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ABSTRACT

The heavy metal element chromium in wastewater has great and lasting harm to the environ-
ment, it is urgent to control the pollution of Cr(VI) in water. In this work, bagasse was modified
by phosphoric acid (PMB), nitric acid (NMB) and oxalic acid (OMB) to adsorb Cr(VI) in waste-
water. An orthogonal test was applied to investigate the effects of immersion ratio, immersion
temperature, immersion time and acid concentration on the adsorption performance of the adsor-
bent. The results showed that the adsorption efficiency of the adsorbent was the best under the
conditions of immersion ratio of 70:1 [V(mL):m(g)], immersion temperature of 293 K, immersion
time of 4 h and acid concentration of 1 mol L. The adsorbents were characterized by scanning
electron microscopy, Brunauer-Emmett-Teller method and Fourier-transform infrared spectros-
copy. The specific surface area, pore volume and structure of PMB, NMB and OMB were different
from that of bagasse. In addition, PMB, NMB and OMB had better Cr(VI) adsorption performance
than the original bagasse. The adsorption of Cr(VI) by PMB, NMB and OMB were well demon-
strated by Langmuir adsorption isotherm and quasi-secondary kinetic equation. All results show

that PMB, NMB and OMB can be used to purify Cr(VI) wastewater effectively.
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1. Introduction

The treatment of heavy metals has become a global inter-
est, and the degree of pollution varies greatly from place
to place. Most heavy metals such as cadmium (Cd), lead
(Pb), mercury (Hg) and chromium (Cr) are toxic, non-bio-
degradable, persistent and bio-accumulative. For example,
Cr enters the environment mainly through human activi-
ties such as Cr salt production, electroplating, production
of paints and pigments, etc. Chromium mainly exists in the
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form of Cr(IlI) and Cr(VI) in water, and the toxicity of Cr(VI)
is 500 times that of Cr(III) [1]. Cr(VI) is more easily absorbed
by and accumulates in the human body; it can cause aller-
gies, genetic defects and even cancer. Most industrial waste-
water containing chromium is discharged directly without
treatment, causing great harm to the ecosystem. Actually,
many technologies have been applied to the treatment
of Cr(VI) polluted water, such as chemical precipitation,
redox, ion exchange, membrane separation, adsorption and
electrochemical treatment. Especially, adsorption has been
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widely used in the treatment of heavy metal wastewater
due to its advantages of simple equipment, wide adaptabil-
ity and good treatment effect, etc.

Agricultural by-products are a kind of renewable,
easily degradable and environmentally-friendly biomass
resources [2]. As the main agricultural by-product, straw
biomass is widely distributed all over the world, where
sugarcane bagasse is a typical representative. Sugarcane
belongs to the grass family and is one of the most import-
ant sources of sugar production [3]. About 0.3 tons of
bagasse can be produced per ton of sugarcane. Bagasse
contains a large amount of cellulose, hemicellulose and
lignin. Besides, it has a well-developed pore structure and
functional groups on the surface, such as carboxyl group,
hydroxyl group and amino group, etc, which are condu-
cive to loading heavy metal ions [4]. Bagasse is often used
as the basic material for the preparation of adsorbents.
After the modification such as chemical processing, phys-
ical processing and impregnation, bagasse can be used as
a good adsorbent for the removal of heavy metals. The fac-
tors affecting the adsorption performance of an adsorbent
include specific surface area, pore structure and functional
groups [5]. It has been extensively proved that bagasse-
based adsorbent materials have a good adsorption perfor-
mance for heavy metals. Bansal et al. [6] esterified cellulose
in bagasse with L-cysteine and applied it to Hg**-containing
simulated wastewater with a maximum adsorption capac-
ity of 116.822 mg g7, and it satisfied the quasi-secondary
kinetics and the Langmuir isotherm equation; Demiral
and Giingor [7] found that the maximum removal capac-
ity of Cu-containing wastewater by phosphate-modified
bagasse-based activated carbon reached 43.47 mg g™, in
line with the quasi-secondary kinetic model; Sun et al. [8]
used bagasse fiber as the raw material, after the esterifi-
cation reaction of stearic acid, the maximum adsorption
capacity for Hg* reached 178 mg g, and a good adsorption
effect still remained after six adsorption-desorption cycles.
In fact, unmodified bagasse has a poor adsorption effect.
Therefore, it needs to be modified to improve the adsorp-
tion performance. The acid modification can increase the
acidic functional groups on the surface, and can increase
the functional groups such as oxygen, nitrogen and sul-
fur-containing functional groups. Besides, unmodified
bagasse can be electrostatically adsorbed, ion-exchanged
or chelated with Cr(VI) to achieve the removal effect.

