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a b s t r a c t
Anaerobic digestion (AD) prepared with the biogas industry can be utilised to adsorb organic 
matter in wastewater for realising the resource utilisation of AD. The low-temperature dry cattle 
manure-derived anaerobic digestion (CMAD) is a potential method for preparing adsorbents. Slow 
pyrolytic carbon (CMSP) and fast pyrolytic carbon (CMFP) are prepared to compare the adsorp-
tion capacity of CMAD. This study conducts the characteristic tests, adsorption experiments and 
isotherm and kinetics analyses of these samples. Results show that the surface functional groups 
of CMAD are abundant, and the surface area is small. The adsorptions of Methylene blue (MB) on 
CMSP, CMFP and CMAD reach a slow adsorption process at 240, 360 and 120  min, respectively. 
The maximum removal amounts by CMSP, CMFP and CMAD are 96.88%, 53.03% and 95.72% for 
MB. The adsorption of MB and Congo red (CR) by CMAD appears as a heterogeneous monolayer 
on the basis of adsorption isotherm and kinetics. The adsorptions of MB and CR by CMAD are 
chemical and physical adsorptions, respectively. CMAD can be utilised as an adsorbent due to its 
rich functional groups. In the meantime, its adsorption performance can be largely enhanced by 
improving its specific surface area.
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1. Introduction

The reproducibility and biodegradability of biomass 
resources, as the exhaustion of fossil energy, have attracted 
increasing attention. Biochemistry and thermochemis-
try are widely used in biomass energy conversion, but the 
former is more economical than the latter [1].

Anaerobic fermentation is an important method for 
the biochemical technology of biomass and a primary 
method to reduce organic waste [2]. Large amounts of 

anaerobic digestion (AD) are produced with the development 
of the biogas industry [3,4]. AD contains mineral nitro-
gen (NH4

+–N), a large number of elements (N, P, K, Ca and 
Mg), trace elements (Fe, Al, Cu and Zn) and organic sub-
stances necessary for plant growth; thus, it is generally uti-
lised as a soil fertiliser [3]. However, AD utilised as fertiliser 
has exceeded the affordability of nearby farmland [5].

The preparation of biochar from AD can expand the 
application range of AD [6]. Straw AD is more suitable for 
carbon production given that straw has a rich cellulose 
component. Straw AD biochar with excellent performance 
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is mainly applied to remove heavy metals from wastewa-
ter because of the loose porosity and high stability [5,7,8]. 
By contrast, the AD from livestock manure is generally 
considered unsuitable for the preparation of biochar due 
to the high contents of organic matter and minerals [5]. 
However, our previous study showed that biochar from cat-
tle manure is a good adsorbent because of the rich mineral 
content [9]. Previous research shows that the mineral com-
ponent has excellent adsorption properties for heavy metal 
in solution [10], even though it has a small specific surface 
area and high ash content. Livestock wastewater contains 
a high concentration of chemical oxygen demand, which is 
mainly composed of organic matter. Thus, livestock manure 
AD after drying can be used to adsorb organic matter. In 
our previous research, the organic matter can be effectively 
removed by low-temperature pyrolysis of livestock manure.

In the present study, Congo red (CR) and Methylene 
blue (MB) are selected as the representatives of acidic and 
alkaline organic compounds [11,12]. The physicochemical 
properties and adsorption characteristics of low-temperature 
dry cattle manure-derived anaerobic digestion (CMAD) are 
analysed. It is compared with two typical types of pyrolysis 
carbon prepared from cattle manure (with properties closer 
to activated carbon) to study the potential of the CMAD as 
an adsorbent. Whether CMAD can have excellent adsorp-
tion performance without a high-temperature treatment is 
also explored. An environmentally friendly AD treatment 
method is investigated to provide a basis for AD recycling.

