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a b s t r a c t
The feedstock has great effect on the property of biochar. In this work, grape dreg was first used as 
a carbon additive for sewage sludge to prepare co-pyrolyzed biochar adsorbent to remove methy-
lene blue (MB) from aqueous solution. The yield and absorption capacity of biochar were greatly 
affected by the addition amount of grape dreg. The co-pyrolyzed biochar possessed high surface 
area and abundant functional groups. The adsorption process was well described by pseudo- 
second-order kinetic and Langmuir isotherm models. The thermodynamic analysis indicated the 
spontaneous and endothermic adsorption of MB. The maximum adsorption capacity were 30.98, 
29.74 and 31.45 mg/g at 20°C, 30°C and 40°C, respectively. The adsorption mechanism was involved 
in pore filling, hydrogen bonding, electrostatic binding, ion-exchange and π–π stacking interac-
tions. It can be concluded that the biochar co-pyrolyzed from sewage sludge and grape dreg has 
good potential for MB removal from aqueous sample.
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1. Introduction

Sewage sludge (SS) is the final residue from wastewater 
treatment cycles. Since an increasing number of wastewa-
ter treatment plants are constructed and operated, the gen-
eration of SS is growing year by year [1]. After the major 
wastewater problem solved, the management of SS becomes 
a great challenge owing to its massive bulk and the abun-
dant toxic elements containing [2]. Generally, ocean dump-
ing, incineration, landfill and agricultural application are 
the mostly used routes for SS disposal [3]. The ocean dump-
ing way is simple and cost-effective, and has been adopted 
for many years. However, dumping SS at sea is almost 
banned at present because of the bad effect on marine  
ecosystem [4]. Although SS contains plentiful nutrients 

(e.g., nitrogen and phosphorus) that needed by crops, the 
presence of hazardous heavy metals, pathogenic organ-
isms and refractory organics narrows its use as fertilizers 
in agricultural cultivation [5]. Similarly, SS incineration 
and landfill can generate unwanted emissions into water, 
soil and air [4]. Considering the increasing public and 
political focus on the environmental protection, the con-
ventional SS handling ways are seen more and more crit-
ical in the future. Therefore, the researchers’ interest has 
switched to develop both safer and more effective treatment 
method for SS.

The pyrolysis disposal of SS is a thermal decomposi-
tion process under inert atmosphere, during which the 
solid waste can transform into liquid bio-oil, pyrolytic gas 
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and solid char [6], and it is believed to be an economical 
and environmentally friendly measure for its significance 
in minimizing the volume of wastes and stabilizing the 
dangerous components [7]. After pyrolysis, the environ-
mental risk of SS gets reduced, and more importantly, val-
ue-added products can be obtained, one of which is the 
attractive biochar. SS-derived biochar has the merits of 
effectiveness, low cost as well as abundant feedstock, and 
has drawn much attention in many research fields. One of 
attractive applications is as good alternative sorbents for 
adsorption in environmental remediation field. Compared 
to other methods such as precipitation, ion-exchange, mem-
brane separation and photocatalysis [8,9], adsorption has 
stood out for its easier operability, more convenience and 
environmental-friendliness on the removal of pollutants 
[10,11]. The adsorbent is the core of adsorption method as 
it determines the cost and efficiency. The SS contains multi-
farious organic matters and it is viewed as prominent pre-
cursor to prepare biochar adsorbent. However, the intrinsic 
features of SS like high ash and low carbon content may 
result in the poor physicochemical characteristics of bio-
char in terms of porosity, specific surface area and reactive 
groups, which is not conducive to obtain satisfactory adsor-
bents [12,13]. Proper modifications are usually needed 
to improve the adsorption ability of SS-based biochar. 
Currently, there are primarily two modification ideas: acti-
vation and decoration. The former aims to develop porous 
structure and improve specific surface area by employ-
ing highly etching reagents such as acid/alkali solution 
[14,15], while the latter concentrates on enhancing surface 
activity of biochar by introducing dopant atoms [16–18] or 
grafting functional groups [19–21] to the carbon skeleton.

