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Medical wastewater is a significant contributor to environmental pollution, posing 
severe risks to both human health and the environment. To resolve this challenge, the 
removal of anti-cancer drugs from medical wastewater has been considered. This study 
investigated the removal of doxorubicin, an effective anti-cancer drug, from an aqueous 
solution using three types of adsorbents: activated carbon, multi-walled carbon nanotube, 
and montmorillonite. Our findings revealed that carbon nanotubes exhibited superior per-
formance in doxorubicin removal from water compared to the other two adsorbents. Spe-
cifically, the maximum adsorption capacity of doxorubicin with an initial concentration 
of 50 mg L–1 on the carbon nanotube reached 500 mg g–1. In addition, surface modifica-
tion of the adsorbents with acid resulted in a 15 % and 41 % increase in adsorption ca-
pacity, and an 85 % and 67 % reduction in equilibrium time for carbon nanotube and 
montmorillonite, respectively. The increasing pH proved to enhance the adsorption effi-
ciency of carbon nanotubes and activated carbon, with the best performance achieved at 
solution pH of 10 and 8 for MWCNTs and AC, respectively.
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Introduction

Currently, cancer is one of the leading causes 
of death worldwide, with projected mortalities 
reaching 11.4 million by 20301. Consequently, an-
ti-cancer drugs are widely used due to their growing 
demand2. Doxorubicin (DOX) is one of the first 
clinical anthracyclines commonly used in cancer 
chemotherapy to treat several types of cancer, in-
cluding solid tumors and hematological malignan-
cies3,4.

While anti-cancer drugs constitute a lower pro-
portion of wastewater contaminants than other 
drugs, they have a more significant effect on human 
health and the environment5. Reports indicate that 
anti-cancer agents pose serious health risks, includ-
ing carcinogenesis, genetic mutation, and adverse 
effects on fetal development6. Therefore, the remov-
al of anti-cancer drugs from hospital wastewater is 
crucial for mitigating environmental hazards7.

Various methods, such as biological methods, 
filtration, ozonation, chemical oxidation, advanced 
oxidation, and adsorption have been investigated 
for sewage treatment8. However, these techniques 
often suffer from drawbacks such as high energy 

consumption, limited removal capacities, high cost, 
and complicated operation9. Among the possible 
wastewater treatment techniques, the solid adsor-
bent adsorption process has shown great potential 
as a practical process10,11. The adsorption process 
offers various advantages, including exceptional ef-
ficiency, straightforward operation, simple design, a 
wide range of available adsorbents, and the ability 
to remove diverse contaminants, such as dyes12,13, 
heavy metals14, and antibiotics15. However, like all 
separation techniques, adsorption processes have 
limitations, including the high cost of some adsor-
bents, rapid saturation, and expensive regeneration, 
which must be considered16. Consequently, search-
ing for regenerable, effective, and inexpensive ad-
sorption materials remains a critical and ongoing 
task. Hence, the adsorption of drugs from wastewa-
ter has emerged as a key area of focus in recent re-
search. The most remarkable aspect of these studies 
was the identification of effective and economical 
adsorbents. Recent studies have highlighted the ef-
fectiveness of various adsorbents, including activat-
ed carbon (AC)17,18, nano clays like montmorillon-
ite19, and organobentonite20, and carbon nanotubes 
(CNTs)7 in pharmaceutical wastewater treatment.

