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Chemical activated carbons (PET-H2SO4 and PET-KOH) were
prepared from post-consumer polyethylene terephthalate (PET)
wastes using pyrolysis under moderate reaction temperatures
by changing pyrolysis time and chemical activating agents. The
produced carbons were characterized and tested in adsorption
reactions of manganese, chromium, and cobalt ions in aqueous
solutions. Results showed a high percentage removal of these
inorganic ions from water: 98 % for Mn2 +, 87 % for Cr3 +, and
88 % for Co2+. Freundlich isotherms gave a better fit to the
experimental data obtained with good correlation coefficient
values in the range of 0.99-1 compared to other isotherms. The

pseudo-second order kinetic model best described the chemical
adsorption process as an exchange of electrons between the
carbon and inorganic ions in solutions. The diffusion models
showed that the process is controlled by a multi-kinetic stage
adsorption process. In summary, this work demonstrates that
the production of activated carbon from PET waste bottles is a
potential alternative to commercial activated carbon and can
be considered a sustainable waste management technology for
removing these non-biodegradable plastic wastes from the
environment.

Introduction

Plastics have been widely used and are ubiquitous in our daily
lives. They have been promoted worldwide due to their
favourable physico-chemical properties such as light weight,
low cost, and chemical stability. The global annual production
of plastics has risen considerably over the past few decades
with an annual increase of about 5 % per annum.[1] The
increased demand of these polymers has led to rapid accumu-
lation of wastes, thus, creating serious environmental pollution
problems and posing a threat to human health. Polymer wastes
are mainly being recycled via three (3) methods: mechanical,
energy and chemical.[2]

In mechanical recycling, the macromolecular structure
remains unchanged and the material is transformed into new
polymer products. In this case, the polymer waste is grinded or
remelted and then mixed with virgin resin or other additives
such as crosslinking agents, and surfactants.[3] However, this is a
very challenging and difficult approach[2] as there are usually
material defects in the reformed polymer compared to the
original item. Energy recycling involves the use of incineration
technologies where thermal/heat energy is produced.[4] Chem-
ical recycling involves the conversion of these wastes into
relatively new materials, which are subsequently used as
industrial feedstocks.[5] Different products can be produced
depending on the technologies involved.

The different protocols that can be employed in chemical
recycling of polymer wastes include pyrolysis, catalytic cracking,
thermal cracking, and hydrocracking, yielding products, such as
gaseous fuels, liquid fuels, and carbon.[6] The transformation of
plastic wastes into useful products to remediate environmental
problems has been reported by several authors. This include
the valorisation of waste plastics for carbon and hydrogen
production,[7,8] capture, storage, and utilization.[9–11] Several
authors have also reported the treatment of oil spills[12,13] via the
upcycling of waste plastics such as polypropylene masks,[14]

high density polyethylene (HDPE) wastes,[15] polystyrene
wastes,[16] polyethylene and polypropylene waste powder and
sheets.[17] In recent studies, waste plastics have been subjected
to post-synthetic chemical modification to form functional
catalysts and polymers[18–20] as well as development of fluores-
cent carbon for sensing toxic chemicals.[21,22]

Activated carbon (AC) produced from pyrolysis of post-
consumer wastes has evolved and is targeted at achieving a
friendly technology to produce relatively inexpensive carbon
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with good adsorption properties as a substitute for commercial
activated carbon. Different precursors have been utilized in the
production of activated carbon, mostly agricultural by-products,
wood, synthetic resins, industrial wastes.[23–26] Factors usually
considered are cost, availability/renewability of the material,
and the carbon content of the precursor. The production of
activated carbons from plastic waste is a sustainable technology
targeted at solving environmental pollution problems associ-
ated with the increasing demand of these polymers.