There is no doubt that the property of biochar is closely 
dominated by the type of feedstock [22]. On this view, it 
may be a feasible approach to boost the adsorption capacity 
of biochar by adjusting the nature of SS. It was reported 
that increasing the carbon content of SS by using some 
additives was beneficial to improve the physicochemical 
properties of biochar. For example, coal was used to blend 
with SS and the char with a surface area of 91.07 m2/g 
was obtained. This value was much higher than that of 
sole SS [23]. Compared with coal, agroforestry biomasses 
are a category of cheap, rich and renewable natural car-
bon source. Thus, they can be served as eco-friendly car-
bon additives for SS pyrolysis treatment. Up to now, var-
ious types of biomasses such as rice straw [24], rice husk 
[25], cotton stalks [26] and hazelnut shell [27] have been 
mixed and co-pyrolyzed with SS. Results indicated that 
the addition of carbon-rich biomass materials replenished 
the carbon content of SS and facilitated the improvements 
in mechanical and physicochemical characteristics of 
SS-based biochar [25,28]. By this way, the use of chemical 
modification reagents aimed at increasing the property and 
adsorbability of biochar could be significantly reduced. 
Furthermore, a number of researches pointed out that the 
utilization of biomass helped to promote the pyrolysis and, 
reduce the emissions of undesired gases and decrease the 
toxicity of harmful matters existing in the SS [24,28,29]. 
Therefore, it has been recognized that the co-pyrolyzed bio-
char as adsorbent is more suitable and reliable than pure 
SS-based biochar [12]. However, in previous researches, 

much attention has been paid to the behaviors and char-
acteristics of co-pyrolysis process [30,31], more efforts are 
needed to be made on the development and application of 
co-pyrolyzed biochar for pollutant detoxification.

Grape is the most consumed fruit in worldwide wine 
processing industry. It is said that about 70 million tons 
of wine grape are harvested and used to make wine every 
year [32]. Grape dreg (GD), the major solid wastes during 
wine production, is generated in large amounts. This kind 
of biomass is basically non-poisonous and possesses high 
content of organic matter [33]. The co-pyrolysis of GD with 
SS is an efficient way to promote waste utilization, and at 
the same time produce valuable adsorbent. However, there 
have been no reports on this regard. In present study, GD 
was blended with SS to prepared a co-pyrolyzed biochar. 
The influence of GD content was evaluated by the yield 
and the iodine absorption value of biochar. The physico-
chemical characteristics including apparent morphology, 
specific surface area, pore structure and functional groups 
of the biochar were analyzed. Subsequently, the co-pyro-
lyzed biochar was employed as an effective and low-cost 
adsorbent to remove methylene blue (MB) in aqueous sam-
ple. The batch adsorption experiments were conducted to 
investigate the effect of key parameters on removal pro-
cess. Meanwhile, integrated with model analyzing, the 
sorption kinetic, isotherm and thermodynamic characteris-
tics of MB on biochar were elucidated in detail.

2. Experimental

2.1. Reagents and materials

The dehydrated SS was sampled from an urban munic-
ipal wastewater treatment plant in Wuhan, China. GD 
came from the wine brewing laboratory of Wuhan Textile 
University. All feedstocks were firstly oven-dried at 105°C 
to constant weight, then grinded and screened through a 
20-mesh sieve. The powder samples were stored in a desic-
cator for subsequent use. The general properties including 
moisture, organic matter and ash contents, pH values and 
elemental compositions of SS and GD were investigated. 
The MB and Na2CO3 of analytical quality were supplied by 
Sinopharm Chemical Reagent Co., Ltd., (Shanghai, China). 
Deionized water was used in all studies.

2.2. Preparation of co-pyrolyzed biochar

Firstly, the crushed GD and SS were homogeneously 
mixed at a mass ratio of 0:1, 0.5:1, 1:1, process 2:1, respec-
tively. Next, the activator Na2CO3 with a mass ratio of 3:1 
to the blends was added, and followed by a proper amount 
of water. The mixture was fully stirred and impregnated 
for 24 h under room temperature, and then dried at 105°C. 
The above carbon precursor was transferred to a por-
celain crucible and pyrolyzed in a tubular furnace at a 
heating rate of 10°C/min under N2 atmosphere (100 mL/
min). The pyrolysis process was maintained at 400°C for 
60 min. Afterwards, the product was collected and washed 
by 3 mol/L HCl solution. Then, the biochar was separated 
using a filter paper and washed with deionized water to 
neutral pH. After oven-dried at 105°C, the biochar was 
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milled to 200 mesh to obtain the adsorbent. The biochar 
co-pyrolyzed from SS and GD was indicated by SGB. The 
yield of biochar was obtained by the following formula [34]:

