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Abstract

Azolla pinnata, an aquatic fern has 
been utilized as an effective biofiltering and ad-
sorbent agent to complement many convention-
al treatment methods for the removal of envi-
ronmental pollutants. This study is designed to 
develop an effective regime to treat metal pol-
lutants of industrial and urban waste discharge 
using a novel strategy involving Azolla pinnata. 
In the present study, cell surface modification by 
physical treatments that include heating (muf-
fle furnace), and mechanical waves (ultrason-
ication) and chemical treatments as sulphuric 
acid and ethanol were employed to enhance 
the adsorption of metal pollutants. Factors such 
as biosorbent dose, contact time, initial metal 
ion concentration, temperature, and solution 
pH were optimised in batch mode. The point of 
zero charge of the adsorbent was determined to 
be at 5.85 pH. The results of surface morphol-
ogy, elemental analysis, crystallinity, recorded 
through SEM, FTIR and XRD confirmed the ad-
sorptive properties in both modified and unmod-
ified biomass. The intensity peaks linked to O-H, 
C-H, C-N, N-H and C=O stretching bands was 
intense in the treated A. pinnata groups indicat-
ing the induction of the active groups. Out of 
the two chemical pre-treatments, the batch ad-
sorption experiment with ethanol found to che-
late Cd+2 metal ions to a higher extent (94.36%) 

in contrast to the results obtained from H2SO4 
treated biomass. Whereas, the physical treat-
ments exhibited the strong adsorption (83.28 
and 96.92±0.55%) for ultrasonicated and muf-
fle furnace pre-treated biomass respectively for 
the dosage of 0.25g. The adsorption efficiency 
of physically modified sorbent revealed the cent 
percent removal of Cd+2 ions from the aqueous 
phase with the dosage of 1.0g in 15min of con-
tact time which is due to the incorporation of new 
binding sites. Moreover, these results proved 
that the highest rate of cadmium adsorption 
onto A. pinnata is in result of the modifications 
caused onto surface structure, porosity and the 
addition of functional groups on the surface of 
the treated biomass. 

Keywords: Azolla pinnata, phytoremediation, 
cadmium chelation, surface properties, chemi-
cal and physical modifications.

Introduction

Rapid population explosion coupled 
with industrialization and urbanization has 
given way to increased ecosystem degrada-
tion (1). The major environmental issue raised 
throughout the world is the egression of toxic 
pollutants in water bodies due to the disposal 
of toxic wastes originated from automobile en-
gines, industrial sectors and domestic operators 
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(2). Wastewater, especially discarded from the 
industries, contain a wide range of heavy metals 
such as Cd, As, Fe, Cr, Zn, Cu, Mn, Pb, Ni, etc, 
turns out to be a major environmental concern 
due to their bioaccumulation properties (3). Be-
ing a simple and persistent element, cadmium 
cannot be broken down into less toxic forms in 
the environment. Accumulation of such toxicants 
into the water either in the form of organic or in-
organic compounds successively enter the food 
chain leading to various health hazards (4). The 
conventional treatment methods for metal re-
moval from aqueous streams such as chemical 
precipitation, lime coagulation, ion exchange, 
reverse osmosis and solvent extraction etc. are 
not economical besides posing toxicity (5,6). 
Among the existing technologies, adsorption 
method meets the requirements to maximize the 
removal of heavy metals, supporting the objec-
tive of identifying the most effective water treat-
ment system. Adsorption is widely regarded as 
the most popular technique for removing heavy 
metals from systems as it is cheap, easy to use, 
readily available in a wide variety of adsorbents, 
highly efficient, easy to operate, reversible, and 
ability to regenerate (7). As release of hazard-
ous pollutants are inevitable with industrial revo-
lution, employment of novel remedial measures 
such as bioremediation and phytoremediation 
using adsorbents may mitigate the toxic effects 
caused by the pollutants.

Utilization of aquatic plants to hyper-
accumulate the pollutants from wastewater 
and their application in biomonitoring of pollu-
tion had been well reported (8). Aquatic mac-
rophytes are considered to be strong indicators 
of heavy metal pollution in aquatic ecosystems, 
acting as biological filters by absorbing heavy 
metals (9,10,11). Azolla pinnata, an aquatic pte-
ridophyte commonly known as water fern, has 
emerged as a promising candidate due to its re-
markable characteristics such as rapid growth 
rate, high biomass production, and efficient 
nutrient uptake (12). Azolla’s high biomass pro-
ductivity, ability to proliferate in diverse aquat-

ic habitats, and relatively short lifecycle further 
enhance its suitability for remediation studies 
(13). Despite such promising attributes, the 
precise mechanisms underlying Azolla-mediat-
ed heavy metal removal, as well as its efficacy 
under varying environmental conditions, remain 
unclear. Moreover, Azolla species possess 
an exceptional capacity to accumulate heavy 
metals from surrounding water, attributed to 
mechanisms such as adsorption, chelation, and 
bioaccumulation. This study aims to provide a 
comprehensive overview of the current state of 
knowledge regarding the role of Azolla pinnata 
in heavy metal remediation and to assess the 
efficiency of the native, chemically and physical-
ly modified Azolla pinnata to uptake the metal 
Cd. Experimental findings of this research seek 
to elucidate the factors that should be consid-
ered in the removal of Cd from wastewaters by 
native, and modified A. pinnata. 

