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Abstract

Biochar, SMB, was prepared from waste sheep manure and aged under simulated freeze-thaw cyclic
conditions, and the effects of freeze-thaw cyclic aging on the performance and behavioral features of
SMB when adsorbing methylene blue (MB) dye in water and its influence mechanism were investigated.
The results showed that 7~42 cycles of freeze-thaw aging could effectively improve the pore structure of
SMB and enhance its adsorption performance. After 14 freeze-thaw cycles, SMB could remove 95.7%
of MB under the optimal operating conditions, and the adsorption amount of MB reached 143.5 mg/g,
which was 14% higher than that of unaged SMB. When the freeze-thaw cycles reached 49, the pore
structure of SMB was damaged, and its adsorption performance deteriorated, and the adsorption amount
of MB was 18.8% lower than that before aging. The adsorption behaviors of SMB on MB both before and
after freeze-thaw cyclic aging were chemically dominated, multilayered, entropy-driven, spontaneous,
and heat-absorbing. Freeze-thaw cyclic aging increased the chemical dominance and spontaneity of
adsorption in the shorter term, while decreasing them in the longer term. The adsorption mechanisms
all involved electrostatic attraction, pore filling, hydrogen bonding, and n-m bonding interaction, with
pore filling being enhanced after shorter-term freeze-thaw cyclic aging. The findings provide broader
theoretical support for the application and promotion of SMB in actual pollution management.

Keywords: freeze-thaw cyclic aging, sheep manure biochar, methylene blue, adsorption

Introduction

Biochar, as a popular novel multifunctional
material recently, is a carbon-rich solid produced via
thermolysis of biomass utilizing high-temperature
*e-mail: yxlu61@163.com facilities under adiabatic or anoxic environments [1].
Tel.: +86-159-286-28507 Biochar has demonstrated tremendous advantages and
Fax: +86-028-879-92337 potential in sewage disposal [2-4], soil remediation
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[5], greenhouse gas emission reduction [6], ecological
restoration [7], etc., and has been extensively applied in
the contaminated environment protection areas. Usually,
biochar using waste biomass as rough material, such
as agricultural and forestry waste [8], domestic waste
biomass [9], municipal residual sludge [10], etc., can not
only ease the tension of waste disposal and solve the
issue of pollution arising from arbitrary discharge of
waste, but also provide more optional solutions for the
management of environmental contamination and the
utilization of waste resources.

Currently, a growing number of innovative
abandoned biomass feedstocks have been exploited and
used for the preparation of biochar, among which the
research on biochar from livestock and poultry manure
has been increasing [11]. Sheep farming, for example,
produces a large amount of sheep manure waste every
year, and there are inherent nitrogen elements and a large
number of pathogenic microorganisms in the untreated
sheep manure, which can cause extensive pollution
of the agricultural environment or eutrophication of
water bodies and other problems if it is arbitrarily
discharged into the environment [12]. At present, the
most commonly used traditional handling method for
sheep manure is to process it into organic fertilizer,
but the application of sheep manure also brings many
side effects, such as infectious pests and diseases,
fermentation and seedling burning, toxic gas hazards,
slow fertilizer effect, etc., and the residual heavy
metals and hormones contained in the sheep manure
may also bring hidden dangers to the food safety and
the sustainable development of the plantation industry
[13]. To address the issue of sheep manure pollution,
the process of preparing sheep manure into biochar for
reuse has become a green and resourceful approach to
the utilization of sheep manure recently, which exerts
an essential and positive significance on environmental
protection and the sustainable development of the
farming industry.

Existing reports concerning sheep manure biochar
have mostly centered on its adsorption application and
effect upgrading of pollutants such as herbicides [14],
nonsteroidal anti-inflammatory drug [15], organic dyes
[16], nitrogen and phosphorus nutrients [17], and heavy
metals [18] in water, whereas little care has been placed
on the study of its adsorption performance as affected
by the actual environment. Indeed, once biochar
enters the environment, it may undergo aging due to
physical, chemical, or biological effects over time or
environmental conditions, leading to changes in its
physicochemical properties, which may in turn alter
its adsorption of pollutants or affect the migration of
pollutants in the environmental medium [19]. At present,
the research on the effect of aging on biochar is still in
the exploratory stage. The aging process of biochar after
entering the environment is extremely complex, and the
types mainly include natural aging, high-temperature
aging, freeze-thaw cyclic aging, and oxidative aging
[20]. Among them, the freeze-thaw cycle refers to the

