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Sewage sludge (SS) and SS impregnated with activating agents (ZnCl, and KOH) were pyrolyzed in a
fixed-bed reactor to produce gaseous fuel and activated char. The effects of heating rate, pyrolysis
temperature and activator type on gas yields, pore structure and adsorption properties of activated char
were systematically studied. The results demonstrated that increasing the pyrolysis temperature from
450 °C to 850 °C proportionally enhanced H; and CO yields from the rapid pyrolysis of SS, while CH4 yield
showed minimal variation between 650 °C and 850 °C. ZnCl; notably increased the CO yield, reaching
71.9 ml-g~! at 850 °C, but caused a marked reduction in CH, yield under the tested conditions. Similarly,
KOH promoted CO yield at 750 °C and 850 °C, with minimal impact on CH4 production. Both activators
facilitated higher H, yields in the range of 450—550 °C, while the maximum H, yield (109.8 ml-g~ ') was
observed at 850 °C in the absence of activator. The activated char derived from ZnCly-assisted pyrolysis
exhibited well-developed micro- and mesopore structures, with specific surface areas ranging from 188.2
to 54.1 m?-g~! across pyrolysis temperatures of 450—850 °C. When evaluated as adsorbents for meth-
ylene blue removal, activated char with greater specific surface area and total pore volume exhibited
superior adsorption capacity. The adsorption process was well-described by the pseudo-second-order
kinetic model.
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rights are reserved, including those for text and data mining, Al training, and similar technologies.

1. Introduction

Sewage sludge (SS) generated from wastewater treatment pro-
cesses is a highly heterogeneous body, including microorganisms,
undegraded organic matter, inorganic impurities and water [1,2],
which could pose a threat to the ecological environment and hu-
man health, if not properly treated or disposed of. With the rapid
urbanization occurring in many regions globally, the generation of
SS has increased substantially. Current SS disposal methods pri-
marily include landfilling, agricultural use and incineration [3,4],
while these methods have some limitations, e.g., requiring vast
areas or having some unfavorable environmental impacts [5,6].
Because of its high content of organic matters, SS can be used as raw
material to produce fuels and carbonaceous adsorbents. Pyrolysis,
as a thermochemical method with the oxygen free, offers a viable
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alternative for converting SS into valuable products, such as
combustible gas, bio-oil and activated char [7—9].

Development of pyrolysis process and its technology could be a
promising option for sludge reduction and energy production [10].
Inguanzo et al. [11] demonstrated that both the oil and gas derived
from SS pyrolysis possessed relatively high heating values, com-
parable to some traditional fuels. Chang et al. [12] showed that the
combined energy output from pyrolysis oils and gases could nearly
sustain the energy demands of the process itself. Chun et al. [13]
highlighted that pyrolysis gas could achieve a higher heating value
of up to 10107 kJ-m~', while the specific area of the activated char
reached 40.1 m?-g~ .

Activated char is also a primary product of SS pyrolysis. How-
ever, it is difficult to achieve a specific surface area higher than
200 m?-g ! directly by pyrolysis of SS [14,15]. In general, activated
chars with higher porosities can be prepared by chemical activa-
tion, which refers to the impregnation of SS with chemical agents
such as ZnCl, KOH, H,SO4 and H3PO4. ZnCl; is a dehydration reagent
that induces the charring and aromatization of carbonaceous ma-
terials during pyrolysis [16]. KOH, which is a very effective
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activating agent, reacts with carbon through multistep redox re-
actions [17]. In both cases, the obtained activated char has a
developed porous structure that allows for its use as an adsorbent.
Chen et al. [18] indicated that pyrolysis of SS impregnated with
ZnCly and KOH could be an energy-saving approach for producing
activated char suitable for de-NOy applications. Li et al. [19] pre-
pared activated chars from SS using ZnCl, H»SO4 and KOH as acti-
vators, respectively, and observed superior H,S adsorption
performance in chars activated with ZnCl; and KOH.