Although some polyethylene terephthalate (PET) wastes are
being tried to be recycled mechanically, the success of the
recycling process largely depends on the efficient sorting of the
bottles (waste logistics), and degree of purification/decontami-
nation during processing, which is not fully guaranteed. More-
over, due to its high decomposition temperature (about 280 °C),
common organic impurities such as PVC, polyolefins, polyvinyl
acetate, colouring agents, melt adhesive, sugar and protein
residues, and chemical wood-pulp are transformed into col-
oured degradation products during the recycling process. The
required high decomposition temperature results in excess
reactive degradation products, and subsequently, increases the
frequency of defects present within the polymer chain. More-
over, the presence of visible and microscopic particles (impur-
ities) may also increase the amounts of defects within the
polymer.

Several examples have been reported for the upcycling of
PET wastes into useful products. These include their conversion
into lithium-anode batteries in the form of metal-organic
framework,[27] porous carbons for CF4 capture,[28] polymer
electrolytes,[29] redox-active nanoparticles for energy storage
applications,[30,31] magnetic microparticles for adsorption,[32]

hydrogel adsorbents via crosslinking and aminolysis.[33]

In the work reported here, we investigate conversion of PET
bottles into activated carbon using pyrolysis, under controlled
reaction temperature and time. This conversion is followed by
the chemical activation of the produced carbon using acid and
base activating agents. The effect of pyrolysis temperature,
pyrolysis time, and concentration of activating agents are
investigated by adsorption and kinetic studies of the carbons in
the removal of inorganic ions from water. The performance
indicators are the iodine values, carbon yield, and adsorption
capacities.

Results and discussion

Thermal degradation of PET

The thermal decomposition of PET occurs by a random chain
scission of the ester linkage or through chain ends and is
initiated by the breaking of an alkyl-oxygen bond.[34] The
thermal degradation occurs through the formation of different
end groups such as vinyl ester, cyclic or open chain oligomers
with olefinic or carboxyl end groups giving rise to gaseous
products such as: carbon monoxide, carbon dioxide, water,
acetaldehyde, and compounds with acid and anhydride end
groups. This results in a decrease in the molecular weight of the
polymer. The monomer structure is shown in Figure 1.

The thermal degradation plots for PET wastes at different
heating rates of 5, 10, and 20 °C/min are shown in Figure 2. The
results obtained reveal that the decomposition temperature of
the polymer wastes increases with increasing heating rates.
Prior to decomposition, a relatively constant-weight process is
observed up to about 250 °C (indicating a low amount of
moisture), followed by a continuous decrease in weight up to
temperatures of approximately 480 °C. During this process,
there is an evolution of volatile organic hydrocarbons associ-
ated with the nature of the precursors, leading to a significant
weight loss of approximately 74 %. At different heating rates of
5, 10, and 20 °C/min, the decomposition occurs at 361 °C,
372 °C, and 395 °C, and reaches a maximum at 419, 432, and
443 °C, respectively. As the degradation progresses, a final
thermal zone of constant weight is obtained, which indicates
the formation of carbon.

The solid residue left behind during the thermal decom-
position of these polymers is known as the carbonized char and
the amount obtained expressed in percentage is referred to as
the activated carbon yield. AC produced from acid-activated
PET bottles is designated as PET-H2SO4 while the base-activated
PET bottle wastes as PET-KOH. The chemical activating agents
introduced on the carbon surfaces act as both dehydrating and
oxidizing agents, which helps in the formation of oxygen-
containing functional groups, such as carbonyl groups. Tables 1
and 2 show the effect of pyrolysis temperature, time and
concentration of activating agents on the physico-chemical
properties of the activated carbon.

Figure 1. Polyethylene terephthalate (PET).
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Physicochemical characterization

The physico-chemical characteristics of the modified carbons
are shown in Tables 1 and 2. Figure 3 shows the effect of
pyrolysis temperature and time on the carbon yield. It is seen
that a maximum carbonized yield of 37 % occurs at a pyrolysis
temperature of 400 °C, time of 45 mins, and concentration of
2.0 M for the polymer waste. Conversely, the lowest carbon
yield was obtained at reaction conditions of 500 °C and 60 mins.
This low carbon yield implies that as the pyrolysis temperature
increases and time progresses, the polymer melt decomposes
into more liquid and gaseous fuel products via different organic
reactions, thus reducing the amount of coke residue product.

