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ABSTRACT

Co-pyrolysis of sewage sludge and rice husk is a promising sludge treatment and resource utili-
zation method. In this work, the pyrolysis conditions of sewage sludge and rice husk were opti-
mized to obtain the optimal biochar (OB) with the highest capacity for Direct Red 23 (DR23).
Adsorption isotherm, kinetics, thermodynamics and mechanism of DR23 onto OB and modified
OB by oxalic acid (OAOB) were also investigated. Results revealed that the pyrolysis tempera-
ture (651.444°C), heating rate (10°C/min), and residence time (4.683 h) were the best preparation
conditions of biochar for adsorption of DR23; OB and OAOB both have high adsorption capacities
towards DR23: 313.48 and 336.70 mg/g, respectively; The adsorption data fitted the Freundlich,
Langmuir and Temkin models well, the adsorption kinetics obeyed pseudo-second-order model,
and the sorption was spontaneous and endothermic; Adsorption mechanisms of DR23 onto OB
and OAOB were mainly chemisorptions and contained functional group interaction between
—-OH, -COOH on surface of OB with DR23, and between -OH, -COOH, -COOR on surface of
OAOB with DR23, m—mt stacking interaction, electrostatic interaction and surface participation. This
work was beneficial for the resource utilization of sludge and rice husk, and provided targeted
adsorbent for the removal of DR23 from wastewater.
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1. Introduction

Sewage sludge is a by-product from wastewater treat-
ment process, more than 60 million tons sewage sludge
(moisture of 80%) is produced annually in China [1]. Sludge
contains various heavy metals, organic toxic substances and
pathogens, the large-scale direct disposal will pollute the
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soil and water. Thus posing a risk to the health of animals
and human beings. Hence sludge treatment has attracted
much attention [2]. Currently, the commonly used meth-
ods for sludge treatment are landfill, soil utilization, incin-
eration, anaerobic digestion, and composting [3]. By these
ways, the second pollution problems may often be caused.
The pyrolysis of sludge is one of the resource utilizations,
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and the pyrolysis products (biochar) have been applied
as an absorbent for the removal of heavy metals and toxic
organic compounds from wastewater [4-7], which not only
solves the problem of sludge massive accumulation but
also provides an economical and environmental friendly
adsorbent for pollution treatment.

DR23 is one of the azo dyes, it is widely used in textile,
print, paper and cosmetics industry [8], the azo groups in
the DR23 are carcinogenic, mutagenic, and teratogenic to
humans and aquatic organisms, and it is not quickly bio-
degraded. Hence the wastewater polluted by azo dyes must
be treated before discharging into the water [9]. At present,
the main methods for treatment of dye wastewater are bio-
logical treatment, membrane treatment, chemical oxidation,
photo-degradation, electrocoagulation and adsorption
treatment [10,11]. Adsorption method has the advantages
of low cost, environmental friendly, simple operation and
sensitive to contamination. Hence it is considered to be a
better method to treat dye wastewater. Activated carbon,
as the traditional adsorbent, is expensive and the prepa-
ration process is complicated [12]. It is very urgent to
explore some new excellent adsorbents for the adsorption
of dye-contaminated wastewater [13]. In recent studies,
there have been some materials used in adsorbing dyes
from the wastewater, such as clay and modified clay [14],
agricultural solid waste [11,15], chitosan composites [16],
graphene [17], carbon nanotubes [18], etc., which are effec-
tive and economical for removal of dye from wastewater.

Biochar is porous, environment-friendly, rich in min-
eral elements, and it also has a large specific area [19].
It is prepared by pyrolysis of animal manure, waste bio-
mass, sludge, etc. under limited or no oxygen conditions
[14,20]. The surface of biochar contains rich oxygen-con-
taining functional groups, such as carboxylate (-COO-)
groups, carbonyl (-C=0), and hydroxyl (-OH), which
can interact with the heavy metals and surface functional
groups of organic contaminations [21,22]. Several papers
have used the biochar to remove pesticides, antibiotics,
and dyes from wastewater [23-30]. However, sludge-based
biochar has been used by many researchers for adsorption
of DR23 from aqueous solutions. No attempt has been car-
ried out till now to use the sludge-based biochar prepared
at optimal conditions for DR23 adsorption. Rice husk is
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Fig. 1. Chemical structure of DR23.

one of low-cost and environment-friendly biomass, and
nearly 30 million tons of rice husk are produced every year
in mainland China. A large number of studies had verified
that the biomass can be beneficial to the formation of pore
structure during pyrolysis and then improve the adsorption
capacity of sludge biochar [31,32]. In our previous study,
when the content of rice was 30%, the sludge-rice husk
biochar had the best adsorption properties [31]. Therefore,
in this study, in order to prepare a highly efficient, eco-
nomic, environmental friendly adsorbent for removal of
the harmful dye DR23, the waste of sludge and rice husk
(with ratio of 7:3), which their massive accumulation has
serious environmental problems, have been selected as
raw materials for preparation of biochar. The preparation
process was optimized by the RSM software, obtaining
the optimal adsorptive biochar for DR23. And for further
improving adsorption capacity, the optimized sludge bio-
char was modified by oxide acid. The adsorption isotherm,
kinetics, thermodynamics and mechanism of DR23 onto
this novel adsorbent were also discussed. The study on
adsorption of DR23 by co-pyrolysis products of sludge
and rice husk in mechanism level solved the resource uti-
lization of sludge and rice husk, and provided targeted
adsorbent for the removal of DR23 from wastewater.

2. Materials and methods
2.1. Materials

DR23 (C.I. 29160) has a molecular weight of 790.69 g/
mol, and the maximum wavelength of 502 nm. DR23 usu-
ally converts in the aqueous solutions into negatively
charged ions and Sodium cations. The chemical structure of
DR23 is shown in Fig. 1.

The source and pretreatment of sludge, rice husk and
DR23 sample are consistent with our previous article [32].

2.2. Preparation of biochar

According to our previous studies [31], when the rice
husk content was 30%, the biochar had the best adsorption
performance. So, 30% rice husk and 70% sewage sludge
mixture were used as the raw materials. The method of
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blend is the same as the method used in our previous study
[32]. The sieved mixture powder was pyrolyzed under
argon condition by a tubular furnace, the temperature
was set from 20°C to the final pyrolysis temperature, at a
specified heating rate and maintained for a specified time.
The prepared biochar was stored in a closed container for
the subsequent experiments.