Yield wt.% weight of biochar
weight of raw materials

( ) =  (1)

2.3. Characterizations

The iodine absorption values were measured according 
to the PRC National Standard (GB/T 12496.8-2015) to illus-
trate the adsorption ability of SGB prepared with different 
GD/SS mass ratio. The surface morphologies and functional 
groups of dried SS and SGB were analyzed by scanning 
electron microscopy (SEM, JSM-7001F, JEOL) and Fourier-
transform infrared spectrometer (FTIR, VERTEX 70, Bruker), 
respectively. The Brunauer–Emmett–Teller (BET) surface 
area, porosity and pore volume were determined thorough 
N2 adsorption–desorption experiment performed on the 
Micromeritic TriStar II 3020.

2.4. Adsorption experiments

Bath adsorption experiments were conducted to inves-
tigate the adsorption performance of SGB for MB at differ-
ent initial pH, contact time, adsorbate concentration and 
adsorbent dosage. Fresh MB sample solutions were pre-
pared by dissolving MB in deionized water in each sorp-
tion. For all tests, the predetermined amount of adsorbent 
was added into a 100 mL conical flask containing 50 mL 
MB solution, and then the bottle was sealed and placed in 
a thermostatic water bath oscillator with a shaking speed 
of 120 rpm at 30°C for adsorption. After a given time, the 
solid and liquid were centrifuged at 4,000 rpm for 10 min, 
the supernatant was withdrawn and filtered through a 
0.45 μm syringe filter. The concentration of residual MB 
in the liquid was determined using a UV-Vis spectro-
photometer (UV-5500PC) at the wavelength of 662 nm. 
According to Eqs. (2) and (3) below, the removal rate 
and adsorption capacity of MB were calculated.

Removal rate %( ) =
−

×
C C
C

e0

0

100  (2)

Q
C C
M

Ve
e=

−
×0  (3)

where C0 (mg/L) and Ce (mg/L) represent the initial concen-
tration and equilibrium concentration of MB, respectively; 
Qe (mg/g) indicates the amount of MB adsorbed by per 
gram of SGB; V (L) is the volume of sample solution and 
M (g) is the weight of SGB.

The adsorption behaviors of MB onto SGB were explored 
by fitting the obtained results to typical adsorption models. 
As for kinetic study, the pseudo-first-order, pseudo- second-
order and intraparticle diffusion models were employed, 
which are expressed as Eqs. (4)–(6) [8].

Pseudo-first-order:

ln lnQ Q Q K te t e−( ) = − 1  (4)

Pseudo-second-order:

t
Q K Q

t
Qt e e

= +
1

2
2  (5)

Intraparticle diffusion:

Q K t Ct i i= +−3
0 5.  (6)

where Qe (mg/g) and Qt (mg/g) represent the absorption 
capacity at equilibrium point and time t (min), respec-
tively; K1 (min–1), K2 (g/(mg min)), K3–i (mg/(g min1/2)) are the 
pseudo- first-order, pseudo-second-order and intraparticle 
diffusion adsorption rate constants, respectively; Ci (mg/g) 
is the parameter related to the thickness of boundary layer.

As for the study of adsorption isotherms, Langmuir 
and Freundlich models described as Eqs. (7) and (8) were 
used [21].

Langmuir isotherm:

C
Q K Q

C
Q

e

e L

e= +
1

max max

 (7)

Freundlich isotherm:

ln ln lnQ K
n

Ce F e= +
1  (8)

where Ce (mg/L) and Qe (mg/g) stand for the concentration 
and adsorption capacity of MB at equilibrium point, respec-
tively; whereas Qmax (mg/g) is the maximum adsorption 
capacity; KL (L/mg) and KF ((mg(1–1/n) L1/n)/g) are the constants 
of Langmuir model and Freundlich model, respectively, 
and n denotes the index related to adsorption capacity and 
intensity.