In this study, bagasse will be used as the adsorbent
material prepared by phosphoric acid, nitric acid and
oxalic acid, and the optimal preparation conditions will
be determined by orthogonal test. The Cr(VI) adsorption
performance of the adsorbents will be examined, and the
adsorption process will be evaluated by adsorption kinet-
ics and the adsorption isotherm model. This research will
improve the energy efficiency of bagasse’s adsorption of
Cr(VI) from wastewater, and provide a theoretical basis
and a feasible way to realize the efficient utilization of
biomass materials from agricultural and forestry wastes.
In addition, the study will provide a theoretical basis
for the application of modified biological adsorbents in
the treatment of metals in wastewater by exploring the
adsorption properties and mechanism of modified bagasse
adsorbents on typical heavy metals in wastewater.

2. Materials and methods
2.1. Experimental instruments

The experimental instruments include a scanning electron
microscope (Quanta 200 F, FEI, USA), a Fourier Transform
Infrared Spectrometer (Vertex 70, Brooke, Germany), an
automatic gas adsorption system (ASAP 2020, Mike, The
United States), a Ultraviolet-Visible Spectrophotometer (L5S,
Shanghai Jingke, China), an electronic analytical balance
(AL204, METTLER, Switzerland), a pH meter (pHS-3E,
Shanghai Yidian, China), a digital display speed constant
temperature shaker (SHZ-82A, Shanghai Zhichu, China),
50 mL colorimetric tube, 1 cm cuvette, volumetric flask,
and pipette, etc.

2.2. Setting of experimental factors
2.2.1. Preparation of adsorbents

Original bagasse (OB): Bagasse was acquired from
Guangxi. The sugarcane was crushed by a crusher and
passed through a 100-mesh sieve, followed by being repeat-
edly washed with deionized water, and dried at 353 K.

Phosphoric acid-modified bagasse (PMB): at a certain
temperature (293, 298, 303 and 308 K), OB was added to a
certain concentration (0.1, 0.5, 1.0 and 1.5 mg L) of phos-
phoric acid solution at a certain ratio (50:1, 60:1, 70:1 and 80:1)
[V(mL):m(g)], completely mixed and immersed for a certain
period of time (3, 4, 5 and 6 h), then filtered and washed
with deionized water to neutral, finally dried at 353 K.

The same procedures were repeated for the prepara-
tion of nitric acid-modified bagasse (NMB) and oxalic acid-
modified bagasse (OMB).

2.2.2. Influencing factors of adsorption

The main influencing factors of adsorption are pH, the
dosage of the adsorbent, adsorption time and initial Cr(VI)
concentration. In this experiment, pH was adjusted to 1.0,
2.0, 3.0, 5.0, 7.0, 9.0 and 10.0, respectively; Dosages of the
adsorbent were 0.1, 0.2, 0.3, 0.5, 0.7, 0.9 and 1 g, respectively;
adsorption time was 30, 60, 90, 120, 150 and 180 min, respec-
tively; Initial Cr(VI) concentration was 10, 30, 50, 70 and
100 mg L7, respectively. Optimum preparation conditions
would be set.

2.3. Characterization of adsorbents

Fourier-transform infrared spectroscopy (FTIR): Using
the KBr pellet pressing method, the infrared spectrum of
the material was obtained by infrared spectrum scanning.
The scanning range was 400~4,000 cm™ and the changes in
functional groups were analyzed.

Scanning electron microscopy (SEM): The changes in the
surface morphology and pore structure were measured by
thermal field emission scanning electron microscopy.

Brunauer—Emmett-Teller (BET): The pore volume and
specific surface area of the samples were determined by
low-temperature nitrogen adsorption—-desorption test. The
automatic gas adsorption system was degassed at 333 K
for 4 h and then the test was automatically conducted.
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2.4. Preparation of simulated wastewater

A 0.2829 g potassium dichromate dried at 393 K for 2 h,
dissolved in distilled water, and transferred to a 1,000 mL
volumetric flask, then diluted to the mark with distilled
water. It was then formulated into simulated wastewater
with a concentration of Cr(VI) of 100 mg L. The water sam-
ples of other concentrations required for the experiment
were prepared by diluting the simulated wastewater.

2.5. Adsorption experimental methods

At 298 K, 50 mL Cr(VI) solution of different concentra-
tions was taken, and the pH of the solution was adjusted
with 0.1 mol L™ HCI and 0.1 mol L NaOH. A certain
amount of OB and modified bagasse were added to the
solution, and the mixture was shaken in a constant tem-
perature shaker at 120 rpm. After standing for a moment,
the solution was filtered and the supernatant was taken to
determine the content of Cr(VI) in the solution which was
analyzed by an ultraviolet and visible spectrophotometer
(Shanghai Jingke Co., Ltd.).

The removal percentage and the amount of Cr(VI)
adsorbed by the adsorbents were calculated by Egs. (1)
and (2):

R=S=C L100% 1)
CO
(C,-C,)xV
g =" @)
m

where R (%) is the removal rate, C, (mg L") and C, (mg L™)
are the initial and equilibrium concentration of Cr(VI),
respectively, g, (mg g™) is the equilibrium adsorption capac-
ity, V (L) is the volume of the Cr(VI) solution, and m (g) is
the weight of the adsorbent used in the experiments.

