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Abstract: Sugarcane bagasse (SB) is a widely available agro-industrial waste residue in China that has
the potential to be converted into a cost-effective and renewable adsorbent. In this study, activated
carbon (AC) was prepared from SB by microwave vacuum pyrolysis using H3PO4 as the activator. To
enhance the sorption selectivity and yield, the pyrolysis process of SB-activated carbon (SBAC) should
be well-designed. Central composite design was employed as an optimized experiment design, and
response surface methodology was used to optimize the process parameters for maximized SBAC
yield and its iodine number. The results showed that the optimized parameters obtained for the SBAC
are 2.47 for the impregnation ratio (IR), 479.07 W for microwave power (MP), 23.86 mm for biomass
bed depth, and 12.96 min for irradiation time, with responses of 868.7 mg/g iodine number and 43.88%
yield. The anticipated outcomes were substantiated, revealing a marginal 5.4% variance in yield and
a mere 1.9% discrepancy in iodine number from the forecasted values. The synthesized adsorbents
underwent comprehensive characterization through instrumental methodologies, including FT-IR,
BET, and SEM. The SBAC produced by the pyrolysis method contained a regular and homogeneous
porous structure with a specific surface area of up to 1697.37 m2/g and a total 1.20 cm 3/g volume,
which has favorable adsorption of toxic and harmful substances in the environment.

Keywords: sugarcane bagasse; activated carbon; response surface methodology; optimization;
microwave pyrolysis

1. Introduction

The recovery and recycling of abundant natural resources, such as agricultural residues,
to produce value-added products is an imminent issue currently facing the world. Globally,
1.3 million tons of agricultural biomass are generated annually [1], examples of which
include agricultural waste, sludge, plant hulls, animal waste, and a range of other biomass
materials [2,3]. Unlike the negative effects caused by inappropriate disposal of agricul-
tural waste, recycling agricultural waste not only contributes to environmental protection
and economic development but also makes agricultural waste a promising alternative to
carbon-based materials. Ideally, the next generation of carbon-based materials needs to
be produced using renewable resources via a simple, cost-effective, and environmentally
friendly method [2,4].

China, the world’s fifth-largest sugar producer, produced 11.788 million tons of sugar
in 2022 (NDRC, http://www.ndrc.gov.cn/ (accessed on 19 January 2023)). Sugarcane is one
of China’s most important sugar crops, and sugarcane production reached 106.664 million
tons in 2021, accounting for 93.12% of sugar crops (NBSC, http://www.stats.gov.cn/
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(accessed on 14 December 2021)). Sugarcane bagasse (SB) is an essential inedible by-
product of sugarcane production which is usually produced by extracting sugar juice from
sugarcane, and accounts for about 30–50% of the mass of sugarcane [5–7]. In 2021, it was
estimated that SB production would reach as much as 5,333,200 tons. SB is primarily used
for the production of bioethanol [8]. Liu [9] studied the production of cellulosic ethanol
with a maximum yield of up to 0.70 g/(L/h) from SB. Wang [10] pretreated the SB under
low-temperature conditions with sodium hydroxide, and the ethanol yield reached 67.5%.
Dionísio [11] found that pretreatment of bagasse with diluted sulfuric acid yields up to
86.11% ethanol. Although the main research trend of SB is to convert it into bioethanol,
industrial application is difficult due to its high cost and long conversion time [12]. Thermal
conversion technology is comparatively a better choice because the process recycles and
utilizes all the by-products, has a short reaction time, and offers ease of operation and
regulation [13]. Pyrolysis is a thermal decomposition technology for the conversion of
carbonaceous materials into energy and compounds with added value (biochar, pyrolysis
oil, or gas mixtures) [14].