Many studies have concentrated on recycling SS by making
adsorbents for dye wastewater treatment. Methylene blue (MB), a
basic dye, is widely used in the textile, printing, leather, cosmetics,
and food industries as a raw coloring agent. Li et al. [20] reported a
method for preparing SS activated carbon by activating pyrolysis
char with ZnCl, and the maximum uptake of MB was 95.3 mg-g~ .
Rozada et al. [16] demonstrated that SS activated carbon, using
ZnCl, as activator, exhibited an MB adsorption capacity of
139.4 mg-g~ |, significantly surpassing that of H,SOs-activated
carbon. Mahapatra et al. [21] conducted a comparative evaluation of
dye adsorption capacity between commercial and synthesized
rubber sludge-derived activated carbon, and found the kinetics of
MB removal by synthesized activated carbon was faster than the
commercial one. The preparation of activated carbon from SS
would not only transform solid waste into a valuable adsorbent but
also have the potential to replace commercial adsorbents for
wastewater treatment.

In the light of previous research, the primary objective of this
study was to improve the resource utilization of SS. By conducting
SS pyrolysis in the presence of activating agent, the resulting gas
product can serve as a fuel directly, while the solid product can also
function effectively as an adsorbent. The study provided a simple
method for integrating sludge disposal, energy recovery, adsorbent
preparation and wastewater treatment. The pyrolysis characteris-
tics of SS in the presence of ZnCl, or KOH were investigated with
the dual objectives of recovering gas and char products. The effects
of pyrolysis conditions, including heating rate and final tempera-
ture, as well as activating agents on the main characteristics of gas
and activated char were systematically investigated in a laboratory-
scale tubular furnace. To assess the potential applications of the
resulting activated char, its adsorption behavior was evaluated
using MB.

2. Experimental Methods
2.1. Experimental material

The dewatered SS was obtained from the Xianyang Road
Wastewater Treatment Plant in Tianjin, China. The proximate and
ultimate analysis of the SS was shown in Table 1. The SS had a low
fixed carbon (FC,q) content of 5.9%, a volatile matter (V,q) content of
48.5%, and a heating value (Qpet) of 11.2 MJ-kg .

The SS was dried in an electronic oven at 100 °C for 24 h. The
dried sludge was then powdered and sieved to a size range of
0.125—0.250 mm. Analytically pure ZnCl, and KOH, using as acti-
vating agents, were impregnated into the SS. 20 g of dried SS was
immersed in 60 ml of 3 mol-L~! ZnCl, or KOH solution, mixed at

Table 1
Proximate and ultimate analysis of SS.

room temperature for 24 h, and subsequently dried in an oven at
100 °C for 24 h. The impregnated sludge samples were denoted as
SS-ZnCl,-3 and SS-KOH-, respectively.

2.2. Experimental equipment and procedure

The prepared sludge samples were pyrolyzed at different heat-
ing rates and final temperatures in a horizontal tube furnace.
During the temperature-programmed pyrolysis, 10 g of sample was
evenly spread in a corundum boat and placed at the center of the
reactor tube (50 mm inner diameter and 400 mm length). The
sample was heated from room temperature to 950 °C at a rate of
8 °C-min~! under a N; flow of 400 ml-min~'. During the above
process, pyrolysis gases, including H, CO, CHs and CO, were
continuously detected and recorded at 10 °C intervals using a gas
analyzer (GE-MP, Gechee, China). During gas sampling, tar was
removed via three ethyl alcohol absorption bottles and a cotton
filter to protect the gas analyzer.

For the rapid pyrolysis experiments, the reactor was purged
with a constant N flow (400 ml-min~!) to maintain an inert at-
mosphere. When the heating zone of furnace reached the desired
reaction temperature (450, 550, 650, 750 or 850 °C), 5 g of sludge
sample in a corundum boat was quickly put into the reactor. Py-
rolysis proceeded until no further gases were detected, with gas
monitoring performed every 30 s. The resulting char was cooled to
room temperature under N. The obtained activated char was
washed three times with 1 mol-L~! HCl solution to eliminate the
remains of the chemical activator [16], followed by deionized water
rinses until the supernatant reached neutral pH. Finally, the acti-
vated char was dried at 100 °C.

The activated chars obtained from temperature-programmed
pyrolysis were designated as SCP, SCP-ZnCl,-3 and SCP-KOH-,
respectively, where “3” represents the use of a 3 mol-L~! ZnCl, or
KOH solution for impregnating the sludge. Meanwhile, the acti-
vated chars derived from fast pyrolysis were labeled as SCF-ZnCl,-
(temperature) and SCF-KOH-(temperature). For instance, SCF-
ZnCl,-850 refers to the activated char produced from ZnCl;-
impregnated SS at a pyrolysis temperature of 850 °C.