The experimental data were analyzed by the pseudo-
first-order kinetic model, the pseudo-second-order kinetic
model and the intraparticle diffusion model. These models
can be expressed as:
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where g, (mg g') is the adsorption capacity at time f,
K, (min™) is the rate constant of the pseudo-first-order
model, K, (g mg™ min™) is the rate constant of the pseudo-
second-order model, K, (mg g™ min®?) is the intraparticle
diffusion rate constant, and C,, (mg g™') is the degree of
a boundary layer effect.

The experimental data were examined by the Langmuir
isotherm and the Freundlich isotherm is given by:
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For the Langmuir isotherm, its basic characteristic can be
described by the separation factor R, as given by:

R, = L
1+bC,
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where g (mg g') is the saturated adsorption capac-
ity, b (L g) is Langmuir constant, which is related to the
adsorption intensity, K (ug g™) and n are Freundlich con-
stants, which are related to the adsorption intensity and
adsorption capacity, respectively.

2.6. Data and statistical analysis

The statistical tests were performed using the statistical
software package SPSS 16.0. Analysis of variance (ANOVA)
was used to test the relative significance of the different
treatments through the calculation of their mean differ-
ences. Significant differences among means were deter-
mined by Duncan’s multiple range test at the p < 0.05 level.
Microsoft Excel 2010 was used for the statistical analysis,
and Origin 9.0 and Microsoft Excel 2010 were used to draw
the figures.

3. Results and discussion
3.1. Optimum preparation conditions

The factors affecting the preparation of the adsorbent
are acid concentration, acidification temperature, impreg-
nation ratio, and carbonization time, by which optimum
preparation conditions can be identified. The four prepa-
ration parameters were arranged and tested according to
the L16 (44) orthogonal table which was slightly adjusted.
The acid concentration, immersion temperature, immersion
ratio, and immersion time are represented by A, B, C, and
D, respectively. The factors and levels of the orthogonal test
are shown in Table 1. The experimental results are shown
in Tables 2—4.

The results showed that the optimum preparation con-
ditions of PMB, NMB and OMB were as follows: at 293 K,
OB was added to 1 mol L acid solution with a ratio of
70:1 (V(mL):m(g)), completely mixed and immersed for 4 h.
Then, the adsorption experiment was repeated using the
adsorbent prepared under this condition. The results showed
that the removal rate of Cr(VI) by PMB, NMB and OMB were
91%, 94.6% and 92.2%, respectively, which was larger than
the maximum removal rate in the orthogonal test. Therefore,

Table 1
Factors and levels of orthogonal test

Levels A (mol L) B (k) C (m:v) D (h)
1 0.1 293 50:1 3
2 0.5 298 60:1 4
3 1.0 303 70:1 5
4 1.5 308 80:1 6
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Table 2
Orthogonal test results of PMB

Serial number A B C D Cr(VI) removal rate
1 0.1 293 50:1 3 0.65

2 0.1 298 60:1 4 0.73

3 0.1 303 70:1 5 0.75

4 0.1 308 80:1 6 0.75

5 0.5 298 50:1 5 0.82

6 0.5 293 60:1 6 0.77

7 0.5 308 70:1 3 0.82

8 0.5 303 80:1 4 0.89

9 1.0 303 50:1 6 0.90

10 1.0 308 60:1 5 0.91

11 1.0 293 70:1 4 0.78

12 1.0 298 80:1 3 0.82

13 1.5 308 50:1 4 0.90

14 1.5 303 60:1 3 0.85

15 1.5 298 70:1 6 0.83

16 1.5 293 80:1 5 0.81

K, 2.88 3.27 3.01 3.14

K, 3.30 3.26 3.20 3.30 Factor influence
K, 3.41 3.18 3.39 3.29 strength A>C>D>B
K, 3.39 3.27 3.38 3.25

k, 0.7200 0.8175 0.7525 0.7850

k, 0.8250 0.8150 0.800 0.8250 Optimum level:
k, 0.8525 0.7950 0.8475 0.8225 ABCD,

k, 0.8475 0.8175 0.8450 0.8125

R 0.1200 0.0350 0.0825 0.0400

the condition (A,B,C,D,) was the optimum preparation
condition for PMB, NMB and OMB.

