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Biochar is a low cost and renewable adsorbent which can be used to remove dye from wastewater. Cattle
manure-derived low temperature biochar (CMB) was studied to remove methylene blue (MB) from aqueous
solution in this paper. The effect of factors including initial concentration of MB, dosage, contact time, and
pH on the adsorption properties of MB onto biochar were studied. Characterization of the CMB and MB
adsorbed on CMB was performed using techniques including BET, FTIR and SEM. The adsorption
isotherm, kinetics, thermodynamics and mechanism were also studied. The results showed the
equilibrium data were well fitted to the Langmuir isotherm model, and the saturation adsorption capacity
of CMBjgo was 241.99 mg gfl. Pseudo-second order kinetics was the most suitable model for
describing the adsorption of MB onto biochar. The adsorption thermodynamics of MB on biochar
showed that the adsorption was a spontaneous and endothermic process. Through zeta potential
the
importance of ash to adsorption was verified, as well as the adsorption mechanism. The adsorption
mechanism of MB on CMB,qo involved cation exchange, electrostatic interaction, hydrogen bonding,
physical effects and others. This work shows that CMB,go holds promise to act as an effective adsorbent
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1. Introduction

The use of dye in industry produces a large amount of printing
and dyeing wastewater, which causes great harm to the envi-
ronment and human body. Therefore, removing dye from
wastewater is a prerequisite for preventing its discharge into the
environment."” Methylene blue (MB) is a cationic dye which has
been widely studied because of its known strong adsorption
onto solids, and it often serves as a model compound for
removing organic contaminants and colorants from aqueous
solutions.® In various processing technologies, adsorption is
widely considered to be superior to other technologies in terms
of cost, flexibility, design simplicity, ease of operation, and
sensitivity to toxic pollutants."** However, the high cost of
activated carbon makes it increasingly important to find low-
cost, renewable adsorption materials.>®

Compared to activated carbon, biochar has a wide range of
sources, including industrial waste,” agricultural by-prod-
ucts,>®? livestock manure,'®" sludge, etc.'” Biochar itself has the
advantages of large pores,”® high surface area," and rich
surface functional groups.”® Rich surface functional groups are
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considerably more important than high porosity in the
adsorption process.**

With the expansion of large-scale farms, the disposal of
livestock manure is becoming a major problem.”'® In
a previous study, livestock manure-derived biochar was used for
soil improvement and soil pollution control."” However, the
amount of livestock manure produced by large-scale farms
exceeds the needs of local farmlands. In addition, direct utili-
zation as fertilizer generates unpleasant smells. The anaerobic
fermentation of livestock and poultry manure can reduce the
smell, but the process is too slow. Therefore, it is urgent to find
a new method of fecal treatment and resource utilization.™

In experiments comparing the use of cattle manure (CM) and
rice husks for heavy metal adsorption, it was found that CM had
better adsorption characteristics than rice husks," indicating
that CM had good adsorption properties. Cattle manure biochar
(CMB) is particularly effective for treatment of heavy metals,***
and represents a new form of resource utilization of CM. As was
shown in a previous study, dairy manure (DM) biochar presents
a high adsorption efficiency of Cu, Zn, and Cd. The adsorption
efficiency of DM biochar prepared at 350 °C is higher than that
prepared at 200 °C.** The precipitation-based mechanism is the
main reason for the high efficiency of the heavy metal adsorp-
tion of CMB, and its effectiveness is attributed to the high ash
content of CMB.* Studies of CMB have focused on the
adsorption of heavy metals, while the study of the adsorption of
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Table 1 Proximate analysis and ultimate analysis of samples
Proximate analysis (Wt% ad) Ultimate analysis (wt% daf)

No. Sample M VM FC A C H o N S

1 CcM 9.49 45.80 12.52 32.19 41.13 5.89 49.92 2.69 0.37
2 SD 9.60 76.08 13.86 0.47 59.67 7.34 32.55 0.41 0.03
3 CS 9.80 67.19 19.50 3.51 47.48 6.28 44.42 1.21 0.61
4 RS1 9.04 77.38 6.77 6.81 46.93 6.33 45.46 0.52 0.76
5 RS2 9.21 69.79 9.13 11.87 46.08 6.29 46.28 0.79 0.56
6 RC 9.38 63.98 16.15 10.49 55.19 6.93 37.08 0.35 0.46

¢ Calculated by difference.

organic matter has concentrated on straw biochar.* Thus,
there has been little research on the adsorption of organic
matter by CMB. An earlier experiment compared the use of
washed and unwashed peanut straw for the adsorption of
methyl violet, and found a weak adsorption ability of the
washed peanut straw biochar, which showed that the existence
of soluble salts in biochar can improve its ability to adsorb
organics.”* Elsewhere, the adsorption performance of biochar
modified with phosphate and carbonate was improved greatly;
therefore, the soluble alkali salts in ash play a role in ion
exchange in the adsorption process. Ash content is beneficial to
the adsorption of organic matter, so the high ash content of CM
makes it a promising research object.*

Leng used sludge biochar to adsorb dye, and found that the
adsorption performance of the sludge biochar prepared at
260 °C was superior to that at 340 °C.** Adsorption of lead by
sugarcane biochar is facilitated at low temperature, because the
functional groups on the surface of high temperature biochar
are less abundant than those of low temperature biochar.*
Preparing CMB at low temperature is more economical in
addition to the improvements in its practical performance.*
CM3;0o has good adsorption properties for alastin,* but the
underlying mechanism has not been analyzed. However, the
clarification of the reaction mechanism is very important for the
removal of organic matter by CMB.>*

To address the lack of research on the adsorption of organic
matter by CMB, especially for CMB as an adsorbent prepared
under low temperature conditions, this study carried out
experiments on the adsorption of MB by low temperature CMB
from three aspects: (1) the feasibility of low temperature pyrol-
ysis to prepare CMB as an adsorbent for removal of MB from
aqueous solution; (2) the adsorption properties of MB and the
optimum parameters; (3) possible mechanisms of action.

