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Abstract
Recently, the utilization of peel waste is a significant topic of resource recycling and environment protection. Watermelon
is one of the most important fruit species in the world, and its peel accounts for nearly 30% of the weight of watermelon.
Here, a series of biochar (WB) derived from watermelon peel and modified biochar (MWB) materials using KOHmodifier as
adsorbents were successfully prepared with slow pyrolysis at different temperatures (400, 500, 600 and 700 °C). The structure,
morphology and specific surface area of the biochar materials were characterized and measured. The optimum adsorption
removal conditions of chromium ion (VI) ion from aqueous solution were investigated. The prepared biochar adsorbents had
excellent adsorption performance toward Cr(VI) pollutants. The kinetics, isotherm and thermodynamic adsorption process
of system were studied. The obtained results indicated that adsorption systems were well followed by pseudo-second-order
equation, the Langmuir model (104.17 mg/g of maximum adsorption capacity), endothermic and spontaneous. The recycling
experiment demonstrated that the removal efficiency of the optimal material was 85% after 5 cycles. Hence, the prepared
modified MWB material is not only helpful to solve the management problem of waste watermelon peel, but also can obtain
environment-friendly final green products with potential commercial value.
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1 Introduction

With the development of industry, toxic dyes, organic phar-
maceuticals drugs, heavy metals and other pollutants in the
aquatic environment are discharged intowater resources such
as ponds, lakes, streams, rivers and oceans, seriously affect-
ing the quality of environmentalwater resources [1–5].When
heavy metal (e.g., chromium ion, lead ion, cadmium ion,
etc.) pollutants inwater exceed themaximumallowable limit,
they will cause toxic effects and diseases [6, 7]. For example,
chromium is a highly reactivemetal and exists in various oxi-
dation states in aqueous solutions (II, III, VI). The chromium
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(VI) compounds have carcinogenic effects and also can lead
to many other health problems, such as epistaxis, ulcer and
perforation of nasal septum. The threshold value for Cr(VI)
has been reported 1 mg/L [8]. Therefore, it is necessary to
develop economic and environmental-friendly technology
removal of chromium ion (VI) in liquid waste [9–11].

In recent years, many traditional separation technologies
were reported, such as membrane separation, ion exchange,
solvent extraction, electrochemical treatment and adsorp-
tion [12–14]. From the reported technology, the adsorption
method has the advantages of high efficiency, low cost
and convenient treatment. Biochar obtained from agricul-
tural waste, biological waste and peel waste can be used
as adsorbents to remove metal pollution in environmental
water resources. These adsorbents are much cheaper and
environmentally friendly in nature. Rajapaksha et al. pre-
pared biochars with soybean and burcucumber residues as
raw materials and studied the removal chromium (VI) ion
[15]. Shakya and Agarwal prepared four kinds of biochar
by slow pyrolysis of pineapple peel waste and investigated
their removal characteristics of Cr(VI) from water [16]. Pap
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et al. reported that biochars were prepared from plums and
apricots fruit waste and investigated their removal abilities of
chromium and lead ions [17]. However, due to poor adsorp-
tion performance and unsatisfactory recovery process, the
practical application and treatment of these biochar will be
limited. In recent years, there have been a series of studies
on the modification of biochar. The modification methods
include alkali or acid treatment, metal salt impregnation, gas
activation and UV modification [18–22].

In summer, watermelon is the most popular and best-
selling fruit in the Chinese fruit market. Its skin is usually
discarded and treated as waste. Without timely and appro-
priate treatment, a large number of peels will accumulate
in nature, rot and pollute the environment. Therefore, using
fruit peel as raw material to prepare biochar is an eco-
friendly protection method to solve its disposal problem. In
this work, biochar from watermelon peel was prepared and
applied to remove chromium ion (VI). Moreover, KOH was
used as modifier in the production of biochar. The objec-
tives summarized as follows: (a) characterize themorphology
and structure of biochar prepared at different the pyrolysis
temperature; (b) investigate themechanismofCr(VI) adsorp-
tion; (3) discuss Cr(VI) adsorption process by adsorption
kinetics, thermodynamics and isotherm; (4) measure regen-
eration performance of the adsorbent. This work can provide
a new method for peel waste biochar preparation and Cr(VI)
removal.

