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Featured Application: The results showed that there were differences in Cr?>* removal of biochar
under different pyrolysis temperatures and initial pH conditions. Therefore, it is very important
to choose suitable material sources, preparation temperature and pH for the application of
biochar in remediation of heavy metal polluted soil.

Abstract: Rice husk and cotton straw were used to produce biochar under 300, 400, 500, 600,
and 700 °C pyrolysis conditions, and the physicochemical properties of the obtained biochar samples
were characterised. The effects of various adsorbent amounts, initial pH, and adsorption time on
the Cd?* adsorption performance were studied. The results showed that, at increasing pyrolysis
temperatures, the biochar yield decreased, the ash content increased, the pH transitioned from
acidic/neutral to basic/strongly basic, the biochar aromaticity gradually increased, and the biochar
structure became more stable. In contrast, the hydrophilicity and polarity decreased, the specific
surface area increased, and the number of oxygen-containing functional groups decreased. All these
factors resulted in differences in the Cd?* adsorption by the biochar samples. With increasing
adsorbent content, the rate of Cd** adsorbed on the biochar gradually increased. The adsorption
performance was optimal when the initial solution pH of the rice-husk and cotton-straw biochar
samples was 5 and 6, respectively. The shortest time to achieve equilibrium was 30 min for rice-husk
biochar, and 20 min for cotton-straw biochar. The Cd?* adsorption data for both types of biochar were
very well fitted with a pseudo-second-order kinetic model. Ion exchange and cation— interactions
may be the main factors influencing the Cd?* adsorption by biochar. At the same time, the large
specific surface area of biochar also plays a role in the Cd?* adsorption.

Keywords: rice husk; cotton straw; biochar; adsorption; cadmium

With the current rapid economic development, larger and larger heavy-metal amounts are being
discharged into the environment, resulting in frequent heavy-metal pollution events. Therefore,
the treatment of such heavy-metal pollution is very urgent. Heavy metals are relatively stable,
and are not easily transformed in the natural environment. Ultimately, heavy metals enter the human
body through the food chain, threatening human health [1]. According to the nationwide survey
of soil contamination announced in April 2014, cadmium pollution exceeded the standard rate of
7.0% in monitoring sites, exceeding the standard limits of all investigated inorganic pollutants [2].
The long-term consumption of drinking water or agricultural crops containing cadmium exceeding
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the standard limits will result in toxicity to the respiratory tract, liver, and kidneys. Cadmium
poisoning particularly results in osteoporosis, osteomalacia, pain, etc. [3]. Therefore, the removal
of heavy metals from the environment is a current research hotspot. At present, methods for the
removal of heavy-metal ions mainly include redox coprecipitation, ion exchange and membrane
separation, reverse osmosis and adsorption, etc. Among these methods, adsorption is an energy-saving,
highly efficient, and environmentally friendly approach [4], and is, therefore, widely used for the
removal of heavy metals. The heavy-metal removal efficiency is determined by the adsorbent used.
Current adsorbents include activated carbon, graphene, carbon nanotubes, etc., owing to their porous
structure and unique surface characteristics, which are all advantageous for the removal of heavy
metals. However, these materials are not cheap, and their large-scale use results in high costs [5].
In addition, nanomaterials may potentially be toxic to the environment and human body [6]. Therefore,
finding an economical, environmentally friendly material with good adsorbent properties is a key
focus of current research in this area [7].

Biochar is a carbon-enriched solid product obtained from the pyrolysis of biomass in the absence
of air or under insufficient oxygen supply. Biochar has a nanoscale porous structure and interconnected
pores that heavy-metal ions can easily enter. The surface of biochar contains functional groups rich in
N, S, P, etc., which are able to form stable complexes with heavy-metal ions. At the same time, biochar
is extremely stable in the environment, not easily mineralised or decomposed by microorganisms,
and has a long retention time. More importantly, waste straw, litter, weed, animal manure, and even
sludge can be used as raw materials for the production of biochar, thus being an important example
of agricultural recycling [8]. However, the heavy-metal removal efficiency of biochar varies due to
differences in the starting material, preparation temperature, environmental conditions (such as pH),
modification of the biochar’s surface, and the amount of adsorbent used [9].

We selected starting materials that are common biomasses easily obtainable in large amounts,
i.e., rice husk and cotton straw. Pyrolysis temperatures of 300, 400, 500, 600, and 700 °C were used to
prepare biochar, and to study its adsorption characteristics towards Cd?* ions and other influencing
factors. Various characterisation methods were used to examine the surface characteristics and
adsorption mechanisms of various biochar samples in order to provide a theoretical basis for biochar
remediation of Cd?* pollution, and the comprehensive utilisation of biomass.