2. Experimental

2.1. Materials and pretreatment

CM was obtained from Wuhan Jiangxia District Crusades
Animal Husbandry Limited Liability Company (Wuhan, China).
Fresh CM samples were dried, crushed, sieved through 60-mesh
sieves and oven dried at 105 °C for 24 h to ensure drying, then
crushed to a particle size between those of 60-mesh sieves and
200-mesh sieves. Because most research has focused on the

19918 | RSC Adv., 2018, 8, 19917-19929

adsorption of organic matter by straw biochar,"* for the purpose
of comparison with the data on conventional methods, five
kinds of agricultural and forestry wastes including sawdust
(SD), cotton stalk (CS), rape stalk (RS1), rice stalk (RS2) and rice
chaff (RC) were selected as adsorbents for control experiments
to determine the adsorption ability of CM in this paper. The CS,
RS1, and RS2 were taken from a location in Hubei. The SD and
RC were purchased from a wood processing plant and rice
processing plant, respectively. The stalks were also broken up,
dried and sieved. As shown in Table 1, all the samples in this
study had about 9% moisture content on an air-dried basis,
while CM had a lower volatile matter (VM) content and a higher
ash (A) content than the other samples. The contents of A in SD
and CS were low, and the fixed carbon (FC) contents of RS1 and
RS2 were low. The CM contained relatively low contents of C
and H and higher contents of O and N. MB was purchased from
Sinopharm and used without further purification. The molec-
ular weight of MB is 373.9 g mol . Ultrapure water was used to
prepare all sorbent solutions and wash all vessels. All solutions
were prepared by diluting the stock solution with ultrapure
water to the needed concentration.

2.2. Preparation and characterization of adsorbent

A square crucible of 120 x 60 x 20 mm containing 2 g sample
was placed in a tube furnace, and torrefied in a N, atmosphere
at 200 °C for 30 minutes. Before the reaction, N, gas was
supplied into the tube furnace in advance to ensure an inert gas
atmosphere. After torrefaction, the sample was cooled in a N,
container, weighed, packed in a sealed bag and stored in a dry
container. All of the biochars are denoted with the suffix “B”, for
example the CM biochar is denoted as CMB. The different tor-
refaction temperatures are indicated in subscript after the
suffix, for example the CM biochar prepared at 200 °C is
denoted as CMB,no. In addition to the biochar prepared at
200 °C, samples of biochar were also prepared by pyrolysis at
800 °C for comparison with the high-temperature biochars re-
ported in the literature. Other than increasing the temperature
to 800 °C, the pyrolysis process was similar to that of torre-
faction. In order to analyze the characteristics of CMB after
adsorption, samples were prepared after adsorption for 80 min
and 180 min, which were denoted as CMB,¢.g0 and CMB,¢.150
respectively. Meanwhile, in order to study the effect of washing

n
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Carboxyl Lactonic Phenolic Basic functional Zeta potential
Sample (mmol g™ ") (mmol g ) (mmol g ) groups (mmol g~ ") pHigp (mv)
CMB,o 0.375 0.1875 0.4375 0.875 2.6 -39
CMBgo 0.125 0.125 0.25 1 4.4 —-19
on the surface adsorption properties, a sample of char was The removal rate formula is:
washed after 180 min adsorption, and labeled as CMB50-150-w- 100(Co — C)
. t
An Accelerated Surface Area and Porosimetry System (ASAP R= — (2)
0

2020) was used for analysing the specific surface area and pore
structure. The N, adsorption method was used in the experi-
ment, in which the specific surface area was calculated with the
Brunauer-Emmett-Teller (BET) method based on adsorption
isotherms. A VERTEX 70 Fourier transform infrared (FTIR)
spectrometer from Bruker (Germany) was used to analyze the
functional groups on the surface. Char samples were mixed
with KBr at a ratio of 1:180 and the wavenumber range of
infrared scanning was 400-4000 cm ™ '. The zeta potential was
analyzed by the methods described in previous references.”” The
contents of oxygen-containing functional groups of the samples
were determined using Boehm titration by a standard method.**
The extent of cation exchange was determined after the reac-
tion, by the method described in previous references.™

The method of deashing by HCI-HF washing has been
described elsewhere.”® The carboxyl groups on the surface of
CM were removed by esterification, and the adsorption ability of
the modified CM was experimentally determined to deduce the
effect of the surface carboxyl groups during adsorption. The
esterification of the dried biomass was carried out according to
a method described elsewhere.>

2.3. Adsorption procedure

Adsorption experiments were performed in a laboratory water
bath shaker. The adsorbent and the solution were placed in
a 50 mL centrifuge tube, the volume of the reaction solution was
maintained at 20 mL, and the amount of the adsorbent was
0.025 g. The mixture was subjected to constant-temperature
shaking adsorption at 300 rpm for 80 minutes. Before each
measurement, the measuring instruments were calibrated.
After the end of adsorption, the solution was centrifuged at
4000 rpm for 15 minutes, and the supernatant was diluted and
measured at the range of 0 mg L™" to 10 mg L~ '. The MB
concentration in solution was analyzed using a UV spectro-
photometer (UH5300, HITACHI) by monitoring the absorbance
changes at the wavelength of 670 nm.*

