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a b s t r a c t
Ionizing radiation-induced degradation of methotrexate (MTX) was carried out by UV and gam-
ma-ray in combination with H2O2 (0.5 mL/L) as a function dose. The γ radiation dose, UV irradia-
tion time, H2O2 dose and initial concentration of MTX were optimized and efficiency was evaluated 
based on degradation and chemical oxygen demand (COD) removal. The MTX removal efficiency 
(G-value), dose constant (k), D0.5, D0.9, and D0.99 were calculated for γ-ray treatment. The MTX deg-
radation was 78.17% and 86.62% when treatment was performed with 90 min UV exposure alone 
and in the presence of H2O2 (oxidant), whereas γ and γ/H2O2 furnished up to 93.66% and 99% deg-
radation of MTX for the absorbed dose of 4 kGy. The COD reduction was 65% and 80% for UV/H2O2 
and gamma/H2O2, respectively. The MTX degradation progress was monitored by high-performance 
liquid chromatography, Fourier-transform infrared spectroscopy and gas chromatography-mass 
spectrometry  and  results  revealed  that  MTX  was  degraded  efficiently  by  UV  and  γ  radiation. 
The treatment could be used for the degradation of wastewater containing anti-rheumatic drugs.

Keywords:  Methotrexate; Adsorbed dose; G-value; Ionizing radiation; Hydrogen peroxide; COD 
removal

1. Introduction

The methotrexate (MTX, 4 amino-N10-methylpteroylglu-
tamic acid) has been used to cure lymphoblastic leukemia, 
non-hodking lymphoma and cancer/cerebral tumors. MTX 
has various adverse effects such as marrow suspension and 
ulcer etc. This drug has incomplete/partial absorption inside 
the body and excreted to environment, resulted soil, air and 

water contamination [1–4]. The MTX present in the surface 
water have challenging physical and chemical effects for the 
natural environment remediation and thus impose dangers 
to human health upon chronic exposure. These properties 
include sever toxicity, less biodegradability and recalcitrant 
character. The long term usage of water having traces of 
MTX, the drug incorporated in the human body and deposit 
in fatty tissues of organs and increase the risks of diseases 
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ultimately. The conventional water treatment methods such 
as coagulation, chlorination, adsorption etc. face certain prob-
lems for the treatment of wastewater [5–12]. The disadvan-
tages include high cost, energy requirements, maintenance 
and disposal of the sludge waste [13–18]. The advanced oxida-
tion processes (AOPs) is believed to be highly efficient for the 
degradation of drugs containing wastewater. The hydroxyl 
radical (•OH) generated by AOPs could be used to degrade 
the organic compounds via oxidative process having less 
chance of toxic by-products [7,19–21]. During the radioly-
sis, various kinds of radicals and ions are generated. These 
reactive species include hydroxyl radicals (•OH), hydrated 
electrons (e–

aq), hydrogen radical (H•) play an important role 
during the decomposition of organic matter [10,22,23]. As a 
strong oxidizing agent, hydrogen peroxide (H2O2) promote 
the AOP to degrade the wastewater. During AOP, hydroxyl 
radicals (•OH) not only scavenge the e–

aq and H• but also pro-
mote the production of •OH (Eqs (1)–(3)). As a result, the 
hybrid process of gamma/H2O2 shows the synergetic effect by 
promoting the degradation of organic contaminants [23,24].
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The AOP is an innovative and effective method to 
degrade the complex organic compounds into simpler and 
less toxic molecules. The ionizing radiations have success-
fully been employed to degrade the wastewater, which 
resultantly reduced the toxic nature of complex molecule 
and improved the water quality parameters [25–27].

