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a b s t r a c t
Spent powdered activated carbon (SPAC) with pigments and impurities was regenerated via 
sulfuric acid pretreatment combined with thermal regeneration. The main purpose of this study 
was to restore and improve the adsorption performance of SPAC by exploring the effects of different 
regeneration conditions on regeneration. The results showed that at a sulfuric acid concentration of 
1 mol/L, a solid–liquid ratio of SPAC to sulfuric acid of 50 g/L, a regeneration temperature of 500°C, 
and a regeneration time of 150 min, SPAC achieved the best regeneration effect. The iodine value and 
specific surface area (iodine value of 1,037 mg/g and Brunauer–Emmett–Teller (BET) surface area 
of 1,314 m2/g) of the samples obtained under the optimal regeneration conditions were higher than 
those of virgin PAC (iodine value of 872 mg/g and BET surface area of 1,013 m2/g). The regenerated 
samples were characterized by thermogravimetry, BET, scanning electron microscopy and Raman 
spectroscopy. Also, the Langmuir adsorption isotherm model showed better correlation for the 
adsorption of methylene blue (MB) on SA(1/50)S/500/150, indicating that monolayer adsorption 
occurs on the surface of activated carbon during adsorption. The kinetic experiments revealed 
that the mechanism of MB adsorption on SA(1/50)S/500/150 followed a pseudo second-order model.

Keywords: �Spent powdered activated carbon; Sulfuric acid pretreatment; Thermal regeneration; 
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1. Introduction

Due to its large specific surface area, developed pore 
structure, outstanding adsorption capacity, and stable cat-
alyzing characteristics, activated carbon (AC) have been 
widely used in water treatment, gas separation, electrode 
materials preparation, industrial catalysis, and many other 
fields [1–4]. According to the differences in the appearance 
and shape of AC, it can be divided into powdered AC (PAC), 
granulated AC (GAC), amorphous granulated AC, cylindri-
cal AC and many other shapes and forms. Among these, 
PAC has a faster adsorption rate and stronger decoloriz-
ing and deodorizing capabilities and has been extensively 

applied in the decolorization process of medicines [5], 
syrups [6] and dye wastewater [7]. However, the accumu-
lation of adsorbates in the porous structure of AC gradu-
ally weakens its adsorption capacity. Once the adsorption 
capacity is saturated, AC is usually burned or landfilled, 
resulting in a waste of resources and environmental pol-
lution. Regeneration treatment can restore the adsorption 
capacity of AC so that the regenerated activated carbon can 
be reused for multiple adsorption applications.

Thus far, a series of different regeneration methods 
have been utilized, such as thermal, chemical regeneration, 
electrochemical treatment, microwave regeneration, biolog-
ical methods and others [8–12]. Among these regeneration 
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methods, microwave regeneration has received increasing 
attention owing to its short regeneration time and its unique 
reverse heating mechanism, which is different from conven-
tional heating. Contrary to conventional heating, Kostas et al. 
[13] pointed out that microwave heating involves the transfer 
of heat from within the materials to the surface, and the exis-
tence of a temperature gradient from the inside to outside is 
more conducive to the desorption of adsorbents. Also, Oliver 
[14] reported that the microwave heating effect is almost 
instantaneous, and there is no need to wait for the heating 
process, thus shortening the time of heating. However, the 
not-yet clarified mechanism of regeneration and safety of 
the regeneration device have restricted the actual applica-
tion of this method. Electrochemical regeneration is feasible 
and potential new technology. Bain et al. [15] used anionic 
charged AC to adsorb cationic arsenic in aqueous solution. 
When the potential polarity was adjusted to be cathodic, the 
AC was completely regenerated. However, the slow devel-
opment of this technology has hindered its application in 
industrial production [16,17]. Biological regeneration has 
the advantages of low cost and a simple regeneration pro-
cess; however, biological pollution caused by microbial 
overgrowth seriously affects the regeneration results [18].