1. Materials and Methods

1.1. Preparation of Biochar

Rice husk and cotton straw were obtained from rural villages in the suburbs of Huainan City in
Anhui Province, and Sanhe City in Hebei Province, respectively. The rice husk and cotton straw were
washed with deionised water. The cotton straws were cut into 2-cm segments, and dried at 70 °C for
24 h. The raw materials were placed in a ceramic crucible for weighing. The crucible was then heated
in a muffle furnace (Nabertherm LT40, heating rate: 15 °C/min; ventilatory rate: 2 mL N, /min) at 300,
400, 500, 600, or 700 °C for 3 h, and then removed after cooling to room temperature. The crucible was
then weighed to calculate the biochar yield at various pyrolysis temperatures.

Biochar yield (%) = (m1,mg) x 100%,

where my (g) was the weight of dry rice husk or cotton straw before entering the muffle furnace,
and m; (g) was the biochar weight of rice husk or cotton straw after charring.

The biochar samples obtained from rice husk (RH) and cotton straw (CS) at the various pyrolysis
temperatures were labelled as RH300, RH400, RH500, RH600, and RH700, and CS300, CS400, CS500,
CS600, and CS700, respectively. These biochar samples were then sealed and stored for further use.
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The ash content was calculated by placing a fixed amount of biochar in a ceramic crucible, charring at
800 °C in a muffle furnace, and recording the weight once a constant value was obtained.

Ash content (%) = (M1,Mj) x 100%,

where M (g) was the biochar weight of dry rice husk or cotton straw before entering the muffle
furnace, and M; (g) was the biochar weight of rice husk or cotton straw after charring.

1.2. Biochar Characterisation

12.1. pH

The biochar pH was measured with a pH meter (Mettler Toledo FE20 Plus) using
“GB-T12496.7-1999 pH measurements for wood-based activated carbon” as a reference. Two grams
of biochar were placed into a beaker, before adding 50 mL of ultrapure water and putting a glass
evaporating dish over the beaker, and heating to boiling temperature for 5 min. Following that,
the original 5mL of filtrate was filtrated and discarded, and the remaining filtrate was cooled to room
temperature for determining the pH value. The experiment was repeated three times.

1.2.2. Element Analysis

Forty milligrams of biochar was dried at 105 °C for 24 h, and cooled to room temperature.
The dried biochar was compacted in tin box paper, and placed on the automatic sampler. With high-purity
nitrogen as the carrier gas, the element content analysis was carried out using an Elementar Vario II
elemental analyser (Elementar Analysensysteme, the Main-Kinzig district, Germany).

1.2.3. Surface Morphology Analysis

Surface morphology analysis was carried out using scanning electron microscopy (SEM; S250MK3,
British Cambridge Co., Ltd., Cambridge, England). After drying the biochar, a small amount of samples
were fixed on the sample table with a conductive double-sided adhesive, and sprayed gold. The surface
parts of the samples were randomly selected to observe surface morphology by adjusting the multiples
of SEM. The whole area of the biochar was scanned and photographed for analysis and preservation.

1.2.4. Specific Surface Area and Pore Grade

The specific surface area and pore size distribution were determined using the
“1509277-1995 determination of the specific surface area of solids by gas adsorption, using
the Brunauer-Emmett-Teller (BET) method” [10], for which a surface area analyser (ASAP
2020, Micromeritics Inc., Norcross, GA, USA) was used for specific surface area determination.
The adsorption curves of nitrogen gas were obtained to calculate the specific surface area, and to
determine the pore grade.

1.2.5. Surface Functional Groups

The surface functional groups were analysed via Fourier-transform infrared (FTIR) [11]
spectroscopy (SQH1-AIM-8800, Beijing Zhongxi Yuanda Technology Co., Ltd., Beijing, China). Firstly,
the biochar was rinsed in a beaker using 1 mol/L HCI, and then filtered. This step was repeated
until the removal of ash and non-water-soluble substances of the samples was maximised. Secondly,
after drying at 70 °C for 6 h, 1 mg of the biochar was mixed with 300 mg of KBr powder in agate
mortar, fully lapping to uniform, and then pressed in the press machine (150 kPa, 5 min). Finally,
the surface functional groups were determined via FTIR with a wave range of 400-4000 cm ! and

a resolution ratio of 8 cm™1.
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1.3. Adsorption Experiments

For the biochar Cd?* adsorption experiments, a fixed amount of biochar was accurately weighed
and placed in a 50-mL centrifuge tube. Cd?* (25 mL of a 100 mg/L solution in the form of Cd (NOs);)
was added, and 1 M HCl or NaOH was used to adjust the pH. The centrifuge tubes were capped
and then shaken (200 r/min) at 25 £ 1 °C in the dark for a fixed period of time. Next, the tubes were
centrifuged for 15 min at 4000 rpm. The supernatant was collected and passed through a 0.45-pm
Nylon filtration membrane. Inductively coupled plasma optical emission spectrometry (ICP-OES) was
used to determine the Cd?" concentration in the supernatant. The experiments were carried out in
triplicate, and blank controls were also used.