In addition, the thermodynamic study was carried out, 
from which the changes of energy (ΔG, kJ/mol), adsorp-
tion enthalpy (ΔH, kJ/mol) and adsorption entropy (ΔS, kJ/
(K mol)) in adsorption process were calculated. The formulas 
are described as Eqs. (9) and (10) [35].

lnK S
R

H
RT

= −
∆ ∆  (9)

∆G RT K= − ln  (10)

where R indicates the universal gas constant, the value 
is 8.314 J/(K mol); T (K) is the absolute temperature; 
K (dimensionless) represents the thermodynamic equilibrium 
constant, and was calculated as illustrated in literature [35].

3. Results and discussion

3.1. Addition amount of GD

Table 1 presents the basic properties of SS and GD. 
It was found that the SS had a neutral pH while GD was 
acidic, and both of them were of high moisture content. 
It is noticeable that the organic compounds and C element 
containing in GD were 81.76% and 48.21%, respectively, 
which were much higher than those in SS. On the contrary, 



M. Mei et al. / Desalination and Water Treatment 248 (2022) 277–287280

the ash content of GD was much lower than that of SS. 
The results indicated that GD could function as a good 
carbon additive for SS. In this study, different amount of 
GD was mixed with SS to acquire the precursor for biochar 
preparation. As depicted in Fig. 1, with the GD/SS mass 
ratio increasing from 0 to 2, the biochar yield exhibited a 
slightly declining trend. Whereas the adsorption ability 
was enhanced, which can be confirmed from the increas-
ing iodine number from 124.61 to 458.91 mg/g. This was 
attributed to the higher carbon and lower ash contents of 
GD than those of SS. Briefly, the addition of GD increased 
the total carbon content of feedstock, meaning that more 
organic compounds might decompose for pore forma-
tion during the pyrolysis process [12]. Hence, less biochar 
was obtained because of more mass loss, and meanwhile, 
the adsorption performance was improved owing to the 
richer micropores and actives sites [36–38]. In addition, 
the natural pore structure of GB biomass made it easier for 
activator to enter into the inner of SS, which favored the 
formation of micropores as well. In present work, to maxi-
mize the utilization of SS and ensure the removal efficiency 
at the same time, the GD/SS mass ratio at 2 was used to  
prepare SGB.

3.2. Materials characterization

The SEM analysis was carried out to observe the mor-
phological changes before and after carbonization. As can be 
seen from Fig. 2a, the dried SS owned dense and compact 
surface with limited porosity. For SGB, by contrast, coarser 
and fluffier structure could be noticed (Fig. 2b), which 
implied that it possessed excellent porosity [36]. The differ-
ences in surface morphologies were further verified by N2 
adsorption–desorption experiment. Results indicated that 
SGB showed a high BET surface area (425.72 m2/g) with 
large total pore volume (0.231 cm3/g), which were much 
larger than those of dried SS (13.87 m2/g and 0.070 cm3/g, 
respectively). These data were in good agreement with SEM 
results. To further understand the chemical groups on SGB 
surface, the FTIR spectrum in the range of 400–4,000 cm–1 
was curve fitted (Fig. 2c). The adsorption band at 3,615 cm–1 
was ascribed to the stretching vibration of O–H, peaks at 
2,921 cm–1 and 2,849 cm–1 corresponded the adsorption 
of CH3 and CH2 functional groups, respectively [34,39]. 
The existence of C=O group could be confirmed by the 
peak at 1,705 cm–1 [40]. The adsorption peaks appeared at 
1,609, 1,030 and 795 cm–1 were related to aromatic C=C, C–O 
and C–H groups, respectively [41]. The results confirmed 
the diversity of functional groups on the surface of SGB, 
which played important roles during adsorption process.

3.3. Effects of experimental conditions on adsorption process

The adsorption performance of SGB under different 
conditions such as sample pH, adsorbent dosage, initial 
MB concentration and contact time was thoroughly eval-
uated. pH is a non-negligible factor because it has prom-
inent impact on the existing forms and stabilities of both 
adsorbent and adsorbate [42]. Considering the actual pH of 
wastewater and practical maneuverability, the pH values 
of MB solution in the present study were adjusted to 5.51, 
6.25, 7.62, 8.41 and 9.25 with 0.1 mol/L HCl and 0.1 mol/L 
NaOH. Fig. 3a shows that the removal rate and adsorption 
capacity of MB were basically stable at all examined pH 
values, indicating the good stability and applicability of 
SGB. Thus, the pH was not adjusted in the following studies.