The optimal biochar called OB was chosen to adsorb
DR23, and it was also modified by oxalic acid for improv-
ing adsorption capacity. The modifying process is as fol-
lows: 1 g OB was added to 50 mL of 1 mol/L oxalic acid
solution, and then the suspension was kept in a shaking
water bath for 2 h at room temperature with the rotation
rate of 150 rpm, and then dried in an oven for 24 h at 60°C.
The temperature was then increased to 120°C and main-
tained for 3 h. The oxalic acid modified OB called OAOB
was collected through centrifuging and rinsed repeatedly
with deionized water. Finally, the solid then was oven-
dried at 60°C for 24 h, crushed and stored in a closed
container for subsequent experiments.

2.3. Experimental design and adsorption studies

The statistical software Design-Expert trial version 10
was applied to design the experiment, and the prepara-
tion conditions of sludge biochar were optimized by the
response surface methodology (RSM). The temperature
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It was assumed that the relationship between response
and the three independent factors follows a quadratic equa-
tion, as given by Eq. (1):

Y=b+bX, +bX,+b,X,+b
+b, X3 +b,X2 +0,. X3

11711 227722 337733

XX, +b, XX, +0,.X,X

12771772 13771773 23972773

@™

where Y is the response variable (adsorption capacity of
DR23 onto sludge-rice husk biochar), b, represents a con-
tent, b, b, and b; b,,, b, and b,;; b, b,, and b, are all the
coefficients.

The experiments of DR23 adsorption onto sludge-
rice husk biochar prepared at different conditions were
conducted in a shaking water bath at 180 rpm for 24 h
as follows: 0.10 g of each biochar was added into 50 mL
of 200 mg/L DR23 solution at 25°C, and pH 6-7, the bio-
chars were removed by filtering after adsorption pro-
cess, and then the concentration of residual DR23 was
determined.

127 23 Y1

Table 1
Ranges and levels of the factors in the optimization experiment
using the Box-Behnken design

(°C), heating rate (°C/min) and residence time (h) were Independent variable Symbol Coded variable level
chosen as the preparation factors, and the adsorption )
capacity of the DPRZI; was selected as the response. TaI:])Dle 1 Low (1) High (1)
shows the ranges and the levels of the factors investigated Temperature (°C) X, 300 700
in this study. The total number of experiments was 17 and Heating rate (°C/min) X, 25 10
all o.f them are lis.ted in Table 2. The goal was to get the Residence time (h) X, o 6
maximum adsorption capacity of DR23.
Table 2
Experimental design matrix for biochar preparation and response

Standard Factors in uncoded levels Response Y

order X : temperature (°C) X,: heating rate (°C/min) X,: residence time (h) Adsorption capacity (mg/g)
1 0 0 0 88.71

2 0 0 0 87.24

3 -1 0 1 44.655

4 0 0 0 87.35

5 1 1 0 99.73

6 -1 1 0 53.31

7 0 1 1 93.38

8 0 1 -1 86.73

9 0 -1 1 86.43

10 1 0 -1 94.26

11 0 0 85.51

12 1 0 1 95.04

13 0 0 88.53

14 1 -1 0 100

15 -1 0 -1 37.96

16 -1 -1 0 51.17

17 0 -1 -1 87.24
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2.4. Instrument analyses

Brunauer-Emmett-Teller (BET) method, Element ana-
lyzer, inductively coupled plasma optical emission spec-
trometry (ICP-OES), X-ray diffraction (XRD), X-ray pho-
to-electronic spectroscopy (XPS) and the Fourier transform
infrared (FTIR) spectroscopy were used to detect the phys-
ical and chemical properties. The zeta potentials of OB and
OAOB before and after adsorption of DR23 at different pH
were measured to investigate the changes of surface poten-
tial as the increasing of pH value. The instrument models
and zeta potential testing process referred our previous
work [32].

2.5. DR23 adsorption batch experiments

The adsorption batch experiments were conducted
in the shaking water bath, the experimental conditions
and runs of pH influence, adsorption isotherm, kinetics,
and thermodynamics are shown in Table 3. The pH was
adjusted with HCI (0.1 mol/L) and NaOH (0.1 mol/L) and
the pH meter was used to measure the pH values. After
adsorption, the solution was collected by syringe with
0.45 um filter membrane, and the UV-vis Spectro Meter
was applied to measure the concentration of residual DR23.
Every adsorption experiment was repeated and only the
average was used as the analytical value. Using Eq. (2)
to calculate the adsorption capacities of OB and OAOB
for DR23:

V(C,-C
g, -V6c) @
m

where g, (mg/g) is the adsorption capacity of DR23 at time
t, V (L) is the volume of the DR23 solution, C, (mg/L) and
C, (mg/L) are the concentration of the DR23 solution at
initial and time t, m (g) is the weight of the biochar.

3. Results and discussion
3.1. Optimization of pyrolysis conditions and statistical analysis

The Box-Behnken design was applied to evaluate the
experimental results and obtain the approximate functions
for the adsorption capacity of DR23 (dependent variable Y).
From the fitting of the data, fitting polynomial Eq. (3) is given
as follows:

Table 3
Runs and conditions of the DR23 adsorption onto OB and OAOB
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Y = 87.47 +25.24X, + 1.04X, +1.66X, — 0.60X,X, ~1.48X X,
+1.86X,X, —15.94X” +4.53X? - 3.55X ®)

where X, X, and X, represented the coded values of the
three factors: pyrolysis temperature, heating rate and resi-
dence time, respectively.

The variance regression model analysis of the adsorp-
tion capacity of DR23 is given in Table 4. The F value in
the model was 191.09, and the value of “Prob. > F” was
<0.0001, revealing the variance regression model was sig-
nificant. What’s more, the “lack of fit F-value” was 3.91,
compared with the pure error, it was not significant,
which proved again that the model is good. The R? of fit-
ting experimental values and predicted values was 0.9959
as shown in Fig. 2, illustrating the model could well repre-
sent the composite condition behavior of DR23 adsorption
capacity. The terms, which value of “Prob. > F” less than
0.05000 in the model, are considered to be significant, so the
significant terms in this case were X, X, X,,, X,,, and X,.