2. Materials and method

2.1. Materials and reagents

AD samples were taken from the biogas tank of the 
Laboratory of Huazhong Agricultural University. Firstly, 
low-temperature dry cattle manure-derived AD was dried, 
and the impurities were filtered by a sieve. Then, the sample 
was crushed with a mortar. It was then screened through 
a 60–200 mesh sieve and placed in a 45°C until the weight 
change did not exceed 0.1% every 2 h, and this sample was 
recorded as CMAD and bagged for preservation. Fresh cat-
tle manure was collected from a farm in Wuhan (Wuhan, 
China). Fresh cattle manure was dried, bagged and stored 
in the refrigerator. The fresh cattle manure was dried in a 
105°C oven for 24 h and then sieved through a 60–200 mesh 
sieve to uniform particle size, and this sample was named 
CM. The preparation method of slow pyrolysis carbon was 
as follows. Before the experiment, N2 gas was introduced 
into the muffle furnace to ensure an oxygen-deficient envi-
ronment. A total of 30  g of CM was placed in a porcelain 
boat, which was then placed in a muffle furnace. The fur-
nace temperature was set to rise from room temperature to 
900°C in 30  min and kept for 30  min. The muffle furnace 
was turned off to cool the biochar to room temperature. 
The sample was recorded as Slow pyrolytic carbon (CMSP). 
The difference between fast and slow pyrolysis carbon was 
that the abovementioned sample was directly placed in a 
muffle furnace at 900°C for 30 min and then cooled to room 
temperature. The sample was recorded as fast pyrolytic car-
bon (CMFP). MB and CR were purchased from Sinopharm 
(China), and they were used without further purification.

2.2. Characterisation methods

The characteristic test is as follows: elemental analysis; 
scanning electron microscopy; Brunauer–Emmett–Teller 
test (BET); Fourier transform infrared spectroscopy (FTIR); 
X-ray diffraction (XRD); Thermogravimetric analysis–
derivative thermogravimetry (TG–DTG); zero point charge 
test (pHzpc) [13].

2.3. Adsorption experiments

The adsorption performance of CMAD was studied by 
adsorption experiment and compared with that of CMSP 
and CMFP. The MB and CR concentrations in solution were 
analysed using a UV spectrophotometer of UH5300 from 
Hitachi (Japan), by monitoring the absorbance changes 
at the wavelengths of 660 and 510  nm, respectively [14]. 
The calculation formula of adsorption quantity (qt, mg  g−1) 
and removal rate (R) are as follows [15]:

q
C C V
Wt

t=
−( )0 	 (1)

R
C C
C

t=
−( )100 0

0

	 (2)

where C0 and Ct are the concentrations of MB and CR 
at the initial and t moments (mg  L−1), respectively. V is 
the solution volume (L), and W is the absorbed dose (g).

3. Results and discussion

3.1. Characterisation of samples

The physical and chemical properties of CMAD, CMSP 
and CMFP are shown in Table 1. The H content of biochar 
declines due to the pyrolysis of the nitrile group and the 
heterocyclic compound at high temperature [6]. Thus, the C 
content of CMAD is significantly lower than that of CMSP 
and CMFP, whilst the O and H contents are higher than 
those of CMSP and CMFP.

Given the high C, H, O and N contents and a low ash 
content of the CMAD, its cellulose, hemicellulose and lig-
nin are higher than those of CMSP and CMFP. The molar 
ratios of C, H and O can exhibit the relationship between 
pyrolysis temperature and the aromaticity and hydropho-
bicity of the material. H/C and O/C ratios are applied to 
evaluate the degree of carbonisation and surface hydro-
philicity, respectively [7,16,17]. The H/C molar ratio of 
CMAD is 1.44, whilst those of CMSP and CMFP are 0.5 and 
0.42, respectively. This finding indicates that the degree of 
graphitisation of CMAD is low and the organic component 
is high. Comparing the O/C ratio of CMAD with those of 
CMSP and CMFP shows that the CMAD is more hydro-
philic. The functional groups on the surface of the biochar 
decompose and decline after pyrolysis. The H and O con-
tents of CMSP and CMFP are less than those of CMAD 
because of the content of surface functional groups.

The surface morphology characteristics of CMAD, 
CMSP and CMFP are shown in Fig. 1. Obvious differences 
are observed amongst CMAD, CMSP and CMFP. The 
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surface of CMSP and CMFP has abundant pore structure, 
whilst that of CMAD is smooth and has no pore structure. 
Therefore, CMAD has a weak physical adsorption.