The influencing factors included (1) the effect of the adsorbent loading (various amounts of biochar
(25, 50, 100, 150, or 200 mg) were added at pH 5.0); (2) the Cd?* adsorption kinetics experiments (50 mg
of biochar, pH 5.0, and shaking times of 1/6,1/3,0.5, 1, 2, 3, 6, 12, 18, and 24 h); and (3) the effect
of pH on the Cd?* removal (50 mg of biochar was weighed, and the pH was adjusted to the desired
values (pH values of 4, 5, 6, 7, and 8) with 1 M HNOj3 or 1 M NaOH solution). The solutions were
agitated on a shaker for 24 h.

The Cd?* removal level and the adsorbed amount were calculated as follows:

Cd?* removal (%) = (09 — pe)/po % 100, (1)

Q= V(oo — pe)/m. )

In Equations (1) and (2), pg and pe are the Cd?* concentration (mg-L’l) before and after adsorption,
Q is the amount of Cd%* adsorbed (mg- g’l), V is the volume of the solution (L), and m is the amount
of biochar added (g).

Kinetics equations were obtained from Reference [12]. The pseudo-first-order kinetics Equation (3)
and the pseudo-second-order kinetics Equation (4) were employed to describe the kinetics of Cd?*
adsorption by biochar, and are shown below.

In (ge — q¢) = Inge — kyt, ice., gi = ge (1 — €1%), 3)

t/qe = (1/kage”) + (t/4e), (4)

where g is the amount of heavy metal adsorbed at equilibrium (mg-g~1), g; is the amount of heavy
metal adsorbed by biochar at time f (mg-g~!), t is the reaction time (min), k; is the reaction rate constant
(min~1) of pseudo first-order kinetics, and k; is the reaction rate constant (g-mg~!-min~') of pseudo
second-order kinetics.

1.4. Data Processing

Microsoft Excel 2010 and Origin 8.5 were used for data and model calculation and processing.
2. Results and Discussion

2.1. Biochar Yield and Ash Content at Various Pyrolysis Temperatures

Table 1 summarises the yield and ash content of the rice-husk and cotton-straw biochar samples
obtained at various pyrolysis temperatures. It can be seen that the yield of both materials decreased
with increasing pyrolysis temperature, while the ash content increased. This shows that higher
temperatures improved the degree of pyrolysis, as the volatile components gradually escaped from
the raw material, and the level of residual components decreased. As a result, the biochar yield
decreased while the ash content increased [13]. The yields of both materials showed slight differences.
At 300-700 °C, the biochar yield from rice husk was 37.52-23.32%, while the biochar yield from
cotton straw was 51.64-19.92%. In contrast, the ash content of the rice-husk biochar was 64.19-76.20%,
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far higher than that for the cotton-straw biochar (5.54-12.15%). During pyrolysis, the biochar yield was
mainly affected by the removal of volatile substances, while the variations in ash content were mainly
due to differences in the mineral content and proportion of carbon compounds [14]. Therefore,
the content of volatile substances did not differ greatly between both materials, although large
differences existed in the type and content of minerals. It is widely known that, in addition to
K, P, Ca, Fe, etc., rice husk also contains large amounts of Si that are not lost during the pyrolysis
process. In raw materials, the silicon content can be as high as 10%, and even higher in rice husk [15].
This is the direct cause of the high ash content in the biochar samples prepared from rice husk.

Table 1. Biochar yield and ash content of the biochar samples obtained from rice husk (RH) and cotton
straw (CS) at various pyrolysis temperatures (300, 400, 500, 600, and 700 °C).

Biochar RH300 RH400 RH500 RH600 RH700 CS300 CS400 CS500 CS600 CS700

Yield 37.52 28.74 27.6 24.85 23.32 51.64 33.61 2224 2091 19.92
(%) +0.01 +0.01 +0.01 +0.00 +0.00 +£0.03 +0.02 +0.02 £0.00 =+0.01
Ash content 64.19 66.06 66.56 75.35 76.2 5.54 8.52 11.45 12.29 12.15
(%) +0.01 +0.00 +0.01 +0.01 +£0.01 £0.00 +£0.00 +0.02 £0.01 =+£0.02