Adsorption isotherm experiments were performed by placing
20 mL MB into a 50 mL centrifuge tube, then adding 0.025 g of
biochar to the solution and shaking for 24 hours in a laboratory
water bath shaker until equilibrium. The experiment was
repeated three times. The equilibrium adsorption capacity g.
(mg g~ ') was calculated by the following formula:*!

go = O o

This journal is © The Royal Society of Chemistry 2018

Coand C. (mg L™ 1) are the liquid phase concentrations of MB
at the initial time and equilibrium, respectively. V is the volume
of the solution (L) and W is the mass of the dry adsorbent (g).

The kinetics were studied by a similar procedure to the
equilibrium experiments. The solution was extracted and
analyzed at different times (30 min, 90 min, 240 min, 1200 min
and 1440 min). The amount of adsorption ¢, (mg g~ ') at ¢ min
was calculated by the following formula:*

_ (Co—C)V
qr = T (3)

Co and C, (mg L") are the initial liquid phase concentration
and the concentration at time ¢. V is the volume of solution (L)
and W is the mass of dry adsorbent (g).

3. Results and discussion

3.1. Characterization of CM and CMB

3.1.1.
containing functional groups on the surface of CMB deter-
mine the acidity and adsorption properties of the surface. The
total acidity and total alkalinity of CMB were determined by
Boehm titration. From Table 2, the increase of pyrolysis

Boehm titration and zeta potential. The oxygen-

temperature caused a decrease in total acidity, accompanied by
a reduction of the amount of oxygen-containing functional
groups.

The protonation and deprotonation of functional groups
create a net charge on surface carbons, forming an electrical
double layer in solution near the surface.” The pHigp, ie. the
pH at which the charge on the surface carbons is zero, reflects
the combined influence of all the functional groups. With the
increase of pyrolysis temperature, the pHpgp of biochar
increased, but remained very low compared with activated
carbon. Combined with the results of Boehm titration, it can be
inferred that the low pHgp of biochar is due to the surface
functional groups.*

The zeta potential of CMB is negative, indicating that the
surface of CMB is negatively charged. The zeta potential of the
biochar decreased with increased pyrolysis temperature, i.e. the
biochars produced at lower temperatures carried more negative
surface charges than those produced at higher temperatures,*

RSC Adv., 2018, 8, 19917-19929 | 19919
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Fig. 1 FTIR of various CMB prepared under different conditions. (a)
CMB200; (b) CMBggo; (€) CMB200-go; (d) CMB200-180; (€) CMB200-180-w-

which provides another explanation for the good adsorption
effectiveness of CMB,.

3.1.2. BET. The pore structures of CMB,,, and CMBg, were
studied. The specific surface area, pore volume and average
pore diameter of CMB,g, are 0.3276 m”> g~ ', 0.00613 cm® g~ "
and 75.02 nm, respectively. In contrast, the specific surface
area, pore volume and average pore diameter of CMBg,, are
3.627 m* g, 0.0107 cm® g ' and 12.979 nm, respectively.
Compared with CMBgq5, CMB,, has a smaller specific surface
area and pore volume and a larger average pore diameter.
Meanwhile, CMB,,, has more micro-pores smaller than 2 nm
and meso-pores larger than 8 nm. In combination with
a previous experimental study of the removal of MB, it is clear
that the adsorption of organic contaminants proceeds differ-
ently from gas adsorption, due to the much larger molecular
size of MB than that of N,.>*

3.1.3. FTIR. Fig. 1 shows the FTIR spectra for pristine
CMB;0, pristine CMBggg, and CMB,, following the adsorption
and desorption of MB. The functional groups corresponding to
each spectrum are presented in Table 3. The bands between
3280 and 3647 cm™ ' are produced by the hydroxyl stretching
vibration of free phenol.** The two bands observed at 2923 and
2854 cm ™' were assigned to asymmetric C-H and symmetric
C-H vibrations, respectively, present in alkyl groups such as
—-CH, and -CH;.>** The bands between 1700 and 1500 cm !

View Article Online
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groups and C=O0 stretching of carboxylic groups.** The bands
between 1320 cm ™' and 1210 cm ™' were the axial deformation
vibrations of the C-O bond in phenols.*® The bands between
1000 cm ™" and 1300 em™" correspond to the angular defor-
mation in the plane of C-H bonds of the aromatic rings.** The
peak intensity from 779 cm ™" to 795 cm ™! was assigned to O-H
stretching.®® The peak at 465 cm ™' was attributed to the Si-O-Si
bending vibration.*” The shift, attenuation and disappearance
of the peaks under certain conditions can be seen in Fig. 1 and
Table 3.

Comparing the FTIR curves of CMB,,, before and after
adsorption, it can be seen that fatty hydrocarbons and acid
functional groups play a major role in adsorption. After
adsorption, the peaks at 465 cm™ ' and 2800-2931 cm ™" dis-
appeared, and those at 1000-1160 cm™* decreased. From the
above results of Boehm titration, the adsorption ability of the
biochar was closely related to the surface functional groups.
Comparing the FTIR curves of CMB,, after contact times of
180 min and 80 min, no significant changes were found in the
positions and intensity of the various peaks, and the curves did
not change after washing. This implies that the adsorptive role
played by the functional groups of CMB,,, became less impor-
tant after 80 min, and the adsorption after this time was
dominated by surface physical adsorption.