Although thermal regeneration requires high-energy 
consumption, thermal regeneration is still the most widely 
used regeneration method in industrial applications [19]. 
Thermal regeneration has a wide range of applications and 
can be applied to treat spent AC adsorbed with different 
organic substances, such as 1,2-dichloroethane [20], phenol 
[21], methyl ethyl ketone [22], benzene and toluene [23]. 
Also, this method has a high regeneration efficiency and can 
obtain a better regeneration effect. Berenguer et al. [21] com-
pared the effects of chemical regeneration, thermal regener-
ation, and electrochemical regeneration on phenol-saturated 
AC. The results demonstrated that the regeneration effi-
ciency of thermal regeneration increased with an increase 
in temperature, and the highest regeneration efficiency 
was 86% at 750°C. The highest efficiency of electrochemi-
cal regeneration was 85%, and chemical regeneration had 
the lowest regeneration efficiency of 65%. Okwadha et al. 
[24] studied the effect of temperature on the regeneration 
of mercury-adsorbed AC. At a regeneration temperature of 
538°C, the removal rate of mercury reached 83%, and the 
specific surface area of PAC increased by 22%. The removal 
rate of mercury increased to 92% when the temperature 
increased to 649°C; however, the specific surface area of 
PAC decreased by 25%. Carratalá-Abril et al. [23] thermally 
regenerated AC with saturated adsorption of benzene and 
toluene in an oxygen atmosphere and analyzed the effect 
of adsorbent porosity on regeneration. The results showed 
that the activated carbons saturated with benzene could be 
regenerated at low temperatures (250°C–300°C), and good 
regeneration effects were observed after several cycles. The 
main reason for this was that these ACs possess a large 
mesopore volume and wide pore size distribution, which 
is conducive to the desorption and decomposition of adsor-
bates. Conversely, activated carbons saturated with toluene 
require higher temperatures (300°C–350°C) and show a 
lower regeneration efficiency. This can be attributed to their 
narrow pores. Román et al. [25] used steam as an activator 
to thermally regenerate AC saturated with p-nitrophenol 

(PNP). The effect of thermal regeneration was evaluated by 
comparing the adsorption capacities of regenerated and vir-
gin activated carbon for N2 and PNP. The results revealed 
that after thermal regeneration, the regeneration efficiency 
of N2 adsorption reached 94%, and the regeneration effi-
ciency of PNP adsorption was higher than 100%.

Chemical regeneration has the advantages of the invest-
ment of less equipment and a simple process; however, the 
regeneration efficiency is low. It often requires combination 
with the thermal regeneration method. Nahm et al. [26] com-
pared three different regeneration methods, thermal regen-
eration, acid washing regeneration of a C2H2O4 solution, and 
a two-step combined regeneration that involved thermal 
treatment after oxalic acid solution washing, and the results 
indicated that the combined chemical and thermal regener-
ation method was more effective than the separate thermal 
and chemical regeneration methods. The specific surface 
area of AC was obtained via two-step thermal treatment 
after oxalic acid solution washing is 852 m2/g, whereas the 
specific surface areas of samples obtained via single oxalic 
acid solution washing and thermal regeneration were 83 
and 771 m2/g, respectively. Commonly used chemical regen-
eration solvents include hydrochloric acid [27], oxalic acid 
[26], sulfuric acid [28] and sodium hydroxide [29]. Among 
these regenerated solvents, sulfuric acid has attracted more 
attention because of its ideal regeneration effect. The use of 
sulfuric acid as an activator can weaken the physical inter-
actions between organic compounds and activated carbon, 
reducing the reaction temperature; however, sulfuric acid in 
activated carbon particles can restrict the carbonization of 
organic compounds in the pores and prevent carbides from 
blocking the pores; additionally, the gases formed by sulfuric 
acid dehydration and thermal decomposition diffuse from 
the inside to the outside of the particles, resulting in many 
pores [30]. Zhou et al. [28] explored the effect of the thermal 
regeneration temperature on the adsorption performance of 
spent AC treated with or without sulfuric acid. The results 
showed that the adsorption capacity and pore structure of 
AC were better restored via the thermal regeneration pro-
cess pretreated with sulfuric acid, and the highest iodine 
adsorption value of 1,294.69  mg/g was obtained at 600°C, 
which was close to the 1,306.67 mg/g of virgin AC. However, 
the regeneration temperature is not the only important fac-
tor that affects the regeneration effect of spent AC. Many 
other factors, such as the regeneration time, concentration of 
the chemical solvent, and the ratio of AC to chemical solvent, 
also play a very important role in the regeneration process. 
Systematic studies of the factors affecting the regeneration 
effect in the regeneration process can restore the adsorption 
performance of AC to the greatest extent, which is conducive 
to achieving the best regeneration effect; however, relevant 
literature is very scarce.