Materials and methods

Biomass preparation

The healthy biomass of Azolla pinnata 
was collected from the experimental site (pollu-
tion-free site) and thoroughly rinsed with distilled 
water to eliminate soil and dust contaminants, 
followed by desiccation in a shaded environ-
ment for a duration of 3 days.  Subsequently, 
it was subjected to oven drying at a controlled 
temperature of 40°C for a period of 24 hours. 
The dried material was pulverized using blend-
er and sieved to obtain constant size particles 
(0.85–1.70 mm) and was used for characteri-
zation without any prior chemical treatment and 
stored in aliquots for further study (14). 

Health properties by pigmentation analysis 

Transmission, absorption, and reflec-
tion, along with many other plant stress and pig-
ment indicators was measured using CI-710s 
Spectra Vue Leaf Spectrometer (CID Bio-Sci-
ence, USA). The operating environment of the 
instrument was maintained at -10°C to 50°C 
with non-condensing humidity (0% - 90%). The 
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detector with the wavelength range of 360-1100 
nm and the spectrometer with the minimum leaf 
size of 20mm x 20mm was used to allow full 
operation in a handheld form factor with a 7inch 
1024 x 600 IPS touchscreen display (Integration 
time of 30μs – 60s). The quantification of chem-
ical concentrations, pigment analysis, and the 
quantification of physical or optical properties 
such as film thickness, index of refraction, and 
extinction coefficient were analysed with a full 
suite of the built-in indices’ software (15).

Chemical modification of azolla pinnata bio-
mass

Sulphuric acid treatment

10g of biomass of A. pinnata was add-
ed to 100 ml of 0.1N H2SO4 and the solution 
was then placed on a rotary shaker at 40 oC, 
at 105 rpm, for 24 h. The adsorbent was then 
cooled to room temperature and was separat-
ed by filtration using Whatman No.1 Ashless fil-
ter paper. Following filtration, the biomass was 
thoroughly washed with distilled water until pH 
6-7 was obtained and was dried in an oven at 
70 oC overnight until the constant weight was 
acquired. The material was sieved and stored in 
a desiccator prior to further analysis (16).

Ethanol treatment

Azolla biomass of about 10g was ex-
posed to 25% ethanol solvent for 4hrs at 40 oC 
and was placed in a shaking incubator overnight 
at 105 rpm. The solution mixture was then sub-
jected to filtration and washed with distilled wa-
ter until the solution reaches neutral pH. Then 
the activated biomass was dried overnight at 
60oC and stored in air tight container for the fur-
ther study (17).

Physical modifications of azolla pinnata bio-
mass

Ultrasonication treatment

 In this type of physical modification, the 
powders was ultrasonicated at an amplitude of 

20 for the time interval of 1hr, followed by wash-
ing with distilled water and was oven dried for 
one day at 70°C. The resultant biosorbents, 
modified via physical means, were then evalu-
ated for their effectiveness in the biosorption of 
cadmium metal ions (18).

Muffle furnace treatment

 Thermal treatment was carried out at 
300°C with no external air or gas supply for 1 h 
in a muffle furnace. The yield of char obtained 
was 52%. The prepared biosorbents were test-
ed directly for the biosorption of cadmium metal 
ions from the aqueous solutions (18).

Preparation of metal stock solution

The analytical grade of Cd(NO3)2. 4H2O 
of 99% assay was used in this study. The stan-
dard metal stock solution was prepared using 
standard procedures, with varying initial con-
centrations by dissolving Cd(NO3)2. H2O in dis-
tilled water. All glassware utilized in the biosorp-
tion studies was frequently rinsed with HNO3 
followed by extensive washing with distilled wa-
ter to mitigate interference from contaminants. 
The pH of each solution was determined using 
a digital pH meter and subsequently adjusted 
using 0.1 M HCl or 0.1 M NaOH solutions.