3.1.4. SEM. Fig. 2 shows the SEM images of CMB prepared
at different temperatures and before or after adsorption of MB.
The amount of pores on CMBg,, is much greater than on
CMB,, indicating that the specific surface area of CMB is
increased under a higher pyrolysis temperature. However, the
lower adsorption efficiency of CMBgq, reveals that the pores on
CMB do not play a major role in the process of adsorption.
Comparing the SEM images of CMB,.g0 and CMB,.1g0, the
latter is smoother and displays no pores, meaning it is close to
saturated adsorption. At saturation, adsorption occurs mainly
by internal diffusion, and the adsorption rate is slow.
CMB,0-180-w Was oven-dried at 105 °C, and used for another
round of adsorption of MB under the same conditions. The
resulting MB removal rate was 38%. Comparing Fig. 2d and e,
the amount of pores was increased after washing, indicating
that in the later stages adsorption occurred mainly by internal
diffusion.

3.2. Adsorption experiments

) i ) 3.2.1. The effect of types of biochar. Temperature of prep-
were attributed to C=C symmetrical stretching of pyrone aration is an important parameter affecting biochar
Table 3 Functional groups of various CMB prepared under different conditions
CMB;00 CMBggo CMBs00-80 CMB300-180 CMB;00-180-w Functional groups
3430 3457 3450 3450 3450 Free phenols ~-OH**

2924 — 2924 2924 2924 -CH, groups™"?

2854 — 2854 2854 2854 -CH; groups™*®

1648 1636 1642 1630 1642 C=C, C=0 of carboxylic groups®*
1320 1312 1320 1320 1320 C-0 bond in phenols®*

1050 1050 1037 1037 1037 C-H bonds of the aromatic rings**
792 784 780 776 780 0-H*

465 465 465 — 465 Si-0-si**

19920 | RSC Adv., 2018, 8, 19917-19929
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Fig.2 SEM images of various CMB prepared under different conditions. (@) CMByg0; (b) CMBggo; (c) CMB00-g0; (d) CMB20g0-180; (€) CMB200-180-w-

adsorption.®® As can be seen from Table 4, the adsorption
capacity of CMB decreased as the pyrolysis temperature was
increased from 200 °C to 800 °C, including a reduction by
almost half when going from 200 °C to 400 °C. As the specific
surface area is not the only factor determining the adsorption
extent, an increase in surface area would not necessarily lead to
an increase of adsorption capacity. For example, with the
increase of pyrolysis temperature, the accompanying decrease
in surface functional groups may decrease the adsorption
capacity.'®* According to Boehm titration and FTIR (which
indicated a reduced content of O and H at higher temperature),
the surface functional groups of the CMB play an important role
in the adsorption process.*> With the increase of pyrolysis
temperature, the ash content of biochar increases, and the
soluble alkaline ions formed in water have a great effect on
adsorption.”® However, when the pyrolysis temperature is
further increased, the soluble components in ash undergo
crystallization, which impairs the adsorption performance. The
sample with the highest soluble ion content was CMB,,.'® In
order to compare the adsorption capacity of CMB, various other
biochars were prepared under the same conditions (see Section
2.1). The adsorption capacity of CMB,, was better than that of
the other studied biomass chars. The hydroxyl groups in

Table 4 The amount of MB adsorbed from solution using different
biochars (Co =200 mg L™, W =0.025g, V=20 mL, T=25°C, t =80
min)

Sample g (mgg™) Sample g (mgg™)
CMBy00 129.95 + 5.44 SDB,go 33.20 & 2.89
CMB,0 55.10 =+ 2.66 CSBsoo 69.37 £ 3.03
CMBg0o 55.99 + 1.52 RS1B500 102.21 + 2.44
CMBgoo 40.99 + 0.85 RS2Bs00 50.03 £ 0.91
RCB,00 23.08 + 1.91

This journal is © The Royal Society of Chemistry 2018

hemicellulose and cellulose would in principle benefit adsorp-
tion, but because of the restrictive effect of the hydrogen-bond
network of cellulose molecules, they have low accessibility on
the biomass surface.”® The cellulose and hemicellulose in CM
have been digested by cattle, destroying their original structure.
This is why the adsorption performance of CMB is higher than
that of the other biochars prepared in low temperature pyrolysis
conditions.?

3.2.2. CMB with different treatment conditions. CM
samples prepared for different times and at different tempera-
tures (200-300 °C) were used for adsorption, and the results are
shown in Fig. 3. CMB treated by 200 °C torrefaction showed the
optimal adsorption characteristics. Cao et al. found that the
best adsorption of heavy metal ions was achieved by biomass

120

Bl 15 min
I 30 min
B 45 min
[ 60 min

100

80
9
2 60
[e)
S
(0]
X 40

20

0 ]
200 220 240 260 280 300
Temperature(°C)

Fig. 3 Effect of torrefaction temperature and torrefaction time of
CMB on removal rate. (Co =100 mg L™, W=0.01g, V=20mL, t =
80 min, T = 25 °C).
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Fig. 4 The effect of different adsorption doses (T = 25 °C, t = 80 min).