Conventional pyrolysis and microwave pyrolysis are commonly categorized [15] as
the main conversion methods. The primary difference between them is the method of
heating; the microwave technique encompasses volumetric heating, while traditional py-
rolysis relies on either conduction or convection heating [16,17]. Conventional pyrolysis
normally operates in batch, semi-batch, or continuous reactors with low heating efficiency
(10 ◦C/min) [18,19]. However, microwave-assisted pyrolysis proves to be more effective
in heating because microwave radiation heats the entire substance uniformly, instead
of from the sample’s surface, as in conventional methods [19]. Thus, microwave heat-
ing is advantageous in providing fast heating (43 ◦C/min) and shorter reaction times
(20–40 min) [20]. The advantages of microwave pyrolysis have attracted many researchers
to use microwave pyrolysis to optimize different organic raw materials, such as xylan and
microcrystalline cellulose [21], baby diapers [20], amino acids [22], corn cobs [23], and
bagasse [15]. These studies are good proof that microwave pyrolysis treatment of biomass
is not only time-saving but also results in better product quality.

Microwave and conventional pyrolysis of biomass is usually carried out under inert
gases such as N2 to maintain an oxygen-free environment for pyrolysis to take place [24,25].
Even though previous studies have demonstrated the benefits of microwave pyrolysis
for biomass utilization, the continuous use and consumption of N2 have contributed to
higher operating costs, limiting scale-up and industrial applications [26]. The vacuum
pyrolysis environment of microwave vacuum pyrolysis (MVP) replaces the commonly
used N2 environment, reducing the use and consumption of N2, and the negative pressure
conditions aid in accelerating the thermal cracking reaction and aid in the discharge of
the pyrolysis volatiles, producing AC with higher yields and cleaner pores [27]. Liew [28]
used MVP to produce palm kernel shell-derived char, which resulted in up to 89 wt%
yields of AC with a high surface area (750 m2/g) and pore volume (up to 0.37 cm3/g). The
application of corn cobs as a feedstock to synthesize corn cob activated carbon (CCAC) via
MVP was investigated by He [23], whose research showed the specific surface area and pore
volume were 995.09 m2/g and 0.708 cm3/g, respectively. Meanwhile, performance tests
showed that the iodine number and yield reached 933.38 mg/g and 37.57%, respectively.
Therefore, microwave heating has been selected as the heat source to heat and pyrolyze SB
under an oxygen-starved ambience created by a vacuum pump. However, as with most
production processes, the production of high-quality AC involves balancing a number
of parameters to obtain the desired output characteristics [23]. Usually, this balancing
becomes complicated because more than one characteristic must be considered. We tend to
optimize parameters in this paper.

Several studies regarding SB pyrolysis have been reported. The composites obtained
by L. Rodier by mixing SB biochar with cement are more flexible and favorable for the
construction of houses in seismic areas [29]. Guo [30] obtained high-quality AC with a high
specific surface area (1149 m2/g), large pore volume (1.73 cm3/g), and an extraordinarily
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high CO2 uptake of 4.28 mmol CO2/g by treating bagasse modified with sodium hydroxide.
Torgbo’s [31] study shows that SB can be used as a precursor for the production of value-
added products such as cellulose nanocrystals, cellulose nanofibers, and microcrystalline
cellulose. However, no information is available in the previous studies that present how
bed depth affects SBAC yield and absorption characteristics. Salema [32] found that
penetration depth plays a vital role in microwave energy absorption by a sample. It means
that SB bed depth is equal to other parameters, such as microwave power (MP), microwave
irradiation time, etc., during the process of SBAC production. To the authors’ knowledge,
research regarding this topic is insufficient. The effects of the combination of four process
parameters (impregnation ratio (IR), irradiation time, MP, and biomass bed depth) on
output, optimizing biomass waste carbonization factors by facile and sustainable routes,
would benefit industries seeking to produce SBAC via a low-cost and eco-friendly solution.

This research aims to optimize the process parameters from SB using H3PO4 to produce
high-adsorption-efficiency SBAC. Response surface methodology (RSM)–central composite
design (CCD) was used to study simultaneously the effects of four preparation variables (IR,
irradiation time, MP, and biomass bed depth) on the iodine number and yield as response.

2. Materials and Methods
2.1. Experimental Materials

The raw SB (Hangzhou, China) purchased from Taobao.com (https://tb.alicdn.com/)
was used as feedstock material in this study. The original particle size of feedstocks ranges
from 10 mm to 15 mm.