Biosorption studies and research design

Biosorption potential of raw chemically, 
and physically modified Azolla pinnata was test-
ed. The effect of experimental factors such as 
biosorbent dose, metal ion concentration, con-
tact time, temperature and pH was investigat-
ed independently for Cd+2 ion biosorption onto 
Azolla pinnata biomass. Each parameter was 
analysed stepwise in batch mode while keep-
ing one constant against other suitable vari-
ables. To test the biosorption efficiency, known 
biomass of Azolla was exposed to varying con-
centrations of Cd+2 ( 15.75ppm and 500 ppm). 
The batch of test tubes were placed on a rotary 
shaker with a constant shaking of 100 rpm with 
pre-defined temperature and exposure time. 
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The solution was filtered and the biomass was 
separated from the filtrate using filter paper. The 
concentration of Cd+2 metal ion in the filtrates 
were analysed by atomic adsorption spectros-
copy (AAS). Two controls, including metal-free 
and biosorbent-free blanks were employed.

Batch adsorption experiments were 
conducted with different pH (5-9), adsorbent 
doses (0.25-1.0g), Cd+2 ion concentrations 
(15.75-500ppm), temperatures (15-45 oC) at dif-
ferent time intervals (15 ,30,60 and 180mins).

Metal adsorption capacity (qe) is de-
fined as the quantity of metal adsorbed per 
gram of biosorbent and can be calculated using 
the following equation Eq. (1) and expressed in 
mg/g:

qe = (Ci – Ce) × V/m………. (1)

where m is the mass of biosorbent (g), 
V is the volume of solution (L), Ci is the initial 
metal-ion concentration (mg/L), and Ce is the 
equilibrium concentration of metal ions (mg/L). 
The percentage of metal removed was comput-
ed using equation Eq. (2) as follows:

Removal efficiency (%) = (Ci – Ce)/Ci × 
100……… (2)

Instrumental characterization of unmodified 
and modified azolla pinnata biomass

 The adsorbent developed by chemical 
and physical modification were characterized 
to understand the surface morphology, surface 
chemistry, and  to analyse the functional sites 
of the adsorbent. The interaction of cadmium 
ions with the biosorbent material was detected 
using analytical tools. The surface morphology, 
chemical characterization and elemental com-
position of the adsorbent was analysed using 
Apreo S LoVac Scanning Electron Microscopy 
(SEM, ThermoFisher Scientific Corporation). 
The active sites and functional groups on the 
adsorbent were assessed by Fourier transform 
infrared (FTIR) spectrophotometer with QATR-S 

single reflection ATR accessory having extend-
ed range diamond crystal (Shimadzu Model IR 
Spirit). The nature and chemical composition of 
metal on the surface of Azolla sorbent was de-
tected through Rigaku Mini Flex Powder X-ray 
Diffractometer (XRD, Rigaku Corporation) with 
Cu Kα radiation. The generator voltage and cur-
rent were set at 35 KV and 25 mA respectively. 
The A. pinnata samples were scanned in the 2θ 
ranges 20-80°C in continuous scan mode with a 
10°/ min scan speed (19).

Statistical analysis

The statistical analysis was carried out 
by using SPSS statistics software version 27. 
The results were interpreted by One-way Anal-
ysis of Variance (ANOVA) to verify the signifi-
cance using Duncan’s Test by the probability 
less than p<0.05.

Results and discussion

` Azolla species was identified and au-
thenticated as Azolla pinnata R. Br. (Voucher 
no.1094) by Central Ayurveda Research Insti-
tute, Bangalore, India. The fresh Azolla collected 
from the study site and was subjected to CI-710s 
Spectra Vue Leaf Spectrometer to detect the 
health properties of A. pinnata before its utiliza-
tion in various environmental applications. The 
present investigations showed the existence of 
chlorophyll a and chlorophyll b that was approx-
imately in the standard range of ¼ and ¾ with 
total chlorophyll content of 6.9821±0.3943ugcm-

3 (Table 1). The presence of anthocyanin 
(0.3695±0.0780), flavanols (0.0643±0.0376) 
and carotenoid (0.0186±0.0046) indices sig-
nified the ability of the plant to protect against 
biotic and abiotic stresses.  The decrease in the 
chlorophyl content index due to water stress in 
plant was recorded in previous studies and a 
strong correlation with the amount of chlorophyll 
in the plant was observed (20,21). Further re-
search on the pigmentation and its correlation 
to plant stress properties in aquatic plants is re-
quired as the information is scarce.
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Table 1. Pigmentation index, health and stress of A.  pinnata
Sl. no. Index Abbrev Index value

1 Anthocyanin Reflectance Index ARI 0.3695±0.0780
2 Carotenoid Reflectance Index CRI 0.0186±0.0046
3 Chlorophyll A (ugcm-3) CPHLA 1.7563±0.1648
4 Chlorophyll B (ugcm-3) CPHLB 5.4326±0.2720
5 Chlorophyll Total (ugcm-3) CPHLT 6.9821±0.3943
6 Chlorophyll Content Index CCI 1.3390±0.1717