Based on aforementioned facts, MTX drug (Fig. 1) was 
treated by gamma and UV radiation alone and then in con-
junction with oxidant (H2O2). The treatment efficiency was 
monitored on the basis of MTX degradation and chemical 
oxygen  demand  (COD)  reduction  as  a  function  of  γ  ray 
absorbed dose, UV irradiation exposure time, H2O2 concen-
tration and MTX initial concentration. The other parameters 
such as dose constant (k), D0.50 (Dose required for 50% deg-
radation), D0.90 (Dose required for 90% degradation), D0.99 
(Dose required for 99% degradation) and removal efficiency 
(G-value) were determined for gamma-ray treated sam-
ples. The analytical techniques such as high-performance 
liquid chromatography (HPLC), Fourier-transform infra-
red spectroscopy (FTIR) and gas chromatography-mass 
spectrometry (GC-MS) were used to elucidate and identify 
radiolytic degradation by-products.

2. Material and methods

2.1. Reagents and chemicals

The commercial drug, MTX (molecular formula 
C20H22N8O5, purity 99%, molecular mass 454.447 g/mol, λmax 
372 nm, solubility 2,600 mg/L) was provided by the Pharmedic 
Laboratories Pvt. Ltd., Lahore, Pakistan. The solvents for 

mobile phase including acetonitrile and methanol (≥99.8 %) 
of HPLC grade were purchased from Tedia Company, USA. 
Acetic acid (99.5%) was purchased from BDH Limited Pool 
England, UK. The H2O2 was supplied by Scherlu, Germany.

2.2. Experimental setup

The drug solutions having concentration 5, 10, and 
15 mg/L were treated with UV and UV/H2O2 for 15, 30, 45, 60, 
75, and 90 min (UV lamps emitting radiations of fixed 254 nm 
wavelength and the intensity was 144 watt). For gamma 
ray treatment, Cs-137 gamma radiation source installed 
at Nuclear Institute for Agriculture and Biology (NIAB), 
Faisalabad, Pakistan was used. The calibration of source was 
carried out using Fricke dosimeter Eq. (4) and dose rate was 
1.25 kGy h−1 at the time of irradiation of the samples.
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Where, D is absorbed dose, e is the molar extinction coeffi-
cient of ferric ion (0.2205 M−1 cm−1)  at  304  and  25°C, ΔA is 
representing the difference in absorbance of irradiated and 
un-irradiated samples, N is Avogadro’s number, ρ is the 
density of Fricke solution (1.024 g/cm3) and G (Fe+3) is the 
number of Fe+3 ions produced/100 eV of absorbed energy.

2.3. Measurement of removal efficiency (G), D0.50, D0.90 
and D0.99 values

Eq. (5) was used to calculate the G-value of the drug 
aqueous solution treated with gamma radiation absorbed 
dose ranges 0.3 to 4 kGy [23].

G R N
D
A= ×  ( )6 24 1017.  (5)

where R is the concentration of drug solution (mmol/L) at 
given dose, D is the absorbed dose in kGy, 6.24 × 1017 is the 
conversion factor from 100 eV/L and NA is the Avogadro’s 
number. The dose constant K is the slope of the plot of ln[R] 
vs. dose (kGy). D0.5, D0.9, and D0.99 values were calculated 
using relations shown in Eqs. (6)–gv(8).

D0.5 = ln2/k (6)

D0.9 = ln10/k (7)

D0.99 = ln100/k (8)

2.4. Analysis

The maximum absorbance at a particular wavelength 
(λmax) of drug solutions and then change in absorbance at 
λmax were measured by UV/Vis Spectrophotometer (U-2001 
Hitachi, Japan) at Department of Chemistry, Government 
College University Faisalabad, Pakistan.

The HPLC system (Jasco PU-980 intelligent HPLC pump) 
was used for analysis. UV detector (303 nm), Rehodyne 
Model 7125 injector with a 20 μl sample loop and eluents 
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were monitored by Jasco MD 910 Multi-wavelength Detector 
(DAD) connected to a computer station. The experimental 
conditions were optimized on the use of column HSA chiral 
C18 (250 mm × 4.6 mm, 5 μm) and different percentages (0.1%, 
0.2%, 1.0%, and 2.0%) of acetic acid and triethylamine in the 
presence of 100% methanol were used as mobile phase with 
the flow rate of 0.8 ml/min. The buffer solution was prepared 
by dissolving 2.0 ml trimethylamine in water; glacial acetic 
acid was added to adjust the appropriate pH value before 
bringing the volume to 200 ml at Sayban Pharmaceuticals 
Pvt., Lahore, Pakistan.