The amount of moisture content is similar for all produced
carbons and is in the range of 4–8 % while the bulk density also
have similar values with no significant difference. The iodine
value is a fundamental property that evaluates the adsorption

capacity of the carbons as well as their surface area. It helps to
evaluate the activity levels of the AC (a higher iodine value
indicates higher degree of activation, and vice-versa).[35] Both
acid- and base-activated carbons have similar iodine numbers,
thus, suggesting a similar degree of activation.

As reaction time increased the iodine number also increased
(Figure 4). Both acid-activated (PET-H2SO4) and base-activated
carbons (PET-KOH) have relatively similar iodine values within
the experimental uncertainty, thus, suggesting that the use of
both H2SO4 and KOH as chemical activating agents helps in the
development of the porous carbon structures.

The activated carbons produced have high affinity for
inorganic ions (Figure 5 and 6). The adsorption of manganese
ions from the aqueous solutions is in the range of 90–98 % and
this implies that there is a high affinity of the carbons towards
manganese ions, in which case the deep purple colour of
[MnO4]� changes to a colourless Mn2+. Our results show

Figure 2. Thermograms of PET waste (a) TGA (b) derivative-TGA curve.

Table 1. Effect of reaction conditions on physico-chemical properties of PET-H2SO4.

Runs Reaction conditions Physico-chemical properties

Temp.
(°C)

Time
(min)

Conc.
(mol/L)

Activated
yield (%)

Moisture
content
(%)

Bulk
density
(g/cm3)

Ash
content
(%)

Iodine
value
(mg/g)

%
(MnO4)�

removal

%
(Cr2O7)2�

removal

% Co2 +

removal

1 400 60 0.5 31 5 0.472 26 2175 96 83 85

2 400 45 0.5 34 6 0.491 21 1879 95 82 85

3 400 60 1.25 27 10 0.431 25 2075 96 85 86

4 400 45 1.25 35 9 0.471 19 1690 94 83 83

5 400 45 2.0 37 8 0.483 20 1302 94 83 84

6 400 60 2.0 33 7 0.491 23 1650 95 84 85

7 450 60 1.25 28 5 0.442 25 2099 97 87 88

8 450 45 1.25 34 7 0.482 20 1613 94 80 80

9 500 45 0.5 29 5 0.483 23 2042 96 84 86

10 500 60 0.5 26 5 0.451 30 2213 97 86 85

11 500 60 2.0 28 5 0.475 20 1692 96 84 85

12 500 45 2.0 31 8 0.481 21 1513 96 84 86
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adsorption capacities which are higher[36,37] or in line[38] with
those reported for uptake of manganese ions using carbon-
based adsorbents. This is a strong indication that our precursor
(PET wastes) are valuable starting materials to produce
activated carbon. The removal capacity of the carbon for
[Cr2O7]2� is relatively low compared to those of manganese ions
and is in the range of 69–87 %, while that of cobalt ions falls
within 70–88 %. These results are similar to those reported in
the literature.[39] The ionic equations are shown in Equations 1
and 2.

MnO4
� þ 8Hþ þ 5e� ! Mn2þ þ 4H2O (1)

Cr2O7
2� þ 14Hþ þ 6e� ! 2Cr3þ þ 7H2O (2)

It is interesting to note that carbons produced at 450 °C,
60 mins, and 1.25 M gave the best removal capacity. Hence,
they were further characterized and the acid-activated carbon
was used for subsequent isotherm and kinetic studies.

Characterization results

FTIR analysis shown in Figure 7a shows the presence of the
functional groups similar to those of activated carbons. [23, 40, 41]

The peaks between 1500–1671 cm� 1 correspond to C=O
stretching vibrations, while the peak at 2359 cm� 1 corresponds

Table 2. Effect of reaction conditions on physico-chemical properties of PET-KOH.

