) GBC; (¢) DGBC; (d) CDGBC.

3.2. Morphology Analysis

The morphology of pure BC and the product at different stages are shown in Figure 2.
Pure BC exhibits rough surfaces and macroporous structures, which originated from the
materials [27,28]. With the grafting of GMA, the macroporous structure was not com-
pletely plugged, which will be more favorable for the Cr(VI) adsorption process [20,25].
No obvious morphology change was observed for DGBC and CDGBC, which is consis-
tent with the reported work in [21,22]. The rougher surface and reserved macroporous
structure of CDGBC, as well as the loaded functional groups, could enhance its pollutant
removal performance.

Figure 2. SEM images of (a) pure BC; (b) GBC; (c) DGBC; (d) CDGBC.
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3.3. TGA Analysis

In order to explore the composition and thermal stability of the BC, GBC, DGBC, and
CDGBC, TG analysis was conducted (Figure 3). As represented in Figure 3a, the pure BC
showed the greatest thermal stability, with only 1.7% weight loss observed before 100 °C,
which can be ascribed to the release of adsorbed water. During this stage, the highest
mass loss rate appeared at 58.5 °C. Before the temperature of 700 °C, only 8.2 wt% weight
loss was found for the pure BC, which was due to the volatilization of water and volatile
compounds [29]. At this stage, the highest mass loss rate appeared at 371.6 °C, 503.8 °C,
and 619.3 °C. The thermal degradation of GBC is shown in Figure 3b. The decomposition
of GBC was divided into three stages, namely, before 210 °C, 210~420 °C, and after 420 °C.
The GBC and BC showed no significant differences in the first and third stages. The weight
loss of GBC at the second stage is mainly ascribed to the decomposition of grafted GMA;
thus, the grafting yield of GMA was calculated to be 3.5 wt% [22,23]. Additionally, the
highest mass loss rate during this stage took place at 128.9 °C, higher than the counterpart
for BC, indicating that thermostability increased after the irradiation grafting method.
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Figure 3. TG and DTG curves of (a) BC; (b) GBC; (c¢) DGBC; (d) CDGBC.

The decomposition of DGBC and CDGBC was more complete than that of GBC; the
considerable weight loss not only reveals the low thermal stability of DGBC and CDGBC,
but also demonstrates successful amination and protonation. Sharp weight loss is observed
between 210 and 480 °C in Figure 3c, which is mainly attributed to the grafted GMA and
DETA, with a percentage of 12.8%. According to the grafting yield of GMA, the weight
ratio of reacted DETA was calculated to be 9.3%. The decomposition of DGBC was similar
to that of CDGBC, while more weight loss (15.4%) was observed between 210 to 480 °C for
CDGBC (Figure 3d). In this segment, the highest weight loss was revealed at 293.9 °C and
412.8 °C, which may be ascribed to the salinization of amine and hydrochloric acid [20,25].
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3.4. XRD Analysis

The XRD patterns for pure BC, CDGBC, and after contact with Cr(VI) are presented
in Figure 4. Each sample exhibits wide peaks, which represent the features of amorphous
substances [30]. Peaks are observed at approximately 24° and 43°. The wide diffraction
peak of the adsorbent at approximately 24° belongs to the (002) of graphite carbon.

—BC
— CDGBC
after Cr(VI)
)
=
z
£
2
=
v T v T T T v T T T T T T
10 20 30 40 50 60 70 80

2 Theta (degree)
Figure 4. XRD of pure BC, CDGBC, and CDGBC after contact with Cr(VI).

For CDGBC and CDGBC after contact with Cr(VI), the diffraction peaks of BC overlap
with others, while the intensity is slightly weakened. The results indicate that the crystal
structure of the CDGBC did not change after Cr(VI) adsorption. Generally speaking,
the disordered arrangement of amorphous materials is considered to be positive for the
adsorption process [31].