The pore structure of CMAD, CMSP and CMFP 
and N2 adsorption/desorption isotherm are shown in 
Fig. 2. The specific surface area of CMSP is the largest up 
to 163.57  m2  g−1, whilst that of CMAD is very small with 
2.14 m2 g−1. Notably, d < 2 nm is micropore, 2 < d < 50 nm 
is mesopore and d  >  50  nm is macropore [18]. As shown 
in Fig. 2b, CMSP has many micropores and mesopores, 

CMFP has many mesopores and CMAD has little on 
the two pores. Micropores and mesopores are the main 
reasons for the good physical adsorption performance 
of biochar [19]. Thus, CMSP has the best adsorption 
capacity in terms of physical adsorption performance.

The pore structure and the properties of surface func-
tional groups affect the adsorption capacity of biochar. 
The FTIR spectrum of the three samples is shown in Fig. 3. 
The band at 3,000–3,400 cm−1 is assigned to −OH [20]. The 
bands at 2,927 and 2,855 cm−1 are attributed to the aliphatic 

Table 1
Physical and chemical properties of samples

Sample

Proximate analysis (wt.%.ad) Ultimate analysis (wt.%.daf)
pHzpcM VM FC A C H Oa N O/C H/C

CMAD 4.68 54.10 15.01 26.21 57.53 6.92 33.40 1.85 0.44 1.44 7.41
CMSP 3.40 6.92 24.03 65.65 82.14 3.44 10.53 2.84 0.096 0.50 9.49
CMFP 2.98 5.83 30.44 60.75 87.79 3.08 5.45 2.84 0.046 0.42 10.68

Oa: calculated by difference.

 
Fig. 1. Surface micrographs of samples: (a) CMAD, (b) CMSP, and (c) CMFP.
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Fig. 2. Pore structure characteristic of samples: (a) specific surface area and total pore volume and (b) distribution of pore 
volumes in pore diameter.
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C–H groups [7,21]. The band at around 1,651  cm−1 is C=C 
and C=O groups [22]. Notably, 1,040  cm−1 belongs to the 
C–O group [23]. The bands at approximately 400 and 
780 cm−1 correspond to the Si–O stretching vibrations [16], 
and 1,420  cm−1 belongs to CH2 [7]. The hydroxyl groups 
on the CMAD and CMSP are nearly 3,418 and 3,439  cm−1, 
respectively, which indicates that the hydroxyl groups 
change significantly after fermentation and pyrolysis. 
The decreases in H content in CMSP and CMFP cause the dis-
appearance of the C–H structure. A peak at 780 cm−1 appears 
on CMSP and CMFP but not on CMAD, which implies that  
the aromatic hydrocarbon content of CMSP and CMFP is 
higher than that of CMAD. CMAD surface has a rich num-
ber and variety of functional groups, and the structure of 
the functional groups of CMSP is closer to that of CMAD. 
A previous study showed that the type and concentration of 
functional groups play an important role in the adsorption 
process [17]. Therefore, the great adsorption properties of 
CMAD are attributed to the chemical adsorption caused by 
functional groups. In a word, the surface functional groups 
of the three materials are qualitatively different because 
of different treatment methods and pyrolysis conditions.

XRD is an important method to analyse the crystallin-
ity of materials. The XRD diffraction patterns of CMAD, 
CMSP and CMFP are shown in Fig. 4. The interlayer spac-
ing between the monolayers of the aromatic layer (d002) 
and crystallite height of the microcrystalline layer (Lc) is 
calculated [24]. Smaller d002 and Lc correspond to a more 
stable crystal structure [25]. Fig. 4 shows that all samples 
have a 002 diffraction peak. The d002 of graphite is 0.3354 nm 
[26]. The d002 of CMAD is larger than those of CMSP and 
CMFP, which implies that CMSP and CMFP have a high 
degree of graphitisation and strong stability. The Lc of 
CMAD that is nearly twice as much like that of CMSP 
and CMFP demonstrates that amorphous carbon with 
low crystallinity exists in CMAD. The degree of CMAD 
graphitisation is low, and its stability is poor.