The GC-MS analysis was performed in order to identify 
the degraded products. Prior to analysis, the irradiated sam-
ples were extracted with ethyl acetate. The organic phases 
were decanted followed by dehydration with MgSO4 for 
24 h. Then, samples were concentrated by rotatory vac-
uum evaporator and stored for analysis. The GC (Agilent 
Technologies 6890N, Santa Clara, CA 95051, United States) 
having DB-5 capillarycolumn coupled with MS detector 
through EIinterface using Helium as a carrier gas. The m/e 
ratios of fragments were determined by Chem. Station soft-
ware and the identified compounds were then compared 
with software library at Pakistan Council of Scientific and 
Industrial Research (PCSIR) Lahore, Pakistan.

The FTIR analysis was performed in order to identify the 
change in the functional groups before and after treatment 
[28–36]. The organic extracts were evaporated and mixed 
with KBr powder and uniform disk was performed and 
analyzed by FTIR (Schimadzu U-2001 Japan) [37] at Central 
Hi-Tech Lab, Department of Chemistry, Government College 
University Faisalabad, Pakistan.

3. Results and discussion

3.1. Degradation by gamma radiation

Gamma ray induced degradation of MTX in aqueous 
media at various absorbed dosed in the presence of H2O2 is 
shown in Fig. 2. The MTX solution in aqueous media having 
concentration 5 to 15 mg/L was subjected to gamma radia-
tion. The degradation efficiency improved with the increase 
of gamma ray absorbed dose due to the enhancement of 
reactive species (•OH) generated during the radiolysis of 
water resulting the decomposition of organic compounds 
[23]. The percentage degradation efficiency was observed 
up to 93.66%, 88.13%, and 87.37% for 5, 10, and 15 mg/L for 
4 kGy gamma ray absorbed dose and degradation efficiency 
of MTX was noted as 99%, 94.38%, and 88.89% when the 
gamma treatment was performed in the presence of H2O2 

(Figs. 2 and 3). The rate of the reaction is the change in con-
centration per energy. It has been observed that the radiation 
induced degradation follow the pseudo first order kinetics, 
which was calculated as shown in Eqs. (9)–(10).

C C e dD= −
0

 (9)

− =








ln C

C
dD

0

 (10)

where C0 and C are the concentrations of MTX before and 
after treatment, respectively, d is the dose constant; D is 
absorbed dose. It was observed that 99% MTX degrada-
tion was achieved using 5 mg/L initial concentration at the 
gamma radiation absorbed dose of 4 kGy in the presence of 
H2O2. The absorbance at λmax attributed to radiation induced 
degradation of MTX followed by splitting the complex com-
pounds into simpler molecules [26]. The degradation rate 
was significantly enhanced in the presence of H2O2. The 
gamma/H2O2 produce hydroxyl radicals (•OH) which not 
only scavenge the e–

aq and H• but also promote the produc-
tion of •OH (Eqs. (1)–(3)) resulting significant enhancement 
in the degradation. These results are in agreement with pre-
vious studies for NPEO (Nonylphenol ethoxylate) [23] and 
wastewater [26]. The response surface methodology proves 
the effectiveness of the treatment method and shows the 
complete degradation by using the gamma/H2O2 hybrid 
process (Fig. 4).

Fig. 1. Chemical structure of methotrexate drug.