Activated carbon, known for its enormous sur-
face area, high porosity, and high adsorption capac-
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ity, has been widely used in wastewater treatment. 
In general, the four main functional groups, such as 
carboxyl, carbonyl, phenols, and lactones in the AC 
structure, play a critical role in the adsorption of 
pollutants21. In addition, reports indicate that acid 
treatment of AC can increase the functional groups 
of AC and enhance its adsorption performance22. 
Carbon nanotubes (CNTs) can be described as 
one-dimensional layers of graphite, which are clas-
sified as single-walled nanotubes (SWNTs), dou-
ble-walled nanotubes (DWNTs), and multi-walled 
nanotubes (MWNTs)23. CNTs have exceptional me-
chanical properties, such as high thermal and chem-
ical stability, and large surface area24. These specific 
features make CNTs an excellent adsorbent for dif-
ferent purposes, such as for the removal of contam-
inants from wastewater25, as nano-carriers26, and for 
biomedical applications27. In addition, in sur-
face-modified CNTs, the presence of oxygen-con-
taining carboxyl and hydroxyl groups enhances 
their adsorption performance and adsorption capac-
ity28. Additionally, clay minerals are inexpensive 
and abundant materials commonly used in various 
applications, such as in biomedicine, as biosensors, 
and in cosmetics29. Bentonite is a mineral clay pri-
marily composed of montmorillonite30. Montmoril-
lonite has been studied for decades, owing to its 
structural features, such as high surface area and 
cation exchange capacity, which render it suitable 
for pharmaceutical applications, as elucidated by 
Jayrajsinh31. Sodium montmorillonite (NaMMT) is 
a silica-alumina mineral composed of an octagonal 
alumina layer and two quartz-silica layers32. More-
over, by acid treatment of clay, certain mineral im-
purities are removed by exchangeable cations, such 
as H+ and Al3+, and a proton was replaced, increas-
ing the surface area and acidity. The type of acid, 
process temperature, processing time, clay and non-
clay minerals, chemical composition, type of cat-
ions between the layers, and other environmental 
factors affect the changes in surface area and micro-
porous structure in acid-treated clays33. In contrast 
to the adsorption of commonly used drugs like anti-
biotics, the adsorption of anticancer drugs like 
methotrexate10, ellipticine34, epirubicin35, cyclophos-
phamide, ifosfamide, and 5-fluorouracil has recent-
ly been considered36. In this sense, there have been 
notable efforts to investigate the adsorption of 
doxorubicin (DOX) onto different adsorbents, such 
as graphene oxide, carbon nanotubes37, and silica38, 
as documented in the literature. To highlight the pri-
mary novelty of this paper, according to references, 
it is noteworthy to emphasize the absence of reports 
regarding the adsorption of DOX by montmorillon-
ite nano clay, despite its demonstrated potential for 
pharmaceuticals adsorption and common use in 
drug delivery. On the other hand, a literature gap 
exists concerning comparison of different adsor-

bents for DOX removal studies. Given the increased 
use of DOX in cancer therapy and the emerging 
challenge of hospital wastewater management, this 
study represents a step forward in investigating  
the efficacy of three conventional, cost-effective, 
and readily available adsorbents AC, CNTs, and 
NaMMT in removing DOX from aqueous solutions. 
Furthermore, the effect of acid treatment on the per-
formance of these adsorbents, along with the influ-
ence of solution pH on adsorption capacity, was 
examined.

Materials and methods

Materials

DOX hydrochloride from Pfizer Co. (USA) 
served as the drug contaminant. AC was obtained 
from Scharlau Co. (Spain), possessing a surface 
area of    980 m2 g–1 as utilized in this study. Multi-
walled carbon nanotubes (MWCNTs) was pur-
chased from Neutron Co. (Iran) with a specific sur-
face area of 200 m2 g–1, an average diameter from 
10–20 nm, an average length of 30 μm, and a purity 
level of 95 %. Additionally, nano-sodium montmo-
rillonite was supplied by Sigma-Aldrich Co. (USA) 
possessing a specific surface area of 250 m2 g–1. 
 Nitric acid (purity 63 %), hydrochloric acid (purity 
37 %), and sodium hydroxide (purity 65 %) were 
purchased from Merck Co. (Germany). Deionized 
water was utilized throughout all experiments.

Acid-treatment

Acid treatment was employed to modify the 
surface of the adsorbents. To achieve this, 0.5 g of 
AC, 0.1 g of MWCNT, and 10 g of NaMMT were 
weighted with a precision of ±0.1 mg (Mettler Tole-
do-AE240, Switzerland), and then added to 50, 10, 
and 100 mL nitric acid 63 %, respectively. The re-
sulting mixture was stirred for one hour at 80 ℃ 
and 500 rpm, then kept for 24 h at ambient tempera-
ture. The adsorbents were then washed with deion-
ized water several times until the solution pH 
reached the same level as the deionized water. Fi-
nally, the adsorbent particles were filtered and dried 
in an oven at 80 °C for 18 h20.