2 Experimental Section

2.1 Reagents and RawMaterial

Watermelon peels were obtained from the fruit mar-
ket. Potassium hydroxide (KOH) and potassium dichro-
mate (K2Cr2O7) were provided by Sinopharm Chemical
ReagentCo.Ltd. (China). Synthetic stock chromiumsolution
(1000 mg/L) was prepared by dissolving K2Cr2O7 (2.829 g)
in 1000 mL deionized water.

2.2 Preparation of Modified Biochar

The waste watermelon peel was collected, washed, dried
at 80 °C for 12 h and crushed to obtain watermelon peel
powder (WPP). Then, WPP (3.6 g) was introduced into a
muffle furnace in ceramic cups and heated at different desired
temperatures (400, 500, 600 and 700 °C) for 3 h. Follow-
ing pyrolyzation, the produced biochar (WB) was cooled,
washed and dried at temperature of 105 °C for 2.5 h. The
WB was sieved (≤ 200 μm) and stored in a sealed bottle for
further experiments and referred as WB-400, WB-500, WB-
600 and WB-700 according to their pyrolysis temperatures.

To prepare the KOH modified biochars, the WPP was
mixed with KOH powder (mass ratio of 1.00:1.55) and then
was introduced into a muffle furnace in ceramic cups and
heated at different desired temperatures (400, 500, 600 and
700 °C) for 3 h. Then, the powder was washed with sodium
hydroxide (0.1 M) and ultrapure water and dried at temper-
ature of 105 °C for 2.5 h [23]. The KOH modified biochars
were sieved (≤ 200 μm) and labeled MWB-400, MWB-
500,MWB-600 andMWB-700, respectively. A series ofWB
and MWB materials as adsorbents were applied to remove
chromium ion (VI) from aqueous solutions. The preparation
and adsorption process are shown in Scheme 1.

2.3 Instruments

Fourier transform infrared spectrum (FT-IR) was obtained
from AVATAR 360 spectrometer in the wave number range
from 4000 to 400 cm−1. Scanning electron microscopy was
obtained fromSEMHitachi S-4800.X-ray diffraction (XRD)
was conducted onShimadzuXRD-6100. The specific surface
area and the pore diameter distributions were calculated from
a Micromeritics TriStar II 3020 analyzer.

2.4 Batch Adsorption Experiments

Batch experiments were carried out with respect to differ-
ent adsorption conditions. After equilibrium, the solution
was filtered and concentration of Cr(VI) was measured
with UV-2450 spectrophotometer at 540 nm by using 1,5-
diphenylcarbohydrazide (DPC)method.The removal rate (R,
%) of Cr(VI) was calculated by Eq. (1):

R = (C0 − Ce)

C0
× 100% (1)

where C0 and Ce (mg/L) are the initial and equilibrium con-
centration of Cr(VI) in the solution, respectively [24, 25].

The adsorption capacity was calculated by following
Eq. (2):

Qe = (C0 − Ce)

M
× V (2)

whereQe is the adsorption capacity (mg/g) of WB or MWB,
M is the mass (g) of WB or MWB, and V is the volume (L)
of solution.

3 Results and Discussion

3.1 Characterization ofWB andMWB

FT-IR spectra of WB and MWB are presented in Fig. 1.
From Fig. 1a, the broad absorption band in the range
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Scheme 1 The preparation and adsorption process

Fig. 1 FT-IR spectra of biochar (a) and modified biochar (b) materials

3250–3500 cm−1 was the stretching vibration of hydroxyl
groups. The characteristic absorption peak located at around
1050–1150 cm−1 was attributed to the celluloses and hemi-
celluloses of polysaccharides [22]. The absorption band in
the range 2980–2820 cm−1 was the stretching vibration
(C–H) of aliphatic groups and was also observed that the
high pyrolysis temperature weakened the intensity. This phe-
nomenon may be due to the demethoxylation, demethylation
and dehydration of lignin to form unstable aliphatic com-
pounds during the preparation of biochar [26]. The stretching
vibration at 1620–1730 cm−1 was appeared to the –C=O
stretching peak ofWB.The band at 1032 cm−1 was attributed
to the C–O and C–O–C stretching vibration peaks. The
peak at 1588 cm−1 was assigned to the aromatic = O and
C=C groups, and with the increase of pyrolysis tempera-
ture, its intensity was also gradually increasing. The bands
at 710–860 cm−1 were the C–H and/or C–O aryl groups.
At lower pyrolysis temperatures (400 °C), due to partial
chemical conversion under these conditions, the behavior