Runs Reaction conditions Physico-chemical properties

Temp.
(°C)

Time
(min)

Conc.
(mol/L)

Activated
yield (%)

Moisture
content
(%)

Bulk
density
(g/cm3)

Ash
content
(%)

Iodine
value
(mg/g)

% (MnO4)�

removal
% (Cr2O7)2�

removal
% Co2 +

removal

1 400 60 0.5 30 5 0.461 22 2154 93 70 81

2 400 45 0.5 34 5 0.482 16 1862 92 70 82

3 400 60 1.25 28 9 0.425 25 1998 94 72 83

4 400 45 1.25 36 10 0..465 19 1586 92 70 80

5 400 45 2.0 37 8 0.476 16 1276 92 70 82

6 400 60 2.0 34 7 0.472 20 1600 95 72 80

7 450 60 1.25 29 4 0.419 21 2076 96 74 84

8 450 45 1.25 35 7 0.471 20 1614 91 69 79

9 500 45 0.5 29 5 0.475 18 1979 94 71 83

10 500 60 0.5 27 5 0.452 28 2198 95 73 83

11 500 60 2.0 29 5 0.462 20 1601 95 73 83

12 500 45 2.0 32 10 0.453 21 1464 93 71 87

Figure 3. Effect of process conditions on activated carbon yield.
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to strong O=C=O stretching vibration. This result is a good
indication that the surface of the activated carbons is rich in
oxygen species arising from chemical activation. X-ray diffrac-
tion analysis as illustrated in Figure 7b shows a good dispersion
of both H2SO4 and KOH on the surface of the carbons rather
than a low concentration of these impregnated chemicals as
there are no specific peaks associated with the acid or base
presence on the carbon surface. The BET surface area of PET-

H2SO4 and KOH were found to be 57.37 m2/g and 51.98 m2/g,
respectively.

Adsorption analysis

The activated carbon produced at 450 °C, 60 mins, 1.25 M PET-
H2SO4 was found to have the highest removal capacity from
preliminary studies and was subsequently used for the

Figure 4. Effect of process conditions on iodine values of activated carbons produced from PET.

Figure 5. Adsorption performance of acid- and base-activated carbons produced at 400 °C.
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adsorption and kinetic studies. The equilibrium data obtained
were analyzed using the linearized forms of the Langmuir,
Freundlich, Temkim, and Dubinin-Radushkevich (D-R) adsorp-
tion isotherms models expressed in Equations 3, 4, 5, and 6
respectively:

Ce
qe
¼

1
KLbQ0

þ
Ce
Q0

(3)

logqe ¼ logKf þ
1
n logCe (4)

qe ¼
RT
bT
lnAT þ

RT
bT

�

lnCe

�

(5)

ln qeð Þ ¼ ln qsð Þ � Kade2 (6)

where Ceis the equilibrium concentration (mg/L), Co is the initial
concentration of the adsorbate (mg/L), qe is the amount of
adsorbate present in the adsorbent at equilibrium (mg/g), KL
represents the Langmuir constant (dm3/mg), Q0 denotes the
maximum monolayer coverage (mg/g), Kf the Freundlich
isotherm constant (mg/g)(dm3/g)n, n represents the intensity of
adsorption, R is the Universal gas constant (J/mol K), T temper-
ature (K), AT the Temkin isotherm equilibrium binding constant
(L/g), bT is the Temkin isotherm constant, qs the theroretical
isotherm saturation capacity (mg/g), Kad denotes the D-R
isotherm constant (mol2/kJ2), and e is the D-R isotherm
constant.

The experimental data were fitted to the different isotherm
models as shown in Figures 8(a)–(d) and the parameters were
evaluated as shown in Table 3 in order to explain the behaviour
of the systems under investigation. The coefficient of determi-
nation (R2) was obtained using the expression (Equation 7):

Figure 6. Adsorption performance of acid- and base-activated carbons produced at 450 °C and 500 °C.

Figure 7. Characterization of chemical activated carbons (a) FTIR (b) XRD.
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Figure 8. Adsorption isotherm studies of PET-H2SO4 (a) Langmuir (b) Freundlich (c) Temkin

Table 3. Adsorption parameter constants for PET-H2SO4 at 450 °C, 60 mins, 1.25 M.