2.2. Preparation of SBAC

A custom-made microwave pyrolysis system was used in this study (Nanjing, China).
A 2.45 GHz microwave oven was modified by combining with a vacuum pump to perform
microwave vacuum pyrolysis experiments. An 1800 W vacuum pump was used to with-
draw the air from inside the microwave oven continuously to maintain vacuum conditions
at −0.04 to −0.06 MPa. The pressure inside the microwave reactor was measured using a
pressure gauge. A pyrolysis reactor (quartz material, 2.48 L) was utilized while the sample’s
temperature was monitored by a K-type thermocouple.

The raw SB underwent washing twice with distilled water to eliminate dust particles
before undergoing a 12 h drying process. Subsequently, the dried SB was subjected to
crushing at 105 ◦C to eliminate residual water content. The resulting granules were sieved
through a 100-mesh filter to achieve the desired particle size. Following this, the SB particles
underwent impregnation with a specified concentration (14.7 mol/L) of H3PO4 (Jiangsu,
China) for a duration of 12 h.

The desiccated pellets were subsequently subjected to microwave vacuum pyrolysis
equipment for the synthesis of SBAC. The production of SBAC involved varying parameters
such as IR, MP, biomass bed depth, and irradiation time. Following the heating process, the
system underwent a cooling process to reach room temperature. Subsequently, the acquired
samples were thoroughly washed with a solution containing 10% HCl (Shanghai, China)
and distilled water until the pH of the washing solution reached a neutral range between 6
and 7. Following the washing procedure, the samples were dried at a temperature of 105 ◦C
and ultimately sieved to achieve a size of 200 mesh before being stored in a desiccator
(Shanghai, China). The SBAC preparation process is shown in Figure 1.

IR is defined as the ratio of the mass of the chemical agent to the precursor; it is
estimated by Equation (1).

IR =
weight of H3PO4

weight of sugarcane bagasse
(1)

https://tb.alicdn.com/
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2.3. Design of Experiments Using RSM

Statistical design of experiments has been widely used in medicine [33], food [34],
chemistry [35], and environmental engineering [36] as an effective way to improve experi-
mental work. Among common statistical methodologies, RSM is considered an effective
technique capable of assessing the interactions on the prediction variables and their re-
sponses, which identifies the combination of factors that produces an optimal response with
the advantages of fewer experiments and higher accuracy [37]. Preliminary experiments
were conducted by prior arrangement for determining the feasibility; the preliminary
experimental data are shown in Section 3.1. Based on the preliminary results, the parameter
ranges for IR, MP, biomass bed depth, and irradiation time were set from 1 to 3, 200 to
600 W, 10 to 30 mm, and 10 to 14 min, respectively; the maximum and minimum values
that have been keyed into the model are also provided in Table 1. Iodine number (Y1) and
yield (Y2) were designated as responses.

Table 1. Coded and actual levels for independent factors used in the experimental design.

Factors Units Code
Coded Variable Levels

−a −1 0 +1 +a

IR A 1 1.5 2 2.5 3
MP W B 200 300 400 500 600

biomass bed depth mm C 10 15 20 25 30
Microwave irradiation time min D 10 11 12 13 14

2.4. Determination of Iodine Number and AC Yield

The iodine number is a widely used technique employed to determine the adsorption
capacity of AC. The iodine number indicates the porosity of AC and it is defined as the
amount of iodine number by 1 g of carbon at the mg level. In this study, a Chinese
official standard (https://openstd.samr.gov.cn/ (accessed on 3 July 2015)) was used to test
adsorption capacity of AC.

Biochar yield is a pivotal metric for evaluating the thermal convertibility properties
of AC, reflecting the efficiency and stability of biochar production, and refers to the ratio
of the mass of biochar product obtained to the mass of the feedstock, thereby describing

https://openstd.samr.gov.cn/
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how much of the original mass remains in the solid residue of pyrolysis. The calculation
formula is as follows:

Yield =
weight of actived carbon

weight of sugarcane bagasse
(2)

2.5. Characterization of SBAC

Characterizations of biomass feedstocks and biochar produced under the optimal
parameters were analyzed. FT-IR spectra of raw materials and samples were recorded
in the range of 400–4000 cm−1 at room temperature using a Nicolet Nexus 470 FTIR
aerator. Brunauer–Emmett–Teller (BET) and total porosity were determined using a Mack
ASAP2460 fully automated specific surface and porosity analyzer with a nitrogen molecular
cross-sectional area of 0.162 nm2 as the basis for calculation. A scanning electron microscope
(SEM) was utilized to examine the microscopic morphology present on the surface of
SBAC samples.