of biochar was similar to that of raw materials that main-
tained a certain hydration and carbohydrate structure [27].
FromFig. 1b, the stretching vibration ofC–Owas observed at
1062 cm−1 [28]; the above corresponding bands of biochars
also appeared in the modified biochar materials.

XRD results of WB (a) and MWB (b) materials are pre-
sented in Fig. 2. In Fig. 2a, the characteristic peaks of all
WB and MWB materials at 24.5° and 43.9° were desig-
nated as amorphous carbon (JCPDS No. 50-0926). When
the biochar was modified with KOH, the new phase of K2O
can be observed at 29.6°, 32.2° and 51.9° [29] (JCPDS 00-
019-0927), and with the increase of pyrolysis temperature,
its intensity was also gradually increasing (Fig. 2b).

The pyrolysis temperature affects the morphology and
pore structure. SEM images of WB-400 (a), WB-500 (b),
WB-600(c), MWB-700 (d), MWB-400 (e), MWB-500 (f),
MWB-600 (g) and MWB-700 (h) materials are shown in
Fig. 3. As shown in Fig. 3a, b, c and d, the original struc-
ture of the biochar was changed little at lower pyrolysis
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Fig. 2 XRD patterns of biochar (a) and modified biochar (b) materials

Fig. 3 SEM images of WB-400 (a), WB-500 (b), WB-600 (c), MWB-700 (d), MWB-400 (e), MWB-500 (f), MWB-600 (g) and MWB-700
(h) materials

temperature, showing that the inherent molecular structure
of biomass (i.e., lignin, hemicellulose and crystalline cellu-
lose) could be retained [30]. The graphite sheet structure was
observed at higher pyrolysis temperature. This is mainly due
to the delocalized π bonds caused sp2 hybridization [22].
From Fig. 3e, f, g and h, the pore structure was displayed
after KOH modification, which would be conducive to the
adsorption of chromium.

The influences of pyrolysis temperature on the average
pore of WB and MWBmaterials are summarized in Table 1.
With the increase of pyrolysis temperature, the BET specific
surface area was also gradually increasing. This was mainly
because the aliphatic carboxyl group was disintegrated (as
evidenced by the FT-IR spectrum in Fig. 1) and the lignin

Table 1 The BET specific surface area and average pore of WB and
MWB materials

Samples Specific surface area
(m2/g)

Average pore diameter
(nm)

WB-400 5.56 1.04

WB-500 26.25 1.26

WB-600 78.88 1.58

WB-700 70.54 1.44

MWB-400 35.26 1.48

MWB-500 100.23 1.98

MWB-600 132.27 2.57

MWB-700 126.05 2.08
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aromatic nuclei was bared. However, in all biochars and
modified biochar materials, MWB-600 had the highest BET
area and pore. This may be due to the raise of micropores
after removal of volatiles. Interestingly, the specific surface
area and pore diameter decreased slightly as the tempera-
ture increased from 600 to 700 °C, which may be considered
to be caused by the pore’s shrinkage and the microporous
wall’s collapse. However, the structural deformation caused
by the accumulation of adjacent pores, as well as the soft-
ening, melting and pore blockage formed by melting of
ash, may make the surface area lower at higher pyrolysis
temperature [15]. From Table 1, at the same pyrolysis tem-
perature, the specific surface areas of MWB series (after
KOH modification) were bigger than those of WB series.
This may be because KOH modifier can react with the car-
boxyl group in watermelon peel biochar, which accelerated
the formation of porous structure of modified biochars with
the increase of pyrolysis temperature. Moreover, the relative
average pore diameter of MWB series (after KOH modifica-
tion) was bigger than those of WB series, which was in favor
of the effective removal of Cr(VI). This was mainly because
KOH modifier is helpful to the formation of micropores in
the obtained MWB materials [23]. WB-600 and MWB-600
materials were selected as performance comparison in the
next experiments.