The main purpose of this work is to compare the regen-
eration effects of thermal regeneration with those of sulfuric 
acid pretreatment combined with thermal regeneration on 
spent powdered activated carbon (SPAC) used in decolor-
ization in the pharmaceutical industry, to explore the opti-
mal regeneration conditions and evaluate the adsorption 
performance of activated carbon obtained under the optimal 
regeneration conditions. In this study, we first adopted sulfu-
ric acid pretreatment and then used the thermal regeneration 
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method to treat spent AC. The effects of the regeneration 
temperature, sulfuric acid concentration, solid–liquid ratio 
of spent AC to sulfuric acid, and regeneration time on the 
regeneration efficiency were studied. The adsorption equi-
librium and kinetic behavior of methylene blue (MB) on AC 
were obtained under optimal regeneration conditions.

2. Experimental

2.1. Materials

SPAC and virgin PAC were provided by Ningxia Qiyuan 
Pharmaceutical Co. Ltd., China. Iodine, MB, and sulfuric 
acid are all analytical reagents.

2.2. Regeneration experiment

2.2.1. Thermal regeneration

The screened SPAC and virgin PAC with particle sizes 
of less than 74 μm were dried for 24 h at 105°C. The dried 
SPAC was heated to a target temperature (300°C–700°C) at 
a heating rate of 3°C/min under a vacuum atmosphere and 
maintained at this temperature for 30 min (sample notation: 
S/T/t, where S stands for SPAC, T represents the regeneration 
temperature, and t represents the regeneration time).

2.2.2. Thermal regeneration after sulfuric acid pretreatment

SPAC was mixed with sulfuric acid solutions (1, 2, and 
3  mol/L) using varying solid–liquid ratios (50, 100 and 
200 g/L) under magnetic stirring at room temperature for 1 h.

The mixture of SPAC and sulfuric acid solution was 
aged at room temperature for 24 h to ensure that the SPAC 
was fully impregnated. The pretreated SPAC was filtered, 
dried at 105°C for 12 h, and heated to a final temperature 
(300°C–700°C) for 30–210  min (sample notation: SA(c/r)
S/T/t, where SA is the abbreviation for sulfuric acid, c rep-
resents the concentration of sulfuric acid, r represents the 
solid–liquid ratio of SPAC to sulfuric acid, and SA(c/r)S 
overall stands for SPAC pretreated with sulfuric acid).

2.2.3. Yield of regenerated activated carbon

The yield of regenerated activated carbon is an important 
factor in evaluating the regeneration efficiency and economic 
feasibility of the thermal regeneration process. Eq. (1) was 
used to calculate the regeneration yield.

Yield % %( ) = ×
M
M

1

0

100 	 (1)

where M0 is the mass of sample before regeneration and 
M1 is the remaining mass of sample after regeneration.

2.3. Characterization methods

The iodine and MB values for the regenerated samples 
were determined by standard testing methods of PR China 
(GB/T 12496.8-1999 and GB/T 12496.10-1999), respectively.

The SPAC and SA(1/50)S were characterized by thermo-
gravimetric analysis using a simultaneous thermal analyzer 

(NETZSCH STA 449 F5). The samples were heated from 50°C 
to 900°C at a rate of 10°C/min. The analysis was conducted 
in a nitrogen atmosphere with a nitrogen flow rate of 50 mL/
min.

The nitrogen adsorption–desorption isotherm at 77  K 
was measured by a specific surface area and porosity ana-
lyzer (Micromeritics ASAP 2020, Norcross, GA, USA). Before 
sample analysis, vacuum degassing was conducted at 300°C 
for 4 h. The following parameters were calculated based on 
nitrogen isotherm data: (a) the specific surface areas (SBET) 
of the samples were calculated by the Brunauer–Emmett–
Teller (BET) method [31], (b) the micropore volume (Vmic) 
was determined by the t-plot method [32], (c) the mesopore 
volume was calculated by the DFT method [33], (d) the sin-
gle-point adsorption total pore volume of the pores (Vtotal) 
was obtained at a relative pressure of 0.99, the average pore 
width (D) was calculated by 4Vtotal/SBET, and (e) the pore size 
distribution was determined by the BJH equilibrium model.

The microstructures of the samples were examined by a 
tungsten filament scanning electron microscope (ZEISS EVO18, 
Neubeuern, BA, BRD) at an acceleration voltage of 15 KV.

The carbon, hydrogen, oxygen, and nitrogen contents 
of the samples were analyzed by an ICP-OES (Agilent 730 
ICP-OES, Santa Clara, CA, USA).

Raman spectra were recorded on a spectrometer 
(Renishaw System 2000, Kane, IL, USA) at room temperature.

2.4. Adsorption experiments

In this experiment, AC was used to adsorb pigment 
organics. Therefore, the adsorption behavior of regenerated 
sample SA(1/50)S/500/150 on the adsorbate was studied 
using MB as the model compound.