3. Results and Discussion
3.1. Effect of Process Parameters on SBAC Yield and Iodine Number
3.1.1. Effect of IR

The IR is a critical factor for the development of pores in adsorbent materials. At MP
of 400 W, biomass bed depth of 20 mm, and microwave irradiation time of 11 min, the IR
was varied from (1:1) to (1:3) to explore the effects of iodine number and yield.

As shown in Figure 2A, there are differences in the iodine number of SBAC with the
change in IR. The IR values of the SBAC prepared by H3PO4 activation were increased with
increasing IR from (1:1) to (1:2.5) and decreased with increasing IR from (1:2.5) to (1:3). The
highest iodine number achieved was 846.69 mg/g when the IR was 2.5. Augmenting the
H3PO4 content results in a more thorough activation process, fostering the development of
a robust porous structure and consequently enhancing adsorption efficiency. However, an
excessive quantity of H3PO4 can lead to the erosion of the carbon framework, resulting in a
thinning of the inter-pore space or even incineration, thereby diminishing the pore number
of the adsorbent and reducing its adsorption efficiency [38]. AC yields ranged from 44.93%
to 47.58%.
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3.1.2. Effect of MP

SBAC was synthesized under microwave radiation with MP being 200, 300, 400, 500,
and 600 W, while the IR was (1:2), the microwave irradiation time was 11 min, and the
biomass bed depth was 20 mm, to examine the effects of MP on iodine number and yield.

Figure 2B graphically represents SBAC yield and its iodine number as a function of
MP. It can be seen that both the iodine number and SBAC yield initially increase with the
rise in MP but as the MP is further increased, the iodine number and yield of SBAC are
diminished. When the MP was 200 W, the iodine number was only 564.32 mg/g, indicating
poor pore development. At 400 W MP, the iodine number reached a maximum value
of 769.85 mg/g, indicating that higher MP provides more effective carbon to generate
pores [39], and the decrease in yield after 400 W is due to a series of de-oxidation and
de-carboxylation reactions occurring in the pyrolysis process [40]. The increase in MP
to 600 W revealed a decrease in yield from 49.85% (at 400 W) to 38.69%, which could
be attributed to the progressive expansion of the AC micropores to form mesopores and
macropores, resulting in a gradual decrease in the iodine number with the increase in MP.

3.1.3. Effect of Biomass Bed Depth

Figure 2C is a plot of SBAC yield and its iodine number as a function of biomass. The
IR (1:2), MP (400 W), and microwave irradiation time (11 min) were set and the biomass
bed depth was varied from 10 to 30 mm, to examine the effects of biomass bed depth on
iodine number and yield.

The iodine number of SBAC increased gradually from the lowest value of 752.30 mg/g
by increasing the height of the biomass bed from 10 mm to 30 mm, and the iodine number
reached a maximum of 947.92 mg/g when the height of the biomass bed reached 25 mm
and then decreased. SBAC yield was increased by increasing the biomass bed depth within
the investigated conditions; increasing the biomass bed depth from 10 to 30 mm increased
the SBAC yield from 22.06% to 45.21%. It has been established that the loading biomass bed
depth affects microwave energy absorption. This means that there is an optimal biomass
bed depth at which the maximum microwave energy is absorbed, thereby reaching the
optimal temperature profile [41].

3.1.4. Effect of Irradiation Time

Figure 2D shows the variation in SBAC yield and its iodine number with microwave
irradiation time. The iodine number and yield of SBAC increased from 9 min to 12 min
(824.15 mg/g to 916.77 mg/g, 41.06% to 74.09%) as the carbon in the feedstock was activated
to produce more pores and release volatiles. The sharp decrease in iodine number after
12 min indicates that the easily decomposed substances have been reacted completely,
while the increase in ash produced by the pyrolysis of SB leads to a decrease in the iodine
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number [42,43]. A medium residence time is essential to ensure adequate carbonization
and activation of the raw material.