 

 

(a)

(b)

Fig. 2. (a) C/C0 and (b) lnC/C0 vs. gamma radiation absorbed dose.
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3.2. Degradation by UV radiation

The MTX was subjected to UV radiation for 15, 30, 45, 
60, 75, and 90 min. The percentage degradation was recorded 
as 23.24%, 49.30%, 63.38%, 71.13%, 74.65%, and 78.17% for 
5 mg/L, whereas 19.38%, 30.63%, 39.38%, 50.63%, 29.38%, 
and 69.36% for 10 mg/L and 10.10%, 17.68%, 30.81%, 44.95%, 
53.54%, and 60.61% for 15 mg/L (Figs. 5 and 6). The UV 
radiation along with H2O2 based AOP generates hydroxyl 
radicals (•OH) and many researchers revealed the potency 
of the UV/H2O2 combined method to degrade the antibi-
otics [38]. Here, degradation was observed to be 26.06%, 
54.23%, 68.31%, 75.35%, 80.99%, and 86.62% for 5 mg/L, 
21.88%, 43.45%, 53.13%, 65.63%, 73.75%, and 80.63% for 
10 mg/L while 16.67%, 28.28%, 44.95%, 50.51%, 61.11%, and 
73.23% for 15 mg/L. It was observed that as the UV radia-
tion exposure time increased, the percentage degradation 
also increased and maximum degradation was achieved at 
UV exposure time 90 min. Beyond this, no degradation was 
observed because of the competition between intermediate 
species, the •OH radical and converted into hydroperoxyl 
radical HO2

•and process efficiency may reduce as the H2O2 
exceeds from optimum amount, it scavenges •OH and ulti-
mately, the degradation may decreased [26]. A similar trend 
was discussed by Jung et al. [39], who degraded Amoxicillin 
antibiotic using UV/H2O2 advanced oxidation.

3.3. COD removal efficiency

The percentage reduction of COD for the gamma radi-
ation absorbed doses that is, 0.3, 0.6, 0.9, 1.2, 1.5, 2, 3, and 
4 kGy were recorded to be 26%, 34%, 42%, 48%, 56%, 64%, 
69%, and 73% for 5 mg/L and 18%, 28%, 35%, 42%, 48%, 56%, 

64%, and 68% for 10 mg/L and 12%, 19%, 25%, 32%, 41%, 
49%, 57%, and 67% for 15 mg/L (Fig. 6a). The gamma/H2O2 
was more efficient and effective for the reduction in COD 
since hydrogen peroxide interact with hydrated electron 
(e–

aq) and hydrogen radicals (H•) to scavenge them. In fact, 
the oxidative degradation occurs by hydroxyl radicals pro-
duced during the radiolysis is facilitated in the presence of 
H2O2 [40]. The percentage removal of COD values were 29%, 
39%, 48%, 57%, 63%, 68%, 74%, and 81% for 5 mg/L and 22%, 
32%, 39%, 47%, 51%, 60%, 69%, and 76% for 10 mg/L while 
15%, 25%, 31%, 39%, 43%, 49%, 57%, and 68% for 15 mg/L 
using gamma/H2O2 treatment (Fig. 6b). The COD removal 
for the UV radiation treatment was also investigated and 
the percentage reduction of COD were 17%, 25%, 38%, 45%, 
51%, and 57% for 5 mg/L, 12%, 19%, 31%, 39%, 44%, and 
51% for 10 mg/L and 9%, 15%, 27%, 33%, 38%, and 47 % for 
15 mg/L for 15, 30, 45, 60, 75, and 90 min irradiation time, 
respectively (Fig. 7a). A significant reduction in COD was 
observed for UV/H2O2 that were 25%, 34%, 43%, 49%, 59%, 
and 68% for 5 mg/L, 19%, 27%, 35%, 43%, 53%, and 62% for 
10 mg/L, 15%, 24%, 31%, 39%, 47%, and 55% for 15 mg/L, 
respectively (Fig. 7b). It was observed that COD removal 
was increased linearly with gamma radiation absorbed dose. 
Being high energy radiation, gamma radiation degrade 
the complex organic compounds into simpler molecules 
resulting the reduction in COD as it is measure of oxygen 
consumed during the decomposition of organic matter. Our 
results were in correlation with the study of Iqbal et al. [26] 
who degraded the industrial wastewater photo-catalytically 
and observed the reduction in COD which indicated that 
the organic contents in the system decreased.

