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AKmMuUBUpPOBAHHDIIL Y201b HAULE]l WIUPOKOe HPUMEHEHUE 6 PA3JIUYHBIX OMPACIAX NPO-
MbIULTIEHHOCHU 0151 O4UCIM KU CHLOYHBIX 600 Om 3azpa3Henuil. OOHaKo ¢ meueHuem 8pemeHu e2o
IhhexmusHocmb CHUINCACM CA, HOCKOILKY AKMUBHbIE UCHMPbL HA NOGEPXHOCHU Y2/ HOCH e-
NEHHO HACLIMAIOMCA 3A2PAZHATOUWUMU 8EUECIN 6AMU, NPUCYMCHEYIOWUMU 6 800e. TToamomy oc-
HOGHAA Uelb OAHHO20 UCC1e008AHUA 3AKAIOUAENICA 6 ROUCKE NOMEHYUATILHOZ0 MEM 00A 80CCHIa-
HOGIEHUS HACHIU|EHHO20 MEMUNEHOGbIM CUHUM (MB) akmueupoeannozo y2is ¢ ucnonv308anuem
nepykcycnoii kucnomol (PAA) 6 kauecmee okucaumenvnozo azenma. Pezynsmamol uccieoosanun
noomeepiicoarom rghhexmuenocmv PAA 6 pazioscenuu monexkyn MB. Kpome mozo, 6v110 omme-
yeno, umo nanuuue uonos xovanvma (Co®) deiicmeyem 6 Kauecmee Kamaauzamopa, cyuje-
CMEeHHO ycunueasn npoyecc oxucienusn. Taxoit no0xoo nozeonsem noanocmoio yoaaumo MB uz
AKMUBUPOBAHHOZO Y2JIsl U 60CCHAHOGUMD €20 A0COPOUUOHHYIO CROCOOHOCHb, HE NOBPE}HCOas
CIMPYKmYypy yeis u He 00pa3ysa onacHwvlx HOGOUHBIX NP OOYKmos. /[ onpeoeneHus onmumaibHpIx
napamempog npouecca 60CCMAHOBNCHUS AKMUBUPOSAHHOZ0 Y2l UCCE006AM el U MU A ebHO
usyuanu paznuunvle ycaosun. Hccneoosanue nokazano, umo Hauyuuiue pe3ynvmamol 00Cmua-
omca npu noodeprcanuu yposeusa pH e ouanazone om 6 0o 7, ucnonb306aHUU KOHUEHMPayuu
PAA 2,4 MM, nposedenuu peaxuuu npu KOMHAMHOI Hemnepamype u npooonxcumeabHOCHu pe-
axyuu 120 mun. Illpu maxux onmumanbHbIX yCa08UAX YOAaI0Ch O0CHUYDL 60CCHAHOGUM €/IbHOI
appexmusnocmu eneuamnarouwux 98 %, umo ceudemenbcmeyem o 6blCOKoI I hexkmusrnocmu
NP eonoNHCeHH020 MEMOOA 60CCHAHOBIEHUA AKMUBGUPOBAHHO20 Y2151, HACBIUWEHHOZ0 MEMULEeHO-
6bim cunum. Hcxo0a uz amux o0nadexcusaroujux pe3yivmanios, MOICHO cOelams 6b1600 0 HOM,
umo nepykcychnasa kucioma (PAA) oonaoaem ozpomMHbIM nOmMeHUUAI0M 8 KaYecn 6e OKUCIUme -
HO20 azeHma O3 pezeHepauuu AKMUEUPOSAHHOZ0 Y2JiAl.