3.5. Adsorption Behavior of CDGBC
3.5.1. Effect of pH

The initial pH of the solution is very important to the uptake process. It not only
determines the surface charge form of the adsorbent, but also affects the existing form
of chromium in the solution. So, the study of optimal pH is very important for Cr(VI)
adsorption [32,33]. The effect of the pH value on the uptake of Cr(VI) was studied in the
range of 2.0 to 10.0 at 298.15 K. As shown in Figure 5a, the adsorption of Cr(VI) was highly
dependent on the solution pH value, the adsorption capacity of Cr(VI) decreased obviously
with the increase in the solution pH value, demonstrating that the solution pH has an
important influence on the Cr(VI) adsorption capacity. As reported in the literature [34,35],
the Cr ion exists as Cry,O;2~ and HCrO,~ at pH ranged within 2.0~6.0, and transforms
to CrO42~ when pH > 6.0. On the other hand, as shown in Figure 5b, the zeta potential
of BC varied from 4.29 to —39.12 mV when the pH increased from 2.0 to 10.0, and the
point of no charge appeared at pH = 2.5. CDGBC varied from 41.90 to —22.76 mV between
pH 2.0 and 10.0, and the point of no charge increased to pH = 7.3. Compared to pure BC, a
more positive charge was observed for the CDGBC, which is a benefit for the adsorption
of the negative Cr,0O,2~, HCrO4, and CrO42~. The protonation degree decreased with
the increase in the solution pH value, leading to a decrease in the electrostatic interaction
between CDGBC and Cr(VI) ions; this is the reason why the adsorption capacity of Cr(VI)
decreased with an increase in solution pH value [20,25].
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Figure 5. Effect of pH value on Cr(VI) adsorption of CDGBC (a), and Zeta potential of pure BC and
CDGBC (b) (adsorbed dose = 100 kGy, Cy = 300 mg/L, contact time = 24 h).

3.5.2. Adsorption Kinetics

The influence of adsorption time was studied with a Cr(VI) concentration of 200 mg/L
and pH = 2. As revealed in Figure 6, at the initial stage, the adsorption capacity increases

gradually with the extension of contact time and the equilibrium of adsorption is reached
at 360 min.

Pseudo-Second-Order
Pseudo-First-Order

1 1
200 300 400 500
t(min)

]
0 100

Figure 6. Effect of adsorption time of Cr(VI) on Q; fitting plots of pseudo-second-order and pseudo-
first-order models (pH =2, Cq =200 mg/L, T = 298.15 K).

In this study, adsorption kinetics models were applied to predict the rate-limiting
steps in the Cr(VI) uptake process. Two kinetic adsorption models, including pseudo-first-
order [36] and pseudo-second-order [37] models, were used to fit the adsorption process
(Figure 5b,c). The two models were calculated using Equations (4) and (5):

d
I k@ - Q) @
d
2 1o(Q. - Q) ©

where Q and Q. (mg/g) stand for Cr(VI) adsorption capacity at time t and equilibrium,

separately; ki (min~!) and k; (g'mg~!-min~!) represent the rate constant with different
models, separately.
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As shown in Table 1, the coefficient (R?) of the pseudo-second-order model is 0.9901,
which is higher than that of the pseudo-first-order model (R? = 0.8807). In addition, Q, .y
obtained with the pseudo-second-order model was closer to the experimental value than
that of the pseudo-first-order model. These results demonstrate the validity of the pseudo-
second-order model for predicting the Cr(VI) adsorption process. Based on the afore-
mentioned findings, the adsorption of Cr(VI) onto CDGBC was mainly a chemisorption-
controlled process [38,39].

Table 1. Kinetic parameters of Cr(VI) adsorbed onto CDGBC at 298.15 K.