2.3. Characterization of sludge samples and activated chars

The pyrolysis reactivity of sludge samples was measured using a
thermogravimetric analyzer (HCT-4, Henven, China). Approxi-
mately 20 mg of sample was heated to 950 °C at a rate of
8 °C-min~! under a N; flow of 50 ml-min~". The porous structure
parameters of activated chars were determined via nitrogen
adsorption—desorption analysis (JW-BK 200C, JWGB, China)
at —196 °C. Before analysis, the activated chars were degassed at
200 °C under vacuum for 8 h. The specific surface area was calcu-
lated using the Brunauer-Emmett-Teller (BET) equation [22]. The
mesopore volume and pore size distributions were calculated by
applying the Barrett-Joyner and Halenda (BJH) method [23]. The
total pore volume was calculated from the N, adsorbed amount at a
relative pressure (P/Py) of 0.99. The surface morphology of activated
chars was observed using scanning electron microscopy (SEM, JSM-
6360LA, JEOL, Japan). The types of surface functional groups were

Proximate analysis/% (mass)

Mad Vad FCad A Quet/MJ-kg ™!

6.5 48.5 5.9 39.1 11.2

Ultimate analysis/% (mass)
Cad Had oad* Nad Sad
26.0 2.1 19.9 35 29

* By difference.
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identified by Fourier transform infrared (FTIR) spectroscopy
(Magna-IR 560 E.S.P, Nicolet, USA) in the range of 4000—500 cm™!
with a resolution of 4 cm™', using KBr pellets containing approxi-
mately 0.5% (mass) sample.

2.4. MB adsorption experiment

The adsorption performance of activated chars was evaluated
using MB as an adsorbate by batch adsorption method [24]. Typi-
cally, 20 mg of activated char was mixed with 500 ml of MB solution
with initial concentration of 10 mg-L~! under magnetic stirring of
400 r-min~! at 30 °C. The absorbance of the MB solution was
measured at a wavelength of 664 nm using a UV—visible spectro-
photometer (UV759CRT, Yoke, China).

The adsorption capacity (Q.) of MB was calculated using Eq. (1):

(G -0V
Q= 1000-M M
where Q. is the MB adsorption capacity (mg-g~'), V is the solution
volume (ml), M is the mass of adsorbent (g), Cy is the initial MB
concentration (mg-L™!), and C is the final MB concentration
(mg-L1).

3. Results and Discussion
3.1. Thermogravimetric analysis

The thermogravimetric (TG) method was used to characterize
the pyrolysis behavior of sludge samples (SS, SS-ZnCl,-3 and SS-
KOH-3). The TG curves in Fig. 1(a) illustrate the mass loss of
sludge samples as a function of temperature during pyrolysis. From
room temperature to 400 °C, SS-ZnCl,-3 and SS-KOH-3 presented
similar mass loss, both lower than that of SS. Between 400 and
900 °C, SS-ZnCl,-3 experienced the highest mass loss up to 4.7%,
followed by SS-KOH-, while SS showed the lowest mass loss of
25.8%. The total mass loss at 900 °C was 6.8% for SS-ZnCl,-, 54.9% for
SS, and 47.2% for SS-KOH-.

The differential thermogravimetric (DTG) curves in Fig. 1(b)
reveal the mass loss rate during pyrolysis. The small peaks below
150 °C were evaporation of moisture in sludge samples, while the
intense peaks within 180—400 °C were attributed to the depoly-
merization of organic matter. SS exhibited an obviously higher
mass loss rate (0.19%-°C~") than SS-KOH-3 (0.14%-°C~!) and SS-

ZnCly-3 (0.11%-°C™'). When the temperature was higher than
400 °C, two small peaks were observed for SS at 430 °C and 810 °C,
whereas SS-ZnCly-3 and SS-KOH-3 showed single peaks at 529 °C
and 685 °C, respectively. The mass loss beyond 400 °C was pri-
marily due to the decomposition of residual organic volatiles and
inorganic substances [25,26]. Furthermore, SS-ZnCl,-3 presented a
higher mass loss rate and a lower decomposition temperature,
indicating that ZnCl, in sludge could significantly promote the
decomposition process.