7 Chlorophyll Normalized Difference 
Vegetation Index CNDVI 0.2077±0.0205

8 Flavanols Reflectance Index FRI 0.0643±0.0376
9 Greenness Index G 2.1098±0.1715
12 Photochemical Reflection Index PRI 0.2998±0.0224
13 Plant Senescence Reflectance Index PSRI 0.1049±0.0186
16 Water Band Index WBI 1.8289±0.0335

Optimization factors affecting the cadmium 
biosorption potential of Azolla pinnata

Main parameters such as pH, tem-
perature, contact time, biosorbent dosage and 
heavy metal initial concentration that influence 
the biosorption of cadmium was investigated. 
The present biosorption experiments were car-
ried out using varying adsorbent dosages to 
determine the effect of each factor at different 
mass of A. pinnata biomass. The results de-
picted in Table 2. show that the percentage of  
Cd+2 removal increased from 52.46 to 89.62% 
with the increase in adsorbent concentration 
from 0.25 to 1g/25mL in the metal solution 
(500mg/L). Increased adsorption is due to the 
more availability of unsaturated active sites on 
the biomass surface for the attachment of the 
metal ions (22). The rate of adsorption above 
the optimal dose of 1g/25ml of 500mg/L was 
found to be remain unchanged or decreased 
due to insufficient Cd+2 ion concentration to fit 
all the active sites on surface of the adsorbent, 
which is in consistent with the results of earli-
er reports (23). However, at a lower adsorbent 
dosage, the interaction of  Cd+2 ions with ad-
sorbent decreases because of the limited biding 
sites available for adsorption (24).

Effect of metal ion concentration at varying 
adsorbent dosages

The mechanism of metal uptake is de-
pendent on the initial metal ion concentration in 
the solution. The present study evaluated the 
highest amount of Cd+2 ions that could be up 
taken by the adsorbent at a 0.25g dose at a pH 
of 6.6 is up to 408.65mg/L when the time of ex-
posure increased from 15min to 24hr. The rate 
of Cd+2 adsorption onto A. pinnata at different 
concentrations (15.75 to 500mg/L) of Cd+2 ions 
is displayed in Table 2. The removal efficiency in-
creased proportionally with the increase in initial 
metal concentration from 15.47 to 365.95mg/L 
of Cd+2 respectively in 15min of contact time. 
Similarly, the decrease in the percent removal 
from 99.24 to 81.58% when concentration of 
Cd+2 increased from 20 to 200 mg/L was report-
ed (25). Nonetheless, increasing the Cd+2 ion 
concentration from 15.75 to 250 mg/L did not 
show further increase in the rate of uptake and 
attained equilibrium (95.82 ± 3 % of adsorption) 
after 1hr of exposure. Further increase in the ini-
tial Cd+2 concentration (500mg/L) decreased the 
rate to 89.62%, which is in strong agreement 
with the recent studies (26,27). This could be 
due to weak and inconsistent force of contact 
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between metal ions and the surface of adsor-
bent indicating the saturation point, which may 
lead to diffusion of ions into the aqueous phase 

or due to limited availability of active sites on the 
adsorbent (22,28).

Table 2. Factors influencing on the cadmium biosorption onto untreated Azolla pinnata.
BD: 0.25g

Metal Concentration 
(mg/L) 15min 30min 1hr 3hr 6hr 12hr 24hr

500 262.3 278.9 368.3 375.15 381.05 379.85 385.65
250 163.2 181.02 201.57 210.2 213.1 217.32 222.57
125 89.07 96.46 112.14 115.26 115.4 115.95 117.36
62.5 50.26 51.33 58.9 60.74 60.82 61.63 60.93
31.25 26.95 27.85 30.05 30.27 30.71 31.51 31.19
15.75 14.85 14.92 15.13 15.28 15.12 15.32 15.54

BD: 0.50g
500 339.1 358.15 416.2 423.95 432.7 434.45 441.65
250 188.37 197.95 221.77 235.8 237.96 238.72 239.55
125 97.89 106.82 116.54 120.9 121.09 121.28 122.15
62.5 52.26 54.64 60.32 60.93 61.35 61.72 62.14
31.25 28.83 29.73 30.74 30.92 31.12 31.04 31.18
15.75 15.12 15.37 15.71 15.57 15.68 15.7 15.73

BD: 0.75g
500 350.05 374.8 430.5 432.8 436.85 439.7 445.83
250 202.82 210.35 228.2 237.83 239.67 241.03 242.9
125 105.26 111.46 119.7 123.79 123.97 124.25 124.79
62.5 55.11 58.29 61.44 61.56 61.67 62.31 62.48
31.25 29.7 30.85 30.9 30.98 31.13 30.82 31.22
15.75 15.15 15.23 15.42 15.53 15.61 15.67 15.73