common situation of alternating freezing and thawing
processes in the environment, and the occurrence of a
freeze-thaw cycle in water bodies and soil environments
is a relatively common phenomenon due to the influence
of seasons and geographical locations [21]. When freeze-
thaw cycles occur, they will have a direct impact on the
biochar in the medium [22]. Different types of biochar
will show differences when facing environmental
aging, and the effects of various types of aging on
the structure and adsorption properties of biochar
and the mechanisms of the effects need to be further
explored. However, studies on the effects of aging on
the adsorption of pollutants in water by sheep manure
biochar have not yet been reported, and the mechanism
of its influence is not yet clear.

Therefore, in this paper, the freeze-thaw cycle was
selected as the aging method of biochar, and waste sheep
manure was used as the raw material to prepare biochar
and adsorb methylene blue (MB), a typical organic
dye in water, to investigate the changes of adsorption
performance of sheep manure biochar before and after
being affected by freeze-thaw cyclic aging and analyze
its influence mechanism, aiming to provide scientific
guidance for the effective application of sheep manure
biochar in real polluted environments.

Materials and Methods
Main Reagents and Solutions

The main reagents available for the experiments
included NaOH, HCI, C, H,,CIN,O,S, etc. A 1000 mg/L
MB masterbatch solution was made and diluted for
batch experiments. The 1 mol/L HCI solution and NaOH
solution were made for the initial pH adjustment of the
solution; the HCI solution was also utilized for the acid
washing of the biochar. The reagents were analytically
pure, and the water used was deionized water.

Preparation and Aging of Biochar

Preparation of sheep manure biochar: To obtain
good biochar structure and properties, based on the
characteristics of sheep manure biomass and previous
experimental experience, the oxygen-limited pyrolysis
method was selected to prepare biochar in this study. The
collected waste sheep manure was dried, crushed, and
loaded into a ceramic crucible, compacted and covered,
and sent into a high-temperature box-type resistance
furnace with a continuous flow of nitrogen gas to create
an oxygen-limited atmosphere. It was heated to 500 °C
with a temperature gradient of 5 °C/min, then to 700 °C
with a temperature gradient of 10 °C/min, and then kept
at a constant temperature for 2 h. After pyrolysis, 25
mL of HCI solution was added to each 1 g of pyrolysis
product, and placed in a constant temperature oscillator
at 25 °C and oscillated at a rotational speed of 150 1/
min for 30 min. After acid washing, the pyrolysis
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Fig. 1. MB removal effect under different freeze-thaw cycles.

product was washed several times until the pH of the
supernatant stabilized. The filter residue was dried and
passed through a 100-mesh sieve, and the sieve output
with a particle size of less than 150 um was sheep
manure biochar, labeled SMB.

Aging of SMB: The freeze-thaw cycle method was
used. The SMB was placed in a centrifuge tube, and
an appropriate amount of deionized water was added.
To simulate the conventional freeze-thaw environment
and to ensure that the biochar samples were completely
wetted, the solid-liquid ratio (m:/") of SMB to deionized
water was 1:4. The centrifuge tubes were sealed and
placed in a refrigerated freezer for 12 h at -20 °C, and
then taken out and thawed at 25 °C for 12 h. One freeze-
thaw cycle was completed every day, and the samples
were removed and dried after 7, 14, 21, 28, 35, 42, 49,
and 56 cycles, respectively, to obtain the freeze-thaw
cycle-aged SMB (SMB-FT), which was labeled as SMB-
FT7, SMB-FT14, SMB-FT21, SMB-FT28, SMB-FT35,
SMB-FT42, SMB-FT49, and SMB-FT56, respectively.

Adsorption Experiment Program

A series of 250 mL conical flasks was prepared, 100
mL of MB solution with a mass concentration of 60
mg/L was added, and 0.04 g of SMB or SMB-FT was
added, and the flasks were shaken at a constant rate of
180 r/min for 240 min in a 25 °C gas-bath constant-
temperature oscillator. After standing for 5 min,
the supernatant was filtered through a 0.45 pum filter
membrane, and the filtrate was collected to detect the
remaining MB mass concentration. The SMBs were
screened under specific freeze-thaw cycles to further
investigate the adsorption influences, including the
effects of initial solution pH values (3~11), SMB dosage
(0.1~0.65 g/L), oscillation time (0~480 min), initial MB
concentration (40~180 mg/L), and reaction temperature
(25~45 °C).