2.2. Physiochemical Properties of Biochar

2.2.1. Biochar pH and Elemental Composition

Table 2 shows the biochar pH and elemental composition of both materials obtained at various
pyrolysis temperatures. Between 300 °C and 700 °C, the pH of the rice-husk biochar increased
from acidic (pH = 5.31) to strongly basic (pH = 9.42), which was consistent with previous studies
(pH = 5.37-9.82) [16], while the pH of the cotton-straw biochar increased from neutral (pH = 6.61) to
strongly basic (pH = 10.42). A previous study found that the pH of biochar typically ranges from 4 to
12 [17], and the results of the present study fell within that range. A possible reason behind the pH
increase with temperature is that the hemicellulose, cellulose, lignin, and other components of the
raw materials undergo dehydration, dehydroxylation, and other chemical reactions to produce acidic
substances. At low temperatures, the amount of acidic substances that volatilises is relatively low,
and thus, the remaining content in the biochar residues is relatively high. As the temperature increases,
the volatilisation of highly acidic substances increases, and the pH correspondingly increases [18].
The relative content of acidic or basic substances in a sample is reflected in its pH value. The pyrolysis
temperature range at which significant changes in the content of acidic and basic substances were
observed was 300-500 °C.

With regards to the elemental content in biochar produced at various pyrolysis temperatures,
the highest content corresponded to carbon, followed by oxygen, hydrogen, and nitrogen, while the
sulphur content was almost negligible. This was consistent with the results of many previous
studies [19,20]. With increasing pyrolysis temperature, the carbon content gradually decreased in
the rice-husk biochar, but continuously increased in the cotton-straw biochar. The H/C ratio was
indicative of the aromaticity of biochar: the smaller the H/C value, the stronger the aromaticity,
and the stronger the biochar structure. The O/C and (O + N)/C ratios indicated the hydrophilicity and
polarity of biochar. Higher O/C and (O + N)/C values mean stronger hydrophilicity and polarity [21].
From Table 2, it can be seen that, at higher pyrolysis temperatures, the H/C ratio of the two materials
decreased, as well as the O/C and (O + N)/C ratios. Therefore, at higher temperatures, the aromaticity
of the biochar obtained from these two materials increased, and its structure became more stable.
On the other hand, the hydrophilicity and polarity decreased. The changes between 300 °C and 600 °C
were relatively larger. The C/N ratio is an indicator of the speed of microbial degradation of organic
matter. The higher the C/N value, the more difficult microbial degradation is, i.e., the stronger the
anti-degradation properties of the material [22]. This value reached the maximum for both rice-husk
and cotton-straw biochar samples at 600 °C.
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Table 2. Biochar pH and elemental composition of the biochar materials obtained at various
pyrolysis temperatures.

Element Content (%) Atomic Ratio

Biochar pH
N C H o S H/C O/IC (O+N)/C C/N
RH300 5.31 0.67 4599 248 2655 0.01 0.05 0.58 0.59 68.64
RH400 6.49 0.57 4423 242 20.46 0.01 0.05 0.46 0.48 77.60
RH500 8.15 054 4263 200 14.87 0.10 0.05 0.35 0.36 78.94
RH600 9.20 039 3884 140 10.03 0.03 0.04 0.26 0.27 99.59
RH700 9.42 0.31 28.44 1.00 7.62 0.10 0.04 0.27 0.28 91.74
CS300 6.61 123 64.04 381 2936 0.06 0.06 0.46 0.48 52.07
CS400 8.51 134 7023 334 2200 0.06 0.05 0.31 0.33 52.41
CS500 9.72 1.01 7424 318 1799 0.30 0.04 0.24 0.26 73.50
CS600 10.24 094 79.15 241 1446 0.23 0.03 0.18 0.19 84.20
CS700 10.42 1.03 7713 213 1639 057 0.03 0.21 0.23 74.88

2.2.2. Electron Microscopy Analysis of Biochar

With a scanning electron microscope, we can observe the real, high-resolution, three-dimensional
(3D) surface of biochar [23]. From Figure 1, we can see that the number of surface pores gradually
increased with pyrolysis temperature, and a mesh structure appeared before transforming into
a bar-like structure. Finally, the structure collapsed and fragmented. The temperature at which
large amounts of micropores appeared in the rice-husk biochar was 400-500 °C. At 600 °C, the bar-like
structure was evident, and the structure finally fragmented at 700 °C. Micropore development was not
that evident on the surface of the cotton-straw biochar at 300-500 °C. A large number of micropores
appeared instead at 600 °C, followed by severe fragmentation at 700 °C. A gas-adsorption method was
used to measure the specific surface area (Brunauer-Emmett-Teller (BET) surface area) and the pore
size of the various biochar samples (Table 3). The results show that the BET area for rice-husk biochar
increased the most at 400-500 °C, with a value of 191.30 m?2- g’l, while that of cotton-straw biochar
exhibited the greatest increase at 500600 °C, with values reaching 200 m?-g~!. The mean pore size also
slightly increased with temperature. The difference between the maximum and minimum pore size
was 0.123 nm for rice husk, and 0.579 nm for cotton straw. The micropore volume of rice-husk biochar
gradually increased with pyrolysis temperature. On the other hand, the micropore volume did not
show large changes at 300-600 °C for cotton-straw biochar, although it increased three-fold at 700 °C.
Such increases in the number of micropores and the specific surface area with increasing pyrolysis
temperature [24] were already described in previous studies; however, there are large differences in
the exact values. This may be directly associated with the material source, pyrolysis temperature,
and pyrolysis duration [25].