char prepared at 350 °C.>® In the present study, the adsorption
rate decreased with the increase of pyrolysis temperature and
pyrolysis time. The pyrolysis of CM at 200 °C, known as the “L”
carbon, usually produces acidic surface oxides, which are
negative.*® The negative charge on CMB promotes adsorption of
MB via electrostatic interaction with the positive charge on the
MB surface,” and the adsorption through interaction between
oppositely charged ions is highly favorable.*” However, at higher
temperature the negative groups were destroyed, leading to
a worse adsorption performance. Likewise, with the increase of
pyrolysis time, the surface structure of CMB was gradually
destroyed, and the acid functional groups decomposed, again
leading to a worse adsorption performance. A similar influence
of pyrolysis time on biochar adsorption was also found in
a previous study.*®

3.2.3. The effect of adsorbent dose. Fig. 4 shows the effect
of adsorbent dose on adsorption. The removal rate of MB
increased from 47.76% to 98.95% with increasing the adsorbent
dose from 0.01 g to 0.5 g at C, = 200 mg L~", which can be
attributed to the increased adsorbent surface area and avail-
ability of more adsorption sites.*® The decrease of g. from
190.33 mg g ' to 7.887 mg g~ ' with increasing adsorbent dose
from 0.01 g to 0.5 g at C, = 200 mg L' was due to the
competition between adsorption and the separation caused by
the concentration gradient.** One reason is that at a fixed
concentration and volume of MB, the increase of the adsorbent
dose will prevent the saturation of adsorption sites during the
adsorption process.*”” At the same time, the particle aggregation
of adsorbent would lead to a reduction in the adsorbent
capacity through decreasing the total surface area and
increasing the diffusional path length.***> The removal rate of
MB reached 95-98% at high adsorbent doses, as shown in
Fig. 4a. For MB at a concentration of 500 mg L', the removal
rate of 95% was achieved with an adsorbent dose of only 0.1 g
CMB,0. At this concentration of MB, a dose of 0.4 g CMB,, was
needed to reach a 98% removal rate. In conclusion, CMB,, has
obvious advantages for MB removal due to the pretreatment

19922 | RSC Adv., 2018, 8, 19917-19929
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procedure. However, to enhance the removal rate above 95%
requires uneconomically high adsorbent doses.

3.2.4. The effect of initial MB concentration. Fig. 5 shows
the relationship between the adsorption capacity and the initial
MB concentration. The fast sorption at the initial stage may be
due to the large number of active sites available on the CMB.?
After rapid diffusion of MB molecules from the bulk solution to
the exterior surface of adsorbent particles, the removal rate
gradually slowed down until reaching equilibrium. This may be
a consequence of the saturation of active sites on the exterior
surface and the penetration of MB molecules into the pores of
the adsorbent.” When the MB concentration was increased
from 10 mg L™ to 500 mg L™ ' with an adsorbent dose of 0.025 g
CMB, the equilibrium adsorption capacity increased from
7.55 mg g~ to 241.99 mg g~ '. Increasing the initial concen-
tration of MB provides an important driving force to overcome
the mass transfer resistance between the aqueous and the solid
phase,** and the interaction between MB and adsorbent is
enhanced, resulting in higher adsorption capacity.

250

200+ —m— 10mglL’

—e— 50mglL’

—A—100mg L™

150 T T e
¥—200mg L"

Il ~—300mg L

100 ||/ —<4—400 mg L

—»—500mg L"

a(mgg”)

0 5 20 25
Time (h)

Fig. 5 The effect of contact time on the adsorption capacity at
different initial MB concentrations (W= 0.025g, V=20 mL, T=25°C).
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3.2.5. The effect of pH. The pH of the solution is an
important parameter for adsorption. The pH of the solution not
only affects the surface charge of the adsorbent, but also
influences the separation of functional groups on the active site
of the adsorbent and affects the structure of the MB.*” The
surface charge distribution of CM depends on the type of
surface functional groups and the pH of the solution.* Fig. 6
shows the effect of initial pH on adsorption. With the increase
of solution pH, the MB adsorption capacity tends to increase on
the whole. The adsorption efficiency in alkaline conditions was
obviously higher than that in acidic conditions. The largest
increase in the rate of the adsorption efficiency was observed
when changing the pH from 3 to 4. Because CMB,, is alkaline,
the pH of the solution after adsorption is alkaline.'® The nega-
tive charge is separated from the oxygen-containing functional
group of biochar, making the negative charge on biochar are
more negative. As the pH of the solution increases, the potential
becomes progressively more negative, and the electrostatic
effect becomes more pronounced.?” At pH > pHygp, because of
the deprotonation of carboxyl groups and phenol hydroxyl
groups, the biochar surface is negatively charged.** Therefore,
electrostatic attraction occurs between the functional groups on
the surface of the biochar and the positively charged MB ions in
the alkaline solution. Conversely, at pH < pHjgp, the surface of
biochar has a positive charge, and experiences electrostatic
repulsion from the positive MB ions.*” In an acidic environ-
ment, there exists a competition for adsorption between H" and
MB cations, and the MB adsorption efficiency decreases.
However, the remarkably high g. at pH < pHjgp, under which
conditions most of the binding sites are protonated, suggests
that hydrophobic interactions also contributed to MB removal.