3.2. Results of adsorbent characterization
3.2.1. BET analysis

It can be seen from Table 5 that the BET specific sur-
face area of PMB was 5 times that of OB, and the pore vol-
ume was 3 times that of OB. Since the hydrogen ions in
phosphoric acid contributed to the pore structure through
catalysis, phosphate could protect the carbon skeleton from
cross-linking collapse, and increase the specific surface area
and pore volume [9]. The test result of NMB showed that
the specific surface area and pore volume of the adsorbent
were smaller than the minimum detection area of the instru-
ment. Thus, it can be suggested that the specific surface area
and total pore volume of NMB were less than that of OB,
resulting from that the strong acidity of the nitric acid had a
strong etching effect on the activated carbon, causing some
channels inside the bagasse to be etched by the nitric acid.
Some micropores in the bagasse were oxidized and eroded
by the nitric acid, and small pores were connected to form
large pores, resulting in a decrease in the specific surface
area and pore volume of NMB [10]. The BET-specific surface
area of OMB was twice that of OB, and the pore volume
was 3 times that of OB. This was because oxalic acid had
a certain etching effect on the bagasse during the chemical

impregnation process, resulting in a change in the skel-
eton structure, and the internal pores of the bagasse were
opened to form micropores, so that the micropore surface
area and the micropore volume were increased [10].

3.2.2. SEM analysis

As can be seen from Fig. 1a, OB is a columnar struc-
ture, mainly a large pore structure, and the surface is flat.
As can be seen from Fig. 1b, the bottom of PMB is honey-
comb-shaped, and the whole structure is columnar. The
columnar side has a large number of mesopores and micro-
pores, where the mesopores are arranged neatly. NMB is a
pleated layer, and a large number of micropores are present
on the pleat layer in Fig. 1c. It can be seen from Fig. 1d that
OMB is a layered structure doped together, and there are a
large number of large pores, and some micropores appear
on the bagasse layer, which greatly increased the specific
surface area. Combined with BET analysis, it is obvious that
these acid modification methods had an effect on the pore
walls, causing a great change in the structure, an increase
in surface roughness and an increase in wrinkles because
of the oxidation property of the acid [12].

3.2.3. FTIR analysis

As can be seen from Fig. 2, for OB, the band at 3,420 cm™
is the O-H stretching vibration of alcohol. The band C=C at
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Orthogonal test results of NMB
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Serial number A B C D Cr(VI) removal rate

1 0.1 293 50:1 3 0.65

2 0.1 298 60:1 4 0.69

3 0.1 303 70:1 5 0.72

4 0.1 308 80:1 6 0.72

5 0.5 298 50:1 5 0.80

6 0.5 293 60:1 6 0.80

7 0.5 308 70:1 3 0.83

8 0.5 303 80:1 4 0.92

9 1.0 303 50:1 6 0.92

10 1.0 308 60:1 5 0.93

1 1.0 293 70:1 4 0.80

12 1.0 298 80:1 3 0.83

13 15 308 50:1 4 0.94

14 15 303 60:1 3 0.86

15 15 298 70:1 6 0.85

16 15 293 80:1 5 0.82

K, 2.78 3.31 3.07 3.17

K, 3.35 3.28 3.17 3.35 Factor influence strength:
K, 3.48 3.20 3.42 3.27 A>C>D>B

K, 3.47 3.29 3.42 3.29

k, 0.6950 0.8275 0.7675 0.7925

k, 0.8375 0.8200 0.7925 0.8375 Optimum level: 4,8,C.D,
k, 0.8700 0.8000 0.8550 0.8175 >
k, 0.8675 0.8225 0.8550 0.8225

R 0.1750 0.0275 0.0925 0.0450

1,633 cm™ is the C=C stretching vibration or C=O stretch-
ing vibration in ketone, aldehyde or ester. The band at
1,606 cm™ is assigned to the C=C stretching vibration in
carbonyl or aromatic ring, or C=O stretching vibration,
and the band at 1,052 cm™ is the —CO stretching vibra-
tion. These bands above are common absorption peaks in
plant-based materials [13]. The band at 2,926 cm™ indicates
the ~CH,~ stretching vibration. The band at 1,735 cm™ is -
C=O0 stretching vibration of the carboxylic acid and lactone
groups. The band at 1,514 cm™ is the C=C stretching vibra-
tion. These are all related to the lignin vibration in bagasse
[14]. Besides, the —CH,- stretching vibration at 1,426 cm™
and the -CH - deformation vibration at 1,376 cm™ are the
absorption peaks in cellulose and hemicellulose. The bands
at2,373; 2,344 and 1,328 cm™ are assigned to the C-O stretch-
ing vibration, the band at 1,249 cm™ is the stretching vibra-
tion of the -C-O-C- bond, the band at 1,163 cm™ denotes
the C-O stretching or O-H bending vibration in the phenol
and carboxyl groups, the band at 834 cm™ indicates the C-H
out-of-plane bending vibration, and the band at 605 cm™
is the out-of-plane vibration of -NH,.

After the modification, more oxygenated acidic func-
tional groups were produced due to acid modification. For
PMB, NMB and OMB, the intensity of the O-H stretching
vibration at 3,420 cm™ of alcohol was strengthened, the
intensity of the —C=O stretching vibration of the carbox-
ylic acid and lactone groups at 1,735 cm™ was increased

[12,15], and the intensity of bands at 1,514 and 1,163 cm™!
were more pronounced. These all indicate an increase of car-
boxyl, lactone and hydroxyl groups. Therefore, the hydro-
philicity of PMB, NMB and OMB was enhanced, and its
adsorption effect on Cr(VI) was enhanced.