Analytical Methods

Characterization of biochar: Surface morphology
was analyzed with ZEISS Gemini 300 Field Emission

Scanning Electron Microscope; Specific surface
area (SSA), total pore volume (TPV) and average
pore diameter (APD) were analyzed with ASAP2460
Automatic Specific Surface and Porosity Analyzer;
Changes in surface functional groups were analyzed
with Thermo Scientific Nicolet 6700 Fourier infrared
spectrometer.

MB mass concentration analysis:  Visible
spectrophotometry was used, with a maximum
absorption wavelength of 665 nm. The removal rate
(7, %) and adsorption amount (g, mg/g) of MB were
calculated using Eq. (1) and Eq. (2), respectively, by
taking the average value after repeating each experiment
three times.

n= G -G, x100%
G (1)
— (CO - Cz)V
‘ m ®)

where C; and C, denote the original MB mass
concentration and the residual MB mass concentration
(mg/L) in the water after + min of oscillation reaction,
respectively; V denotes the amount of water intake (mL);
and m denotes the amount of SMB or SMB-FT dosed

().

Results and Discussion
Effect of Freeze-Thaw Cycles on Adsorption

The effect of freeze-thaw cycles on the adsorption
performance of SMB is shown in Fig. 1. After 7~42
freeze-thaw cycles, the removal effect of MB was
enhanced. The # and ¢, values of SMB-FT14-treated
MB reached the maximum of 87.5% and 131.3 mg/g,
respectively, which were 3% and 4.5 mg/g higher than
those of the unaged SMB. When the freeze-thaw cycles
reached 49, the # and ¢, values were reduced by 8.2%
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and 12.3 mg/g, respectively, compared to pre-aging, and
even more at 56 freeze-thaw cycles of aging.

It was seen that shorter-term freeze-thaw cyclic aging
enhanced the adsorption properties of SMB, while it
acted inversely in the longer term [23]. The structure of
the SMB after 14 freeze-thaw cycles was most favorable
for MB removal, while the structure of the SMB after
49 freeze-thaw cycles began to suffer more damage [24].
To further explore the adsorption performance of SMB
after aging by freeze-thaw cycles, the unaged SMB,
SMB-FT14, and SMB-FT49 were selected as typical
representatives for subsequent experimental studies.

Analysis of Adsorption Affecting Factors
Effect of Initial Solution pH

Fig. 2a) shows the removal status of MB in water
by SMB, SMB-FT14, and SMB-FT49 when the initial
solution pH was from 3 to 11. The 7 and ¢, values
increased with the upward increase of the initial solution
pH. The best MB removal effect was achieved when
the initial solution pH was 11, where the # values were
89.7%, 95.7%, and 81.2%, and the ¢, values were 134.5,
143.5, and 121.8 mg/g, respectively. Of these, SMB-FT14
exhibited the best adsorption performance. In this study,
the adsorbent MB was mainly in cationic form, and in
acidic environment, the surface functional groups of
SMBs showed a high degree of protonation [25], which
was not easy to have electrostatic attraction effect with
MB cations, and H" competed for adsorption sites with
MB cations, resulting in poor adsorption effect [26]. In
the alkaline environment, the surface functional groups
of the three biochars were deprotonated, the surface
negative charge was enhanced, and the electrostatic
gravitational effect on MB cations was enhanced, thus
augmenting the adsorption effect [27].

Effect of Biochar Dosage

Fig. 2b) reflects the removal of MB in water when
the dosage of SMB, SMB-FT14, and SMB-FT49 was
0.1~0.65 g/L. When the dosage of the three biochars
increased from 0.1 g/L to 0.65 g/L, the corresponding
n values rose by 65.3, 50.9, and 72.8 percentage points,
respectively, whereas the g, values decreased by 113,
202, and 63.1 mg/g, respectively. The adsorption
sites increased or even exceeded when the dosage of
SMB, SMB-FT14, and SMB-FT49 was larger, and the
efficiency of removing MB was higher, but the amount
of MB removed per unit mass of the three biochars
decreased [28]. Therefore, considering the removal
effect of MB and the cost of biochar dosing, 0.45 g/L,
0.4 g/L, and 0.55 g/L were seclected as the respective
optimal dosages for SMB, SMB-FT14, and SMB-FT49,
and their # and ¢, values reached over 93% and 100
mg/g, respectively. SMB-FT14 displayed the optimal
adsorption capacity at the lowest dosage, confirming that
the appropriate cycles of freeze-thaw aging would not

destroy the structure of the biochar, but rather facilitated
the enhancement of its adsorption performance [29].
However, when the number of freeze-thaw cycles
reached or exceeded 49, the adsorption capacity of SMB
was significantly weakened.