3.2.6. The effect of temperature. As can be seen from Fig. 7,
with increasing contact time, the adsorption capacity increased
at all temperatures. At 5 °C, the adsorption capacity increased
rapidly throughout the whole period of 0-360 min. However, at
15, 25 and 35 °C, the main increase of adsorption occurred in
the first 30 min. At any given adsorption time, the adsorption
capacity was greater at higher temperatures within the range
from 5 °C to 25 °C, in accordance with the literature.* The effect

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 The effect of contact time on the adsorption capacity at
different temperatures (W = 0.025 g, V = 20 mL).

of temperature on the adsorption capacity was smaller in the
temperature range from 25 °C to 35 °C, implying that CMB can
be used for wastewater treatment at ambient temperature.

3.3. Adsorption isotherm

To model the adsorption process of MB solution onto biochar,
the adsorption data were fitted using the Langmuir, Freundlich
and Temkin isotherm models. The Langmuir, Freundlich, and
Temkin isothermal equations are as follows.*®*

¢_ 11

«oh 0" @

In(g.) =+ In(C.) + In(Ky) )

qe = Eln(KT) + Eln(Ce) (6)
br br

In eqn (4)—(6), C. is the equilibrium concentration (mg L™);
g. is the adsorption capacity at equilibrium time (mg g™ %); Q, is
the maximum adsorption capacity (mg g~ '); b is the Langmuir
constant related to adsorption capacity (mg g '); K is the
Freundlich constant (L mg™~"); n is the adsorption “intensity”; Kt
is the equilibrium binding constant (L mg~"); by is the Temkin
isotherm constant.

The adsorption isotherm curves of CMB at different
temperatures and different MB concentrations are given in
Fig. 8. The fitting parameters of the adsorption isothermal
models and the correlation coefficients of the experimental data
are given in Table 5.

First of all, the correlation coefficients indicate that the
Langmuir model is better than the Freundlich model, which
means the adsorption process is a single layer adsorption
process.”® The factor 1/n in the Freundlich isotherm model
reflects the heterogeneity factor and the adsorption intensity;
the smaller the 1/n, the greater the expected heterogeneity.”
The Temkin isotherm model, which describes adsorption as
a chemical process, assumes that the heat of adsorption of all

RSC Adv., 2018, 8, 19917-19929 | 19923
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the molecules on a layer decreases linearly rather than loga-
rithmically with coverage.*® In the present study, the Temkin
isotherm fitted the results well (R*> > 0.96). Therefore, electro-
static interaction is an important mechanism for the adsorption
of MB on CMB.

A separation or equilibrium factor (R;) can be defined based
on the Langmuir isotherm such that Ry, = 1/(1 + Cyb), where C,
is the initial MB concentration. When 0 < Ry, < 1 this indicates

favorable adsorption, and Ry, > 1 means unfavorable adsorption;
R, = 0 indicates irreversible adsorption, and R, = 1 means
linear adsorption.*® In the present study, as shown in Fig. 8, Ry,
was less than 1, which indicated that the adsorption of MB on
CMB,, was favorable. Furthermore, increasing the initial MB
concentration enhanced the adsorption process. With the
increase of temperature, the decreased Ry implied the favorable
adsorption of MB onto CMB.

Table 5 Adsorption isotherm parameters of MB on CMB;qq for various isotherm models

Langmuir model Freundlich model Temkin
T (°C) Qo (mgg™) b(mgg) R ke (L mg™") 1n R Kr (Lmg™) by R
5 150.83 0.1073 0.9945 29.99 0.3369 0.8565 1.84 88.45 0.9744
15 170.94 0.1653 0.9997 34.33 0.3657 0.8593 2.11 74.63 0.9601
25 192.31 0.1763 0.9999 39.91 0.3756 0.8887 2.20 68.38 0.9646
35 204.08 0.1184 0.9989 39.77 0.3911 0.9352 2.05 66.63 0.9933
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3.4. Adsorption kinetics

The adsorption kinetics contain information about the physical
or chemical interaction between adsorbent and adsorbate, and
are important for evaluating the mechanism and efficiency of
the sorption process.*® In order to study the mechanism of MB
adsorption on CMB, pseudo-first order, pseudo-second order,
and intra-particle diffusion models were separately used to
describe the kinetic process.*>*

View Article Online
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1
4 =kq x 124 C (9)

In eqn (7)-(9), g. is the adsorption capacity at equilibrium
time (mg g~ "); g, is the adsorption capacity at time ¢ (mg g~ '); &,
is the pseudo-first order rate constant (min%); k, is the pseudo-
second order rate constant (g mg ' min '); kq is the intra-
particle diffusion rate constant (g mg ' min *?); C is

a constant.

k
log(g. — q;) =log q. — ﬁ t (7) Fig. 9 shows the adsorption kinetic curve of MB in solution
' onto CMB at 25 °C. Table 6 gives the fitting parameters of the
¢ 1 1 three kinetic models of the adsorption process under different
q = kgl + g ! (8) temperature and MB concentration conditions.
2.0 =
' m S0mgg' a b
® 100mgg’ 3
1.5 A 200mgg’ g B 50mgg
v 300mgg’ ® 100mgg’
A 200mgg’
1.0 1 B
v 300mgg
A "
—~ 0.54 ®
o -
L \31
O =
< 0.0 \ "
o
-0.5
24
-1.04
-1.5 T T J T v T T T ' 0
0 40 80 120 160 200 0 100 200 300 400
t (min) t (min)
200
Cc
160
P -1
A B S50m
120 B g.;
= e 100mgg
o A 200mgg’
E 80 - v 300mgg’
og) ® @ : —0
40 — L ) u
0 . : . : . 1 :
4 8 12 16 20