3.2 Study on Adsorption Conditions

pH value of the solution is an important factor affecting the
adsorption Cr(VI) ion process. It could control the surface
charge and ion state of the prepared biochar surface func-
tional groups, and also have a certain impact on the existing
species and redox potential of Cr (VI) in the adsorption
system. To explore the optimal pH value of WB-600 and
MWB-600 materials for the adsorption of Cr (VI), the influ-
ence of solution pH value on the removal rate of Cr(VI) was
investigated under the conditions of 25 °C, 2 ~ 11 of pH
value, 150 mg/L of initial concentration and time of 8 h. HCl
or NaOH solutions (0.1–1 M) were used for pH adjustment.
The obtained results of pH on the removal rate of Cr(VI) and
zeta potential of WB-600 and MWB-600 materials are pre-
sented in Fig. 4a, b. From Fig. 4a, the removal rate of Cr(VI)
by WB-600 and MWB-600 materials reached a maximum
removal rate of 89.42% for WB-600 and 92.76% for MWB-
600 at pH 3, respectively. The removal rate progressively
decreased with the increase of pH from 3.0 to 9.0. This may
be because Cr (VI) existed in various forms (e.g., CrO4

2−,
H2CrO4, Cr2O7

2− and HCrO4
−) in aqueous solution. The

distribution of Cr (VI) species is dependent on both the total
concentration of Cr (VI) and pH of the equilibrium solution.
Following Eqs. (3), (4) and(5) describe the distribution of

chromium species in aqueous solution [31]:

H2CrO4 ↔ HCrO−
4 + H+ (3)

HCrO−
4 ↔ CrO2−

4 + H+ (4)

2HCrO−
4 ↔ Cr2O

2−
7 + H2O (5)

At pH < 3, Cr2O7
2− was the main form of Cr (VI), while

HCrO4
− and Cr2O7

2− were the main forms at pH 2–6 and
CrO4

2− dominated at pH>6 [23]. In otherwords, theCrO4
2−

anion prevailed in basic or slightly acidic solution, while
the Cr2O7

2− anion was dominant in acidic Cr (VI) aqueous
solution [31]:

CrO2−
4 (pH > 6) ↔ HCrO2−

4 (pH 2 − 6) ↔ Cr2O
2−
7 (pH < 3) (6)

In this work, with pH changing from 3 to 9, the removal
rate of Cr(VI) declined from 89.42 ± 0.09% to 10.42 ±
0.18% forWB-600,while the removal rate ofCr(VI) declined
from 92.76 ± 0.17% to 18.31 ± 0.08% for MWB-600.
These results revealed that WB-600 and MWB-600 mate-
rials had excellent adsorption removal Cr(VI) under acidic
environment. At lower pH, the surface of biochar was posi-
tively charged due to the protonation of some groups. Thus,
electrostatic attraction was generated between biochar and
chromium oxygen anion [16]. The increase of pH value
leaded to the deprotonation of some groups, so as to form an
electronegative surface and reduce the retention of Cr (VI)
species. When the pH of the solution was greater than 6,
the adsorption Cr (VI) can be ignored due to the competitive
effect between OH− ion and chromium ion on the adsorption
site. In addition, at higher pH value, the electrostatic repul-
sion between chromate ions and negatively charged on the
biochar surface would also reduce the removal rate of Cr (VI)
to a great extent. These results showed that in acidic solution,
electrostatic interaction played a key role in the adsorption of
Cr (VI),while in alkaline solution, itwasmainly the complex-
ation of ions. To further confirm the electrostatic interaction
effect on the Cr(VI) adsorption, the pHzpc values ofWB-600
andMWB-600materials were tested, as shown in Fig. 4b. As
indicated from Fig. 4b, the pHpzc (9.58) of MWB-600 mate-
rialwas higher than that (8.09) ofWB-600material, and these
results could support the above analysis. These measured
pHpzc values were close to the previously reported results
of biomass carbon and alkali-modified biomass carbon [16,
32]. This also may be that the alkalinity of the material was
enhanced after KOH modification. Therefore, pH = 3 was
selected in this work.