3.2. Emission characteristics of pyrolysis gas

The temperature-programmed pyrolysis of SS, SS-ZnCl,-3 and
SS-KOH-3 in the range from 200 °C to 950 °C revealed significant
effects of activating agent and temperature on the release of py-
rolysis gases (H, CO, CH4 and CO3), as shown in Fig. 2.

As illustrated in Fig. 2(a), Hy was released continuously from
350 °C to 950 °C during SS pyrolysis. The presence of ZnCl; and KOH
significantly enhanced H, content, and shifted the emission range
to 300—700 °C. For SS-ZnCl,-, H, emission began to rise sharply at
temperature above 300 °C, and reached a maximum level of 15.6%
at approximately 400 °C. For SS-KOH-, Hy was released above
360 °C, and rapidly reached its peak content of 11.5% at 440 °C. The
above results suggested that ZnCl; and KOH promoted H; release in
the range of 350—500 °C. From Fig. 2(b), CO was released from SS
pyrolysis above 670 °C, reaching its peaks at 740 °C and 940 °C,
respectively. In contrast, CO released from SS-KOH-3 highly
increased with peak content of 11.3%, and the temperature reduced
to the range of 600—750 °C. SS-ZnCl,-3 exhibited significant CO
release between 340°C and 440 °C, indicating that ZnCl; facilitated
CO emission at lower temperatures. As shown in Fig. 2(c), CHy
emissions occurred within 350—500 °C for all samples. However,
the activating agents had a great influence on the concentration of
CH4. The maximum level of CHy released from SS-KOH-3 was
higher than that of SS, reaching its peak content of 9.8%, while the
level of CH4 was drastically reduced during the SS-ZnCl;-3 pyrolysis
and the maximum content was less than 3.0%. Fig. 2(d) showed CO,
release was much lower compared to other gases. The emission of
CO2 was lower than 500 °C, which was mainly caused by the
decarboxylation reaction. In comparison, the level of CO, was
enhanced in the presence of KOH, while it was largely inhibited
during SS-ZnCl,-3 pyrolysis.

Based on the emission characteristics of gases from the
temperature-programmed pyrolysis of SS, SS-ZnCl>-3 and SS-KOH-,

Fig. 1. TG and DTG curves of various sludge samples (SS, SS-ZnCl,-3 and SS-KOH-3) under simulated pyrolysis. (a) TG curves, (b) DTG curves.
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Fig. 2. Emission profiles of pyrolysis gases from temperature-programmed pyrolysis of SS, SS-ZnCl,-3 and SS-KOH-. (a) H, (b) CO, (c) CHy4, (d) CO.

the gas yields from fast pyrolysis at different temperatures
(450—850 °C) were summarized in Fig. 3.

As shown in Fig. 3(a), the H; yield was found to improve pro-
portionally with increasing temperature. H; yields from SS-ZnCl,-3
and SS-KOH-3 pyrolysis were higher compared to SS pyrolysis at
450—-550 °C. Combined with the emission profile of H; from
temperature-programmed pyrolysis, both ZnCl, and KOH in sludge
could highly promote the level of H, below 500 °C, which led to a
higher H, production at lower temperatures (450 °C and 550 °C).
However, when the pyrolysis temperature was higher than 650 °C,
the maximum H; yield was obtained from SS, reaching
109.8 ml-g~! at 850 °C. Similar to the H, yield, the temperature
showed marked positive influence on CO production from the fast
pyrolysis of the three samples as shown in Fig. 3(b). CO production
was highest for SS-ZnCl,-3 in the range of 450°C—850 °C, peaking
at 71.9 ml-g~ . For SS-KOH-, CO yield was the lowest among the
sludge samples across 450—650 °C. However, when the tempera-
ture reached 750 °C and 850 °C, KOH could promote CO yield, and
the maximum value of 75.6 ml-g~! was achieved at 850 °C. As
shown in Fig. 3(c), CHy yield increased with pyrolysis temperature
up to 650 °C and plateaued at higher temperatures. In the case of
KOH-impregnated sludge, the CHy yields were slightly higher than
those of SS at 450 °C and 550 °C. By contrast, CHy yields from SS-
ZnCl,-3 were lowest throughout the temperature range, which
indicated the inhibition of the CH,4 release by ZnCl, according well

with the temperature-programmed pyrolysis of SS-ZnCly-3 in
Fig. 2(c). From Fig. 3(d), the total yield of the above combustible
gases improved proportionally with increasing temperature. The
total yields of gases from fast pyrolysis of SS and SS-KOH-3 had little
difference, while that of SS-ZnCl,-3 was the lowest except 450 °C.