KuroueBble cioBa: afcopOimsi, pereHepalysi, Iepe1oBble OKUCIUTEIbHbIE Tpotiecchl, PAA, akTuBHpo-
BaHHBIA YroJb
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Activated carbon is commonly used in different industries to remove pollutants from
wastewater. However, the efficiency of activated carbon decreases over time due to the saturation
of the adsorption sites with the pollutant. This study explores a potential method for regenerating
activated carbon that has been saturated with methylene blue (MB) using peracetic acid (PAA) as
the oxidation agent. The results demonstrate that PAA can effectively degrade the dye molecules,
while cobalt ions (Co®*) can act as catalysts to enhance the oxidation process. The method can
remove MB from the activated carbonand restore its adsorption capacity without causing any harm
to the carbon structure or releasing hazardous byproducts. The study investigates different condi-
tions to determine the optimal parameters for the activated carbon regeneration process. The opti-
mal conditions for the regeneration process include a pH of 6-7, PAA concentration of 2.4 mM,
room temperature, and a reaction time of 120 min. These conditions yielded a regeneration effi-
ciency of 98%. The findings suggest that PAA is a promising oxidative agent for regenerating MB-

saturated activated carbon.

Key words: adsorption, regeneration, advanced oxidative processes, PAA

INTRODUCTION

Activated carbon is an effective adsorbent ma-
terial for organic compounds such as phenol, xylene,
ethylene glycol, organic colorants, etc. in agqueous me-
dia. However, its reusability is limited by the difficulty
of regeneration. Various regeneration methods hawe
been studied, including thermal, steam, biological, and
chemical methods [1-3]. The thermal method involves
three stages: (1) drying at 105 °C, (2) pyrolysis in inert
gas, and (3) gasification of the remaining organic com-
pounds. Stages2 and 3 are usually performed at around
800 °C, with an additional oxidizing agent (steam or
CO gas) in stage 3[4, 5]. The drawback of this method
is that it consumes a lot of energy to evaporate water n
stage 1 and to heat up the system in stages 2 and 3.
Moreover, it causes some loss of activated carbon (5-
10%) due to oxidation in stage 3. The steam regenera-
tion method operates at 400-600 °C [6]. This method
also requires high complexity and energy costs. The bi-
ological method uses microbes to degrade the organic
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compounds adsorbed on the carbon [7]. However, this
method has a long regeneration time and can reduce the
porosity of the carbon due to bacterial attachment [8, 9].

Besides the three methods mentioned above,
the chemical regeneration method has attracted much
attention because of its fast and cost-effective features.
This method uses chemical agents to desorb the pollu-
tants and renew the surface of the activated carbon. De-
pending on the type of the pollutants, the agents can be
acids, bases, or organic solvents [10]. Among the
chemical methods, advanced oxidation processes
(AOPs) have great potential for regenerating activated
carbon due to the high reactivity of free radicals, espe-
cially hydroxyl radicals (OHe) [11, 12]. Compared to
conventional oxidants such as H,0,, peracetic acid
(PAA) has a weaker O-OH bond, which generates
more powerful radicals to oxidize contaminants [13].
Moreover, PAA has advantages such as easy prepara-
tion and no toxic by-products [14-16]. Therefore, PAA
is considered as a promising novel oxidant that can
work well with H,0, in AOPs. Furthermore, transition
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metal ions can act as effective catalysts to activate
PAA and produce active radicals that can remove per-
sistent contaminants [17-19]. This study presents the
regeneration of activated carbon adsorbed with meth-
ylene blue (MB) using peracetic acid (CH;COOOH) as
an oxidizing agent and cobalt as a catalyst.

EXPERIMENTS

Chemicals

In this study, activated carbon (AC) was ob-
tained from Jacobi, Sweden, with a size of 0.63-1 mm,
a specific surface area of 1157.1 m?/g, and an average
pore diameter ranging from 3.97 nm to 4.27 nm.

Adsorption capacity of AC for MB

The adsorption experiments were conducted as
follows: 1.0 g of AC was added to 250 ml of MB solu-
tion with a known concentration and shaken at 25 °C
for 72 hata speed of 150 rpm. The residual concentra-
tion of MB in the solution after a certain time was
measured by the UV-Vis method at 664 nm. The MB
adsorption capacity of AC at equilibrium (q., mg/g)
and at any time t (g, mg/g) was calculated by equations

g - =Sty (EQ. 1) and o - 2 =Zt.y (Eg. 2),

m m
where C, is the initial concentration of MB, C; and C,

are the concentrations of MB at time t and at equilib-
rium (mg/L), V is the volume of the solution (L), and
mis the mass of AC (Q).