As shown in Table 5, the goal of the optimization was to
determine certain pyrolysis temperature, heating rate, and
residence time, under these conditions the sludge biochar
was prepared and it had the highest adsorption capacity
towards DR23. Optimized by the RSM, the target values of the
three factors were X,=0.755, X,=1, and X,=0.342. Accordingly,
the pyrolysis temperature, heating rate, and residence
time were 651.444°C, 10°C/min, and 4.683 h, respectively.

Fig. 3 shows the three-dimensional response surfaces of
the three factors generated using Design-Expert software.
When two of the factors were discussed, the third factor
was kept at the zero level. Fig. 3a shows that the adsorp-
tion capacity increased as the temperature increasing at
the range of 300°C-651.4°C, under the combined effect of
pyrolysis temperature (X,) and heating rate (X,), while,
when temperature was more than 651.4°C, higher tem-
perature had a negative effect. The heating rate had neg-
ative effect on adsorption capacity at the initial stage, and
became positive effect at the next stage, so the response
surfaces had a depression in the middle. The combined
effect of pyrolysis temperature (factor X,) and residence
time (factor X,) was significant to the adsorption capac-
ity of DR23 onto the biochar prepared at the heating rate
6.25°C/min (Fig. 3b). Fig. 3c shows that the combined effect
of heating rate (X,), residence time (X,) is not obviously
at the temperature 500°C. The results indicate that the
pyrolysis temperature was the dominant determinant.

Experimental item Solution concentrations of dyes (mg/L) Sampling time (min) Temperature (°C) pH
Adsorption isotherms 100-800 (100, 200, 300, 400, 500, 600, 1,440 25 67

700, 800)
Adsorption kinetics 400 5-1,440 (5, 10, 30, 60, 25 6-7

120, 240, 720, 1,440)

Adsorption thermodynamics  100-800 (100, 200, 300, 400, 500, 600, 1,440 25, 35, 45 6-7

700, 800)
Effects of pH 400 1,440 25 3,5,7,9,11
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Table 4
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Analysis of the variance regression model for the adsorption capacity of DR23

Source Sum of squares df Mean square F value p-value Prob. >F
Model 6,353.54 9 705.95 191.09 <0.0001
X, 5,097.22 1 5,097.22 1,379.77 <0.0001
X, 8.63 1 8.63 2.34 0.1702
X, 22.16 1 22.16 6.00 0.0442
XX, 1.45 1 1.45 0.39 0.5506
XX, 8.75 1 8.75 2.37 0.1678
X, X, 13.91 1 13.91 3.77 0.0934
Xz 1,069.94 1 1,069.94 289.62 <0.0001
X2 86.23 1 86.23 23.34 0.0019
X2 53.01 1 53.01 14.35 0.0068
Residual 25.86 7 3.69
Lack of fit 19.29 3 6.43 391 0.1102
Pure error 6.57 4 1.64
Cor. rotal 6,379.40 16
Std. devw. 1.92 R? 0.9959
Mean 80.43 Adj. R? 0.9907
CV. % 2.39 Pred. R? 0.9500
PRESS 318.90 Adegq. precision 42.151
3.2. Characterization of the adsorbent
120 —
3.2.1. Element contents and physical properties
i Table 6 presents the part of the element contents and
the typical physical properties correlative to the adsorption
capacity of the OB and OAOB. The structure of the biochar
g 80 — has a great influence on its adsorption performance, larger
b=l BET surface area and total pore volume cause larger physi-
2 e cal adsorption ability [2], after modified w.ith oxalic a.cid,. the
o BET surface area, total pore volume both increased, indicat-
o ing OAOB had stronger physical adsorption of DR23 than
a0 | . OB. The pore diameter also plays a significant role in the
/ R2=0.9959 physical adsorption performance of biochar, the adsorption
theory implies that the adsorbent presents best adsorption
20 property, when the pore size of adsorbent is 1.7-3 times
T T T T T I larger than the molecular size of adsorbate, the adsorbent
20 a0 60 80 100 120

Actual

Fig. 2. Relationship between the predicted and actual values for
the adsorption capacity of DR23.

Table 5
Criteria for the factors and the response for the optimization

performs good adsorption property, when it is 3-6 times
larger or even more, it can be regenerated well [2]. The
molecular size of the DR23 was 3.20 nm long, 1.32 nm wide,
0.92 nm high, which were calculated using the Chem3D soft-
ware, the calculating process as follows: the 3D structures of

Variable Goal Lower limit Upper limit Importance
X, temperature (°C) In range 300 700 3
X, heating rate (°C/min) In range 2.5 10 3
X,, residence time (h) In range 2 6 3
Adsorption capacity of DR23 Maximum 3
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Adsorption capacity of DR23
Adsorption capacity of DR23

8.5 %
i sy / 500
B: heating rate (‘C/min) 4 400 A: temperature (C)

25 300

(a)

Cresidence time (h) °

2 300 2 25

(b)
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Adsorption capacity of DR23

" 400 A: temperature (C)  C:residence time (h)

Fig. 3. Response surface plots: (a) heating rate and temperature, (b) residence time and temperature, and (c) residence time and

heating rate.