3.4. Gamma ray treatment efficiency

The radiolytic degradation efficiency was evaluated 
by measuring the removal efficiency (G-value), D0.50, D0.90 
and D0.99 of gamma ray treated samples and responses 
thus obtained are shown in Tables 1 and 2 and Fig. 8. The 
values of D0.50, D0.90, and D0.99 increased with the increase 
in concentration of MTX because gamma ray absorbed 
dose required to degrade the sample 50%, 90%, and 99%, 
enhanced by increasing the concentration [23,26]. The 
G-value was decreased with the concentration, it is because 
of that the competition between reaction intermediate and 
some reactive species and thus more dose of gamma radia-
tion is required at higher concentration of the drug [18,27]. 
As mentioned in Table 2 that in the presence of H2O2 the 
radiolytic degradation efficiency was increased and low 
dose is required to remove 50%, 90%, and 99% MTX.

3.5. MTX radiolytic by-product monitoring

The aqueous solution of MTX was subjected to gamma 
and UV radiations and degradation was studied with the 
help of HPLC (Fig. 9a). It was observed that when the sam-
ple were treated with UV and gamma radiation, the peak 
area was decreased. Similarly, the peak area was more 
prominent when the samples were treated with UV and 
gamma radiation in the presence of H2O2. Also, GC-MS was 
performed in order to study the degradation of the MTX 
drug and to identify the degraded end products. Due to 

(a)

(b)

Fig. 3. (a) Methotrexate degradation (absorbance) as a function 
of gamma radiation absorbed dose and (b) methotrexate degra-
dation (absorbance) as a function of gamma radiation absorbed 
dose in the presence of H2O2.
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(a)        (b) 

 

(c)       (d) 

 

 

(e)      (f)  

Fig. 4. Response surface plots (a–c) showing the effect of gamma radiation on the absorbance of methotrexate while (d–f) gamma 
along with H2O2
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heterolytic cleavage of C-N bond between p-methylamino-
benzoyl and diaminopteridinemethylene, the fragment with 
m/z 308.1261 give raise the segment ions with m/z 134.0546 
and 175.0659 finally degraded to CO2 and H2O (Scheme 1). 
There was significance decrease in peaks and the decrease 
was more prominent when the samples were treated with 

(a)

(b)

Fig. 5. (a) Methotrexate degradation (absorbance) as a func-
tion of UV irradiation time and (b) methotrexate degradation 
(absorbance) as a function of UV irradiation time in the presence 
of H2O2.

(a)

(b)

Fig. 7. (a) COD removal of MTX by UV and (b) COD removal of 
MTX by UV in the presence of H2O2.

(a)

(b)(b)

Fig. 6. (a) COD removal of MTX by gamma radiation and 
(b) COD removal of MTX by gamma radiation in the presence 
of H2O2.

Table 1
Gamma radiation efficiency for the removal of methotrexate

Conc. (mg/L) Dose (kGy) G-Value

5

0.3
0.6
0.9
1.2
1.5
2
3
4

0.11221
0.04361
0.01413
0.00435
0.00349
0.00548
0.00174
0.00056

D0.50 = 1.0178
D0.90 = 3.3811
D0.99 = 6.7623
K = 0.681
R2 = 0.936

10

0.3
0.6
0.9
1.2
1.5
2
3
4

0.15490
0.04867
0.01916
0.01433
0.01328
0.00796
0.00397
0.00231

D0.50 = 1.3322
D0.90 = 4.4254
D0.99 = 8.8509
K = 0.520
R2 = 0.97

15

0.3
0.6
0.9
1.2
1.5
2
3
4

0.13947
0.05363
0.04828
0.04290
0.01502
0.01447
0.01019
0.00683

D0.50 = 1.4225
D0.90 = 4.4934
D0.99 = 8.9868
K = 0.5241
R2 = 0.987
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gamma radiation absorbed dose with 4 kGy in the presence 
of H2O2 and no characteristics peak was appeared, which 
shows that complete degradation was achieved at 4 kGy/
H2O2 (Fig. 9b).