Adsorbent dosage (mg) Adsorption isotherms

Langmuir Freundlich

Q0 (mg/g) KL (L/mg) R2 RL Kf (mg/g).(L/g)n n R2

25 47.081 4.008 0.993 0.005 3.654E-05 0.343 0.899

50 29.274 1.993 0.968 0.010 6.936E-04 0.400 0.985

75 20.589 5.583 0.993 0.004 1.663E-02 1.004 1.000

100 Fitting not reliable 3.481E-03 0.585 0.991

Temkin Dubnin-Radushkevich

AT (L/g) bT R2 qs
(mg/g)

Kad (mol2/kJ2) R2

25 40.929 262.062 0.811 40.506 40.506 0.767

50 20.864 395.451 0.959 22.749 22.749 0.926

75 16.194 229.440 0.983 33.110 33.110 0.995

100 49.524 524.973 0.988 17.162 17.162 0.990
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R2 ¼
qe;meas�
�

qe;calc
�2

P
qe;meas�
�

qe;calc
�2
þ qe;meas�
�

qe;calc
�2 (7)

Langmuir isotherms produced good R-squared values
between 0.97 and 0.99. However, the isotherm study using
100 mg of carbon gave poor R-squared value, hence, it was
ignored. A separation factor RL defined by Weber and
Chakkravorti[42] expressed in Equation 8, is often used to
determine the nature of the adsorption process.

RL ¼
1
KLCo

(8)

Adsorption is linear if RL = 1, favourable if 0 < RL < 1,
unfavourable if RL > 1, and irreversible if RL ¼ 0. RL values
obtained from this work indicates a favourable adsorption
process.

The Freundlich parameter n is an indication of the extent of
heterogeneity, or otherwise, of the adsorption process. Values
of 1

n > 1 indicate a cooperative adsorption and when 1
n < 1

imply a chemisorption process.[43] As the slope of the Freundlich
isotherm gets closer to zero, the more heterogeneous the
adsorption process becomes. The Freundlich slope values 1

n

obtained in our work showed values in the range (1–2.9); thus
indicating a favourable, less heterogeneous adsorption
process.[37] The coefficient of determination values are in the
range of 0.9 to 1.

The Temkin isotherm explains the adsorbent-adsorbate
interactions and assumes that the heat of adsorption of the
adsorbate layer molecules will decrease linearly and not
logarithmically. The Temkin isotherm plot gave a good fit at
higher adsorbent dosage of 75 mg and 100 mg with good R-
squared values of 0.98 and 0.99, respectively. Conversely, the D-
R plot, which expresses the diffusion mechanism of the
inorganic ions onto the activated carbon surface via a pore-
filling mechanism,[44] gave decreasing values of the saturation
capacity as the adsorbent dosage increases from 25 mg to
100 mg.

Thus, of all the four isotherm models used in fitting the
data, the Freudlich isotherms gave the best fits to the
experimental data obtained for the adsorption modelling
compared to the other three models and can therefore be used
to describe the mechanism of the adsorption process as a
multilayer adsorption process with surface heterogeneity[45] The

obtained values of adsorption intensity n ranges between 0 and
1, thus indicating that the adsorption process is a chemisorp-
tion process. This is expected because the adsorption process
cannot simply be explained as a reversible process involving
metal ions occurring between solid and liquid phases.

Kinetic studies

The pseudo-first order and pseudo-second order reaction
models expressed in Equations 9 and 10[46] were used for this
study.[13]

log qe � qtð Þ ¼ logqe �
kp1

2:303 t (9)

t
qt
¼

1
kp2qe2 þ

1
qe
t (10)

where qe and qt are the adsorption capacities (mg/g) at
equilibrium and any time t respectively, kp1 (min� 1) and kp2 (g/
(mg.min)) are the rate constants for both pseudo-first order and
pseudo-second order reactions, respectively.

The graphs at different adsorbent dosage are shown in
Figures 9(a)–(d) for the pseudo-first order for PET-H2SO4.
Figures 10(a)–(d) show the plots for the pseudo-second order
model. The kinetic rate constants and error functions are
highlighted in Table 4.