Table 6
Element contents and physical properties of the OB and OAOB

Element contents (%)

Biochar C H N S K Na Mg Al Fe Ca
OB 8.20 0.377 0.67 0.612 1.965 0.669 1.394 11.432 6.099 2.677
OAOB 10.87 1.207 0.61 0.521 2.081 1.016 0.544 5.0428 5.595 2.280
Physical characterization
Biochar BET surface area (m?/g) Total pore volume (cm®/g) Average pore diameter (nm)
OB 113.527 0.134 4.722
OAOB 161.555 0.205 5.072
the molecules were drawn in chem3D software, and then 800
the molecular structures were optimized with the lowest 7001 i 1 1---8i0.
energy, the distance between the two atoms with the maxi- =5 (:E:g: 2 2---C substrate
mum distance was measured as the size of the molecule by ‘; 400 2| i1 1
selecting the X-Y, X-Z, Y-Z angle of view [33]. OB had the =~ Z 3001 WJ yop ot
5 200 Wi
average pore diameter of 4.7217 nm, and OAOB had that £ jgo4 . Pttt vt et
of 5.0722 nm, which were favorable for the adsorption of 0 o2
DR23, and the average pore diameter of OAOB larger than O % % @0 % e H 80 %
that of OB, the OAOB may present better adsorption prop- £00 1] 1---8i0,
erty of DR23 than OB. After modifying, the content of carbon — 2---C substrate
. - L . 5 600 3 3o CaC,0, HO
increased, suggesting the oxalic acid reacted with molecules El 32| 3, 4 T
of OB, and the carbon in oxalic acid was introduced into z 4007 'n.\l‘Ju, y 3 Ty | 11
OB, offering new adsorption sites for the molecule of DR23. £ 2004 ) MMM-._._JMM
The contents of Mg, Al, Fe, Ca all decreased, because of the = 0l OAQB
dissolution of minerals in OB by oxalic acid, which made T T T T r r

the number of pores on surface of OB increased, thereby the
total pore volume and specific surface area increased.

3.2.2. XRD spectra of biochar

The XRD spectra of the OB and OAOB in the range of
3°-80° were detected to obtain their chemical composition
as shown in Fig. 4. The spectra showed that the surface of
OB was mainly composed of C substrate and SiO,, after
modification by OA, the new peaks appeared, they were
ascribed to CaC,O,-H,O. It was because that the OA inter-
acted with the calcium in the OB, and it might offer new
sites for the adsorption of DR23.

T T T
(1} 10 20 30 40 S0 60 70 80 90

2 Theta (degree)

Fig. 4. XRD spectra of OB and OAOB.

3.3. Effect of adsorption condition
3.3.1. Effect of pH on adsorption

Fig. 5a is the curve of pH effect on adsorption capacity,
the adsorption capacity of DR23 onto OB and OAOB both
decreased as the pH increased, because when the pH value
was 3, both the OB and OAOB carried positive charges on the
surface, while the DR23 molecule was negatively charged,
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the electrostatic attraction between biochar and DR23 mole-
cule caused the highest adsorption capacity of OB and OAOB
at this pH value. As the pH increases, the surface potential
of OB and OAOB became negative, electrostatic repulsion
between biochar and DR23 appeared, and the larger the pH
value was, there were more negative charges on the surface
of OB and OAOB, leading gradual decrease of adsorption
capacity. The result indicated that lower pH value was more
propitious to the DR23 sorption, and the electrostatic inter-
action accounted for a large proportion in the adsorption
process.

3.3.2. Effect of contact time on adsorption

As Fig. 5b shows, at the beginning time, the adsorption
capacity of DR23 onto OB and OAOB both increased rap-
idly, then, decreased gradually, and finally achieved stability.
Before 598 min, the adsorption capacity of DR23 onto OB was
higher than that onto OAOB. And because of having more
adsorption sites of OAOB, the adsorption capacity of DR23
onto OAOB exceeded that of OB after 598 min. The adsorp-
tion of DR23 onto OB and OAOB both reached equilibrium
at nearly 720 min.

3.3.3. Effect of initial concentration on adsorption

As shown in Fig. 5¢c, the adsorption capacity of DR23
onto OB and OAOB both increased as the initial concen-
tration increased. When the initial concentration was lower
than 200 mg/L, the adsorption capacity of DR23 onto OB
was slightly higher than that onto OAOB, but at the initial
concentration of 260 mg/L, the adsorption capacity of DR23
onto OAOB began gradually higher than that onto OB,
indicating that the low initial concentration was beneficial
for the adsorption of DR23 onto OB. The increased initial
concentration led adsorption of DR23 to saturation and the
adsorption capacity tended to equilibrium, while the adsorp-
tion sites of OAOB were more than those of OB, and it can
carry more DR23 molecules, leading to the higher adsorption
capacity of DR23 onto OAOB at high initial concentration.

3.4. Comparison of biochar characteristics
before and after adsorption

3.4.1. FTIR characteristics of biochar be-
fore and after adsorption

FTIR spectroscopy was used to detect the surface func-
tional group vibration changes of the adsorbent before and
after modifying/adsorption by monitoring the peak changes
in position and intensity. The FTIR spectra of the OB, OAOB,
OB-DR23, OAOB-DR23 are presented in Fig. 6, and the attri-
bution of functional groups are listed in Table 7. The peak
at 1,036 cm™ in OB changed to 1,081 cm™ in OAOB (C-OH
stretching), the new peaks at 1,314; 1,420 cm™ (calcium oxa-
late hydrates) appeared in OAOB [34], showing that the
oxalic acid interacted with the calcium on the surface of OB,
the result was consistent with the XRD result. The peak at
around 1,615 cm™ of OAOB became much sharper than that
of OB, and divided into two peaks at 1,615 and 1,666 cm™
(C=0 stretching in carboxylic, -COOR antisymmetric stretch-
ing), showing a large number of -COOH and —COOR

emerged after modification of OA, the peak at 3,431 cm™
(O-H stretching) in OB changed into two peaks at 3,342 and
3,423 cm™ in OAOB, showing that O-H interacted with the
OA [35]. According to the above analysis, the modification
mechanism of OA could be expressed as follows:

Esterification
———— Biochar—00C

COQOH

COOH
Biochar —OH + |
COOH

When comparing the FTIR spectra of OB and OB-DR23,
OAOB and OAOB-DR23, it could be found that, after
adsorption of DR23, new peaks appeared at around 1,385;
1,492; and 1,535 cm™ (C-NO, symmetric stretching, CH,
asymmetric bending, and C-N stretching in DR23), indi-
cating that numerous DR23 molecules were attached on
the OB and OAOB surface after adsorption of DR23. Peaks
position of OB shifted at around 1,618 and 3,431 cm™
(they were ascribed to C=O stretching in carboxylic, and
O-H stretching) after adsorption of DR23, showing that
DR23 interacted with O-H and -COOH on the surface of
OB [36,37]. The peaks position of OAOB shifted at around
1,615; 1,666; 3,342 cm™ (C=0 stretching in carboxylic, COO-
antisymmetric stretching, stretching, O-H stretching),
indicating that DR23 also interacted with O-H, -COOH,
and esters groups (-COOR) on the surface of OAOB [38].