In addition, due to the different properties of phos-
phoric acid, nitric acid and oxalic acid, some special
functional groups were added after the modification. For
example, For PMB, the band at 1,428 cm™ represents P=0,
P-O-C or P=OOH, and the band at 1,108 cm™ denotes
P-O-P (polyphosphate) [16]; NMB has an asymmet-
ric -NO, stretching vibration band at 1,513 cm™ [17] and
a combined peak of carboxylic acid and nitrate groups
appears at 1,381 and 1,332 cm™ [10]. For OMB, the con-
densation reaction or cleavage of lignin aliphatic side
chain due to oxalic acid modification caused the shift
and intensity changes of bands at 1,376 and 1,426 cm™,
which was corresponding to the aromatic skeleton vibra-
tion, for example, -CH, and C-C asymmetric bending
vibrations [18].

3.3. Factors affecting adsorption

3.3.1. Effect of pH on adsorption

It can be seen from Fig. 3 that the effect of pH on the
Cr(VI) removal rate. When the pH value was less than 2,
the change rate of Cr(VI) removal rate was small as the pH
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Table 4
Orthogonal test results of OMB

Serial number A B C D Cr(VI) removal rate
1 0.1 293 50:1 3 0.68
2 0.1 298 60:1 4 0.69
3 0.1 303 70:1 5 0.75
4 0.1 308 80:1 6 0.72
5 0.5 298 50:1 5 0.80
6 0.5 293 60:1 6 0.80
7 0.5 308 70:1 3 0.85
8 0.5 303 80:1 4 0.92
9 1.0 303 50:1 6 0.92
10 1.0 308 60:1 5 0.93
11 1.0 293 70:1 4 0.8
12 1.0 298 80:1 3 0.83
13 1.5 308 50:1 4 0.94
14 1.5 303 60:1 3 0.86
15 1.5 298 70:1 6 0.85
16 1.5 293 80:1 5 0.82
K, 2.84 3.24 3.10 3.22
K, 3.37 3.28 3.17 3.35 Factor influence
K, 3.48 3.25 3.45 3.30 strength A>C>D>B
K, 3.47 3.29 3.44 3.29
k, 0.7100 0.8350 0.7750 0.8090
k, 0.8426 0.8200 0.7925 0.8375 Optimum level:
k, 0.8700 0.8125 0.8625 0.8250 ABCD,
k, 0.8675 0.8225 0.8600 0.8225
R 0.1600 0.0225 0.0875 0.0325
Table 5

BET analysis of OB, PMB and OMB

Adsorbent BET specific surface Total pore volume Average aperture
area (m*g™) (cm’ g™) (nm)

OB 0.8748 0.001564 7.1528

PMB 4.5395 0.004647 4.0946

OMB 1.6463 0.004993 12.13037

increases. When the pH was 1, the Cr(VI) removal rate of
OB reached the highest at 57.16%, and the adsorption capac-
ity was 2.041 mg g™. Then the pH was in the range of 2~10,
the Cr(VI) removal rate and adsorption capacity of OB, PMB,
NMB and OMB decreased rapidly with the increase of pH.
The removal rates of the modified adsorbents were always
much larger than OB. When the pH was 2, the adsorption
effects of PMB, NMB and OMB reached the highest. The
removal rate of PMB, NMB and OMB was 91.0%, 94.6% and
92.3%, respectively; and the adsorption capacity was 3.25,
2.628 and 3.286 mg g respectively; Which was 59.24%,
28.76% and 60.99% higher than that of OB, respectively.
Harish et al. [19] reported that he maximum percentage
removal for synthetic bagasse reached 94.56% values at a
pHof4.0at25°C. This removal rate was the same as our study,
and the difference in pH is due to the author’s use of bagasse

that was been made from calcium chloride cross-linked with
sodium alginate (Na-Alg). Therefore, we can conclude that
the acidic environment is beneficial to the adsorption of
Cr(VI) by OB, PMB, NMB and OMB. The adsorption capac-
ity follows the order of OMB > PMB > NMB > OB, and the
optimal pH of PMB, NMB and OMB was determined to be 2.