Effect of WB-600 andMWB-600 materials dosage on the
removal rate of Cr(VI) is presented in Fig. 5. From Fig. 5,
with the increase of the WB-600 and MWB-600 materials
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Fig. 4 Effect of different pH on the Cr(VI) adsorption (a) and zeta potential (b) of WB-600 and MWB-600 materials (Cr(VI) solution: 150 mg/L,
adsorbent dosage: 2.0 g/L, T : 25 °C, t: 8 h)

Fig. 5 Effect of WB-600 and MWB-600 materials dosage on Cr(VI)
removal rate (Cr(VI) solution: 150 mg/L, pH: 3.0, T : 25 °C, t: 8 h)

dosage, the removal rate of Cr(VI) progressively increased.
This wasmainly divided into two growth stages.With dosage
of WB-600 and MWB-600 materials changing from 0.5 to
2.0 g/L, the removal rate of Cr(VI) increased rapidly. This
was because at this stage, the solution contained enough Cr
(VI) and the active sites on WB-600 and MWB-600 mate-
rials can be completely adsorbed. The second stage was the
dosage of WB-600 and MWB-600 materials changing from
2.0 to 4.0 g/L, and Cr (VI) removal rate changed little. This
may be that the amount of Cr (VI) was not enough, but the
adsorption active site was enough, resulting in little change
in the adsorption rate of chromium. When the amount of
MWB-600 adsorbent was 2.0 g/L, the removal rate of Cr (VI)

reached the maximum, 92.76%. Considering the general sit-
uation of adsorption process, the optimal dosage of biochar
and modified biochar material was selected to 2.0 g/L in this
work.

3.3 Adsorption Isotherm, Kinetics Models
and Thermodynamic Study

The linear form of the Langmuir isotherm model equation is
presented by Eq. (7):

1

qe
= 1

qm
+ 1

KLqmCe
(7)

where qe is the adsorption capacity at adsorption equilibrium
(mg/g), qm is maximum adsorption capacity (mg/g),Ce is the
equilibrium concentration (mg/L), and KL is the Langmuir
binding constant (L/mg) [33–35].

The linear form of the Freundlich isotherm model is pre-
sented by Eq. (8):

lnqe = lnK f + 1

n
× lnce (8)

where K f is the Freundlich adsorption constant [(mg/g)
(L/mg)1/n]; Ce is the equilibrium concentration (mg/L) [33].

The fitting results are presented in Fig. S1, S2 and Table
2. From Table 2, the correlation coefficient (R2) of Lang-
muir model was 0.9950–0.9994, and the fitting results were
consistent with the experimental data. The correlation coef-
ficients of the Langmuir isothermal model were bigger than
those of Freundlich isothermal model. The obtained results
showed that the Langmuir model was more appropriate than
Freundlich model [36], indicating that the specific binding
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Table 2 Comparison of
Langmuir and Freundlich
isotherm models

Model Material Parameter 25 °C 35 °C 45 °C

Langmuir WB-600 qm (mg/g)
KL (L/mg)
R2

83.61
0.0296
0.9994

89.85
0.0352
0.9989

99.60
0.0353
0.9992

MWB-600 qm (mg/g) 85.54 95.51 104.17

KL (L/mg) 0.0349 0.0371 0.0405

R2 0.9943 0.9981 0.9993

Freundlich WB-600 K f ((mg/g) (L/mg)1/n) 1.8435 2.6439 2.8482
1
n 1.2973 1.2598 1.2761

R2 0.9950 0.9989 0.9904

MWB-600 K f ((mg/g) (L/mg)1/n) 2.1384 2.7867 3.7657
1
n 1.3495 1.3067 1.2398

R2 0.9596 0.9837 0.9971

sites forCr(VI)were homogeneously distributed on themate-
rial surface, and the binding toward Cr(VI) was a monolayer
adsorption. The maximum qm values of WB adsorbent were
83.61, 89.85, 99.60 mg/g, while qm values of MWB adsor-
bent were 85.84, 95.51, 104.17 mg/g at temperatures of 25,
35 and 45 °C, respectively. As indicated in Table 2, the max-
imum qm value of MWB-600 material was higher than that
of WB-600 material at the same temperature. This should be
attributed to the results of KOH modification.