2.4.1. Adsorption isotherm

MB adsorption experiments were performed by add-
ing a 20 mL MB (800–1,200 mg/L) solution at different ini-
tial concentrations and 0.05 g of regenerated AC to a group 
of Erlenmeyer flasks (100  mL). The adsorption time was 
maintained for 5 h using a gas bath thermostatic oscillator, 
and the adsorption temperatures were 303, 318 and 333 K. 
The solution was centrifugally separated after oscillation 
equilibrium, and its absorbance was determined by a UV 
spectrophotometer at 665 nm after 100 times dilution.

The equilibrium adsorption capacity of MB (qe) on AC 
was determined through the following equation:

q
C C V
Me

i e=
−( )

	 (2)

where Ci and Ce are the MB concentration at initial and at 
equilibrium, respectively (mg/L). V is the volume of MB solu-
tion (L) and M is the mass of the added activated carbon (g).

2.4.2. Adsorption kinetics

The process of the MB adsorption kinetics experiment 
was the same as that of the equilibrium adsorption experi-
ment, except that the concentration of MB was controlled at 
1,000 mg/L and the adsorption temperature was controlled 
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at 303 K. In the first 15 min of the adsorption experiment, an 
Erlenmeyer flask was taken out every 5 min to determine the 
absorbance of the supernatant. After 30 min of adsorption, 
the absorbance of the supernatant was determined every 
30 min. The total adsorption time was 210 min.

The momentary adsorption capacity of MB (qt) on AC 
was calculated according to the following equation:

q
C C V
Mt

i t=
−( )

	 (3)

where Ci and Ct are the MB concentration at initial and at 
pre-determined time t, respectively (mg/L). V is the volume 
of MB solution (L) and M is the mass of the added activated 
carbon (g).

3. Results and discussion

3.1. Thermogravimetric analysis

The thermogravimetric (TG) and differential thermo-
gravimetric (DTG) curves of the dried SPAC and SA(1/50)
S heated from 50°C to 900°C are shown in Fig. 1. According 
to Fig. 1a, the pyrolysis process of SPAC can be divided into 
three stages. The first stage from 50°C to 150°C is related 
to the moisture loss of the material. In the second stage 
(150°C–500°C), the volatile organic compounds that were 
physically adsorbed on AC were removed. As shown from 
the DTG curve, there are two obvious weightlessness peaks 
present at this stage, which are both rapid weightlessness 
processes. In the third stage (500°C–900°C), the removal 
of compounds that were chemically adsorbed on AC and 
the cracking of surface functional groups occurred [34,35]. 
As shown in Fig. 1b, two weightlessness peaks in the DTG 
curve moved forward owing to H2SO4 pretreatment, and 
the former one moves more widely. The TG curve shows 
that the first stage of the pyrolysis process occurs at a lower 
temperature (50°C–100°C), and the second stage occurs at 
100°C–450°C after sulfuric acid pretreatment. According to 
the literature [28], pretreatment with H2SO4 can weaken the 

physical interaction force between adsorbates and adsor-
bents, which results in desorption of adsorbates at a lower 
temperature. In addition, the TG curve shows that the rel-
ative residual mass of SA(1/50)S was higher than that of 
SPAC at the end of pyrolysis. This may be because, during 
the process of sulfuric acid pretreatment, some organic sub-
stances and impurities adsorbed on the surface of SPAC via 
weak physical action were removed in advance so that two 
samples with the same relative mass had different relative 
residual masses after pyrolysis.

3.2. Regeneration of ACs

3.2.1. Effect of regeneration temperature on the iodine value 
and yield of SPAC and SA(1/50)S

Fig. 2a shows the influence of sulfuric acid pretreat-
ment on the adsorptive capacity of the regenerated samples. 
The regenerated samples pretreated by sulfuric acid had a 
higher iodine value than the samples without sulfuric acid 
pretreatment. This result indicated that appropriate sulfuric 
acid pretreatment could achieve a better regeneration effect. 
With an increase in temperature, the iodine value of the two 
regenerated samples showed a trend of increasing at first 
and then decreasing. The reason for this phenomenon may 
be the increase in temperature gradually restored the micro-
porous structure of AC, and the surface oxygen functional 
groups were decomposed considerably. A further increase 
in temperature resulted in the collapse of the pore walls of 
AC and blocking of the pores. According to the literature, 
oxyacid pretreatment can increase the number of surface 
oxygen-containing groups on AC. These groups then prefer-
entially adsorb water molecules from the aqueous solution 
to form water clusters, preventing the removal of organic 
compounds [36,37]. The maximum iodine values of S/500/30 
and SA(1/50)S/500/30 were 857 and 862 mg/g, respectively, 
which had not yet been restored to the iodine value of virgin 
AC. The exploration of the optimal conditions for sulfuric 
acid pretreatment and the reasons for the different regen-
eration effects of different pretreatment conditions will be 
further explained in the next section.