How does pH affect removal rate of Cr(VI)? When
the pH is different, chromium exists in different forms in
aqueous solution, mainly Cr*, H,CrO,(aq), Cr,0Z, HCrO;,
KCrO; and CrO? [19]. The main forms of chromium ions
under acidic conditions are Cr,0> and HCrO,. HCrO,
dominates at pH = 1, and Cr,02" dominates at pH = 2~6.
The main form of chromium ion under alkaline condi-
tions is CrO? [20]. Under acidic conditions, H* reacted
with the surface functional groups of the adsorbent, and
chromium exchanged with the cations on the surface of
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Fig. 1. SEM spectra of (a) OB, (b) PMB, (c) NMB and (d) OMB. SEM means scanning electron microscopy; OB means that mod-
ified bagasse; PMB, NMB and OMB means that bagasse was modified by phosphoric acid, nitric acid and oxalic acid to treat

Cr(VI)-containing wastewater, respectively.

the adsorbent [21] and electrostatic adsorption was gen-
erated, which facilitated the removal of chromium. As the
pH increased, the deprotonation reaction occurred, and the
OH- increased, which would compete with the chromium
adsorption and hindered the adsorption [22]. Because of
the increase in the specific surface area and the change of
functional groups, the Cr(VI) adsorption performance of
modified bagasse is much better than that of OB.

3.3.2. Effect of adsorbent dosage on adsorption

It can be seen from Fig. 4 that as the adsorbent dos-
age increases, the Cr(VI) removal rate was continuously
enhanced. However, the Cr(VI) removal rate showed

a smooth plateau trend when further adsorbents were
added. When the dosage of OB was 0.7 g, the Cr(VI)
removal rate reached the highest at 56.14%, and the
adsorption capacity was 2.005 mg g™. When the dosage of
PMB was 0.7 g, the Cr(VI) removal rate reached the high-
est at 90.9%, and the adsorption amount was 3.246 mg g™,
which was 61.9% higher than that of OB. When the dos-
age of NMB was 0.9 g, the Cr(VI) removal rate reached
the highest at 94%, and the adsorption amount was
2.611 mg g™, which is 30.22% higher than that of OB. When
the dosage of OMB was 0.7 g, the Cr(VI) removal rate
reached the highest at 92.2%, and the adsorption amount
was 3.293 mg g™, which was 64.24% higher than that of
OB. Besides, the adsorption capacity decreases with the
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Fig. 2. FTIR spectra of OB, PMB, NMB and OMB. FTIR means Fourier-transform infrared spectroscopy.
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Fig. 3. Effect of pH on Cr(VI) removal rate of OB, PMB, NMB and
OMB. That 50 mL simulated wastewater was taken with initial
concentration of 50 mg L. The rotational speed of wastewater
was 120 r min™ and the temperature was 298 K. Experiments
were carried out by adding 0.7 g PMB, 0.7 g NMB and 0.9 g OMB
inward, respectively.

increase of the adsorbent dosage. Therefore, the optimal
dosage of OMB and PMB was determined to be 0.7 g, and
the optimum dosage of NMB was determined to be 0.9 g
for further study. Tan et al. [23] studied the adsorption
effect of activated alumina (AA) on hexavalent chromium,
the results showed that the removal rate of hexavalent
chromium gradually increased with the increase of the
amount of activated alumina and then tended to be stable.

The Cr(VI) removal rate was continuously enhanced
with the increase of the adsorbent dosage, due to increasing
the adsorption active sites by increasing the adsorbent dos-
age. When the dosage of adsorbent is too high, the activity
of the adsorbent surface will be unsaturated, and the inter-
action between particles (such as agglomeration) will be less,

Fig. 4. Effect of adsorbent dosage on Cr(VI) removal rate of
OB, PMB, NMB and OMB. That 50 mL simulated wastewa-
ter was taken with initial concentration of 50 mg L™ and was
added to a conical bottle with pH = 2. The rotational speed of
wastewater was 120 r min™ and the temperature was 298 K.

resulting in a decrease in the surface area of the adsorbent
and an increase in the particle diffusion path [23,24].

3.3.3. Effect of adsorption time on adsorption

It can be seen from Fig. 5 illustrated the effect of adsorp-
tion contact time on the adsorption performance of the
adsorbents. As the adsorption time increased, the Cr(VI)
removal rate continuously increased. However, when the
adsorption time reached a certain value, the increase in the
adsorption time had no effect on the removal rate. When
the adsorption time was 120 min, the removal rate of OB
reached the highest at 57.16%, and the adsorption amount
was 2.041 mg g™'. When the adsorption time was 120 min, the
removal rates of PMB and OMB both reached the highest at
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Fig. 5. Effect of adsorption time on Cr(VI) removal rate of OB,
PMB, NMB and OMB. That 50 mL simulated wastewater was
taken with initial concentration of 50 mg L™ and was added to
a conical bottle with pH = 2. The rotational speed of wastewa-
ter was 120 r min™ and the temperature was 298 K. Experiments
were carried out by adding 0.7 g PMB, 0.7 g NMB and 0.9 g
OMB inward, respectively.