Pseudo-first-order and pseudo-second-order model equa-
tions are presented by Eqs. (9) and (10).

ln(qe − qt ) = lnqe − K1t (9)

t

qt
= 1

K2q2e
+ t

qe
(10)

where qe (mg/g) and qt (mg/g) are the adsorption capacities
of Cr(VI) on the biochar and modified biochar materials at
equilibrium and time t (min), respectively. K1 and K2 are the
adsorption rate constants for the pseudo-first-order model
and pseudo-second-order model, respectively [24, 35].

Corresponding plots for the models are shown in Fig.
S3, S4 and Table 3. As equations and R2 in the plots show,
the results can be well modeled by the pseudo-second-order
kinetics model (R2 > 0.9998) for describing the kinetics of
the process. This confirmed that the overall process depended
on the amount of Cr(VI) in contacting solution and the avail-
ability of adsorption sites on WB-600 and MWB-600 [23].

The thermodynamic experiments studies of WB-600 and
MWB-600 adsorbents were conducted at different tem-
peratures and the Cr(VI) concentration of 150 mg/L. The
distribution coefficient, Kc, was calculated using Eq. (11).

Kc = Co − Ce

Ce
= qeM

CeV
(11)

where C0, Ce, M and V are the initial concentration, equilib-
rium (mg/L), the mass of the WB-600 or MWB-600 (g) and
volume of the solution (mL), respectively.

Adsorption thermodynamics is important for describing
the adsorption properties of sorbents, and �G°, �H° and
�S° are the main parameters which can be calculated by
following Eqs. (12), (13) and(14):

�Go = −RTlnKc (12)

�Go = �Ho − T1So (13)

lnKc = −�Ho

RT
+ �So

R
(14)

where�G°,�H°,�S°, R and T values are Gibbs free energy
(kJ/mol), enthalpy (kJ/mol), entropy (J/mol.K), the gas con-
stant (8.314 J/(mol.K)) and the absolute temperature (K),
respectively.

The values of �S and �H can be calculated from its
intercept and slope, respectively (see Fig. S5, Supporting
Information). According to the obtained results, �H° and
�S° values were 66.30 kJ/mol and 14.43 J/mol K for WB-
600 adsorbent, while�H° and�S° valueswere 28.56 kJ/mol
and 2.20 J/mol K for MWB-600 adsorbent, respectively.
The �G° values (− 5.33 kJ/mol (25 °C), − 5.99 kJ/mol
(35 °C), − 6.65 kJ/mol (45 °C) for WB-600 adsorbent; and
− 6.31 kJ/mol (25 °C),− 6.60 kJ/mol (35 °C),− 6.88 kJ/mol
(45 °C) for MWB-600 adsorbent) were negative. As the
results show, with increase in temperature �G became more
negative, confirming that removal of Cr(VI) cations by the
adsorbentwasmore favorable at higher temperatures because
the process was an endothermic process (�H > 0). More-
over, the positive �H° and �S° values indicated that Cr(VI)
removal by both WB-600 and MWB-600 was endothermic
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Table 3 The fitting parameters of
kinetic model parameters Model Material Parameter 25 °C 35 °C 45 °C

Pseudo-first order WB-600
MWB-600

qe (mg/g)
K1 (/h)
R2

qe (mg/g)
K1 (/h)
R2

24.33
0.0227
0.5960
24.72
0.0253
0.6149

27.32
0.0152
0.6239
31.92
0.0119
0.5377

36.26
0.0113
0.5650
39.82
0.0088
0.5497

Pseudo-second order WB-600
MWB-600

qe (mg/g)
K2 (g/(mg h))
R2

qe (mg/g)
K2 (g/(mg h))
R2

67.84
0.0637
0.9998
69.44
0.0613
0.9998

69.49
0.0818
0.9999
69.88
0.1084
0.9999

70.27
0.0912
0.9999
70.37
0.1086
0.9999

and the randomness of the solid–liquid interface was incre-
mental through adsorption. These findings were consistent
with previous studies [37, 38]. These obtained results showed
that WB-600 and MWB-600 adsorbents could be applied to
remove Cr(VI) from wastewater.