3.3. Properties of activated char

The activated chars were obtained from SS pyrolysis in the
presence of ZnCl, and KOH. The characteristics of the prepared
activated chars, including surface morphology, pore structure and
functional group, were investigated.

Fig. 4 (a)—(c) showed the SEM images of activated chars from
temperature-programmed pyrolysis. From Fig. 4 (a), it can be
observed that SCP from SS pyrolysis exhibited a smooth surface with
some shallow pores (diameters of 1-2 um). In contrast, SCP-KOH-3
and SCP-ZnCl,-3 had relatively rough and eroded surfaces with
larger pores (2—5 pm) distribution. Fig. 4 (d)—(f) showed the images
of chars from fast pyrolysis at 850 °C, which displayed more rough
and porous surface due to increased gases release and destruction of
char structure under the vigorous reaction conditions.

Fig. 5 showed the N, adsorption—desorption isotherms and
pore size distributions of activated chars. As shown in Fig. 5 (a),
SCP derived from the SS had the lowest N5 adsorption quantity. By
contrast, the Ny adsorption quantities of SCP-ZnCl,-3 and SCP-
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Fig. 3. Evolution of combustible gases yields from fast pyrolysis of SS, SS-ZnCl,-3 and SS-KOH-3 at different temperatures: (a) H, (b) CO, (c) CH4 and (d) total yields of H, CO and CHa4.

Fig. 4. SEM images of activated chars at 3000x magnification. Activated chars from temperature-programmed pyrolysis: (a) SCP, (b) SCP-KOH-, (c) SCP-ZnCl,-. Activated chars from
fast pyrolysis: (d) SCF-850, (e) SCF-KOH-850, (f) SCF-ZnCl,-850.
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KOH-3 increased obviously with increasing relative pressure (P/
Py). More specifically, SCP-ZnCl,-3 had the highest N, adsorption
amounts which increased abruptly at P/Py < 0.1 and had a sig-
nificant growth at high P/Py region, indicating fully developed
micro- and mesopore structures. The hysteretic loop also
appeared in SCP-KOH-3 and indicated the existence of mesopores.
The corresponding pore structure parameters of activated chars
were summarized in Table 2. As can be seen, SCP-ZnCl,-3
exhibited the highest BET surface area (Sger) and total pore vol-
ume (Vior) up to 458.3 m?-g~! and 0.442 cm>.g !, respectively,
followed by SCP-KOH-, while SCP showed much lower values of
89.2 m?-g~! and 0.104 cm®-g~!, respectively. The above activated

Table 2

Pore structure parameters of activated chars.
Samples SBET/ Vtot/ VmiC/ Vmes/ Vmes/ Dmean/

m?g ! amiPg! amiPg! amiPg! Ve nm

SCP 89.2 0.104 0.006 0.098 0942 1.67
SCP-KOH-3 318.2 0.274 0.069 0.205 0.745 0.17
SCP-ZnCl,-3 458.3 0.442 0.185 0.257 0.569 0.44
SCF-ZnCl,-450 339.5 0417 0.158 0.259 0.621 0.28
SCF-ZnCl,-650  54.1 0.539 0.243 0.296 0.549 0.65
SCF-ZnCl,-850 188.2 0.262 0.080 0.182 0.695 0.74

chars had narrow mesopore size distributions which centered at
3—4 nm as shown in Fig. 5(b).

Based on the fully developed pore structures of SCP-ZnCl,-3
derived from ZnCly-impregnated SS, ZnCl, was chosen as the
representative activating agent to discuss the roles of temperature
in fast pyrolysis for porous structures. A set of activated chars from
fast pyrolysis at 450, 650 and 850 °C were obtained. Fig. 5(c)
showed the N, adsorption quantities of activated chars first
increased and then decreased with increasing temperature. SCF-
ZnCly-650 exhibited the highest N, adsorption amounts up to
276.3 cm3~g’1, while SCF-ZnCl,-850 had the lowest amount of
18.7 cm>-g~ L The isotherms of activated chars all showed obvious
loops at P/Py of 0.4—1.0, indicating the formation of mesopores in
fast pyrolysis. As summarized in Table 2, the mesopore volumes
(Vimes) of the above activated chars were in the range of
0.182—0.296 cm? ~g’1. SCF-ZnCl,-650 possessed the highest Spgr
and Vior up to 54.1 m?-g~! and 0.539 cm®-g~, respectively. How-
ever, higher temperature (850 °C) adversely affected pore structure
development, leading to a low Sggr of 188.2 m?-g~ L. As shown in
Fig. 5(d), the mesopores mainly centered around 3—4 nm, and the
mean pore diameters (Dmean) Were about 2.74—3.65 nm.

