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Abstract
Porous carbons were prepared from sewage sludge (SS) and corn straw (CS) by co-pyrolysis and KOH
activation to examine the relationship between precursor thermal behavior and adsorption performance.
Individual feedstocks were analyzed thermogravimetrically at 10–30°C min⁻¹, and blends were compared
at 10°C min⁻¹. Deviations between measured and mass-weighted theoretical thermogravimetric curves
revealed stage-dependent nonadditive interactions. At 10°C min⁻¹, the maximum mass-loss rates of CS
and SS were 7.19 and 1.80% min⁻¹, at 345.95 and 291.99°C, respectively. The 1:1 SS:CS blend balanced
pyrolytic reactivity and solid retention and was selected as the activated-carbon precursor. Following
precarbonization at 550°C, KOH activation was optimized using an L16(4⁴) orthogonal design. The
selected conditions were SS:CS = 1:1, an impregnation ratio of 1:3, an activation temperature of 800°C
and an activation time of 90 min. The iodine number reached 945.50 mg g⁻¹, with a mean of 945.24 ± 
21.37 mg g⁻¹ in three validation experiments. Activation increased the BET specific surface area from
79.88 to 647.69 m² g⁻¹ and total pore volume from 0.1198 to 0.445 cm³ g⁻¹. The resulting carbon,
KSC800, had a Langmuir maximum methylene blue adsorption capacity of 110.38 mg g⁻¹. After five
regeneration cycles, its adsorption capacity was 64.65 mg g⁻¹, corresponding to 69.44% retention. These
results link thermogravimetric precursor selection to the development of a microporous–mesoporous
carbon with effective dye adsorption and regeneration performance.

1 Introduction
The expansion of wastewater treatment has increased sewage sludge production. Its high moisture
content, inorganic minerals, organic contaminants and potentially mobile heavy metals complicate
treatment and resource recovery. Pyrolysis can reduce sludge volume, stabilize some organic
constituents and convert the solid residue into a carbonaceous material. However, sludge-derived chars
typically have high ash contents and poorly developed pore structures, limiting their direct use as
adsorbents [1, 2]. Both precursor composition and activation conditions therefore influence the
properties of the final material.

Corn straw provides an additional carbon source for sludge. Compared with sludge, straw has a higher
volatile matter content and a lower ash content, and its lignocellulosic constituents decompose within
characteristic temperature ranges. In blends, sludge favors solid retention, whereas straw promotes
volatile release and the formation of initial pore channels. Studies of sludge co-pyrolysis with sawdust,
cotton stalks and coconut shells have shown that feedstock interactions modify mass-loss behavior and
char properties [3–5]. Thermal behavior, activation conditions and adsorption performance have often
been examined separately; the relationship between precursor selection and final material performance
warrants further investigation.

The thermogravimetric (TG) curve of a blend often deviates from the mass-weighted sum of the
individual feedstock curves. Such deviations are associated with heat and mass transfer, reactions
among volatile products, and catalytic or inhibitory effects of mineral constituents [3, 4]. Here, the
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difference between measured and theoretical TG curves was used to characterize nonadditive
interactions and compare pyrolysis behavior across blending ratios.

Chemical activation further develops the pore structure of char precursors. Among alkaline activating
agents, KOH promotes pore formation through carbon consumption, expansion between carbon layers
and pore development [6, 8]. The resulting structure depends on feedstock composition, activating-agent
dosage, activation temperature and residence time. Excessive activation may widen micropores or
damage the carbon framework, whereas insufficient activation limits pore development [5, 6, 9]. Studies
of sludge-derived adsorbents also show that the activation method and agent affect pore structure,
material yield and contaminant adsorption [20–23]. These factors should therefore be considered
together when selecting precursors and optimizing activation conditions.

The cationic dye methylene blue (MB) was selected to evaluate pore accessibility and surface affinity.
MB is widely used as a probe contaminant in studies of sludge- and biomass-derived activated carbons
[13–15, 20, 22, 24]. Equilibrium, kinetic and regeneration experiments were used to compare three
activated carbons, and the adsorption mechanisms were interpreted by combining model fits with pore
structure and surface characterization [16–19].