Effect of Oscillation Time

The conditions of MB removal by SMB, SMB-FT14,
and SMB-FT49 at different oscillation times (0~480
min) are shown in Fig. 2¢). In the range of 240 min, the
increasing trend of MB removal effect with the increase
of the oscillation time was more obvious, while this
increasing trend slowed down after that. Therefore, the
optimum oscillation time was 240 min, when MB was
removed by SMB, SMB-FT14, and SMB-FT49 with
n values of 94.4%, 95.7%, and 93.7%, and g, values of
125.9, 143.5, and 102.2 mg/g, respectively. In terms of the
level of pollutant removal per unit mass of biochar, the
SMB-FT14 possessed the highest MB adsorption, and
the ¢, values increased by 14% and 40.4% compared to
SMB and SMB-FT49, respectively, while the g, value of
SMB-FT49 decreased by 18.8% compared to SMB. The
whole adsorption process consisted of fast adsorption
(I, 0~90 min), slow diffusion (II, 90~240 min), and
adsorption equilibrium (III, 240~480 min) stages. In
stage I, the adsorption rate was high, and the adsorption
amount rose rapidly. In stage II, the adsorption rate
decreased with the decrease of MB concentration in the
solution and the decrease of adsorption sites on the three
kinds of biochar, and the growth of MB removal effect
slowed down [30], and the adsorption basically reached
the equilibrium after 240 min, and then entered into
stage III, where the adsorption process was basically
completed [31].

Effect of Initial MB Concentration

Fig. 2d) demonstrates the removal of MB from
water by SMB, SMB-FT14, and SMB-FT49 when the
initial MB concentration was 40~180 mg/L. The 7 (g)
values of the three biochars in removing MB decreased
(increased) with the increasing initial MB concentration.
In the MB solution with low initial concentration, the
content of MB was limited, and the adsorption sites
provided by biochar were relatively rich, so it was able to
maximize the removal of MB in the solution [32]. When
the initial concentration of the MB solution was high,
the adsorption sites provided by biochar became limited,
and they were all consumed, and the adsorption amount
of MB by biochar reached the maximum. However, a
large amount of unfixed MB remained in the solution,
resulting in a relatively low removal rate [33].



Effect of Freeze-Thaw Cyclic Aging... 5
a) 120 150  b) 140 v 300
n 4, \\ n 4,
110 F SMB {77 --©- R | SMB [7 7] --©-
SMB-FT14 [ ] --v- o 140 120 . SMB-FT14 ~v- 4250
100 | SMB-FT49 [ --¢-- A SMB-FT49 [ --¢-
XXO — 4130 00y 5 o
-0 ~ N N M ] . ~
- 90F v B I %g? - nr 7 BN 200 %g
3 o 11 dl Al Ad 1120 £ 80 o » 2
S 80F Bz A AN = Y S b5 15 {150 =
EER 1110 60 | L
70 - AR
gie A {100
60 - 1100 40t es
50 1 1 1 1 1 90 20 1 1 1 1 1 1 50
3 8 9 10 11 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Initial solution pH Biochar dosage (g/L)
¢) 160 180 d)100 _ 300
no4q Al - n o4
SMB [, /] --©- 7l [ SMB o-
140 - SMB-FT14 Vo m 1160 90 - SMB-FT14 V- 4250
SMB-FT49 [ --¢- VoYV v 1 SMB-FT49 [X& --¢-
120 11 V‘V/ 1140 80 | 7l V‘/V__,v
Sy -V ~
~ -V ‘70 o- A0~0"’0””0 """" © ED/-\ o,~‘ -200%
S | - O | 5 2 | o
< 100 YV o® I 120 g% 70 i o© . £
- »2 ----- N i L 9 o 1150 =
80 F ¥/ ? 100 60 - | T e
' g i 1100
60 [ q 80 50 1Y
[
( <
[
40 60 40 50
0 100 200 300 400 500 20 40 60 80 100 120 140 160 180 200

Oscillation time (min)

Initial MB concentration (mg/L)

Fig. 2. MB removal effect under different a) initial solution pH, b) biochar dosage, c) oscillation time, and d) initial MB concentration.