Fig. 3b describes the effect of SGB dosage on the 
removal of MB. The removal rate of MB kept increasing 
with the dosage of MB varying from 0.05 to 0.20 g. Initially, 
less than half of MB was removed at 0.05 g dosage. When 
more adsorbent was used, the binding sites for adsorption 
increased and near about 86.3% of MB could be removed 
by 0.10 g of SGB. While further increasing the amount of 
SGB, there was a little improvement in the removal rate of 
MB. However, with the increase of SGB dosage, the adsorp-
tion capacity declined rapidly. This was because the high 
dosage of SGB provides more available sites for adsorp-
tion, resulting in the decreased utilization of active sites 
on per unit mass of SGB [43]. Hence, from the viewpoint 
of cost-saving, the dosage of SGB at 0.10 g was adopted for 
further study.

The effect of initial MB concentration on adsorption 
efficiency was conducted by varying the concentration 
of MB from 10 to 130 mg/L. The adsorption capacity was 
improved by enhancing the initial concentration of MB.  
It was due to that the higher concentration produced 

Table 1
General properties of SS and GD

Sample SS GD

pH 6.7 4.5
Moisture (wt.%) 88.20 67.52
Organic mattera (wt.%) 52.47 81.76
Asha (wt.%) 47.53 18.24
Ca (wt.%) 18.79 48.21
Ha (wt.%) 3.24 5.54
Oa (wt.%) 18.61 42.88
Na (wt.%) 2.97 1.98
Sa (wt.%) 1.23 0.49

aMeasured on a dry basis.

Fig. 1. Effect of GD percentage on iodine absorption value and 
yield of biochar.
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stronger mass transfer driving force and more MB were 
transferred to the SGB surface. However, since the number 
of adsorption sites was limited by the adsorbent amount, 
the removal rate of MB gradually decreased with the 
increase of concentration, just as depicted in Fig. 3c [44].

The study on contact time is strongly recommended 
because it reflects the speed and efficiency of an adsorption 
system. The removal rate and adsorption capacity of MB at 
different contact time are shown in Fig. 3d. It can be found 
that the adsorption of MB was very fast at first 40 min. This 
was attributed to the abundant active sites available at 
early stage. Thereafter, very little enhancement in adsorp-
tion rate was achieved. It was observed that adsorption 
equilibrium could be reached within 120 min.

3.4. Adsorption characteristics and mechanisms

3.4.1. Kinetics

In order to better understand the mechanism of the 
adsorption process, the pseudo-first-order, pseudo- second-
order and intraparticle diffusion models were used to 

analyze the data. Fig. 4a–c display the fitting lines of kinetic 
study obtained at 30, 50 and 70 mg/L of MB, respectively. 
Various kinetic parameters for different models were cal-
culated and concluded in Table 2. It can be found that the 
pseudo-second-order model showed a remarkable linear-
ity with R2 values all very close to 1 at three concentrations, 
while the pseudo-first-order model has lower R2 values in 
the range of 0.9154–0.9591. The results demonstrated that 
the pseudo-second-order model was much more appropriate 
to describe the MB binding on SGB. Therefore, the removal 
of MB was mainly affected by chemical interaction [40].

Furthermore, intraparticle diffusion model was adopted 
to recognize the diffusion mechanism and possible rate 
controlling step. As shown in Fig. 4c, the plots of Qt vs. t0.5 
fitted at different concentrations were divided into two lin-
ear portions. None of them went through the zero point, 
indicating the adsorption rate was determined by mul-
tiple steps, and not merely by the diffusion process [45]. 
The multi- linearity of fitting lines manifested that there 
were two stages for MB adsorption. The first was the exter-
nal mass transfer stage from 0 to 60 min, resulting from the 
diffusion of MB from solution to the exterior boundary of 