BD: 1.0g
500 365.95 376.3 448.1 451.04 456.6 460.55 461.6
250 215.53 223.58 233.42 239.8 241.21 242.33 244.1
125 113.49 117.13 121.39 123.6 124.07 124.28 124.91
62.5 58.14 60.44 61.26 61.94 61.71 61.58 61.42
31.25 30.6 30.92 30.53 31.03 31.11 31.2 31.15
15.75 15.47 15.52 15.61 15.65 15.58 15.71 15.74

BD- Biosorbent dosage, mg/L- milligram per litre

Effect of contact time at varying adsorbent 
dosages

 Contact time is one of the significant 
factors that possess a major impact on the ad-

sorption rate of the Azolla biomass. The rate 
of adsorption of Cd+2 ions onto the surface of 
A. pinnata at various contact times (15 min, 30 
min, 1hr, 3hr, 6hr, 12hr, and 24hr) with respect 
to varying metal ion concentration and adsor-
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bent dosages is listed in Table 2. The uptake 
of Cd+2 ions was found to be increase rapidly 
during the first 15min-1hr which is due to the 
abundancy of unsaturated active sites on the 
biomass surface (demonstrating an adsorption 
process occurs through surface binding with 
no energy-mediated reactions). Similar to the 
present findings, the rate of adsorption of Cd+2 
ions increased from  83.7% to 87.2%, when 
the contact time raised from 15min to 3hrs at 
the dosage of 0.25g/100ml (25). After 1hr of 
biosorption, the removal of metal ions gradu-
ally decreased and eventually reached equilib-
rium due to the attainment of saturation point 
(29). The time required for the metal ions in a 
solution to become constant is an equilibrium 
time of adsorption. The maximum biosorption 
rate for Cd+2 uptake was 461.6 mg/g and the 
removal percentage was 92.32% within 1hr of 
adsorbent - adsorbate contact time. According 
to the present investigation, a rapid absorption 
rate (365.95 - 448.1mg/g) was noted till 1hr, fol-
lowed by a slower adsorption during the 3 - 6hr 
(453.82 ± 2.78 mg/g) and, eventually reached 
an equilibrium. Due to the rapid increase in met-
al bio-adsorption rate, the more efficient contact 
time required for the further batch experiments 
was considered to be 30mins-1hr.

Effect of temperature at varying adsorbent 
dosages

The temperature is the main factor that 
influences the adsorption process. The adsorp-
tion capacities of A. pinnata for the Cd+2 ions 
at different temperatures with varying adsorbent 
dosages are shown in Figure 1. A temperature 
ranges between 5 oC to 45 oC with the differenc-
es of 10 oC were studied. It was observed that 
adsorption increased slightly with increasing 
temperature from 5 oC to 25 oC. But it was anal-
ysed that the percentage of Cd+2 ion adsorption 
onto A. pinnata was higher between 25 oC and 
35 oC up to 99.7%.

Figure 1. Effect of solution temperature on the 
removal of Cd+2 ions (initial conc.= 500mg/L, ex-
posure time = 60min, pH = 7, agitation speed = 
100rpm)

Based on the present findings, the ad-
sorption of the Cd+2 metal ions onto the A. pinna-
ta biomass increased with the rise in tempera-
ture which indicates the endothermic nature of 
the adsorption process due to higher diffusion 
rate and increased transportation of metal ions 
(30,31). The adsorption decreased approxi-
mately 5-10 % when the temperature was fur-
ther raised to 45 oC. for the same dosages of 
unmodified A. pinnata biomass and Cd+2 metal 
ion concentration. Several studies have report-
ed the reduced metal ion uptake by increasing 
temperature (32). This decrease is due to the 
tendency of the Cd+2 ion molecules to migrate 
from the adsorbent (solid phase) to the metal 
medium (liquid phase) or due to weak adsorp-
tive forces between the Cd+2 ions adsorbed and 
the active sites on the biomass and also be-
tween adjacent Cd+2 molecules adsorbed on the 
adsorbent surface (33). This indicated that the 
adsorption process using unmodified biomass 
is physisorption. 

Effect of pH at varying adsorbent dosages

The point of zero charge (pHPZC) refers 
to the pH at which the surface charge density 
of the adsorbent is electrically neutral exhibiting 
minimal interaction with metal solution (34). In 
the present study, pHPZC of the adsorbent was 
determined to be 5.85 (Figure 2). Consequently, 
at pH of metal solution below 5.85, the adsor-
bent surface acquires positive charge enhanc-
ing its attraction to anions. Conversely, when 
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the pH exceeds the pHPZC, the adsorbent sur-
face becomes negatively charged, creating con-
ditions conducive to the adsorption of cationic 
species (35). 