The FTIR profile of untreated MTX reveled the character-
istic absorptions band at 3,400 cm–1 (O–H stretching from car-
boxyl groups superposed with the O–H stretching), primary 
amine N–H stretching was found at 3,050 cm–1, while C=O 
stretching was observed at 1,720 cm–1 in which C=O appeared 
from the amidic group and –C=O from carboxylic group. 
The above data indicates the splitting of the C=O into two 
peaks in the MTX. The aromatic –C=C stretching was over-
lapped by a spectral range of 1,500–1,480 cm–1 which was a 
band corresponding to N–H bending appeared from amidic 
group. The FTIR spectrum of irradiated MTX at 4 kGy radi-
ation absorbed dose has significant variations as compared 
to un-irradiated MTX. The complete destruction of aromatic 
rings occurs after radiation treatment but some minor peak 
appeared at 2,980 cm–1 was attributed to CH stretching and 
at 1,216 cm–1 a peak corresponds to –CO stretching while 
other peaks disappeared due to elimination of characteristics 
vibration (Fig. 10). FTIR of treated samples clearly indicate 
that MTX molecules have been degraded which support the 
assumption that •OH bring about the chain oxidation reac-
tion to break down dye molecule via destruction of aromatic 
rings and N–N and finally into CO2 and water [23,25,26,41]. 
The UV and gamma radiation induced degradation of MTX 
is proved to highly efficient, which can be utilized for the 
degradation of MTX in wastewater and in view of current 
scenario of environmental pollution [1,4,9,13,14,42–54], there 
is a need to develop efficient methods for wastewater treat-
ment and AOPs are proved to be potential in this regard [55].

Table 2
Gamma radiation efficiency for the removal of methotrexate in 
the presence of H2O2

Conc. (mg/L) Dose (kGy) G-Value

5

0.3
0.6
0.9
1.2
1.5
2
3
4

0.16956
0.03490
0.01411
0.00499
0.00199
0.00124
0.00104
0.00074

D0.50 = 1.019484
D0.90 = 3.386653
D0.99 = 6.773305
K = 0.6799
R2 = 0.684

10

0.3
0.6
0.9
1.2
1.5
2
3
4

0.26110
0.06195
0.03096
0.00996
0.00866
0.00460
0.00247
0.00112

D0.50 = 1.047842
D0.90 = 3.480854
D0.99 = 6.961708
K = 0.6615
R2 = 0.941

15

0.3
0.6
0.9
1.2
1.5
2
3
4

0.26818
0.07242
0.04649
0.02948
0.01502
0.01287
0.00643
0.00362

D0.50 = 1.265098
D0.90 = 4.202565
D0.99 = 8.405129
K = 0.5479
R2 = 0.955

(a) (b)

(c) (d)

(e) (f )

Fig. 8. Continued
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4. Conclusion

The degradation of MTX by UV and gamma radiation 
along with H2O2 was evaluated. The complete degrada-
tion of MTX was found by employing gamma/H2O2 hybrid 
process with a significant reduction in COD value. The 
results of FTIR, HPLC and GC-MS support the theoretical 

(a) (b)

(c) (d)

(e) (f )

Fig. 8. Gamma radiation removal efficiency of methotrexate (a) 5 mg/L without H2O2, (b) 10 mg/L without H2O2, (c) 15 mg/L without 
H2O2, (d) 5 mg/L with H2O2 , (e) 10 mg/L with H2O2, and (f) 15 mg/L with H2O2.

Fig. 9. (a) HPLC chromatogram of methotrexate (A) UV, (B) UV/H2O2, (C) Gamma, (D) Gamma/H2O2, and (b) GC-MS profile of meth-
otrexate treated by UV and gamma radiation.

Fig. 10. FTIR profile of methotrexate before and after treatment.

Scheme. 1. Proposed degradation pathways of methotrexate.
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degradation pathway and revealed that no peak appeared 
after gamma/H2O2 treatment verifying the complete deg-
radation. The obtained data in the current project suggests 
that wastewater containing drug can efficiently be treated 
usingAOPs based on gamma radiation coupled with H2O2.
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