Adsorption Kinetics Models Coefficients Cr (VD
Qe, exp (mg/g) 118.63
. Qe, cal (mg/g) 110.25
Pseudo-first-order ki (L/g) 0.04203
R? 0.8807
Qe, cal (mg/g) 120.45
Pseudo-second-order k; (g/mg-min) 4.954 x 1074
R? 0.9901

3.5.3. Adsorption Isotherm

Adsorption isotherms are widely used to describe the relationship between adsorption
capacity and equilibrium concentration [5]. To investigate the relationship of the uptake
capacity with different initial Cr(VI) concentrations, adsorption isotherms were conducted
with diverse initial concentrations from 100 to 400 mg/L at different temperatures. The
initial Cr(VI) concentration vs. adsorption capacity, and equilibrium concentration vs.
adsorption capacity, are plotted in Figure 7a. The adsorption capacity of Cr(VI) ions
increased rapidly, and then, slowly with the increase in initial concentration. In addition,
the Cr(VI) adsorption capacity also increased with the temperature increase [40], and the
maximum adsorption capacity of CDGBC calculated from Figure 6a was 169.13 mg/g. Two
isotherm models, namely, Langmuir and Freundlich, were utilized to plot the adsorption at
298.15 K, 308.15 K, and 318.15 K (Figure 7b), respectively. The isothermal parameters can
be calculated using Equations (6) and (7):

Q. = i ©
¢ 1+ K Ce
_ 1/n
Q. = KrCe (7)
() [Sa—298.15K (b)
160 4—e—308.15K 160
—&— 318.15K
140 4 140
120 4 1204
100 5100
E )
o 80+ o 80 4
60 604
m 298.15K
40 40-1 ® 308.15K
20 20 318.15K
Freundlich
0 0 Langmuir
T v T v T - T T T T T T T T T
0 100 200 300 400 0 50 100 150 200 250
C,(mg/L) C (mg/L)

Figure 7. (a) The effect of initial Cr(VI) concentration; (b) the isotherm, Langmuir, and Freundlich
curves (contact time =24 h, pH =2, T = 298.15 K, 308.15 K, 318.15 K).

In the equations, Q. (mg/g) represents the adsorption capacity at equilibrium;
Ce (mg/L) represents the Cr(VI) concentrations at equilibrium; Qn, (mg/g) is the maxi-
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mal adsorption capacity; Ky, (L/mg) is the constant of Langmuir; K (mg' ~1/n.L1/n.g=1)
denotes the Freundlich constant; and 1/n represent the heterogeneity factor.

The results of fitting the two isotherm models are shown in Table 2; the Freundlich
model showed a higher linear correlation (R? = 0.9962-0.9969) compared with Langmuir
(R? = 0.9806-0.9888). Thus, the Cr(VI) adsorption process was obeyed by the Freundlich
isotherm model, indicating that multilayer adsorption is the main process in the removal
of Cr(VI) by CDGBC.

Table 2. Isothermal parameters of Cr(VI) adsorbed onto CDGBC.

Different Temperatures (K)

Isothermal Model Parameters
298.15 308.15 318.15
Qm (mg/g) 175.87 176.75 181.79
Langmuir Kp (L/mg) 0.0206 0.0263 0.0297
R2 0.9863 0.9888 0.9806
Kg (mg! —1/n.L1/n.g=1) 19.395 24.844 28.795
Freundlich n 2.6138 2.8939 3.0613
R2 0.9962 0.9964 0.9969

3.5.4. Adsorption Thermodynamics

Thermodynamic analysis was used to evaluate the thermal effect and spontaneous
nature of the adsorption process. To calculate the thermodynamic factors, Gibbs free
energy change AG, enthalpy change AH, and entropy change AS were required. All of the
thermodynamic parameters were calculated at 298.15 K, 308.15 K, and 318.15 K according
to Equations (8) and (9) [38,41]:

ey = A 1 A4S ®)

AG = AH — TAS )

Table 3 shows the thermodynamic parameters calculated from the equations. The
negative AG reveals the spontaneous and thermodynamically favorable process of Cr(VI)
adsorbed onto CDGBC. The AG values at 298.15 K, 308.15 K, and 318.15 K were —0.54,
—0.86, and —1.11 kJ /mol, respectively, indicating that the increase in temperature benefits
the spontaneous progress [20].