R T T 10um e a1 E [ r— i 10um

CS300 C5400 CS600 A CS700

Figure 1. Scanning electron microscopy (SEM) images of the biochar materials obtained from rice husk
(RH) and cotton straw (CS) at various pyrolysis temperatures (300, 400, 500, 600, and 700 °C).
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Table 3. Biochar specific surface area, mean pore size, and micropore volume for the materials obtained
at various pyrolysis temperatures.

Brunauer-Emmett-Teller (BET) Micropore Volume

Biochar Area (m2-g—1) Mean Pore Size (nm) (cm®-g—1)
RH300 78.401 3.697 0.009
RH400 101.295 3.670 0.008
RHS500 292.595 3.772 0.015
RH600 377.717 3.815 0.032
RH700 406.244 3.820 0.049
CS300 35.258 3.417 0.010
CS400 117.536 3.065 0.011
CS500 300.103 4.096 0.013
CS600 500.807 3.807 0.014
CS700 553.709 3.785 0.052

2.2.3. Infrared Spectra of Biochar

FTIR spectroscopy offers great advantages for the determination of functional groups and
structural changes in materials [26]. Figure 2 shows the results of the FTIR analysis (wavenumber
range of 4000-450 cm ') of the biochar samples obtained from both materials at various pyrolysis
temperatures. According to IR data tables [27] and previous studies [28,29], the bands at
3300-3500 cm ! correspond to the vibration of hydroxyl groups, with that at 3468 cm ™! mainly
due to the vibration of phenolic hydroxyl groups. The bands at 2918-2850 cm ™! correspond to
the symmetrical or asymmetrical stretching vibration of the -CHj3 and —CH, groups of aliphatic or
naphthenic hydrocarbons, and the bands at 1730-1600 cm ! correspond to the stretching vibration of
carboxyl C=0 groups or C=C and C=0 groups in aromatic rings. The bands at 1300-1000 cm~! are
attributed to the stretching vibration of C—O moieties often present in phenols or hydroxyl groups.
However, some researchers believe that this band corresponds to the vibration of the C-O-C pyran
ring skeleton. The bands at 797 and 466 cm ™! correspond to the vibration absorption of Si-O-Si.
From Figure 2, we can see the bands for hydroxyl and phenolic hydroxyl groups (-OH), -CH3 and
—CH, groups of aliphatic or naphthenic hydrocarbons, carboxyl C=0 groups, and the C=C and C=0
groups of aromatic rings in the biochar samples from rice husk and cotton straw. However, the Si-O-Si
vibration absorption band present in the rice-husk biochar was not present in the cotton-straw samples.
In the rice-husk biochar, the intensity of the -OH, -CHj3, -CHj,, C=C, and C=0 absorption bands
decreased with increasing pyrolysis temperature. This indicates that the presence of these groups
in the samples gradually decreased. The changes in the absorption-band intensity for the C-O and
Si-O-5i groups were not significant. In the cotton-straw biochar, the absorption-band intensity of the
—-OH, —-CH3, -CH;, C=C, and C=0 groups firstly increased before decreasing. It can be concluded that
these fingerprint regions were relatively complex.
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Figure 2. Fourier-transform infrared (FTIR) spectra of the biochar samples obtained at various pyrolysis
temperatures. Notes: RH300, RH400, RE500, RH600, and RH700 indicate that rice husk were pyrolyzed

at 300, 400, 500, 600 and 700 °C, respectively; CS300, C5400, CS500, CS600, and CS700 indicate that
cotton straw were pyrolyzed at 300, 400, 500, 600 and 700 °C, respectively.
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2.3. Cd?* Adsorption with Biochar