Adsorption Behavioral Characteristics
of Aged SMBs

Dynamic Characteristics

Dynamic fittings for MB adsorption were carried
out by Origin 9.0 software based on the quasi first
order dynamic (QFOD) model (Eq. 3), the quasi second
order dynamic (QSOD) model (Eq. 4), the Weber-
Morris dynamic (WMD) model (Eq. 5) and the Elovich
dynamic (ED) model (Eq. 6). The results are shown in
Fig. 3 and Table 1.

]n(qe_qt):lnqe_klt

3
t_t 1
4 9. kq! @)
q, = k3lo'5 +A4 5)
g, =k,Int+B ©6)

where ¢, and ¢, denote the equilibrium adsorption
amount of MB (mg/g) and the adsorption amount of MB
at oscillation ¢ min (mg/g), respectively; k, k,, k,, and
k, denote the rate constants of dynamic models (3)~(6),

with units of min’, g/(mg-min), mg/(g'min®’) and mg/
(g'min), respectively; 4 and B denote the empirical
constants.

As can be seen from Fig. 3 and Table 1, the
adsorption dynamic characteristics of SMB, SMB-
FT14, and SMB-FT49 on MB were better affixed to
the QSOD model, and their correlation coefficients,
R?, reached 0.9707~0.9807, which were significantly
higher compared with those of the other models, and
the theoretical and experimental values of g, were close.
Thus, it is evident that the adsorption behavior was
chemically dominated, and freeze-thaw cyclic aging did
not erase this property when SMB adsorbed MB. The
g, values increased significantly with the increase of the
oscillation time and then leveled off, and the adsorption
rate decreased with the increase of the oscillation time,
which indicated that the external diffusion and the
internal diffusion played major roles in the adsorption of
MB [34]. In addition, the fitted line of the WMD model
did not pass through the origin, suggesting that intra-
particle diffusion was not the only rate-controlling step
in MB removal, but rather acted in conjunction with the
other adsorption stages [35], including the external mass
transfer process, which also equally affected the final
MB adsorption rate.
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Fig. 3. Adsorption dynamic fitting results of SMB, SMB-FT14, SMB-FT49 for MB: a) QFOD model, b) QSOD model, c) WMD model,

and d) ED model.

Isothermal Characterization

The Langmuir, Freundlich, and Temkin models
shown in Egs. (7), (8), and (9), respectively, were used
for isotherm fitting in this study. The results are shown
in Fig. 4 and Table 2.

q _ quLCe
° 1+K,C. 7)
q.=KC." ®)
q.=K;nC, +C )

where ¢, and g_ denote the equilibrium adsorption
amount and theoretical maximum adsorption amount
of MB, respectively, mg/g; C, denotes the MB
concentration at adsorption equilibrium, mg/L; K,
denotes the constant of model (7), L/mg; K, and n
denote the constants of model (8); K and C denote the
constants of model (9).

It can be seen that the R*> values of the three
biochars fitted with the Freundlich model at different
reaction temperatures exceeded 0.97, indicating that
the isothermal adsorption characteristics were more in
line with the connotation of the Freundlich model. Their
adsorption behaviors were dominated by the adsorption
of the multimolecular layer [36].

In the Freundlich model, the values of 1/n and K can
reflect the ease or difficulty of adsorption occurrence
and the strength of performance, respectively [37]. The
value of 1/n in the range of 0.1~1.0 indicates that the
adsorption behavior is easy to occur, and the smaller the
value of 1/n in this value range, the easier the adsorption
occurs, while the value of 1/n over 1.0 indicates that the
adsorption behavior is relatively difficult to occur [38].
The analysis demonstrated that the mean values of 1/n
corresponding to SMB, SMB-FT14, and SMB-FT49
were 0.1582, 0.1450, and 0.1673, respectively, indicating
that their adsorption behaviors on MB were all easy to
occur. However, at the same reaction temperature, SMB-
FT14 presented the lowest value of 1/n, indicating that
its adsorption behavior was easier compared to that of
SMB, whereas SMB-FT49 behaved in the opposite way.