3.2. Optimization of Process Parameters

Through the various combinations of parameters, 30 experiments were designed
and executed.

3.2.1. Optimization of Process Variables Using CCD

Table 2 shows the SBAC optimization experiment matrix and results. In 30 experimen-
tal runs, runs 7, 8, 11, 25, 27, and 30 having the same factor levels, the pure error of the
experiments was tested through the repetition of six sets of center point experiments. A
smaller pure error indicates a higher degree of experimental precision and a higher degree
of confidence in the experimental data.

Table 2. SBAC optimization experiment matrix and results.

Run No
A B C D

Iodine Number
Y1/mg/g

Yield
Y2 (%)IR MP/W Height of Biomass

Bed/mm
Microwave Irradiation

Time/min

1 2 400 20 10 658.23 36.38
2 2.5 300 15 13 668.11 39
3 1.5 300 15 11 532.46 32.44
4 2.5 500 15 13 720.34 42.31
5 1.5 500 15 11 516.38 35.18
6 2 400 10 12 731.66 35.33
7 2 400 20 12 916.57 46.56
8 2 400 20 12 937.63 48.2
9 1.5 300 15 13 572.91 34.08

10 2 400 20 14 675.02 41.07
11 2 400 20 12 909.3 47.68
12 2.5 500 25 13 696.73 41.75
13 2.5 500 15 11 775.53 42.25
14 1.5 500 25 11 613.62 33.32
15 2 200 20 12 357.77 33.11
16 1.5 300 25 13 534.27 41.4
17 2.5 300 25 13 549.38 39.48
18 3 400 20 12 598.18 41.33
19 2.5 300 15 11 548.56 34.81
20 2.5 500 25 11 679.81 39.39
21 1 400 20 12 477.07 31.8
22 2 600 20 12 689.35 34.47
23 1.5 500 25 13 635.47 36.48
24 1.5 300 25 11 443.83 33.7
25 2 400 20 12 930.36 48.2
26 2.5 300 25 11 438.98 35.83
27 2 400 20 12 881.62 46.06
28 1.5 500 15 13 513.35 32.12
29 2 400 30 12 627.69 38.77
30 2 400 20 12 916.8 47.27

3.2.2. ANOVA and Fitting Quadratic Model

The analysis of variance (ANOVA) generated by RSM is presented in Tables 3 and 4.
Quadratic polynomial regression models were formulated to anticipate the SBAC response
concerning iodine number and yield. Equations (3) and (4) can be employed to forecast the
iodine number and yield of SBAC, respectively. The significance of the models and each
process variable were assessed using the p-value and F-value of the model. A larger F-value
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corresponds to a lower associated “problematic P” value, indicating greater significance of
the respective coefficient [44].

Table 3. ANOVA for iodine number of SBAC.

Source Sum of
Squares df Mean

Square F-Value p-Value

Model 736,283.399 14 52,591.671 48.371 <0.0001 Significant
A 38,189.88 1 38,189.888 35.125 <0.0001
B 97,014.17 1 97,014.179 89.229 <0.0001
C 8950.958 1 8950.958 8.233 0.0117
D 5858.438 1 5858.438 5.388 0.0348

AB 13,925.770 1 13,925.770 12.808 0.0027
AC 12,085.155 1 12,085.155 11.115 0.0045
AD 110.093 1 110.093 0.101 0.7547
BC 12,973.780 1 12,973.780 11.933 0.0035
BD 9038.780 1 9038.780 8.313 0.0114
CD 1187.319 1 1187.319 1.092 0.3126
A2 254,998.944 1 254,998.944 234.536 <0.0001
B2 273,936.683 1 273,936.683 251.954 <0.0001
C2 101,752.766 1 101,752.766 93.587 <0.0001
D2 112,945.434 1 112,945.434 103.882 <0.0001

Residuals 16,308.750 15 1087.250

Lack of fit 14,409.150 10 1440.915 3.793 0.0771 Not
significant

Table 4. ANOVA for yield of SBAC.