Figure 2. Point of zero charge of untreated Azol-
la pinnata biomass

Figure 3. Effect of solution pH on the removal of 
Cd+2 ions (initial conc.= 500mg/L, exposure time 
= 60min, temperature = 35oC, agitation speed = 
100rpm)

The effects of pH on the biosorption 
of Cd+2 ions onto Azolla pinnata biomass were 
investigated at a pH ranging from 5 to 9 are 
shown in Figure 3. The biosorption capacities of 
adsorbent (qe; mg/L) for Cd+2 cations increased 
with the increasing pH from pH 5 to pH 7. Under 
alkaline conditions, the anions on the biosor-
bent surface increases, so, the biosorption effi-
ciencies increases rapidly from 52.46 to 99.7%. 
This occurs due to the decrease in competitive 
adsorption between metal cations (Cd+) and 
protons (H+) to bind onto the same functional 
groups/ active sites (ion exchange mechanism) 
(36). Beyond the optimum pH, metal cations re-
act with hydroxide ions and precipitate as met-
al hydroxide (precipitation mechanism) which 
could have cause the diffusion of Cd+2 ion from 

the adsorbent surface into the medium above 
pH 7 and decreases the efficiencies of adsorp-
tion gradually to 96.17% (37). But due to the 
formation of insoluble metallic hydroxide and to 
ignore the effect of precipitation of Cd+2 ions, fur-
ther adsorption studies were performed at pH 7. 

Characterization of Azolla for adsorptive 
properties

FTIR analysis

 FTIR spectroscopy was used as a ma-
jor tool to detect the characteristic functional 
groups present on the surface of biomass which 
may facilitate the binding sites for the attach-
ment of Cd+2 ions. The adsorbent spectra of the 
showed multiple types of vibrational frequencies 
in peaks due to the presence of distinct func-
tional groups. The FTIR graphs of the physically 
and chemically modified A. pinnata biomass be-
fore and after cadmium adsorption (in the range 
of 400–4000 cm−1) are shown in Figure 4.

Figure 4. FTIR spectra of H2SO4 (a), EtOH (b), 
ultrasonication (c), and muffle furnace (d) treat-
ed Azolla biomass before (black line) and after 
(red line) adsorption of cadmium ions.

The FTIR spectroscopic graph of H2SO4 
treated Azolla biomass before Cd+2 adsorption 
revealed strong adsorption bands at 3290 cm−1, 
confirming the presence of N-H  and O-H broad 
stretching. Peaks at 1623 cm−1 and 1032 cm−1 
were linked to N-H and C-N representing amine 
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bending and stretching respectively. Howev-
er, the Cd+2-loaded H2SO4 treated adsorbent 
displayed supplementary peaks around 2916 
(C-H stretching), 2848 (C–H stretching), 1525 
(–COO- anti-symmetric stretching), and 448 
(C–H bending) cm–1 in Figure 4a. Whereas, the 
ethanol modified biomass displayed the signifi-
cant peaks at 3282, 2916, 1627, 1415 and 1028 
cm−1 for O-H stretching, C-H alkane stretching, 
N-H amine bending, O-H carboxylic acid bend-
ing, and C-O ether stretching respectively. Only 
shift in few peaks with no significant changes af-
ter Cd load onto EtOH treated biomass surface 
was noticed (Figure 4b). 

Similarly, the FTIR graphs for physical-
ly modified biomass showed overlapping peaks 
with no changes even before and after Cd+2-load 
onto the ultrasonicated biomass surface (Figure 
4c). The muffle furnace treated Azolla biomass 
displayed strong bands at 3278 (O-H stretch-
ing) and 1048 cm−1 revealing major changes 
after Cd+2 accumulation (Figure 4d). Overall, the 
FTIR spectroscopic graphs for Cd-loaded phys-
ically and chemically modified sorbent showed 
significant shifting and disappearance of some 
peaks revealing the strong bonds between the 
Cd ions and the biomass surface (38). Notice-
ably, the appearance of some new peaks in the 
graph evidencing the fact that, the functional 
groups on the surface of the A. pinnata biomass 
are more affective in the adsorption of Cd+2 
ions. In comparison to the unmodified A. pinna-
ta, the strength of the O-H, N-H, C=O and C-H 
stretching bands on treated A. pinnata biomass 
surface increased as a result of modifications, 
indicating the increase in the active groups (19)

XRD analysis

The degree of crystallinity of adsorbent 
material was determined by X-ray diffraction 
analysis of Azolla biomass before and after 
treatments and Cd adsorption onto their sur-
face. Figure 5 depicts the high intensity peak 
at angle of 2θ: 26.8° which disappeared after 
Cd- load onto acid treated adsorbent. However, 
few broad peaks obtained for EtOH treated 

adsorbent at angles 29.6°, 36.2°, 39.7°, 43.5°, 
47.7° and 48.8° indicating the semi-crystalline 
structure after Cd+2-load (Figure 5a,b). 