Effect of Freeze-Thaw Cyclic Aging... 7

Table 1. Fitting parameters of the adsorption dynamic models.

Dynamic model Parameter SMB SMB-FT14 SMB-FT49

. 123.4 140.4 100.6

QFOD k, 0.0483 0.0442 0.0376
R? 0.8426 0.8307 0.8586

A 131.8 150.9 108.9
QSOD ) 0.00058 0.00045 0.00053
R? 0.9807 0.9707 0.9787

A 75.2 81.1 54.7

WMD k, 3.0415 3.7365 2.8610
R? 0.7601 0.8029 0.8061

B 30.7 28.2 14.2
ED k, 17.1489 20.7248 15.8646
R? 0.9491 0.9667 0.9697
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Fig. 4. Adsorption isothermal fitting results of SMB, SMB-FT14, SMB-FT49 for MB: a) Langmuir model, b) Freundlich model, and c)
Temkin model.
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Table 2. Fitting parameters of the adsorption isothermal models.

Langmuir model Freundlich model Temkin model
Biochars T(K)
q, K R 1/n K, R’ C K, R
298 1743 1.2247 0.7717 0.1458 98.4685 0.9779 96.7777 | 19.8654 0.9706
SMB 308 195.8 1.3941 0.6656 0.1674 | 105.6928 | 0.9835 | 108.3622 | 23.8191 0.9526
318 220.9 0.7674 0.5695 0.1613 | 119.5482 | 0.9865 | 128.4424 | 23.3229 0.9386
298 200.7 1.7541 0.7592 0.1399 | 117.7788 | 0.9804 | 118.0509 | 21.8579 0.9717
SFl,\F/Iﬂ 308 220.3 2.4149 0.6947 0.1504 | 1285777 | 0.9882 | 133.1593 | 24.6244 0.9663
318 2389 3.1903 0.7091 0.1447 | 146.2788 | 0.9959 | 152.8571 | 25.8348 0.9878
298 143.9 0.9076 0.8152 0.1521 78.3306 0.9781 75.3632 | 17.1439 0.9769
?7]\"1/“[4]139- 308 161.6 0.9347 0.7536 0.1739 83.0634 0.9802 82.3094 | 20.6561 0.9615
318 175.8 1.0796 0.7486 0.1760 91.9989 0.9809 93.5463 | 22.2679 0.9634
Table 3. Fitting parameters of adsorption thermodynamics.
AG
Biochars AH AS R
298 K 308 K

SMB -8.8697 -9.7702 -11.0138 23.1329 0.1072 0.9829

SMB-FT14 -10.0386 -11.5581 -13.4861 41.3958 0.1724 0.9907

SMB-FT49 -8.1556 -9.2564 -10.6234 28.6589 0.1234 0.9923

A larger K value implied a greater adsorption strength
and a better adsorption performance [39]. In this study,
the K, value of SMB-FT14 was the largest, while that of
SMB-FT49 was the smallest, reflecting the strong and
weak order of their adsorption capacity of MB in the
following order: SMB-FT14>SMB>SMB-FT49. Shorter-
term freeze-thaw cyclic aging improved the adsorption
properties of SMB and made the adsorption behavior
more likely to occur, whereas longer-term freeze-thaw
cyclic aging was detrimental to the adsorption of MB.

Thermodynamic Characterization

The experimental data of adsorption of SMB, SMB-
FT14, and SMB-FT49 on MB in water at different
reaction  temperatures were thermodynamically
analyzed according to Egs. (10) and (11). The fitting
results are shown in Table 3.

AG=-8314Th K, (10)
AG=AH -TAS (11)

where AG, AH, and AS denote the Gibbs free energy
change, enthalpy change, and entropy change, with
units of kJ/mol, kJ/mol, and kJ/(mol'K), respectively; K
denotes the equilibrium constant, which is calculated
from the ratio of ¢_to C..