Source Sum of
Squares df Mean

Square F-Value p-Value

Model 799.940 14 57.139 53.829 <0.0001 Significant
A 126.776 1 126.776 119.432 <0.0001
B 9.102 1 9.102 8.575 0.0104
C 10.720 1 10.720 10.099 0.0062
D 35.235 1 35.235 33.194 <0.0001

AB 27.826 1 27.826 26.214 0.0001
AC 10.563 1 10.563 9.951 0.0065
AD 0.042 1 0.042 0.040 0.8450
BC 7.563 1 7.563 7.124 0.0175
BD 13.432 1 13.432 12.654 0.0029
CD 12.320 1 12.320 11.606 0.0039
A2 184.972 1 184.972 174.256 <0.0001
B2 297.002 1 297.002 279.797 <0.0001
C2 168.102 1 168.102 158.364 <0.0001
D2 116.043 1 116.043 109.321 <0.0001

Residuals 15.922 15 1.061

Lack of fit 12.077 10 1.208 1.570 0.3229 Not
significant

The model exhibits a notable F-value of 48.371, and the associated p-value is <0.0001,
indicating that the model is significant (Table 3). Within the 95% confidence interval, factors
with P-values less than 0.05 are deemed significant [45]. Within the spectrum of process
variables, MP emerged as the paramount parameter, boasting an impressive F-value of
89.229 and a p-value < 0.001, closely pursued by the impregnation ratio (F-value of 35.125
and a p-value < 0.0001). The p-values of A2, B2, C2, and D2 exerted substantial influence on
the iodine number.

As depicted in Table 4, the model boasts an F-value of 53.829, aligned with a p-value of
<0.0001, affirming the model’s profound significance. Within the realm of process variables,
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IR emerged as the foremost parameter, commanding an impressive F-value of 119.432 and
a p-value < 0.0001. The p-values of A2, B2, C2, and D2 exerted a noteworthy impact on
the yield.

Y1 = 915.38 + 39.89A + 63.58B − 19.31C + 15.63D + 29.5AB − 27.48AC − 2.62AD +
28.47BC − 23.77BD + 8.61CD − 96.42A2 − 99.94B2 − 60.9C2 − 64.17D2 (3)

Y2 = 47.328 + 2.298A + 0.615B + 0.668C + 1.21D + 1.32AB − 0.8125AC + 0.05AD −
0.6875BC + 0.8775CD − 2.597A2 − 3.29B2 − 2.476C2 − 2.057D2 (4)

The complex correlation coefficient (R2) of the model characterizes the correlation of
each model, and the larger its value, the better the fitting effect of the model; the difference
between the correction coefficient of determination (R2

adj) and the prediction coefficient
of determination (R2

pred) is less than 0.2, and the larger the value of the two coefficients,
the better the interpretation of the model. The index used to reflect the degree of model
variation is the coefficient of variation (C.V.), and when it is less than 10%, it indicates that
the test results are reliable [46].

In this study, the fitting accuracies of SBAC, the obtained R2 and R2
adj are both >0.9

and tend to be close to 1, indicating that the model can accurately describe the experimental
results (Table 5). The difference between R2

adj and R2
pred of the two models is 0.0723 and

0.0543, respectively, both <0.2, which shows that the fitting accuracy of both models is
better and the sampling error is smaller [47]. The C.V. of the models is 5.02% and 2.64%,
respectively, both lower than 10%, indicating that the models have good accuracy and
reliability and are suitable for experimental analysis.

Residual error analysis can detect the relevance of the model and the reliability of
the data, and the residuals should obey a normal distribution without considering the
experimental outliers [48]. The standardized residual values of each model have only two
test points outside the interval of (−3, 3), which indicates that the distribution of each test
point is random and presents irregular characteristics, proving the reasonableness of the
test point-taking points (Figure 3). In addition, all test points are uniformly distributed on a
straight line, and only a very few are discrete, so the standardized residuals of each model
are normally distributed, which can reasonably explain the regression of the model.
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Table 5. Accuracy of the fit for SBAC.