A comparison of the coefficient of determination values (R2)
for both reaction models shows that the pseudo-second order
equation perfectly fits the adsorption data with R2 values
greater than 0.99 for all cases of varying adsordent dosage and
adsorbate concentrations. Hence, it is reasonable to conclude
that the adsoprtion of manganese ions onto the activated
carbon surface AC follows a second order kinetics whose rate
law is expressed by Equation 10 and the adsorption process
highlighted in Equation 11:

2ACþ MnO4ð Þ� þ 5e� $ MnAC2 þ 4O� (11)

where AC is the active sites on the carbon surface.
The chemical adsorption process occurs via the exchange of

electrons between the carbon and manganese ions, whereby
the driving force qe � qtð Þ is proportional to the fraction of
available active sites.[47–49] The change in oxidation state is

Table 4. Kinetic rate parameters for pseudo-first and pseudo-second order reaction models for PET-H2SO4 at 450 °C, 60 mins, 1.25 M.

Adsorbent dosage
(mg)

Pseudo-first order constants

25 mg/L 50 mg/L 75 mg/L 100 mg/L

kp1

(min� 1)
qe
(mg/g)

R2 kp1

(min� 1)
qe
(mg/g)

R2 kp1

(min� 1)
qe
(mg/g)

R2 kp1

(min� 1)
qe
(mg/g)

R2

25 0.071 36.60 0.935 0.060 39.53 0.716 0.052 88.19 0.841 0.058 113.41 0.900

50 0.050 5.51 0.949 0.057 9.03 0.940 0.057 12.08 0.892 0.069 12.08 0.913

75 0.074 3.31 0.989 0.042 2.73 0.932 0.036 3.12 0.862 0.032 2.91 0.825

100 0.053 0.35 0.970 0.061 0.70 0.995 0.065 1.83 0.878 0.057 1.75 0.877
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evident in the UV-Vis analysis at an absorption band of
525.5 nm as there was no absorption at this wavelength at time
t= 0. The reduction of these ions occur via the formation of
complexes with the oxygen functional groups on the carbon
surface. In particular, the oxygen functional groups present on
the carbon surface are involved in the chemical bonding, which
influences the cationic exchange capacity of the carbon. In this
case, the oxyl-groups donate electron pairs to manganese ions,
forming coordination complexes.

From the data in Table 4, it is possible to observe that there
is an increase in the reaction rate constant kp2 from 0.006 g/
(mg.min) to 0.331 g/(mg.min) as the adsorbent dosage in-
creases from 25 mg to 100 mg at an adsorbate concentration of
25 mg/L, thus, suggesting that higher adsorbent dosage has
faster kinetic adsorption of manganese ions. This is the same for
all cases of adsorbate concentration (50 mg/L, 75 mg/L, and
100 mg/L).

Diffusion studies

Diffusion in liquids[50,51] plays a key role in determining transport
properties and can affect the overall kinetics of a process. In
order to determine if the kinetic process is controlled by either
film diffusion or intraparticle diffusion, two diffusion models,
the Webber-Morris[46,52,53] and Dumwald-Wagner models,[54] were
studied, which are shown in Equations (12) and (13), respec-
tively.

qt ¼ kintt
1=2 (12)

where kint is the Webber-Morris intraparticle diffusion
constant, and:

log 1 �
qt
qe

� �2� �

¼ �
K

2:303 t (13)

where K is the Dumwald-Wagner rate constant.
The rate-limiting step of the adsorption process is deter-

mined by the linearity or otherwise of the diffusion plots shown

Figure 9. Pseudo-first order rate graphs for PET-H2SO4 at different adsorbent dosage (a) 25 mg (B) 50 mg (C) 75 mg (D) 100 mg (solid lines are fittings to the
model).
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in Figures 11 and 12, and also by their intercept values. The

plots of qt against t1=2 and log 1 � qt
qe

� �2� �
against t must pass

through their origins if the sole rate limiting step were to be by
intraparticle diffusion only.[46] However, this is not the case here
as the plots showed different intercept values, thus implying
that the adsorption kinetics of manganese ions on activated
carbon surface is controlled by a multi-kinetic stage adsorption

process.[38] The calculated rate parameters for both diffusion
models are shown in Table 5.