2.3.1. Effect of the Addition of Various Amounts of Biochar on the Cd?* Removal

From Figure 3, we can see that, at pH 5, the Cd?%* removal of biochar obtained from both
materials significantly increased with additive content. A larger biochar amount provided a larger
adsorption surface area and a greater number of Cd?* adsorption sites. Therefore, the removal
increased. The highest Cd?* removal was obtained with 200 mg of the rice-husk biochar, with RH300
affording the lowest (54.63%) removal, and RH700 the highest (96.12%) removal. For the cotton-straw
biochar, the Cd?* removal was highest for 200 mg of CS300 (94.22%). The Cd?* removal reached 95%
when 100 mg of CS400 and 50 mg of CS 500 were employed. Only 50 mg of CS600 was required
to remove nearly 100% of Cd?* ions, while only 25 mg of CS700 was required to achieve a Cd**
removal of 99.67%. Therefore, huge differences existed in the Cd?>* adsorption by biochar obtained
from both materials pyrolysed at various temperatures [30,31]. Upon comparing the two materials, we
can see that a smaller amount of the cotton-straw biochar was required to achieve the same removal
in a shorter time. Therefore, from an energy-saving perspective, the conditions to obtain the best
adsorption performance involve the use of 150 mg of rice husk biochar pyrolysed at 500 °C.

120

1004 The pH of solution: 5 The pH of solution: 5
e
v
100
804
S S 804
< 60 £ 50
= <
g g
£ =}
S 40+ 2 604
4 4
) = RE300 &) —=—CS300
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—A—RH500 T —A— CS500
—v—RH600 —v— CS600
0 —e—RH700 —&—CS700
T T T T 20 T T T T
0 50 100 150 200 0 50 100 150 200
Amount of biochar added (mg) Amount of biochar added (mg)

Figure 3. Effect of the addition of various biochar amounts on Cd?* removal. Notes: RH300, RH400,
RE500, RH600, and RH700 indicate that rice husk were pyrolyzed at 300, 400, 500, 600 and 700 °C,
respectively; CS300, CS5400, CS500, CS600, and CS700 indicate that cotton straw were pyrolyzed at 300,
400, 500, 600 and 700 °C, respectively.

2.3.2. Effect of Various Initial Biochar pH Values on Cd?* Removal

The pH of the solution not only affects the charge density on the surface of biochar, but also the
state of the metal ions, thus affecting the removal of said metal ions by biochar [32]. From Figure 4,
we can see that when the pH increased from 4 to 5, the Cd?* removal with the rice-husk biochar
significantly increased (e.g., from 6.24% to 14.15% for sample RH300). However, between pH 5
and 7, no large changes were observed. Therefore, an initial pH of 5 is the best condition for Cd**
removal with rice-husk biochar. The Cd?* removal reached its maximum when a pH of 6 was used for
cotton-straw biochar, with sample CS300 showing the smallest changes. The Cd?* removal increased
from 28.57% (pH 4) to 35.92% (pH 6), while the removal of Cd?* by CS600 increased from 66.33%
(pH 4) to 98.62% (pH 6). A pH change from 6 to 7 did not result in significant changes in the Cd?*
removal. The isoelectric point of normal biochar is relatively low [33]. When the external pH is
greater than the isoelectric points of the acidic functional groups (carboxyl-COOH, and phenolic)
on the surface of biochar, these groups start dissociating, resulting in negative charges. Due to the
electrostatic effects between Cd?* and the adsorbent, the higher pH results in more negative charges,
and therefore, a greater amount of Cd?* adsorbed on the surface of biochar [34]. At the same time,
due to the electron-shell characteristics of the heavy metal itself, as the pH increases, the degree
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of hydrolysis increases, and more free hydroxyl ions exist in the solution. Biochar displays greater
adsorption capability towards hydroxyl ions than towards free ions [35]. The experimental results
when the pH was increased from 4 to 5 for the rice-husk biochar and from 4 to 6 for the cotton-straw
biochar confirmed this line of reasoning. However, with increasing pH, the basicity increases and the
biochar particles may aggregate [36]. This causes the adsorbed Cd?* to dissociate into the solution or
to be trapped inside biochar aggregates, thus either reducing the removal or hampering the adsorption
of further Cd?*, respectively. Further research is required to examine the reasons behind these
phenomena. Under our experimental conditions, biochar presented the maximum Cd?* adsorption at
pH 5. When the pH was further increased, the Cd* ions in solution existed in the form of CAOH* or
Cd(OH),, which could precipitate, becoming a main influencing factor on the Cd?** removal [37].
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Figure 4. Effects of the solution pH on Cd?* removal. Notes: RH300, RH400, RE500, RH600,
and RH700 indicate that rice husk were pyrolyzed at 300, 400, 500, 600 and 700 °C, respectively;
CS300, CS400, CS500, CS600, and CS700 indicate that cotton straw were pyrolyzed at 300, 400, 500, 600
and 700 °C, respectively.