This study first compares the pyrolysis behavior of sewage sludge and corn straw and examines
nonadditive interactions at different blending ratios using deviations between measured and theoretical
TG curves. A char precursor is then selected, two-step KOH activation is optimized, and changes in pore
structure and surface properties are characterized. Finally, MB adsorption and regeneration experiments
are used to evaluate material performance.

2 Materials and methods

2.1 Feedstocks and basic properties
Dewatered sewage sludge was collected from a wastewater treatment plant in Chongqing, China, and
corn straw was obtained from a rural area of Chongqing. During initial pretreatment, the feedstocks were
dried at 105°C for 48 h, ground, passed through a 100-mesh sieve and stored in sealed containers.
Before each experiment, they were dried again at 105°C for 12 h. Sewage sludge and corn straw are
denoted SS and CS, respectively. All blending ratios are expressed as dry-mass ratios of SS:CS.

Analytical-grade KOH, NaOH, KI, KIO₃, I₂, soluble starch, Na₂S₂O₃ and HCl were purchased from Chengdu
Kelong Chemical Co., Ltd., China. Analytical-grade methylene blue was purchased from Tianjin Zhiyuan
Chemical Reagent Co., Ltd., China.
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Table 1
Proximate and ultimate analyses of the feedstocks on a dry basis

Sample Vd / % Ad / % FCd / % Cd / % Hd / % Od / % Nd / % Sd / %

SS 48.02 47.92 4.06 25.61 3.58 17.57 4.43 0.89

CS 74.35 7.31 18.34 34.15 3.47 53.01 1.70 0.36

Vd, volatile matter; Ad, ash; FCd, fixed carbon. Od was calculated by difference.

2.2 Thermogravimetric analysis and interaction deviations
TG measurements were performed using a NETZSCH STA 409 PC simultaneous thermal analyzer.
Approximately 10 mg of sample was placed in a covered Al₂O₃ crucible and heated under N₂ of 99.999%
purity. Individual SS and CS samples were tested at 10, 20 and 30°C min⁻¹. The N₂ flow rate was 50 mL
min⁻¹ for all three SS measurements and 50, 30 and 50 mL min⁻¹ for the CS measurements at 10, 20 and
30°C min⁻¹, respectively. Blends with SS:CS dry-mass ratios of 1:1, 2:1, 3:1 and 4:1 were tested at 10°C
min⁻¹ under N₂ flowing at 50 mL min⁻¹. All curves used for direct comparisons were normalized to the
initial sample mass and analyzed over a common temperature interval of 30–800°C. TG curves and
characteristic parameters were interpreted following approaches commonly used in studies of the
thermal conversion of sludge and lignocellulosic constituents [10, 11].

The theoretical residual-mass curve of each blend was calculated from the independently measured
curves of the individual feedstocks, weighted by their mass fractions:

where Wcal is the theoretical residual mass, WSS and WCS are the residual masses of SS and CS at the
same temperature, and xSS and xCS are their dry-mass fractions. The interaction deviation was defined
as:

A negative deviation (ΔW < 0) indicates that the measured residual mass is lower than the theoretical
value, corresponding to enhanced mass loss. A positive deviation (ΔW > 0) indicates a higher measured
residual mass, corresponding to inhibited mass loss or enhanced solid retention.

2.3 Precarbonization and chemical activation
The selected SS–CS blend was placed in a crucible and heated to 550°C at 10°C min⁻¹ in an OTF-1100X
horizontal tube furnace under N₂ flowing at 200 mL min⁻¹. Heating was stopped when the target
temperature was reached, and the sample was allowed to cool inside the furnace under N₂. The resulting
unactivated sludge–straw char is denoted RSC.