The AG values of the three biochars were negative
at different reaction temperatures, indicating that their

adsorption behavior on MB was spontaneous [40].
The larger absolute value of AG indicates the stronger
adsorption driving force. Comparatively, the absolute
value of AG was the largest for SMB-FT14, followed
by SMB, and the smallest for SMB-FT49, indicating
that the adsorption of MB by SMB-FT14 was the most
spontaneous, and the higher the reaction temperature
was, the more obvious was the tendency of spontaneous
adsorption proceeding, which illustrated that the
appropriate elevation of the reaction temperature
promoted the spontaneous proceeding of adsorption
reaction, and thus the adsorption capacity of SMB
was enhanced [41]. The value of AH was greater than
0, indicating that the adsorption process was a heat-
absorbing reaction, and the elevated temperature was
favorable to the adsorption. The AH values were all
above 20.9 kJ/mol, showing that chemisorption was the
primary mode of action [42], regardless of whether or
not freeze-thaw cyclic aging was applied to SMB. The
AH value of SMB-FT14 showed the largest, followed by
SMB-FT49, and the smallest for SMB, which revealed
that the chemically dominant adsorption behaviors
of SMB aged by freeze-thaw cycles were stronger,
and the shorter-term freeze-thaw cyclic aging was
more beneficial to the enhancement of chemisorption.
Tan et al. [43] pointed out that the dominant forces of
adsorption were van der Waals, dipole, and hydrogen
bonding forces when the AH values were 4~10, 2~29,
and 2~40 kJ/mol, respectively. It was hypothesized
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Fig. 5. SEM analysis results of a) SMB, b) SMB-FT14, and ¢) SMB-FT49 before and after MB adsorption.

that there was also an obvious hydrogen bonding force
driving the adsorption behavior of SMB or SMB-FT on
MB. In addition, the AS values were above 0, showing
that the process of MB adsorption by the three biochars
was entropy-driven, and the interfacial disorder of the
adsorption process increased.

Adsorption Mechanism Analysis of Aged SMBs
SEM Analysis

Fig. 5 shows the scans of the SMBs before and after
MB adsorption under a 4000x electron microscope.
The raw SMB exhibited many pore structures, and they
were irregularly arranged. The pore size of SMB-FT14
became larger, while the number of pores in SMB-FT49
was significantly reduced. After adsorption of MB,
the pores of SMB and SMB-FT49 were heavily filled,
while SMB-FT14 also showed many available pores.
Therefore, the effects of different freeze-thaw cycles on
the surface structure of SMB were distinct.

BET Analysis

Freeze-thaw cyclic aging affects the pore properties
of SMB, such as SSA, TPV, and APD, which in turn
affects its adsorption capacity. According to the BET
analysis results, the SSA value of SMB-FT14 reached
268.5 m?%g, which increased by 19.7% and 62.2%
compared to SMB and SMB-FT49, respectively; the

TPV value reached 0.371 cm?/g, which increased by
20.5% and 87.3% compared to SMB and SMB-FT49,
respectively; and the APD value reached 22.15 nm,
which was higher than SMB and SMB-FT49 by 39.4%
and 68.9%, respectively. The pore properties of SMB-
FT14 were superior to those of SMB and SMB-FT49.
In contrast, the SSA value of SMB-FT49 decreased by
52.9% and 62.2%, the TPV value decreased by 84.1%
and 87.3%, and the APD value decreased by 48.7% and
68.9% compared to SMB and SMB-FT14, respectively,
which shows that its pore properties were deteriorated.
After MB adsorption, reductions in the values of SSA,
TPV, and APD were observed for all three biochars, but
the smallest reduction was observed for SMB-FT14.

With the freeze-thaw cyclic aging, SMB was
exposed to the freezing-thawing alternating process,
the freezing expansion phenomenon occurred, which
led to an increase in pore size, the total void space and
the number of spots available for adsorption increased,
which was more conducive to the pore filling of the
MB [44]. However, with the prolongation of the freeze-
thaw cyclic aging time, the SMB porosity decreased
dramatically, and after excessive freezing and thawing,
the pore structure was destroyed due to reaching the
tolerance limit, which led to the obvious collapse of
the pore structure, and part of the pore structure was
blocked, and these changes would be detrimental to the
removal of MB by the SMB.

Combined with the adsorption performance and
SEM analysis, the shorter-term freeze-thaw cyclic aging
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Fig. 6. Comparison of FTIR analysis results of SMB a) before MB adsorption and b) after MB adsorption.

effectively improved the pore properties of SMB, which
led to a more perfect structure, thus providing a basis
for further enhancement of its adsorption potential,
whereas the longer-term aging caused the structure of
SMB to rupture or collapse, which negatively affected its
adsorption of MB. The fact that the porosity of all three
biochars decreased after MB adsorption proved that
pore filling was one of the key adsorption mechanisms
[45]. SMB-FT14 possessed a richer pore structure than
SMB and SMB-FT49, and the remaining space after the
end of adsorption was larger, and its excellent structural
properties enabled it to have a stronger adsorption
performance, whereas SMB-FT49, due to its own
underdeveloped pore structure, the pore space at the
end of adsorption became less, and most of the pore
space had already been filled by MB, which provided a
reasonable explanation for the differences in adsorption
capacity among the biochars.