112
t

Fig. 9 Kinetic fits for MB adsorption on CMB (25 °C) using different kinetic models. (a) Pseudo-first order; (b) pseudo-second order; (c) intra-

particle diffusion.
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Table 6 Adsorption kinetic parameters of MB on CMBqq
Pseudo-first model Pseudo-second model Intra-particle diffusion model

T Co Ge,exp Ge,cal kl Ge,cal kz Ky

(c) (mgL") (mgg") (mgg ) (min) R (mgg™) (gmg ' min") R (gmg 'min ") ¢ R

5 50 32.49 4.01 0.0126 0.9589 32.82 0.008 0.9999 0.21 28.83 0.7638
100 69.94 13.96 0.017 0.8123 70.97 0.0027 0.9997  0.52 60.86  0.8203
200 118.02 55.45 0.0076 0.9707 126.42 0.00026 0.9955 3.35 56.59  0.9580
300 142.98 47.61 0.0085 0.9915 148.81 0.00039 0.9985 2.77 92.75 0.9471

15 50 33.09 2.57 0.006 0.9993 33.38 0.007 0.9998 0.16 30.11 0.9985
100 71.28 8.15 0.01 0.7829 71.99 0.033 0.9999 0.49 62.69 0.7370
200 147.87 46.56 0.012 0.8031 152.91 0.00049 0.9982  2.19 108.26  0.8648
300 161.74 44.28 0.0075 0.849 167.50 0.00038 0.9973 2.49 114.77  0.9404

25 50 39.01 2.17 0.017 0.9944 39.15 0.026 1 0.09 37.46  0.77
100 76.88 2.99 0.0075 0.5025 77.16 0.0074 0.9999  0.20 73.26  0.78
200 157.19 41.86 0.011 0.96735 161.29 0.00061 0.9997  2.28 117.33 0.82
300 180.24 63.10 0.01 0.9679 187.27 0.00034 0.9987  3.28 121.18 0.94

35 50 39.11 1.19 0.007 0.7553 39.23 0.026 0.9999  0.08 37.81 0.8873
100 76.93 2.40 0.01 0.6372 77.10 0.012 1 0.15 74.34  0.6382
200 156.56 25.99 0.0089 0.8433 159.49 0.00081 0.9994 1.38 130.98  0.9219
300 189.14 37.71 0.0061 0.9813 193.79 0.00044 0.9983 2.36 144.73 0.9927

At 25 °C, the pseudo-second order model (R* > 0.99) better
describes the adsorption kinetics than the pseudo-first order
model. The pseudo-second order model is valid in the case of
diffusion of the external liquid membrane, surface adsorption
and intra-particle diffusion; this implies that the adsorption
process is controlled by chemical adsorption, involving
exchange or sharing of electrons between the MB cations and
functional groups of the biomass surface.*

The intra-particle diffusion model was used to study the
mechanisms of adsorption and rate control.** Because C # 0,
the adsorption process may involve various adsorption mecha-
nisms.* The first linear part of the curve represents the surface
adsorption, whereas the second linear portion is the slow
diffusion of the adsorbate from the surface to the inner holes.*”
It can be seen that the surface adsorption is fast and is the main
step in low concentrations of MB solution. As the concentration
of solution increases, the surface adsorption and intra-particle
diffusion become more important in the mechanism of
CMB,, adsorption.

3.5. Adsorption thermodynamics

The thermodynamic parameters of free energy change
(AG®, k] mol™ "), enthalpy change (AH°, k] mol™ ') and entropy
change (AS° kJ mol™" K ') were used to describe the

Table 7 Thermodynamic parameters of MB adsorption on CMB5gg

Temperature AG AH AS

(K) (kJ mol ™) (k] mol ™) g mol 'K
278 —6.439 —16.169 82.493

288 —8.004

298 —8.734

308 —8.881

19926 | RSC Adv., 2018, 8, 19917-19929

thermodynamic behavior of the adsorption of MB on CMB,qo.
These parameters were estimated using the following
equations:*

AG = —RT In(K) (10)
AS AH 1
In(K) = 53 + T (11)

where R is the universal gas constant (8.314 ] mol ' K™ '); T is
the temperature, K; AH is the adsorption enthalpy, kJ mol *; AS
is the adsorption entropy, ] mol ™' K™%; K is the thermodynamic
equilibrium constant, which equals Q, x b (parameters of the
Langmuir isotherm).

The thermodynamic parameters of the adsorption of MB are
shown in Table 7. The negative AH and the positive AG show
that the adsorption process is spontaneous and exothermic.*
Hence, as the adsorption temperature increases, the adsorption
capacity increases. The AG values of MB adsorption onto bio-
char were measured at 278 K, 288 K, 298 K and 308 K. AG
decreases with the increase of temperature, indicating that
adsorption is more favorable at higher temperature.** The high
value of AH indicated a strong interaction between the adsor-
bate and adsorbent.”® Meanwhile, the positive values of AS
suggest increased randomness at the solid/solution interface
during the adsorption process.>

Table 8 The MB removal rate of CMB;q after different treatments (Co
=100 mg L™}, W=10.025g, T = 25°C, t = 80 min)

Adsorbent Removal rate (%)
CMB,00 93.61 + 2.25
CMB,, + wash ash 20.35 + 1.82
CMB,, + esterification 54.80 £ 0.32

This journal is © The Royal Society of Chemistry 2018
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Table 9 The release of cations during MB adsorption by CMB,q at 25
°C

The net of released cations (mol kg™)