Model R2 R2
adj R2

pred C.V./(%)

Iodine number 0.9783 0.9580 0.8857 5.02
Yield 0.9805 0.9623 0.9080 2.64

3.2.3. Response Surface Interaction Analysis

Three-dimensional curves of response surfaces were plotted using Design Expert 13.2
software to explore the interaction of the designated two factors on iodine number and
SBAC yield. Figures 4 and 5 illustrate the response surface analysis of the joint effects
of IR, MP, microwave irradiation time, and biomass bed depth on iodine number and
yield, respectively. The interacting contours of these interactions are elliptical, indicating a
significant interaction of the two factors in the figure. The interaction of IR and power on
iodine number is shown in Figure 4a, and the biomass bed depth and microwave irradiation
duration at the level of 0 are shown in Figure 4a. In the experimental scope, the SBAC iodine
number increases and then decreases with the increase in the IR; similarly, at a constant
IR, with an increase in the power, the SBAC iodine number also increased first and then
decreased. Figure 4c shows the interaction effect of time and IR on the adsorption value of
SBAC iodine, and its rule of change is similar to that of Figure 4a, but the magnitude of
the change is smaller, which indicates that the interaction between IR and power is larger
than the interaction between IR and time. While observing Figure 4b, it can be seen that
when the height of the biomass bed is at the same level, the iodine number of SBAC almost
shows an upward trend with the increase in IR, and slowly decreases when the IR reaches
about 2.3, and at this time, it can reach the center of the interaction effect, i.e., at this time,
the interaction effect of the height of the biomass bed and the IR on the iodine number of
SBAC is the most obvious.
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A parallel pattern is evident in Figure 5; each factor exhibits an optimum value within
the experimental range. When one factor is held constant, the other factor can still identify
the pinnacle point within the experimental range. However, their combined influence is
diminished, as the curves exhibit minimal variability.
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3.2.4. Model Validation and Optimal Process Conditions

The optimal values (yield and iodine number) for the SBAC were derived through
various process parameters. In this investigation, Design Expert 13.2 software facilitated the
numerical optimization of the two response factors, with the optimized process slope shape
shown in Figure 6. The optimal conditions for achieving the maximum iodine number
and yield of SBAC were determined as follows: IR of 2.47, MP of 479.07 W, biomass bed
depth of 23.86 mm, and an irradiation time of 12.96 min. The numerically optimized values
from the RSM for the maximum SBAC iodine number and yield are succinctly compiled in
Table 6. Under these optimal conditions, the predicted iodine number reached 868.70 mg/g,
and the yield stood at 43.88%. The validity of the predicted values in the optimization test
was verified experimentally. The experimental results showed that the iodine number was
918.30 mg/g and the yield was 43.02%, and these measurements were in good agreement
with the predicted values, and the differences in SBAC iodine number and yield were 5.40%
and 1.90%, respectively; these slight deviations (within 10%) between the predicted and
experimental values show the accuracy of the optimization process.
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Table 6. Comparison of experimental and model-predicted values of SBAC performance.

Satisfaction
Impact Factor Iodine Number/(mg/g) Iodine

Number
Error/%

Yield/%
Yield

Error/%A B C D Experimental
Value

Predicted
Value

Experimental
Value

Predicted
Value

0.86 2.47 479.07 23.86 12.96 918.3 868.70 5.4 43.02 43.88 1.9

3.3. Characteristic Features of SB and SBAC Produced under Optimal Conditions
3.3.1. Fourier Transform Infrared (FTIR) Analysis