Table 3. Thermodynamic data of Cr(VI) adsorbed onto CDGBC.

Concentration Thermodynamic Parameter
(me/L) In(Qe/Ce)
mg AH (kJ-moL-1)  AS (J-moL-1.K-1) AG (kJ-moL~1) R?
298.15 0.2183 —0.54
200 308.15 0.3343 7.90 28.35 —0.86 0.9894
318.15 0.4184 -1.11

The positive value of AS suggests that the adsorption process was random at the
interface of CDGBC. Furthermore, the adsorption process of Cr(VI) on CDGBC could
increase the entire system’s freedom degree. In addition, the positive value of AH indicates
that the endothermic adsorption process, which occurs only at high temperatures, can be
achieved, which is attributed to the increased active sites at high temperatures. In addition,
the AH was 7.90 k] /mol, indicating that the Cr(VI) was mainly adsorbed onto CDGBC
through chemisorption; this result is consistent with the kinetic data [40].



Sustainability 2023, 15, 13560

110f15

3.6. Possible Mechanism of Cr(VI) Uptake on CDGBC

The changes in functional groups before and after CGDBC’s adsorption of Cr(VI) play
an important role in the understanding of the adsorption mechanism. The FTIR spectra
of CDGBC and CDGBC after the uptake of Cr(VI) are presented in Figure 8. The broad
adsorption peaks at 2987 and 3276 cm ™! are ascribed to the stretching vibration of C-H
and N-H/O-H, respectively. After Cr(VI) adsorption, the peaks slightly shift to 2918 and
3416 cm~!. While the peaks at 2900-3000 cm ! are weakened evidently; it is proven that the
amine and hydroxyl groups participated in Cr(VI) uptake. Obviously, new bands appeared
at 915 and 693 cm ™!, which could be ascribed to Cr=0 and Cr-O stretching vibrations,
respectively [20]. The migration of some characteristic peaks and the appearance of new
characteristic peaks confirm that Cr(VI) was successfully uptaken by CDGBC.

—— CDGBC
after Cr(VI)

1721 1634 1264

T T T

1 1 1
4000 3500 3000 2500 2000
Wavenumber(cm l)

T T T T

1 1
1500 1000 500

Figure 8. FTIR spectra of CDGBC and CDGBC after Cr(VI).

According to the above obtained results, possible adsorption mechanisms of Cr(VI)
adsorbed on CDGBC are proposed. Based on the adsorption performance at a pH range
of 2-10 and the surface zeta potential analysis of CDGBC, it is proven that electrostatic
interaction plays an important role in the process of Cr(VI) adsorption. This is because
the cationic groups of -NH,;R* (-NH,*- or -NH3") on the CDGBC could capture Cr(VI)
through an electrostatic interaction under strong acidic conditions [20], as shown in the
following equation:

CDGBC — N*H,R + HCrO; — CDGBC —NH,R* - .- HCrO; (10)

In addition, the groups of -NH3*, -NH,"-, and -OH could donate electrons to convert
a part of the adsorbed Cr(VI) to Cr(III) [42]. Due to the repulsion of the electrostatic charge
between CDGBC and Cr(II), the cationic Cr(III) escapes from CDGBC to the solution and
can be fixed onto the surface of CDGBC through complexation with -NH and -OH, as
shown in the following equations:

HCrO; +3e” +7H" — Cr¥"+4H,0 (11)

Cr** + -NH — —NH...Cr*" (12)

Cr’*+—-O0OH— —OH---Cr*t (13)
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Therefore, besides the electrostatic interaction, pore adsorption and complexation were
also involved in the Cr(VI) capture of CDGBC, which is consistent with the experiment
result and previous studies [20,40].

3.7. The Effect of Ions Competing for Cr (VI) Uptake

The impact of coexisting ions on the uptake of Cr(VI) by CDGBC was investigated
and is displayed in Figure 9. SO4%~ solutions with different concentrations were studied.
The uptake capacity of CDGBC decreased dramatically from 110.87 to 37.62 mg/g as the
concentration of SO4?~ increased from 0 to 2.0 mol/L (Figure 9). Obviously, with the
addition of sulfate, it has a strong effect on chromium adsorption, which is due to the
competitive electrostatic attraction between sulfate and Cr,072.