Wcal(T ) = xSSWSS(T ) + xCSWCS(T )

ΔW(T ) = Wexp(T ) − Wcal(T )
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For chemical impregnation, RSC was mixed with the corresponding activating-agent solution and shaken
at 25°C and 220 rpm for 24 h, after which the solid was recovered by filtration. The impregnated sample
was heated to the specified activation temperature at 10°C min⁻¹ under N₂ flowing at 200 mL min⁻¹. After
furnace cooling, the sample was washed with 1 mol L⁻¹ HCl and then with deionized water until the
washings reached pH 6–7, followed by drying and grinding. Samples activated at 800°C with KOH, mixed
KOH/NaOH and NaOH are denoted KSC800, KNSC800 and NSC800, respectively. For the selected KOH
activation conditions, the impregnation ratio is defined as the mass of RSC to the volume of KOH
solution: 1:3 represents 1 g of RSC mixed with 3 mL of 3 mol L⁻¹ KOH solution. For mixed-alkali
activation, KOH and NaOH solutions, each at 3 mol L⁻¹, were combined at a KOH:NaOH ratio of 1.5:1.5.

2.4 Process optimization and iodine number determination
Single-factor experiments examined the effects of SS:CS ratio, impregnation ratio, activation
temperature and activation time and were used to establish four levels for each factor. KOH activation
gave the highest iodine number among the three activation systems and was therefore selected for the
L16(4⁴) orthogonal experiment. The iodine number was determined according to GB/T 12496.8—2015
[12]. Range analysis was used to assess factor effects. The selected combination was validated in three
experiments. All other results represent single measurements.

Table 2
Factors and levels in the L16 orthogonal design

Level A:
SS:CS

B: Impregnation
ratio

C: Activation temperature /
°C

D: Activation time /
min

1 1:1 1:1 600 30

2 2:1 1:2 700 60

3 3:1 1:3 800 90

4 4:1 1:4 900 120

2.5 Material characterization
Surface morphology was examined using an Apreo 2 C HiVac field-emission scanning electron
microscope at an accelerating voltage of 10 kV, and elemental distributions were determined by energy-
dispersive X-ray spectroscopy (EDS). N₂ adsorption–desorption measurements were performed using a
BELSORP-max surface area and pore size analyzer after vacuum degassing at 300°C for 20 h. The
specific surface area was calculated using the Brunauer–Emmett–Teller (BET) method, and total pore
volume and pore size distributions were obtained from the adsorption data. Micropore and mesopore
distributions were evaluated using the Horváth–Kawazoe and Barrett–Joyner–Halenda (BJH) methods,
respectively. Crystalline phases were analyzed using a SmartLab X-ray diffractometer with Cu Kα₁
radiation (λ = 1.540593 Å), operated at 40 kV and 100 mA. The 2θ range was 10–90°, with a step size of
0.02° and a scan rate of 10° min⁻¹. Surface functional groups were analyzed using a Bruker TENSOR 27
Fourier transform infrared (FTIR) spectrometer over 4000–500 cm⁻¹.
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2.6 Methylene blue adsorption and regeneration
An MB stock solution of 1000 mg L⁻¹ was prepared and stored at 4°C in the dark. Standard solutions of
2–10 mg L⁻¹ were prepared, and absorbance was measured at 665 nm using an N4 UV–visible
spectrophotometer. Batch adsorption experiments were conducted at room temperature in a SHA-C
thermostatic water-bath shaker to examine the effects of contact time (30–180 min), initial MB
concentration (20–120 mg L⁻¹), adsorbent dosage (0.10–0.35 g) and initial pH (1–11). Unless a
parameter was being varied, the conditions were 0.10 g of adsorbent, 100 mL of 100 mg L⁻¹ MB solution
and a contact time of 150 min. Adsorption isotherm experiments used 0.10 g of adsorbent and 100 mL
of solution with an equilibration time of 180 min.

where C0 and Ce are the initial and equilibrium MB concentrations (mg L⁻¹), respectively, V is the solution
volume (L), m is the adsorbent mass (g), and qe is the equilibrium adsorption capacity (mg g⁻¹).

Equilibrium data were fitted using the linearized Langmuir and Freundlich models. Time-dependent data
were fitted using the pseudo-first-order, pseudo-second-order and Weber–Morris intraparticle diffusion
models [18, 19].