FTIR analysis

The performance of adsorbent materials in ad-
sorption processes is highly dependent on their 
structural characteristics, including the number and 
nature of surface functional groups and surface po-
rosity39. A crucial step in our research was FTIR 
analysis (Bruker, Tensor 27, Germany). This power-
ful analytical technique enabled us to identify the 
functional groups of pure and surface-modified ad-
sorbents induced by the acid treatment.
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Doxorubicin concentration determination

To initiate the experiment, we filled a cell with 
two mL of the doxorubicin solution and placed it in 
the spectrophotometer to determine the wavelength 
with maximum absorption. The absorption spec-
trum of the doxorubicin solution revealed a peak 
absorption at 481 nm. To ensure the utmost preci-
sion in determining the unknown concentration via 
UV analysis, a calibration curve was meticulously 
plotted. This curve was generated by adding solu-
tions of varying concentrations, all below 50 ppm, 
and measuring their absorption at the peak wave-
length of 481 nm. Upon completion of the measure-
ments and calibration curve generation, a conver-
sion factor of 0.0193 was derived to translate 
absorbance readings into concentrations.

pH measurement

To investigate how pH influences the removal 
of doxorubicin from water, solutions with a concen-
tration of 50 mg L–1 and an initial pH of 5.6 were 
prepared. The pH was adjusted from 5 to 9 using 
trace amounts of hydrochloric acid and sodium hy-
droxide. Next, 5 mg of activated carbon adsorbent 
and 1 mg of carbon nanotube were added to 20 mL 
of these solutions, with pH values ranging from 5 to 
9. These mixtures were then subjected to magnetic 
stirring. After reaching equilibrium in the kinetics 
phase, the samples were withdrawn and centrifuged 
for 25 minutes at 4000 rpm, after which the concen-
tration of the remaining pharmaceutical pollutant 
was measured.

Adsorption kinetics experiments

For the kinetic study, 20 mL of DOX solution 
with an initial concentration of 50 mg L–1 and pH = 
6.5, at 25 ℃ in a 50 mL beaker under constant stir-
ring of 500 rpm, was mixed with 1, 5, and 10 mg of 
MWCNT, AC, and NaMMT, respectively. After 5 
min, the sample was centrifuged at 3500 rpm for 25 
min, following which the drug concentration in the 
sample solution was determined using a UV-vis 
spectrophotometer (UV-vis Jenway-6705, UK). 
This procedure was repeated at intervals of 10, 15, 
25, 40, 60, 100, 150, 200, 250, and 300 minutes un-
til adsorption equilibrium was attained.

The adsorption rate is a criterion for defining 
adsorbent performance3. Kinetics is an essential pa-
rameter in characterizing the adsorption dynamics 
of the adsorbate and can provide valuable insights 
into potential adsorption mechanisms, including dif-
fusion and chemical reactions7. Two kinetic models 
were applied to fit the experimental adsorption data. 
Linearized Eqs. (1 and 2) express the pseudo-first- 
order and pseudo-second-order kinetic models, re-
spectively:
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where qe (mg g–1) and qt (mg g–1) are the adsorption 
capacities of DOX at equilibrium time and time t 
(min), respectively, k1 (min−1) is the equilibrium rate 
constant of pseudo-first sorption, k2 (g mg–1 min–1) 
is the pseudo-second-order rate constant40. The 
pseudo-first-order kinetic model suggests that ad-
sorption occurs via physisorption and is simply re-
versible, whereas the pseudo-second-order model 
suggests that adsorption occurs through chemisorp-
tion14. The amount of adsorbed DOX on adsorbents 
was calculated using Eq. (3)8.
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where q0 (mg g–1) is the initially adsorbed amount 
of DOX; C0 (mg L–1) and Ce (mg L–1) are the initial 
and equilibrium concentrations in the liquid phase, 
respectively; V (mL) is volume, and m (mg) is ad-
sorbent mass.