90.9% and 92.0%, respectively. The corresponding adsorp-
tion capacity was 3.286 and 3.246 mg g, respectively,
which was 61.0% and 59.4% higher than that of OB. When
the adsorption time was 150 min, the removal rate of NMB
reached the highest at 94.4%, and the adsorption amount
was 2.622 mg g, which was 28.5% higher than that of OB.
Therefore, the optimal adsorption time of OMB and PMB
was determined to be 120 min, and the optimal adsorption
time of NMB was determined to be 150 min. Xu et al. [25]
studied the adsorption conditions of modified kaolin by
soaking kaolin in ferrous sulfate and by removing hexava-
lent chromium. The results showed that the optimal condi-
tions for the adsorption of hexavalent chromium were as
follows: 0.5 g ferrous sulfate modified kaolin was added,
reaction temperature was 30°C, reaction time was 20 min.

3.3.4. Effect of initial Cr(VI) concentration on adsorption

Fig. 6 showed the effect of initial Cr(VI) concentra-
tion on the adsorption performance of the adsorbents. It
can be seen that when the initial concentration was lower
than 50 mg L7, the Cr(VI) removal rate of PMB, NMB and
OMB did not much change with concentration increasing.
When the initial concentration was higher than 50 mg L7,
the Cr(VI) removal rate of PMB, NMB and OMB rap-
idly reduced. Besides, the Cr(VI) removal rate of OB
increased slowly with the increase of concentration, but
the overall increase was not large. Zhang [26] used sul-
furic acid as dehydrating agent to activated carbon and
applied to the adsorption of Cr(VI) in wastewater; initial
concentration changes from 10 to 120 pg mL™, when the
initial concentration reaches 60 pug mL™, the maximum
adsorption capacity basically remain unchanged.

These phenomena resulted from the fact that when
the concentration of Cr(VI) was low, the number of active
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Fig. 6. Effect of initial concentration of wastewater on Cr(VI)
removal rate of OB, PMB, NMB and OMB. That 50 mL simu-
lated wastewater was taken and added to a conical bottle with
pH = 2. The rotational speed of wastewater was 120 r min™
and the temperature was 298 K. Experiments were carried
out by adding 0.7 g PMB, 0.7 g NMB and 0.9 g OMB inward,
respectively.

sites provided by the adsorbent was much larger than the
number of active sites in the case of Cr(VI) higher concen-
tration. Therefore, as the concentration of Cr(VI) increased,
the removal rate of Cr(VI) by the adsorbent became
higher. When the concentration of Cr(VI) exceeded a cer-
tain value, the number of available active sites gradually
reduced and competitive adsorption occurred. In summary,
the optimum initial Cr(VI) concentration was 50 mg L.

The analysis of the above four factors shows that under
the same conditions, the adsorption properties of PMB,
NMB and OMB have been greatly improved compared
with those of OB. The results indicate that PMB, NMB
and OMB have promising application prospects in the
purification of chromium-polluted wastewater.

3.4. Mechanism of adsorption process
3.4.1. Adsorption isotherm

50 mL water samples were used, with initial Cr(VI) con-
centrations of 10, 30, 50, 70, and 100 mg L, respectively.
Adsorption was carried out under optimal conditions. The
experimental data were analyzed by the Langmuir and
Freundlich isotherm models. The results were shown in
Table 6. As can be seen from Fig. 7, the adsorption capac-
ity of Cr(VI) by PMB, NMB and OMB would increase as
the equilibrium concentration increases. The slopes of the
curves in the figure decrease with the increase of the equi-
librium concentration, and the final slopes would very
close to 0.

It can be seen from Table 6 that the Langmuir isotherm
fit best. Langmuir isotherm was based on the assumption
that the adsorbent surface is uniform and all adsorption
points have the same energy [27]. When the molecules
were adsorbed on the surface of the adsorbent to form a
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Fig. 7. Isothermal adsorption model of PMB, NMB and OMB.
That 50 mL simulated wastewater was taken with initial con-
centration of 50 mg L™ and was added to a conical bottle with
pH = 2. The rotational speed of wastewater was 120 r min™ and
the temperature was 298 K. Isothermal adsorption experiments
were carried out by adding 0.7 g PMB, 0.7 g NMB and 09 g
OMB inward, respectively.

saturated layer, the largest single-layer adsorption of metal
ions occurred [28,29]. Therefore, the Cr(VI) adsorption by
PMB, NMB and OMB was mainly single-layer adsorption,
and after reaching saturated adsorption, the interaction
between the adsorbed chromium ions was negligible. In
addition, the separation factor R, is often used to evaluate
the advantages and feasibility of the adsorption process.
The adsorption process confirms to be unfavorable (R, > 1),
linear (R, = 1), favorable (0 < R, < 1) or irreversible (R, = 0)
[30,31]. The calculated results showed that R, values were
between 0 and 1, so the adsorption in this work was favor-
able. The Freundlich isotherm model describes the non-
ideal multilayer adsorption that occurs on non-uniform
surfaces. It can be seen from the Table 6 that the calculated
1/n value is between 0 and 1, indicating that the Cr(VI)
adsorption by PMB, NMB and OMB is the priority [32].
However, the correlation coefficients of this model were
0.8212, 0.7543 and 0.6159, which were a worse fitting result
than Langmuir isotherm.