Fig. 1. Thermogravimetric and differential thermogravimetric curves of SPAC (a) and SA(1/50)S (b).
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The yield of regenerated activated carbon with and 
without sulfuric acid pretreatment was evaluated at differ-
ent temperatures. As shown in Fig. 2b, the yield of regen-
erated sample decreases as the temperature increases and 
still exceeds 62% at 700°C, indicating that the regener-
ated AC offers good stability and economic feasibility. 
Additionally, the yield of regenerated activated carbon 
pretreated with sulfuric acid is higher than that of activated 
carbon untreated with sulfuric acid, which is consistent 
with the TG results.

3.2.2. Effect of sulfuric acid concentration, solid–liquid ratio 
and regeneration time on the iodine value of SPAC

The influence of different sulfuric acid concentrations, 
solid–liquid ratios, and regeneration times on the iodine 
value were evaluated by keeping the other influencing fac-
tors unchanged for the same experimental process: (a) at a 
solid–liquid ratio of 50 g/L and regeneration temperature of 
500°C; (b) at a sulfuric acid concentration of 1 mol/L and a 
regeneration temperature of 500°C. The results are shown in 
Fig. 3. At a sulfuric acid concentration of 1 mol/L, a solid–
liquid ratio of 50 g/L, and a regeneration time of 150 min, the 
regenerated samples achieved an iodine value of 1,037 mg/g, 
which was higher than that of virgin PAC. This may be 
because sulfuric acid acts as an activator under suitable 
regeneration conditions and reactivates the AC. Continued 
regeneration and activation processes can restore the original 
pores of AC while enabling AC to produce new pores, thus 
enhancing its adsorptive capacity.

Fig. 3a shows the influence of different sulfuric acid 
concentrations and regeneration times on the iodine value 
of the regenerated samples. As shown, with the same regen-
eration time, the iodine adsorption capacity of the regen-
erated samples decreased with an increase in sulfuric acid 
concentration, and the maximum iodine value achieved was 

1 mol/L. This could be due to the change in the pore struc-
ture of AC along with the increase in sulfuric acid concen-
tration; the severely damaged microporous structure of the 
regenerated samples was not conducive to the adsorption 
of iodine molecules. Fig. 3b shows the influence of differ-
ent solid–liquid ratios and regeneration times on the iodine 
value of the regenerated samples. For the same time, the 
iodine value of the regenerated samples first decreased and 
then increased with a decrease in the ratio of material to liq-
uid, and the maximum iodine value obtained was 50  g/L. 
This may be because the amount of sulfuric acid increased 
as the ratio of solid to liquid decreased. The formation of an 
active center with sulfuric acid as the activator damaged the 
microporous structure of the material to some extent, which 
led to a downward trend in the adsorptive capacity of AC 
[38]. At a certain sulfuric acid dosage, an active center was 
formed with an increased contact area between the activa-
tor and the material. This facilitated the formation of more 
micropores, resulting in an upward trend in the adsorptive 
capacity of AC [39].

Moreover, with a longer regeneration time, the iodine 
values of regenerated samples with different sulfuric acid 
concentrations and solid–liquid ratios presented a trend of 
initial increases followed by a decrease. The reason may be 
the gradually restored pore structure of SPAC along with the 
longer regeneration time, which caused the iodine value to 
increase. When the regeneration time exceeded 150 min, the 
micropores restored via regeneration and those produced by 
activation gradually turned into mesopores and macropores, 
resulting in a downward trend in the iodine values of the 
regenerated samples.