3.4.2. XPS characteristics before and after adsorption

The XPS spectra of OB and OAOB before and after
adsorption of DR23 were shown in Fig. 7, the correspond-
ing data are shown in Table 8. Figs. 7a and b show that the
adsorption peaks of OB and OAOB appeared at around
284.6, 399.8 and 531.8 eV, which corresponded to C 1s, N
1s and O 1s, respectively. The analysis of FTIR indicated
that the carbon atom in OB and OAOB has the most bind-
ing form of chemical bonds, and the photoelectron peaks
of C 1 s of OB and OAOB were both obvious; therefore,
the binding energy changes of each chemical bond of C
1s and the relative contributions were used to analyze the
change of functional groups before and after modification/
adsorption. As shown in Figs. 7c and d, the adsorption
peak at 284.6 eV attributed to C 1s, according to the pre-
vious reports about the XPS [39,40], the C 1s photoelec-
tron peak was decomposed into six peaks at 284.3, 284.8,
285.3, 286.4, 288.9 and 290.8 eV, which denoted Cla, Clb,
C2a, C2b, C2c and C3, respectively. Two peaks Cla and
C2a correspond to non-functionalized carbon sp? and sp?
atoms. Three other peaks at 285.3, 286.4 and 288.9 eV were
assigned to carbon atoms bound with oxygen atoms, rep-
resenting C-O-, C=0 and COO- groups. As Table 7 shows,
the total nitrogen content was very low, there was no need
to describe. The C3 attributed to m—m shake-up of the sp*
hybridized carbon atoms conclude the model applied in
the peak fitting procedure, which was not obvious in the
XPS spectra of OB and OAOB in this study. As shown in
Figs. 7c, d and Table 8, the adsorption peaks of C2a, C2b,
C2c corresponding to C-O, C=O and COO- in OB and
OAOB all shifted obviously, which indicated that the C-O,
C=0- and COO- in OB and OAOB both interacted with
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Fig. 7. XPS spectra of OB and OAOB before and after adsorption of DR23: (a) XPS spectra of OB, (b) XPS spectra of OAOB,
(c) Cls spectra of OB before and after adsorption of DR23, and (d) C1s spectra of OAOB before and after adsorption of DR23.

Table 7
FTIR peaks ascription of OB and OAOB before and after adsorption of DR23

OB OAOB

Ascription

Before adsorption (cm™) After adsorption (cm™)

Before adsorption (cm™)

After adsorption (cm™)

479-797
1,036

3,431

476-797
1,036

1,385
1,492

1,535
1,611

3,417

463-797
1,081
1,314; 1,420

1,615

1,666

3,342
3,423

464-797
1,082

1,315; 1,420
1,385

1,491
1,536
1,618

1,660

3,424

Vibration of Si—-O-5i

C-OH stretching

Calcium oxalate hydrates

C-NO, symmetric
stretching

CH, asymmetric bending

C-N stretching

C=0 stretching in car-
boxylic

COO antisymmetric
stretching

O-H stretching
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Table 8
XPS data of OB and OAOB before and after adsorption of DR23

387

Element OB OB with DR23 Ascription

BE (eV) I.(% at.) BE (eV) I, (% at.)
Cla 284.29 20.073 284.28 17.621 Non-functionalized carbon sp? atoms
Clb 284.80 26.580 284.76 27.210 Non-functionalized carbon sp® atoms
C2a 285.38 27.455 285.32 27.114 C-O0
C2b 286.40 19.168 286.24 19.168 c=0
C2c 289.06 6.724 288.92 8.886 COO-
Total C - 37.02 - 42.26
Total O - 60.55 - 54.38
Total N - 243 - 3.36

OAOB OAOB with DR23

BE (eV) I. (% at.) BE (eV) I (% at.)
Cla 284.22 13.380 284.31 17.624 Non-functionalized carbon sp? atoms
Clb 284.73 20.012 284.81 24.577 Non-functionalized carbon sp® atoms
C2a 285.28 18.479 285.38 23.803 c-O
C2b 286.20 11.766 286.38 16.657 c=0
C2c 289.22 36.361 289.30 17.342 COO-
Total C - 34.28 - 60.90
Total O - 63.94 - 27.34
Total N - 1.79 - 11.76

DR23 molecules. The peak area of component represented
the percentage content of carbon atom in this component
[41]. The two components (Cla+C1b), which were non-func-
tionalized represented 46.65% and 33.392% of the total area
of the Cls in OB and OAOB, respectively. The three compo-
nents representing carbon atoms functionalized by oxygen
atoms (C2a+C2b+C2c¢) took 53.35% and 66.61% of total area
in OB and OAOB, respectively, and the most intensive was
component C2a in OB and C2c in OAOB, indicating that,
by modification, the percentage content of the active groups
(C-0O, C=0-, COO-) increased, and the C-O interacted with
DR23 molecule as the main active group in OB, while in
case of OAOB, the COO- as the main active group inter-
acted with DR23 molecule. The total nitrogen content in OB
and OAOB both increased after adsorption of DR23, show-
ing that the DR23 had attached onto the two adsorbents.
The above result verified the result of FTIR analysis.

3.4.3. Zeta potential characteristics before and after adsorption

Zeta potential reflects the potential on the surface
of a particle, which is produced by the protonation and
deprotonation of the surface functional groups [42]. The
surface potential forms an electric double layer on the
particle surface. The ion adsorbed by electrostatic inter-
action could not change the surface potential of the par-
ticle, because it is only in the diffusion layer, and the ion
adsorbed by intermolecular interaction can enter the base
of the electric double layer, which can change the surface
potential of the particle [43,44]. As shown in Figs. 8a and
b, when pH value was 3, the values of zeta potential of OB
and OAOB were both positive, indicating OB and OAOB

carried positive charges. As the pH value increases, the zeta
potential became negative because of the ionization of sur-
face functional groups, and the surface negative potentials
increased with the increase of pH values. When the DR23
was adsorbed, the negative charge on the OB and OAOB
surface became more and more, it is because that DR23 mol-
ecule also carries negative charge on the surface. The more
DR23 was adsorbed, the more negative charge attached on
the OB and OAOB, which verified that the OB and OAOB
absorbed DR23 molecule by functional group interaction,
leading DR23 molecule enter into the base of the electric
double layer, and then changed the value of zeta potential.