120
100 -
80 -
)
h 4
E
=60
5
o
40 4
] I l l
0- . . : :
0.0 0.5 1.0 1.5 2.0

C. _ (mol/L)

Na SO,

Figure 9. Effect of competing ion concentrations on adsorption capacities of Cr(VI) by CDGBC
(Cp =200 mg/L, CDGBC dosage =20 mg; pH =2, t =24 h, T = 298 K).

3.8. Comparison of Intermediate Product with CGDBC for Cr (VI) Removal

The adsorption capacities of BC, GBC, DGBC and CDGBC are displayed in Table 4.
As observed in the results, the uptake capacities of BC and GBC towards Cr(VI) were only
16.24 and 12.17 mg/g, respectively. However, after amination with DETA, the adsorption
capacity of Cr(VI) increased. However, the adsorption capacity of CDGBC on Cr(VI) was
significantly improved after protonation.

Table 4. Adsorption capacity of Cr(VI) for different adsorbents (t =24 h, Cy = 200 mg/L).

Samples Adsorption Capacity (mg/g)
BC 16.24
GBC 12.17
DGBC 74.53
CDGBC 110.87

3.9. Comparison of CGDBC with Other Adsorbents for Cr (VI)

Table 5 compares the Cr(VI) removal parameters of CDGBC with other bamboo-based
adsorbents, including their maximal adsorption capacity (Qmax), experimental conditions,
and equilibrium time. According to the experimental results, CDGBC exhibited a good
adsorption capacity compared with other low-cost bamboo-based adsorbents, which reveals
that CDGBC is an excellent adsorbent. It also provides a new method for Cr(VI) removal
from contaminated water.
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Table 5. Comparison of CGDBC and other bamboo-char-based adsorbents towards Cr(VI).

Adsorbent

Experimental Conditions Omax Adsorption Equilibrium

(pH, T/°C) (mg/g) Time (min) Ref.

CDGBC

pH =2, Temp. =45°C 169.13 360 This work

Chitosan-modified magnetic
bamboo biochar (CMBB)

pH =2, Temp. =25 °C 127 300 [43]

Magnetic bamboo biochar (MBB) pH=1, Temp. =25°C 75.8 500 [43]

Nitrilotriacetic acid-modified

bamboo charcoal (NTA-MBC)

pH =3, Temp. =25°C 270 60 [44]

Iron-modified bamboo charcoal pH =5, Temp. =15°C 35.7 480 [44]

Cobalt and iron binary oxide
bamboo charcoal

pH =5, Temp. =15 °C 51.7 480 [45]

Iron-loaded carbon aerogels derived

from bamboo

pH =2, Temp. =25°C 182 8 [46]

References

4. Conclusions

In summary, cation-functionalized bio-based CDGBC with excellent Cr(VI) adsorption
capacity was successfully fabricated through the electron beam radiation grafting method.
The FT-IR results demonstrate the successful preparation of CDGBC biosorbent, while the
SEM results indicate its reserved rough surface and macroporous structure. The XRD results
reveal the amorphous structure of the adsorbent, and the TG results show a grafting yield of
3.5 wt% for GMA. The results of the pH effect and zeta potential validate that electrostatic
attraction contributes to the adsorption of Cr(VI) onto CDGBC. The kinetic results confirm
that the adsorption process obeys the pseudo-second-order kinetic model, indicating that
chemisorption is the main adsorption process. The isotherm results display that the highest
adsorption capacity of CDGBC is 169.13 mg/g, and the process of Cr(VI) adsorption is a
multi-layered process. This study provides valuable insights into the design of a highly
efficient biosorbent derived from bamboo char, specifically tailored for the uptake of heavy
metals. These advancements will greatly enhance the industrial application potential of
BC-based biosorbents.
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