Sample Ca** Mg>* Na' K* Total MB (mol kg ")

CMB,,, 0.088 0.206 0.0008 0.00181 0.20861 0.38544

3.6. Possible mechanisms

As the temperature of pyrolysis increases, the pores become
larger, but the adsorption capacity decreases. This phenom-
enon indicates that in the process of adsorption by CMB, the
pores do not play a major role. The same conclusion was
reached in a study of the adsorption of Cr by coconut shells.* As
the temperature of pyrolysis increases, the trend of adsorption
capacity is the same as that of the amount of functional groups,
indicating that adsorption is related to oxygen-containing
functional groups.™

From the FTIR, as the pyrolysis temperature increased, the
carboxylic peak weakened and shifted, and the adsorption
capacity fell from 129.95 mg g~ ' (CMB,go) to 40.99 mg g "
(CMBggp). Combined with the results of Boehm titration, this
implies that carboxyl plays an important role in the process of
adsorption. In order to further determine the effect of carboxyl
groups, methanol was used to treat CM, and the adsorption
results using the modified CM are given in Table 8. The
adsorption efficiency decreased from 93.61% to 54.80%, con-
firming the important influence of carboxyl groups on the
adsorption ability of CMB,q.

Cation exchange

@ C32+, Mgl"', Na*, H+
+

Hydrogen bonding

n —II interactions

II-II interactions

J,,»"/Surface precipitation

Fig. 10 Interaction mechanisms in the biochar-MB system.
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A possible mechanism of action of carboxyl is as follows. In
neutral and alkaline conditions, carboxyl groups release
protons, becoming negatively charged, leading to strong elec-
trostatic attraction between carboxyl and MB cations.*” The
oxygen-containing functional groups (-OH) of CMB,, are also
electrostatically attracted to MB, leading to its removal.>*

In addition, the oxygen containing functional groups
(-COOH, -OH) of CMB take part in hydrogen bonding with MB.
This is one of the reasons for the decreasing adsorption of MB
with increasing pyrolysis temperature: the CMB surface
becomes more hydrophobic, and the adsorption capacity of
polar molecules like MB is greatly diminished.***”

The Si-O-Si peak at 465 cm ' is weakened during the
adsorption of MB on CMB,, which suggests that Si-O-Si plays
a role in the process of adsorption. Studies in the literature
report that n-7 interaction occurs between Si-O-Si and MB.*®
Moreover, in alkaline solution, the presence of Si-O-Si is
beneficial to the adsorption of cationic MB.*’

The pH change of the solution after the adsorption of CM
was observed, and the pH of the solution decreased under
alkaline conditions after adsorption. Considering the results of
Boehm titration and FTIR, this may be because of the ion-
exchange interaction between MB and CMB (H" ions are liber-
ated, causing the pH to decrease).”®**

In order to determine whether other cationic exchange
processes in addition to that of H' ions play a role in MB
adsorption, the net content of cationic exchange was measured,
as shown in Table 9. After adsorption, the cationic content in
the solution increased, indicating that cationic exchange plays
an important role in the process of MB adsorption. Cation

\\ Electrostatic attraction

pH > pHier
Cation attraction
_®

Physical adsorption

/ Noncarbonized fractions

‘ Partition into uncarbonized fracti(‘)‘ﬁs\\

Others
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exchange has been shown previously to play an important role
in the adsorption process.”® The total amount of cationic release
was not equal to the amount of MB adsorbed. This result
indicates that cation exchange is not the only mechanism for
the adsorption of MB, and other mechanisms affect the
adsorption process.

In order to determine the effect of ash on adsorption, CMB
was used to adsorb MB after deashing. The adsorption effi-
ciency of CMB decreased from 93.61% to 20.35%, indicating
that the ash content plays a very important role in the adsorp-
tion process. The ash content mostly contributes to adsorption
by the following two mechanisms: (1) the existence of ash
means that the CMB surface carries a more negative charge
(PO, and negatively charged silane groups) in alkaline solu-
tion,* leading to a strong electrostatic attraction to MB;** (2)
cation exchange is closely related to the soluble alkali salts in
ash.”® The CMB adsorption efficiency decreases as the pyrolysis
temperature increases, and is minimized at 300 °C (within the
range 200-300 °C). This is because as the temperature rises, the
inorganic salts in ash form P-Ca-Mg crystals, resulting in
reduced ash content in the solution, and reduced electrostatic
interaction and ion exchange. The possible mechanisms of the
MB adsorption process are summarized in Fig. 10.

4. Conclusion

The removal of MB from aqueous solution by CMB was studied
in this paper. The biochar prepared by low temperature pyrol-
ysis (CMB,) has a good ability to adsorb MB, and its removal
rate is more than three times that of CMBg,,. When the initial
MB concentration C, is 200 mg L™ and the CMB,,, mass is
0.05 g, the removal rate reaches 95.36%. It is not economically
feasible to achieve a removal rate of MB above 95% using CMB.
However, this is an acceptable removal rate of MB from aqueous
solution. The Langmuir and pseudo second order equations can
accurately describe the adsorption process. CMB behaves as an
adsorbent by single layer adsorption, and increasing the
temperature and increasing the initial concentration are
conducive to the adsorption process. Thermodynamically the
adsorption process is spontaneous and exothermic. The inter-
action between CMB,,, and MB involves ion exchange, elec-
trostatic attraction, hydrogen bonding and physical adsorption.
The high contents of ash and surface functional groups in CM
are responsible for its good adsorption performance.
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