For regeneration, KSC800 was recovered after MB adsorption at C0 = 100 mg L⁻¹, m = 0.10 g and t = 150
min, added to 50 mL of 1 mol L⁻¹ HCl and shaken at 200 rpm for 4 h in the dark. The solid was then
separated, washed to neutral pH and dried at 100°C to constant mass before reuse. Five adsorption–
desorption cycles were performed.

3 Results and discussion

3.1 Complementary thermal behavior and nonadditive
interactions during co-pyrolysis
The feedstocks differed substantially in composition (Table 1). SS contained 47.92% ash and 4.06% fixed
carbon, whereas CS contained 7.31% ash, 18.34% fixed carbon and 74.35% volatile matter. The mineral
fraction of SS favors solid retention but reduces the proportion of organic constituents. The more
reactive lignocellulosic components of CS release volatile products during carbonization and form initial
mass-transfer channels. The two feedstocks therefore offer complementary characteristics in terms of
solid retention and volatile release.

At 10°C min⁻¹, the main derivative thermogravimetric (DTG) peak of CS occurred at 345.95°C, with a
maximum mass-loss rate of 7.19% min⁻¹. SS decomposed over a broader temperature range and
showed a less intense peak at 291.99°C, with a maximum mass-loss rate of 1.80% min⁻¹. The residual

R(%) = × 100%
C0−Ce

C0

qe =
(C0−Ce)V

m
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solid fractions at 800°C were 20.84% for CS and 54.40% for SS. Increasing the heating rate shifted the
characteristic temperatures of both individual feedstocks toward higher temperatures and increased the
absolute DTG peak magnitudes, consistent with greater thermal lag [10, 11]. The CS measurement at
20°C min⁻¹ used a different N₂ flow rate, so its comparison with the other heating rates also includes a
gas-flow difference. The main text focuses on 10°C min⁻¹ to match the blend experiments.

Table 3
Pyrolysis characteristics of the samples at 10°C min⁻¹

Sample Ti / °C Tmax /
°C

Tf / °C Maximum mass-loss rate / %
min⁻¹

Residual solid at
800°C / %

SS 189.04 291.99 534.81 1.80 54.40

CS 184.07 345.95 568.18 7.19 20.84

1SS:1CS 188.33 348.79 400.62 3.81 39.41

2SS:1CS 180.52 327.49 392.10 2.87 41.78

3SS:1CS 179.10 321.10 395.65 2.66 47.59

4SS:1CS 175.55 318.97 404.17 2.28 48.97

Ti, onset decomposition temperature; Tmax, DTG peak temperature; Tf, temperature at which mass loss
reaches 95% of the combustible fraction of the sample. Blend residual-solid values at approximately
800°C correspond to the recorded temperature of 799.64°C.

As the SS fraction increased, Tmax decreased from 348.79°C for 1SS:1CS to 318.97°C for 4SS:1CS, and

the maximum mass-loss rate decreased from 3.81 to 2.28% min⁻¹. The 1:1 blend retained 39.41% solid
at 800°C, exceeding the value for CS, while its pyrolytic reactivity was appreciably higher than that of SS.
This ratio provided a balance between solid retention and volatile release and was selected for
subsequent carbon preparation.

The deviation between measured and theoretical TG curves varied with temperature and blending ratio
(Fig. 1). During the main devolatilization stage, ΔW was negative for all four blends, indicating enhanced
mass loss. The 1:1 and 4:1 curves became positive at approximately 348°C, whereas the 3:1 curve
became positive at approximately 418°C and remained positive at higher temperatures. For the 2:1
blend, ΔW was positive at approximately 366–562°C and then became negative again, reaching − 1.43%
at 800°C. Thus, the blending ratio altered both the temperature interval and direction of the nonadditive
interaction. Negative deviations may reflect catalysis of straw decomposition by sludge minerals,
including alkali and alkaline-earth metals. Positive deviations may be associated with mineral
stabilization, secondary condensation of volatile products or char-forming reactions [3, 4].