Regeneration of MB-saturated AC by PAA

To prepare the adsorbent, 1 g of granular acti-
vated carbon (AC) was dispersed in 250 mL of distilled
water at 25 °C. The mixture was continuously stirred
and then quickly added to the required amount of
PAA/Co?*. At specific time intervals, a small volume
of the solution (1 mL) was taken out to determine the
concentration of MB. The regeneration process took
120 min. The MB concentration was determined using
molecular absorption spectroscopy (UV-VIS) ona Bi-
ochrom Libra S60 instrument.

RESULTS AND DISCUSSION

The study on the methyleneblueadsorption ca-
pacity of activated carbon

The adsorption equilibrium of MB was studied
over a range of initial concentrations from 150 mg/L to
2500 mg/L. The results of the equilibrium adsorption
capacity (e, mg/g) are presented in Table 1.

The adsorption equilibrium was analyzed us-
ing the Langmuir and Freundlich adsorption models.
The Langmuir model was represented by the equation:

€.t , 1. (Eq 3), and the Freundlich model
Qe KLqm qm
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was represented by the equation: g4, — 19k, + i.g c.
n

(Eq. 4).

The analysis results are shown in Fig. S1 and
S2 in the Supplementary. The characteristic parame-
ters of the Langmuir and Freundlich models are sum-
marized in Table 2.

Table1
The equilibrium adsorption capacity (de, mg/g)
of activated carbon (AC)
Tabnuya 1. PaBHOBecHasi aacOpPOLMOHHAA €MKOCTh ((e,
MI/T) aKTUBHPOBaHHOr o yrisi (AY)

Co (mg/L) Ce(mg/L) Je (Mg/Q) Ce/0e
150 0.85 37.29 0.02
300 15 71.25 0.21
500 60 110.00 0.55
1000 225 193.75 116
1500 510 247.50 2.06
2000 890 277.50 321
2500 1346 288.50 4.67
Table 2

MB adsorption isotherm parameters according to
Langmuir and Freundlich adsorption isotherm
Taonuya 2. Ilapametpbl u30TepMbl agcopouuu MIT mo

morepme ancopouun Jlenrmwopa u @ peiingimxa

Langmuir adsorption isotherm Freudl_lch adsorption
isotherm
Om KL 2 KF 2
R R n R
(mg/g) | (Umg) | ™ (mg/g)
303 0.0135 | 0.33 | 0.99 36 337 | 098

The high regression coefficients of the equa-
tions for both the Langmuir and Freundlich models in-
dicate that they are well-suited to describe the MB ad-
sorption onto activated carbon. According to the linear
Langmuir adsorption isotherm equation, the maximum
adsorption capacity of activated carbon for MB is cal-
culated to be 303 mg/g, with an adsorption constant
(Kp) of 0.0135 L/mg.

The basic characteristic of Langmuir adsorp-
tion can be expressed in terms of the separation coeffi-
cient R, which is dimensionless and used to predict
whether the adsorption process is favorable or unfavor-
able. If R_ > 1.0, the adsorption is unfavorable, while
R_ of 1.0 indicates linear isothermal adsorption. If 1 >
R. > 0, the adsorption is favorable, and R, of 0 means
the process is unfavorable. In this study, the calculated
R, value ranges from 0 to 1, indicating favorable ad-
sorption. Additionally, the value of n in the obtained
Freundlich model ranges from 1 to 10, which is also a
favorable range for adsorption. Both models suggest
that activated carbon is a highly effective adsorbent for
MB pigment.
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Study on the regeneration of activated carbon
adsorbed MB (AC-MB) by peracetic acid in the pres-
ence of metal ions

The role of metal ions in PAA activation

The strong oxidizing activity of PAA is at
tributed to the formation of acetyloxyl radicak
(CH3COOe) and acetyl(per)oxyl radicals (CH;COOO)
in the presence of transition metal ions. One proposed
mechanism for radical formation involving metal ions,
particularly Co?*, was discussed by Kim et al. [20]:

First, *OH and CH3;COO¢ radicals are gener-
ated when CH3;COOOH reacts with Co?* (which is re-
duced by Co**):