Adsorption isotherm experiments

The adsorption isotherm investigates the rela-
tionship between equilibrium adsorption capacity 
and equilibrium concentration at the same tempera-
ture. To determine the adsorption isotherms, 20 mL 
of solutions with different initial concentrations of 
25, 30, 35, 40, 45, and 50 mg L–1 in 1, 5, and 10 mg 
of MWCNTS, AC, and NaMMT, respectively, were 
stirred until equilibrium was attained. The samples 
were then centrifuged at 3500 rpm for 25 min, and 
the residual concentration of the drug was mea-
sured. It is worth noting that the amount of adsor-
bents utilized in this study was chosen based on 
their difference in adsorption capacities; however, 
the comparison was ultimately made based on the 
adsorption capacity, which is independent of the ad-
sorbent quantity. Two popular models were em-
ployed to analyze the adsorption isotherm, namely 
the Langmuir and Freundlich models. The Lang-
muir isotherm assumes monolayer adsorption, ho-
mogeneous adsorbent surface, and uniform energy 
across all active sites. The linearized isotherm is as 
follows (Eq. 4):
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where qm (mg g–1) is the maximum adsorption ca-
pacity, and b1 (L mg–1) is the adsorption equilibrium 
constant related to the energy of adsorption. The 
Freundlich isotherm, as an empirical model, is par-
ticularly suitable for systems with decent concentra-
tions (in the mg L–1 range). The linearized isotherm 
model can be written as Eq. (5).
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where kF is the Freundlich constant related to ad-
sorption capacity at an equilibrium concentration of 
1 µg mL–1 and adsorption intensity of the adsorbent, 
and n is the adsorption intensity20.

Results and discussion

FTIR analysis

As depicted in Fig. 1, FTIR analysis reveals 
significant transformations in MWCNTs following 
acid treatment. A notable change is the emergence 
of the C=O stretching band at 1700 cm–1 and the 
increase in the O–H band at 3500 cm–1, both at-
tributed to the formation of carbonyl groups due to 
acid oxidation41. Regarding the functionalization 
process of MWCNTs, the acid activation method 
with a strong acid was utilized. This method in-
duced the generation of carboxyl and hydroxyl 
groups on the CNT surface through the oxidation of 
double bonds on the graphene walls, thereby en-
hancing the adsorption capacity of CNT35. DOX 
contains O–H and amino groups, which have the 
potential to form interactions with oxidized carbon 
nanotubes. The hydrogen bonding between the oxy-
gen-containing groups in the adsorbent and the O–H 
group of DOX is considered one of the possible 
mechanisms to describe the effect of the O–H sub-
stitution on the adsorption of organic compounds by 
CNT. Theoretically, four types of adsorption sites, 
including the external surface, internal porosity, 
groove region, and interstitial pores, are available 
for adsorption onto CNT. Pan et al. reported that the 
outer and groove regions are more accessible than 
the internal and interstitial pores for adsorption, and 
that the blocked internal porosities are opened by 
activation with nitric acid. Therefore, since the 
DOX molecular structure is relatively larger, the 
outer surface is much more available for the adsorp-
tion of this molecule than the interstitials. In other 
words, the external surface area is the critical pa-
rameter in adsorption. The higher adsorption of 
DOX on treated CNT compared to primary CNT 
can be attributed to the difference in the accessibil-
ity of adsorbent sites41.

Moreover, Fig. 1(b) presents the key findings 
of FTIR analysis for AC before and after acid treat-
ment. The peak at the wavenumber of 3500 cm–1 
indicates phenolic type O–H bands, and the stretch-
ing band at 2887 cm–1 is attributed to the existence 
of C–H bonds. Nitrogenous carbonyl groups (am-
ides) and carboxyl can be detected at 1700 and 1112 
cm–1 wavenumbers, respectively. The results reveal 

that acid activation had slightly increased the –OH 
and N–COOH functional groups42.

Additionally, the FTIR analysis of NaMMT is 
presented in Fig. 1(c). The peaks in wavenumbers 
1033 and 912 cm–1 indicate the Si–O and Al–O 
bands, respectively. The peaks in the wavenumbers 
of 469–536 and 3700 cm–1 are also related to the 
stretching vibration of the Al–O–Si and O–H groups 
in the clay.