3.2 Optimization of precarbonization and KOH activation
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Increasing the precarbonization temperature from 450 to 750°C decreased the sludge-char yield from
63.22 to 55.35% and increased the ash content from 73.21 to 83.14%. The iodine number increased from
195.4 mg g⁻¹ at 450°C to 271.6 mg g⁻¹ at 550°C and then decreased at higher temperatures. A
precarbonization temperature of 550°C was therefore selected to retain a reactive carbon framework
while limiting ash enrichment and high-temperature densification. Similar temperature dependence has
been reported for sludge pyrolysis and sludge-derived carbon preparation [7, 10].

Table 4
Effect of precarbonization temperature on sludge-char properties

Precarbonization temperature / °C Char yield / % Ash / % pH Iodine number / mg g⁻¹

450 63.22 73.21 8.59 195.4

550 58.62 77.57 9.61 271.6

650 56.93 81.56 10.63 263.2

750 55.35 83.14 11.17 224.8

The single-factor experiments identified relatively high iodine numbers at SS:CS = 1:1, an impregnation
ratio of 1:3, an activation temperature of 800°C and an activation time of 90 min. Among the three
activation systems, KOH gave the highest iodine number and was selected for the subsequent
orthogonal experiment. This finding is consistent with reports that potassium-containing species
promote carbon-framework etching and pore formation [6, 8, 9].

Table 5
Range analysis of the L16 orthogonal experiment using iodine number (mg g⁻¹) as the response

Statistic A: SS:CS B: Impregnation
ratio

C: Activation
temperature

D: Activation
time

Mean at level
1

754.0200 561.3450 530.2275 575.7050

Mean at level
2

682.2175 637.9350 635.5425 671.4450

Mean at level
3

610.4125 704.9550 731.2825 690.5950

Mean at level
4

533.8175 676.2325 683.4150 642.7225

Range R 220.2025 143.6100 201.0550 114.8900

Factor levels are defined in Table 2.

The factor ranges followed the order A > C > B > D, indicating that feedstock ratio and activation
temperature produced the largest response variations within the investigated levels. The highest
measured iodine number in the L16 experiment, 945.50 mg g⁻¹, was obtained for A1B3C3D3: SS:CS = 1:1,
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an impregnation ratio of 1:3, 800°C and 90 min. Three validation experiments gave iodine numbers of
923.16, 965.82 and 946.74 mg g⁻¹, with a mean ± sample standard deviation of 945.24 ± 21.37 mg g⁻¹
and a relative standard deviation of 2.26%. The KOH-activated carbon prepared under these conditions is
denoted KSC800.

3.3 Structural evolution induced by KOH activation
SEM images showed a relatively dense RSC surface with large channels associated with the biomass
structure. KSC800 exhibited pronounced surface etching, thinner pore walls and numerous openings,
indicating restructuring of the carbon framework during KOH activation. EDS mapping revealed a
predominantly carbonaceous matrix with unevenly distributed Si, O, S, P and K. Some mineral elements
remained after acid washing, producing a carbon–mineral composite. Similar morphological changes
and mineral residues have been reported for activated carbons derived from sludge and biomass [5, 7,
8].

The pore structure parameters confirmed the substantial effect of KOH activation (Table 6). The BET
specific surface area increased from 79.88 m² g⁻¹ for RSC to 647.69 m² g⁻¹ for KSC800, an
approximately 711% increase, while the total pore volume increased from 0.1198 to 0.445 cm³ g⁻¹. The
mean pore diameter decreased from 5.99 to 2.75 nm. A distinct micropore contribution developed at
approximately 0.6 nm, together with a broad mesopore contribution at approximately 2–10 nm. Narrow
micropores provide potential adsorption sites, whereas larger channels facilitate solute transport; their
coexistence can support both adsorption capacity and accessibility [5, 9, 16, 20–23].