Figure 5. XRD pattern of H2SO4 (a), EtOH (b), 
ultrasonication (c), and muffle furnace (d) treat-
ed Azolla biomass before (black line) and after 
(red line) adsorption of cadmium ions.

The physically modified adsorbents 
showed the diffraction peaks between 2θ: 30° 
to 50° for ultrasonicated biomass confirming 
the crystalline structure. More significant shift in 
the broad diffraction peak from 2θ: 31.8° to 2θ: 
29.7° and disappearance of peaks at angles 2θ: 
45.5°, 56.7° and 75.45° was observed that may 
due to the interaction of Cd+2 ions with sorbent 
surface. Similarly, the high intensity peaks at 
angles 2θ: 28.6°, 31.8°, 45.6°, 56.4° and 75.1° 
found to be reduced after Cd+2-load represent-
ing the transition of crystalline to the amorphous 
structure for furnace modified adsorbent (Figure 
5c,d). Although XRD analysis does not directly 
elucidate the mechanism of the adsorption pro-
cess between the adsorbent material and Cd+2 
ions, its significance remains paramount due 
to the high crystallinity that was exhibited by all 
treated adsorbent structures. The strong bonds 
between heavy metals and sorbent were evi-
denced by a reduction in crystallinity, and was 
indicated by shifts or broadening of diffraction 
peaks, along with the emergence of new peaks 
(39). Moreover, variations in crystallinity, wheth-
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er increased or decreased, further confirm the 
interaction of the adsorbent with heavy metal 
ions after the adsorption of Cd+2 ions.

Scanning Electron Microscope analysis

The surface morphological features 
of blank and Cd+2-loaded Azolla biomass was 
demonstrated in Figure 6a, b. The dominance 
of a complex pore matrices and coarse holes on 
its preceding structures, which were significant 
for the adsorption process, can be noticed in the 
raw (unmodified) biomass surface (Figure 6a) 
with average pore size up to 253.5nm. In fact, 
these properties such as rough morphology, po-
rous surface, greater pore size are found to be 
highly favourable and supportive for metal ion 
attachment in the adsorption process (31). The 
adsorption of Cd+2 ions caused the untreated 
biomass to form a smoother surface and tight 
structures throughout the visualization (Figure 
6b). 

Figure 6. SEM analysis of raw (unmodified) 
Azolla biomass before (a) and after (b) adsorp-
tion of cadmium ions.

SEM analysis of treated adsorbents re-
vealed the visualization of minor structural alter-
ations on its surface (Figure 7a, b, c, d). From 
the SEM images of chemical and physical mod-
ified adsorbent, all treated biomass can be de-
scribed as having porosity with many fragments 
scattered on its surface and inside the pores 
before metal adsorption (40). The porous size 
of treated biomass was slightly increased up to 
290.03 nm for H2SO4 treated biomass and 4-fold 
increase of pore size up to 1.043 µm was seen 
in EtOH treated Azolla biomass. The porosity on 
the physical modified biomass surface ranged 
between 158.7 nm and 217.3 nm due to the re-

duction of particle size after treatments. Unlike 
these possibilities, the number of pores on the 
surface of ultrasonicated and muffle furnace 
treated biomass may increase by facilitating the 
chelation of Cd+2 ions to a greater extent. The 
formation and distribution of the new pores over 
the entire surface of the material is expected to 
improve the performance of the biomass as an 
adsorbent, which may due to the modifications 
on its surface either physically or chemically 
(18). 

Figure 7. SEM analysis of H2SO4 (a), EtOH (b), 
ultrasonication (c), and muffle furnace (d) treat-
ed Azolla biomass before adsorption of cadmi-
um ions.

Cadmium-loaded Azolla biomass was 
also analysed to observe the morphological 
changes (Figure 8). The disappearance of pre-
viously detected pores, transition of rough to 
smoother surface, and modulation of small scat-
tered fragments into larger fragments, (41,42) 
which affirmed the attachment of Cd+2 ions to the 
active binding sites on the surface and pores of 
A. pinnata biomass (Figure 8a,b). The surface 
characterization of physical modified adsorbent 
was completely varied after  Cd+2 adsorption ex-
hibiting shininess (Figure 8c,d) as described by 
the earlier report (43).
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Figure 8. SEM analysis of H2SO4 (a), EtOH (b), 
ultrasonication (c), and muffle furnace (d) treat-
ed Azolla biomass after adsorption with cadmi-
um ions.

Biosorption efficiency of chemically and 
physically modified A. pinnata biomass 

The adsorption experiments were con-
ducted using different chemical and physical 
modified A. pinnata sorbents. The results ob-
tained from the optimization studies for some 
factors such as initial Cd+2 ion concentration= 
500mg/L, temperature = 35oC, pH=7.0 were 
maintained during the experimentation. The 
contact time is found to be saturated at 60min. 
But the exposure time of 15min with agitation 
speed of 100rpm were considered for further 
studies with treated adsorbents to understand 
the short time of exposure required for its appli-
cability at  pilot scale. 