Figure 7a,b show the infrared spectra of two materials, SB and SBAC, and Figure 7b
presents the enlarged 2000–1200 cm−1 region of the spectra. SB is a typical biomass contain-
ing cellulose, hemicellulose, and lignin. From their FTIR diagrams, it can be seen that the
absorption peak near 3431 cm−1 can be attributed to the O-H stretching vibration peaks
of polysaccharides and water in SB; the absorption peak located near 2902 cm−1 is the
aliphatic C-H stretching vibration peak; the absorption peak near 1635 cm−1 is attributed
to the C=C stretching vibrational peak in lignin; the absorption peak near 1572 cm−1 is
mainly attributed to the O-H bending vibrational peak in xyloglucan-type polysaccharides
absorbing water; the absorption peak near 1416 cm−1 is a bending vibrational peak in cellu-
lose -CH2; The absorption peak near 1131 cm−1 is related to the asymmetric deformation of
C-O-C in cellulose and hemicellulose; the absorption peak near 1051 cm−1 can be attributed
to the C-O stretching vibration peak in cellulose; the absorption peak near 644 cm−1 can
be attributed to the bending vibration peak of aromatic compounds [49]. From the FTIR
spectrum of the pyrolyzed SBAC material, it can be seen that the absorption peak located
near 2902 cm−1 is weakened, which may be due to the breakage of the weak bond between
alkyl C-H due to pyrolysis. Meanwhile, no absorption peak of C=O was observed near
1741 cm−1, which indicates that the material undergoes a decarbonylation reaction after
pyrolysis to produce CO2. It can be seen from the figure that the aromatic structure of the
AC material after pyrolysis is stronger, the polarity is reduced, and the adsorption capacity
is enhanced.
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3.3.2. Brunauer–Emmett–Teller (BET) Analysis

The N2 adsorption–desorption isotherms and pore size distribution of SBAC are shown
in Figure 8. According to the IUPAC classification, they exhibit intermediate characteristics
between type II and type IV. The stage at the low-pressure end near the Y-axis is dominated
by micropores exerting adsorption. A hysteresis loop appears in the medium-pressure
stage, which proves that the AC is a graded porous carbon material with predominantly
micropores, mesopores, and macropores. The textural characteristics were obtained using
the t-plot method, and pore size distribution was determined using the BJH model. The
porosity of this SBAC contains both micropores and mesopores. The average pore diameter
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of 7.50 nm confirms the presence of this mesoporosity. The specific surface area and total
pore volume of SBAC products are listed in Table 7.
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Table 7. Product parameters of SBAC.

Materials Specific Surface Area (m2/g) Total Hole Volume (cm3/g)

Sugarcane bagasse carbon 1697.367 1.202

Congsomjit [50] has reported SBAC using hydrothermal carbonization with a maxi-
mum specific surface area of 390 m2/g, far less than the sample in this study. The maxi-
mum specific surface area of SBAC under optimal conditions produced was 1697.367 m2/g,
which is greater than commercial activated carbons (500–1500 m2/g). Therefore, microwave
pyrolysis shows great potential for the production of activated carbon.

3.3.3. SEM Analysis

Figure 9 shows the morphological characterization of the bagasse feedstock. It can be
seen that the bagasse feedstock is a mostly rod-like structure, with a few flakes accompanied
by an obvious linear structure.
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After activation and pyrolysis, the shape of SB changes considerably (Figure 10).
The richer and more developed honeycomb pore structure increases the specific surface
area of the SBAC, and the larger pore structure has the property of easy adsorption of
macromolecules of organic matter, which is suitable for application in the treatment of
water pollution as well as the storage of energy. During the activation process, carbon reacts
with steam to produce a large number of mesopores, which greatly increases the surface



Processes 2024, 12, 497 14 of 16

area of SBAC. Compared with the raw material of SB, which has no pores and a rough
surface, it can be concluded that MVP formed a highly porous structure inside SBAC.
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4. Conclusions

The synthesis of SBAC through microwave pyrolysis in this investigation introduces a
cost-effective and eco-friendly methodology for efficient management and valorization of
agricultural waste. The impacts of IR, MP, biomass bed depth, and microwave irradiation
time on SBAC iodine number and yield were systematically explored. The optimized
parameters determined were 479.07 W, 12.96 min, 23.86 mm, and 2.47 IR, yielding responses
of 43.88% and 868.70 mg/g for yield and iodine number, respectively. The model-predicted
outcomes were substantiated, revealing a marginal 5.4% variance in yield and a mere
1.9% discrepancy in iodine number from the anticipated values. The morphological and
chemical attributes of the synthesized SBAC, evaluated through FTIR, BET, and SEM,
underscore its potential as a versatile adsorbent. The utilization of cost-effective SBAC as an
adsorbent holds promise for both economic and environmental advantages by repurposing
waste bagasse.
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