3.4.2. Adsorption kinetics

As can be seen from Fig. 8, the adsorption capac-
ity of PMB, NMB and OMB would increase with time.

Table 6

Isotherm parameters of Cr(VI) adsorption of PMB, NMB and OMB
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Fig. 8. Adsorption kinetic model of PMB, NMB and OMB.
That 50 mL simulated wastewater was taken with initial con-
centration of 50 mg L™ and was added to a conical bottle with
pH = 2. The rotational speed of wastewater was 120 r min™ and
the temperature was 298 K. Adsorption kinetics experiments
were carried out by adding 0.7 g PMB, 0.7 g NMB and 09 g
OMB inward respectively.

The adsorption capacity of PMB, NMB and OMB at 30 min
reached 54%, 48% and 54%, respectively. The experimen-
tal data of PMB, NMB and OMB were analyzed by pseu-
do-first-order kinetic model, pseudo-second-order kinetic
model and intraparticle diffusion model. The results
were given in Table 7. It can be seen that the adsorption
of Cr(VI) by the three adsorbents did not conform to the
pseudo-first-order kinetic model (R? = 0.8651, R* = 0.84784,
R?=0.8383). The analysis showed that the pseudo-first-or-
der kinetic equation was only applicable to the initial stage
of the adsorption process, but not to the whole adsorp-
tion process. The Pseudo-second-order kinetic model
perfectly described the Cr(VI) adsorption of PMB, NMB
and OMB (R*=0.9946, R*>=0.9952, R* = 0.9941). According
to the hypothesis of the pseudo-second-order kinetic
model, the adsorption process of the three adsorbents
was mainly limited by chemical adsorption, which was
that the adsorption process was completed by the sharing
between electron exchange and adsorbate [14]. In addi-
tion, the g, values calculated by the pseudo-second-order
kinetic equation agree well with the experimental values.
In order to further determine the diffusion mechanism of
the adsorption process, the intraparticle diffusion model
was studied. It can be seen from Fig. 8 that the curve of

Adsorbent Langmuir isotherm Freundlich isotherm

q, (mgg™) b (Lmg™) R? K 1/n R?
PMB 3.622 0.721 0.9898 1.468 0.273 0.8212
NMB 3.532 0.416 0.9438 1.097 0.359 0.7543
OMB 3.432 0.312 0.9505 1.100 0.317 0.6159
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Table 7
Kinetic parameters of Cr(VI) adsorption on PMB, NMB and OMB
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Adsorbent Pseudo-first-order kinetic model Pseudo-second-order kinetic model
g, (mgg™) K, (min™) R? g, (mgg™) K, (g mg™ min™) R?
PMB 14.929 0.0575 0.8651 4.077 0.007 0.9946
NMB 8.383 0.0368 0.8478 3.230 0.007 0.9952
OMB 52.852 0.0829 0.8383 4.136 0.007 0.9941
intraparticle diffusion model did not pass through the ori-  (20161BBF60060) and the National Natural Science

gin, indicating that the intraparticle diffusion was not the
only control step and some other factors (such as bound-
ary layer control) might also affect the adsorption. It can
be seen from Table 7 that K, | was the maximum value of
the diffusion rate constant, indicating that rapid adsorp-
tion played a major role in the entire adsorption process.
When the active site on the surface of the adsorbent was
completely bound, Cr(VI) was transferred to the interior
of the material and bonded to the internal active site. At
this time, with the increase of mass transfer resistance, the
adsorption rate decreased, that is the adsorption process
was slow. Then, the concentration of Cr(VI) and the active
sites of adsorbents gradually decreased, and the adsorp-
tion rate eventually reached zero which is the adsorp-
tion equilibrium [24]. Therefore, the Cr(VI) adsorption of
PMB, NMB and OMB was controlled by surface adsorp-
tion and intraparticle diffusion. In addition, the values of
Cq4, and C, ; were higher than C,, , indicating that surface
adsorption dominated the entire adsorption process.

4. Conclusion

According to SEM, BET and FTIR analysis, the modifica-
tion of bagasse was successful. The results showed that under
the same conditions, PMB, NMB and OMB were beneficial
to the adsorption of Cr(VI), compared with OB. The main
conclusions are summarized as follows:

¢ After modification, the pore volume and specific sur-
face area of PMB and OMB increased, and the pore
structure was more developed, which was favorable for
adsorption.

® The adsorption process of PMB, NMB and OMB was in
accordance with Langmuir adsorption isotherm model,
which indicated that the adsorption was monolayer
adsorption and preferential adsorption.

¢ The adsorption kinetic studies showed that the pseu-
do-second-order kinetic model was more suitable for the
adsorption process of PMB, NMB and OMB. Adsorption
consisted of three stages, that is, rapid adsorption, slow
adsorption and equilibrium adsorption. PMB, NMB and
OMB had better Cr(VI) adsorption effect under the com-
bination of surface area, pore volume and functional
groups.
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