Conclusions

The developing interest in plastics waste recycling has led to
production of different fuels and carbon products. The

Figure 10. Pseudo-second order rate graphs for PET-H2SO4 at different adsorbent dosage (a) 25 mg (b) 50 mg (c) 75 mg (d) 100 mg (solid lines are fittings to
the model).

Table 5. Diffusion rate parameters for PET-H2SO4 at 450 °C, 60 mins, 1.25 M.

Adsorbent dosage
(g)

Webber-Morris intraparticle diffusion constants

25 mg/L 50 mg/L 75 mg/L 100 mg/L

kint
mg/(g.(min1/2))

R2 kint
mg/(g.(min1/2))

R2 kint
mg/(g.(min1/2))

R2 kint
mg/(g.(min1/2))

R2

0.25 0.578 0.817 0.749 0.880 1.721 0.945 1.831 0.911

0.50 0.254 0.917 0.299 0.935 0.278 0.922 0.280 0.933

0.75 0.097 0.724 0.143 0.954 0.175 0.894 0.174 0.909

1.00 0.020 0.908 0.034 0.865 0.063 0.943 0.074 0.968
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production of activated carbon from post-consumer polyethy-
lene (PET) bottles is a waste management strategy for the
removal of polymeric wastes from the environment, and also
serves as a viable alternative for the manufacture of commercial
activated carbons in water treatment processes.

The even dispersion of chemical activating agents onto the
carbon surface leads to an even distribution of pore structures
and also increases their adsorption capacities towards manga-
nese, chromium, and cobalt ions.

Freundlich adsorption isotherms, pseudo-second order
reaction model and the Webber-Morris intraparticle diffusion
models were used to describe the adsorption of manganese
ions onto the chemical activated carbons, whose rate-limiting
steps are controlled by a multi-kinetic stage adsorption process
involving both film and intraparticle diffusion.

The chemical waste recycling studies reported here will
provide an alternative to the use of expensive commercial
activated carbon, enhance circular economy, and proffers a
viable way of removing the ubiquitous PET bottles from the
environment. Future directions in this area will be focused on

investigating the possibility to reuse the spent carbon materials
in order to further minimize waste and enhance sustainability.

Experimental procedure

Materials

Potassium hydroxide (KOH) and sulphuric acid (H2SO4) were
purchased from Sigma-Aldrich. Potassium iodide (KI), hydrochloric
acid (HCl), starch soluble, iodine crystals, sodium thiosulphate
(Na2S2O3

.5H2O), potassium permanganate (KMnO4), cobalt (II)
chloride (CoCl2), and potassium dichromate (VI) (K2Cr2O7) were of
analytical grade. Post-consumer PET bottles are household waste
drink bottles of different types and sizes. They were rinsed with
water, dried at room temperature, fused at 100 °C, cooled and
mechanically crushed into pieces and sieved using a mesh of 4 mm.

Pyrolysis and chemical activation

The crushed PET wastes were subsequently loaded into a pyrolysis
flow reactor attached to a condensing unit. The pyrolysis temper-

Figure 11. Webber-Morris kinetic graphs for PET-H2SO4 at different adsorbent dosage (a) 25 mg (b) 50 mg (c) 75 mg (d) 100 mg (solid lines are fittings to the
model).

Wiley VCH Montag, 08.01.2024

2499 / 332619 [S. 11/15] 1

ChemPlusChem 2024, e202300484 (11 of 14) © 2024 The Authors. ChemPlusChem published by Wiley-VCH GmbH

ChemPlusChem
Research Article
doi.org/10.1002/cplu.202300484

 21926506, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cplu.202300484 by T
he U

niversity O
f M

anchester, W
iley O

nline L
ibrary on [16/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ature was varied between 400 °C, 450 °C, and 500 °C, and the
pyrolysis time was varied between 45–60 mins. The carbon
produced was further activated and the effects of chemical
activation was studied by the use of both acid (H2SO4) and base
(KOH) activating agents at different concentrations 0.5 M, 1.25 M,
and 2.0 M. Chemical activation was done in a Carbolite muffle
furnace at 550 °C for a period of 30 mins, after which the activated
carbons were rinsed repeatedly with deionized water to remove
excess activating agents and residual inorganic impurities. Sub-
sequently, they were dried and stored in a closed container for
characterization and adsorption experiments. Tables 1 and 2 shows
the experimental parameters for both H2SO4 and KOH activation,
respectively.