3.4 Regeneration Performance and Adsorption
Cr(VI) Mechanism

To explore the regeneration property of WB-600 and MWB-
600 adsorbents, the regeneration performance was investi-
gated, and the corresponding results are presented in Fig. 6A.
From Fig. 6A, after the 1st cycle to 5th cycle, the Cr(VI)
removal rate was ranged from 89.42 to 81.45% for the WB-
600 material, while Cr(VI) removal rate was ranged from
92.76 to 85.31% for the MWB-600 material, indicating that
the WB-600 and MWB-600 adsorbents have excellent recy-
cling ability. XRD spectra of WB-600 andMWB-600 before
and after adsorption Cr(VI) are presented in Fig. 6B. After
adsorption, and some new peaks emerged near 34.4° and
36.8° suggested formation of Cr2O3. Usually at pH 2–4,
Cr(VI) can be reduced to Cr(III) by carbon material, which
could act as the electron donor. Cr(III) was further coprecip-
itated to form Cr2O3 [23, 39]. The transformation processes
can be expressed as following Eqs. (15), (16), (17) and(18):

Cr2O
2−
7 + 14H+ + 6e → 2Cr3+ + 7H2O (15)

Cr2O
2−
7 + H2O → 2HCrO−

4 (16)

HCrO−
4 + 7H+ + 3e → Cr3+ + 4H2O (17)

CrO2−
4 + 8H+ + 3e → Cr3+ + 4H2O (18)

The adsorption Cr(VI) mechanism is presented in Fig. 6C.
Firstly, the specific surface area ofMWB-600 increased after
being activated by KOH, and the number of active sites

Table 4 Comparison of the adsorption capacities of WB and MWB
materials toward the removal of Cr(VI) with other biochar materials

Adsorbent pH qe (mg/g) Ref

FeCl3 modified biochar 2.0 47.72 [40]

ZnCl2 modified hydrochar
AlCl3 modified hydrochar

5.0
5.0

14.0
12.3

[41]
[41]

KOH modified biochar
KOH modified hydrochar
Biochar from Azadirachta indica
leaves

2.0
2.0
2.0

29.5–34.1
45.9
58.54

[42]
[43]
[44]

Biochar from switch grass – 49.9 [45]

WB-600
MWB-600

3.0
3.0

99.60
104.17

This
work
This
work

and oxygen-containing functional groups that could adsorb
Cr(VI) greatly increased. Cr(VI) was adsorbed on the some
protonated groups ofWB-600 orMWB-600, and caused it to
become positively charged by electrostatic interaction. Sec-
ondly, Cr (VI) and reduced Cr (III) can be adsorbed on the
surface of WB-600 or MWB-600 materials through copre-
cipitation, complexation (with -OH and -COOH) or pore
structure.

Table 4 lists the comparison of other previously reported
adsorbents, WB and MWB materials toward the removal
of Cr(VI). The prepared WB and MWB materials had big-
ger adsorption capacity than those other biochar materials.
It is concluded that WB and MWB materials are the ideal
adsorbents for removing heavy metals such as Cr(VI) from
effluents.

4 Conclusion

In this work, we reported the use of biochar (WB) and
modified biochar using KOH modifier (MWB) obtained
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Fig. 6 Recycling performance
(A), XRD spectra (B) of WB-600
(a and b) and MWB-600 (c and
d) before and after Cr(VI)
adsorption and Cr(VI) adsorption
mechanisms (C) by adsorbent
(Cr(VI) solution: 150 mg/L,
adsorbent dosage: 2.0 g/L, T :
25 °C, pH: 3.0, t: 8 h)

from watermelon peel as the bioresource for the removal
heavy metal chromium ion from synthetic waste water.
The as-prepared WB and MWB materials showed excel-
lent adsorption capacities toward Cr(VI). At pH = 3.0, the
obtained maximum adsorption capacities of WB-600 and
MWB-600 were 99.60 and 104.17 mg/g, respectively. The
adsorption systems were well described by pseudo-second-
ordermodel, and the adsorption processwas endothermic and
spontaneous. The preparedmodifiedMWBshowed excellent
reusability. The obtainedmodifiedMWBmaterials can apply
to remove heavy metal chromium ion from wastewater sys-
tem.
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tary material available at https://doi.org/10.1007/s13369-022-07397-x.
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