Table 3. The percentage of metal recovered from treated and untreated A. pinnata adsorbents

Untreated Chemical treatments Physical treatments
Biosorbent 

dosage Raw H2SO4 EtOH Ultrasonication Muffle furnace

0.25g 71.43±1.36c 64.72±0.92d 94.36±1.58b 83.28±2.62c 96.92±0.50c

0.50g 86.49±0.52b 77.95±1.88c 99.21±0.60a 91.12±1.22b 98.82±1.17b

0.75g 90.76±4.65ab 87.22±3.55b 100.22±0.87a 96.47±2.81a 100.78±0.91a

1.0g 91.80±1.64a 91.12±2.84a 100.36±0.68a 99.44±2.88a 100.74±0.61a

p value < 0.001 < 0.001 < 0.001 < 0.001 0.001

Values are expressed as mean ± SD (%) for triplicates, SD:  Standard deviation, H2SO4: Sulphuric 
acid treated adsorbent, EtOH: Ethanol treated adsorbent. *p value significant (p≤0.05) accordance 
to Duncan’s multiple range test in different treatments are expressed in increasing order as a-d.

Based on the earlier reports, the analyt-
ical investigations have revealed that the mod-
ifications of biomass surface result in notable 
changes in their adsorptive properties such as 
hydrophobic properties, water absorption char-
acteristics, ion exchange capacity, resilience 
against microbial degradation, and thermal 
stability. Therefore, in the present study some 
methods such as physical treatments which 
include heating (muffle furnace), and mechan-
ical waves (ultrasonication) and chemical treat-
ments as acid solutions (sulphuric acid) and or-
ganic compounds (ethanol) were employed for 
the modification of cell surface.

The cadmium removal efficiency of 
different chemical and physical treated and 
untreated A. pinnata adsorbents is displayed 
in Table 3. The results obtained from these ad-
sorption studies showed the metal recovery of 
up to 71.43% and later increased to 91.80% 
when the dose of untreated biomass increased 
from 0.25 – 1.0g. The chemical treatment with 
ethanol has showed faster adsorption kinetics 
as well as higher biosorption for Cd+2 ions than 
the virgin A. pinnata biomass. In contrast, H2SO4 
pre-treatment showed the significant decrease 
in the Cd+2 biosorption onto Azolla biomass of 
about 64.72% which is lesser than its untreated 
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counterpart. This may occur due to the forma-
tion of large amount of oxygen functionalities 
in narrow pore openings and closure of some 
micropores and mesopores which in turn result 
in decrease of surface volume and surface area 
on biosorbent (44). Whereas, the physical treat-
ments exhibited the strong adsorption that are 
reported to be 83.28 and 96.92±0.55% for ul-
trasonicated and muffle furnace pre-treated bio-
mass (BD: 0.25g) respectively. Further reached 
99.44 to 100% (maximum up to 500ppm) re-
vealing the cent percent removal of Cd+2 ions 
from the aqueous phase with the dosage of 1.0g 
in 15min of contact time which is due to the in-
corporation of binding sites. The introduction of 
various cell surface modifications such as phos-
phorylation and carboxylation of hydroxyl group, 
amination of hydroxyl and carboxyl group, car-
boxylation of amine groups, saponification of 
carboxylate ester groups, oxidation, etc. has 
led to an increased biosorptive efficiency (45). 
Thus, it can be concluded that that the function-
al groups on the biomass facilitated the occur-
rence of a polar and hydrophilic surface, which 
enabled the binding or absorption of cationic 
metal ions.

Conclusion

In conclusion, the modifications under-
taken to enhance the adsorptive properties on 
biomass surface has witnessed Azolla pinnata 
as an effective adsorbent for cadmium remedi-
ation from synthetic wastewater, which entails a 
balance between heightened adsorption poten-
tial, prolonged stability, production costs and en-
vironmental implications. The present research 
findings demonstrate the utilization of organ-
ic solvents and heat in chemical and physical 
treatments as a novel exploration in phytoreme-
diation, respectively. As the current investigation 
focuses solely on cadmium as the target metal, 
modifications involving chemical agents (such 
as sulphuric acid and ethanol) and physical 
techniques (such as ultrasonication and muffle 
furnace treatment) may not uniformly enhance 
adsorption for all contaminants. Consequently, 
ongoing research aims to explore more efficient 

chemical and physical methodologies for sur-
face modifications and metal desorption tech-
niques to mitigate environmental and human 
health risks. Hence, a meticulous assessment 
of the optimistic treatment approaches is essen-
tial in making well-informed decisions regarding 
the adoption of these technologies. 
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