2.3.3. Cd?* Adsorption Kinetics for Both Types of Biochar Samples

Figure 5 shows the results of the Cd?* adsorption kinetics for both types of biochar samples
obtained at various pyrolysis temperatures. The Cd?>* adsorption trends were consistent, regardless
of the type of biochar, with initial rapid adsorption followed by decreased adsorption, whose
equilibrium was reached after 6 h. This was due to the mass-transfer driving force induced by
the Cd?* concentration gradient existing between the liquid and solid phase (i.e., the solution and
the biochar), and also the adsorption sites available on the biochar surface [38]. At the start of
adsorption, the Cd?* concentration gradient between the two phases was larger, resulting in a greater
driving force for mass transfer and a greater adsorption rate. As the adsorption time increased,
the Cd?* concentration gradient decreased, and the adsorption sites on the biochar surface became
saturated, resulting in intragranular diffusion becoming dominant. This intragranular adsorption rate
was relatively slower. Therefore, the adsorption rate decreased and tended towards the adsorption
equilibrium [39]. The higher the pyrolysis temperature, the longer the saturation time became, and the
larger the adsorbent amount became, shortening the time required to reach said equilibrium. As such,
the system with sample RH700 reached the equilibrium in less than 1 h, while sample CS700 achieved
99.32% of Cd?* removal within 0.5 h. This was a direct consequence of the increased specific surface
area of the biochar with increasing pyrolysis temperature, pH, and the number of surface charges [29].
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Figure 5. Effect of various adsorption times on Cd?* removal by both sets of biochar samples. Notes:
RH300, RH400, RE500, RH600, and RH700 indicate that rice husk were pyrolyzed at 300, 400, 500,
600 and 700 °C, respectively; CS300, C5400, CS500, CS600, and CS700 indicate that cotton straw were
pyrolyzed at 300, 400, 500, 600 and 700 °C, respectively.

In order to better evaluate the rate-limiting step and mechanism during the adsorption process,
we used pseudo-first-order kinetics (Figure 6) and pseudo-second-order kinetics (Figure 7) models
to fit the data (Table 4). From the results, we can see that the pseudo-second-order kinetics model
provided a better fit, with a coefficient of determination, R% > 0.990. This model, therefore, better
reflected the Cd?* adsorption process for the rice-husk and cotton-straw biochar. In the reaction rate,
the adsorption rate constant (K;) indicates the speed of the adsorption process. The higher the K, value
gets, the faster the adsorption becomes, and the shorter the time required to reach the equilibrium.
With increasing pyrolysis temperature, the adsorption rate for the rice-husk and cotton-straw biochar
gradually increased. However, the K; of biochar produced at 700 °C was smaller than expected.
Biochar made from both materials at 600 °C afforded the maximum adsorption rate, with RH600 and
CS600 values of 9.09 x 107% mg-g~!-h~! and 7.58 x 10~* mg-g~!-h~!, respectively. From Table 4,
the amount of Cd?* (gm) adsorbed with rice husk biochar following the second-order kinetics model
was highest for sample RH300 at 103.13 mg-g~*, although it was only 22.62 mg-g~! for RH600.
In contrast, the lowest amount of Cd?* adsorbed by the cotton-straw biochar was 110.29 mg-g~! for
sample CS700.
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Figure 6. First-order kinetics analysis for Cd?* adsorption by both sets of biochar samples. Notes:
RH300, RH400, RE500, RH600, and RH700 indicate that rice husk were pyrolyzed at 300, 400, 500,
600 and 700 °C, respectively; CS300, C5400, CS500, CS600, and CS700 indicate that cotton straw were
pyrolyzed at 300, 400, 500, 600 and 700 °C, respectively.
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Figure 7. Second-order kinetics analysis for Cd?* adsorption by both sets of biochar samples. Notes:
RH300, RH400, RE500, RH600, and RH700 indicate that rice husk were pyrolyzed at 300, 400, 500,
600 and 700 °C, respectively; CS300, CS400, CS500, CS600, and CS700 indicate that cotton straw were
pyrolyzed at 300, 400, 500, 600 and 700 °C, respectively.

Table 4. Kinetic parameters of Cd** removal by both sets of biochar samples.

Sample First-Order Kinetics Second-Order Kinetics
1% Ky (min—1) Gm (mg-g~1) R? K; (mg-g~1-min~1) gm (mg-g~1) R?