3.5. Model fitting
3.5.1. Adsorption isotherms

The experimental isotherm process of DR23 onto OB
and OAOB was simulated by well-known Freundlich,
Langmuir, Dubinin—-Radushkevich (D-R) and Temkin iso-
therm models. In Freundlich model, the surface heteroge-
neity and exponential distribution of the active sites and
their energies were included, which can describe revers-
ible adsorption but not be restricted to monolayer for-
mation. For Langmuir model, a monolayer deposition
on a surface with a finite number of identical sites was
assumed, and it represented the chemisorption. D-R iso-
therm model generally used a Gaussian energy distribu-
tion onto a heterogeneous surface to explain the adsorption
mechanism. And Temkin isotherm model was applied to
express the interaction between adsorbate and adsorbent
[45]. The equations of the four models are given as follows:
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Fig. 8. Zeta potential variation before and after adsorption of DR23 on OB and OAOB, (a) OB and (b) OAOB.

Langmuir isotherm:

C, 1 C,
et ke 4)
9. Kg, 4,
Freundlich isotherm:
1
Ing, =InK; +=InC, 5)
n
Temkin isotherm equation:
q, :Elnkr-kﬂlncf (6)
bT bT
D-R adsorption isotherm equation:
In(q,) =In(g,) - Be* )
1
£= RTln[l + ] (©)
C,
g -1 )

a E

where g, (mg/g) is the maximum adsorption capacity of
DR23, g, (mg/g) and C, (mg/L) are the adsorption capacity
of DR23 and concentration of the DR23 solution at equilib-
rium, K, (L/mg), n, K, (L/mg), b,, K, (L/mg), B (mol*/k]J?), and
€ are the constants in their own equations, R (8.314 J/mol K)
is the gas constant, T (K) is the Fahrenheit temperature.

Fig. 9 shows the adsorption isotherms of DR23 onto
OB and OAOB by above four models, and the fitting
parameters are listed in Table 8. In Langmuir model, the
adsorption data is plotted as C, vs. C/q, the adsorption
data of OB and OAOB were both in good agreement with
the Langmuir isotherm model with R? 0.973 and 0.992,
respectively, which indicated the adsorption of DR23 onto

OB and OAOB fitted the monolayer sorption with finite
identical adsorption sites on the homogeneous surface [46].
The maximum adsorption capacities of OB and OAOB for
DR23 were 313.480 and 336.700 mg/g, respectively, cal-
culated by the Langmuir equation. And the adsorption
capacity increased after modified by OA.

The R, = 1/(1 + CK)) is a dimensionless constant factor,
which can be used to judge the sorption process is “favor-
able” or “unfavorable” [47], where C, is the highest initial
concentration of adsorbate. R, = 0 implies the sorption is
irreversible, R, within 0 and 1 reveals the sorption is favor-
able, R, = 1 means the sorption is linear, and R, more than
1 reveals the sorption is unfavorable [47], the R, values
of OB and OAOB in this experiment were 0.395 and 0.426,
respectively, both of which were between 0 and 1, indicat-
ing adsorption of the DR23 onto OB and OAOB were both
favorable. In addition, increase of the initial concentration of
DR23 enhanced the adsorption process. The order of the R,
value was OAOB > OB, showing the favorability of adsorp-
tion was OB > OAOB, while the adsorption capacity order
was OAOB > OB, indicating the monolayer coverage sorption
may not be the only adsorption mechanisms.

In Freundlich equation, the adsorption data are plotted
as Ing, vs. InC, should result in a straight line with slope
“1/n”, and intercept Ink, the intercept and slope are indica-
tors of adsorption capacity and adsorption intensity, respec-
tively [46]. As shown in Table 9, the adsorption of DR23
onto OB and OAOB also fitted the Freundlich isotherm
model well with R? 0.977 and 0.966, respectively, reveal-
ing that the adsorption process also contained multi-layer
adsorption onto heterogeneous surface. The value of “1/n”
is usually applied to describe the favorability of multi-layer
sorption process. 1/n less than 0.5 implies favorable sorp-
tion; 1/n more than 2 represents unfavorable sorption [48].
The 1/n values of OB and OAOB were 0.517, 0.571, respec-
tively, both of which more than 0.5, indicating the multi-layer
adsorption of DR23 onto OB and OAOB were not favorable.

The adsorption data were also simulated by the
Temkin isotherm model. Unlike Freundlich and Langmuir
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(a) Freundlich isotherm parameter, (b) Langmuir isotherm parameter,

(c) Temkin isotherm parameter, and (d) D-R isotherm parameter (dosage, 0.1 g; temperature, 25°C; initial concentration,
100-800 mg/L; initial pH, 6.0-7.0).

Table 9

Isotherm parameters for the adsorption of DR23

Biochar Langmuir Freundlich
samples ,(mg/g) K, (L/mg) R K, (L/img) 1n R
OB 313.480 0.0153 0.973 15.832 0.517 0.975
OAOB 336.700 0.0135 0.992 12.833 0.571 0.955
Temkin D-R

b, K, (L/mg) R? q, (mg/g) B (mol*/kJ?) E, (kJ/mol) R?
OB 37.817 0.173 0.972 185.646 2.53284E-05 198.699 0.802
OAOB 34.279 0.145 0.980 187.923 3.15734E-05 177.967 0.892
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models, Temkin is assumed that the adsorption energy lin-
early decreases as the result of the surface coverage. The
Temkin isotherm model simulated sorption process well
with R?0.972 for OB, and 0.980 for OAOB, respectively, show-
ing the binding energies on surface of OB and OAOB were
uneven. The non-uniform distribution may be caused by the
chemisorption process, especially the electrostatic adsorption
[49]. Thereby, the electrostatic interaction might be a mech-
anism in the sorption of DR23 onto OB and OAOB, which
was consistent with the result of the effect of pH analysis.