In comparison, Bharadwaj et al. investigated 
the NaMMT treatment with phosphoric acid. They 
reported that the FTIR and XRD analysis of treated 
NaMMT showed no significant change compared to 
primary NaMMT. They also reported that the rea-
son for increasing the clay surface was the produc-
tion of silicon oxide, removing aluminum and 
amorphous silicon components, crick superficial 
porosity or interlayer spaces, and the formation of 
grooves and cavities at the surface43. According to 
Fig. 1(c), the FTIR analysis showed a similar result 
to Bharadwaj et al., in which the FTIR analysis of 
treated NaMMT by nitric acid had not changed 
compared to the initial state. The interaction of ni-
tric acid with Si–O and Al caused the closure of the 
pores and the distance between the sheets. Howev-
er, the closure of the pores reduces the total surface 
area but increases the usable and available surface 
area for adsorption of DOX. Hence, it can be in-
ferred that the studied adsorbents have a porous 
structure and numerous functional groups on their 
surface that have the potential to be used as adsor-
bents for the removal of DOX.

Adsorption kinetics

The contact time had an apparent effect on 
eliminating DOX. Fig. 2 shows the effect of contact 
time on removal efficiency. The experiments were 
conducted at ambient temperature to investigate the 
adsorption kinetics until the amount of drug adsorp-
tion on the adsorbents reached equilibrium. Overall 
means for each experiment, based on the average of 
the duplicates, are given. According to Fig. 2(a), it 
can be observed that the adsorption capacity of pure 
MWCNT increased rapidly during the first 10 min, 
and the adsorption equilibrium was attained after 
approximately 250 min. In the first 10 minutes, the 
active adsorption sites on MWCNT were gradually 
occupied, the adsorption rate decreased with in-
creasing contact time until after 250 minutes, and 
there was no change in the concentration of the 
drug remaining in the solution. Furthermore, the ad-
sorption of DOX on the treated MWCNT reached 
equilibrium in 40 min, compared to that of pure 
MWCNT, which was 250 min, indicating the signif-
icant effect of nitric acid treatment of DOX on the 
adsorption capacity, while equilibrium time reduced 
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by 84 %. In this context, Weng et al.44 reported that 
Fe3O4 nanoparticles for DOX adsorption required 
24 h to reach equilibrium, meaning that the result 
obtained in this study is encouraging. As shown in 
Fig. 2(b), pure AC’s adsorption capacity increased 
rapidly during the first 60 min, and the adsorption 
equilibrium was achieved after 150 min. By com-
paring the adsorption of DOX onto AC before and 
after acid treatment, it is evident that the changes 
are negligible. In fact, the treatment of AC with ni-

tric acid was not effective. According to Fig. 2(c), 
almost 50 % of the total adsorption occurred in the 
first 25 min, and then the adsorption rate decreased 
gradually until it reached equilibrium in 180 min. 
The equilibrium adsorption time of DOX on the 
treated NaMMT was obtained at 60 min. In com-
parison, this period in the untreated NaMMT was 
180 min, which indicated the positive effect of ni-
tric acid treatment and reduced the equilibrium time 
by 67 %.

F i g .  1  – FTIR spectra of (a) MWCNT, (b) AC, and (c) NaMMT. Solid lines and dashed lines represent before and after acid treat-
ment, respectively.
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Fig. 3 shows the alignment between experi-
mental data and both the pseudo-first-order and 
pseudo-second-order kinetic models. Additionally, 
Table 1 presents the parameters of the pseu-
do-first-order and pseudo-second-order kinetic 
models for the adsorption of DOX on the three 
 adsorbents. The linear correlation coefficient R2 

 values provided in Table 1, derived from Fig. 3, 
 indicate that the experimental data conform to a 
pseudo-second-order kinetic model for all three 
 adsorbents.

As a result, it can be concluded that in the ad-
sorption process of DOX from aqueous solutions on 
these three adsorbents, the chemical interaction be-
tween the functional groups of DOX and the adsor-
bent surface played an important role. In other 
words, the adsorption of DOX on the surface of 
MWCNT was primarily due to chemisorption. 
Therefore, the rate constants obtained from the 

Ta b l e  1  –  Parameters of the kinetic models for the adsorption of DOX onto the studied adsorbents

Adsorbent
Pseudo-first-order Pseudo-second-order

qe1 (mg g–1) k1 (s
–1) R2 qe2 (mg g–1) k2 (g s mg–1) R2

AC 42.63 0.0156 0.94 106.38 0.0019 0.99

MWCNT 220.34 0.004 0.93 476.19 0.0012 0.99

NaMMT 12.36 0.0066 0.86 66.67 0.0039 0.99

F i g .  2  – Kinetic curves for adsorption of DOX on pure and 
treated: (a) MWCNT, (b) AC, and (c) NaMMT. DOX initial 
concentration was 50 mg L–1; MWCNT, AC, and NaMMT dos-
ages were 1, 5, and 10 mg, respectively, at pH = 6.5