The thermal stability of CMAD is analysed by TG–DTG 
curve in Fig. 5. The weight loss of the first and second parts 
is related to the removal of free water in biochar and the 
decomposition of cellulose and hemicellulose, respec-
tively [27,28]. When the pyrolysis temperature is lower 

than 100°C, the weight of the three samples drops slightly 
due to the release of free water. The weight loss of CMAD 
is approximately 50% in the range of 200°C–400°C, which 
can be attributed to the degradation of hemicellulose and 
cellulose. The final 45% residual amount indicates that 
CMAD is rich in volatile substances and organic matter. 
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In the meantime, the mass loss of CMSP and CMFP is less 
than 10% after pyrolysis indicating a low volatile matter 
content and high stability. This finding is consistent with 
the results of the proximate analysis.

3.2. Adsorption characteristics

3.2.1. Comparison of adsorption properties 
amongst CMAD, CMSP and CMFP

The adsorption experimental results of original mat-
ter by CMAD, CMSP and CMFP are shown in Fig. 6 for 
determining the affecting factors of the adsorption per-
formance of CMAD. Our previous study showed that the 
adsorption of MB is related to the surface functional groups 
of biochar [9]. The MB adsorption amount improves with 
the increase in the H/C molar ratio. The surface functional 
groups greatly affect the MB adsorption given that the 
molar ratio of O/C and H/C is proportional to the con-
tent of functional groups. In the meantime, surface area 
affects the adsorption capacity of biochar to CR [29]. 
Given that the molecular size of CR (d is approximately 
1  nm) is larger than that of MB (d is nearly 0.7  nm) [18], 
a relatively large mesopore with a small diffusion resis-
tance against CR is conducive to CR adsorption. The pore 
diameter test and adsorption experiment show that the 
adsorption of CR and MB is mainly affected by mesopores 
and micropores, respectively.

CMAD has good adsorption properties for MB because 
its surface is rich in functional groups. However, CMAD 
contains few micropores and mesopores and thus has poor 

adsorption performance for CR. Therefore, CMAD can be 
used as an adsorbent for alkaline organic matter. Its adsorp-
tion performance is mainly affected by chemical adsorp-
tion related to its surface oxygen-containing functional 
groups. The physical adsorption of CMAD is very weak 
and can be ignored.

3.2.2. Effects of solution concentrations and 
adsorption time on adsorption

The adsorption results at a different time and solution 
concentrations are shown in Fig. 7. The adsorption amount 
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Fig. 7. Effect of solution concentration and adsorption time on the adsorption amount (25°C): (a) CMAD-MB, (b) CMSP-MB, 
(c) CMFP-MB, (d) CMAD-CR, (e) CMSP-CR, and (f) CMFP-CR.
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of MB by CMSP slowly increases with the increase in time, 
especially at higher solution concentration. Nevertheless, 
the adsorption of MB by CMAD is close to equilibrium 
within 30  min, and it could quickly absorb MB even at 
a high concentration. Thus, the adsorption efficiency of 
CMAD is higher than that of CMSP. The CR adsorption per-
formance of CMSP and CMFP is superior to that of CMAD. 
CR adsorption rate of CMFP is always faster than that of 
CMSP, and this performance is related to pore size. Biochar 
with large mesopores has less resistance to adsorbate [18]. 
The adsorption amount of CR by CMAD with a very small 
specific surface area is still very small even for a long time.

3.2.3. Effect of temperature on adsorption

The adsorption results at different temperatures are 
shown in Fig. 8. The MB adsorption amount does not 
change with the change in temperature under the low 
solution concentration, but the adsorption amount of MB 
increases with the rise in temperature when the solution 
concentration increases. The adsorption amount at 25°C 
is significantly lower than that at 45°C, which indicates 
that the adsorption process of MB by CMSP and CMFP is 
endothermic. The adsorption amount at high temperature 
is obviously better than that at low temperature under the 
same adsorption time condition. Therefore, the acting force 
between CMSP and CMFP and MB increases, the adsorp-
tion rate accelerates and the time for the reaction to reach 
equilibrium shortens with the increase in temperature. 
The adsorption amount of MB by CMAD firstly decreases 
and then increases as temperature increases, which means 
that the adsorption of CMAD is not a simple endothermic 

or exothermic process. In the meantime, the rate of adsorp-
tion of CMAD also reduces firstly and then rises, which 
might be due to the dynamic balance of adsorption and 
desorption with temperature.