Table 6
Pore structure parameters before and after KOH activation

Sample SBET / m² g⁻¹ Total pore volume / cm³ g⁻¹ Mean pore diameter / nm

RSC 79.88 0.1198 5.99

KSC800 647.69 0.445 2.75

The XRD pattern of RSC exhibited sharp reflections at 2θ ≈ 20.9°, 26.6° and 50.1°, consistent with quartz
(SiO₂; PDF 46-1045). These reflections weakened after KOH activation and acid washing, suggesting
partial mineral transformation or removal. KSC800 showed a broad scattering feature over 20–30°,
characteristic of a disordered carbon structure. Some additional reflections were tentatively associated
with sanidine-type aluminosilicates: disordered sanidine, KAlSi₃O₈ (PDF 25–0618), and sanidine,
(K,Na)AlSi₃O₈ (PDF 19-1227). These assignments require further confirmation [7, 9].

The FTIR bands of RSC at approximately 3433, 1626 and 1088 cm⁻¹ were assigned to O–H stretching,
aromatic C = C and/or conjugated C = O vibrations, and Si–O–Si stretching, respectively. After activation,
the corresponding bands shifted to approximately 3410, 1582 and 1080 cm⁻¹, with changes in intensity,
indicating modification of oxygen-containing surface groups and mineral-associated groups [7, 16].
Quantitative analysis is needed to establish changes in functional-group abundance.
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3.4 Methylene blue adsorption performance
KSC800 maintained a higher MB removal efficiency than the other two activated carbons throughout the
investigated contact-time range. Adsorption was rapid during the first 60 min and approached
equilibrium after approximately 150 min, with a maximum removal efficiency of 93.1%. A contact time of
150 min was adopted for the subsequent factor experiments. Rapid initial uptake is consistent with
readily accessible sites on external surfaces and connected mesopores. The slower subsequent stage
may involve continued solute diffusion into smaller pores [13–15, 17, 20, 22, 24].

As the initial MB concentration increased from 20 to 120 mg L⁻¹, the removal efficiency of KSC800
decreased from 99.9 to 89.6%, while its adsorption capacity increased from 19.98 to 107.52 mg g⁻¹.
Removal efficiency measures the fraction of MB removed from solution, whereas adsorption capacity
measures the MB loading per unit adsorbent mass, explaining their different concentration-dependent
trends. Increasing the adsorbent dosage improved removal efficiency. Removal was also higher under
alkaline than strongly acidic conditions, consistent with reduced H⁺ competition and stronger attraction
between cationic MB and deprotonated surface groups [16, 17].

The equilibrium fitting results are summarized in Table 7. For KNSC800 and NSC800, the Langmuir R²
values were 0.9925 and 0.9971, exceeding the corresponding Freundlich values of 0.9620 and 0.9612
and indicating more pronounced Langmuir-type behavior. For KSC800, the Freundlich R² of 0.9881 was
slightly higher than the Langmuir value of 0.9812, consistent with a more heterogeneous distribution of
adsorption-site energies. The Langmuir maximum adsorption capacities were 110.38, 103.20 and 92.85
mg g⁻¹ for KSC800, KNSC800 and NSC800, respectively [16–18].

Table 7
Langmuir and Freundlich parameters for MB adsorption

Sample qmax / mg g⁻¹ KL / L mg⁻¹ Langmuir R² KF n Freundlich R²

KSC800 110.38 1.1137 0.9812 54.01 3.7806 0.9881

KNSC800 103.20 0.2767 0.9925 26.57 2.4439 0.9620

NSC800 92.85 0.1417 0.9971 17.06 2.2373 0.9612

qmax is the calculated maximum monolayer adsorption capacity. KF is the Freundlich adsorption
constant; its dimensions depend on 1/n.