F i g .  3  – Plot of the linearized adsorption kinetic models of 
DOX adsorption onto MWCNT, AC, and NaMMT at an initial 
concentration of 50 mg L–1 at pH= 6.5: (a) pseudo-first-order, 
and (b) pseudo-second-order
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pseudo-second-order kinetic model follow the as-
cending order: MWCNTs < AC < NaMMT, indicat-
ing that NaMMT possesses more superficial func-
tional groups available for interactions with DOX.

Adsorption isotherms

The effect of increasing the initial concentra-
tion of DOX on the removal efficiency of MWCNT, 
AC, and NaMMT is presented in Fig. 4.

As shown in Fig. 4, increasing the initial con-
centration of DOX from 25 to 50 mg L–1 resulted in 
a decrease in drug removal efficiency from 79 to 46 
% for MWCNT, 64 to 50 % for AC, and 95 to 65 % 
for NaMMT. Essentially, as the initial concentration 
of the drug increased, the adsorption rate of the 
drug molecules decreased, leading to a decline in 
removal efficiency. This suggests that, once a suffi-
cient amount of DOX occupies all adsorbent active 
sites, no further adsorption is possible. The adsorp-
tion performance and capacity of the adsorbent in 
removing DOX from an aqueous solution were as-
sessed using isotherm models45. Fig. 5 shows the 
fitting of the experimental data with the Langmuir 
and Freundlich isotherms, both before and after the 
acid treatment of the three adsorbents. Additionally, 
Table 2 presents the Langmuir and Freundlich iso-
therm constants for both pure and treated adsor-
bents. The R2 values indicated that the Langmuir 
model fitted well with the experimental data for all 
three adsorbents.

Table 3 reveals that the maximum adsorption 
capacities of DOX were found to be 500, 128.2, and 
61.72 mg g–1 on MWCNTs, AC, and NaMMT, re-
spectively, before acid treatment. It can be conclud-
ed that while the adsorption rate on NaMMT was 
higher, MWCNT exhibited a stronger tendency to 
adsorb DOX compared to the other two adsorbents. 
However, MWCNT with an adsorption capacity of 
588.23 mg g–1, and NaMMT with 105.26 mg g–1, 
exhibited higher adsorption capacity after acid treat-
ment. In other words, acid treatment increased the 

adsorption capacity of MWCNT and NaMMT by 
15 % and 41 %, respectively. However, as men-
tioned previously, the maximum adsorption capaci-
ty of AC remained unchanged after acid treatment. 
A significant finding is the notably higher adsorp-
tion capacity of treated MWCNT and AC compared 
to their pure counterparts. This increase in capacity 
is likely due to their strong interactions with DOX 
molecules via H-bonding and increased access to 
adsorption sites, as indicated in the FTIR analysis 
section.

Moreover, the maximum adsorption capacity of 
MWCNT in this study (588.2 mg g–1) greatly sur-
passes the 185.2 mg g–1 reported in the literature37. 
Hence, the adsorption performance and maximum 
capacity of DOX on different adsorbent materials 
depend on the availability of functional groups and 
the accessibility of the surface area. Despite their 
high adsorption capacities, these adsorbents are rel-
atively expensive. Therefore, choosing an adsorbent 
with a high adsorption capacity such as carbon 
nanotubes, even at a relatively high price, may be 
justifiable.