The FTIR spectra of SCP, SCP-ZnCl,-3 and SCP-KOH-3 were
shown in Fig. 6 to evaluate the effects of activating agent on the
surface chemical properties. It can be seen that the peak around
3436 cm~! in the SCP spectra was corresponding to the stretching

Fig. 5. Characterization of pore structures of activated chars: (a), (c) N, adsorption and desorption isotherms; (b), (d) Pore size distributions.
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Fig. 6. FTIR spectra of sludge chars.

vibrations of hydroxyl, while in this range peak intensities of SCP-
ZnCly-3 and SCP-KOH-3 were extremely low. The peaks around
1620 cm~! were corresponding to the stretching vibration of C=0
[27]. The broad, intense peaks appeared within the range of

1200—1100 cm~! were assigned to C—O stretching vibration [28].
The peaks at 796 cm ™! were caused by C—H bending vibration [29],
and the peaks were relatively strong in the SCP and SCP-ZnCl,-3
spectra. The peaks at 700—650 cm™! appeared in the SCP spectra
may be assigned to skeletal vibrations, amine and amide groups
[30], but those were not observed for chars with ZnCl, and KOH
activation. As shown in Fig. 6, SCP-ZnCl»-3 and SCP-KOH-3 had
similar peak positions in FTIR spectra, indicating that type of acti-
vating agent had little impact on the functional group composition.

3.4. Adsorption of MB on activated char

MB, with a molecule diameter of 1.1—1.5 nm, was used as an
indicator to evaluate the adsorption capacity of activated chars
[31,32], as shown in Fig. 7. The adsorption curves of MB on SCP, SCP-
ZnCl,-3 and SCP-KOH-3 verse time were presented in Fig. 7(a). The
MB adsorption amounts of SCP reached equilibrium within 50 min
with saturated capacity of 50.2 mg-g ! while the adsorption
amounts of SCP-ZnCl,-3 and SCP-KOH-3 increased with time and
reached equilibrium after 105 min with capacities of 96.9 and
74.0 mg-g~ |, respectively. Fig. 7(b) showed the time-dependent
variation of MB adsorption on activated chars obtained from fast
pyrolysis. SCF-ZnCl-650 exhibited superior adsorption perfor-
mance compared to other chars, reaching equilibrium after 88 min

Fig. 7. MB adsorption capacities of activated chars: (a) activated chars from temperature-programmed pyrolysis, (b) activated chars from fast pyrolysis, (¢) and (d) relationships

between MB adsorption capacities and pore parameters.
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Table 3
Kinetic parameters of MB adsorption on sludge chars.

Sludge chars Qe(exp.)/mg-g~! Pseudo-first-order kinetic

Pseudo-second-order kinetic

k1 x 1072/min~! Qe(cal.)/mg-g~! R? kox 1072/min~! Qe(cal.)/mg-g~! R?
SCp 50.2 6.27 0.6 0.959 442 5.6 0.998
SCP-KOH-3 74.0 0.85 77.0 0.895 1.54 74.0 0.996
SCP-ZnCl,-3 96.9 5.53 11.7 0.902 0.89 1071 0.996
SCF-ZnCl,-450 61.9 6.45 7.3 0.854 1.68 66.7 0.986
SCF-ZnCl,-650 98.0 497 65.2 0.991 1.89 10.7 0.998
SCF-ZnCl,-850 49.1 441 45.7 0.768 0.25 509 0.985

with an adsorption capacity of 98.0 mg-g~ .. It could be attributed to
its larger specific surface area and pore volume, which provided
more active sites for MB adsorption.