For all three activated carbons, the pseudo-second-order model gave higher R² values than the pseudo-
first-order model. For KSC800, the pseudo-second-order R² was 0.9999 and the calculated equilibrium
adsorption capacity was 97.56 mg g⁻¹, indicating that this equation described the time-dependent data
well [18]. None of the Weber–Morris fitted lines passed through the origin, indicating that intraparticle
diffusion was not the sole rate-controlling process and that boundary-layer mass transfer also
contributed [19].
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Table 8
Kinetic model parameters for MB adsorption

Sample PFO qe / mg
g⁻¹

k1 /
min⁻¹

PFO
R²

PSO qe / mg
g⁻¹

k2 / g mg⁻¹
min⁻¹

PSO
R²

KSC800 93.1 0.02815 0.9962 97.56 0.00124 0.9999

KNSC800 84.4 0.03226 0.9671 94.52 0.00053 0.9984

NSC800 72.8 0.02935 0.9599 84.96 0.00041 0.9966

PFO, pseudo-first-order model; PSO, pseudo-second-order model.

3.5 Regeneration performance
The equilibrium adsorption capacity of KSC800 decreased with repeated acid-assisted regeneration. Its
initial capacity was 93.10 mg g⁻¹ and decreased to 88.45 mg g⁻¹ after the first regeneration,
corresponding to 95.01% retention. After the fifth regeneration, the capacity was 64.65 mg g⁻¹, with
69.44% retention. At C0 = 100 mg L⁻¹, V = 0.10 L and m = 0.10 g, qe expressed in mg g⁻¹ is numerically
equal to removal efficiency expressed as a percentage. The MB removal efficiency after the fifth
regeneration was therefore 64.65%.

4 Conclusions
Co-pyrolysis of sewage sludge and corn straw exhibited pronounced stage-dependent nonadditive
interactions. All four blends showed enhanced mass loss during the main devolatilization stage, whereas
the direction of the interaction at higher temperatures depended on the blending ratio. At 10°C min⁻¹, the
1:1 SS:CS blend had a maximum mass-loss rate of 3.81% min⁻¹ and retained 39.41% solid at 800°C,
providing a balance between pyrolytic reactivity and solid retention.

Following precarbonization at 550°C, the selected KOH activation conditions were an impregnation ratio
of 1:3, an activation temperature of 800°C and an activation time of 90 min. The iodine number reached
945.50 mg g⁻¹ in the orthogonal experiment and 945.24 ± 21.37 mg g⁻¹ in three validation experiments.
KOH activation increased the BET specific surface area from 79.88 to 647.69 m² g⁻¹ and the total pore
volume from 0.1198 to 0.445 cm³ g⁻¹, producing a carbon–mineral composite with coexisting
micropores and mesopores.

KSC800 exhibited the highest MB adsorption capacity among the three activated carbons. Its Freundlich
R² was slightly higher than its Langmuir R², whereas KNSC800 and NSC800 showed more pronounced
Langmuir-type behavior. The Langmuir maximum adsorption capacity of KSC800 was 110.38 mg g⁻¹.
After the fifth regeneration, its capacity was 64.65 mg g⁻¹, corresponding to 69.44% retention. The co-
pyrolysis thermal behavior provides a basis for selecting the feedstock ratio, while the microporous–
mesoporous structure developed by KOH activation improves adsorption performance.
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Figure 1

Thermal behavior and nonadditive interactions at 10 °C min⁻¹: (a) measured TG curves of SS, CS and
their blends; (b) measured and theoretical TG curves of the blends; (c) interaction deviation, ΔW = Wexp −

Wcal. ΔW < 0 indicates enhanced mass loss; ΔW > 0 indicates inhibited mass loss or enhanced solid
retention
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Figure 2

Effects of feedstock ratio, impregnation ratio, activation temperature and activation time on iodine
number and the selected process conditions
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Figure 3

Surface morphology and elemental maps of RSC (a, c) and KSC800 (b, d)
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Figure 4

N₂ adsorption–desorption isotherms and pore size distributions of RSC and KSC800
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Figure 5

XRD patterns and FTIR spectra of RSC and KSC800
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Figure 6

Effects of contact time, initial MB concentration, adsorbent dosage and initial pH on MB removal by
KSC800, KNSC800 and NSC800
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Figure 7

Equilibrium adsorption capacity of KSC800 during repeated adsorption–desorption and capacity
retention relative to initial use. Cycle 1 denotes initial use, and cycles 2–6 denote use after the first
through fifth regenerations
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