Fig. 2. SEM images of (a) dried SS, (b) SGB, and (c) the FTIR spectrum of SGB.
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Table 2
Results of kinetic study for the adsorption of MB by SGB

Kinetic model Parameter Values at different initial concentration (mg/L)

30 50 70

Pseudo-first-order
K1 0.025 0.023 0.022
Qe 3.35 8.51 9.93
R2 0.9154 0.9591 0.9553

Pseudo-second-order
K2 0.021 0.007 0.005
Qe 13.34 20.28 22.66
R2 0.9999 0.9999 0.9999

Intraparticle diffusion

K3–1 2.812 2.812 3.225
C1 4.129 1.852 1.247
R1

2 0.9243 0.9622 0.9530
K3–2 0.106 0.357 0.451
C2 11.751 15.025 16.025
R2

2 0.8832 0.9027 0.8942

Fig. 3. Effects of (a) initial pH, (b) SGB dosage, (c) MB concentration and (d) contact time on removal performance.
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SGB. The second corresponded to the intraparticle diffu-
sion stage from 60 to 180 min. This was attributed to the 
further diffusion from the external surface to the internal 
pore structure of SGB. Table 2 displays the parameters of 
two stages. It is clearly found that the values of K3–1 were 
much higher than those of K3–2, indicating that MB mole-
cules were adsorbed quickly on the surface of SGB because 
abundant active sites were available at initial contact, and 
over time, the diffusion rate of MB inside the SGB slowed 
down due to the decreasing number of active sites [46]. 
The above results revealed that the adsorption of MB on 
SGB was a multi-phase diffusion process involving surface 
adsorption and intraparticle diffusion.

3.4.2. Isotherms

In this study, two well-known models of Langmuir and 
Freundlich isotherms were used for further investigation 
of adsorption characteristics. The former is based on the 
assumption that all adsorption sites are equivalent and a 
monolayer adsorption occurs on a homogeneous surface, 
while the latter is more utilized when the surface of adsor-
bent is heterogeneous and multi-layer adsorption occurs 
[47]. All analyzed results are summarized in Fig. 4c–d and 
Table 3. Apparently, the Langmuir isotherm model could 
better fit the adsorption process of MB on SGB because it 

provided higher correlation coefficients (0.9988–0.9994) 
than the Freundlich isotherm model (0.9196–0.9688) at  
three studied temperatures. This indicated that the adsorption 
process belonged to a monolayer adsorption, and MB 
molecules were preferred to be adsorbed by the identi-
cal sites on the homogeneous surface of SGB [48]. The n 
values calculated from Freundlich model were between 1 
and 10, indicating the prone and favorable adsorption of 
MB on SGB [46]. Besides, the potential maximum adsorp-
tion capacity of SGB for MB was evaluated based on 
Langmuir model. The maximum adsorption capacity for 
MB were 30.98, 29.74 and 31.45 mg/g at 20°C, 30°C and 
40°C, respectively. Hence, it was believed that the SGB had 
satisfactory affinity towards MB and could be a potential 
adsorbent for MB decontamination from aqueous sample. 
The comparison of SGB with other previously reported 
biochar adsorbents was conducted. As shown in Table 4, 
it was found that the pyrolysis temperature for SGB was 
much lower than most of other studies. However, the SGB 
exhibited a higher surface area as well as superior removal 
capacity for MB than other materials.

3.4.3. Thermodynamics

Thermodynamic study was conducted at 20°C, 30°C 
and 40°C to better evaluated the effect of temperature 

Table 3
Isotherm and thermodynamic parameters for MB adsorption on SGB

Temperature (°C) Langmuir isotherm Freundlich isotherm

ΔG ΔH ΔSKL Qmax R2 KF n R2

20 0.066 30.98 0.9985 5.397 2.668 0.9688 –24.27
14.14 0.13230 0.106 29.74 0.9994 7.757 3.356 0.9196 –26.27

40 0.097 31.45 0.9988 7.911 3.304 0.9588 –26.91

Table 4
Comparison results of present study with other reports for MB adsorption

Feedstocks Pyrolysis 
conditions

Surface area 
(m2/g)

Dosage 
(g/L)

Qmax (mg/g)/T (°C) References

Mixed municipal discarded material 
(paper, cardboard, food scraps and garden waste)