Considering the minor differences in surface functional
groups, the MB uptake by the obtained activated char was pri-
marily attributed to the pore structure parameters. The rela-
tionship between MB adsorption amounts and Sggr of activated
chars was plotted in Fig. 7(c). The results showed a strong linear
correlation (R? = 0.933), indicating that a larger Sggr contributed
to improved adsorption performance by offering more adsorp-
tion sites [33]. Meanwhile, MB adsorption amounts increased
with increasing Vit and Vies, as shown in Fig. 7(d). Notably,
there was a better linear relationship between MB adsorption

capacity and Vio; with higher R? value of 0.804, which illustrated
Viot played a more significant role in determining adsorption
performance.

To further investigate the dynamics of MB adsorption on acti-
vated chars, the experimental data were fitted using the pseudo-
first-order and pseudo-second-order kinetic models [34,35]. The
pseudo-first-order model assumes that adsorption is primarily
controlled by diffusion, with the reaction rate proportional to the
amount of remaining adsorbate in the solution [36]. Its integral
equation of linear form was as follows:

Fig. 8. Fitting results of pseudo-first-order model and pseudo-second-order model: (a) and (b) pseudo-first-order model, (c) and (d) pseudo-second-order model.
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In(Qe — Q) = In Qe — kit 2)

where t is reaction time (min), Q. represents the adsorption
quantity of MB on activated chars at equilibrium (mg-g 1), Q; is the
adsorption capacity at ¢t (mg-g~'), and k; represents the pseudo-
first-order rate constant (min ).

The pseudo-second-order model assumes that adsorption pro-
cess is mainly controlled by the chemical adsorption steps. The
adsorption reaction rate constant is proportional to the square of
the adsorbate concentration [37]. The linear expression was as
follows:

t 1 t
e b ®
Where k; is the pseudo-second-order reaction rate constant
(mg-g~!-min~1).

The fitting parameters were listed in Table 3 and the fitting
results were displayed in Fig. 8. The equilibrium adsorption ca-
pacity (Qe), k1 and k, values were derived from the slopes and
intercepts of the fitted lines. It can be seen from Fig. 8(a) and (b)
that pseudo-first-order model effectively described the initial
stage of MB adsorption, but failed to capture the features
throughout the adsorption process. This was evident from the R?
values, which ranged from 0.768 to 0.991, as shown in Table. The
calculated (cal.) and experimental (exp.) values of Q. showed
significant difference, which further suggested that the pseudo-
first-order model was inadequate for describing MB adsorption
on activated chars. In contrast, the pseudo-second-order model
exhibited better fitting results, with R? values exceeding 0.985
for all samples. The calculated values closely matched the
experimental data, indicating that MB adsorption on sludge chars
was better described by the pseudo-second-order model. It
revealed that the process was predominantly controlled by
chemisorption mechanisms rather than mass transfer from the
bulk solution to the adsorbent surface. Among the activated
chars from fast pyrolysis, SCF-ZnCl,-850 exhibited the most rapid
adsorption kinetics, as evidenced by its superior k, value, fol-
lowed by SCF-ZnCl»-650. On the other hand, for activated chars
from temperature-programmed pyrolysis, SCP displayed the
highest k; value across all investigated samples.

4. Conclusions

In summary, the characteristics of gas and activated char
derived from SS pyrolysis in the presence of activating agents
(KOH and ZnCl,) were investigated. In fast pyrolysis, ZnCl, in
sludge could promote CO production across all tested tempera-
tures and highly enhance Hy production at lower temperatures
(450 and 550 °C), while simultaneously inhibiting CH4 release.
KOH in sludge could lead to a higher H; production at
450—-550 °C and a higher CO production at 750—850 °C. The
maximum total yield of H, CO and CH4 was 235.9 ml-g~! under
the condition of SS fast pyrolysis at 850 °C. ZnCl, showed a
pronounced effect on developing micro- and mesopore struc-
tures in pyrolysis compared to KOH. Activated char derived from
ZnCly-impregnated SS via pyrolysis at 650 °C exhibited the
highest Sggr of 54.1 m?-g~! and Vior of 0.539 cm?®-g~, along with
a pyrolysis gas yield of 115.2 ml-g~'. The structural advantages
translated into good performance as an adsorbent for MB
removal. The findings provided valuable insights into efficient SS
treatment strategies, enabling simultaneous recovery of high-
value gas and activated char products.
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