The CR adsorption amount of CMSP and CMFP 
increases under different solution concentrations as 
the adsorption temperature increases, which implies that 
the adsorption is an endothermic process. By contrast, the 
effect of temperature on the adsorption of CR by CMAD 
is not obvious. Comparing the adsorption of MB and CR 
by CMAD shows that temperature significantly affects 
the adsorption of MB.

3.3. Adsorption isotherm

Langmuir and Freundlich’s models are used to deter-
mine the adsorption type and limit [30,31]. Langmuir 
model describes that adsorption is a monolayer adsorp-
tion process [32], whilst the Freundlich model assumes that 
adsorption occurs on a multilayer heterogeneous surface [33].

Langmuir is as follows:

C
q q B q

Ce

e
e= +

1 1

max max

	 (3)

Freundlich is as follows:

ln ln lnq K
n

Ce F e= +
1 	 (4)

where B is the Langmuir constant relevant to the adsorption 
energy (L mg−1); KF is the Freundlich constant relevant to the  
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Fig. 8. Effect of temperature on adsorption of MB and CR by three adsorbents: (a1 and b1) CMAD, (a2 and b2) CMSP, (a3 and b3) CMFP, 
where ‘a’ represents the adsorption diagram of MB and ‘b’ represents the adsorption diagram of CR.
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adsorption performance of the adsorbent (L mg−1); 1/n is the 
adsorption intensity indicating the favourability of adsorp-
tion. The adsorption constants, adsorption capacity and 
correlation coefficients calculated through Langmuir and 
Freundlich models are shown in Table 2. The adsorption 
isothermal fitting curves at 25°C are shown in Fig. 9. Based 
on the value of R2, adsorption of MB and CR by CMSP and 
CMFP conforms to Langmuir (R2  >  0.99). This relationship 
indicates that pores and oxygen-containing functional groups 
are evenly distributed on the surface of CMSP and CMFP, and 
the whole surface of CMSP and CMFP has the same adsorp-
tion capacity. The adsorption of MB and CR by CMAD is 
more consistent with Freundlich than Langmuir (R2, 0.99 
and 0.99 vs. 0.96 and 0.93), which means that adsorption is 
not limited to a monolayer, and MB amounts are adsorbed 
to the heterogeneous surface of CMAD [34]. The value of n 
is used to describe whether the adsorption is favourable. If n 
is between 1 and 2, then the adsorption process is favourable 
[35]. In this study, the value of n in the isotherm equation 
for adsorption of MB and CR by CMAD is greater than 1, 
which implies that CMAD has a good adsorption process.

3.4. Adsorption kinetics

The adsorption process of MB and CR on CMAD, CMSP 
and CMFP mainly shows two different stages. The first 

stage is the rapid adsorption stage in the first few hours, 
and it is related to the functional groups and pores on the 
surface of adsorbent. The second stage is the slow adsorp-
tion stage, in which most of the active sites on the adsor-
bent are occupied [36]. The adsorptions of CR on CMSP 
and CMFP reach a slow adsorption process at 360 and 
480 min, respectively. Similarly, the adsorptions of MB on 
CMSP, CMFP and CMAD reach a slow adsorption process 
at 240, 360 and 120 min, respectively. Therefore, the influ-
ence of oxygen-containing functional groups on the adsorp-
tion rate is greater than that of pores. The adsorption rate 
of CMAD to MB is faster than that of CMSP and CMFP 
because the former has a higher content of oxygen-contain-
ing functional groups.