300°C, 12 h NMa 5 7.254/30 [49]

Corncob 500°C, 2 h 655.79 5 15.80/25 [50]
Pine wood 500°C, 2 h 198.03 10 3.99/25 [51]
Pig manure 500°C, 2 h 346.97 10 16.30/25 [51]
Cardboard 500°C, 2 h 310.82 10 1.66/25 [51]
Switch grass 600°C, 1 h 255.8 2 37.6/NMa [52]
Municipal sludge 550°C, 2 h 25 6 24.1/25 [53]
Municipal solid wastes 
(60% paper, 25% yard wastes and 15% textiles)

683°C, 
53 min

NMa 2 21.83/30 [54]

Pulp and paper sludge 750°C, 2 h 174 5 33/NMa [55]
Sewage sludge/tea waste 300°C, 2 h NMa 10 12.58/25 [56]
Sewage sludge/grape dreg 400°C, 1 h 425.72 2 30.98/20 This study

aNM: Not mentioned.
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on adsorption process. The related parameters includ-
ing ΔG, ΔH and ΔS were calculated and listed in Table 3. 
In all cases, negative ΔG values were obtained, confirm-
ing the spontaneous nature of MB adsorption onto SGB. 
Furthermore, with the temperature increasing from 20°C 
to 40°C, the ΔG values decreased from –24.27 to –26.91 kJ/
mol, revealing that the MB could be adsorbed by SGB more 
easily and efficiently at a relatively higher temperature. 
Thus, it could be inferred that the adsorption reaction was 
endothermic, and this character was further verified by the 
positive values of ΔH. The positive ΔS value indicated the 
randomness increase at the solution/sorbent interface [57].

3.4.4. Adsorption mechanism of SGB for MB

From the above discussion, it can be concluded that 
the adsorption of MB on SGB was a multi-step process, 
involving the MB transfer from liquid phase to the solid 
phase, and the diffusion of MB into the inner surface and 
pores of SGB. Both physical adsorption and chemical 
bonding contributed to the removal of MB. The physical 
adsorption was attributed to the high surface area and 
proper pore size for pore filling [56]. However, accord-
ing to the results of kinetic study, chemisorption was the 
governing mechanism of adsorption. This was mainly 
attributed to the abundant functional groups on the sur-
face of SGB, especially the oxygen-containing functional 
groups including O–H, C=O and C–O that have been con-
firmed by FTIR. The potential importance of this type of 
group in pollutant decontamination have been announced 
by many reports [58,59]. It was said that oxygen-contain-
ing groups could lead to a negatively charged surface of 
biochar, which was beneficial for the capture of cationic 
MB through electrostatic interaction [60]. Oxygen and 
nitrogen atoms are well-known receptors for hydrogen 
bonds. The existence of oxygen on the surface of SGB facil-
itated the formation of hydrogen bonds between biochar 
and the amine groups of MB molecules [61]. Furthermore, 
oxygen- containing group such as –COOH was the good 
producer for cationic exchange interaction [56]. Thus, it 
was believed that hydrogen bonding, electrostatic bind-
ing and ion-exchange interactions were all participated in 
the removal of MB [61,62]. Meanwhile, the graphitic struc-
ture of biochar generated during the pyrolysis process 
could bind with the aromatic structure of MB through π–π 
stacking interaction, which also contributed to the adsorp-
tion [44]. The possible adsorption mechanism of MB on 
SGB is illustrated in Fig. 5.

4. Conclusions

In present work, GD was co-pyrolyzed with SS for the 
first time to obtain a low-cost biochar adsorbent SGB for 
MB removal. Results showed that the addition of GD led to 
a significant increase in adsorption ability of biochar. The 
prepared SGB was rich in functional groups and exhibited 
a high specific surface area of 425.72 m2/g. It was found 
that the adsorption of MB by SGB was a spontaneous and 
endothermic process, which could be described by pseu-
do-second-order kinetic and Langmuir isotherm models. The 
maximum adsorption capacity for MB were determined to 

be 30.98, 29.74 and 31.45 mg/g at 20°C, 30°C and 40°C, respec-
tively, revealing that the developed SGB could be served 
as an efficient and low-cost adsorbent to remove MB.
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