3.3. Surface area and pore structure

Fig. 4a shows the nitrogen adsorption–desorption iso-
therms of spent AC, fresh AC, and regenerated AC, which 

Fig. 2. (a) Iodine values of regenerated SPAC and SA(1/50)S at different temperatures (experimental conditions: sulfuric acid concen-
tration of 1 mol/L, the solid–liquid ratio of AC to sulfuric acid of 50 g/L, and regeneration time of 30 min). (b) The yield of regenerated 
activated carbon with or without sulfuric acid pretreatment (experimental conditions: sulfuric acid concentration of 1 mol/L, the 
solid–liquid ratio of AC to sulfuric acid of 50 g/L, and regeneration time of 30 min).
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are all IV isotherms. When P/P0 < 0.4, the adsorption isotherm 
overlapped the desorption isotherm, and monolayer adsorp-
tion occurred; when P/P0 >  0.4, they were separated due to 
capillary condensation in the mesopores and macropores, 
and an H4 type hysteresis loop appeared, which indicated 
that the samples contained a certain amount of slit sharp 
mesoporous generated from a flaky structure [40]. The higher 
nitrogen adsorption capacity of sample SA(50/1)S/500/150 
compared with virgin AC under the same relative pressure 
suggested that sulfuric acid acts as an activator during the 
regeneration process so that new pores generate in the AC 
and thus improve its adsorption capacity, which is consistent 
with the iodine value measured. The nitrogen adsorption 
capacity of S/500/30 was lower than that of the virgin AC, 

which indicated that thermal regeneration could not restore 
the adsorption capacity of SPAC to its original state.

Fig. 4b shows the pore size distribution curves for the 
four samples. As shown, the pore sizes of AC are mainly 
distributed within 2–20 nm, indicating that the four kinds of 
AC samples have a large number of mesopores. Moreover, 
these four samples exhibit distinct pore size distributions in 
the range 0–2 nm, indicating that they contain large numbers 
of micropores.

Table 1 summarizes the specific surface areas and pore 
structure parameters of the different AC samples. As shown 
in this table, the specific surface area of S/500/30 was 950 m2/g, 
which was restored to 93.8% of the virgin PAC (1,013 m2/g). 
With the same regeneration temperature and regeneration 

Fig. 3. Iodine value of regenerated SPAC at different sulfuric acid concentrations, solid–liquid ratios, and times (experimental 
conditions: (a) solid–liquid ratio of 50 g/L and regeneration temperature of 500°C and (b) sulfuric acid concentration of 1 mol/L and 
regeneration temperature of 500°C).

Fig. 4. N2 adsorption–desorption isotherms and pore size distributions of various samples.
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time, the specific surface area of the regenerated sample pre-
treated with sulfuric acid (SA(1/50)S/500/30) was 999  m2/g, 
accounting for 98.6% of virgin PAC, indicating that sulfuric 
acid pretreatment had a better effect on the recovery of the 
specific surface area of spent AC. When the regeneration 
time was prolonged from 30 to 150 min, the specific surface 
area and pore volume of the regenerated sample (S/500/150) 
without sulfuric acid pretreatment decreased, whereas the 
specific surface area and pore volume of SA(1/50)S/500/150 
considerably increased. The specific surface area of SA(1/50)
S/500/150 grew to 1,314 m2/g, the micropore volume and mes-
opore volume recovery rate were 123% and 125.9%, respec-
tively, and the average pore diameter decreased from 4.2 to 
4.1 nm, suggesting that the regeneration time, when extended 
appropriately, would assist in recovering the specific surface 
area and pore structure of the sulfuric acid-pretreated AC.

A comparison of specific surface areas of ACs is shown 
in Table 2. As indicated in Table 2, the specific surface areas 
of regenerated ACs with acid pretreatment were close to or 
exceeded those of virgin ACs, indicating that acid pretreat-
ment of spent ACs during the thermal regeneration process 
improves the regeneration effect. Additionally, although the 
specific surface area of the regenerated activated carbon in 
this study is not the largest of those reported, its value shows 
the most significant increase among all fully regenerated acti-
vated carbons. This indicates that systematically exploring 
the factors affecting the regeneration effect is conducive to 
achieving better regeneration results.

3.4. Scanning electron microscopy

SEM images of the SPAC, S/500/30, and SA(1/50)S/500/150 
samples are shown in Fig. 5. Fig. 5a clearly shows the sur-
face characteristics of the spent AC in which a large number 

of impurities were attached on its surface and completely 
covered its structure in a membrane shape. This prevented 
the adsorbates from entering its inner pores and reduced 
its adsorption capacity. As shown in Fig. 5b, impurities that 
were adsorbed on the surface of AC were effectively removed 
via thermal regeneration, and its adsorption capacity was 
restored. Fig. 5c shows the morphologic characteristics of 
SA(1/50)S/500/150. Part of the surface covering impurities 
was removed, and with abundant pore channels on the 
surface of the sample and a clear structure, the adsorption 
capacity of AC was restored. 