CH3COOOH + Co* — CH3;COO" +Co** +"OH (1)
CH3;COOOH + Co**— CH3;COO0O" +Co** + OH (2)

The Co®* generatedis then reducedby PAA, as
shown in equation (3):

CH3COOOH + Co* — CH3;COO0O0" + Co** + H* (3)

The generated radicals continue to undergo
further transformations:

CH;COO" — CH3 +CO, (4)
CH;COO" + CH;COOOH —>

5 CH,COOO" + CH;COOH (5)

CH,CO00" — HO," + CH,CO (6)

CH;COO0OO" + H,0, - HO, + CH;COOH @)
According to this process, Co?* acts as a cata-
lyst, and the acetyloxyl (CH3;COOe¢) and ace-
tyl(per)oxyl (CH;COOO¢) radicals are generated more
readily than *OH radicals. The acetyloxyl radical de-
composes rapidly to produce CHse and CO,. On the
other hand, acetyl(per)oxyl reacts rapidly with double
bonds and the benzene ring, leading to the destruction
of the color carrier and auxiliaries. This mechanism
also explains the pH-dependence of PAA activity:
when the pH is increased, the reaction equilibrium (3)
shifts to the right, leading to the production of more
acetyl(per)oxyl radicals and increased activity. Ingen-
eral, higher concentrations of PAA result in more ef-
fective regeneration of activated carbon.

To study the effectof catalytic metal ions, AC-
MB regeneration experiments were conducted using
four metalions: Co?*, Cu?*, Mn?*, and Fe3*. The results
are presented in Fig. 1.

Itis interesting to note that the effectiveness of
different metal ions in promoting the regeneration of
AC-MB by PAA varies. Co?* shows the highest regen-
eration efficiency, which can be explained by the abil-
ity of Co?* to form complexes that facilitate the for-
mation of free radicals. The other metal ions, including
Cu?*, Mn?*, and Fe®*, have different levels of regener-
ation efficiency, with Fe** having the least effect
These differences may be due to the different proper-
ties of the metal ions, such as their electronic configu-
rations and coordination geometries, which can affect
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their ability to form complexes with PAA and promote
the generation of free radicals. Based on the experi-
mental results obtained, Co?* is used as a catalyst for
further studies.

100
80
60

40

Regeneration efficiency (%)

20

coZ*

cu?*

Mn2*
Transition metal ions
Fig. 1. Effect of a metal catalyst on the ability to regenerate acti-
vated carbon after M B adsorption
Puc. 1. BnusiHue MeTayuinueckoro Karaiauzaropa Ha CriocOOHOCTh
K pereHepanyi akTHBUP OBAHHOTO Y IJIs mociie aacop Ormu M T

Fed*

Effect of pH on regeneration of AC-MB by PAA

In this study, the impact of pH on the regener-
ation of AC-MB by PAA was investigated by testing
five pH values (4, 5, 6, 7, and 8). The experimental
procedure involved adding the adsorbed AC, which
was saturated with MB, to the regeneration solution at a
rate of 4 g/l and shaking it at a speed of 150 rpm, 25 °C
for 120 min. The pH of the solution was then adjusted
using 0.1M NaOH to achieve the desired pH values
from 4 to 8. Finally, the AC sample was evaluated for
its adsorption capacity and efficiency of adsorption of
MB in comparison with the original AC sample after
regeneration.

The results presented in Fig. 2 and Fig. 3
demonstrate that the MB adsorption efficiency of the
first regenerated AC sample remained consistently
high, reaching approximately 98%, when regenerated
at a pH range of 6 to 7. However, there was a slight
decrease in MB adsorption efficiency when the regen-
erated pH was increased to 8. Conversely, when the pH
was less than 6, the MB adsorption efficiency of the
regenerated AC sample decreased rapidly. These find-
ings suggest that near-neutral pH values (6 or 7)
yielded better regeneration efficiency compared to low
pH (4 or 5) and high pH (8) values. This assertion is
corroborated by the adsorption capacity and MB ad-
sorption efficiency of AC after three regeneration cy-
cles (Fig. 5 and 6). Specifically, regenerating the AC at
a pH of 6 or 7 resulted in a MB adsorption efficiency
of 98% for the regenerated AC, significantly higher
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than the original AC, with a maximum adsorption ca-
pacity of 299 mg/g.
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~— 250
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100 m
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2
Regeneration cycles
Fig. 2. Effect of pH on AC regeneration by PAA/Co**: (1): pH=4;