Fig. 9d shows the simulation of the D-R model, through
Dubinin-Radushkevich isotherm, the physical adsorption
or chemical adsorption can be judged by calculating the
Gaussian energy distribution on a heterogeneous surface.
This model is more suitable for the intermediate range of con-
centrations and high solute activities data. The E, was used
to express the type of adsorption, 1 < E < 8 kJ/mol indicates
that it is mainly the physical adsorption, 8 < E < 16 k]J/mol
indicates that the adsorption is ion exchange one, E > 16 kJ/
mol reveals that it is considered to be chemical adsorp-
tion [49]. In this study, the E, were 198.699 and 177.967 k]/
mol, respectively, both larger than 16 kJ/mol, illustrating
the adsorption process may be mainly the chemisorption,
while the regression coefficients of the OB and OAOB were
0.802 and 0.892, it did not fit the adsorption data well. In
order to prove the results, the adsorption thermodynamics
would be also discussed in the following paragraphs.

Table 10 lists the adsorption capacities of some adsor-
bents used in the previous literature for DR23, compar-
ing with that of OB and OAOB in this study [9,32,50-53].
The results showed that the adsorption capacities of OB
and OAOB were much higher than the other adsorbents
reported in the previous articles, indicating the OB and
OAOB can be an excellent adsorbent for the treatment of
DR23-polluted wastewater.

3.5.2. Adsorption kinetics

In order to investigate the mechanisms of the DR23
adsorption process, the pseudo-first-order, pseudo-sec-
ond-order, intraparticle diffusion, Elovich kinetic models
were used to simulate the dynamic experimental data and
detect the dynamic adsorption processes of the DR23 onto
the OB and OAOB.

Pseudo-first-order kinetic equation:

1r1(qe —q,)=lr1qt, —kt (10)
Pseudo-second-order kinetic equation:

t_1 S+ a2 (11)

9 k4. 4.
Intraparticle diffusion equations:

g, =kt +C (12)
Elovich equations:

q,= [éjln(aﬁ) + (;Jln(t) (13)

Table 10
Comparison of various adsorbents investigated recently by
means of DR23 adsorption capacity

Adsorbent q, (mg/g) Ref.
MMWCNTs-Fe,C 172.4 [9]

Orange peel 10.72 [50]

TiO, 35.2 [51]

ZnO nanoparticles 43.66 [52]
Cationized sawdust 65.8 [53]

SRHB 59.77 [32]

OB 313.48 This study
OAOB 336.70 This study

where g (mg/g) and g, (mg/g) are adsorption capacity at equi-
librium and time ¢; k, (1/min), k, (g/m-min), and k, (g/mg-min*?)
are the rate constants in pseudo-first-order, pseudo-second-
order and intraparticle diffusion model, respectively, C is a
constant, a (mg/g min) is the initial adsorption coefficient,
and {8 (g/mg) is the desorption coefficient.

Fig. 10 shows the simulated curves by the four kinetic
models, and the fitting parameters are listed in Table 11.
The results indicated that the theoretical g, , value of
pseudo-first-order did not agree to the experimental ¢,
values at all concentrations studied with poor correlation
coefficient. While the pseudo-second-order model fitted
the adsorption process better than the other kinetic mod-
els, the correlation coefficients were 0.999 for OB, and 0.992
for OAOB, and the experimental values . approached
to the theoretical values g, [54], the pseudo-second-
order model assumes that the chemical adsorption of the
adsorbate onto adsorbent is a rate-limiting process [55],
illustrating the adsorption of DR23 onto the surface of OB
and OAOB might be chemisorption, and the adsorption
process took a relatively long time to achieve equilibrium.

In general, surface diffusion and pore diffusion are two
types of adsorption behaviors. For further verifying the
dynamic adsorption process, the Elovich model and intra-
particle model were also used to simulate the adsorption
dynamic data. Fig. 10c shows that the intraparticle fitting
plots of OB and OAOB were both multi-linear, illustrat-
ing there were two or more steps in the adsorption pro-
cess. The first linear plot presented gradual adsorption
stage, in this step intraparticle diffusion was rate-limiting
[56]. The second linear plot was the equilibrium stage in
which the intraparticle diffusion is further slowed down
because of the decreasing of the concentration in the solu-
tion [55]. When the plot passes through the origin, the
intraparticle diffusion is dominant; otherwise, it involves
other forms of adsorption [12]. Fig. 10c shows that the
plots of OB and OAOB both did not pass through the ori-
gin, suggesting that the external diffusion also affected
and controlled the adsorption rate. The Elovich isotherm
model reflects the heterogeneous diffusion and it is asso-
ciated with the diffusion factor and reaction rate [2]. The
Elovich model had a good correlation with R* 0.95766
for OB, 0.93769 for OAOB, respectively, revealing that
the heterogeneous diffusion may also be included in the
adsorption of DR23 onto OB and OAOB.
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Fig. 10. Kinetic spectra for the sorption of DR23 on OB and OAOB: (a) pseudo-first-order model, (b) pseudo- second-order
model, (c) intraparticle diffusion model, and (d) Elovich model (biochar dosage, 0.1 g; temperature, 25°C; ¢, 1,440 min; initial

concentration, 400 mg/L; initial pH, 6.0-7.0).

3.5.3. Adsorption thermodynamics of DR23
by OB and OAOB

For confirming the main adsorption mechanism of the
DR23 onto OB and OAOB, the adsorption thermodynamic
was conducted, the thermodynamic behavior was described
by the variation of free energy (AG®, kJ/mol), entropy
(AS°, kJ/mol K) and enthalpy (AH°, kJ/mol). They were
calculated by Egs. (14)—(16) as follows:

AG®=-RTIn(K?) (14)

In(k?) =23 A (15)

‘ R RT

(1,000 -K . -molecular weight of adsorbate x [adsorbate]o]
Y (16)

where T is the Kelvin temperature (K), R is the gas con-
stant (8.314 J/mol K), K%is calculated by Eq. (16) [57], v is the
activity coefficient, [adsorbate]’is the standard concentra-
tion (1 mol/L), K_ is the K of the best fitted isotherm model.
AG® was obtained by Eq. (14), and the AH® and AS°® can be
obtained by plotting the InKvs. 1/T as Fig. 11.