3.5. ICP-OES

The ICP-OES results for SPAC, S/500/30 and SA (1/50)
S/500/150 are shown in Table 3. The C, H, O and N contents 
of SPAC are 52.34%, 16.09%, 5.93%, and 9.44%, respectively. 
Compared with SPAC, the carbon content increased while 
the nitrogen and hydrogen contents decreased in the two 
regenerated samples. This behavior was due to the decompo-
sition of adsorbed organic compounds during regeneration. 
After thermal regeneration by sulfuric acid pretreatment, the 
nitrogen content in SPAC decreased from 9.44% to 5.52%, 
while that in S/500/30 was 5.78%. The results showed that 
the nitrogen-containing organic compounds adsorbed in AC 
could be removed more effectively by thermal regeneration 
after sulfuric acid pretreatment. The oxygen content in SA 
(1/50)S/500/150 was the highest, which may be due to oxida-
tion of sulfuric acid during regeneration.

3.6. Raman spectra

Fig. 6 shows the Raman spectra of SPAC and the regen-
erated AC. As shown, the D peak owing to disorder and the 

Table 1
Surface areas and porosity characteristics of PAC, SPAC and regenerated activated carbons

Samples SBET (m2/g) Vmicro (cm3/g) Vmeso (cm3/g) Vtot (cm3/g) I2 value (mg/g) D (nm)

PAC 1,013 0.182 0.863 1.065 872 4.2 
SPAC 592 0.057 0.574 0.614 528 4.8
S/500/30 950 0.135 0.838 1.051 857 4.4
SA(1/50)S/500/30 999 0.177 0.832 1.060 862 4.3
S/500/150 822 0.109 0.726 0.903 779 4.5
SA(1/50)S/500/150 1,314 0.224 1.087 1.351 1,037 4.1

Table 2
Comparison of specific surface area of ACs

Adsorbent Regeneration Specific surface area (m2/g) Ref.

solvents Regenerated AC Virgin AC

GAC – 615 971 [35]
PAC – 1,726 2,825 [41]
PAC C2H2O4 852 823 [26]
PAC H2SO4 1,839 2,112 [28]
PAC H2SO4 1,314 1,013 This work
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G peak owing to crystalline graphitization were located at 
1,330 and 1,580  cm−1 [42], respectively. The intensity ratio 
R (ID/IG) between the D peak and the G peak reflects the 
degree of disorder and graphitization in carbon materials. 
A larger ratio represents a lower degree of graphitization 
and a higher degree of disorder for carbon materials [43,44].

Table 4 shows the intensity ratio between the D and G 
peaks of different AC samples. As shown in the table, com-
pared with SPAC, thermal regeneration after sulfuric acid 
pretreatment enhanced the ID/IG value, while thermal regen-
eration without the sulfuric acid pretreatment decreased 
the ID/IG ratio. This indicated that the sulfuric acid pretreat-
ment reduced the degree of graphitization and increased the 
degree of disorder for these carbon materials [45]. In addi-
tion, the increase in regeneration temperature enhanced 
the ID/IG ratio with or without sulfuric acid pretreatment. 
These results indicate that the increase in regeneration 
temperature can reduce the degree of graphitization and 
enhance the disorder degree of carbon materials [46].

3.7. Adsorption of MB

3.7.1. Adsorption isotherm

The equilibrium adsorption data of MB were fitted using 
Langmuir and Freundlich isotherm models, as shown in 
Eqs. (3) and (4):

q
q K C
K Ce

m L e

L e

=
+1

	 (4)

q K Ce F e
n= 	 (5)

The qm and KL constants are the Langmuir constants, 
which indicates the maximum adsorption capacity of an 
adsorbent for MB (mg/g), and the Langmuir isotherm con-
stant, which is related to the adsorption properties (L/mg), 
respectively. KF and n are Freundlich constants that repre-
sent the adsorption amount and adsorption intensity of the 
sorbent, respectively.

Fig. 5. SEM images of the (a) SPAC, (b) S/500/30 and (c) SA(1/50)S/500/150.

Table 3
ICP-OES of SPAC and regenerated samples

Sample C (%) H (%) O (%) N (%)

SPAC 52.34 16.09 5.93 9.44
S/500/30 56.38 14.77 3.43 5.78
SA(1/50)S/500/150 55.63 15.61 10.82 5.52

Fig. 6. Raman spectra of SPAC and the regenerated AC samples.