RH300 1.02 31.08 0.783 3.32 x 1074 103.13 0.990
RH400 143 29.90 0.880 457 x 1074 76.54 0.997
RH500 4.21 50.24 0.688 5.72 x 1074 3591 0.999
RH600 3.06 49.69 0.908 9.09 x 10~* 22.62 0.999
RH700 2.95 49.00 0.847 8.68 x 1074 26.66 0.998
CS300 1.50 29.15 0.939 471 x 10~* 168.97 0.995
CS400 1.22 38.07 0.970 5.76 x 10~4 115.76 0.995
CS500 2.74 51.11 0.872 6.13 x 10~* 191.24 0.998
CS600 3.00 59.90 0.842 7.58 x 1074 127.14 0.999
CS700 3.09 62.30 0.859 6.31 x 10~* 110.29 0.999

The kinetics results for Cd?* adsorption revealed that the performances of these two biochar
materials fit the pseudo-second-order kinetics model well, indicating that the adsorption of Cd?*
by the rice-husk and cotton-straw biochar was mainly controlled by chemical adsorption, although
the adsorption data for samples RH600, CS300, and CS400 were also satisfactorily fitted with the
pseudo-first-order kinetics equations. The Cd?* adsorption on these samples may occur through
diffusion, in addition to chemical adsorption. Some researchers [40] suggested that this adsorption
may be associated with the specific surface area. The chemical adsorption of Cd?* on biochar mainly
relies on an electrostatic ion-exchange mechanism. However, ion-exchange effects are not specific.
When the external pH increases and more H* ions dissociate from functional groups, a larger number of
negative charges remain on the surface of the biochar to adsorb Cd?*. The increasing adsorbent amount
increases the adsorption rate [41]. In our study, the greater the pyrolysis temperature, the higher the
biochar pH became, and hence, the faster the adsorption rate became. The time taken for the biochar
obtained at high temperatures (600 and 700 °C) to reach the adsorption equilibrium was shorter than
that for the samples obtained at a moderate temperature (500 °C), which, in turn, was shorter than that
for the samples pyrolysed at low temperatures (300 and 400 °C). However, the relationship between g,
in the pseudo second-order kinetics and the amount of adsorbed Cd?* was not evident. This may be
directly related to the functional groups in the synthesised biochar. A study by Xu et al. [25] revealed
that Cd?* adsorption by corn straw mainly occurred through surface hydroxyl (-C-OH) and carbonyl
(-C=0) groups. Hence, further research is required to understand which functional groups are present
in rice-husk and cotton-straw biochar, and how the pyrolysis temperature changes said functional
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groups. In recent years, cation—m interactions attracted great attention [42]. These interactions are
mainly determined by the aromaticity of the biochar surface. The more abundant the m-conjugated
aromatic structure, the greater the ability of biochar is to donate electrons, and the more evident
this interaction is. However, the adsorption affinity in ion-exchange phenomena is stronger than
cation— interactions, also presenting some electrostatic effects. However, the pH does not affect such
ion exchange [43]. From the SEM results, we can see that the aromaticity increased with pyrolysis
temperature. In addition, the Cd?* adsorption rate on biochar produced at high temperatures was far
faster than that on the materials produced at moderate and low temperatures (Figure 5). This may
be due to cation—m interactions. Further research is required to determine whether cation-exchange
effects or cation— interactions are greater. In addition, some researchers [44] suggested that Cd**
removal with biochar obtained by pyrolysis at high temperature was mainly due to Cd?* precipitation
caused by the increased pH (in our study, RH700 was able to remove more than 90% of Cd?* in 0.5 h,
while CS700 removed 99% of Cd?* in 20 min). However, according to the solubility product constant
and initial concentration at 25 °C, the initial pH at which Cd(OH), precipitation occurs is 10.75 [45].
Considering the experimental conditions employed in this study and the highest pH value of biochar
for sample CS700 (pH = 10.42), we can conclude that precipitation was not the main mechanism for
Cd?* removal in this case.

3. Conclusions

The yield of both biochar materials gradually decreased with increasing temperature. As rice husk
contains SiO,, the yield of rice-husk biochar far exceeded that of cotton-straw biochar. At increasing
carbonisation temperatures, the biochar pH, specific surface area, and aromaticity of both materials
increased, while their structure became more stable, and their hydrophilicity and polarity decreased.
The surfaces of rice-husk and cotton-straw biochar are rich in functional groups. However, as the
pyrolysis temperature increased, the absorption bands for some functional groups underwent large
changes, which ultimately affected the cadmium adsorption capability of the materials. As the
pyrolysis temperature increased, the amount of adsorbed Cd?* on the two biochar materials increased.
The Cd?* adsorption data for both biochar materials were well fitted by the pseudo-second-order
kinetics model. The adsorption mechanism may be due to ion exchange and cation— interactions.
In addition, it is obvious that the large specific surface area of biochar must also play an important role
in the Cd?* adsorption process.
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