(2): pH=5; (3): pH=6; (4): pH=7;(5): pH=8
Puc. 2. Biusinue pH Ha perenepammo AY ITAK/Co®": (1): pH=4;
(2): pH=5; (3): pH=6; (4): pH=7;(5): pH=8
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Fig. 3. Effect of pH on M B adsorption efficiency of AC material
after 3 regenerations with PAA/Co?* at different pH values: (1):
pH=4;(2): pH=5; (3): pH=6; (4): pH=7; (5): pH=8
Puc. 3. Bnusinne pH Ha addextuBHOCTS ancop 6umm M T marepu-
amom AY nocne 3-x peresepauuii [IAK/Co®" npu pasnudHeIx
3nauennsx pH:(1): pH=4;(2): pH=35; (3): pH=6; (4): pH=7; (5):
pH=8

w -

This efficiency only slightly decreased after
the third regeneration cycle. However, when the regen-
eration was conducted at pH 6, the adsorption effi-
ciency was below 70% and dropped significantly after
the third regeneration cycle.

Effect of regeneration time

The influence of contact time between satu-
rated AC samples and PAA/Co?* on the regeneration
efficiency wasalso investigated, and the corresponding
results are presented in Fig. 4. The findings demon-
stratedthe regeneration rate of the activated carbon fol-
lowing exposure for varying durations of time (30, 60,
90, 120, 150, and 180 min).
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As depicted in Fig. 4, the reaction time played
a crucial role in the initial stages of regeneration.
Within the first 120 min, the regeneration rate esca-
lated from 25% to approximately 98%, reaching its
peak at 98% after 120 min. Subsequently, these results
exhibited a slight decline, remaining relatively un-
changed. This can be attributed to the fact that, after
120 min, all Co?* ions had been reduced to Co** as per
reaction (3), thereby constraining the rate of hydroxyl
radical and acetyl (per)oxyl radical (CH;COOOs).
Based on this observation, all coal regeneration experi
ments were conducted for a suitable duration of 120 min.

100
80+
60
40

20 4

Regeneration efficiency (%)

30 60 90 120 150 180

Time (min)
Fig. 4. Effect of regeneration time on regeneration efficiency with
pH of 6.6 and a temperature of 25 °C
Puc. 4. Biausinue BpeMeHH pereHepaimi Ha 3G GeKTUBHOCTh pere-
Hepauuu npu pH 6,6 u temneparype 25 °C

310

300 4)
2)
290 4
(5)

<+
(1)
270 4 .|

280

260 4

(3)
250 -

Adsorption capacity (mg/L)

240 R | (6)

230

T
2
Regeneration cycles

Fig. 5. Effect of PAA concentration in the regeneration process of
AC-MB onthe adsorption capacity of activated carbon after re-
generation: (1): 1.2 mM; (2): 2.4 mM; (3): 3.6 mM; (4): 7.2 mM;
(5): 9.6 nM; (6): 14.4 mM
Puc. 5. Bmusane xonuentpammu [TAK B porecce perenep armm
AY-MT Ha ancop OLHOHHY 10 CIIOCOOHOCTh AKTHUBUP OBAHHOTO
yris ocne pereneparmn: (1) — 1,2 MM (2): 2,4 MM 5 (3): 3,6 MM;
(4): 7.2 MM ; (5): 9,6 HM ; (6): 14,4 MM

-
w o

Effect of concentration of PAA

The impact of peracetic acid concentration was
investigated under the specified conditions: MB-satu-
rated AC was introduced into the regeneration solution
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at a dosage of 4 g/L, with a shaking speed of 150 rpm
and a temperature of 25 °C, pH = 6.6 and the time re-
quired to reach adsorption equilibrium was deter-
mined. The peracetic acid concentration ranged from
1.2 mM to 14.4 mM, while maintaining a constant pH
level in the solution. The obtained results are presented
in Fig. 5 and Table 3.