Activated carbon characterization

The physico-chemical properties, such as, yield, moisture content
(ASTM D2867-09), ash content (ASTM D2866-94), bulk density,[24]

and iodine value (ASTM D4607-14) of the different activated
carbons were obtained using standard ASTM procedure. Fourier
Transform Infrared (FTIR) analysis was performed using Bruker
Vertex 70 FTIR system. The crystallinity of the catalysts was
determined using X-ray diffraction (PANanlytical XRD5). The surface
area of the activated carbons were obtained using BET analysis of
nitrogen sorption isotherms (Micrometrics ASAP 2020 static low

pressure volumetric adsorption unit). Thermogravimetric analysis
(TGA) of PET wastes was carried out under an inert atmosphere of
nitrogen gas at heating rates of 5, 10 and 20 °C/min in order to
obtain the decomposition profile of the waste polymer using a TGA
Q5000 (TA Instrument).

Adsorption and kinetic studies

Batch adsorption studies were used to evaluate the adsorption
performance of the activated carbons. Twenty-five (25) ppm
solution of potassium per manganate (KMnO4), potassium dichro-
mate (VI) (K2Cr2O7) and cobalt (II) chloride (CoCl2) were prepared
separately in a 250 mL volumetric flask using deionized water. A
standard calibration curve was prepared for each ion. About 25 mg
of adsorbent (chemically activated carbon) was weighed into
100 mL of the simulated water mixture and was put onto a rotary
shaker with a speed of 150 rpm for 120 mins. The pH was adjusted
to between 6.5 and 7. At the end of the reaction time, the solution
was filtered using 0.2 mm PTFE. The absorbance of the filtrate was
obtained with a UV-Visible spectrophotometer and the respective
concentrations were obtained using Beer-Lambert Law. The wave-
lengths of absorption for Mn2 +, Cr3 +and Co2 + are 525.5 nm,
431 nm, and 351 nm, respectively. The percentage removal of each
ion from water are obtained from Equation 14:

Figure 12. Dumwald-Wagner kinetic graphs for PET-H2SO4 at different adsorbent dosage (a) 25 mg (b) 50 mg (c) 75 mg (d) 100 mg (solid lines are fittings to
the model).
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% removal ¼
C0 � Cf
C0

� 100 (14)

where C0 and Cf are the initial and final concentrations of the
adsorbate in solution, respectively.

Afterwards, the activated carbon with the best adsorption capacity
was used for further adsorption isotherm and kinetic studies in the
removal of manganese ions from simulated water solutions. The
isotherm studies were carried out by taking out 2 mL aliquots of
the samples taken at 20 mins interval from a freshly prepared
25 ppm solution. The aliquots were filtered and the corresponding
absorbance was obtained. The procedure was repeated for 50, 75,
and 100 ppm solutions while also varying the adsorbent dosage at
50 mg, 75 mg, and 100 mg of carbon. The adsorption capacity was
evaluated using Equation 15:

Adsoprtion capacity qt ¼
C0 � Ct
M � V (15)

where C0 is the initial concentration of the adsorbate (mg/L), Ct
is the concentration at time t, M is the mass of the adsorbent,
and V is the volume of the aqueous solution. Adsorption
isotherm models were obtained using Langmuir, Freudlich,
Temkim, and Dubnin-Radushkevich models.[55–57] Kinetic studies
were carried out after an equilibrium of 140 hours using the
pseudo-first order, pseudo-second order, and intraparticle
diffusion models[46,58,59]
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Our work involves the conversion of
PET waste bottles into activated
carbons through pyrolysis, followed
by chemical modifications of the
carbon surface functionality with
oxygen-containing groups. The
produced carbons are then used for

removal of inorganic ions from waste-
water. The results show that activated
carbons from PET waste bottles are a
sustainable waste management
control strategy for eliminating non-
biodegradable wastes from the envi-
ronment.
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