FTIR Analysis

Fig. 6 reflects the results of FTIR analysis of SMB,
SMB-FT14, and SMB-FT49 before and after MB

adsorption. Before adsorption of MB, the surfaces of
SMB, SMB-FT14, and SMB-FT49 were distributed
with abundant functional group structures, in which
the characteristic absorption peaks appearing around
3400, 1600, 1080, and 800 cm™ originated from the —
OH, —C=C (—C=0), —C-0, and —NH, vibrations,
respectively. The presence of these functional groups
provided favorable conditions for the adsorption of
MB [46]. Except for —NH,, the positions of other
characteristic peaks on SMB were shifted after
undergoing freeze-thaw cycles, indicating that freeze-
thaw cyclic aging somehow exerted an influence on
the functional groups on SMB, thereby changing the
positions of their peaks, which in turn affected the
adsorption results.

After adsorption of MB, the positions of the
absorption peaks of the above functional groups on
SMB, SMB-FT14, and SMB-FT49 were changed to
different degrees, indicating that they all participated
in the adsorption reaction. The positions of the —OH
absorption peaks were shifted to 3429 cm!, 3435 cm’,
and 3410 cm™, respectively, suggesting that hydrogen
bonding between —OH on biochar and the aromatic
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ring on MB occurred as one of the vital principles in
this adsorption process. The positions of the —C=C and
—C=0 absorption peaks were shifted to 1587 cm™, 1589
cm™, and 1587 cm™, respectively, which indicated that
n-n bonding occurred between the aromatic ring on the
biochar and MB, resulting in the change of the position
of the telescopic vibration, and thus n-m bonding was
also one of the crucial mechanisms for the adsorption
process. Hydrogen bonding and n-n bonding interactions
play important roles in the adsorption process, which
has been reported in a large number of studies [47-49],
and the present study confirms the same.
Comprehensively, it is known that the adsorption
mechanisms of SMB, SMB-FT14, and SMB-FT49 on
MB in water all implicated electrostatic attraction, pore
filling, hydrogen bonding, n-m bonding, etc., making it
a highly complex process [50]. Although the adhesion
mechanism types of SMB, SMB-FT14, and SMB-
FT49 on MB in water were basically the same, the pore
structure of SMB was affected to different degrees after
different cycles of freeze-thaw cyclic aging, and its pore
properties showed different degrees of changes, which in
turn affected the strength of each mechanism of action
in adsorption of pollutants, resulting in the differences
in their adsorption effects. Additionally, it is noteworthy
that there are differences between the simulated and the
real freeze-thaw environments. This is mainly in terms
of the range and variation rate of temperature, duration
of aging, moisture conditions, other environmental
factors such as microbial activity, chemical leaching,
and the effect of light. In the actual freeze-thaw cyclic
environment, the mechanism by which the adsorption
properties of SMB are affected may be more complicated
due to the coupling of multiple factors. Therefore, more
attention should be given to the influence and mechanism
of the above factors on SMB in future research, and the
environmental risk assessment of SMB in freeze-thaw
environments is also a worthy topic to be explored.

Conclusions

The adsorption effect, adsorption behavioral
characteristics, and structural properties of sheep
manure biochar (SMB) aged through different
periods of freeze-thaw cycles showed variability. The
adsorption performance of SMB aged through 14
freeze-thaw cycles was optimized, and its adsorption
of MB increased by 14% over that of the raw SMB.
The adsorption performance of SMB after 49 freeze-
thaw cycles was diminished, and the amount of MB
adsorbed decreased by 18.8% over that of the raw SMB.
Freeze-thaw cyclic aging reinforced the dominance of
chemisorption. Shorter-term freeze-thaw cyclic aging
effectively improved the pore structure of SMB to
enhance its adsorption performance, while longer-term
freeze-thaw cyclic aging showed the opposite effect.
Freeze-thaw cyclic aging also altered the strength of

the action mechanism, thereby affecting the adsorption
capacity of SMB.
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