Table3
Effect of PAA concentration (CPAA, mM) on MB ad-
sorption efficiency of activated carbon after three re-
generation cycles
Taénuya 3. Bausanue xkonuentpanuu ITAK (KIIAA,
MM) Ha 3¢ dexkTuBHOCTL ancopouuu MI' aKTMBHPOB aH-
HBIM YIJIEM I10CJIe TpeX IHMKJIOB pereHepamyu

Cpaa, MM
Adsorpti 12 [ 24 | 36 | 7.2 | 96 | 144
efficiency, %
15t cycle 91.08 | 98.01 | 98.21 | 98.67 | 93.06 | 92.4
2nd cycle 83.82 | 91.41 | 92.07 | 92.44 | 88.77 | 89.43
3d cycle 77.55 | 80.85 | 84.15 ( 80.85 | 80.19 | 79.2

The results presented in Table 3 demonstrated
the influence of PAA concentration on the regeneration
ability of activated carbon materials, consequently af-
fecting their adsorption capacity after regeneration.
Upon investigating the regeneration process with a
PAA concentration of 1.2 mM, the regeneration effi-
ciency was observed to be the lowest. The MB adsorp-
tion capacities of the activated carbon were 276 mg/g,
254 mg/g, and 235 mg/g for regeneration 1, regenera-
tion 2, and regeneration 3, respectively. As the PAA
concentration for regeneration increased from 1.2 mM
to 7.2 mM, the MB adsorption capacity of activated
carbon after regeneration increased.

However,when the PAA concentration contin-
ued to rise within the range of 9.6 mM to 14.4 mM, the
MB adsorption capacity of activated carbon after re-
generation decreased. For the first regeneration cycle,
the regeneration of activated carbon exhibited remark-
ably high efficiency, nearly approaching the original
efficiency. The adsorption efficiency of the regener-
ated material was approximately 98% with PAA con-
centrations of 2.4 mM, 3.6 mM, and 7.2 mM. In the
second and third regeneration cycles, the adsorption ef-
ficiency declined compared to the first regeneration.
Based on the obtained results, it is evident that the re-
generation process of AC-MB using PAA concentra-
tions ranging from 2.4 mM to 7.2 mM achieves excel-
lent performance, with very high MB adsorption effi-
ciency. However, further increasing the PAA concen-
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tration did not yield any additional improvement in ad-
sorption efficiency. Thus, a PAA concentration of 2.4
mM is the most suitable choice for the regeneration ex-
periments.

CONCLUSION

In conclusion, this research focused on the ad-
sorption capacity of activated carbon for MB and the
regeneration of activated carbon adsorbed with MB us-
ing PAA in the presence of metal ions. The results
showed that activated carbon exhibited a high adsorp-
tion capacity for MB, with a maximum adsorption ca-
pacity of 303 mg/g. The Langmuir and Freundlich ad-
sorption models were found to accurately describe the
adsorption equilibrium of MB onto activated carbon.
The study also investigated the role of metal ions in the
activation of PAA and found that Co?* showed the
highest regeneration efficiency. The effectiveness of
different metal ions varied, which could be attributed
to their different properties and ability to form com-
plexes with PAA. The pH of the regeneration solution
played a crucial role in the regeneration process, with
near-neutral pH values (6-7) yielding better regenera-
tion efficiency. The concentration of PAA had a signif -
icant impact on the regeneration process, with a con-
centration range of 2.4 mM to 7.2 mM resulting in ex-
cellent regeneration performance and high MB adsorp-
tion efficiency. Increasing the PAA concentration be-
yond 7.2 mM did not further improve the adsorption
efficiency. Overall, this research provides valuable in-
sights into the adsorption capacity of activated carbon
for MB and the regeneration process using PAA in the
presence of metal ions. These findings contribute to the
development of efficient and sustainable methods for
wastewater treatment and pollutant removal. Further
studies could explore the application of this regenera-
tion processon alarger scale and investigate the regen-
eration of other adsorbents for different pollutants.
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