The pseudo-first-order model and pseudo-second-order 
model are used to study the adsorption kinetic [11,33].

log log
.

q q q
k

te t e−( ) = − 1

2 303
	 (5)

t
q k q

t
qt e e

= +
1

2
2 	 (6)

where k1 (h−1) and k2 (g  mg−1  h−1) are the rate constants of 
the pseudo-first-order model and pseudo-second-order 

Table 2
Langmuir and Freundlich constants and correlation coefficients

Absorbate Sample Langmuir Freundlich

qmax B R2 KF 1/n R2

(mg g–1) (mg g–1) (L mg–1)

CMAD 81.23 0.25 0.96 15.55 0.74 0.99
MB CMSP 39.68 7.16 0.99 29.58 0.28 0.86

CMFP 21.14 1.34 0.99 14.53 0.098 0.95
CMAD 21.10 0.03 0.93 1.175 0.59 0.99

CR CMSP 34.69 2.64 0.99 21.25 0.19 0.89
CMFP 34.87 1.17 0.99 21.25 0.19 0.89
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Fig. 9. Isotherms of organic matter adsorption on samples: (a) MB and (b) CR (C0 = 100 mg L−1; T = 25°C).
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model, respectively. The results are shown in Fig. 10 and 
Table 3. As shown in Table 3, the value of qe determined 
by experiments is very close to the value calculated by the 
pseudo-second-order model. According to R2, the adsorp-
tion of MB and CR by CMSP conforms to the pseudo-sec-
ond-order equation (R2  >  0.99). The adsorption of MB by 
CMFP conforms to the pseudo-second-order equation, 
whilst the adsorption of CR conforms to the two models. 
The adsorption of MB by CMAD conforms to the pseu-
do-second-order model, whilst the adsorption of CR con-
forms to the pseudo-first-order model. The pseudo-first-or-
der equation is based on the physical process of adsorp-
tion. The pseudo-second-order model indicates that the 
affecting factor of adsorption is chemisorption [37]. The 
MB adsorption mechanism of CMAD is more accurate 
than the pseudo-first-order model. This finding indicates 
that the adsorption of MB by three adsorbents is mainly 
chemical adsorption. For CR with larger molecular size, 
the adsorption of CR by CMSP is a chemical action, whilst 
the adsorption of CR by CMFP and CMAD is a physical  
action.

4. Conclusions

This study prepared CMAD at biochemical treatment 
and CMSP and CMFP at thermal chemical treatment. 

The structural characteristics and adsorption properties of 
the three samples were compared. The results show that 
CMAD has a very small specific surface area, but it has 
abundant surface functional groups. As a result, it has an 
excellent adsorption performance for alkaline organic mat-
ter and can be used as a potential adsorbent. The adsorp-
tions of MB on CMSP, CMFP and CMAD reach a slow 
adsorption process at 240, 360 and 120  min, respectively. 
Even though CMAD has a low degree of graphitisation 
and a weak structural stability, it can adsorb organics very 
quickly and can be used as an adsorbent. The maximum 
removal rates by CMSP, CMFP and CMAD are 96.88%, 
53.03% and 95.72% for MB, respectively. The strong adsorp-
tion capacity of MB by CMAD is related to its rich functional 
groups on the surface, and the weak adsorption capacity 
of CR is related to its extremely low specific surface area. 
Biochar with excellent adsorption performance should 
have the following distinct characteristics: high stability, 
such as high fixed carbon content, and large specific sur-
face area and rich oxygen-containing functional groups, 
such as CMSP. The specific surface area of CMAD can be 
enlarged by pyrolysis. In the meantime, the pyrolysis con-
ditions should be controlled to prevent the decomposition 
of functional groups. The physical or chemical modification 
can also be used to promote the development of the specific 
surface area without reducing the functional groups.

Table 3
Constants and correlation coefficients of pseudo-first-order and pseudo-second-order models

Absorbate Sample Pseudo-first-order model Pseudo-second-order model
qe,exp qe,cal

k1 R2

qe,cal k2 R2

(mg g–1) (mg g–1) (mg g–1)

MB
CMAD 38.60 4.16 0.011 0.92 38.88 0.00695 0.99
CMSP 38.75 8.93 0.0078 0.89 39.54 0.0022 0.99
CMFP 21.21 7.96 0.0071 0.98 21.95 0.0021 0.99

CR
CMAD 13.79 8.83 0.0026 0.97 14.57 0.00074 0.92
CMSP 33.24 28.44 0.0094 0.85 36.95 0.00045 0.99
CMFP 34.16 22.47 0.0054 0.99 37.64 0.00039 0.99
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Fig. 10. Adsorption kinetics of organic matter adsorption on CMAD, CMSP and CMFP: (a) MB and (b) CR.
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