F i g .  4  – Effect of initial concentration of DOX on the remov-
al efficiency of MWCNT, AC, and NaMMT

Ta b l e  2  –  Parameters of the adsorption isotherms before and after acid treatment of adsorbent at ambient temperature

Adsorbent

Langmuir Freundlich

qm (mg g–1) bl (L mg–1) R2 kF

1

Fn
R2

AC 128.2 0.121 0.985 28.88 0.382 0.92

MWCNT 500 0.61 0.999 324.86 0.118 0.990

NaMMT 61.72 1.86 0.999 47.4 0.082 0.992

Acid-treated AC 128.2 0.121 0.985 – – –

Acid-treated MWCNT 588.23 0.0137 0.947 152.9 0.32 0.873

Acid-treated NaMMT 105.26 0.0238 0.978 35.98 0.4 0.883
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Effect of pH

Considering that pH significantly influences 
the surface charge of adsorbents and the degree of 
ionization, it emerges as a critical parameter in de-
termining adsorption properties. To investigate the 
effect of pH value on the adsorption of DOX onto 
MWCNTs and AC, the equilibrium concentration 
was determined by varying the pH value from 5 to 
10. As illustrated in Fig. 6, the amount of adsorbed 
DOX increased with rising pH within the studied 
range. For MWCNT, the adsorbed amount of DOX 
changed sharply with increasing pH, whereas for 
AC, no considerable change was observed at pH 
higher than eight. This observation can be attributed 
to the much higher electron-donating force at high 
pH values, where the   –OH functional group, which 
is a solid electron-donation group, undergoes reduc-
tion to –O upon detachment of the electron, and the 
π-π interactions between the DOX and the MWCNT 
are strengthened46, resulting in increased adsorp-
tion. The adsorption of DOX on CNT and AC is 
influenced by pH, which affects the protonation of 
the –NH2 group on DOX and the surface charge of 

the adsorbents. At low pH, the –NH2 group is more 
protonated, weakening the hydrophobic interaction 
between CNT and DOX. Conversely, at high pH, 
the surfaces of CNT and AC become more nega-
tively charged, increasing the attraction between 

F i g .  5  – Adsorption isotherms: (a) Langmuir, and (b) Freundlich for untreated adsorbents; (c) Langmuir, and (d) Freundlich for 
acid-modified adsorbents

F i g .  6  – Effect of solution pH on the adsorption of DOX onto 
MWNT and AC with an initial concentration of 50 
mg L–1

pH

q t (m
g 

g–1
)
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them and DOX. The optimal pH for adsorption was 
10 for CNT and 8 for AC. Regarding the effect of 
pH on the adsorption of DOX onto NaMMT, the 
results exhibited no clear trend, while the adsorp-
tion rate fluctuated as pH changed. Given that the 
average pH of hospital wastewater is reported to be 
7.5 in different literature, aiming at removing DOX 
from this type of wastewater, the application of AC 
is more suitable in terms of pH.

For better understanding, Table 3 summarizes 
the performance of several adsorbents in terms of 
maximum adsorption capacity and operating condi-
tions, including equilibrium time, optimum pH, and 
adsorption percentage, as investigated in both liter-
ature and this study for DOX removal.

Conclusion

In this study, the adsorption capacities of doxo-
rubicin on three acid-treated adsorbents —
MWCNTs, AC, and NaMMT— were determined to 
be 588, 128.2, and 105.3 mg g–1, respectively. The 
results indicated that acid treatment increased the 
capacity of MWCNTs by 15 % and NaMMT by 41 
%, while no effect was observed on AC. Equilibri-
um and kinetic studies revealed that the Langmuir 
isotherm and the pseudo-second-order kinetic mod-
els provided the best fit with experimental data for 
all three adsorbents. Furthermore, the investigation 
revealed that increasing the solution pH enhanced the 
adsorption capacity. The sequence of DOX adsorption 
capacity was as follows: MWCNT > AC > NaMMT. 

Hence, the removal of DOX from hospital waste-
water using a multi-walled carbon nanotube can be 
effective. MWCNT exhibited superior performance 
in terms of adsorption capacity, adsorption rate, 
and appropriate functionalization through acid treat-
ment.

S y m b o l s  u s e d

b – Langmuir adsorption constant, mg–1

C0  – initial concentration, mg L–1

Ce  – equilibrium concentration, mg L–1

k1  – rate constant of pseudo-first-order model, min–1

k2  – rate constant of pseudo-second-order model,  
 g mg–1 min–1

kF  – Freundlich constant, (mg g–1)(L mg–1)1/n

n  – Freundlich power constant, –
qe  – amount of doxorubicin at equilibrium time, mg g–1

qm  – maximum adsorption capacity, mg g–1

qt  – amount of adsorbed adsorbate at time t, mg g–1

R2  – coefficient of determination, –
t  – contact time, min
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