Table 12 lists the thermodynamic parameters of the DR23
on OB and OAOB. The AG° of DR23 was negative, illustrat-
ing that the sorption of DR23 on OB and OAOB was sponta-
neous. OB and OAOB both had the positive AH®, indicating
that the DR23 sorption onto OB and OAOB was endother-
mic [45]. The AS° of OB and OAOB for DR23 was positive,
suggesting the randomness at the interface of the two bio-
char increased during the adsorption process [8], enhance-
ment of adsorption capacity of DR23 onto OB and OAOB
at higher temperature may be attributed to the enlargement
of pore size or activation of the adsorbent surface [45].

When the AH® within 2.1-20.9 kJ/mol, it is mainly the
physical adsorption, and the binding energy might be
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Table 11
Kinetic parameters for the adsorption of DR23 on OB and OAOB

Kinetic models Samples
OB OAOB
Dyep (mg/g) 145.443 155.919
Pseudo-first-order
9, (Mg/8) 66.382 88.881
k, (min™) 0.00424 0.00342
R? 0.984 0.928
Pseudo-second-order
9, (Mg/8) 147.275 158.479
k,(g/mg min) 0.000262 0.000131
R? 0.999 0.993
Particle
K,,(mg/g min'?) 3.501 3.108
C, 66.308 63.414
R? 0.956 0.940
K,,(mg/g min'?) 0.307 0.495
C2 133.810 137.141
R? 1 1
Elovich
o 236.587 101.893
B 0.0676 0.061
R? 0.958 0.938
10.2
10.1 = ®
10.0 - = OB
L] s (OAOB
9.94 thermodynamic
9.8+
_ 974 1
. 2
£ 9.6
9.5
9.4 - ]
9.3- %
4.).1‘ -
T T T T T
000315 0L.00320 0.00325 0.00330 0.00335
T (/K)

Fig. 11. Plot of InK and 1/T: 0.1 g, temperature: 289 K, 308 K,
318 K; t: 1,440 min; initial concentration: 100-800 mg/L; initial
pH: 6.0-7.0.

the electrostatic interaction or Van der Waals’ force, when
the AH° within 20.9-418.4 kJ/mol, the chemisorption is
the main mechanism. The AH® values of the DR23 onto
OB and OAOB were both within the 20.9-418.4 kJ/mol.
So the adsorption of DR23 onto OB and OAOB was both

mainly chemisorption, it agreed with the result of the D-R
isotherm model.

3.6. Adsorption mechanisms

The adsorption mechanisms of the DR23 onto OB and
OAOB were complex. The physical properties showed that
the OB and OAOB both had large BET area, total pore vol-
ume, and average pore diameters were 1.7-3 times larger
than DR23 molecule sizes. These characteristics enabled
OB and OAOB have good physical adsorption properties
towards DR23, and the surface was covered with a large
amount of SiO, which also offered adsorption sites for
DR23. Therefore, the physical adsorption of OB and OAOB
included pore diffusion, surface participation, and surface
mineral constituent’s adsorbing.

The result of zeta potential analysis indicated that there
were surface functional group interaction in the adsorp-
tion process, and the FTIR and XPS results proved it, which
showed the -OH, -COOH on the surface of OB, the -OH,
-COOH, -COOR on the surface of OAOB interacted with
the functional groups of DR23 molecule. Because of the
aromatic structure, the OB and OAOB might also formed
n—m stacking interaction with DR23. The analysis of pH
effect as shown in Fig. 5a indicated the electrostatic inter-
action accounted for a certain proportion in the adsorption
process.

Adsorption kinetics verified the adsorption of the
DR23 on OB and OAOB was rate-limited, and the pro-
cess contained two stages, stage one expressed gradual
adsorption of DR23, the stage two expressed that sorption
rate gradually fell down and then reached stable because
of the concentration decreasing of DR23 solution. The
adsorption isotherm showed that mono-layer coverage
and multilayer coverage both took place, the mono-layer
adsorption of the DR23 was favorable, while the mul-
tilayer coverage adsorption was not favorable. Temkin
model verified the electrostatic interaction accounted for a
large proportion in the adsorption process, which agreed
with the result of pH influence analysis. The values of E_
and AH° implied the main adsorption mechanism of the
DR23 onto OB and OAOB were chemisorption. Fig. 12
shows the adsorption mechanism of DR23 onto OB and
OAOB.

4. Conclusion

The sludge-rice husk biochar (with ratio 7:3) has been
proven having excellent adsorption characteristics for
removal of Direct Red 23 (DR23) from wastewater. RSM
statistical analysis revealed that the optimum conditions
of biochar preparation for the highest adsorption of DR23
were recorded to have temperature of 651.444°C, heat-
ing rate of 10°C/min, and residence time of 4.683 h. OB
and OAOB emerged as better promising adsorbents in the
adsorption of DR23 with adsorption capacity 313.48 and
336.70 mg/g, respectively. Freundlich, Langmuir and Temkin
models all matched the experimental data well, and the
adsorption Kkinetic obeyed pseudo-second-order model.
The thermodynamic study implied that adsorption
of DR23 onto OB and OAOB was spontaneous and
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Table 12
Thermodynamic parameters for the adsorption of the DR23
Temperature (K) q, (mg/g) K, (L/mg) K AG® (kJ/mol) AH® (kJ/mol) AS° (J/mol K)
298 313.480 0.0153 12,097.56 -23.291
OB 308 314.620 0.0195 13,046.39 -24.693 21.750 151.030
318 317.765 0.0266 13,916.14 -26.316
298 336.700 0.0135 10,674.32 -22.981
OAOB 308 339.235 0.0205 16,208.44 -25. 627 32.311 185.526
318 344.176 0.0307 24,243.94 -25. 852
* Minerals
@ DR23

Electrostatic interaction

Fig. 12. Adsorption mechanism diagram of DR23 onto OB and OAOB.

endothermic. Hence, sludge-rice husk biochar is a potential
candidate for dye-polluted wastewater treatment.
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