Table 4
Intensity ratio of the D and G bands (ID/IG) of SPAC and 
regenerated activated carbon samples

Sample SPAC S/300 S/700 SA(1/50)S/300 SA(1/50)S/700

R 1.009 0.954 0.966 1.041 1.104
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Isothermal adsorption experiments were performed 
according to the experimental steps described in Section 
2.4.1. The Langmuir and Freundlich equations were used 
to fit the isothermal adsorption data. The fitting results are 
shown in Figs. 7 and 8. Fitting parameters KL, KF and qm are 
shown in Table 5. As indicated by the results, the Langmuir 
isothermal adsorption model has good fitting results for 
the adsorption of MB via regenerated AC because the cor-
relation coefficient, R2, at the three temperatures is above 
0.999, indicating that mainly monolayer adsorption occurs 
in the system. As the system temperature increased from 303 
to 333  K, there was an increase in equilibrium adsorption 

capacity from 357.14 to 384.62  mg/g, indicating that the 
increase in temperature is conducive to the adsorption reac-
tion and that the adsorption process is endothermic. The 
reason may be that an increase in temperature decreases the 
viscosity of the system, increases the fluidity of the solution, 
and allows the MB molecules to gain more energy to interact 
with the adsorption sites on the surface of AC.

3.7.2. Adsorption kinetics

Pseudo first-order and pseudo second-order kinetic 
equations were applied to describe the kinetic character-
istics of MB on the regenerated AC. The integrated linear 
form of the pseudo first-order and pseudo second-order 
kinetic equations can be expressed via Eqs. (5) and (6).

log logq q q
K t

e t e−( ) = − 1

2 303.
	 (6)

t
q K q

t
qt e e

= +
1

2
2 	 (7)

where K1 (min–1) and K2 (g/mg min–1) are the rate constants 
of the pseudo first-order and the pseudo second-order, 
respectively.

The adsorption kinetics experiment was conducted 
according to the experimental steps described in Section 
2.4.2. The experimental data were fitted and analyzed by 
the pseudo first-order kinetic and the pseudo second-or-
der kinetic equations. The fitting results are shown in 
Figs. 9 and 10. The rate constant, K, the estimated equilibrium 
uptake, qe,cal, and the correlation coefficient, R2, are summa-
rized in Table 6. As shown from the results, the correlation 
coefficient of the pseudo second-order kinetic model was 
above 0.999, and the equilibrium adsorption capacity, qe,cal, 
calculated from this model was similar to the equilibrium 
adsorption capacity, qe,exp, measured during the experiment. 
This indicates that the pseudo second-order kinetic equa-
tion can be well used to describe the kinetic behavior of AC 
adsorption of MB. Similar studies by Zhou et al. [28] on the 
removal of MB from aqueous solution showed a maximum 
adsorption capacity of 429 mg/g, calculated using a pseudo 
second-order model, which was similar to the equilibrium 
adsorption capacity of 426 mg/g measured during the exper-
iment. The similar adsorption capacities obtained in this 
study suggest the use of a pseudo second-order kinetic model 
to describe the kinetic behavior of AC adsorption of MB.

Fig. 8. Freundlich isotherms for MB adsorption onto SA(1/50)
S/500/150 at different temperatures.

Fig. 7. Langmuir isotherms for MB adsorption onto SA(1/50)
S/500/150 at different temperatures.

Table 5
Isotherm parameters for removal of MB by SA(1/50)S/500/150 at 
different temperatures

Temperature (K) Langmuir Freundlich

KL qm R2 KF nF R2

333 0.064 384.62 0.999 164.22 6.81 0.998
318 0.057 370.37 0.999 153.90 6.46 0.995
303 0.048 357.14 0.999 141.85 6.39 0.998
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4. Conclusion

The combination of sulfuric acid pretreatment and ther-
mal regeneration is more conducive to restoring the adsorp-
tion performance of SPAC than single thermal regeneration. 
The regeneration effect of SPAC is strongly dependent on the 
conditions of regeneration. At a regeneration temperature 
of 500°C, a sulfuric acid concentration of 1 mol/L, a solid–
liquid ratio of SPAC to sulfuric acid of 50 g/L, and a regen-
eration time of 150 min, SPAC achieved the best regenera-
tion effect. The iodine value and specific surface area (iodine 
value of 1,037 mg/g and BET surface area of 1,314 m2/g) of 
the samples obtained under the optimal regeneration con-
ditions were higher than for virgin PAC (iodine value of 
872 mg/g and BET surface area of 1,013 m2/g). In addition, 
the Langmuir adsorption isotherm model showed a better 
correlation for the adsorption of MB on SA(1/50)S/500/150. 
Kinetic experiments revealed that the mechanism of MB 
adsorption on SA(1/50)S/500/150 followed a pseudo sec-
ond-order model.
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